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Poly(A)-specific ribonuclease (PARN) is a 3'-exoribonuclease
that plays an important role in regulating the stability and matu-
ration of RNAs. Recently, PARN has been found to regulate the
maturation of the human telomerase RNA component (hTR), a
noncoding RNA required for telomere elongation. Specifically,
PARN cleaves the 3’-end of immature, polyadenylated hTR to
form the mature, nonpolyadenylated template. Despite PARN’s
critical role in mediating telomere maintenance, little is known
about how PARN’s function is regulated by post-translational
modifications. In this study, using shRNA- and CRISPR/Cas9-
mediated gene silencing and knockout approaches, along with
3’-exoribonuclease activity assays and additional biochemical
methods, we examined whether PARN is post-translationally
modified by acetylation and what effect acetylation has on
PARN?’s activity. We found PARN is primarily acetylated by the
acetyltransferase p300 at Lys-566 and deacetylated by sirtuinl
(SIRT1). We also revealed how acetylation of PARN can
decrease its enzymatic activity both in vitro, using a synthetic
RNA probe, and in vivo, by quantifying endogenous levels of
adenylated hTR. Furthermore, we also found that SIRT1 can
regulate levels of adenylated hTR through PARN. The findings
of our study uncover a mechanism by which PARN acetylation
and deacetylation regulate its enzymatic activity as well as levels
of mature hTR. Thus, PARN’s acetylation status may play a role
in regulating telomere length.

Poly(A)-specific ribonuclease (PARN) is an RNA-processing
enzyme involved in many biological processes, such as telomere
maintenance and DNA damage response (1, 2). PARN is a 3'-
exoribonuclease that cleaves RNA bases at the 3’'-end, one nu-
cleotide at a time (3—6). PARN has the highest substrate affinity
for adenosines, conferring on it the title of a deadenylase; how-
ever, PARN is also efficient at cleaving other bases (6). PARN’s
deadenylase activity allows it to remove poly(A) tails at the 3'-
end of both coding and noncoding RNAs (3-5, 7). PARN’s
deadenylation of cytoplasmic mRNAs (e.g. TP53 mRNA) has a
destabilizing effect (2, 5, 8). However, PARN’s deadenylation of
noncoding RNAs has been shown to promote their stability (9).
PARN also mediates the maturation of noncoding RNAs by
cleaving excess adenosine and nonadenosine bases at the 3'-
end (1, 10). PARN can regulate the stability and maturation of a
variety of noncoding RNAs, such as microRNAs, Y RNAs, small
Cajal body RNAs (scaRNAs), small nucleolar RNAs (snoRNAs),
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18S rRNA, and the human telomerase RNA component (hTR)
(1,10-17).

PARN'’s regulation of the human telomerase RNA compo-
nent has been extensively studied, as it has been linked to sev-
eral telomere-associated diseases. Telomeres are repetitive
DNA sequences found at the ends of DNA that protect it from
replicative damage (18, 19). The telomerase ribonucleoprotein
complex required for telomere elongation includes the telo-
merase reverse transcriptase enzyme as well as the telomerase
RNA component (20). HTR is a noncoding RNA with an H/
ACA domain, transcribed from the TERC gene (21). HTR is
essential for telomere elongation, as it is the template that telo-
merase reverse transcriptase uses to add TTAGGG repeats at
the ends of chromosomes (20). Clinical studies in patients suf-
fering from telomere-associated diseases, such as dyskeratosis
congenita, Hoyeraal-Hreidarsson syndrome, idiopathic pul-
monary fibrosis, and bone marrow failure, have demonstrated
that genetic variants that result in the loss of PARN or enzy-
matically inactivating PARN mutations are linked to disease
onset (1, 22—-26). PARN is required to process the immature,
polyadenylated hTR into its mature, 451-base form. Thus, lack
of catalytically active PARN results in an accumulation of
immature, polyadenylated hTR that is degraded via the nuclear
RNA exosome. Due to decreased levels of mature hTR, there is
insufficient template for telomere elongation in PARN-defi-
cient cells. Therefore, loss of PARN function results in exces-
sive telomere shortening via its regulation of hTR (1, 27-30).

Although PARN'’s activity is important in regulating global
RNA stability and telomere maintenance, thus far little is
known about how PARN’s function is regulated in cells. Post-
translational modifications (PTMs) can dynamically regulate
the function, expression, localization, and interactions of pro-
teins. Examples of common and reversible PTMs include acety-
lation, methylation, and phosphorylation (31). To date, only
one of PARN’s amino acid residues has been convincingly
shown to be modified by phosphorylation. MAPKAP kinase-2
(MK2) phosphorylates PARN at serine 557, which prevents it
from binding a negative regulator of PARN, nuclear cap-bind-
ing protein (NCBP1/CBP80), and regulates cell cycle progres-
sion (32, 33). However, several high-throughput MS screenings
suggest that PARN may be post-translationally modified by
other modifications, such as N°-amino lysine acetylation, al-
though it has never been validated (34, 35). N*-Lysine acetyla-
tion is dynamically regulated by lysine (K) acetyltransferases
(KATs), which catalyze protein acetylation, and lysine
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deacetylases (HDACs), which reverse this reaction (36, 37).
Acetylation of histone proteins is known to mainly regulate
transcription; however, the role of acetylation in regulating the
function of nonhistone proteins extends to many other func-
tions (38).

Acetylation of RNA-processing enzymes plays an important
role in regulating RNA turnover (39). An example of an RNA-
editing enzyme regulated by acetylation is the nuclear poly(A)-
binding protein (PABP1). PABPI is required for poly(A) tail
elongation after transcription as well as export of poly(A)
mRNA from the nucleus to the cytoplasm for protein synthe-
sis. When PABP1 is deacetylated by sirtuinl (SIRT1), a class
IIT HDAC, it deactivates PABP1’s poly(A)-binding ability,
preventing poly(A) mRNA export and translation (40). Further-
more, acetylation of the 3’-exoribonuclease CCR4-associated
factor 1 (CAF1) by CBP/p300 decreases levels of polyadenylated
mRNAs, which destabilizes mRNAs globally (41). These exam-
ples highlight how lysine acetylation plays a critical role in regu-
lating the function of RNA-processing enzymes.

Because little is known about PARN’s post-translational reg-
ulation, in this study, we investigated whether PARN protein is
post-translationally modified by lysine acetylation and its func-
tional relevance. We report that PARN is acetylated primarily
by p300 at lysine 566, and the class IIl HDAC, SIRT1, is respon-
sible for reversing PARN’s acetylation. Furthermore, we also
found that acetylation of PARN decreases its enzymatic activity
both in vitro, using a synthetic 5'-fluorescein RNA probe, and
in vivo, by measuring endogenous levels of polyadenylated
hTR. Our results also elucidate a mechanism by which SIRT1
regulates levels of polyadenylated h'TR through PARN.

Results
PARN is primarily acetylated by p300

Inspection of multiple high-throughput MS data obtained
from various human cell lines revealed that the PARN protein
is potentially acetylated (34, 35). However, biochemical data
confirming PARN’s lysine acetylation are lacking. To determine
whether PARN is acetylated and which acetyltransferases cata-
lyze the acetylation of PARN, V5-tagged PARN was co-trans-
fected with various KATs in 293T cells. Immunoprecipitation
of the V5 tag and immunoblotting with anti-acetyllysine (AcK)
antibody revealed that PARN can be acetylated by the lysine
acetyltransferases: ortholog of Drosophila males absent on the
first (MOF), p300/CBP-associated factor (PCAF), and p300
(Fig. 1A4). To determine whether PARN is also naturally ace-
tylated in cells, endogenous PARN immunoprecipitation
experiments were performed in A549 cells that express high
protein levels of PARN. Because PARN is expressed in the
nucleolus, nucleus, and cytoplasm (15, 33, 42, 43), subcellular
fractionation was performed before testing endogenous
PARN acetylation to assess whether PARN is acetylated in a
specific subcellular organelle. The results demonstrate that
PARN is endogenously acetylated in both the nuclear and
cytoplasmic fraction of A549 cells (Fig. 1B).

To identify which PARN residue is acetylated, putatively ace-
tylated lysine residues identified in high-throughput MS studies
(34) were individually mutated to arginine (Fig. 1C). Because ar-
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ginine structurally resembles an unacetylated lysine but cannot
be acetylated, lysine-to-arginine (K—R) mutations were used
to help identify acetylated residues. Because p300 has the highest
detectable acetylation levels of PARN, p300 was co-transfected
with WT PARN and PARN mutants to determine acetylation
sites. The K566R PARN mutant had a consistent decrease in acet-
ylation compared with the other residues (Fig. 1D). To further
verify that Lys-566 is an acetylated residue, the experiment was
repeated using four plasmids expressing K566R PARN obtained
from different clones. All K566R mutants had a decrease in p300-
induced acetylation of PARN (Fig. 1E), supporting the finding
that Lys-566 is one of PARN’s acetylated residues. In fact, West-
ern blotting quantification of acetylated WT and K566R PARN
confirms that K566R PARN has a statistically significant reduc-
tion in acetylation (Fig. 1F). Interestingly, PARN’s Lys-566 resi-
due is also highly conserved across different species (Fig. 1G). We
also found that in addition to acetylating PARN, p300, PCAF, and
MOF co-immunoprecipitated with PARN (Fig. 1 (D and E) and
Figs. S1C and S2A4). Overall, these data validate that PARN is ace-
tylated and that lysine 566 is a critical acetylated residue.

PARN is deacetylated by SIRT1

To determine which lysine deacetylase enzyme reverses
PARN'’s acetylation, cells were treated with different HDAC inhib-
itors. Trichostatin A (TSA) is an inhibitor of class I and Il HDACs,
whereas nicotinamide inhibits the class III deacetylases, the sir-
tuins (SIRTSs) (44, 45). Nicotinamide, but not TSA, enhanced
PARN's acetylation in the presence of p300 and MOF (Fig. 24 and
Fig. S1A). Furthermore, nicotinamide treatment also enhanced
PCAF-induced PARN acetylation (Fig. 2B). This strongly sug-
gests that the sirtuins are responsible for deacetylating PARN.
Given that many deacetylases and their substrates interact, we
screened for which sirtuin potentially regulates PARN by per-
forming co-immunoprecipitation experiments between V5-
tagged PARN and FLAG-tagged SIRT1-7. The results show
that V5-PARN interacts strongly with SIRT1 and modestly with
SIRT3, SIRT5, SIRT6, and SIRT7 (Fig. 3A). Further investiga-
tion of the sirtuins revealed that SIRT1 reverses PARN acetyla-
tion by p300, whereas SIRT3, SIRT5, and SIRT7 decrease
PARN'’s acetylation but to a lesser degree (Fig. 3B). SIRT1 also
prevents MOF- and PCAF-induced PARN acetylation (Figs. S1
(B and C) and S2). Consistent with the role of SIRT1 as the
deacetylase enzyme that regulates PARN’s acetylation, treat-
ment with the SIRT1-specific inhibitor, EX-527 (46), modestly
increased the level of p300-acetylated PARN (Fig. 2A4).

To confirm that SIRT1 plays a role in deacetylating PARN
endogenously, SIRT1 WT and SIRT1 knockout (KO) HeLa
cells were immunoprecipitated with anti-PARN antibody and
immunoblotted with anti-acetyllysine antibody. The results of
this experiment demonstrate that PARN is also endogenously
acetylated in HeLa cells, and PARN’s acetylation is enhanced in
SIRT1 KO cells (Fig. 3C). In addition to increasing PARN’s
acetylation, SIRT1 KO also increased PARN protein levels in
HCT116, HeLa, and U20S cells (Fig. 3C and Fig. S3A), whereas
PARN transcript levels were unaffected (Fig. S3B). These
results indicate that SIRT1 does not transcriptionally regulate
PARN, and the increase of PARN protein in SIRT1 KO cells is
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Figure 2. Nicotinamide treatment enhances PARN'’s acetylation. A, Western blotting analysis of PARN acetylation after treatmnent with lysine deacetylase
inhibitors. V5-tagged PARN and HA-tagged p300 were co-transfected in 293T cells for 48 h, and subsequently, cells were treated with different lysine deacety-
lase inhibitors for 18 h. TSA is an inhibitor of class | and Il lysine deacetylases, whereas nicotinamide inhibits the class Ill deacetylases, called sirtuins. EX-527 is a
specific SIRTT inhibitor. Protein extracts were immunoprecipitated (/P) with anti-V5 antibody and immunoblotted with a nonspecific anti-AcK antibody. Mem-
branes were stripped under low-stringency conditions and reblotted using the anti-V5 antibody. The ratio of AcK to V5 was quantified and normalized to WT
PARN. B, Western blotting of PARN acetylation by different lysine acetyltransferases after nicotinamide treatment. 293T cells were transfected for 48 h with V5-
tagged PARN and four different lysine acetyltransferases. Additionally, cells were treated with DMSO or nicotinamide for 4 h, immunoprecipitated, and immu-
noblotted as described in A. For each lysine acetyltransferase, the ratio of AcK to V5 was quantified and normalized to WT PARN.

likely due to post-translational regulation of PARN. In all, these
data indicate that SIRT1 is the key enzyme responsible for
deacetylating PARN.

Acetylation of PARN decreases its enzymatic activity

Because we established that PARN is modified by acetylation,
we wanted to determine whether acetylation of PARN affects
its enzymatic activity. To enrich for hypoacetylated PARN and
p300-acetylated PARN, the following steps were performed. First,
293T cells were co-transfected with V5-tagged WT PARN and
either HA-tagged control or HA-tagged p300 plasmids, as ectopic
p300 expression can dramatically increase PARN acetylation.

Then PARN was immunoprecipitated with anti-V5 antibody and
eluted with V5 peptide. This allowed us to purify hypoacetylated
PARN with no detectable acetylation (PARN) and hyperacety-
lated PARN with enriched acetylation (Ac-PARN). The protein
concentrations were quantified and normalized by comparison
with a panel of BSA standards (Fig. 44), and Western blotting
was performed to confirm PARN’s acetylation status (Fig. 4B).
An in vitro exoribonuclease activity assay was performed using a
5'-fluorescein—tagged RNA probe (Fig. 4C). Because PARN can
only cleave the 3'-end, the length of the RNA probe can be used
to assess PARN’s enzymatic activity. When PARN is active, it
shortens RNA length, causing the RNA to migrate lower in a
denaturing polyacrylamide urea gel. Furthermore, the loss of the

Figure 1. PARN is primarily acetylated by p300. A, Western blot analysis of exogenous PARN acetylation by different lysine acetyltransferases. 293T cells
were transfected for 48 h with V5-tagged PARN and four different lysine acetyltransferases. Protein extracts were immunoprecipitated (/P) with anti-V5 anti-
body and immunoblotted with a nonspecific anti-AcK antibody. Membranes were stripped under low-stringency conditions and reblotted using anti-V5 anti-
body. B, Western blotting of endogenous PARN acetylation in different subcellular organelles. A549 cells underwent subcellular fractionation and were
immunoprecipitated with anti-PARN antibody. Western blotting of total lysate was also performed to monitor subcellular fractionation by using lamin A (a nu-
clear marker) and tubulin (a cytoplasmic marker). Western blotting of endogenous PARN in each subcellular organelle was also run in parallel. C, diagram of
PARN protein domains. The nuclease domain, nucleic acid-binding domain (R3H), RNA-binding domain (RRM), and C-terminal domain (CTD) are indicated.
The specified lysine residues were potentially acetylated in high-throughput MS data deposited on PhosphositePlus. D, Western blotting of lysine-to-arginine
mutant PARN constructs assessing acetylated residues. Each potentially acetylated lysine residue indicated in C was mutated to arginine using site-directed
mutagenesis. 293T cells were co-transfected with HA-tagged p300 and V5-tagged PARN variants to detect changes in acetylation as described in A. The ratio
of AcK to V5 was quantified and normalized to WT PARN to determine the effect of the lysine-to-arginine mutations on PARN’s acetylation. E, Western blot
analysis confirming that K566R is PARN’s acetylated residue. Four different K566R plasmids obtained from different mutant clones were used to confirm
whether the K566R PARN mutant decreased PARN acetylation by p300. The ratio of AcK to V5 was quantified and normalized to WT PARN. F, quantification of
four independent Western blots comparing the acetylation of WT PARN and K566R PARN. HA-tagged p300 was co-transfected with either v5-tagged WT
PARN or v5-tagged K566R cl1 PARN in 293T cells as described in A. Within each Western blot, the AcK/V5 ratio was quantified and normalized to levels of WT
PARN. The normalized signals from each biological replicate are displayed as individual data points (n = 4). Data are presented as the mean = S.D. (error bars).
For statistical analysis, an unpaired, two-sided Wilcoxon—-Mann-Whitney test was performed (*, p < 0.05). G, comparison of PARN's primary sequence between
different species. The red box outlines Lys-566, the highly conserved amino acid that is acetylated in PARN.
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Figure 3. PARN is deacetylated by SIRT1. A, Western blotting of interaction between PARN and SIRT1-7. V5-PARN was co-transfected with FLAG-tagged
SIRT1-7. Immunoprecipitation (/P) using anti-FLAG antibody and Western blot analysis using anti-V5 antibody were used to assess interaction. B, Western blot-
ting analysis of sirtuins that deacetylate p300-acetylated PARN. Sirtuins that were found to interact with PARN in A were co-transfected with V5-tagged PARN
and HA-tagged p300 in 293T cells for 48 h. Protein extracts were immunoprecipitated with anti-V5 antibody and immunoblotted with a nonspecific anti-AcK
antibody. Membranes were stripped under low-stringency conditions and reblotted using the anti-V5 antibody. The ratio of AcK to V5 was quantified and nor-
malized to WT PARN. C, Western blotting analysis of endogenous PARN acetylation in SIRTT WT (control) and SIRT1 KO Hela cells. Cells were immunoprecipi-
tated with anti-PARN antibody and immunoblotted with anti-acetyllysine antibody. Membranes were stripped under low-stringency conditions and reblotted
using the anti-PARN antibody. The ratio of AcK to PARN was quantified and normalized to HelLa control cells. Western blotting of total lysate was also per-
formed, and the ratio of PARN/vinculin in SIRT1T WT and SIRT1 KO Hela cells was quantified.

first nine adenosine residues can be labeled as PARN’s deade- PARN'’s deadenylase activity (Fig. 4E). Time course experi-
nylase activity, whereas the cleavage of the entire RNA probe ments demonstrate that acetylation decreases both PARN’s
is indicative of PARN’s overall exoribonuclease activity (Fig. deadenylase and exoribonuclease activity, especially when it
4D). Serial dilution experiments of PARN and Ac-PARN comes to cleaving cytosine and uracil residues (Fig. 4, F and
show that at lower concentrations, Ac-PARN has more bands  G). Together, these data demonstrate that acetylation of
at A9 compared with PARN, corresponding to a decrease in PARN reduces its enzymatic activity in vitro.
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Figure 4. Acetylation of PARN decreases its enzymatic activity. A, Coomassie Blue staining of purified WT PARN (PARN) and p300-acetylated WT PARN

(Ac-PARN) was used to quantify purified protein levels. B, Western blotting confirming that only Ac-PARN is acetylated. C, RNA probe used as substrate to assess
PARN'’s activity. The RNA contains a 5’'-fluorescein (flc) group and nine adenosine repeats on the 3’-end. An illustration of PARN demonstrates the 3'—5" direction
of its exoribonuclease activity. D, a representative in vitro 3'-exoribonuclease activity assay demonstrates how RNA probe length and migration are used to assess
PARN's activity. A negative control sample without protein and a sample containing purified PARN were incubated with 5’-flc RNA at 30 °C for 1 h. After the reaction
was stopped, samples were loaded onto a 20% polyacrylamide/50% urea/TBE gel. A9, the full-length RNA probe shown in C; A0, the fully deadenylated RNA probe.
E, in vitro activity assay comparing the enzymatic activity of PARN and Ac-PARN serial dilutions. Different concentrations of PARN and Ac-PARN were incubated
with 5'-flc RNA and processed as described in D. The same reaction mix without any protein was used as a control (0 ng). F and G, in vitro activity time course assay
comparing the enzymatic activity of PARN and Ac-PARN. 5'-flc RNA probe was incubated with 75 ng (F) and 300 ng (G) of purified PARN and Ac-PARN at 30 °C over

the indicated time. After the reaction, the samples were processed as described in D. The same reaction mix without any protein was used as a control (O min).
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Reducing PARN'’s acetylation rescues its enzymatic activity

Given that acetylation decreases PARN’s exoribonuclease
activity and the discovery that the K566R PARN mutation
decreases acetylation, the effect of Ac-K566R PARN on enzy-
matic activity was investigated. To perform these experiments,
hypoacetylated PARN and hyperacetylated PARN were puri-
fied as described previously, whereas Ac-K566R PARN was
enriched by co-transfecting HA-tagged p300 and V5-tagged
K566R PARN in 293T cells. The proteins were purified, nor-
malized, and probed to confirm acetylation status (Fig. 54 and
Fig. S4A) before in vitro exoribonuclease assays were per-
formed. Our results show that Ac-PARN still has lower enzy-
matic activity compared with PARN. However, Ac-K566R
PARN has enzymatic activity that is similar to PARN, as shown
in serial dilution (Fig. 5B and Fig. S4B) and time course experi-
ments using different concentrations of purified proteins (Fig.
5C and Fig. S4C). The in vitro activity assay from the 30-min
time point (Fig. 5C) was adapted to a histogram, which empha-
sizes how reducing acetylation with the K566R mutant results
in RNA length comparable with that of hypoacetylated PARN
(Fig. 5D). Overall, these data illustrate that reducing PARN’s
acetylation restores its enzymatic activity.

PARN acetylation regulates levels of adenylated hTR

Because we found that acetylation affects PARN’s activity in
vitro, using a synthetic RNA probe, we further tested the effect
of PARN acetylation in vivo by using an endogenous RNA tar-
get. Given that PARN is known to deadenylate and cleave the
excess 3'-end of the hTR to form a mature template, levels of
polyadenylated hTR were used to indicate relative enzymatic
activity of acetylated PARN (1, 27-30). PARN KO cells were
generated in 293FT cells to remove the expression of endoge-
nous PARN protein (Fig. 64 and Fig. S5). RT-qPCRs of 293FT
cells show that PARN KO increases levels of adenylated hTR
while decreasing total levels of h'TR (Fig. 6B), which is consist-
ent with the results from other studies (25, 30). When PARN is
depleted, the poly(A) tail of h'TR cannot be cleaved, resulting in
the accumulation of adenylated hTR (1). However, because
adenylated hTR is prone to degradation via the nuclear RNA
exosome, there is a decrease in total hTR levels (Fig. 6B) (1, 27,
28). Ectopic expression of WT and K566R PARN in PARN KO
cells partially rescued hTR levels (Fig. 6, A and B). To test how
PARN acetylation affects levels of endogenous hTR adenyla-
tion, PARN KO cells were co-transfected with HA-tagged p300
as well as WT PARN (Ac-PARN) or K566R PARN (Ac-K566R
PARN) (Fig. 6, C and D). After confirming PARN protein levels
were equally expressed (Fig. 6C), RT-qPCR was performed to
examine levels of adenylated hTR transcripts (Fig. 6D). Inter-
estingly, K566R PARN, which has low levels of acetylation, sig-
nificantly decreases levels of adenylated hTR compared with
WT PARN (Fig. 6D), which is hyperacetylated. Lower levels of
adenylated hTR in K566R-transfected cells indicate that K566R
PARN, with reduced acetylation, has increased deadenylase ac-
tivity compared with hyperacetylated WT PARN. This is con-
sistent with our in vitro findings that acetylation decreases
PARN'’s enzymatic activity, and K566R PARN has higher activ-
ity compared with Ac-PARN. In sum, these data support the
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role of acetylation in decreasing PARN’s enzymatic activity and
increasing levels of adenylated hTR.

SIRT1 regulates levels of adenylated hTR through PARN

Given our findings that SIRT1 is responsible for deacetylat-
ing PARN, and PARN acetylation plays an important role in
regulating levels of adenylated hTR, we then investigated
whether SIRT1 can regulate hTR through PARN. Considering
that SIRT1 KO and SIRT1 inhibition increase levels of acety-
lated PARN (Figs. 2 and 3C and Fig. S1A) and acetylation
decreases PARN’s enzymatic activity (Figs. 4—6), we hypothe-
sized that disruption of SIRT1 would result in an accumulation
of adenylated hTR. Because HCT116 and HeLa cells express
high levels of hTR, they were used in SIRT1 KO and SIRT1 in-
hibition experiments (Fig. 7). As predicted, both SIRT1 KO
(Fig. 7A) and SIRT1 inhibition using EX-527 (Fig. 7B) signifi-
cantly increased levels of adenylated hTR. Next, we wanted to
establish whether SIRT1 regulates hTR independently of
PARN or through a PARN-dependent mechanism. To assess
whether SIRT1 regulates adenylation of h'TR through PARN,
SIRT1 was stably knocked down using lentiviral transduction
in PARN WT and PARN KO cells (Fig. 7C). As expected,
SIRT1 knockdown (KD) significantly increased adenylated hTR
in PARN WT cells. However, in PARN KO cells, SIRT1 KD
could not alter levels of adenylated h'TR (Fig. 7D). These results
suggest that SIRT1 regulates levels of adenylated hTR through
PARN.

In addition to hTR, we also tested whether SIRT1 could regu-
late the adenylation of PARN’s other noncoding RNA targets.
snoRNAs and scaRNAs have been reported to be deadenylated
by PARN (17, 26, 42). Thus, we tested whether SIRT1 could
regulate the adenylation of snoRNAs and scaRNAs. Consistent
with our findings that SIRT1 regulates PARN’s activity, SIRT1
KO increased levels of adenylated snoRNA10 (Fig. S6),
scaRNAS, and scaRNA13 (Fig. S7). These results further solid-
ify our conclusion that SIRT1 can regulate the adenylation of
PARN’s targets.

Discussion

Acetylation and deacetylation of histone proteins have been
extensively studied and are well-known to regulate transcrip-
tion. However, over the past 2 decades, partly due to advances
in MS, many nonhistone proteins have also been found to
undergo acetylation and deacetylation (37, 38). Our results
reveal that both endogenously and exogenously expressed
PARN can be post-translationally modified by acetylation in
vivo, which further supports that acetylation and deacetylation
extend beyond histone protiens. Moreover, we demonstrate a
mechanism in which acetylation by p300 and deacetylation by
SIRT1 play an important role in regulating PARN’s 3’-exoribo-
nuclease activity, thereby mediating the maturation of the telo-
merase RNA component. These data further solidify the notion
that the consequences of protein acetylation are much broader
than transcription regulation.

PARN can regulate telomere maintenance by processing
immature, polyadenylated hTR into the mature, 451-base form
that serves as a template for telomere elongation (1). Given our
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Figure 6. PARN acetylation regulates levels of adenylated hTR. A, Western blotting of 293FT control and PARN KO cells, induced with CRISPR-Cas9. Cells
were transfected for 48 h with control plasmid, v5-tagged WT PARN or v5-tagged K566R PARN to rescue PARN protein expression. B, RT-qPCR of adenylated and
total hTR in 293FT control and PARN KO cells (n = 4) confirms that PARN regulates hTR. Cells were transfected as described in A. Each symbol (A, A, B and [J) repre-
sents an independent biological replicate (n = 4). C, Western blot analysis demonstrates that levels of Ac-PARN and Ac-K566R PARN are even. 293FT PARN KO cells
were transfected with either HA-tagged p300 and WT PARN (Ac-PARN) or HA-tagged p300 and K566R PARN (Ac-K566R PARN). D, RT-qPCR comparing levels of
adenylated hTR in PARN KO cells expressing Ac-PARN and Ac-K566R PARN (n = 4). PARN KO cells were transfected as described in C. Data are presented as the
mean = S.D. (error bars). All statistical analyses were performed using unpaired, two-sided Wilcoxon-Mann-Whitney tests (¥, p < 0.05; ns, not significant).

Figure 5. Reducing PARN’s acetylation rescues its enzymatic activity. A, Western blot analysis confirming the acetylation status and normalization of puri-
fied WT PARN (PARN), p300-acetylated WT PARN (Ac-PARN), and p300-acetylated K566R PARN (Ac-K566R PARN). B, in vitro activity assay comparing the enzymatic
activity of PARN, Ac-PARN, and Ac-K566R PARN serial dilutions. Serial dilutions of PARN, Ac-PARN, and Ac-K566R PARN were incubated with 5’-flc RNA at 30 °C for 1
h. After the reactions were stopped, samples were loaded onto a 20% polyacrylamide/50% urea/TBE gel. The same reaction mix without any protein was used as a
control (0 ng). G, in vitro activity time course assay comparing the enzymatic activities of PARN, Ac-PARN, and Ac-K566R PARN. 25 ng of purified PARN, Ac-PARN,
and Ac-K566R PARN were incubated with 5'-fluorescein RNA at 30 °C over the indicated time. Then samples were processed as described in B. The same reaction
mix without any protein was used as a control (0 min). D, histogram of the 30-min time point of the in vitro activity assay shown in C demonstrates how reducing
acetylation via Ac-K566R PARN restores PARN’s activity similar to WT PARN levels. The histogram was generated using ImageJ and Adobe Illustrator.
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Figure 7. SIRT1 regulates levels of adenylated hTR through PARN. A, RT-qPCR of HCT116 (n = 4) and Hela cells (n = 4) reveals that SIRT1 KO increases lev-
els of adenylated hTR. B, RT-qPCR of HCT116 cells (n = 4) shows that SIRT1 inhibition increases levels of adenylated hTR. HCT116 cells were treated with DMSO
or EX-527, a SIRT1-specific inhibitor, for 18 h (n = 4). C, Western blotting confirming stable SIRT1 knockdown in 293FT control and PARN KO cells. 293FT control
and PARN KO cells were transduced with lentivirus containing either pLKO.1 control or pLKO.1 shSIRT1 to stably knock down SIRT1. The ratio of SIRT1 to
B-actin was quantified to confirm successful knockdown. D, RT-gPCR of adenylated hTR demonstrates that SIRT1 regulates hTR through PARN. 293FT control
and PARN KO cells described in C were used to test levels of adenylated hTR. Each symbol (A, A, l, and 0J) represents an independent biological replicate
(n = 4). Data are presented as the mean = S.D. (error bars). All statistical analyses were performed using unpaired, two-sided Wilcoxon-Mann-Whitney tests

(*, p < 0.05; ns, not significant).

finding that SIRT1 regulates hTR through PARN, it is interesting
to note that just like PARN and hTR, SIRT1 has been reported to
regulate telomere length. For example, some studies examined
the role of SIRT1 on telomere length by using mouse embryonic
fibroblasts (MEFs) from SIRTI"*, SIRT1~'~, and SIRT1 gain-
of-function (SIRTI°*#*") mice. These previous studies found that
SIRTI™?*" MEFs had longer telomeres than SIRT1"/* MEFs,
whereas SIRT '~ MEFs had shorter telomere lengths compared
with SIRT1*"* MEFs. These results demonstrate that SIRT1 is
important in regulating telomere length, just like PARN and hTR.
Furthermore, they also found the effect of SIRTI**?" on telomere
length was absent in mice with concomitant loss of TERC (the
gene that encodes hTR), which strongly suggests the effect of
SIRTT*" on telomere length depends on telomerase activity
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(47, 48). However, the mechanism by which SIRT1 regulates telo-
mere length in a telomerase-dependent manner has not been
examined prior to this study. Instead, other studies have evaluated
how SIRT1 regulates telomere integrity by epigenetically main-
taining chromatin structure (49). Specifically, SIRT1 transcrip-
tionally regulates the telomerase reverse transcriptase enzyme and
proteins in the telomere-protecting shelterin complex (50-52). It
is also important to note that a recent study demonstrated how
telomere dysfunction can regulate SIRT1 protein expression in
mice, which suggests that there may be a dual regulatory mecha-
nism between telomeres and SIRT1 (53). Results from these previ-
ous studies that highlight the role of SIRT1 in regulating telomere
length are consistent with our conclusion that SIRT1 regulates the
telomerase RNA component through PARN.
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Given that hTR regulates telomere length and our finding
that SIRT1 regulates hTR, we examined the published litera-
ture to determine whether SIRT1 and hTR have similar biologi-
cal roles. Interestingly, both SIRT1 and hTR are involved in
aging and senescence, processes that are also associated with
telomere length (54—60). In fact, TERC™'~ mice have short-
ened lifespans, signs of pulmonary aging, and induced senes-
cence when compared with TERC"" mice (61, 62). Further-
more, knockdown of hTR in human induced pluripotent stem
cells results in cellular senescence (63). SIRT1 also regulates
cellular senescence, as SIRT1 inhibition has been shown to
induce cellular senescence, similar to the effect of hTR ablation
(64—66). Absence of SIRT1 also reduces lifespan in zebrafish,
whereas expression of SIRT1 in the hypothalamus of mice is
related to increased lifespan and a delay in aging-associated
phenotypes (67, 68). Additionally, mesenchymal stem cells
from aged rats had lower SIRT1 mRNA and protein levels as
well as decreased telomerase activity (52). This is consistent
with the finding that SIRTI gene expression is positively corre-
lated with telomere length in humans (69, 70). Based on the
analysis of the literature and our experimental findings, we
hypothesize that low levels of SIRT1 in aging would result in an
accumulation of acetylated PARN with lower enzymatic activ-
ity. Increased levels of acetylated PARN with lower activity
would result in elevated levels of immature, polyadenylated
hTR (illustrated in Fig. 8), causing low telomerase activity and
telomere shortening. Future experiments are necessary to
examine the role of PARN in SIRT1-related aging.

PARN deadenylates the poly(A) tail of various noncoding
RNAs, including snoRNAs and scaRNAs, which is required for
their maturation and enables them to direct RNA modifica-
tions with the help of auxiliary proteins (17, 24, 26, 42, 71-73).
Our finding that SIRT1 can also regulate the adenylation of
PARN’s snoRNA and scaRNA targets further validates that
SIRT1 can regulate the adenylation of noncoding RNA targets
through PARN.

Our results show that lysine Lys-566 is one of PARN’s main
acetylated residues, as mutating lysine 566 to arginine (K566R)
significantly reduced PARN’s acetylation. Interestingly, K566R
is reported to be a naturally occurring PARN mutation in
humans that is not associated with disease (74). In fact, our data
demonstrate that the K566R mutation restores PARN’s enzy-
matic activity by reducing its acetylation, suggesting that
K566R PARN may have a protective effect, as PARN’s activity
is required for telomere maintenance.

Based on our findings, PARN is endogenously acetylated in
some cell lines but not in others. Therefore, PARN’s acetylation
status is likely cell type—dependent and may be induced under
biological conditions that were not tested in this study.

Our study also revealed that SIRT1 KO results in an increase
both in PARN’s acetylation and overall protein levels. Given
that SIRT1 does not transcriptionally alter PARN’s gene expres-
sion, we hypothesize that SIRT1 post-translationally regulates
PARN’s protein levels through acetylation. There are many
reports on how acetylation can stabilize proteins by protecting
them from ubiquitination and preventing their proteasomal
degradation (75-78). Interestingly, lysine 566 was found to be
putatively ubiquitinated in different human cancer cell lines
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(79). Therefore, it is possible that acetylation of PARN could
prevent its ubiquitination, resulting in elevated protein but not
transcript levels. It is important to note that although SIRT1
KO increases PARN protein levels, this protein also has ele-
vated acetylation compared with SIRT1 WT cells. Because
acetylation can reduce PARN’s enzymatic activity, this explains
why SIRT1 KO cells have increased levels of immature, adeny-
lated hTR despite their elevated PARN protein levels.

Although SIRT1 consistently abolished PARN’s acetylation,
based on our studies, we cannot confirm whether this effect is
direct or indirect. Results from previous studies have shown
that SIRT1 binds to and regulates the activity of p300 (80).
SIRT1 can also bind and deacetylate MOF, which inhibits its
enzymatic activity and promotes its degradation (76). There-
fore, overexpression of SIRT1 could result in the deacetylation
of PARN by changing the activities of KATs that regulate
PARN. Similarly, ablation of SIRT1 could increase acetylation,
as it can no longer inhibit KAT activity. It is important to note
that regardless of whether the effect of SIRT1 on PARN is
direct or indirect, it does not alter the chief conclusion of our
paper, that SIRT1 can regulate levels of adenylated hTR
through PARN.

Based on our findings, we propose a new mechanism by
which acetylation of PARN regulates levels of adenylated hTR
in cells (summarized in Fig. 8). We propose that when PARN is
hypoacetylated, it has high enzymatic activity. However, when
PARN is acetylated by p300 at Lys-566, it decreases PARN'’s en-
zymatic activity, as shown through in vitro exoribonuclease ac-
tivity assays. Additionally, reducing PARN’s acetylation with
the K566R mutation increases PARN’s enzymatic activity, simi-
lar to nonacetylated PARN, and lowers levels of adenylated
hTR compared with acetylated WT PARN. This confirms that
reducing acetylation increases PARN’s 3'-exoribonuclease ac-
tivity. Furthermore, because SIRT1 deacetylates PARN, SIRT1
KO and inhibition result in an increase in acetylated PARN.
SIRT1 KO, KD, and inhibition also elevate levels of immature,
polyadenylated hTR. Our finding that PARN depletion could
inhibit the effect of SIRT1 KD on polyadenylated hTR strongly
suggests that PARN plays an important role in SIRT1-mediated
hTR regulation. Overall, our findings elucidate a new mecha-
nism through which SIRT1 can regulate levels of polyadeny-
lated h'TR by deacetylating PARN.

Experimental procedures
Cell culture and transient transfection

293T, 293FT, HCT116 (p53 WT), U20S, and HeLa cells
were obtained from ATCC, cultured in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum and 1% pen-
icillin-streptomycin, and incubated at 37°C, with 5% CO, in
sterile conditions.

For transient transfection experiments, cells were seeded
overnight and transfected using Lipofectamine 2000 (Thermo
Fisher Scientific, 11668019). FLAG-MOF (76), FLAG-PCAF
(81), FLAG-GCNS5 (82), HA-p300 (83), FLAG SIRT1-7 (84),
and Myc-SIRT1(64) plasmids have been described previously.
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Figure 8. Proposed working model for how PARN is regulated by acetylation/deacetylation. Based on our experimental findings, we propose that PARN
acetylation regulates its enzymatic activity, which in turn mediates levels of immature, adenylated hTR. When PARN is acetylated by p300 at lysine 566, it
decreases PARN'’s enzymatic activity, resulting in elevated levels of adenylated hTR. However, when SIRT1 deacetylates PARN, it restores PARN’s enzymatic ac-

tivity, allowing PARN to deadenylate hTR.

Drug treatments

Different lysine deacetylase inhibitors were used to treat cells
for specified times. 100 ng/ml TSA was used to broadly inhibit
class I and I HDACs. 10 mm nicotinamide was used to widely
inhibit class III HDACs, the sirtuins. To specifically inhibit
SIRT1, cells were incubated with 1 um EX-527 for 18 h.

Preparation and transduction of shRNA

To generate stable knockdown cell lines, lentivirus was
prepared by transfecting 293FT cells with pLKO.1 control
or pLKO.1 encoding shRNA targeting SIRT1 (shSIRT1,
GTACCGGCATGAAGTGCCTCAGATATTACTCGAGTA-
ATATCTGAGGCACTTCATGTTTTTTG) along with third-
generation packaging vectors. After 48 h, the supernatant was
collected, filtered (0.22 wm), and used to transduce cells. 48 h
post-transduction, cells were selected for puromycin resist-
ance and used for subsequent experiments.

Site-directed mutagenesis

The pLX304 plasmid encoding human PARN was purchased
from DNASU (HsCDO00438869). Plasmids expressing K—R
mutants (K220R, K243R, K250R, K499R, and K566R) were gen-
erated via site-directed mutagenesis using pLX304 PARN tem-
plate, dNTPs, primers (listed in Table S1), and PfuUltra High-
Fidelity DNA Polymerase (Agilent Technologies, NC9751972).
The resulting PCR product was incubated with DPNI (New
England Biolabs, R0176S) for 2 h at 37°C to remove nonmu-
tated template. The digested product was transformed in
DH5a competent bacteria (37 °C, overnight) and cultured in
Luria—Bertani medium with ampicillin (37 °C, overnight), and
plasmids were recovered using a miniprep kit (Promega,
A1222). Mutations were confirmed by DNA sequencing.

Generation of CRISPR-induced knockout cells

To generate PARN and SIRT1 KO cells, specific guide RNAs
(listed in Table S2) were cloned into pSpCas9(BB)-2A-Puro
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(PX459) V2.0 and lentiCRISPR v2, respectively, as described
previously (85, 86). pSpCas9(BB)-2A-Puro (PX459) V2.0 and
LentiCRISPR v2 were gifts from Feng Zhang (Addgene plasmid
62988; RRID:Addgene_62988) and (Addgene plasmid 52961;
RRID:Addgene_52961), respectively.

PX459 plasmid containing PARN guide RNA was transfected
into 293FT cells using Lipofectamine 2000 for 48 h (Thermo
Fisher Scientific, 11668019). LentiCRISPR v2 plasmid contain-
ing SIRT1 guide RNA was used to generate lentivirus targeting
SIRT1. The virus was used to transduce HCT116, U20S and
HelLa cells. All cells were selected with puromycin and under-
went monoclonal expansion. Western blotting was performed
to assess KO efficiency.

Western blotting

Cells were harvested and lysed using NETN lysis buffer (20 mm
Tris-HCl, pH 7.5, 1 mm EDTA, 100 mm NaCl, 0.5% NP-40, and
protease inhibitor) and centrifuged at 12,000 X g for 10 min at
4°C to extract protein. Protein concentrations were quantified
using Protein Assay Dye (Bio-Rad, 5000006; Eppendorf, BioSpec-
trometer). Protein samples were boiled at 95 °C for 10 min and
resolved by SDS-PAGE. Proteins were transferred to nitrocellu-
lose membranes (Bio-Rad, TransBlot Turbo), blocked in 5% milk
for 1 h, and incubated with primary antibody (Table S3) diluted
in 5% milk overnight. Then membranes were incubated in sec-
ondary antibody (Table S3) for 1 h at room temperature and
detected using a chemiluminescence detection kit (Thermo
Fisher Scientific, PI34580, PI34076, and P134095).

Immunoprecipitation

For immunoprecipitation assays, cells were lysed using
NETN lysis buffer (20 mm Tris-HCI, pH 7.5, 1 mm EDTA, 100
mu NaCl, 0.5% NP-40, and protease inhibitor). Samples were
centrifuged at 12,000 X g for 10 min at 4 °C to extract protein.
20 pl of total lysate was saved for Western blot analysis. The re-
mainder of the protein was precleared with protein-agarose
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A/G (depending on the primary antibody) for 2 h, rotating at
4°C. After preclearing, samples were centrifuged at 5,000 X g
for 1 min at 4 °C and incubated with antibody-cross-linked aga-
rose A/G overnight (Table S3), rotating at 4°C. The next day,
the beads were washed five times with NETN lysis buffer. After
the last wash, all supernatants were aspirated, and 20 pl of 2X
protein-loading buffer was added to beads. The protein samples
were boiled and resolved by SDS-PAGE, followed by Western
blotting.

In vitro 3'-exoribonuclease activity assay

To purify PARN for the exoribonuclease activity assay, 293T
cells were co-transfected with plasmids expressing 1) HA-
tagged control and WT PARN, 2) HA-tagged p300 and WT
PARN, and 3) HA-tagged p300 and K566R PARN. After 48 h,
protein was extracted using radioimmune precipitation assay
buffer (20 mm Tris-HCI, pH 7.5, 1 mm EDTA, 300 mm NaCl,
0.5% NP-40, 0.1% SDS, and protease inhibitor) and immuno-
precipitated with anti-V5-agarose G cross-linked beads over-
night, rotating at 4 °C. The next day, the beads were washed five
times with radioimmune precipitation assay buffer, and V5-
tagged PARN was eluted by incubating beads with 100 pg/pl V5
peptide (Sigma—Aldrich; V7754) for 2 h, rotating at 4 °C. Post-
elution, protein samples were purified and concentrated using
centrifugal filters (EMD Millipore; UFC501096). Purified pro-
tein samples were aliquoted and frozen at —80 °C. Protein sam-
ples were quantified and normalized via Coomassie Blue stain-
ing with BSA standards (Research Products International,
A30075) and Western blotting. After normalizing protein con-
centrations, gel-based exoribonuclease activity assays were per-
formed using a synthetic RNA probe (5'-fluorescein-CCU
UUC CAA AAA AAA A-3') as described previously (87).

RT-gPCR

RNA was extracted using a high pure RNA isolation kit
(Roche Applied Science, 11828665001). 1 pg of RNA was con-
verted to cDNA with the qScript™ Flex cDNA Synthesis Kit
(QuantaBio, 101414-112) using either oligo-dT,, primers to
test adenylated transcripts or random primers to test total tran-
script levels. The synthesized cDNA, primers (listed in Table
S4), and BrightGreen (Abm, MasterMix-R) were used to per-
form qPCR (Applied Biosystems, QuantStudio3). Gene expres-
sions were normalized to the housekeeping gene, GAPDH. All
RT-qPCR results were analyzed using 2~ 247

Statistical analyses

All data are shown as the mean and S.D. of four biological
replicates, unless otherwise specified. Biological replicates are
shown as data points in the respective figures. For RT-qPCR
experiments, each biological replicate is the average of three
technical replicates. For statistical analyses between two
groups, an unpaired, two-sided, nonparametric ¢ test, the Wil-
coxon—-Mann—Whitney test, was performed using GraphPad
Prism. Exact p values are indicated for each experiment. p val-
ues <0.05 were considered statistically significant (*).
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