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INTRODUCTION

The overall goal of this project is to understand molecular pathways leading to bone marrow failure
(BMF), severe aplastic anemia (SAA) and myelodysplastic syndrome (MDS) caused by impaired
telomere maintenance, and exploit them for therapy. The proposal builds on our recently published
work, independently validated by others, that for the first time defines non-coding RNA pathways and
novel enzymatic targets regulating human telomerase. Here, we propose to study how manipulation
of these pathways impacts telomere biology and hematopoiesis in stem cells, including those from
patients with BMF disorders caused by telomere dysfunction such as dyskeratosis congenita (DC),
SAA, and MDS. Successful execution of the work will open new disease-relevant areas of basic
investigation at the nexus of non-coding RNA and telomere biology, and advance novel therapeutic
strategies for BMF disorders associated with telomere exhaustion.
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ACCOMPLISHMENTS

What were the major goals of the project?

The major goals of this project were to: (1) test the effects of PAPDS5 inhibition using PAPDS inhibitor
in induced pluripotent stem cells (iPSCs) from patients with genetic mutations that cause dyskeratosis
congenita (DC) / telomere diseases, and (2) determine the impact of PAPDS inhibitor on molecular
and hematologic phenotypes in vitro of telomere deficiency in primary human HSCs by short term
culture and colony-forming unit (CFU) assays. These activities contribute to the long-term goal of
understanding the role of telomere biology in human health and how it can be manipulated in BMF
and other disease states (see Appendix, Nagpal and Agarwal, Stem Cells, 2020).

What was accomplished under these goals?

Major activities

1) We tested a novel PAPDS inhibitor, an analog developed via medicinal chemistry in our prior work,
for its effects on telomere biology in iPSCs from patients with DC. Specifically, we evaluated
telomerase RNA (TERC) 3' end processing, steady-state TERC levels, telomerase activity levels, and
telomere length dynamics.

2) We also tested the PAPDS5 inhibitor on its effects in primary human hematopoietic stem cells
(HSCs) that were engineered using CRISPR/Cas9 to carry mutations in genes that cause DC. The
readouts included TERC 3' end processing and functional impacts in CFU assays.

Specific objectives

1) We sought to determine whether the PAPDS5 inhibitor possessed improved properties such as
potency in PAPDS5 inhibition, compared to a screening hit called BCHO01 (see relevant publication in
Appendix, Nagpal, et al, Cell Stem Cell 2020). Improved function would be predicted based on higher
inhibition and binding of the analog in in vitro enzymatic assays, but required proof in cell-based
assays, which were performed here in patient iPSCs.

2) We sought to determine whether the novel PAPDS5 inhibitor would function in a disease-relevant
stem cell model of bone marrow failure, specifically human HSCs. Because DC mutation-carrying
primary HSCs from patients are very difficult to obtain, we engineered loss-of-function mutations in
DC-relevant genes in commercially-available primary HSCs from healthy donors, which recapitulated
a molecular phenotype of the genetic mutation seen in patient cells. We assayed whether the PAPDS
inhibitor could reverse this phenotype. We then asked whether engineering of the mutation or
reversal of the molecular phenotype correlated with functional impacts in HSC CFU assays.

Significant results

In the course of creating and testing several BCHO01 analogs under A
prior and separate awards, we identified novel PAPDS5 inhibitors with - =
improved potency based on (1) recombinant PAPD5 (rPAPD5) enzyme sl i

RNA 1#t strand RT and PCR

Total RNA Adapter ligase
+ —_— —>

o : L B
inhibition in an RNA poly-adenylation assay, and (2) rPAPD5 binding, onde
as measured by differential scanning fluorimetry (DSF) assay. Here we ——.w .
tested a BCHO01 analog dubbed BCH470 for effects on telomere obwso ¢ & ©
biology in patient iPSCs. For detailed methods of experiments & @0‘\ Q,O‘\

described below, see Appendix, Nagpal, et al, Cell Stem Cell 2020.
Briefly, iPSCs from patients with PARN mutations were cultured in the
presence of 1 uM BCH470, and compared to other analogs and the
parent molecule BCHO001, versus dimethylsulfoxide (DMSQO) vehicle
control, for five days. For TERC 3' end-processing assays, RNA-ligation
mediated rapid amplification of cDNA ends (RLM-RACE) was

Figure 1. Activity of BCH001 analogs
from medicinal chemistry in patient cell-
based assays. A. Schema of RLM-RACE
assay. B. BCHO01 analogs BCH426 and
BCH470 show increased 3' end maturation
of TERC RNA compared to BCH001. Five
days, 1 pM drug, in patient iPSCs.
Representative image of n=3 replicates.

performed as follows. RNA was prepared, a universal linker ligated to the 3' end, first-strand cDNA
produced, and reverse transcription - polymerase chain reaction (RT-PCR) performed to profile the
size distribution of the TERC 3' end, which is abnormal in patients with PARN mutations (Moon, et al,
Nature Genetics, 2015). We found that BCH470 showed improved TERC 3' end maturation compared
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to BCHOO1 (Figure 1). In correlation with this finding, TERC steady-
state RNA levels were increased by northern blot (Figure 2). Next
iPSCs were cultured in the presence of BCH470 versus controls for
seven days, after which they were harvested and cell lysates
produced. Telomerase repeat amplification protocol (TRAP) assay

Lo MR AR R TERC

Gl Sl G e 18S

DMSO & @ O was performed in cells treated with BCH470. We found that patient
& & & iPSCs showed higher relative cellular telomerase activity with the

PAPDS5 inhibitor compared to vehicle control, consistent with the fact
that TERC levels are limiting for overall telomerase levels in human
cells. To determine the impact of TERC and telomerase restoration
on telomere length, patient iPSCs were cultured for 21 days were
BCH470, other BCH analogs and BCHOO01 versus vehicle control
(Figure 3). We find that BCHO001 analogs developed via medicinal chemistry and triaged using in vitro
rPAPDS enzymatic and binding assays showed enhanced telomere elongating capacity, which
correlated with their relative effects on TERC 3' end processing. The data demonstrate superiority of
BCH470 compared to BCHOO01 in the patient iPSC-based assays.

Figure 2. BCH470 increases TERC levels
in patient iPSCs. Northern blot, showing
increases of TERC steady-state levels in
iPSCs treated with BCHO0470 (1 pM)
compared to parent molecule or vehicle.

Next, we engineered commercially-available primary human CD34+ blood
cells (NIDDK Cooperative Centers for Excellence in Hematology, University
of Washington) to be PARN-deficient using high-efficiency CRISPR/Cas9
ribonucleoprotein transfection. For detailed methods see Nagpal, et al, Cell
Stem Cell, 2020 (Appendix). By RLM-RACE, we were able to recapitulate
defective TERC 3' processing five days after highly-efficient PARN
disruption in primary HSCs. Co-culture with BCH470 resulted in reversal of
the aberrant TERC 3' end maturation phenotype. These data demonstrate
that small molecule PAPDS inhibitors can reverse a molecular hallmark of
telomerase insufficiency (TERC 3' end maturation defects) in vitro. We next
assessed in vitro HSC function using methylcellulose CFU assays. Briefly,
HSCs are plated in limiting number in semi-solid agar in the presence of
several cytokines that direct hematopoietic differentiation. After culture for
10-14 days, colonies appear in the agar plate, and possess morphologic
features that are used to classify lineage-specific characteristics. In this
manner, quantitative and qualitative aspects of HSC function can be
scored. However, we found that CRISPR-engineered PARN-deficient
CD34+ cells did not display significant defects in CFU formation. Q

kb 21

Accordingly, because of this technical limitation, we could not assess a
restorative effect of BCH470 on HSC function via the CFU assay. We
speculate that this may be because telomere length is sufficiently long in
normal HSCs which have been made PARN-deficient to support their
function during the time course of this experiment. Future experiments will
attempt to use patient-derived HSCs which would be expected not only to
carry the pathogenic mutation but also short telomeres due to their
replicative history in vivo. Nevertheless, BCH470 did not show adverse

Figure 3. Telomere elongation in
patient iPSCs is enhanced by
BCH470. Telomere restriction
fragment length assay (Southern
blot) showing mean telomere
length increased in BCH470 (1 uM)
treated patient IPSCs versus
BCHO001 (1 pM) or vehicle, cultured
for 21 days. Representative image
of n=2 replicates.

effects on HSCs in the CFU assay, neither in colony number nor in lineage distribution. These data
indicate that PAPDS inhibition is tolerated by HSCs without toxicity, further supporting the

translational potential of this strategy for BMF.

Other achievements
Nothing to report.

What opportunities for training and professional development has the project provided?

Dr. Neha Nagpal is a post-doctoral fellow who performed the work under this award under the direct
mentorship of Dr. Suneet Agarwal, including one-on-one meetings, technical development and
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knowledge acquisition. Dr. Nagpal took advantage opportunities to present the work related to this
project in publications (see Appendix) and participation in conferences (e.g. Boston Children's
Hospital Stem Cell Program, Harvard Initiative in RNA Medicine), which enhanced professional
career development.

How were the results disseminated to communities of interest?
Nothing to report.

What do you plan to do during the next reporting period to accomplish the goals?
Nothing to report.



IMPACT

What was the impact on the development of the principal discipline(s) of the project?

The work represents a significant advance in the principal disciplines of the project, namely bone
marrow failure (BMF) and telomere biology. A commentary accompanying our publication on
related work (see Appendix: Nagpal, et al, Cell Stem Cell, 2020) recognized it as a "spectacular
demonstration" of potentially translating basic biology to clinical use (Reddel, et al, Cell Stem Cell,
2020). The work performed here represents advances towards the first small molecule human
telomerase regulators for use in BMF and potentially other degenerative diseases. The results
generated under this award reinforce PAPD5 as a potential therapeutic target, and provide proof-
of-concept that a small molecule strategy can be advanced to enhance TERC and telomerase
activity in human stem cells. Ultimately, if successful, we expect such molecules will be
candidates to restore telomere maintenance and HSC regenerative capacity in patients with BMF.

What was the impact on other disciplines?

While the work is focused on BMF and telomere biology in human cells, there is potential impact
in the field of RNA biology. The demonstration of PAPDS5 inhibitor using small molecules provides
tools and knowledge for others studying non-coding RNA biology in various systems. The
experiments performed here add to the burgeoning data that factors such as PARN and PAPD5
play different roles in human biology versus those of their orthologs in other organisms.

What was the impact on technology transfer?

BCHO001 analogs being tested are the subject of intellectual property (Boston Children's Hospital),
pre-dating this award. It is possible that the work conducted in this award will positively impact the
development and ultimately commercialization of PAPDS inhibitors for BMF and telomere
diseases.

What was the impact on society beyond science and technology?
Nothing to report



CHANGES/PROBLEMS

Changes in approach and reasons for change
Nothing to report

Actual or anticipated problems or delays and actions or plans to resolve them
Nothing to report

Changes that had a significant impact on expenditures
Nothing to report

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or
select agents
Nothing to report

Significant changes in use or care of human subjects
Nothing to report

Significant changes in use or care of vertebrate animals
Nothing to report

Significant changes in use of biohazards and/or select agents
Nothing to report
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PRODUCTS

Publications, conference papers, and presentations

1. Nagpal N, Wang J, Zeng J, Lo E, Moon DH, Luk K, Braun RO, Burroughs LM, Keel SB, Reilly C,
Lindsley RC, Wolfe SA, Tai AK, Cahan P, Bauer DE, Fong YW, Agarwal S. Small molecule
PAPDS inhibitors restore telomerase activity in patient stem cells. Cell Stem Cell. 2020; 26(6):
896-909. PMID: 32320679

2. Nagpal N, Agarwal S. Telomerase RNA processing: implications for human health and disease.
Stem Cells. 2020; 38(12): 1532-1543. PubMed PMID: 32875693.

Books or other non-periodical, one-time publications
Nothing to report

Other publications, conference papers, and presentations
Nothing to report

Website(s) or other Internet site(s)
Nothing to report

Technologies or techniques
Nothing to report

Inventions, patent applications, and/or license
Nothing to report

Other Products
Nothing to report
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PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

Name: Suneet Agarwal, MD, PhD
Project Role: Pl

Nearest person month 1

worked:

Contribution to Project: No change

Funding Support: No change

Name: Neha Nagpal, PhD
Project Role: Post-doctoral fellow
Nearest person month 4

worked:

Contribution to Project: No change

Funding Support: No change

Has there been a change in the active other support of the PD/PI(s) or senior/key
personnel since the last reporting period?

No change
What other organizations were involved as partners?

Nothing to report
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SPECIAL REPORTING REQUIREMENTS

Not applicable
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1. Nagpal N, Wang J, Zeng J, Lo E, Moon DH, Luk K, Braun RO, Burroughs LM, Keel SB, Reilly C,
Lindsley RC, Wolfe SA, Tai AK, Cahan P, Bauer DE, Fong YW, Agarwal S. Small molecule
PAPDS inhibitors restore telomerase activity in patient stem cells. Cell Stem Cell. 2020; 26(6):
896-909. PMID: 32320679
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Small-Molecule PAPDS Inhibitors Restore
Telomerase Activity in Patient Stem Cells
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SUMMARY

Genetic lesions that reduce telomerase activity inhibit stem cell replication and cause a range of incurable
diseases, including dyskeratosis congenita (DC) and pulmonary fibrosis (PF). Modalities to restore telo-
merase in stem cells throughout the body remain unclear. Here, we describe small-molecule PAPDS5 in-
hibitors that demonstrate telomere restoration in vitro, in stem cell models, and in vivo. PAPD5 is a
non-canonical polymerase that oligoadenylates and destabilizes telomerase RNA component (TERC).
We identified BCHO001, a specific PAPDS5 inhibitor that restored telomerase activity and telomere length
in DC patient induced pluripotent stem cells. When human blood stem cells engineered to carry DC-
causing PARN mutations were xenotransplanted into immunodeficient mice, oral treatment with a repur-
posed PAPDS5 inhibitor, the dihydroquinolizinone RG7834, rescued TERC 3’ end maturation and telomere
length. These findings pave the way for developing systemic telomere therapeutics to counteract stem
cell exhaustion in DC, PF, and possibly other aging-related diseases.

INTRODUCTION

Telomeres, the repetitive DNA sequences capping chromosome
ends, regulate cellular aging (Lopez-Otin et al., 2013). Telomeres
undergo attrition with each cell division due to the inability of
DNA polymerases to completely replicate linear chromosome
ends (Olovnikov, 1973; Watson, 1972). When telomeres become
critically short, cellular senescence is triggered to prevent DNA
double-stranded break repair, resulting in chromosomal fusions
(d’Adda di Fagagna et al., 2003; Harley et al., 1990; Takai et al.,
2003). To maintain replicative capacity, human stem cells ex-
press telomerase reverse transcriptase (TERT), which together

896 Cell Stem Cell 26, 896-909, June 4, 2020 © 2020 Elsevier Inc.

with the non-coding RNA (ncRNA) template telomerase RNA
component (TERC) comprise a functional telomerase ribonu-
cleoprotein (RNP) to replenish telomere repeats (Feng et al.,
1995; Meyerson et al., 1997; Nakamura et al., 1997). TERC is
a 451-nt-long box H/ACA small Cajal body RNA (scaRNA)
bound by several additional factors (dyskerin, NOP10, NHP2,
GAR1, and TCABH1) that stabilize and traffic telomerase RNP
to Cajal bodies (Jady et al., 2004; Mitchell et al., 1999a; Ven-
teicher et al., 2009). TERC and its associated factors are
ubiquitously expressed in human somatic cells but are insuffi-
cient to elongate telomeres (Feng et al., 1995). The ectopic
expression of TERT completes the telomerase RNP and confers
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immortality to somatic cells (Bodnar et al., 1998; Vaziri and
Benchimol, 1998).

Mendelian disorders associated with compromised telo-
mere maintenance cause a spectrum of telomere biology dis-
eases (TBDs), ranging from severe, early-onset syndromes
such as dyskeratosis congenita (DC) to more common midlife
presentations of seemingly isolated aplastic anemia, liver
cirrhosis, or pulmonary fibrosis (PF) (Armanios and Blackburn,
2012; Bertuch, 2016; Calado and Young, 2009). Mutations im-
pacting TERT and TERC most often underlie TBDs, alongside
other genes regulating telomere structure and replication (Ber-
tuch, 2016). Across the range of TBDs there are no curative
therapies, only bone marrow or organ transplantation that
are associated with poor outcomes due to impaired tissue
function and regenerative capacity throughout the body (Agar-
wal, 2018; Dietz et al., 2011; Stuart et al., 2014; Swaminathan
et al., 2019).

Although TERT is the “on/off” switch for telomerase activity,
human genetic data indicate that TERC is limiting and deter-
mines telomerase activity in human stem cells once TERT is ex-
pressed (Greider, 2006). Heterozygous TERC loss of function im-
pairs telomerase activity in stem cells to an extent sufficient to
cause TBDs (Aubert et al., 2012; Marrone et al., 2004; Vulliamy
et al., 2001). Mutations in genes encoding factors that stabilize
TERC (e.g., dyskerin, NOP10, and NHP2) are associated with
more profound telomerase deficiency and severe TBD pheno-
types (Heiss et al., 1998; Mitchell et al., 1999b; Vulliamy et al.,
2008; Walne et al., 2007). Overexpression of TERC in TERT-ex-
pressing cells carrying such TBD-causing mutations restores
telomerase levels and telomere elongating capacity (Kirwan
et al., 2009; Westin et al., 2007; Wong and Collins, 2006). How-
ever, a genetic approach to overexpress TERC in stem cells
throughout the body is not tractable, and how to systemically
modaulate levels of a specific ncRNA by other means is unknown.

Recent genetic discoveries of poly(A)-specific ribonuclease
(PARN) mutations in TBD patients (Dhanraj et al., 2015; Moon
et al., 2015; Stuart et al., 2015; Tummala et al., 2015) have
revealed enzymatic components of the post-transcriptional
machinery that regulate TERC. PARN is an exoribonuclease
that removes post-transcriptionally added 3’ extensions on
nascent TERC RNA transcripts, promoting maturation and stabil-
ity of TERC (Moon et al., 2015; Nguyen et al., 2015; Tseng et al.,
2015). Conversely, the non-canonical poly(A) polymerase PAPD5
recognizes and oligo-adenylates nascent TERC RNA 3'ends,
thereby targeting transcripts for destruction by the RNA exosome
(Boyraz et al., 2016; Nguyen et al., 2015; Tseng et al., 2015).
PAPD5 knockdown increases TERC (Boyraz et al., 2016; Nguyen
et al., 2015; Roake et al., 2019; Shukla et al., 2016; Son et al.,
2018; Tseng et al., 2015) and restores telomere length in
PARN-deficient patient cells (Boyraz et al., 2016). Whether
PAPDS5, a polymerase predicted to function generally in ncRNA
quality control and mRNA stability (Lim et al., 2018; Lubas
et al., 2011), can be targeted with sufficient specificity to control
TERC and telomere maintenance at a systemic level is unclear.

Here, we identify the PAPD5 inhibitors BCH001 and RG7834,
one from a high-throughput screen and the other repurposed,
as small-molecule enhancers of TERC. We show that pharma-
cologic PAPDS5 inhibition reverses TERC oligoadenylation and
increases TERC in human cell lines, primary cells and induced

¢ CellP’ress

pluripotent stem cells (iPSCs) from DC patients, and CRISPR/
Cas9-engineered PARN-deficient primary human hematopoi-
etic stem and progenitor cells (HSPCs). While TERC levels are
restored across all of the different cell types tested, we find
an increase in telomerase activity and telomere length only in
TERT-expressing cells. At PAPDS inhibitor levels sufficient to
increase telomere length in patient iPSCs, few changes are
observed in other mMRNAs and ncRNAs across the transcrip-
tome, revealing unexpected specificity and supporting a poten-
tial therapeutic window. In mice xenotransplanted with human
PARN-deficient HSPCs, oral administration of PAPD5 inhibitors
is tolerated for months and restores TERC maturation and telo-
mere elongation. Our findings validate PAPD5 as a target to
control TERC levels and telomere elongation in human stem
cells and identify BCHO01 and RG7834 as promising leads in
a new class of telomere therapeutics.

RESULTS

High-Throughput Screening Identifies BCH001, a Novel
PAPDS5 Inhibitor

To discover PAPDS inhibitors, we designed and executed a high-
throughput luciferase-based screen, measuring ATP consump-
tion by recombinant PAPD5 (rPAPDS5) during RNA poly-adenyla-
tion in vitro (Figures 1A and S1A-S1D). We screened 100,055
chemically diverse small molecules and identified several that
reduced rPAPD5-mediated RNA 3'- polyadenylation (Figures
1B and S1E). 480 compounds were selected for their ability to
inhibit PAPD5 in a dose-dependent manner, and 72 of these
showed specificity for PAPD5 versus the canonical yeast poly(A)
polymerase. We further triaged the compounds using four as-
says: (1) direct visualization of dose-dependent inhibition of
RNA oligoadenylation on a polyacrylamide gel; (2) specificity
versus other canonical and non-canonical poly-nucleotide poly-
merases; (3) specificity versus PARN, which like PAPD5 is a
member of the superfamily of B-nucleotidyltransferases (Aravind
and Koonin, 1999) and whose inhibition would be expected to be
counterproductive; and (4) cell-based assays using PARN
mutant DC patient iPSCs (Figure 1B).

Through this process, we identified a single compound, a
quinoline derivative dubbed BCHO001 (Figure 1B). BCHOO01 in-
hibited rPAPD5 in the low micromolar range in vitro and showed
no inhibition of PARN or several other canonical and non-ca-
nonical polynucleotide polymerases (Figures 1C-1E). By differ-
ential scanning fluorimetry (DSF), BCH001 exhibited ATP- and
dose-dependent binding to rPAPD5 (Figure 1F). In multiple
clones of PARN mutant iPSCs from three patients, treatment
with 1 uM BCHO0O01 for 7 days reversed TERC 3’ end processing
defects, including a decrease in overall 3’ end adenylation of
TERC species (Figures 2A, 2B, S2A, and S2B). Concordant
with this result, northern blot analysis showed that TERC
steady-state levels increased across all replicates and were
accompanied by increases in telomerase activity levels without
affecting TERT expression (Figures 2C-2E). Remarkably, with
continued exposure, we observed elongation of telomere
ends by thousands of nucleotides in BCHOO1-treated patient
iPSCs compared to DMSO-treated controls (Figure 2F). Telo-
meres were elongated in a dose-dependent manner at 0.1-
1 uM BCHOO01 in patient iPSCs (Figure S2C). These results
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Figure 1. BCH001, a Novel, Specific PAPD5
Inhibitor

(A) Luciferase-based high-throughput screening
strategy of reading out ATP consumption based on
rPAPD5-mediated RNA poly-adenylation.

(B) Screening triage resulting in identification of
BCHO001.

(C) Adenylation of an RNA oligonucleotide (oligo)
using 2-fold increments of rPAPD5 (left), demon-
strating 50% inhibition of rPAPD5 with low micro-
molar concentrations of BCH001 (right) (n = 3).

(D) Specificity of polymerase inhibition by BCH001
(left) compared to BCH002, 1-(1,3-benzodioxol-5-
ylmethyl)-5-oxopyrrolidine-3-carboxylic acid (right).
Shown is RNA oligo-adenylation using rPAPDS5,
yeast poly(A) polymerase (PAP), E. coli PAP,
rPAPD4, and S. pombe Cid1 + BCH001 or BCH002
(100 uM) (n = 3).

(E) RNA substrate degradation assay using recom-
binant PARN (rPARN) + BCH001 or BCHO002
(100 uM) (n = 3).

(F) Direct binding of BCH001 to rPAPD5 by differ-
ential scanning fluorimetry (n = 5 in triplicates). ATP*,
" 3’-azidomethyl-ATP, non-extendable ATP analog.

o™

elongation remain intact (Greider, 2016;

Smogorzewska et al.,, 2000; Teixeira

et al., 2004). We found there was no
%%E'S% adverse impact on cell growth, cell cycle,
Ciat or apoptosis when cells were cultured
with BCHOO1 at concentrations sufficient
to increase telomere length (Figures S3D-
S3F). When BCH001 was removed, TERC
maturation and TERC levels reverted to
pathological levels, and telomere length
decreased gradually over the course of
weeks (Figures 3A-3C). Collectively, these

10 15 20 25 30

Temperature ("C)

were similar to those seen when we used CRISPR/Cas9 to
delete PAPD5 in PARN mutant patient iPSCs, which showed
“dose-dependent” rescue of TERC processing, TERC levels,
and telomere length (Figures S2D-S2G). When we tested
BCHO001 in a PARN-deficient HEK293 heterologous cell
context, we also found restored TERC 3’ end maturation and
steady-state levels and increased telomere length (Figures
S3A-S3C). Taken together, these results comprise a novel
demonstration of TERC modulation using small molecules to in-
crease telomere length in human cells.

PAPDS5 Inhibition Reversibly Normalizes Telomere
Length in PARN Mutant iPSCs

We found that patient iPSCs could be cultured continuously in
1 uM BCHO001 for months, establishing a normalized telomere
length setpoint (Figure 3A). Importantly, telomere length did
not continue to extend beyond that of wild-type (WT) iPSCs
(Figure 3A), as we observed in PAPD5-null CRISPR/Cas9-engi-
neered clones (Figure S2G), consistent with the notion that
counterregulatory mechanisms limiting excessive telomere
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results indicate that ongoing PAPD5 inhibi-
tion is required for telomere maintenance
and argue against selection of cells with
higher TERC levels, longer telomeres, or activation of alternative
mechanisms of telomere maintenance by BCH001.

35 40 45 50 55

Small-Molecule PAPDS5 Inhibitors Cause Few
Transcriptome-wide Changes and Rescue Other

ncRNAs Disrupted by PARN Mutations

To identify transcriptome-wide changes caused by PAPDS5 in-
hibitors in PARN mutant patient iPSCs, we performed RNA
sequencing (RNA-seq) on total RNA. We found that only the
non-coding small Cajal body RNA13 (scaRNA13), which is
known to be dependent on PARN for stability (Moon et al.,
2015; Son et al., 2018), was significantly differentially ex-
pressed across BCHOO1-treated versus untreated PARN
mutant patient iPSCs from three patients (Figure S3G). When
we examined scaRNA13 transcripts by rapid amplification of
cDNA ends (RACE) and northern blot, we found 3’ extended
forms and decreased steady-state levels, both of which
were rescued by treatment with BCHO01, as seen with TERC
(Figures 3D and 3E). We found similar results upon analysis
of scaRNA8 (Figures 3D and 3E), another ncRNA recently
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shown to be regulated by PARN and PAPDS5 (Son et al., 2018).
These data lend further evidence that mRNAs are not a major
target of the PARN/PAPD5 axis and are consistent with find-
ings that other RNAs impacted by PARN loss of function are
restored by RNA interference of PAPD5 (Shukla et al., 2019;
Shukla and Parker, 2017; Son et al., 2018). Taken together,
the results indicate minimal changes in the ncRNA transcrip-
tome after PAPD5 inhibition, and demonstrate that ncRNAs
dysregulated by PARN deficiency beyond TERC can be
restored by small-molecule PAPDS5 inhibitors.

PAPDS5 Inhibition Restores Telomere Maintenance in
Normal and DKC1 Mutant Cells

Mutations not only in PARN but also in DKC1, NAF1, NHP2,
NOP10, ZCCHCS8, and TERC itself cause telomere disease

by decreasing TERC levels (Gable et al., 2019; Mitchell
et al., 1999b; Moon et al., 2015; Stanley et al., 2016; Vulliamy
et al., 2008; Vulliamy et al., 2001; Walne et al., 2007). To eval-

uate if PAPD5 inhibition could be more broadly applicable
than the PARN mutant setting, we inactivated PAPD5 by
CRISPR/Cas9 in patient iPSCs carrying pathogenic DKC1 mu-
tations (p.del37L and p.A386T) (Agarwal et al., 2010). We
observed increased telomere length with genetic deletion of
PAPD5 (Figures S4A and S4B), consistent with RNA interfer-
ence experiments (Fok et al., 2019; Shukla et al., 2016), and
without adverse effects on cell viability or growth. In keeping
with this, we found that small-molecule PAPD5 inhibitor treat-
ment enhanced TERC maturation, TERC levels, telomerase
activity, and telomere length in DKC71 mutant patient iPSCs
(Figures 4A-4C, S4C, and S4D). In normal iPSCs, PAPD5
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Figure 2. A Small Molecule Restores TERC

0. — and Telomere Length in DC Patient iPSCs
= gg:g) ; (A) TERC 3" end profiles in independent iPSC
40 clones from three DC patients with biallelic PARN

mutations after 7 days + BCH001 (1 uM) (n = 3).
(B) Quantitation of cumulative TERC oligo-ad-
enylated species. Data are presented as mean +
SD of three biological replicates (right). “*p <
0.001, two-tailed t test.
(C) TERC RNA levels by northern blot in iPSC
clones from three DC patients as in (A) after
s 7 days + BCH001 (1 uM). 18S rRNA was used as a
loading control. Relative normalized TERC levels
are indicated (n = 3).
(D) TERT RNA levels by quantitative RT-PCR of

0
3 Patients

= Paton 2 PARN mutant iPSCs treated with BCH001 (1uM)

I Patient 3 for 7 days versus DMSO, with RPII for normaliza-

tion (n = 2 biological replicates). Data are pre-

* -+ Booot sented as mean = SD. ns, not significant, two-
tailed t test.

% % (E) Telomeric repeat ampilification protocol (TRAP)

T F -+ -+ -+ BCHOO! assay for telomerase activity in iPSCs using 5-fold

extract dilutions. Internal control (IC) is indicated.
Relative telomerase activity (TA) was quantified
n=2).

(F) Terminal restriction fragment (TRF) telomere
length analysis in patient iPSC clones (cl) after
4 weeks + BCHO001 (1uM) compared to normal
(WT) iPSCs (n = 3).

deletion led to increased TERC maturation and telomere
length, with a similar trend but decreased effect of BCH001
than in PARN-deficient cells (Figures 4D-4F and S4E). Collec-
tively, these results indicate that small-molecule PAPD5 inhi-
bition could be a strategy for telomeropathies beyond
PARN-deficient states.

PAPDS5 Inhibitors Upregulate TERC without
Immortalizing TERT-Negative Cells

We next asked whether telomere elongation by PAPDS5 inhibition
is dependent on TERT expression. Most human somatic cells do
not express TERT (Kim et al., 1994), and because of the end-
replication problem, telomere length decreases with each cell di-
vision (Harley et al., 1990). The replicative capacity of somatic
cells, reflected in the Hayflick limit (Hayflick, 1965), is determined
by telomere length reserve, which once depleted triggers cellular
senescence. When we treated fibroblasts from patients with
PARN mutations with BCH001, we found reversal of aberrant
TERC 3’ end processing and increases in steady-state TERC
levels as expected (Figures 4G and S4F). However, fibroblasts
did not show telomere elongation and underwent senescence
regardless of BCHOO1 treatment, consistent with their lack of
TERT expression (Figures S4G and S4H). When primary fibro-
blasts were transduced with a retrovirus encoding TERT, both
BCHO01-treated and untreated cells were immortalized, but
only cells treated with BCHO01 showed telomere lengthening
(Figure 4H). Collectively, these data demonstrate that despite
augmenting TERC levels, BCH001 treatment does not confer
immortality or irreversible telomere lengthening capacity on
cells. Rather, the impact of pharmacological PAPD5 inhibition
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on telomere length depends on normal physiologic regulation of
TERT in target cells.

Repurposing Hepatitis B Surface Antigen Suppressors
to Restore Telomeres

PAPD5 has recently been implicated in the pathogenesis of
chronic hepatitis B virus (cHBV) infection (Mueller et al., 2018).
During the course of our studies, a class of dihydroquinolizi-
nones was reported to suppress hepatitis B surface antigen
(HBsAg) in a cell-based screen. A yeast three-hybrid screen to
identify the cellular target unexpectedly revealed association of
the dihydroquinolizinone probe with the catalytic domains of
PAPD5 and the related polymerase PAPD7 (Mueller et al.,
2019), but direct biochemical evidence was not provided. We hy-
pothesized that dihydroquinolizinone analogs, as inhibitors of
PAPDS5, could modulate TERC processing and restore telomere
elongation in DC patients’ cells. To test this, we synthesized 14
different dihydroquinolizinone analogs known to inhibit cellular
HBsAg production in the low nanomolar range (Figure 5A) and
studied their effects on PAPD5 in vitro and on TERC and telo-
mere biology in patient iPSCs. In DSF assays, all dihydroquino-
lizinones directly bound rPAPDS5 in a dose-dependent manner
(Figure S5A). Remarkably, we found that applying any of these
molecules to PARN mutant DC patient iPSCs restored TERC 3
end maturation and telomere length (Figures 5B and S5B). For
more in-depth studies, we focused on the clinical candidate
RG7834 (Mueller et al., 2018) (Figure 5A), and found that it bound
to rPAPD5 by DSF in a dose-dependent manner, inhibited RNA
polyadenylation in vitro, and showed selectivity for rPAPD5
compared to PARN and different polynucleotide polymerases,
an exception being yeast poly(A) polymerase (Figures 5C, 5D,
S5C, and S5D). In PARN mutant patient iPSCs, RG7834 restored
TERC 3’ end processing and TERC steady-state levels and elon-
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tify dihydroquinolizinones as telomere
length regulators, revealing an unexpected
convergence of the roles of PAPD5 in
HBsAg production and TERC regulation
and supporting pharmacologic PAPDS5 inhibition as a means to
modulate telomere length in human cells.

Patient 3

PAPDS Inhibitors Augment TERC and Telomerase in
CRISPR/Cas9-Engineered PARN-Deficient Primary
Human HSPCs

We next asked whether PAPD5 inhibition could impact telomere
biology in disease-relevant human stem cells. Bone marrow fail-
ure occurs at high frequency in DC (Dokal, 2000). This is driven
by a cell-intrinsic telomere maintenance defect in HSPCs, as evi-
denced by the curative effects of allogeneic bone marrow trans-
plantation, and the selection of somatically reverted TERC muta-
tions in the blood in vivo (Jongmans et al., 2012). We therefore
asked whether we could restore TERC defects in primary human
CD34" cells, which are enriched for HSPCs, by treatment with
PAPDS5 inhibitors. Using an optimized CRISPR/Cas9 RNP
gene-editing strategy (Wu et al., 2019), we obtained high
(=85%) indel frequencies of target genes in mobilized peripheral
blood CD34" cells from healthy volunteers (Figure 6A). After
5 days of in vitro culture, we found extended TERC forms specif-
ically in PARN-targeted CD34" cells, which were absent in cells
targeted with both PARN and PAPD5 guide RNAs (gRNAs) (Fig-
ures 6B, 6C, and S6A). When we treated PARN-deficient CD34*
cells with BCHO01 or RG7834, we found decreased TERC 3’ ad-
enylation and increased TERC RNA levels after 7 days of culture,
corresponding with an increase in telomerase activity in primary
HSPCs (Figures 6C-6E and S6B). To further evaluate if telomere-
lengthening effects of PAPDS inhibitors are restricted to stem
cells, we performed in vitro differentiation of primary HSPCs
into myeloid cells in the presence of BCH001, RG7834, or
vehicle. We found that despite exposure to PAPDS inhibitors
for three weeks which elongates telomeres in iPSCs (Figures
2F and S5F), telomeres did not lengthen in differentiated myeloid
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cells (Figure S6C), consistent with decreased or absent TERC
and TERT expression in mature peripheral blood cells compared
to HSPCs (Figures S6D). Notably, we found no defects in multi-
lineage colony formation in methylcellulose assays performed in
the presence or absence of PAPD5 inhibitors (Figure S6E). Taken
together, these data demonstrate that PAPD5 inhibitors promote
TERC maturation and telomerase in primary human HSPCs,
without perturbing hematopoietic differentiation.

PAPDS5 Inhibitors Augment TERC in Primary HSPCs from
DC Patients

We directly evaluated the effects of PAPDS5 inhibitors on hemato-
poietic cells from DC patients with biallelic PARN mutations. As
expected, CD34* cell numbers were limited due the patients’
bone marrow failure. To overcome this, we performed in vitro he-
matopoietic differentiation of patient-derived bone marrow
CD34* cells in methylcellulose in the presence or absence of
BCHO001, RG7834, or vehicle (Figure 6F) and found restoration
of TERC 3 end processing specifically in the presence of
PAPDS5 inhibitors (Figures 6G). Similar effects on TERC matura-
tion were seen in an independent sample of patient-derived
bone marrow mononuclear cells (BMMCs) cultured with
PAPDS5 inhibitors in vitro (Figure 6H). These data demonstrate
restoration of TERC processing using small-molecule PAPDS5 in-
hibitors in primary DC patients’ HSPCs without impeding he-
matopoietic differentiation while reversing a molecular pheno-
type of telomeropathy.

Effects of PAPD5 Inhibition on MDS and AML Cells

Bone marrow failure in telomeropathies is associated with an
increased risk of hematology malignancy, including myelodys-
plastic syndrome (MDS) and acute myeloid leukemia (AML).
AML cells have been shown to have shorter telomere length
than normal peripheral blood cells (Aalbers et al., 2013), raising
the question of whether AML cell growth would be fostered
by PAPDS5-inhibitor-mediated telomerase augmentation. To
address this, we asked whether PAPD5 inhibitors increased
proliferation and capacity for clonal outgrowth in human MDS/
AML cells. With both short- and long- term exposure to
RG7834, we found no significant change in growth rate, viability,
or colony-forming potential of human AML cell lines (K562,
MV4-11, and MOLM-13) carrying varying driver mutations
(Figures S6F-S6H). Verifying the effects of PAPDS5 inhibitors on
AML cells, we found that TERC processing was altered by
CRISPR/Cas9-mediated PARN disruption and restored by
RG7834 (Figure 6l). Nevertheless, we found no augmentation
of cell viability or colony-forming capacity in PARN-deficient
AML cells (Figures 6J and S6l). Next, we examined primary sam-
ples from a DC patient with PARN mutations and MDS charac-
terized by a clonal cytogenetic abnormality (unbalanced translo-
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cation of chromosomes 1 and 7 in 80% of bone marrow cells). In
methylcellulose assays, there was no significant difference in
colony-formation potential of BMMCs in the presence or
absence of PAPD5 inhibitors over the course of 3 weeks (Fig-
ure S6J). We further tested the effects of PAPDS5 inhibitors on pri-
mary AML cells from an adult patient with telomeropathy. The
patient had telomere length <15t percentile, a germline heterozy-
gous truncating RTEL1 mutation, a history of PF, and AML with
complex karyotype and somatic TP53 mutations. In methylcellu-
lose assays using primary peripheral blood mononuclear cells
with 64% AML blasts, we found no differences in leukemic blast
colony-forming potential in the presence or absence of PAPD5
inhibitors (Figure S6K). While further assessment requires devel-
oping robust human stem cell models of leukemogenesis in the
setting of telomeropathy, together, these data indicate that
PAPDS5 inhibitors do not stimulate clonal outgrowth or prolifera-
tion of human MDS/AML cells.

Orally Administered PAPDS5 Inhibitors Restore TERC
Maturation and Telomere Length in Human HSPCs

In Vivo

Next, we asked whether we could rescue telomere homeostasis
in human cells in vivo by oral administration of PAPDS5 inhibitors.
We transplanted primary human CD34" cells in which PARN was
disrupted by CRISPR/Cas9 into immunodeficient NOD,B6.SCID
l2ry ™'~ KitV41/"41 (NBSGW) mice, which engraft human HSPCs
without exposure to radiation or chemotherapy (Mclintosh et al.,
2015). Mice were treated with RG7834 supplied continuously in
drinking water, which we confirmed to be stable and orally
bioavailable by serum measurements (Mueller et al., 2018) (Fig-
ure 7A). BCHOO01 was not tested in vivo due to relatively lower
solubility and potency. Six weeks after infusion, when we
analyzed human CD45" cells engrafted in the bone marrow,
we found evidence of increased TERC maturation and
decreased 3’ oligoadenylation in RG7834-treated compared
with DMSO-treated mice in both CD34"+ HSPCs (Figures 7B
and 7C) and CD19" B cells (Figures 7D, 7E, and S7A). We as-
sessed telomere length in bone marrow cells of xenotrans-
planted mice by flow cytometry-fluorescence in situ hybridiza-
tion (flow-FISH) (Baerlocher et al., 2006). We were able to
distinguish human from mouse bone marrow cells based on hu-
man CD45 staining and also the significant difference in telomere
length between humans and laboratory mice (Figure 7F).
Remarkably, we found that oral administration of RG7834
reversed telomere shortening in PARN-deficient human CD45*
cells compared to vehicle treated mice (Figures 7F and 7G). By
analyzing chimerism and lineage distribution in xenotransplants,
we found that RG7834 treatment also did not adversely affect
overall human hematopoietic cell engraftment or result in lineage
skewing in vivo (Figures 7H and 7). To explore the impact of

(C) TRF length analysis in DKC1 mutant DC patient iPSCs treated + BCH001 for 4 weeks (n = 3 biological replicates for each patient).
(D) TERC 3’ end profiles by RLM-RACE in normal cells. Left: WT iPSC parental cells (Ctrl) compared to a CRISPR/Cas9 PAPD5-null clone (PAPD5-KO) (n = 2).

Right: WT iPSCs treated + BCHO01 (1 uM) for 7 days (n = 4).

(E) TERC RNA levels by northern blot of samples in (D) (18S rRNA loading control) (n = 2).

(F) TRF length analysis in WT iPSCs (Ctrl), a PAPD5-null clone (PAPD5-KO), and WT iPSCs treated + BCH001 (1 pM) for 3 weeks (n = 4).

(G) Quantitative RT-PCR (qPCR) of TERT and TERC RNA from normal (WT) and PARN mutant patient iPSCs and fibroblasts treated with BCH001 (1 uM for iPSCs
and 100 pM for fibroblasts) for 7 days (n = 2; mean + SD). Statistics: one-way ANOVA; ns, not significant; *p < 0.05.

(H) TRF analysis in TERT-immortalized PARN mutant fibroblasts treated + BCH001 (100 uM) for 5 weeks (n = 3).
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Figure 5. Dihydroquinolizinone Analogs
Restore Telomere Maintenance in DC Pa-
tient iPSCs

(A)  Structures  of
droquinolizinones (DQ).
(B) TRF analysis in normal (WT) versus PARN
mutant patient iPSCs cells + DQ analogs (1 uM) for
3 weeks (n = 2).

(C) Inhibition of rPAPD5 by RG7834 in an RNA
oligonucleotide (oligo) adenylation assay (n = 3).
(D) Direct binding of RG7834 to rPAPD5 by differ-
ential scanning fluorimetry (n = 5, in triplicates).
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telomere attrition in the xenotransplant model, when we ablated
TERC, we found no functional defects in engraftment or lineage
specification in long-term primary transplants and secondary
transplants (Figures S7B-S7H). Based on comparison to bone-
marrow-derived primary CD34" cells from patient 1, this is likely
due to insufficient telomere attrition in the xenotransplant model
when starting with normal HSPCs (Figure S7F). Importantly, mice
tolerated continuous administration of RG7834 in drinking water
for months without adverse effects, indicating that drug levels
sufficient to restore TERC and telomere length were not toxic.
Taken together, these data indicate that orally administered
PAPDS5 inhibitors can safely restore TERC maturation and telo-
mere length in a disease-relevant human primary stem cell
compartment and set the stage for clinical studies in patients.

DISCUSSION

Telomere length maintenance is important in human health and
disease, from rare TBDs to aging, but methods to safely manip-

RG7834 (nM)

immortalization (Povedano et al., 2018;
Ramunas et al., 2015). These approaches
cannot achieve reliable widespread tissue
exposure and do not specifically target
stem cells, the physiologic reservoir of
regenerative capacity. TBDs and aging
are systemic diseases. No strategy put
forth to date modulates telomerase spe-
cifically in stem cells throughout the body.
We focused on TERC rather than TERT
for several reasons. An abundance of ge-
netic evidence implicates TERC in regulating telomere length
and tissue regenerative capacity in humans. Across TBDs, several
genetic mutations (TERC, DKC1, NOP10, NHP2, TCAB1, NAF1,
PARN, ZCCHCS8) cause disease by impairing the processing,
folding, stability, RNP assembly, and/or trafficking of TERC
(Dhanraj et al., 2015; Gable et al., 2019; Mitchell et al., 1999b;
Moon et al., 2015; Stanley et al., 2016; Vulliamy et al., 2001,
2008; Walne et al., 2007; Zhong et al., 2011). While it is clear
that TERT is the on-off switch for telomerase activity, TERC levels
limit telomerase activity and thus telomere maintenance and self-
renewal capacity in human stem cells (Greider, 2006; Westin et al.,
2007; Wong and Collins, 2006). Further support comes from pop-
ulation genetic studies showing that variants in the TERC locus
reproducibly associate with telomere length and longevity (Codd
et al.,, 2010; Shen et al., 2011; Soerensen et al., 2012) and
contribute to polygenic risk in common cardiovascular and lung
diseases (Haycock et al., 2017). Despite this preponderance of
data, TERC has not been a focus of therapeutic efforts, because
methods to manipulate TERC specifically have been unknown.
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Figure 6. Small-Molecule PAPDS5 Inhibitors Restore TERC Maturation in PARN-Deficient Primary Human HSPCs and Leukemia Cell Lines
(A) Inference of CRISPR edits (ICE) analysis in human HSPCs 5 days after CRISPR/Cas9 targeting PARN (n = 5).

(B) TERC 3’ end profiling in primary human HSPCs after CRISPR/Cas9 targeting genes indicated (n = 3).

(C) TERC 3’ end profiles in primary human HSPCs following CRISPR/Cas9, cultured 5 days with DMSO, BCH001, or RG7834 (n = 5).

(D) Quantitation of oligo-adenylated TERC by deep sequencing amplicons shown in (C).

(E) TERC RNA levels in primary human HSPCs following CRISPR/Cas9, cultured 5 days with DMSO, BCH001 (5 uM), or RG7834 (1 uM) (n = 3).

(F) Methylcellulose differentiation assay using patient 2 bone marrow (BM) CD34" cells treated with BCH001, RG7834, or DMSO (n = 2; mean + SD). Statistics:

one-way ANOVA; ns, not significant.

(G) Left: TERC 3’ end profiles in patient 2 BM CD34" cells as in (F). Right: Cumulative TERC 3’ oligoadenylation by deep sequencing. n = 1 patient sample.
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Here, we leveraged recent insights from ncRNA biology and
TBD genetics to develop a small-molecule strategy targeting
TERC. The discovery of PARN mutations in DC and PF and
the elucidation of PARN’s role in ncRNA 3’ end maturation
uncovered the post-transcriptional machinery responsible for
tightly controlling TERC steady-state levels. Nascent TERC
transcripts emerge in extended forms consisting of genomically
encoded as well as non-templated bases (Goldfarb and Cech,
2013; Moon et al., 2015; Roake et al., 2019). Mechanisms of
TERC transcriptional termination are unknown, but it is clear
that once extended forms undergo initial trimming, PARN is
required for terminal 3’ end maturation and stability (Moon
et al., 2015; Nguyen et al., 2015; Roake et al., 2019; Shukla
et al., 2016; Son et al.,, 2018; Tseng et al., 2015, 2018).
PAPD5 counteracts TERC maturation by adding non-genomi-
cally encoded adenosine residues, which destabilize TERC
and target them for degradation by the RNA exosome (Boyraz
et al., 2016; Fok et al., 2019; Roake et al., 2019; Shukla et al.,
2016; Tseng et al., 2015). Collectively these data point to two
enzymes, one a deadenylase and the other a polymerase,
with opposing effects that could be modulated to impact
TERC levels (Boyraz et al., 2016). The “natural genetic experi-
ment” of TBDs indicates a surprising sensitivity of TERC to
PARN loss of function in humans, with phenotypes ranging
from isolated PF with heterozygous PARN mutations to DC
with biallelic mutations (Dhanraj et al., 2015; Moon et al.,
2015; Stuart et al., 2015; Tummala et al., 2015). Whether
PAPD5 downregulation to restore TERC could be tolerated
was less clear, given PAPD5's presumed general roles in
ncRNA quality control via the TRAMP complex (PAPD5,
ZCCHCY7, and MTR4) based on studies in yeast (Lubas et al,,
2011; Vanacova et al., 2005). Using CRISPR/Cas9 in several
cell types and iPSCs, we show that complete PAPD5 loss of
function is tolerated in human cells. More importantly, we found
that pharmacologic disruption of PAPD5 function sufficient
to yield TERC maturation and telomere lengthening showed
few transcriptome-wide effects and no obvious toxicity in vivo
for months. These findings provide a first example of small-
molecule modulation of a long ncRNA with sufficient specificity
for a therapeutic effect, in this case restoration of telomere
maintenance.

Unexpectedly, PAPDS5 plays a role in cHBV infection (Mueller
et al,, 2019). The identification of dihydroquinolizinones as
HBsAg suppressors in cell-based screens preceded identifica-
tion of their cellular target (Mueller et al., 2018). HBsAg is a
hallmark of cHBV, wherein continuous expression of HBsAg
protein from latent HBV episomal genomes in hepatocytes
plays a role in host immune escape, and eradication of HBsAg
expression is associated with functional cure. Recent studies
indicate that PAPDS5 is recruited via the RNA-binding protein
ZCCHC14 to poly-adenylate and stabilize nascent HBsAg-en-
coding transcripts, which is interrupted by treatment with
RG7834 (Hyrina et al., 2019). In our hands, RG7834 and dihydro-
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quinolizinones optimized through medicinal chemistry to sup-
press HBsAg expression showed potent PAPD5 binding, TERC
maturation, and telomere elongation in PARN mutant DC patient
iPSCs. Beyond a role in ncRNA and telomere biology, PAPD5
thus appears to have been co-opted as an essential host factor
for viral mRNA production, a discovery from small-molecule
screens yielding potential therapeutics for both cHBV and TBDs.

To enable translation, we developed a novel in vivo model to
read out the effects of pharmacological PAPDS5 inhibition on
TERC processing and telomere length in human cells. Telomere
length is longer and telomerase differentially expressed in so-
matic cells of laboratory mice compared to wild-derived mice
and humans (Kipling and Cooke, 1990; Starling et al., 1990; Zijl-
mans et al., 1997). The xenotransplant model we developed here
utilizes high-efficiency CRISPR/Cas9 RNP-mediated disruption
of target genes in primary HSPCs (Wu et al., 2019), which in
the case of PARN recapitulates TERC processing defects and
accelerated telomere attrition in vivo. We were thus able to simul-
taneously evaluate the effects of small molecules on human mo-
lecular biomarkers of telomerase, hematopoietic function, and
toxicology in an in vivo model. We found that mice treated orally
for months achieved serum levels of RG7834 sufficient to alter
TERC processing and telomere length, without altering human
hematopoietic cell engraftment or lineage distribution and
without adverse systemic effects in mice. This model overcomes
differences in TERC regulation and telomere biology between
mice and humans and sets the stage for the clinical development
of human telomerase modulators.

In summary, we demonstrate that pharmacological manipula-
tion of a ncRNA biogenesis pathway restores telomere mainte-
nance in TBDs. By targeting TERC, PAPD5 inhibition presents
a new opportunity to upregulate telomerase specifically in
stem cells based on their physiological expression of TERT,
which addresses safety concerns about conferring excessive
or aberrant self-renewal capacity on cells throughout the body.
BCHO001, RG7834, and other dihydroquinolizinones comprise a
suite of exciting first-in-class therapeutic leads for a spectrum
of TBDs without curative treatments. Further studies will deter-
mine the potential of TERC modulation across a range of human
degenerative conditions caused by genetic or acquired defects
in telomere maintenance.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
e LEAD CONTACT AND MATERIALS AVAILABILITY
e EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Human subjects
O CD34+ HSPCs
O Fibroblasts

(H) Left: TERC 3’ end profiles of patient 3 BM mononuclear cells following 5 days culture with BCH001 (10 uM), RG7834 (1 uM), or DMSO. Right: Cumulative TERC

3’ oligoadenylation. n = 1 patient sample.

(I) TERC 3’ end profiles in AML cell lines following CRISPR/Cas9, cultured 6 days with DMSO or RG7834 (1 uM) (n = 2).
(J) Methylcellulose colony formation assay in PARN-disrupted AML cell lines from (I) treated with RG7834 (1 uM) versus DMSO 8-10 days after plating (n = 2;

mean + SD).
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Figure 7. PAPDS5 Inhibitor Treatment Restores TERC Maturation and Telomere Length in PARN Mutant Primary HSPCs In Vivo

(A) Random plasma concentration of RG7834 in mice xenotransplanted with human HSPCs (n = 5 mice) Statistics: **p < 0.0005, two-tailed t test.

(B) TERC 3’ end profiles of HSPCs recovered and sorted from whole bone marrow (BM), 6 weeks after xenotransplantation, treated + RG7834. Data reflect pooled
human CD34* cells for each condition (n = 4 mice).

(C) Quantitation of oligo-adenylated TERC by deep sequencing amplicons shown in (B).

(D) TERC 3’ end profiles in human CD19* cells recovered as in (B). Data reflect individual mice.

(E) Quantitation of amplicons shown in (D) by deep sequencing, with n = 5 mice per category (mean + SD). Statistics: one-way ANOVA; ns, not significant;
***p < 0.0005.

(F) Flow-FISH analysis of total BM cells recovered from xenotransplanted mice. Left: Human cells (hCD45") cells distinguished from mouse cells (hCD45"). Right:
Flow-FISH of hCD45™ cells recovered from xenotransplants with AAVS1 versus PARN-targeted HSPCs + RG7834. One representative trace out of three for each
category is shown.

(G) Quantitation of telomere length measured in human CD45* cells from whole bone marrow 6 weeks after xenotransplantation (n = 3 mice per category) as in (F).
Statistics: one-way ANOVA, Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, and ***p < 0.0005).

(H) Human hematopoietic cell engraftment (\CD45") as a percentage of total mouse plus human CD45™ cells in bone marrow 6 weeks after xenotransplantation of
AAVS1 or PARN-targeted HSPCs + RG7834 (n = 5 mice per group), mean +SD. Statistics: one-way ANOVA.

(I) Comparison of human HSPCs (CD34*), B cell (CD19*), and myeloid cell (CD33*) compartments as a percentage of hCD45" cells 6 weeks after
xenotransplantation + RG7834 (n = 5 mice per group), mean + SD. Statistics: one-way ANOVA.
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REAGENT OR RESOURCE SOURCE IDENTIFIER

Antibodies

Human TruStain FcX BioLegend Cat. No. 422302

Mouse TruStain fcX anti-mouse CD16/32 BioLegend Cat. No. 101320

V450 Mouse Anti-Human CD45 Clone HI30 BD Biosciences Cat. No. 560367; RRID: AB_1645574
PE-eFluor 610 mCD45 Monoclonal Antibody (30-F11) ThermoFisher Scientific Cat. No. 61-0451-82

FITC anti-human CD235a Antibody BioLegend Cat. No. 349104; RRID: AB_10613463
FITC anti-human CD34 antibody BioLegend Cat. No. 343504; RRID: AB_1731852
PE/Cy7 anti-human CD3 antibody BioLegend Cat. No. 300420; RRID: AB_439781
APC anti-human CD19 Antibody BioLegend Cat. No. 302212; RRID: AB_314242
PE anti-human CD33 Antibody BioLegend Cat. No. 366608; RRID: AB_2566107
BV421 Anti-Human CD45 antibody BioLegend Cat. No. 368522; RRID: AB_2687375
BUV395 Mouse Anti-Human CD19 antibody BD Biosciences Cat. No. 563549

Brilliant Violet 421 anti-human CD34 Antibody BioLegend Cat. No. 343610

Alexa Fluor® 488 anti-human CD45 Antibody BioLegend Cat. No. 368536; RRID: AB_2721364
PAPDS rabbit polyclonal antibody Atlas antibodies Cat. No. HPA042968;

HRP-conjugated goat polyclonal actin antibody

Santa Cruz Biotechnology

RRID: AB_2678244
Cat. No. sc-1615

Bacterial and viral strains

pBABE-TERT-puro
pRRL.PPT.SF.hOKSMco.idTomato.preFRT

pLentiCRISPRv2

Counter et al., 1998
Warlich et al., 2011

Sanjana et al., 2014

Addgene 1771

Under MTA, Hannover Medical
School

Addgene 52961

Biological Samples

CD34+ HSPCs

Fred Hutchinson Cancer Research
Center, Seattle, Washington

https://sharedresources.
fredhutch.org/products/cd34-cells

PARN-mutant patient 3 bone marrow fibroblasts University of Washington BMF registry N/A
PARN-mutant patient MDS cells Dana-Farber Cancer Institute protocol N/A

01-206
RTEL1-mutant AML cells Dana-Farber Cancer Institute protocol N/A

01-206
Chemicals, Peptides, and Recombinant Proteins
BS3 (bis(sulfosuccinimidyl)suberate) ThermoFisher Scientific Cat. No. A39266
TelC-Alexa647 telomere length probe PNA Bio Cat. No. F1013
SYPRO orange ThermoFisher Scientific Cat. No. S6651
GelRed Nucleic acid gel stain Biotium Cat. No. 41003
DAPI (4’,6-Diamidino-2-Phenylindole, Dilactate) BioLegend Cat. No. 422801
Propidium iodide BioLegend Cat. No. 421301
3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium Sigma Cat. No. M5655
bromide (MTT)
Azido-ATP, ATP analog (3’-O-azidomethyl-adenosine Jena Biosciences NA
5’-O-triphosphate)
BCHO001, 2-[[3-ethoxycarbonyl-6-(trifluoromethoxy) ChemDiv Cat. No. 8011-6852
quinolin-4-ylJamino]benzoic acid
RG7834, (6S)-6-Isopropyl-10-methoxy-9-(3- MedKoo Biosciences Cat. No. 563793
methoxypropoxy)-2-oxo-6,7-dihydrobenzo[a]quinolizine-
3-carboxylic acid
pMtac-His6-PAPD5 This study N/A
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pMtac-His6-PAPD4 This study N/A
pMtac-His6-PARN This study N/A
3xNLS-SpCas9 Wu et al., 2019 N/A

E. coli poly (A) polymerase |
S. pombe Cid1
Yeast poly-A-polymerase

ThermoFisher Scientific
New England BioLabs
ThermoFisher Scientific

Cat. No. AM2030
Cat. No. M0337S
Cat. No. 74225725KU

Critical Commercial Assays

TeloTAGGG telomere length assay kit

TRAPeze Telomerase Detection kit

Kinase-Glo® Max

eBioscience Annexin V Apoptosis Detection Kit APC

Roche Life Science
EMD Millipore
Promega
ThermoFisher Scientific

Cat. No. 12209136001
Cat. No. S7700
Cat. No. V6074

Cat. No. 88-8007-72;
RRID: AB_2575165

CellTiter-Blue Cell Viability Assay Promega Cat. No. G8080

Lonza 4D Nucleofactor nucleocuvette strips Lonza Cat. No. V4XP-3032

Lonza 4D Nucleofactor nucleocuvettes Lonza Cat. No. V4XP-3024

TruSeq Nano DNA LT Library Prep Kit lllumina Cat. No. 20015965

TruSeq Stranded Total RNA with RiboZero Gold kit lllumina Cat. No. 20020599

Deposited Data

RNA-Seq NCBI Accession number GEO:
GSE144986

Experimental Models: Cell Lines

Human: PARN-mutant patient 1 iPSCs Moon et al., 2015 N/A

Human: PARN-mutant patient 2 iPSCs Moon et al., 2015 N/A

Human: PARN-mutant patient 3 iPSCs This study N/A

Human: DKC1-mutant del37L iPSCs Agarwal et al., 2010 N/A

Human: DKC1-mutant A386T iPSCs Agarwal et al., 2010 N/A

Human: NHSF2 (normal) iPSCs Agarwal et al., 2010 N/A

Human: HEK293
Human: K562
Human: MOLM-13
Human: MV411

ATCC

a kind gift from Dr. Stuart Orkin
a kind gift from Dr. Stuart Orkin
a kind gift from Dr. Stuart Orkin

Cat. No. CRL-1573; RRID:CVCL_0045
Cat. No. CCL-243; RRID:CVCL_0004
RRID: CVCL_2119

Cat. No. CRL-9591; RRID:CVCL_0064

Experimental Models: Organisms/Strains

Mouse: NOD.Cg-Kit < W-41J-Tyr+Prkdc-scid-l12rg-
tm1Wjl/ThomJ

Jackson Laboratory

Cat. No. 026622;
RRID:IMSR_JAX:026622

Oligonucleotides

Please refer Table S1

N/A

Software and Algorithms

Thermal Shift software
ImageJ
Graphpad Prism 8

Flowjo

ThermoFisher Scientific

Cat. No. 4466038
https://imagej.nih.gov/ij/
https://www.graphpad.com/
scientific-software/prism/

https://www.flowjo.com/
solutions/flowjo

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Suneet
Agarwal (suneet.agarwal@childrens.harvard.edu). All unique/stable reagents generated in this study are available from the Lead Con-

tact with a completed Materials Transfer Agreement.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

Biological samples were procured under protocols approved by the Institutional Review Boards at Boston Children’s Hospital, the
University of Washington, and Dana-Farber Cancer Institute, after written informed consent in accordance with the Declaration of
Helsinki. PARN mutant patients 1 and 2 are as described (Moon et al., 2015). PARN mutant patient 3 presented with BMF in early
childhood, lymphocyte telomere length less than 15t percentile by flow-FISH, biallelic PARN mutations (p.K58X, p.K59R), and clinical
features consistent with dyskeratosis congenita.

CD34+ HSPCs

Peripheral blood mobilized, cryopreserved CD34* HSPCs from anonymous healthy donors were obtained from Fred Hutchinson
Cancer Research Center, Seattle, Washington (NIDDK Cooperative Centers of Excellence in Hematology). CD34+ HSPCs were
maintained in X-VIVO 15 (Lonza, 04-418Q) supplemented with 100ng/ml SCF (recombinant human stem cell factor, R & D Systems;
255-SC-200), 100ng/ml TPO (human thrombopoietin, Peprotech; 300-18) and 100ng/ml of FIt3-L (recombinant human Flt-3 ligand,
Peprotech; 300-19). Patient bone marrow samples were obtained under approved protocols (Boston Children’s Hospital Institutional
Review Board). CD34+ cells were isolated using the human CD34+ cells isolation kit (Stem Cell Technologies) and maintained in the
above media.

Fibroblasts

Fibroblasts were cultured from bone marrow obtained from patients and healthy volunteer subjects under IRB approved protocols.
Briefly, 0.5-1.0 mL liquid bone marrow in heparin was cultured in DMEM media with 15% fetal calf serum (FCS) until fibroblast out-
growths were apparent. Fibroblasts were maintained in DMEM 15% FCS and expanded using trypsin 0.05%. Normal skin fibroblasts
NHSF2 are as previously described (Moon et al., 2015).

iPSCs

Derivation, characterization, and culture conditions of iPSCs from fibroblasts for patients 1 and 2 were performed as described
(Moon et al., 2015). Patient 3 fibroblasts were reprogrammed using the 4-in-1-dTomato lentiviral reprogramming vector (gift of
Dr. A. Schambach) (Warlich et al., 2011). DKC1 mutant iPSCs were as described (Agarwal et al., 2010). For feeder-free culture, iPSCs
were maintained in Essential 8 medium (Life Technologies) on hES-qualified Matrigel matrix (BD Biosciences) and subcultured using
Accutase (Stem Cell Technologies).

Cell lines

HEK293 (293) cells were obtained from ATCC, maintained in DMEM with 10% FCS, and subcultured using trypsin 0.05%. 293-
shPARN cells were as described (Moon et al., 2015). Leukemia cell lines (K562 (ATCC), MOLM-13 and MV411 (kind gifts from
Dr. Stuart Orkin) were maintained in RPMI-1640 media with 10% FCS, and subcultured 1:5 in fresh media.

Mice

NOD.Cg-Kit < W-41J-Tyr+Prkdc-scid-1l2rg-tm1Wijl/ThomdJ (NBSGW; strain number 026622) were purchased from Jackson Labora-
tories. All animal experiments were performed in accordance of protocols approved by the Boston Children’s Hospital Institutional
Animal Care and Use Committee (IACUC). Mice that were used for xenotransplant assays were 4-6 week old females, housed in
autoclaved cages.

METHOD DETAILS

Purification of recombinant proteins

PAPDS5 For purification of recombinant PAPD5, cDNA (GenBank: CCB84642.1) was cloned into a modified pMtac-His6 vector. The
pMtac-His6-PAPD5 construct was transformed into BL21 RIPL competent cells. Cells were grown in LB medium supplemented with
1% dextrose and antibiotics (Kanamycin; 50pg/ml and chloramphenicol; 34 ng/ml) at 37°C until ODgog ~0.6. Expression of protein
was induced overnight with IPTG (0.25mM final) at 16°C. Cells were lysed in resuspension buffer (50mM HEPES-KOH, pH 7.6,
0.6M NaCl, 0.05% NP-40, 0.6% Triton X-100, 10% glycerol) containing lysozyme (0.2 mg/ml), 10mM B-mercaptoethanol (B-ME),
0.25 mM PMSF and complete EDTA-free Protease Inhibitor Cocktail (Sigma 11873580001). Cell suspension was sonicated using
Branson Sonifier SFX Cell Disruptor and Homogenizer. Lysate was cleared by ultracentifugation and supernatant was incubated
with Ni-NTA agarose (QIAGEN) resins equilibrated with binding buffer (50mM HEPES-KOH, pH7.6, 0.6 M NaCl, 2mM MgCI2,
0.05% NP-40, 0.6% Triton X-100 and 10% glycerol) containing 10 mM B-ME, 1 mM benzamidine, 0.5 mM PMSF, 10 mM imidazole,
and 100 uM ATP. Bound proteins were washed extensively with binding buffer as described except with 30 mM imidazole and eluted
in elution buffer (50mM HEPES-KOH, pH7.6, 0.175 M NaCl, 2mM MgCl2, 0.05% NP-40 and 10% glycerol) containing 10 mM B-ME,
1 mM benzamidine, 0.5 mM PMSF, 250 mM imidazole, and 100 uM ATP. Peak fractions were pooled and applied to Heparin Sephar-
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ose 6 Fast Flow (GE Healthcare, 17099801). Bound proteins were washed extensively with elution buffer containing 2 mM DTT, 1 mM
benzamidine, 0.5 mM PMSF, and 2 mM MgCI2. Active PAPD5 proteins were eluted from Heparin Sepharose at 0.4 M NaCl. All steps
were performed at 4°C.

PAPD4 Purification of recombinant PAPD4 (NCBI: NP_001107865.1) was performed essentially as described for PAPD5, except
that proteins bound to Heparin Sepharose were washed extensively at 0.175 M NaCl, then again at 0.4 M NaCl before eluting the
active PAPD4 with buffer containing 1M NaCl. Peak fractions were pooled and dialyzed against elution buffer containing 0.4 M NaCl.

PARN Purification of codon-optimized recombinant PARN (NCBI: NP_002573.1) in a modified pMtac-His6 vector in frame with a
C-terminal FLAG tag was performed essentially as described for PAPD5 and PAPD4, except that ATP was omitted and Ni-NTA
bound PARN proteins were eluted in elution buffer containing 0.4 M NaCl. Eluate was directly applied to anti-FLAG M2 agarose
(Sigma). Bound proteins were washed extensively with high salt wash buffer (25 mM HEPES-KOH, pH 7.6, 0.7 M NaCl, 0.1 mM
EDTA, 12.5 mM MgCl2, 0.2% NP-40, 10% glycerol) containing 0.5 mM DTT, 1 mM benzamidine and 0.5 mM PMSF, and then washed
again extensively with the low salt wash buffer containing 0.25 M NaCl. Bound proteins were eluted in low salt wash buffer containing
0.4 mg/ml FLAG peptide.

High throughput screen

Primary screen was performed at ICCB-Longwood screening facility, Harvard Medical School, Boston, MA. Reactions were carried
outin duplicate in 384-well plate (Corning, 3820) where each well contained 10ul of the reaction mixture (2.5 pmol of purified PAPD5 in
a buffer containing 256mM Tris-HCI (pH7.4), 50mM KCI, 5mM MgCI2, 1mM ATP, 0.01 mM EDTA, 0.1 mg/ml BSA, 1mM DTT and
0.02% NP-40). 100nl of the library compound (10mM stock in DMSO) was transferred via stainless-steel pin array and plates
were incubated for 2hr at room temperature. Wells on each plate with reaction mixture plus DMSO served as positive controls.
The reactions were stopped via addition of 5ul of luciferase reagent (Kinase-Glo® Max, Promega; V6074) followed by centrifuge
at 1000rpm for 1 min. Luciferase signal was read using Envision Plate Reader (PerkinElmer). Data obtained was analyzed manually
and z-score was calculated for each well/replicate. The compounds with z-score > 3 for both the replicate wells were then considered
for dose-titration analysis. Dose-response assays were performed in duplicate 10 pl reaction volume in the same reaction mixture as
above, with compound added to final concentrations of 0.1 - 100 uM in 3-fold increments, dispensed using a small volume dispenser
(Hewlett-Packard D300). Similar compound titrations/volumes were used for yeast poly-A-polymerase (ThermoFisher Scientific,
74225725KU) while reactions were carried out in enzyme-specific buffer with 1U of enzyme / 10pl reaction. All the reactions were
incubated at room temperature for 2 hr followed by addition of luciferase reagent and reading as above. Data was analyzed manually
and compounds with fold change > 1.5 compared to that of negative control were shortlisted. Further, PAPD5-specific compounds
were then tested individually in a dose-dependent manner using oligoadenylation assay.

Oligoadenylation assay

For gel-based detection of substrate extension, the polyadenylation reactions were performed in a buffer containing 25mM Tris-HCI
(pH7.4), 50mM KCI, 5mM MgCl,, and 50uM ATP). 1 pmol of 5'-FAM-labeled RNA oligo (CUGC)s (Integrated DNA Technologies) and
2.5 pmol of purified PAPD5 or PAPD4 were added per 10l of the reaction mix followed by incubation at room temperature for 1hr. For
reactions with yeast poly-A-polymerase (ThermoFisher Scientific, 74225725KU), E. coli poly (A) polymerase | (ThermoFisher Scien-
tific, AM2030) and S. pombe Cid1 (New England BioLabs, M0337S), reactions were performed in enzyme-specific buffers and 1U of
enzyme was added per 10ul of the reaction mix containing 1 pmol of 5'-FAM-labeled RNA oligo (CUGC)s and 50uM ATP. Reactions
were incubated at room temperature for 1hr and stopped using formamide loading buffer (10mM EDTA and 83.3% formamide) and
resolved using denaturing polyacrylamide gels (15% Criterion TBE-Urea Polyacrylamide Gel, 26 well, 15 ul, Bio-Rad, 3450093). Gels
were imaged using a FLA9000 imager (GE Healthcare).

PARN activity assay

To detect inhibitory activity of small molecules against recombinant PARN (rPARN), 1 pmol of 5-FAM-labeled RNA oligo
(5’-CCUUUCCAAAAAAAAA-3', Integrated DNA Technologies) was incubated with indicated concentrations of rPARN in reaction
buffer (25mM Tris-HCI (pH7.4), 50mM KCI, 5mM MgCl,, 0.1mg/ml BSA, 0.02% NP-40, 0.01 mM EDTA and 1mM DTT) at room tem-
perature for 20min. Reactions were stopped using formamide loading buffer (10mM EDTA and 83.3% formamide) and resolved using
20% TBE-urea polyacrylamide gels. Gels were imaged using an FLA9000 imager (GE Healthcare).

Differential scanning fluorimetry

Protein melting curve assays were performed using an indicator dye SYPRO orange (Thermo Fisher Scientific, S6651) diluted 1:5000
in 20ul of buffer containing 20 uM rPAPD5, 100 uM non-extendable ATP analog (3'-O-azidomethyl-adenosine 5'-O-triphosphate,
custom synthesized by Jena Biosciences), 25 mM Tris-HCL, 5 mM MgCI2, 50 mM KCI. Inhibitors BCH001 and RG7834 were added
to the dye-buffer mixture at indicated concentrations and heated from 10 to 95°C at a rate of 1°C/min and fluorescence signals were
monitored by 7500 Fast Real-Time PCR Systems (Applied Biosystems). Each curve was an average of three measurements and
Thermal Shift software (Thermo Fisher Scientific, 4466038) was used for analysis.
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Quantitative RT-PCR

RNA isolation was done using TRIzol (Ambion, 15596-026) as per standard protocol followed by DNase treatment using Turbo DNA-
free kit (Life Technologies AM1907). SuperScript lll Reverse Transcriptase (ThermoFisher Scientific, 18080-093) was used for cDNA
synthesis as described (Moon et al., 2015). gPCR was performed in CFX96 Real-Time PCR detection system (Bio-Rad) using
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, 172-5274). POLR2A was used for the normalization and quantification.
Graphing and statistical analysis of qPCR results were performed using GraphPad Prism. Primers used are given in Table S1.

Northern blot

Total RNA (5-7 ng) was electrophoresed on 1.5% agarose/formaldehyde gel followed by capillary transfer to Hybond N+ membranes
(Amersham, GE Healthcare; RPN303B) in 10X SSC. Blot was hybridized for 12hrs with «-32P-dCTP-labeled full-length TERC probe in
ULTRAhyb buffer (Life Technologies, AM8669M). 18S rRNA signal obtained from ethidium bromide staining was used for normaliza-
tion and signal quantification was performed using ImagedJ software. Primers used for probe generation are given in Table S1.

RLM-RACE

The RNA ligation-mediated rapid amplification of cDNA ends (RLM-RACE) protocol was performed as described (Moon et al., 2015).
Briefly, total RNA was extracted and equal amounts (100-600 ng) were ligated to 5'-adenylated, 3'-blocked adapters (Universal
miRNA cloning linker, New England Biolabs; S1315S) using T4 RNA ligase truncated KQ (New England Biolabs, M0373S) and
PEG 8000. Ligated RNA was then purified, followed by cDNA synthesis and RNA specific PCR amplification. PCR amplicons
were resolved on high percentage (2.5%) agarose gels to visualize mature and extended amplicons. Primers used are given in
Table S1.

RLM-RACE amplicon deep sequencing

Linker ligated cDNAs obtained using above described RACE protocol were used for the generation of TERC amplicons. After puri-
fication using Qiaquick PCR purification kit (QIAGEN, 28106), amplicons were prepated for deep sequencing using the TruSeq Nano
DNA LT Library Prep Kit (Illumina, 20015965) per the kit protocol. Briefly, linkers carrying unique barcodes were ligated to individual
RACE amplicons using DNA ligase followed by amplification with lllumina adapters, and size selection was performed using sample
purification beads. The completed libraries were submitted to the Tufts University Genomics Core for paired-end 250 bp sequencing
on a MiSeq instrument using the lllumina TruSeq V2 500 cycle kit. Sequencing and analysis was performed as described (Moon et al.,
2015). Perl scripts used for TERC RNA 3’ analysis are available upon request. Cumulative percent oligo-adenylated TERC species
were calculated as the fraction of all oligo-adenylated TERC RNA species divided by total TERC RNA species within eight genomi-
cally-encoded nucleotides of the mature TERC 3’ end.

Transcriptome / RNA-Seq analysis

Total RNA was isolated and RNA quality was checked by both fragment analyzer (Agilent Fragment Analyzer) and electrophoresis on
a 1.5% agarose/formaldehyde gel. 0.1-1 pg of total RNA was used for library preparation using the TruSeq Stranded Total RNA with
RiboZero Gold kit (Illumina- 20020599). Briefly, total RNA was subjected to rRNA depletion and fragmentation followed by first and
second strand cDNA synthesis. Further, second strand was removed after end repair and A-tailing. Finally, libraries were amplified for
size selection and pooled at equimolar concentrations based on quantification using Fragment Analyzer. The pooled libraries were
sequenced on a HiSeq 2500 instrument using a High Output V4 kit / single-end 50 bp reads. Sequence reads were trimmed to a final
length of 40 bases using Trimming software Cutadapt (Martin, 2011). Salmon (Patro et al., 2017) was used to quasi-map trimmed
reads to the reference transcriptome (ENSEMBL (Zerbino et al., 2018) GRCh38.80), including 6511 non-coding RNAs (scaRNAs,
lincRNAs, snRNAs, and snoRNAs), to estimate transcript abundances. The number of reads mapping to the transcriptome ranged
from 7.7 to 12.0 million. Read counts per gene were derived by summing the counts per transcript across all transcripts associated
with the gene. For quality control measures, 0.1% of reads were randomly sampled from each FASTQ and directly aligned to EN-
SEMBL GRC Release 80 (ftp://ftp.ensembl.org/pub/release-80/gtf/) reference genomes using HISAT2 (Kim et al., 2015) to determine
percentage alignment to H. sapiens, M. Musculus, S. cerevisiae, E. Coli, and D. Rerio genomes, as well as overlaps with genomic
features (including rRNA, mtRNA, protein-coding regions), ambiguous and non-unique alignments, and unaligned reads. Bio-
conductor (Huber et al., 2015) package DESeqg2 (Love et al., 2014) was used for differential expression analysis. The raw counts ma-
trix was first coerced to integer format as a requirement for DESeq2 input. Expression profiles of PARN mutant iPSCs treated with
BCHO001 were compared to those of untreated PARN mutants. DESeq2 uses the Wald test to generate a two-tailed p value for each
gene by calculating the Wald statistic (log, fold change (LFC) divided by the standard error of the LFC) for the gene and comparing it
to a standard Normal distribution. False discovery rate (FDR)-adjusted p values were computed using the Benjamini-Hochberg
correction method. Significant differentially expressed genes were determined with a threshold of a = 0.1.

Telomerase activity assay

DC patient iPS cells were cultured and maintained in the presence of BCH001 versus DMSO for 10 days. Cells were harvested and
lysed with CHAPS lysis buffer and protein concentration measured using DC Protein assay kit Il (Bio-Rad, 5000112). 5-fold dilutions
of equivalent total protein lysate were subjected to TRAP (telomere repeat amplification protocol) assay per the TRAPeze Telomerase
Detection kit (EMD Millipore, S7700). Products were resolved on 10% TBE polyacrylamide gels and visualized by staining with
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GelRed Nucleic acid gel stain (Biotium, 41003). Relative telomerase activity was quantified using ImagedJ software, by pairwise com-
parison of the intensity of the first six amplicons in corresponding lanes with and without PAPD5 inhibitors, and averaging across the
three dilutions for each sample.

Telomere length measurement

Southern blot-

For cell cultures, terminal restriction fragment (TRF) length analysis was performed per protocol using the TeloTAGGG telomere
length assay kit (Roche Life Science; 12209136001). Briefly, 1-5ug of purified genomic DNA was digested with Hinfl/Rsal restriction
enzymes and followed by electrophoresis using 0.7 % agarose gels. The gel was blotted and probed using kit reagents. Images were
taken using Chemidoc Touch Imaging System (Bio-Rad).

Flow-FISH-

For telomere length analysis in iPSCs, cells were washed twice in PBS followed by denaturation in formamide at 82°C and hybrid-
ization with TelC-Alexa647 telomere length probe (PNA Bio, F1013). Hybridized cells were stained with DAPI (4’,6-Diamidino-2-Phe-
nylindole, Dilactate, BioLegend; 422801) and analyzed using a BD LSRII FACS machine (BD Biosciences). The cells were gated
based on 2N DNA content and mean fluorescence intensity of the TelC probe was measured. To analyze blood cell telomere length
in xenotransplanted mice, flow-FISH was performed as described (Baerlocher et al., 2006). Briefly, the total marrow cells isolated
from 6-week xenotransplanted mice were incubated with blocking antibodies for human and mice (Human TruStain FcX, BioLegend;
422302 and Mouse TruStain fcX anti-mouse CD16/32, BioLegend; 101320) for 10 min. Blocked cells were then stained with BV421
Anti-Human CD45 antibody (Brilliant Violet 421 anti-human CD45 Antibody, BioLegend; 368522) followed by crosslinking (with BS3
(bis(sulfosuccinimidyl)suberate); ThermoFisher Scientific; A39266), denaturation in formamide (at 82°C) and hybridization with or
without TelC-Alexa647 telomere length probe (PNA Bio, F1013). For lineage specific telomere length analysis, blocked cells were
stained with Alexa Fluor® 488 anti-human CD45 Antibody (BioLegend; 368536), Brilliant Violet 421 anti-human CD34 Antibody (Bio-
Legend; 343610) and BUV395 Mouse Anti-Human CD19 antibody (BD Biosciences; 563549). Cells were then subject to the flow-
FISH protocol described above using the TelC-Alexa647 telomere length probe, and telomere length and immunophenotype were
determined using a BD LSRII FACS instrument (BD Biosciences). Cells were gated on hCD45+ population and mean fluorescence
intensity was measured.

Fibroblast immortalization with TERT

Retroviral vectors encoding TERT were produced by co-transfection of HEK293 cells with pBABE-hTERT-puro (Addgene #1171; gift
of Dr. R. Weinberg, MIT), VSV-G and Gag-Pol packaging plasmids as described (Agarwal et al., 2010). Retroviral vectors were trans-
duced into patient fibroblasts in the presence of protamine sulfate (10 pg/ml) for 16 hr. For selection, media was supplemented with
puromycin (0.2ug/ml) for 10 days.

CRISPR/Cas9 knockout generation

Lentiviral vectors-

A lentiviral vector containing Cas9 and gRNA (pLentiCRISPR v2; gift of Feng Zhang; Addgene #52961) targeting human PAPD5 was
co-transfected with pCMV_DR8.91 and pCMV_VSV-G in 293 cells using branched polyethylenimine (Sigma, 408727) to generate
lentivirus. Supernatants were harvested after 24 and 48hrs of transfection and subjected to filtration followed by storage at
—80°C in aliquots.

DC patient iPSCs were transduced with viral vectors in the presence of protamine sulfate (10 pg/ml) for 12 hours. Knockout effi-
ciency was determined by amplification of the targeted locus followed by Sanger sequencing. Single cell clones were generated by
serial dilution and culture in 96 well plates. Clones were screened for PAPD5 knockout by western blotting. Sequences of gRNAs are
given in Table S1.

RNP electroporation-

3xNLS-SpCas9 was prepared as described (Wu et al., 2019). sgRNAs were obtained from Synthego Corporation and gRNA
sequences are given in Table S1. Electroporation was done using Lonza 4D Nucleofactor nucleocuvette strips (V4XP-3032, for
in vitro culture; 20ul) or nucleocuvettes (V4XP-3024, for transplantation and knockout generation; 100ul) as described (Wu et al.,
2019). Modified synthetic gRNAs (with first and last three nucleotides having 2’-O-methyl-3’-phosphorothrioate modification) and
3xNLS-SpCas9 were mixed in equimolar concentrations and incubated for 15 min at RT. CD34+ HSPCs were thawed in X-VIVO me-
dia supplemented with cytokines one day prior to electroporation, and resuspended in P3 solution immediately before electropora-
tion. 50 M RNPs were mixed with HSPCs and electroporation was done with program EO-100. Cells were maintained in X-VIVO
media supplemented with cytokines for in vitro culture as well as for mice transplantation experiments.

CRISPR gene-targeting validation

Sanger sequencing-

Genomic DNA was isolated from primary cells and cell lines using GenJET genomic DNA purification kit (Thermo Fisher Scientific).
Primers used for AAVS1, TERC, PAPD5 and PARN gene amplification and sequencing are provided in Table S1. Sanger sequencing
was performed by Genewiz and the efficiency of editing was analyzed by ICE software (Synthego Corporation). Western blotting-
DC patient iPSCs were lysed in 2X Laemmli sample buffer (Bio-Rad, 1610737) and total cellular lysates were then subjected to

Cell Stem Cell 26, 896-909.e1-€8, June 4, 2020 €6




¢? CellPress Cell Stem Cell

SDS-PAGE followed by transfer to PVDF membranes. Detection of detection of PAPD5 was done using anti-PAPD5 antibodies (Atlas
antibodies, HPA042968, 1:1000) and HRP-conjugated goat anti-rabbit secondary antibody (Bio-Rad 170-5046, 1:10000) followed by
chemiluminescent detection using Clarity Western ECL substrate (Bio-Rad, 1705060). The same membrane was probed with HRP-
conjugated anti-actin antibodies (Santa Cruz sc-1615, dilution 1:1000) to estimate the protein loading. Imaging and quantification
were performed using the Biorad ChemiDoc Touch imaging system.

Methylcellulose assay

For CD34+ HSPCs, 1000 cells were plated in methylcellulose medium containing human cytokines (Methocult h4434 classic, Stem
Cell Technologies; 4434) and inhibitors BCH001, RG7834 or vehicle (DMSO). After 14 days of culture at 37°C, 5% CO, the progenitor
colonies were counted manually under the microscope, with categories defined by colony morphology. CD34+ cells were isolated
from patient 2 bone marrow cells by antibody-magnetic bead based methods and cultured as above to obtain progenitor colonies
after 14 days. Leukemia cell lines were plated at a density of 1000 cells plate and colonies were scored after 8-10 days. For AML blast
patient sample, 120,000 cells/plate were plated and colonies were scored after 10 days.

MTT assay

Cell toxicity in response to inhibitor was measured as described (Nagpal et al., 2013). 2 x 10* DC patient iPSCs were plated and 24hrs
later treated with 1 pM BCHO0O01 versus DMSO as vehicle control. Cell viability was monitored daily for 72 hr using 3-(4,5-dimethylth-
iazole-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma; M5655) followed by quantification at 590 nm.

Cell viability assay

Cell viability in leukemia cell lines in response to inhibitor was measured using CellTiter-Blue Cell Viability Assay (Promega, G8080).
5 x 102 cells/well were seeded in triplicates in 96-well plates and PAPD5 inhibitor RG7834 (1 pM) versus DMSO control was added in
media. 72 hr post-treatment, cell viability was assessed by using CellTiter-Blue reagent, as per the manufacturer’s protocol. Fluo-
rescence intensity of resorufin (at 590nm) was read using CLARIOstar BMG Labtech microplate reader.

Cell cycle analysis

Cell cycle stage distribution in response to inhibitor was measured as described (Nagpal et al., 2013). Equal numbers (1 x 10°) of DC
patient iPSCs were plated and 24 hr later treated with 1M BCHO001 versus DMSO as vehicle control. 72 hr post-treatment cells were
harvested and fixed using 70% ethanol (in Dulbecco’s phosphate-buffered saline, Corning; 21031CVR) at 4°C overnight. For anal-
ysis, fixed cells were washed twice with 1X PBS (phosphate-buffered saline) followed by treatment with 1% RNase A solution (Sigma,
R6148) and staining with propidium iodide solution (0.5 mg/ml, BioLegend, 421301) and flow cytometry using BD LSR Fortessa (BD
Biosciences). Cell cycle analysis was done using Watson (Pragmatic) model with FlowJo software.

Annexin V staining

For apoptosis analysis, eBioscience Annexin V Apoptosis Detection Kit APC (ThermoFisher Scientific, 88-8007-72) was used. Equal
number (1 x 10°%) of DC patient iPSCs were plated and 24hrs later treated with 1uM BCHO001 versus DMSO (as vehicle control). 72 hr
post-treatment cells were harvested and washed twice with cold PBS and gently resuspended in 100ul 1X binding buffer. Further,
incubation for 15 min at room temperature was done following addition of 5 ul each of annexin V-fluorescein isothiocyanate (FITC)
and propidium iodide. The cells were washed once with 1X binding buffer and resuspended in 200ul 1X binding buffer and analyzed
immediately using BD LSR Fortessa (BD Biosciences). The percentage of apoptotic cells was calculated using the FACSDiva 8.0
software (BD Biosciences), with early apoptotic cells defined as Annexin V+ / Pl-, and late apoptotic cells being Annexin V+ / Pl+.

Xenotransplantation

NBSGW were used for retro-orbital injection of 0.8 — 1 x 10° CD34+ HSPCs after electroporation and editing the gene of interest.
48 hr post-injection, oral treatment of RG7834 (125 pM) or DMSO (1% v/v) in sterile drinking water was initiated, with replacement
every 4 days. Six weeks post-engraftment, bone marrow was harvested and cells obtained from bone marrow were analyzed and
sorted by flow cytometry.

Xenotransplant engraftment analysis

For analysis of cells harvested from bone marrow, cells were first incubated with blocking antibodies (Human TruStain FcX,
BioLegend; 422302 and Mouse TruStain fcX anti-mouse CD16/32, BioLegend; 101320) for 15 min, followed by incubation with
V450 Mouse Anti-Human CD45 Clone HI30 (BD Biosciences, 560367), PE-eFluor 610 mCD45 Monoclonal Antibody (30-F11) (Thermo
Fisher, 61-0451-82), FITC anti-human CD235a Antibody (BioLegend, 349104), PE anti-human CD33 Antibody (366608, BioLegend),
APC anti-human CD19 Antibody (BioLegend, 302212), PE/Cy7 anti-human CD3 antibody (BioLegend, 300420), FITC anti-
human CD34 antibody (BioLegend, 343504) and Fixable Viability Dye eFluor 780 for live/dead staining (Thermo Fisher, 65-0865-
14). Percentage human engraftment was calculated as hCD45+ cells/(hCD45+ cells + mCD45+ cells). B cells (CD19+) and myeloid
(CD33+) lineages were gated on the hCD45+ population. HSPCs (CD34+) and T cells (CD3+) were gated on the hCD45+CD19-CD33-
population. hCD45+CD19-CD33-CD34-CD3- population was referred as lineage-. FACS analysis and sorting of CD34+/ CD19+ cells
were done using the FACSAria Il machine (BD Biosciences).
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Plasma RG7834 levels

Blood samples were obtained via retro-orbital bleeding in heparinized tubes followed by plasma separation by centrifugation. An
aliquot of 20ul plasma sample was extracted with 100l of methanol:acetonitrile (5:95 v/v), with verapamil as an internal standard.
The mixture was vortexed for 15min followed by spinning at 4000 rpm for 15min. A portion of supernatant was diluted 1:1 in water
and used for injection in LC-MS/MS (Shimadzu Nexera UPLC (LC30AD pumps) with column (Waters Acquity UPLC BEH C18,
50X2.1mm, 1.7) temperature at 40°C. Water with 0.1% formic acid was used as mobile phase A while acetonitrile with 0.1% formic
acid was used for mobile phase B. Standard curves were prepared by spiking RG7834 into blank plasma and processed similar to
test plasma samples. The assay was developed in collaboration with Quintara Discovery, Hayward, CA

QUANTIFICATION AND STATISTICAL ANALYSIS

All the statistical analysis was done using GraphPad Prism 8 software. Unless otherwise indicated, error bars presented mean with
standard error. P values were calculated based on two tailed Student’s t test or ANOVA as indicated, and p < 0.05 was defined as
significant. Statistical and replicate details can be found in the figure legends.

DATA AND CODE AVAILABILITY

The RNA-seq data have been deposited in NCBI’s Gene Expression Omnibus and can be accessed through GEO series accession
number GEO: GSE144986. Datasets and code used in this study will be made available upon request to the Lead Contact.
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1 | INTRODUCTION

Abstract

Telomeres are composed of repetitive DNA sequences that are replenished by the
enzyme telomerase to maintain the self-renewal capacity of stem cells. The RNA
component of human telomerase (TERC) is the essential template for repeat addi-
tion by the telomerase reverse transcriptase (TERT), and also serves as a scaffold
for several factors comprising the telomerase ribonucleoprotein (RNP). Unique fea-
tures of TERC regulation and function have been informed not only through bio-
chemical studies but also through human genetics. Disease-causing mutations
impact TERC biogenesis at several levels including RNA transcription, post-
transcriptional processing, folding, RNP assembly, and trafficking. Defects in TERC
reduce telomerase activity and impair telomere maintenance, thereby causing a
spectrum of degenerative diseases called telomere biology disorders (TBDs). Deci-
phering mechanisms of TERC dysregulation have led to a broader understanding of
noncoding RNA biology, and more recently points to new therapeutic strategies
for TBDs. In this review, we summarize over two decades of work revealing mech-
anisms of human telomerase RNA biogenesis, and how its disruption causes human
diseases.

KEYWORDS
dyskeratosis congenita, dyskerin, noncoding RNA, stem cells, telomere, TERC, TERT

appreciated that TERT expression is the “on/off switch” that determines
whether or not a human cell has telomerase activity. However, genetic

Telomeres are the repetitive DNA sequences that together with protein
complexes called shelterin comprise the ends of mammalian chromo-
somes. Telomeres shorten with each cell division, in part due to incom-
plete replication of linear chromosome ends by DNA polymerases.
Cellular senescence is triggered to protect genome integrity when telo-
meres reach a critically short length.*? To address the need for replica-
tive capacity in stem cells, the tightly regulated enzyme telomerase is
activated to elongate telomeres. Telomerase is a ribonucleoprotein
(RNP) that at its core is composed of the reverse transcriptase TERT
and the long noncoding RNA (IncRNA) TERC, which serves as the tem-
plate for telomere repeat addition by TERT. It has long been

studies in rare diseases have revealed the critical importance of TERC
RNA levels in governing the amount of telomerase activity in the cell,
once TERT is expressed. In other words, TERC levels are limiting for
replicative capacity in stem cells.®> Here, we summarize 25 years of
molecular, biochemical, and genetic studies that have collectively rev-
ealed key mechanisms of TERC transcription and post-transcriptional
processing, as well as a spectrum of diseases when these go awry. Most
recently, these discoveries suggest strategies to manipulate telomerase
via TERC for therapeutic benefit. This review focuses on human TERC.
Readers are referred to excellent recent reviews on telomerase RNA

structure and function in other eukaryotes.*®
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2 | HUMAN TELOMERASE RNA

Preceding the explosion of ncRNA discovery in the genomics era,
telomerase RNA was one of the relatively few IncRNAs of
established importance in eukaryotic biology and human diseases.
Elegant biochemical studies implicated an RNA component in telo-
merase, whose in vitro enzymatic activity is capable of synthesizing
telomere repeats from an oligonucleotide primer.” Isolation of the
ciliate telomerase RNA demonstrated its template sequence and
function.’® The subsequent cloning of various telomerase RNAs
from ciliates and yeast demonstrated a large diversity of sizes and
sequences, hindering identification of mammalian telomerase RNAs
by homology alone. To address this, PCR-based cyclic selection of
RNAs carrying the predicted human telomeric template sequence
ultimately led to cloning and functional characterization of the
451-nucleotide IncRNA encoding human TERC.}* When TERC was
inhibited by anti-sense oligonucleotides or mutated to alter the tem-
plate, telomerase activity was reduced and telomere attrition ensued
in cell lines, confirming its role in telomere biology. Notably, TERC
expression alone did not correlate with telomerase activity in human

cells,*

consistent with findings that TERT expression is the gate-
keeper of cellular immortality.*?

In terms of transcriptional regulation, early studies showed that
TERC was alpha-amanitin sensitive and thus transcribed by RNA poly-
merase (pol) I,1? similarly to fungal telomerase RNAs but unlike those
in ciliates that use RNA pol 111.2° Neither a transcriptional termination
site nor a poly-adenylated precursor transcript was identified. Rather,
the finding of a predominant 3’ end without poly-adenylation®®
suggested that nascent TERC transcripts were processed by other
mechanisms, which remained largely undefined for almost two
decades.

In early telomerase RNP biogenesis studies, Collins and colleagues
noted that TERC had features of another class of ncRNAs. Mature
TERC transcripts contained a consensus box H motif (5-ANANNA-
3’), terminated three nucleotides (nt) downstream of an ACA trinucle-
otide, and were predicted to fold into a hairpin-hinge-hairpin-tail
structure,'* all of which are characteristics of box H/ACA small nucle-
olar RNAs (snoRNAs)'>¢ (Figure 1). Although murine telomerase
RNA differs substantially from human TERC in size (451 nt vs 397 nt)
and sequence (65% identity),**? the box H/ACA sequence motifs
and predicted secondary structure were found to be conserved,'* as
was seen in other vertebrate telomerase RNAs.?° The box H/ACA
structure was shown to be required for TERC accumulation in cells
and sufficient for transcriptional termination and 3’ end formation,
albeit by unknown mechanisms.'*?? Unlike snoRNAs, but as in small
nuclear RNAs (snRNAs), TERC 5 ends are modified with a
trimethylguanosine cap,?? which localizes nascent transcripts to sub-
nuclear structures and protects the template sequence from
exonucleolytic degradation. These studies demonstrated that TERC,
unlike telomerase RNA in ciliates and yeast, was a bona fide snoRNA,
but has distinct biogenesis characteristics.?* These observations were
also critical for linking TERC and telomere maintenance defects to

human diseases.

Significance statement

Telomerase is critical for stem cell homeostasis. It is now
clear that in humans, mutations in telomerase cause a range
of life-threatening diseases driven at least in part by prema-
ture stem cell failure. Over the past 20 years, genetic dis-
coveries have revealed that the long noncoding RNA
component of telomerase (TERC) is a critical, limiting factor
for telomerase activity in stem cells. Remarkably, recent
work on TERC biogenesis and processing has illuminated
potential targets for manipulation of telomerase. This article
reviews molecular and genetic discoveries in human TERC
biogenesis and telomere biology disorders, which have led
to a better understanding and potential treatments for stem

cell diseases.

3 | DYSKERATOSIS CONGENITA AND
TELOMERE BIOLOGY DISORDERS: A
SPECTRUM OF DISEASES UNIFIED BY
HUMAN GENETICS

Dyskeratosis congenita (DC) is a rare disease described over
100 years ago, with onset usually occurring in childhood.?® In its clas-
sic form, DC is characterized by a diagnostic triad of skin pigmentation
abnormalities, oral mucosal lesions, and degenerative changes in the
nails. Beyond these features, case reports over the years noted that
DC patients frequently had other problems including low blood
counts (anemia, thrombocytopenia, and/or leukopenia), microcephaly,
learning/developmental disorders, short stature, failure to thrive, diffi-
culty swallowing, dental abnormalities, premature graying of hair,
osteopenia, and pathology of the lungs, liver, and other vital organs.?*
DC was thus recognized as a multisystem syndrome early on, but for
decades the molecular basis and pathophysiology was unknown. A
high male to female ratio and pedigree studies indicated X-linked
inheritance in some forms of DC.2> Through linkage studies of the UK
DC patient registry established in the early 1990s, Dokal and Vulliamy
discovered hemizygous mutations in males in a gene they named
DKC1, which encoded a protein (dyskerin) of unknown function.?®
Dyskerin showed homology to yeast Cbf5p?” and rat NAP57,2® highly
conserved pseudouridine synthases known to bind snoRNAs as guides
for rRNA modification.?® These findings led to speculation that DC
might be driven by defects in ribosome biogenesis.2¢

The observation of a box H/ACA motif in human TERC led the
Collins group to alternate hypotheses, that dyskerin might also bind
TERC, and that telomerase might be compromised by DKC1 mutations
to result in the degenerative clinical features of DC. Indeed, dyskerin
was found to associate directly with telomerase via TERC, and DKC1-
mutant patients' cells had decreased TERC levels and short telo-
meres.?’ Soon thereafter, mutations in TERC itself were identified in
autosomal dominant DC.2C Together these findings firmly established

DC as a disorder of telomere maintenance, and demonstrated the



TELOMERASE RNA PROCESSING AND HUMAN DISEASE

@ Stem Crus——2

CR4/CR5
. 330
main A
doma G
G |G
u oA A/ P4.2
G—c® a0’ © G )
G—C C /@
e S c v/
S—CCU 250 c C/ G
% A
0 e GA GA—340 Human TERC
%:g 230 8_3 (4511t
—¢ P6 —C—
— G —260 —
A=Ug u—AC
c—G P41c—gG
¢—3& ]
W% &+ 8,
6
A%:S . U 35‘OCAGGC
AS:%’ G 220 8
8:8 P6b G 30 U
A=U GACY
280"GG_CU C—G
cc cl &
ps G-C
c—G Dyskerin NHP2
G—-C AN
U—A
GGfSG%CGccziocuo CGGZC;OG\ACC:_G/NO
K ol LT g
u®§ 176 Gl NOP10 [CAB
b % Pla 2§ a gx
g ¢ CAB
Pseudoknot/template N 4 P7a_ P7b (6CGCq, P8a e | 5P 80X
. 8 GAU |
domain T gll\GCGAGUCClESQO 0-BCGE uccc
g bbdd Al N dAde Adde, ©
8 A 45 CGcY 8N Qe Ag G
A 430
Y C|ACA
G
G G—450
56 @ ., .
3 scaRNA domain

FIGURE 1

Model of telomerase RNA component (TERC) structure, function, and human dyskeratosis congenita/telomere biology disorder

(DC/TBD) mutations. Adapted from References 17 and 18. The primary sequence of the 451 nucleotide TERC is depicted. Secondary structure
and functional interactions are based on data from phylogenetic, biochemical, human genetic, and structural studies including cryo-electron
microscopy. Conserved regions are indicated as P1a through P8b. The TERT-binding pseudoknot/template and CR4/CR5 domains, and the
dyskerin/TCAB1-associated scaRNA domain are shown. Critical sequence motifs are defined: telomere repeat-encoding template region, Box H,
ACA motif, and CAB box. Human genetic lesions reported in the literature include point mutations (red nucleotides) and regions where deletions
have been described (blue outline). Known polymorphisms are shown as blue nucleotides. Point mutations, deletions, and the resulting DC/TBD

phenotypes are detailed in Table 1

importance of TERC and telomerase in human health. These studies
represent an important early example of the impact of genetics stud-
ies on understanding the composition and biogenesis of human
telomerase.

The discoveries of DKC1 and TERC mutations in DC patients ulti-
mately revealed a spectrum of telomere biology disorders (TBDs).3%2
Clinical features of patients in the DC registry suggested that another
severe disorder of infancy, Hoyeraal-Hreidarsson syndrome (HHS),
might also be caused by mutations in DKC1.23 HHS is characterized
by prenatal growth retardation, microcephaly, cerebellar hypoplasia,
aplastic anemia, and immunodeficiency in infants, early clinical fea-
tures that can precede the classic DC triad.3* The same DKC1 muta-
tions that cause DC were found in children with HHS, demonstrating
that HHS is an early onset, more severe form of DC.%®

On the other end of the spectrum, independent genetic discover-
ies and detailed analyses of pedigrees revealed cryptic presentations
of DC in previously healthy adults with seemingly isolated clinical
problems. Heterozygous TERC mutations were found in adult patients

with a variety of hematologic presentations including aplastic anemia,
myelodysplastic syndrome (MDS), and paroxysmal nocturnal hemoglo-
binuria, in the absence of classic DC manifestations.>>** In some fam-
ilies, the same TERC mutation presented with hematologic disease in
one individual but pulmonary fibrosis (PF) or liver disease in others. In
keeping with this, germline TERC mutations were found in families
afflicted by PF, as well as cohorts of liver disease patients presenting
in late adulthood.****” Some patients with acute myeloid leukemia
(AML) or squamous cell cancers of the oral and anogenital regions
were also found to carry DC-associated mutations,®® reinforcing DC
as a cancer predisposition syndrome.*® Taken together, these findings
indicated that genetic mutations in TERC present across a spectrum of
disease (Table 1), with diverse TBD-associated manifestations pre-
senting anywhere from childhood to mid-life and later.

Studies in DC/TBD pedigrees with TERC mutations have revealed
several interesting genetic features beyond simple Mendelian inheri-
tance, complicating genotype-phenotype correlations. First, in some

families, transmission of heterozygous TERC mutations results in
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TABLE 1 TERC gene mutations implicated in various telomere
biology disorders (based on Podlevsky et al, Nucleic Acids Research,
2007, and references therein. http://telomerase.asu.edu)

Phenotype TERC gene mutation

C35U, del52_55, U83G,
del110_113, C212G, C287G,
C309U, G319A, G322A, C323U,
A377G, del389_390

A37G, A48G, del52_55, del54_57,
G73U, G93C, del95_96,
del96_97, U100A,
GC107_108AG,
delins129_140GU, G143A,
U202G, C205U, C212U,
del216_229, C242U,
del316_451, del378_451,
C408G, A448G

G2C, del28_34, C36U, A37G,
G67A, C72G, del79, U83G,
G107U, del109_123,
del110_113,C116U, A117C,
A126G, G143A,A176C, G178A,
C180U, G182A, C204G, C212G,
G257A, G305A, del341_360,
A377G

del52_86, USOA, G98A, C108U,
G182C, G325U, del375_377

A37G, del28_34, G319A,
del341_360

Myelodysplastic syndrome/
acute myeloid leukemia

Dyskeratosis congenita/
hoyeraal hreidarsson
syndrome

Aplastic anemia

Pulmonary fibrosis/lung
disease

Liver fibrosis

Notes: Nucleotide position based Genbank accession number NR_001566
for the RNA sequence. Mutations in italics denote those verified by in
vitro functional testing in the published literature. Literature references
can be found at http://telomerase.asu.edu.

earlier onset and more severe disease in subsequent generations.*®
This disease anticipation is thought to result from inheritance of not
only the genetic mutation compromising telomere maintenance, but
also short telomeres from the carrier parent. A similar phenomenon is
observed in autosomal dominant DC/TBD due to heterozygous
germline loss-of-function mutations in TERT.**°° A second unusual
genetic feature has been revealed in some TERC pedigrees wherein
obligate carriers showed underrepresentation or absence of the muta-
tion when genotyping blood DNA. To explain this, single nucleotide
polymorphism (SNP) array analysis of non-blood tissue revealed
somatic reversion of the TERC mutation in the hematopoietic sys-
tem.>? The reversion event was evident in both myeloid and lymphoid
blood cells, indicating positive selection for restored TERC levels and
telomere maintenance at the hematopoietic stem cell (HSC) level.
Remarkably, in one patient, multiple independent events of somatic
reversion could be documented by SNP arrays, indicating a significant
advantage of eliminating the mutant TERC locus in HSCs. A third con-
founder of genotype-phenotype correlations is illustrated by a patient
found to have a heterozygous TERC mutation but more pronounced
disease manifestations compared to family members. Here, it was
shown that the patient had also inherited a pathogenic TERT mutation,
resulting in oligogenic phenotypic contributions from multiple partial

loss-of-function alleles.>? Taken together, these studies illustrate com-
plexities in diagnosis and establishing genotypic-phenotype relation-
ships in patients with germline TERC mutations.

From a clinical standpoint, the detection of TERC mutations and
their associated disease burden are likely to be underestimated for
several reasons. These include lack of familiarity with DC/TBD
amongst clinicians, low suspicion of germline mutations in adult
patients with MDS, cirrhosis or PF, and overlooking TERC (as a
ncRNA) in clinical and research whole exome sequencing pipelines.
Functional telomere length testing is a valuable diagnostic test, useful
for increasing suspicion of underlying TBD, but with limitations in sen-
sitivity and specificity in older age groups.53 In summary, germline
TERC mutations present across a spectrum of clinical severity and
onset, but are likely underdiagnosed in patients without obvious syn-

dromic features or family histories.

4 | TERCMUTATIONS AND MOLECULAR
MECHANISMS OF DISEASE

In addition to DKC1, it is now clear that several other gene mutations
result in decreased TERC levels to cause TBDs. These are discussed in
detail below. However, it is first instructive to consider the various
molecular mechanisms by which mutations in TERC itself have been
found to result in loss of function.

4.1 | TERC mutations

More than 60 disease-associated mutations in TERC have been identi-
fied to date!” (Table 1). TERC is 451 nt, and in aggregated databases
of whole genome sequencing only two positions show polymorphism
(n.58G>A, n.228G>A) at greater than 0.1% frequency (Figure 1). Dif-
ferent impairments caused by TERC mutations have been described,
including defects in transcription, template function, secondary struc-
ture, assembly into H/ACA-RNPs, and interactions with TERT. With
regard to primary transcriptional defects, mutations in the -99 Sp1 site
and -58 CCATT box of the TERC promoter have been described in
three different families with BMF or MDS.3742>% However, there was
limited data in these reports showing a direct effect on transcription.
In terms of requirements for RNP assembly, point mutations and dele-
tions in the box H/ACA motifs would be expected to impact dyskerin
binding in cells (Figure 1). Consistent with this, the accumulation of
variants with mutations in the box H or ACA domains is abrogated in
cells, despite retaining template function in in vitro reconstitution
assays.>> A box H/ACA deletion truncating the last 74 nt of TERC as
well as 747 nt downstream was shown to impact not only accumula-
tion of the RNA transcript,?* but chromatin configuration of the allele
in cis as well, suggesting transcriptional regulatory function of the
sequences immediately 3’ of the gene.>¢ An extensive examination of
multiple pseudoknot/template domain mutations indicated that most
of these diminish holoenzyme catalytic activity®> (Figure 1). Not only

the template but also the conserved region (CR) CR4/CR5 domains of


http://telomerase.asu.edu
http://telomerase.asu.edu

TELOMERASE RNA PROCESSING AND HUMAN DISEASE

@ STEM Crirs——3

TERC are required for telomerase assembly and activity in vitro and
in vivo.>” Mutations in the CR4/CR5 region have been found which
do not affect accumulation or assembly with H/ACA-RNP, but rather
impair interactions with TERT and prevent formation of active telome-
rase holoenzyme.>>>”>8 Interestingly, the secondary structure of the
CR4/CR5 region has also been shown to be responsive to binding by
TCAB1 (telomerase Cajal body protein 1), which is required for subse-
quent interactions with TERT.>? These studies indicate that certain
CR4/CR5 residues mutated in DC may serve as an “activity switch,”
which relays TCAB1 binding of the box H/ACA regions and licenses
TERT assembly into the holoenzyme. In summary, human disease-
associated mutations in TERC disrupt its biogenesis and function,
leading to impaired telomerase function. Importantly, until now TERC
mutations in patients have been found in heterozygous form, and
biallelic or null mutations have not been reported, indicating that com-

plete loss-of-function is unlikely to be tolerated in humans.

5 | MUTATIONS IN SEVERAL FACTORS
IMPACT TERC TO CAUSE DISEASE

To date, mutations in 15 genes have been implicated in DC/TBDs,
accounting for ~70% of cases.®®¢! Of these, besides TERC itself, loss
or alteration of function in seven other genes—DKC1, NOP10, NHP2,
NAF1 (nuclear assembly factor 1), TCAB1, PARN (poly[A]-specific ribo-
nuclease), and ZCCHC8 (zinc finger CCHC-type containing 8)—impairs
telomere maintenance by compromising TERC processing and biogen-

esis at different steps.

5.1 | Mutations impacting the H/ACA-RNP

The nascent H/ACA-RNP complex consists of four proteins: dyskerin,
NAF1, NHP2, and NOP10.°2 Mutations in the genes encoding any of
these four proteins cause DC.2¢%%%> NAF1 is exchanged for GAR1
after H/ACA-RNP maturation (Figure 1). Of note, GAR1 mutations
have not been reported in DC/TBDs.

Each H/ACA-RNP complex associates with one of hundreds of
ncRNAs via the box H/ACA motif,¢ and the associated RNA directs
the RNP to different substrates and subcellular locations. Dyskerin is
a highly conserved enzyme that catalyzes the conversion of uridine to
pseudouridine in cellular RNAs.®” Box H/ACA snoRNAs serve as anti-
sense guides for the pseudouridylation of ribosomal RNAs (rRNAs) in
the nucleolus, and also play a role in rRNA processing.®¢? Small Cajal
body (sca)RNAs, including TERC, are a subset of snoRNAs with a bind-
ing motif for TCAB1, which re-routes H/ACA-RNPs to the Cajal body
instead of nucleolus. There, certain scaRNAs act as guides to target
snRNAs involved in RNA splicing for pseudouridylation, although
many substrates are unknown.”®72 There is no evidence that TERC
serves to target dyskerin to other RNAs for pseudouridylation. How-
ever, TERC itself may contain pseudouridine modifications including
two residues in the loop of hairpin P6.1 (Figure 1), a domain critical

for telomerase catalytic activity.”® Although it is not entirely clear why

TERC co-opted a box H/ACA architecture for association with the
H/ACA-RNP, possible reasons include exploitation of snoRNA 3’ end
processing mechanisms, post-transcriptional fine-tuning of steady
state RNA levels, subnuclear compartmentation for efficient telomere
elongation.

Despite the fact that dyskerin, NOP10, NHP2, and NAF1 are
found in numerous different snoRNPs, mutations in the genes
encoding these factors phenocopy DC/TBDs. Although the spectrum
of diseases associated with these mutations ranges from classic DC to
PF, hemizygous mutations in DKC1 and biallelic mutations in NOP10
and NHP2 tend to associate with earlier onset, multisystem disease.
Heterozygous truncation mutations in NAF1 have been found in adult
patients with DC, MDS, liver disease, and PF.% In all cases, steady
state levels of TERC are reduced. TERC is limiting for telomerase
activity and telomere elongation in DKC1-mutant patient cells.”*
Importantly, some of these mutations cause a greater deficiency in
TERC than heterozygous loss-of-function TERC mutations. As with
TERC itself, mutations in DKC1, NOP10, NHP2, and NAF1 have not
been found in null states, which are unlikely to be tolerated. It remains
unclear whether other sno/scaRNAs or pseudouridylation are mean-
ingfully impacted by these mutations, with evidence for and against
relevant effects in various studies.??7>82 However, it is clear that
TERC is affected by these mutations. Importantly, the range and
make-up of disease phenotypes overlap whether caused by mutations
in H/ACA-RNP components or in genes regulating telomere mainte-
nance by other mechanisms, such as RTEL1 (regulator of telomere
elongation helicase 1) and TINF2 (TERF1 interacting nuclear factor 2).
These observations suggest that defects in TERC alone may be suffi-
cient to explain pathophysiology in DC/TBDs driven by mutations in
DKC1, NOP10, NHP2, or NAF1.

How does one explain the apparent preferential impact of these
mutations on TERC, compared to hundreds of other sno/scaRNAs?
TERC is unique amongst this class of RNAs in being encoded by an
autonomous RNA pol lI-transcribed gene, unlike other sno/scaRNAs
that are intron-embedded and processed from host gene transcripts.
It has been suggested that nascent TERC RNA is more sensitive to
efficient recruitment of pre-assembled dyskerin/NOP10/NHP2/
NAF1 complexes due to its lack of 3 end protection, unlike
sno/scaRNAs that are initially contained within a lariat structure dur-
ing their biogenesis.8% Impairments of dyskerin/NOP10/NHP2/NAF1
assembly due to partial loss-of-function in any of these factors might
be expected to compromise TERC more severely than other
sno/scaRNAs. Another way to view it is that more severe alterations
or loss of function in factors that impact sno/scaRNA biogenesis more

globally may not be compatible with early human development.

5.2 | Mutations impacting TERC secondary
structure and Cajal body localization

TCAB1 (also known as WDR79/WRAP53) binds the Cajal body locali-
zation sequence (CAB box) in the terminal loop of scaRNAs including
TERC®4®> (Figure 1). TCAB1 incorporation into the dyskerin
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holoenzyme is believed to occur after H/ACA-RNP assembly. TCAB1
serves to localize scaRNPs including telomerase to Cajal bodies
instead of the nucleolus. Upon identification of TCAB1's function in
telomere biology, candidate screening of a DC registry identified
biallelic TCAB1 mutations in two unrelated patients.®® The mutations
were found to compromise TCAB1 protein stability and nuclear locali-
zation, and in turn H/ACA-RNP and TERC trafficking to Cajal bodies.
Although mislocalization of an otherwise intact telomerase RNP was
shown to be a driver of impaired telomere maintenance in the setting
of these mutations, subsequent studies showed that telomerase activ-
ity was also compromised by loss-of-function TCAB1 mutations.®”
Specifically, TCAB1 was found to be required for proper folding of the
CR4/CR5 domain of TERC, to enable association with TERT.>? Impor-
tantly, unlike core H/ACA-RNP proteins, total TCAB1 loss is tolerated
in human cells and results in impaired telomerase activity in the null
state.®® These data again indicate a particular sensitivity of TERC bio-
genesis and post-transcriptional trafficking to disruption of a factor
that regulates multiple scaRNPs.

5.3 | Mutations impairing TERC 3’ end processing

Mechanisms of TERC transcriptional termination and 3’ end processing
were unknown until recently. In 2015, whole exome sequencing of DC
and HHS patients in the UK DC registry uncovered biallelic mutations
in the PARN gene, which encodes a 3’ exoribonuclease.?? At the same
time, Garcia and colleagues found heterozygous PARN mutations in
familial PF cohorts.”® The majority of patients with PARN mutations in
both groups had very short telomeres. These molecular and clinical find-
ings firmly linked PARN to the spectrum of TBDs, with severity and
phenotype correlating with gene dosage. However, the role of PARN in
telomere biology was unclear. The canonical function of PARN was
thought to be catalyzing the turnover of cytoplasmic mRNAs by
degrading long poly(A) tails.”* Mutations in PARN were thus proposed
to cause telomere disease via effects on mRNA levels, particularly
impacting telomere components and p53.8° However, in PARN-mutant
patient cells, decreased TERC RNA levels were also found,227%72 the
molecular basis of which was unclear given that TERC does not have a
poly(A) tail. A few key additional observations led to insights on how
PARN mutations might cause TERC deficiency. First, although early
studies demonstrated a precise 3' end for TERC, subsequent deep
sequencing data indicated a larger diversity, including genomically
extended and oligo-adenylated TERC ends.”* Second, beyond a role in
mRNA metabolism, PARN had been proposed to regulate ncRNA
metabolism, particularly box H/ACA snoRNA 3’ end maturation and
stabilization.”® Given that TERC shared the same motif with box
H/ACA snoRNAs, it was hypothesized that PARN might also regulate
the productive maturation of TERC, which would explain the finding of
diminished TERC levels and telomerase deficiency in patients with DC
and IPF.”% In cells derived from DC patients with biallelic PARN muta-
tions, increased 3’ extended species of TERC were detected.”?>?2 Deep
sequencing revealed that these species were both genomically

extended and oligo-adenylated, yielding short (~10 nt) tails on TERC,

which would be expected to be degraded by the RNA exosome
(Figure 2A). In keeping with this, TERC transcripts were found to be
destabilized by PARN deficiency, leading to decreased telomerase activ-
ity and telomere length in patient cells, and their accumulation was
reversible by restoring expression of PARN.?® Other sno/scaRNAs were
found to be altered in 3’ end processing,”>”% but RNA sequencing per-
formed on PARN-mutant patient cells did not indicate global effects on
mRNAs.”2 These observations led to the conclusion that impaired TERC
3’ end maturation, and not mRNA turnover, is the major contributor to
diseases caused by PARN mutations.”® In support of this, later studies
showed no genome-wide alterations in mRNA representation or poly(A)
tail length when PARN was depleted in human cells.”

Simultaneous investigations of human TERC biogenesis mecha-
nisms in cell lines corroborated and extended these findings. Transient
PARN depletion in human cell lines results in accumulation of TERC 3’
extended forms.”>?7-%? The non-canonical polymerase PAPDS5 is pri-
marily responsible for the addition of non-templated adenosines to
extended nascent TERC.””7"1% |n yeast, the PAPD5 ortholog Trf4 is part
of the TRAMP (Trf4, Air2, and Mtrd) complex, which serves a quality
control function by oligo-adenylating misfolded RNAs and targeting
them for degradation by the nuclear RNA exosome.’® Although it is
unclear whether human PAPDS5 functions in a TRAMP-like complex,
knockdown of PAPD5 decreases oligo-adenylation and increases
mature TERC levels in normal cells.”” Furthermore, PAPD5 inhibition
by RNA interference in PARN-depleted cell lines or PARN-mutant
patient cells reduces TERC oligo-adenylation and increases steady-state
TERC levels, telomerase activity and telomere length.””-2%1% A role for
the RNA exosome downstream of PAPD5-mediated oligo-adenylation
has been indicated by demonstration that knockdown of the core
exosome components RRP6/EXOSC10 or RRP40/EXOSC3 increases
mature TERC levels in PARN-deficient cells.”®?? These findings collec-
tively yield a model wherein steady state levels of TERC are controlled
by competition between productive maturation of nascent TERC tran-
scripts by PARN vs oligo-adenylation by PAPD5, which targets RNAs
for degradation by the nuclear exosome®”"1° (Figure 2A).

Although these studies have illuminated biogenesis intermediates
and critical final steps in TERC maturation, questions remain of pre-
cisely how and where TERC transcription terminates, and what factors
govern the earliest steps in TERC maturation. Recent studies shed some
light. First, 4-thiouridine pulse-chase labeling of nascent TERC tran-
scripts demonstrates definitively that TERC species with short oligo-A
tails are converted into mature TERC species, rather than solely rep-
resenting intermediates for degradation.t®? Fusion of the TERC box
H/ACA domain to U1 snRNA in an expression construct resulted in the
accumulation of a U1-H/ACA hybrid transcript that was oligo-
adenylated in a dyskerin- and PARN-sensitive manner. Thus, the TERC
H/ACA domain is sufficient to dictate end-formation, as seen in an ear-
lier study,?* and confers regulation of nascent transcripts by dyskerin
and PARN. Importantly, complete elimination of both PARN and
PAPDS5 resulted in normal levels of mature TERC, indicating that
PARN/PAPDS5-independent pathways for TERC post-transcriptional
processing must exist.'°> The findings also reinforce and refine the
model of competition between PARN and PAPDS5 in TERC biogenesis,
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FIGURE 2 Model for telomerase A
RNA component (TERC) processing in

health and dyskeratosis congenita/

telomere biology disorders (DC/TBDs),

and potential therapeutic strategies. A,

TERC post-transcriptional regulation by
RNA-binding proteins, polymerases, and
nucleases. Nascent TERC transcripts — nascent RNA
contain genomically encoded 3’ — TERC
extensions (green). The extensions can be

substrates for adenylation by PAPD5,

which stimulates destruction of TERC by

the RNA exosome. Conversely, PARN

and other exoribonucleases trim 3’

extensions to result in mature TERC.

Association with the H/ACA B

ribonucleoprotein (RNP) is an early event “
and aids in TERC 3’ maturation/end "
definition, and scaRNP stability, t“
trafficking, and function. Early processing
events including transcriptional
termination, processing of long
transcripts, and NAF1 H/ACA-RNP
exchange are not illustrated. B, TERC
deficiency in DC/TBDs and therapeutic
prospects. Hypomorphic mutations in
TERC or other associated RNA
processing and binding factors results in
TERC deficiency. A patient somatic cell is
depicted, in which TERT is absent,
telomerase inactive, and telomeres
critically short, resulting in senescence.
Overexpression of TERT immortalizes
cells carrying these mutations in vitro, but
telomerase activity remains reduced and
telomeres short because TERC is limiting.
Strategies shown to restore TERC and
thus telomerase and telomere elongation

in patient cells in vitro are shown in red.

Potential therapeutic modalities to b
translate each strategy are shown in blue bb

Immortal

Deficient TERC
Reduced telomerase
Short telomeres

TERT

wherein  PARN is specifically required to counteract rapid
PAPD5-mediated destabilization of short, extended TERC transcripts.
With regard to the nature and fate of longer nascent TERC tran-
scripts, knocking down the exosome components RRP40/EXOSC3
and RRP6/EXOSC10 results in the accumulation of nascent TERC
transcripts extended =9 nts beyond the canonical end, as well as
increasing mature forms.'°% At the same time, there is a reduction in
short, extended TERC forms seen with PARN deficiency, suggesting
that longer TERC transcripts processed by the RNA exosome ulti-
mately lead to the formation of short ones that are then substrates
for PARN.1%® Using in vitro transcribed TERC box H/ACA domain-
containing RNA and nuclear extracts depleted of factors, it has been
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shown that processing long forms of TERC requires RRP6/EXOSC10.
Surprisingly, dyskerin is also required for RRP-mediated conversion of
long TERC forms into short PARN substrates. To explain this,
extended TERC primary transcripts were shown to engage in tertiary
interactions with nucleotides in the first hairpin structures and box H
motifs of the box H/ACA domain. Transcripts folded in this manner
are resistant to processing unless tertiary interactions are displaced by
dyskerin binding. These results indicate a new role for dyskerin in
TERC processing, beyond stabilization and trafficking. Whether this
specific role is disrupted by human DKC1 mutations remains to be
determined. However, consistent with these results, knockdown of
RRP40/EXOSC3 or PAPD5 was shown to increase TERC maturation
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and telomere length in the context of a pathogenic DKC1 mutation in
human embryonic stem cells.1%*

Recent genetic findings in TBDs support a broader role of exosome
components in processing nascent TERC RNA. In a family with PF, het-
erozygous mutations have been identified in ZCCHC8,%° a component
of the nuclear exosome targeting (NEXT) complex.1%® Patient cells car-
rying the mutation showed decreased ZCCHC8 protein but normal
levels of two other NEXT components, RBM7 and SKIV2L2/MTRA4.
ZCCHC8 deficiency was accompanied by increased short and long
forms of TERC, and~20% decrease in steady state levels TERC levels in
patient fibroblasts. Notably, ZCCHC8 null cancer cell lines could be gen-
erated and recapitulated a defect in TERC levels and telomerase activ-
ity, although long-term effects on telomere length were not described.
Interestingly, homozygous frameshift ZCCHC8 mutations (predicted to
be null) have been reported in a patient with neurocognitive defects,
but there is no information on telomere biology in this setting.°” It is
not clear how ZCCHC8 deficiency results mechanistically in net reduc-
tion of TERC levels or function. It is known that ZCCHCS8 is required
for targeting aberrant 3' extended ncRNA transcripts to the nuclear
exosome. To the extent that the exosome is involved in degradation of
TERC after PAPD5-mediated oligo-adenylation of short transcripts, it
might be counterintuitive that inhibiting trafficking to the exosome
would result in a reduction in transcripts. However, it is possible that
ZCCHCB8/NEXT and the RNA exosome are also required for productive
maturation of long TERC precursors by RRP6.1% Whether there is a
role for NEXT/RNA exosome in processing short TERC transcripts to
their final form remains unknown.

5.4 | Other human disease genes potentially
involved in TERC maturation

Biallelic germline mutations in TOE1 (target of EGR1), encoding a
CAF1 family 3’-exoribonuclease related to PARN, are associated with
pontocerebellar hypoplasia (PCH) type VII.1°® TOE1-deficient patient
cells harbor an increase in pre-snRNAs with non-genomically encoded
adenosine residues, reminiscent of aberrant TERC species in PARN-
deficient cells.2%® Interestingly, other forms of PCH are caused by
germline mutations in exosome components, including RRP40/
EXOSC3 and EXOSC8. Cerebellar hypoplasia is a feature of severe
forms of TBDs such as HHS. These findings raise the question of
whether clinical manifestations common to both PCH and TBDs can
be explained by defective 3’ end processing of the same ncRNAs.
Although TERC levels and telomere length have not been reported in
PCH type VII patients, genome-wide ncRNA profiling indicates a
potential role for TOE1 in TERC biogenesis.”® TOE1 depletion has
minimal effects on TERC steady state levels by itself, but RNA species
with very short 3’ extensions are increased in general. Combined
TOE1 and PARN knockdown results in additive effects in destabilizing
TERC, as well as a global increase in RNA 3’ adenylation. Notably,
inhibition of PAPDS5 is sufficient to reverse the effects of both TOE1
and PARN depletion. In a detailed evaluation of the effects on telo-

mere biology, TOE1 depletion in cell lines by CRISPR/Cas9 resulted in

the accumulation of very short TERC adenylated species'®® without
changes in overall TERC levels. However, with stable heterozygous
TOE1 deletion, telomerase activity was decreased and telomeres
shortened over time. These studies show that TOE1 plays a role in
TERC biogenesis nonredundant with that of PARN, likely removing
the final few 3’ nucleotides and also contributing to TERC maturation
in PARN null cells (Figure 2A). These results also lead to the specula-
tion that impaired telomere maintenance contributes to disease mani-

festations in PCH VII patients, which remains to be studied.

5.5 | Therapeutic potential of modulating TERC
processing

TERC deficiency limits telomere maintenance in cells from DC
patients with mutations in TERC, DKC1, or PARN.74100,110,111 Ectopic
TERT expression immortalizes cells carrying these lesions, but is insuf-
ficient to efficiently elongate telomeres (Figure 2B). Therefore,
although stem cell self-renewal may be conferred by TERT expression,
the replicative capacity of TERT-negative daughter cells is likely to
remain low because of short telomere reserve. Overexpression of
TERC in these settings restores telomerase activity and telomere elon-

112,113

gation, as does DKC1 gene correction, suggesting potential

treatment approaches via genome-editing or gene therapy
(Figure 2B). However, DC and TBDs affect several organs, and genetic
strategies to correct TERC deficiency in stem cells throughout the
body are intractable at present.

The discovery that TERC is regulated by multiple components of
the ncRNA post-transcriptional machinery has opened up a range of
new targets through which TERC levels might be manipulated. Indeed,
many of these are enzymes potentially amenable to small molecule
inhibitors, which could provide systemic treatments. As described
above, several studies have demonstrated that genetic inhibition of
PAPDS5 can restore TERC levels in PARN- or dyskerin-deficient
states.”®78-100:102104.114 giaple Jong-term shRNA-mediated PAPD5
depletion is tolerated in PARN-mutant patient iPSCs and restores
TERC levels, telomerase activity and telomere length'® (Figure 2B).
Along the same lines, long-term PAPD5 knockdown in human embry-
onic stem cells engineered to express a pathogenic DKC1 mutation
(A353V) increases telomere length and improves in vitro hematopoi-
etic differentiation capacity.’®* In terms of tolerability, PAPD5 null
human cell lines and pluripotent stem cells are able to be isolated and
propagated indefinitely, and show decreased TERC oligo-adenylation
and increased TERC levels.1%211% These observations provide the
basis for considering PAPD5 a “druggable” target to restore TERC and
telomere length in certain forms of DC/TBDs (Figure 2B).

Recently a high-throughput enzymatic screen identified novel and
specific PAPD5 small molecule inhibitors that restored telomerase
activity in DC patients' iPSCs.1** One such PAPDS5 inhibitor, a quinoline
called BCHOO1, showed the capacity to increase TERC maturation and
RNA levels and elongate telomeres in PARN-mutant patient stem cells
(Figure 2B). Importantly, telomere elongation by BCHOO1 in patient
cells was dependent on TERT, expressed either endogenously in iPSCs
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or ectopically in fibroblasts. These results indicate that small molecule
telomerase modulation could be achieved without immortalizing cells or
circumventing the gatekeeper function of TERT, important safety con-
siderations for systemic therapy. A second class of small molecule
PAPDS5 inhibitors, dihydroquinolizinones (DHQ), was identified in a
hepatitis B surface antigen suppressor screen, and unexpectedly found
to act via PAPD5 inhibition.*>**¢ DHQ molecules increase TERC and
telomere length in DC patient iPSCs in vitro.!* In an in vivo mouse
xenotransplant model using CRISPR/Cas%-engineered, PARN-deficient
human hematopoietic stem and progenitor cells, oral administration of
the DHQ molecule RG7834 restored TERC processing and telomere
maintenance. Taken together, these results provide encouraging evi-
dence that pharmacologic manipulation of the TERC biogenesis machin-
ery can be used to modulate telomerase in stem cells throughout the
body. Although data have thus far been provided for pathogenic PARN
and DKC1 mutations, ' it is possible that other DC/TBD-associated
mutations that affect TERC processing and accumulation (eg, NOP10,
NHP2, NAF1, TCAB1, ZCCHCS, certain TERC alleles) may also be amena-
ble to a PAPD5 inhibitor strategy. If successful, such an approach may
provide a much-needed systemic therapy for patients with DC/TBDs

and perhaps other degenerative disorders.

6 | PERSPECTIVES

Disease-causing mutations have revealed TERC biogenesis mecha-
nisms and illuminated the sensitivity of human stem cells to TERC
levels. These insights now allow one to consider how TERC manipula-
tion might be achieved to treat DC/TBDs and other diseases. Funda-
mental questions remain. How does TERC transcription terminate?
What is the precise location, trafficking, timing, and order of various
stages of TERC processing? How do elements like chromatin, RNA
modifications, and post-translation modifications impact TERC
processing? Are there cell-type specific regulatory mechanisms that
impact TERC levels? Is DC/TBD pathology in the setting of hypo-
morphic mutations in DKC1, NOP10, NHP2, NAF1, PARN, TCAB1, or
ZCCHCS satisfactorily explained by effects on TERC alone? If not, can
effects on other ncRNAs and their consequences be defined conclu-
sively? Are the functions and specificities of TERC regulatory factors
and pathways sufficiently conserved in animal models to test new
therapeutics? Will reversing TERC deficiency pharmacologically be
effective in treating or preventing DC/TBDs? As history has shown,
staying close to the patients can be expected to yield answers to

these and other important questions.
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