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Summary

PARN loss-of-function mutations cause a severe form of the hereditary disease dyskeratosis 

congenita (DC). PARN deficiency affects the stability of non-coding RNAs such as human 

telomerase RNA (hTR), but these effects do not explain the severe disease in patients. We 

demonstrate that PARN deficiency affects the levels of numerous miRNAs in human cells. PARN 

regulates miRNA levels by stabilizing either mature or precursor miRNAs by removing oligo(A) 

tails added by the poly(A) polymerase PAPD5, which if remaining recruit the exonuclease DIS3L 

or DIS3L2 to degrade the miRNA. PARN knockdown destabilizes multiple miRNAs that repress 

p53 translation, which leads to an increase in p53 accumulation in a Dicer-dependent manner, thus 

explaining why PARN defective patients show p53 accumulation. This work also reveals that 

DIS3L and DIS3L2 are critical 3’ to 5’ exonucleases that regulate miRNA stability, with the 

addition and removal of 3’ end extensions controlling miRNA levels in the cell.
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eTOC blurb:

LOF mutations in the 3’ to 5’ exoribonuclease PARN lead to a severe form of Dyskeratosis 

Congenita (DC). Shukla et al found that PARN regulates the levels of specific miRNAs in the cell 

which modulate p53 protein levels. PARN inhibition increases p53 levels in cancer cells providing 

a therapeutic opportunity.

Introduction

The adenylation of 3’ ends of cellular RNAs by poly(A) polymerases modulates the function 

and stability of both mRNAs and non-coding RNAs. PARN is a processive mammalian 

poly(A)-specific ribonuclease proposed to remove poly(A) tails from the 3’ ends of mRNAs 

(Dehlin et al., 2000; Körner and Wahle, 1997). Recent work has shown that PARN regulates 

the stability of several ncRNAs in mammalian cells, including scaRNAs, human telomerase 

RNA (hTR), piRNAs and Y RNAs (Berndt et al., 2012; Izumi et al., 2016; Moon et al., 

2015; Nguyen et al., 2015; Shukla and Parker, 2017; Shukla et al., 2016; Son et al., 2018; 

Tang et al., 2016; Tseng et al., 2015). This suggests that the deadenylation activity of PARN 

is important for regulating the stability of a variety of RNAs in mammalian cells.

miRNAs are small 21-23 nt non-coding RNAs that regulate gene expression in eukaryotic 

cells through base pairing with their target mRNAs (Ha and Kim, 2014). miRNAs are 

transcribed as long primary transcripts (pri-miRNA), which are trimmed by to generate the 

precursor miRNA (pre-miRNA) containing the miRNA stem-loop (Finnegan and 

Pasquinelli, 2013). The pre-miRNA is subsequently cleaved by Dicer to generate the mature 

miRNA, which assembles with Argonaute and GW182 along with other proteins to form the 

RNA-induced silencing complex (RISC) (Finnegan and Pasquinelli, 2013). While the role of 

miRNAs in regulating gene expression is well studied, the mechanism(s) that regulate the 

stability of miRNAs in mammalian cells are not well understood. Previous work has 

suggested that XRN2-mediated 5’ to 3’ degradation can regulate the stability of some 
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miRNAs in model organisms (Chatterjee and Großhans, 2009) and Tudor S/N mediated 

endonucleolytic degradation of some miRNAs occurs in mammalian cells (Elbarbary et al., 

2017).

miRNAs can be modified by non-templated U or A additions at the 3’ end in diverse cell 

types and organisms (Burroughs et al., 2010; Landgraf et al., 2007). In plants, Hen1-

mediated 3’ end methylation of the 2’-OH moiety has been shown to protect endogenous 

plant siRNAs and miRNAs from uridylation and degradation by SND1 (Li et al., 2005; 

Ramachandran and Chen, 2008; Yu et al., 2005). In black cottonwood plant, adenylation of 

the 3’ end is a feature of miRNA degradation products, and adenylation can also reduce the 

degradation of plant miRNAs (Lu et al., 2009). In the alga Chlamydomonas, Mut68 

uridylates the 3’ ends of endogenous siRNAs and miRNAs, suggesting a conserved function 

of 3’ end modification of small RNAs in different organisms (Ibrahim et al., 2010).

The best studied example of 3’ end non-templated addition of miRNAs in mammalian cell is 

the uridylation of the let-7 pre-miRNA by non-canonical uridylases TUT4/TUT7 (Hagan et 

al., 2009; Heo et al., 2009). TUT4/TUT7 are recruited by the RNA binding protein LIN28 to 

pre-let-7, which leads to polyuridylation of the pre-let-7 3’ end and affects its processing 

into mature let-7, thereby playing a role in regulating let-7 miRNA levels and function in 

animal development (Heo et al., 2008). It has also been proposed that monouridylation of 

some let-7 pre-miRNAs as opposed to polyuridylation is important for their processing to 

mature let-7 miRNA in HeLa cells, suggesting that the activity of Tut4/Tut7 may be 

regulated in mammalian cells in order to maintain a balance between let-7 processing and 

degradation (Heo et al., 2012). Uridylation of pre-let-7 leads to the recruitment of the 3’ to 

5’ exonuclease DIS3L2, and DIS3L2 degrades polyuridylated pre-let-7 in undifferentiated 

stem cells (Chang et al., 2013; Ustianenko et al., 2013). Uridylation of pre-miRNAs and 

miRNAs has also been shown to occur on other families of miRNAs in diverse cell types, 

suggesting that uridylation of pre-miRNAs and mature miRNAs is a general feature of 

miRNA regulation (Berezikov et al., 2011; Jones et al., 2012; 2009; Thornton et al., 2014; 

Wyman et al., 2011).

Adenylation at the 3’ end has also been shown to occur for some miRNAs, although it is 

suggested to be less frequent compared to uridylation (Burroughs et al., 2010; Wyman et al., 

2011). The most well understood example of miRNA adenylation is GLD2-mediated 

monoadenylation of miR-122, which has been shown to enhance the stability and function of 

miR-122 in mammalian cells (Burns et al., 2011; Katoh et al., 2009). Similarly, 

monoadenylation of the 3’ end by GLD2 also enhanced the stability of some other miRNAs 

in human fibroblasts (D’Ambrogio et al., 2012). In contrast, PAPD5-mediated adenylation 

has been proposed to destabilize miR-21 in human cancer cell lines (Boele et al., 2014), and 

in Drosophila, wisp-mediated 3’ adenylation of maternal miRNAs promotes their clearance 

(Lee et al., 2014). However, the mechanisms that regulate miRNA 3’ end adenylation and 

deadenylation, and the role of PARN in this process, are not well understood. Because 

PARN-mediated deadenylation has been shown to protect many non-coding RNAs from 

degradation by 3’ to 5’ exonucleases (Moon et al., 2015; Nguyen et al., 2015; Shukla and 

Parker, 2017; Shukla et al., 2016; Tseng et al., 2015), we hypothesized that PARN might 

stabilize some miRNAs by removing oligo(A) tails that would otherwise recruit processive 
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3’ to 5’ exonucleases to degrade the miRNA. Further, the loss of miRNA stability might 

explain some of the phenotypes observed in PARN deficient patients with dyskeratosis 

congenita.

Dyskeratosis Congenita (DC) is caused by genetic defects in components of the telomerase 

holoenzyme in human cells and leads to bone marrow failure and cancer (Kirwan and Dokal, 

2009; Mason and Bessler, 2011). While most mutations associated with DC pathogenesis are 

in genes important for human telomerase RNA (hTR) assembly (DKC1) or telomerase RNA 

stability (TERC), mutations in PARN were shown to cause a severe form of DC known as 

Hoyeraal-Hreidarsson syndrome, which causes abnormally short telomeres and congenital 

defects (Burris et al., 2016; Dhanraj et al., 2015; Stuart et al., 2015; Tummala et al., 2015). 

Subsequently, it was shown that loss of PARN leads to defective 3’ end maturation of hTR, 

leading to oligoadenylation by PAPD5 and 3’ to 5’ degradation by EXOSC10 in the nucleus 

(Boyraz et al., 2016; Nguyen et al., 2015; Shukla et al., 2016; Tseng et al., 2015), or 

cytoplasmic export and decapping and 5’ to 3’ degradation by DCP2/XRN1 (Shukla et al., 

2016). While loss of telomerase RNA function explains telomere shortening in DC patients, 

it doesn’t explain the pleiotropic and severe phenotype of the disease caused by PARN 

mutations.

We hypothesized that PARN deficiency affects the stability of miRNAs in human cells, 

which could explain the severe phenotype of PARN deficiency in DC patients. We show that 

in HeLa cells, PARN affects the levels of multiple miRNAs. PARN protects miRNAs from 

degradation by removing adenosines from their 3’ ends that are added by the poly(A) 

polymerase PAPD5. In absence of PARN, 3’ end adenylation leads to recruitment of the 

cytoplasmic exonucleases DIS3L or DIS3L2 which degrade miRNAs. Moreover, several 

miRNAs decreased in PARN depleted cells target the p53 mRNA, and PARN knockdown 

leads to upregulation of p53 protein levels in multiple cell lines with or without DNA 

damage. PARN knockdown also sensitizes HeLa cells to chemotherapeutic agents, which 

leads to cell cycle arrest and apoptosis. This may explain why PARN mutations lead to a 

severe phenotype of DC in patients, since chronic upregulation of p53 signaling would 

negatively affect cell growth and development in these patients. Further, the use of PARN 

inhibitors combined with chemotherapy could be a therapeutic strategy to treat a subset of 

cancers that are caused by repressed wild-type p53 protein.

Results

PARN regulates the stability of diverse miRNAs in human cells

To investigate whether PARN affects miRNAs in human cells, we sequenced miRNA 

populations from control and PARN knockdown HeLa cells. From four biological replicates, 

we identified 86 miRNAs that were upregulated more than 1.5-fold in PARN knockdown 

cells, and 157 miRNAs that were downregulated more than 0.7-fold out of 807 miRNAs 

(Fig. 1A and Data S1), demonstrating that PARN affects the levels of multiple miRNAs.

To verify our sequencing results, and to determine if PARN knockdown was reducing 

mature miRNAs or pre-miRNAs, we examined the levels of mature and pre-miRNAs by 

other methods. We found that miR-181b-5p and miR-21-5p were not affected at precursor 

Shukla et al. Page 4

Mol Cell. Author manuscript; available in PMC 2020 March 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



level, and only the mature forms were reduced upon PARN knockdown (Fig. 1B). In 

contrast, we found that miR-1 and miR-380-5p are reduced at the pre-miRNA form, with the 

levels of the mature miRNA similar to the pre-miRNA upon PARN knockdown (Fig. 1B and 

C). This argues that the reduction in these miRNAs occurs at the precursor stage. The 

reduction in miR-181b-5p and miR-21-5p miRNA levels upon PARN knockdown was 

stronger when detected by northern blotting as compared to sequencing (Fig. 1A and B). To 

investigate whether miRNA sequencing underrepresented the number of miRNAs decreased 

upon PARN knockdown, we measured the levels of six additional miRNAs which were 

above the 0.7-fold threshold we used for estimating the number of miRNAs regulated 

positively by PARN (Fig. 1A). Four out of these six miRNAs, miR-181a-5p, miR-193b-3p, 

miR-92b-3p and let-7e-5p, were also reduced between 0.5-fold and 0.35-fold upon PARN 

knockdown (Fig. 1B). These results suggest that PARN knockdown reduces the levels of 

several miRNAs in HeLa cells, and that miRNA sequencing underestimates the effect of 

PARN knockdown on miRNA levels.

To determine if miRNA levels were reduced in the PARN knockdown due to increased 

degradation, we measured the stability of miRNAs in control and PARN knockdown 

following transcriptional repression with actinomycin D. We observed that PARN 

knockdown led to a reduction in miRNA stability of all six miRNAs compared to control 

cells, with miR-181b-5p and miR-181a-5p most affected by PARN knockdown and let-7e-5p 

the least affected (Fig. 2A and B). Consistent with miRNA having half-lives ranging from 

>8 hours to several days (Bail et al., 2010), we observed miRNAs are barely degraded in 

control cells. The reduction in miRNA stability upon PARN knockdown argues that PARN 

functions to stabilize some miRNAs.

A previous study showed that PARN knockdown led to an increase in an adenylated form of 

miR-21-5p in human cells (Boele et al., 2014), which led to the interpretation that PARN 

might degrade miR-21-5p. In contrast, we observed a reduction in miR-21-5p upon PARN 

knockdown in our sequencing data, which we verified by northern blots (Figure 1B). This 

suggests that PARN actually stabilizes miR-21-5p by deadenylating an adenylated 

intermediate which would otherwise be degraded by 3’ to 5’ exonucleases (see below).

PAPD5 destabilizes miRNAs in the absence of PARN

Previous studies on PARN-mediated stabilization of other ncRNAs suggests that PARN 

removes oligo(A) tails added by PAPD5 from the 3’ end of its substrates, which would 

otherwise lead to the degradation of the ncRNA by a competing 3’ to 5’ exonuclease 

recruited by the oligo(A) tail (Berndt et al., 2012; Nguyen et al., 2015; Shukla and Parker, 

2017; Shukla et al., 2016; Tseng et al., 2015). We therefore asked whether PAPD5 co-

knockdown rescues the reduction in miRNA levels upon PARN knockdown.

We found that PAPD5 co-knockdown was sufficient to both rescue the reduced levels of 

miR-21-5p, miR-181b-5p, miR-92b-3p and let-7e-5p, and the increased decay rates in 

PARN knockdown cells (Fig. 2A, B and C, Fig. S1). Similarly, in a patient fibroblast cell 

line with loss-of-function PARN mutation, we observed that PAPD5 knockdown leads to a 

2-fold increase in the levels of miR-21-5p (Fig. 2D). Moreover, we also found that PAPD5 
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knockdown by itself led to an average 2.5-fold increase in the levels of miR-181b-5p and 

miR-21-5p (Fig. 2E).

These observations suggest that PAPD5-mediated 3’ end adenylation of miRNAs modulates 

miRNA stability and in the absence of PARN recruits 3’ to 5’ exonucleases to degrade 

miRNAs.

DIS3L and DIS3L2 are 3’-to’5’ exonucleases that modulate miRNA stability

To identify the enzymes that degrade adenylated miRNAs, we focused on the two 

predominant cytoplasmic 3’ to 5’ exonucleases, DIS3L and DIS3L2, which degrade a 

variety of ncRNA substrates in human cells (Zinder and Lima, 2017). DIS3L2 has also been 

shown to degrade uridylated pre-miRNA in human cells, although whether it can also target 

adenylated miRNAs has not been examined (Chang et al., 2013; Ustianenko et al., 2013).

We found that DIS3L knockdown led to an eleven-fold increase in the levels of miR-1, a 

four-fold increase in the levels of miR-181b-5p, but only minor effects on miR-380-5p 

(1.1×) or miR-21-5p (1.4×) (Fig. 3A). In contrast, DIS3L2 knockdown increased miR-21-5p 

(4×), miR-181b-5p (3×), miR-380-5p (4.5×), but had no effect on miR-1 (Fig. 3A). This 

demonstrates that both DIS3L and DIS3L2 modulate miRNA levels in a miRNA-specific 

manner.

To investigate whether DIS3L or DIS3L2 regulate the stability of miRNAs globally in 

human cells, we sequenced miRNA libraries from DIS3L and DIS3L2 knockdown cells. We 

found that DIS3L knockdown led to global changes in miRNA levels; out of 746 miRNAs, 

129 miRNAs were upregulated more than 1.5-fold in DIS3L knockdown cells, and 185 

miRNAs were downregulated more than 0.7-fold in DIS3L knockdown cells compared to 

control cells (Fig. S2 and Data S1). Similarly, DIS3L2 knockdown also led to global 

changes in miRNA population in HeLa cells; out of 598 miRNAs, 106 miRNAs were 

upregulated more than 1.5-fold, and 194 miRNAs were downregulated more than 0.7-fold in 

DIS3L2 knockdown cells (Fig. S3 and Data S1). These observations suggest that DIS3L and 

DIS3L2 affect the stability of many human miRNAs.

PARN deadenylates miRNAs to protect them from PAPD5-mediated adenylation and 
degradation by DIS3L or DIS3L2

Our analysis of miRNA steady state levels in PARN knockdown and PARN and PAPD5 co-

knockdown cells suggests that for a subset of miRNAs, 3’ end adenylation is controlled by 

the activities of PARN and PAPD5. To assess the effect of PARN and PAPD5 activity on 

miRNA 3’ ends directly, we sequenced the 3’ end of miR-21-5p and miR-181b-5p in 

control, PARN knockdown and PARN and PAPD5 co-knockdown cells. In control cells, 5% 

of the reads represented adenylated miR-21-5p species at the canonical 3’ end (Fig. 3B and 

Data S2). In PARN knockdown cells, we observed a two-fold increase in the levels of 

adenylated ends, demonstrating PARN deadenylates miR-21-5p (Fig. 3B). Finally, PARN 

and PAPD5 co-knockdown led to a strong decrease in the levels of adenylated reads at the 3’ 

end of miR-21-5p compared to control cells (Fig. 3B). We observed a similar trend for the 3’ 

end of miR-181b-5p. In PARN knockdown cells, we observed an increase in the proportion 

of adenylated reads compared to control cells (Fig. 3B and Data S3). Conversely, in PARN 
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and PAPD5 co-knockdown cells, the percentage of adenylated reads decreased two-fold 

compared to control cells (Fig. 3B). This provides evidence for PAPD5-mediated 

oligoadenylation of miRNA 3’ ends and argues that PARN removes oligo(A) tails from the 

3’ ends of miRNAs, thereby protecting them from degradation.

Since DIS3L2 knockdown leads to an increase in the steady state levels of several miRNAs 

(Fig. 3A), we sequenced the 3’ ends of miR-21-5p and miR-181b-5p in DIS3L2 knockdown 

cells to determine how DIS3L2 affects their 3’ ends. In contrast to previous data that showed 

that DIS3L2 degrades uridylated let-7 miRNA precursors (Chang et al., 2013; Ustianenko et 

al., 2013), we found that DIS3L2 knockdown did not lead to an increase in oligo(U) tails at 

the 3’ end of miR-21-5p; in fact, we were unable to detect any uridylated tails at the 3’ end 

of miR-21-5p in either control or DIS3L2 knockdown cells. Similarly, the fraction of 

uridylated miR-181b-5p species remains unchanged between control and DIS3L2 

knockdown cells, suggesting that DIS3L2’s activity on miRNAs is not restricted to 

uridylated ends (see below).

We observed that DIS3L2 knockdown led to a 2× decrease in the fraction of oligo(A) tails at 

the 3’ end of miR-21-5p and miR-181b-5p (Fig. 3C). In contrast, the fraction of oligo(U) 

tails at the 3’ end of miR-181b-5p remains unchanged (Fig. 3D). The reduction in 

oligoadenylation of miRNA 3’ ends upon DIS3L2 knockdown suggests that DIS3L2 

actually impedes PARN from removing oligo(A) tails from the 3’ ends of substrate miRNAs. 

One possibility is that DIS3L2 outcompetes PARN and ‘commits’ the adenylated miRNA 

species for degradation (Fig. S4). In the absence of DIS3L2, PARN can deadenylate the 3’ 

ends of miRNAs, which leads to a reduction in the fraction of oligoadenylated species for 

miRNAs in DIS3L2 depleted cells.

miR-181b-5p levels, but not miR-21-5p levels, were affected by the activity of DIS3L. We 

found that DIS3L knockdown led to a 1.3-fold increase in the fraction of oligo(A) reads at 

the 3’ end of miR-181b-5p (Fig. 3E). Since DIS3L prefers oligoadenylated substrates for its 

activity (see below), this observation suggests that DIS3L recognizes oligo(A) tails at the 3’ 

end of miR-181b-5p and degrades the miRNA through this 3’ to 5’ degradation pathway. 

These results demonstrate that PARN, DIS3L and DIS3L2 affect the stability of subsets of 

miRNAs in human cells, although the basis for miRNA-specific effects remains to be 

established.

PARN, DIS3L and DIS3L2 act on miRNA substrates in vitro

The above results suggest that PARN, DIS3L and DIS3L2 can remove oligo(A) tails from 

miRNAs, which would be consistent with the known poly(A) specificity of PARN. To 

directly determine if these enzymes can act on adenylated miRNAs, we immunopurified 

each nuclease from HeLa cells and examined their activity on 5’-radiolabeled miR-21-5p 

without any tails (N), a 3’ tail of six adenosines (oA) or 6 uridines (oU). Consistent with 

PARN preferring poly(A) or oligo(A) tails, we observed that immunopurified PARN protein 

from wild type cells, but not PARN knockdown cells, preferentially deadenylated oA-

miR-21, with reduced activity on oU-miR-21 (Fig. 4A and B). This demonstrates that PARN 

can deadenylate oligo(A) miRNAs, consistent with our in vivo results.
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In contrast, immunoprecipitated FLAG-DIS3L2 preferentially degrades o(U)-miR-21, but 

also has some activity on oA-miR-21 (Fig. 4C). This suggests that while oligo(U) modified 

miRNA is the preferred substrate for DIS3L2, it can also act on oligoadenylated miRNAs, 

albeit with reduced activity. Finally, immunoprecipitated FLAG-DIS3L showed activity on 

oA-miR-21, but little activity on unmodified or oU-miR-21 (Fig. 4D). As a control, 

immunoprecipitation with a FLAG antibody from untransfected cells showed no activity on 

any substrate (Fig. 4E). The ability of immunopurified DIS3L to deadenylate o(A)-

miR-21-5p in vitro is consistent with the increase in oligoadenylated miRNA species seen in 

vivo with DIS3L knockdown (Fig. 3E), and provides evidence that DIS3L can deadenylate 

and possibly degrade adenylated miRNAs. Together, these results indicate that DIS3L and 

DIS3L2 have the ability to deadenylate miRNAs in vitro.

PARN-regulated miRNAs modulate the p53 signaling pathway in human cells

To determine a biological role of PARN mediated regulation of miRNAs, we examined 

whether the miRNAs reduced in PARN knockdown cells targeted distinct biological 

pathways in the cell. KEGG analysis identified several pathways affected by miRNAs 

altered negatively in PARN knockdown cells, most notably the p53 signaling pathway (Fig. 

S5). Several miRNAs downregulated upon PARN knockdown, such as miR-380-5p, 

miR-1285, miR-92, miR-214, miR-485, miR-331, miR-665, miR-3126 and miR-25, have 

either been shown, or are predicted, to target the TP53 mRNA (Agarwal et al., 2015; Liu et 

al., 2016; Swarbrick et al., 2010; Vlachos et al., 2015), which codes for the tumor suppressor 

protein p53 (Fig. 5A). Similarly, other miRNAs such as miR-660 and miR-32, which repress 

p53 inhibitors such as MDM2, were upregulated in PARN knockdown cells (Fig. 5A). These 

observations suggest that PARN-mediated regulation of miRNA levels might regulate p53 

protein levels in human cells.

Strikingly, we found that p53 levels were upregulated >20-fold in PARN knockdown cells 

by western blotting (Fig. 5B). Consistent with this observation, PARN knockdown led to an 

increase in the proportion of cells in the G0/G1 cell cycle phase compared to control cells, 

which is consistent with p53’s role in causing cell cycle arrest in G1 phase (Agarwal et al., 

1995; Di Leonardo et al., 1994) (Fig. S6A). Moreover, p53 upregulation upon exposure to 

DNA damage using UV (25 J/m2), Doxorubicin (Dox) or Etoposide (EP) treatment was 

increased in PARN knockdown cells (~12-fold upon UV, ~16-fold upon Dox, and ~15-fold 

upon EP) compared to control (Fig. 5B). Re-introduction of PARN through a plasmid in 

PARN knockdown cells rescued p53 levels to ~70% of PARN knockdown cells, 

demonstrating that p53 increase is directly dependent on loss of PARN in cells (Fig. 5C).

Five observations argue that PARN knockdown increases p53 levels by relieving miRNA 

mediated translation repression of the p53 mRNA. First, while p53 mRNA levels increased 

~1.9 fold in PARN knockdown HeLa cells (Zhang and Yan, 2015) (Fig. 5D), p53 protein 

levels increased >20-fold, which is consistent with enhanced p53 mRNA translation (Fig. 5B 

and S6B). Moreover, upregulation of p53 was not caused by a decrease in the HPV E6 

oncoprotein, known to target p53 for degradation in HeLa cells (Fig. S6G) (Scheffner et al., 

1990). Second, in HeLa cells we observed that PARN knockdown caused the endogenous 

p53 mRNA to move deeper into polysomes, consistent with increased translation (Figure 5E 
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and S6D). Third, PARN knockdown leads to increased luciferase expression from a reporter 

firefly luciferase mRNA with the p53 3’ UTR (Chen and Kastan, 2010), while an unrelated 

3’ UTR shows decreased luciferase expression (Figure 5 F and G). Fourth, while PARN 

knockdown increased p53 levels in Hek293T cells (Figure 5H), Hek293T cells lacking Dicer 

(Bogerd et al., 2014) no longer showed an increase in p53 levels (Figure 5H). It should be 

noted that Hek293T cells already accumulate high amounts of the p53 protein due to the 

formation of the LTag-p53 complex (Deppert et al., 1989; Lilyestrom et al., 2006), and this 

explains why we see a smaller effect of PARN knockdown on p53 levels. Fifth, PAPD5 co-

knockdown, which rescues miRNA levels upon PARN depletion, also rescued p53 levels 

compared to PARN knockdown with or without DNA damaging agents (Fig. 5I and S6C).

These observations argue that PARN knockdown increases p53 levels by relieving miRNA 

mediated translation repression. This provides a molecular explanation for why DC patient 

cells containing LOF mutations in PARN exhibit p53 upregulation and cell cycle 

abnormalities (Dhanraj et al., 2015; Tummala et al., 2015). The increase in p53 levels may 

contribute to the severe phenotype of the disease in these patients.

PARN depletion sensitizes cancer cells to chemotherapeutic agents

A large number of human cancers downregulate the p53 pathway for increased proliferation 

and resistance to DNA damaging agents (Bieging et al., 2014; Joerger and Fersht, 2016). 

Therefore, upregulation of p53 levels by PARN depletion might make cells more sensitive to 

chemotherapeutic agents such as Doxorubicin or Etoposide, which both upregulated p53 

levels in PARN knockdown HeLa cells (Fig. 5B). We found that PARN knockdown led to a 

strong reduction in cell viability upon Doxorubicin treatment compared to control cells (Fig. 

6A and B). Similarly, Etoposide treatment also led to a reduction in HeLa cell viability upon 

PARN knockdown compared to control cells (Fig. 6C).

To determine the generality of these effects, we examined PARN depletion in the colon 

cancer cell line HCT116, and a glioblastoma cell line U87, both of which contain mutations 

in other oncogenes that leads to repression of wild type p53 levels. In both HCT116 and U87 

cell lines PARN depletion led to a two to three-fold increase in the levels of p53 protein (Fig. 

6D and E), which was further increased by treatment with Dox or EP (Fig. 6D and E). These 

results indicate that selective PARN depletion increases sensitivity of cancer cells to 

chemotherapeutic drugs such as Doxorubicin and Etoposide, and PARN could be a 

therapeutic target to reduce the proliferation of tumors that express a reduced level of 

functional p53 protein.

Discussion

PARN modulates miRNA stability in human cells

Herein we describe a pathway of miRNA regulation where PAPD5-mediated adenylation 

competes with PARN-mediated deadenylation to limit the levels of a subset of miRNAs in 

human cells. Several observations suggest that PARN regulates the stability of miRNAs in 

human cells. First, PARN knockdown leads to a change in levels of many human miRNAs 

both positively and negatively in human cells (Fig. 1A), including decreased levels of 
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miR-21-5p, miR-181b-5p and miR-92b-3p (Fig. 1B and C, S6E). Second, PARN 

knockdown leads to a decrease in miRNA stability following transcription shutoff (Fig. 2A 

and B). Third, PARN knockdown leads to an increase in the oligoadenylation of miR-21-5p 

and miR-181b-5p, which suggests that PARN plays a role in deadenylating miRNAs (Fig. 

3B). These observations suggest that PARN can act on some miRNA substrates in human 

cells.

We provide evidence for the role of PARN in protecting miR-21-5p from degradation. A 

previous study suggested that PARN plays a role in trimming miR-21-5p leading to its 

degradation, since PARN depletion led to an increase in the adenylated form of miR-21-5p 

(Boele et al., 2014), which we also observed (Fig. 3B). However, we suggest that this 

adenylated miR-21-5p is a degradation intermediate, which is consistent with the 

observation that PARN knockdown leads to a ~45% decrease in miR-21-5p levels without 

affecting the pre-miR-21 (Fig. 1B). Since miR-21 overexpression is a hallmark of many 

cancers, the regulation of miR-21 stability by PARN may represent a pathway for 

modulation of miR-21 levels in human disease (Pfeffer et al., 2015).

PAPD5-mediated adenylation and PARN-mediated deadenylation modulate miRNA levels in 
mammalian cells

Our data suggest that PAPD5-mediated 3’ end adenylation is a key event in controlling the 

stability of several miRNAs in human cells. PARN-mediated deadenylation competes with 

PAPD5 to limit the availability of miRNAs for degradation. The levels of miRNAs that 

decrease upon PARN knockdown can be rescued by a co-knockdown of PAPD5 (Fig. 2C 

and S6F). Similarly, PAPD5 co-knockdown rescues the loss in stability of miRNAs affected 

by PARN knockdown (Fig. 2A and B). Moreover, PAPD5 co-knockdown also reduces the 

adenylation of miR-21-5p and miR-181b-5p in PARN knockdown cells (Fig. 3B). These 

observations suggest that PARN and PAPD5 compete to limit the effect of 3’ end 

adenylation on miRNA stability. This competition can be regulated by the availability of 

PARN or PAPD5, thereby serving as a tunable switch for miRNA levels and function in the 

cell. Furthermore, the role of PARN in limiting PAPD5-mediated miRNA degradation 

expands the repertoire of cellular non-coding RNAs that are stabilized by PARN in human 

cells.

DIS3L and DIS3L2 are exonucleases responsible for the degradation of adenylated 
miRNAs in human cells

We identified a role for the 3’ to 5’ exonucleases DIS3L and DIS3L2 in degrading 

adenylated miRNAs in human cells. A knockdown of DIS3L led to an increase in the levels 

of miR-1 and miR-181b-5p (Fig. 3A). Similarly, DIS3L2 knockdown led to an increase in 

the levels of miR-21-5p and miR-181b-5p (Fig. 3A). 3’ end deep sequencing of DIS3L2 

substrates revealed a mechanism where DIS3L2 competes with PARN and restricts its ability 

to deadenylate miRNAs and protect them from degradation by DIS3L2 (Fig. 3C and S4). 

Further, the activity of DIS3L2 is not restricted to uridylated miRNAs as revealed by the 

absence of U resides on the 3’ end of miR-21-5p and unchanged oligo(U) tails on 

miR-181b-5p (Fig. 3D). In vitro analysis of DIS3L2’s degradation activity on various 

miR-21-5p substrates revealed that DIS3L2 has a higher affinity for uridylated miR-21-5p, 
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but can also degrade adenylated miR-21-5p substrates (Fig. 4C). Together, this data suggests 

that DIS3L2 can process and degrade adenylated miRNAs in a miRNA-specific manner.

DIS3L’s preference for adenylated substrates explains its activity on adenylated miRNA 3’ 

ends, and DIS3L knockdown led to an increase in the levels of adenylated miR-181b-5p due 

to a block in deadenylation and degradation (Fig. 3E). Further, DIS3L only shows activity on 

adenylated miR-21-5p in vitro, suggesting that DIS3L is selective in its affinity for 

adenylated miRNA substrates for degradation (Fig. 4D). These observations provide a 

framework for the regulation of subsets of miRNAs by conserved exonucleases in 

mammalian cells.

Specific miRNAs are regulated by a network comprising of the enzymes PARN, PAPD5, 
DIS3L and DIS3L2

Our data suggests that not all miRNAs are sensitive to the activity of PARN, DIS3L or 

DIS3L2; rather, specific subsets of miRNAs are substrates for these enzymes. Several factors 

could play a role in modulating the sensitivity of specific miRNAs to adenylation and 

degradation (Fig. 7). First, specific co-factors could recruit different enzymes to modify the 

3’ end of miRNAs, as is the case for let-7 and LIN28 (Hagan et al., 2009; Heo et al., 2009). 

Second, the 3’ end of miRNAs could be exposed through its binding to target mRNAs. It has 

previously been shown that perfect complementarity between miRNAs and mRNAs leads to 

3’ end non-templated addition and degradation of these miRNAs (Ameres et al., 2010; 

Cazalla et al., 2010). Therefore, expression of target mRNAs with appropriate miRNA base-

pairing sites will target miRNAs to this pathway of adenylation and degradation. Third, 

miRNA release from the RISC complex might make specific miRNAs sensitive to 3’ end 

modification, although to our knowledge there is currently no evidence for this mechanism. 

It also remains to be determined why individual miRNAs are differentially sensitive to 

DIS3L and DIS3L2.

PARN deficiency causes misregulation of p53 signaling via a miRNA pathway

The effect of PARN on miRNAs explains why PARN mutations in DC patients leads to the 

upregulation of p53 levels in patient cells (Tummala et al., 2015). We show that several 

miRNAs that are downregulated in PARN knockdown cells target the TP53 mRNA which 

codes for the p53 protein (Fig. 5A). Further, we show that PARN knockdown leads to 

significant upregulation of the p53 protein in HeLa cells, which normally contain very low 

levels of the p53 protein due to the HPV E6 oncoprotein-mediated degradation of p53 (Fig. 

5B). Moreover, the effect on p53 protein levels is without corresponding changes in p53 

mRNAs levels, which argues that PARN deficiency affects the translational regulation of the 

p53 mRNA by miRNAs that are downregulated in PARN knockdown cells (Fig. 5D). PARN 

knockdown shifts p53 mRNA deeper in polysome fractions compared to control cells (Fig. 

5E). Further, PARN knockdown leads to an increase in luciferase activity when fused to the 

3’ UTR of p53, but not luciferase alone (Fig. 5F and G). Previous studies have suggested 

that PARN might regulate p53 mRNA levels via CUGBP1 and miR-125b/miR-504, as well 

as a negative feedback loop during DNA damage (Devany et al., 2013; Zhang et al., 2015). 

However, miR-125b levels were not affected by PARN knockdown, and miR-504 was absent 

in our libraries. The fact the p53 protein was upregulated in wild-type Hek293T cells, but 
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not Dicer knockout HEK293T cells, further suggests that loss of miRNA-mediated 

regulation of p53 translation leads to p53 upregulation in PARN knockdown cells (Fig. 5H). 

Further, PARN knockdown also leads to an increase in p53 levels in HCT116 and U87 cell 

lines, suggesting that PARN-mediated regulation of p53 levels is a general mechanism for 

controlling p53 signaling (Fig. 6D and E).

Since miRNA levels in PARN knockdown cells are rescued by co-knockdown of PAPD5, we 

hypothesized that PAPD5 co-knockdown should also rescue p53 induction in PARN 

knockdown cells. We show that PAPD5 co-knockdown rescues p53 protein levels in PARN 

knockdown cells with or without DNA damage (Fig. 5I and S6C). This suggests that not 

only can PARN modulation be used to induce the expression of p53 protein, but also that 

PAPD5 modulation can be used to reduce the accumulation of p53 in PARN deficient cells. 

We and others have previously shown that PAPD5 knockdown rescues telomerase RNA 

levels and function in PARN deficient cells (Boyraz et al., 2016; Shukla et al., 2016; Tseng 

et al., 2015). We propose that PAPD5 depletion should also rescue p53 accumulation 

observed in DC patients, thus making PAPD5 an attractive target for DC therapy, of which 

there are no treatment options currently available apart from bone marrow transplants.

PARN-mediated p53 regulation plays a role in growth and proliferation of some cancers

The effect of PARN and PAPD5 on p53 regulation suggests that genetic changes in the 

expression of these genes should alter tumor progression in humans by either increasing or 

decreasing the expression of p53. PARN overexpression, which would increase miRNA-

mediated repression of p53, occurs in acute leukemia and squamous cell lung cancer 

(Maragozidis et al., 2015; 2012). As expected, PARN overexpression is associated with poor 

prognosis of human cancers according to the Human Protein Atlas Project analysis of 

available human tumors in the repository (Uhlén et al., 2015; 2017). Conversely, PAPD5 

overexpression, which increases the degradation of p53 repressing miRNAs leading to the 

induction of p53, is associated with improved prognosis of human cancers (Uhlén et al., 

2017). The effect of PARN and PAPD5 expression on human cancer prognosis suggests that 

the miRNA-mediated p53 pathway can be targeted to reduce the growth of human cancers.

STAR Methods

Cell culture

HeLa, U87 and HCT116 cells were purchased from ATCC and verified for mycoplasma 

contamination. Hek293T wild-type and Dicer knockout cells were a kind gift from Prof. 

Christopher Sullivan’s lab at University of Texas at Austin. TERT-immortalized PARN 

patient fibroblast were a kind gift from Prof. Suneet Agarwal’s lab at Boston Children’s 

hospital. HeLa and Hek293T cells were cultured in DMEM containing 10% FBS, 1% Pen/

Strep, 1× Glutamax and Normocin at 37°C under ambient conditions. HCT116 cells were 

cultured in McCoy’s 5A medium containing 10% FBS, 1% Pen/Strep, 1× Glutamax and 

Normocin at 37°C under ambient conditions. U87 cells were cultured in Eagle’s Modified 

Essential Medium Cells containing 10% FBS, 1% Pen/Strep, 1× Glutamax and Normocin 

37°C under ambient conditions. Patient fib roblasts were cultured in Eagle’s Modified 
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Essential Medium Cells containing 15% FBS, 1% Pen/Strep, 1× Glutamax and Normocin 

37°C under ambient conditions. Cells were sub-cultured upon reaching 80% confluency.

RNA interference in cells

HeLa, Hek293T, U87 and HCT116 cells were seeded ~100,000 cells/well in a six-well plate 

24 hours before transfection. Patient fibroblast were seeded at ~50,000 cells/well in a six 

well plate. siRNA transfection was performed using Interferin (Polyplus) to a final 

concentration of 5 nM per well as per manufacturer’s protocol. 72 hours after transfection, 

cells were collected for either RNA or protein analysis.

Transcription shutoff in HeLa cells

72 hours after siRNA transfection as described above, cells were treated with Actinomycin 

D (Sigma Aldrich) at 5 μg/ml. Cells were harvested at 0, 4 and 7 hours after Act D treatment 

for RNA analysis.

PARN plasmid co-transfection in HeLa cells

siRNA transfection of PARN siRNA was repeated as above. 24 hours after siRNA 

transfection, 1 μg of a GFP or PARN plasmid was transfected using JetPrime (Polyplus) as 

per manufacturer’s protocol. Cells were harvested for protein analysis 48 hours after plasmid 

transfection.

siRNAs and plasmid

siRNAs targeting PARN (siGenome), PAPD5 (On-Target plus), DIS3L (On-Target plus) and 

DIS3L2 (On-Target plus) were purchased from Dharmacon in the Smartpool formulation. 

Secondary siRNA for PARN and PAPD5 were purchased from Dharmacon in individual and 

Smartpool formulation respectively. All-stars negative control siRNA from Qiagen was used 

as negative control. PARN plasmid was a kind gift from Prof. Yukihide Tomari’s lab at 

University of Tokyo, Japan (Katoh et al., 2015). FLAG-DIS3L and FLAG-DIS3L2 plasmids 

were a kind gift from Prof. Stepanka Vanacova at Masaryk University, Czech Republic. p53-

luciferase plasmid was a kind gift from Prof. Michael Kastan at Duke University.

RNA extraction and northern blotting

Total RNA was extracted from cell lysates using Quick RNA mini-prep kit from Zymo 

Research as per manufacturer’s protocol. After quantification on Nanodrop, 10 μg of total 

RNA was separated on a 10% acrylamide 7 M Urea gel. RNA was transferred to a nylon 

membrane (Nytran SPC, GE Healthcare) using wet transfer at 4°3. After UV crosslinking, 

the blot was pre-hybridized and hybridized in PerfectHyb Plus Hybridization Buffer (Sigma 

Aldrich) at 42°C. miRNA LNA probes for each target miRNA were purchased from Exiqon. 

Probe against 5s rRNA has been described previously (Shukla et al., 2016). After 

hybridization and washing in 2x SSC 0.1% SDS wash buffer, blots were exposed to a 

cassette and imaged on a Typhoon FLA 9500 Phosphoimager. Band intensities were 

quantified using ImageQuant TL.
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RT-qPCR for mRNA and miRNA

For quantification of PARN or DIS3L2 mRNA levels, 5 μg of total RNA was used for first 

strand cDNA synthesis using RNA-to-cDNA Ecodry premix (Double primed) from Takara 

Biotech. 1:5 dilution of cDNA was used for RT-qPCR using iQ SYBR Green Supermix 

(Bio-Rad) and primer pairs using the manufacturer’s protocol on the Bio-Rad CFX96 Real-

Time PCR system. For quantification of indicated precursor or mature miRNAs, 1 μg of total 

RNA was used for cDNA preparation using miScript II RT Kit from Qiagen. 1:5 dilution of 

cDNA was used for RT-qPCR using the miScript SYBR Green PCR Kit from Qiagen as per 

manufacturer’s protocol on a Bio-Rad CFX96 Real-Time PCR system. 5s rRNA was used as 

a loading control in all quantifications for normalization and fold-change calculation using 

the 2^(−ΔΔCt) method.

Western blotting

20 μg of total protein was separated on a 4%-12% Bis-Tris NuPage gel (ThermoFisher) and 

transferred to protran membrane (Amersham). After blocking in 5% non-fat milk in 

1×TBST, blots were probed with appropriate primary and secondary antibodies for one hour 

each. Antibodies used in this study are described in Key Resources table.

DNA damage and imaging

Doxorubicin and Etoposide were purchased from Sigma Aldrich. For DNA damage 

treatment, Dox or EP was added to a final concentration of 1 μM or 10 μM respectively, 48 

hours after siRNA transfection. Chemical treatment was allowed to take place for 24 hours, 

after which cells were either harvested for protein analysis, or imaged on an EVOS FL cell 

imaging system. For cell viability measurement, equal number of cells were stained with 

trypan blue, and viable cells were counted on a hemocytometer.

Luciferase activity assay

Cells transfected with control or PARN siRNA were transfected with 1 μg of plasmid mix 

containing either 0.8 μg of p53-Fluc and 0.2 μg of Rluc plasmids, or 0.8 μg of Fluc and 0.2 

μg of Rluc plasmids 48 hours after siRNA transfection. After 24 hours, cells were lysed in 

1× passive lysis buffer as per manufacturer’s protocol (Dual-Glo Luciferase activity system 

by Promega). Equal amount of cell lysate was used for the measurement of luciferase 

activities on a Glomax Multi+ Detection System (Promega).

Cell cycle analysis of HeLa cells

HeLa cells were seeded in a six-well plate and siRNA transfections were performed as 

described above. Cells were gently washed once in 1×PBS, making sure that no cells were 

discarded during media removal or washing. After trypsinization, cells were fixed in 66% 

cold ethanol at 4°C for at least two hours. Propidium Iodide staining of the cell suspension 

was performed as per manufacturer’s protocol for the Propidium Iodide Flow Cytometry Kit 

from Abcam (ab139418). After staining, stained particles were counted on a BD Accuri C6 

Plus flow cytometer. Percentage of cells in each cell cycle phase was calculated using 

volume of respective peaks (2N: G0/G1; 2N-4N: S; >4N: G2/M).
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In vitro degradation assays of miR-21-5p substrates

PARN was immunopurified from ~2 million HeLa cells (control or PARN knockdown) 

using the PARN antibody (ab27778) pre-conjugated to Protein G plus agarose beads 

(Pierce). FLAG-DIS3L and FLAG-DIS3L2 were immunopurified from HeLa cells 

transfected with 5 μg of respective plasmids using Anti-FLAG M2 agarose affinity gel 

(Sigma Aldrich). miR-21-5p substrates were radiolabeled with 32P at 5’ end using T4 PNK 

(NEB). Degradation assays were performed as previously described (Ustianenko et al., 

2013). Reactions were stopped at indicated time points by mixing with equal volume of stop 

buffer (95% formamide, 25 mM EDTA (pH 8.0), 0.03% bromophenol blue and xylene 

cyanol). Reactions were separated on 15% acrylamide 8M Urea gel in 1× TBE buffer and 

imaged on a Typhoon FLA 9500 phosphoimager. Loss of the full-length band was quantified 

for each time point using ImageQuant TL.

Polysome fractionation and RNA analysis

Cells were lysed at 4°C in lysis buffer containing 20 mM Tris-HCl pH 7.4, 5 mm MgCl2, 

100 mM KCl, 0.5% NP-40, 1 mM DTT, 5 mM Heparin and protease inhibitor tablet without 

EDTA (Roche). Lysis was done by 10× passages through a 23g needle, spun 3 min at 16xg. 

The supernatent was collected and Triton-X and deoxycholate were added to 0.5% final 

concentration. 20 OD 260 units were loaded onto a 15-50% sucrose gradient in 20 mM 

HEPES 7.6, 100 mM KCl, 5 mM MgCl2, 1 mM DTT and spun in aSW40TI swinging 

bucket rotor for 2 hours at 36K RPM at 4°C. Gradients were collected on an ISCO gradient 

fractionator.

RNA was extracted from indicated fractions and one fraction equivalent input using TriZol 

(Ambion) as per manufacturer’s protocol. cDNA was prepared from 1 μg of RNA using the 

RNA-to-cDNA EcoDry premix (oligo dT) from Takara Biotech. p53 mRNA levels in each 

sample was quantified using RT-qPCR as described above. RNA levels were normalized to 

the input for control and PARN knockdown cells.

microRNA sequencing

1 μg of total RNA was used as input for library preparation using the NEXTflex Small RNA 

Library prep kit V3 for Illumina from Bioo Scientific. Libraries were sequenced on an 

Illumina Next Seq sequencer using the 1×150 cycle kit. Approximately 8 million unpaired 

reads were obtained for each library. After quality filtering and adapter trimming, including 

trimming of 4N bases from the 5’ and 3’ ends of reads, reads were mapped to the mature 

miRNA database (release 21) from miRbase using the blastn tool from NCBI Blast software. 

Best matches were selected according to the lowest E-value and counted using a custom 

python script. Abundance of miRNAs was calculated and normalized internally to reads per 

million. miRNA fold differences were plotted on R using the ggplot2 library.

3’ end sequencing of miRNAs

3’ end sequencing was performed using a previously described protocol (Goldfarb and Cech, 

2013). Reverse primer for 3’ RACE was selected as the first 20 bases of the mature 

miR-21-5p or miR-181b-5p. Libraries were sequenced on an Illumina Next Seq sequencer 

using the 1×150 cycle kit. Approximately 3 million raw reads were obtained for each library. 
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Reads of interest were selected using the search sequence corresponding to the miRNA and 

the 3’ appendix. Canonical 3’ end for miR-21-5p was defined as described previously (Boele 

et al., 2014). Canonical 3’ end for miR-181b-5p was defined as listed on miRbase. Statistics 

were performed using two-proportion Z-score test, and Z scores were converted to P values 

to identify statistically significant differences.

Supplementary Material

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

• PARN regulates the levels of selected miRNAs in cells by deadenylating 3’ 

ends.

• DIS3L and DIS3L2 are critical 3’ to 5’ exonucleases that degrade adenylated 

miRNAs.

• Some PARN-regulated miRNAs control p53 levels in human cells.

• PARN inhibition induces p53 accumulation and decreases cancer cell 

viability.
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Figure 1. 
PARN regulates the levels and stability of diverse miRNAs in HeLa cells. A) Line plot 

depicting changes in miRNA levels in PARN knockdown cells compared to control for four 

biological replicates for 807 total miRNAs. Each dot represents an individual miRNA. Red 

and green intercepts depict lower and upper cutoffs for differentially expressed miRNAs 

(<0.7× or >1.5X in PARN KD compared to control). B) Representative northern blots of 

indicated miRNAs in control and PARN knockdown cells (Average +/− S.D. for five 

biological replicates). C) Relative pre- and mature miRNA levels in control and PARN 
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knockdown cells quantified using qRT-PCR to 5s rRNA (Average +/− S.D. for three 

biological replicates).
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Figure 2. 
PARN inhibition leads to decrease in miRNA stability and can be recused by a co-

knockdown of PAPD5. A) Representative northern blots for miRNA decay rates in control, 

PARN KD and PARN & PAPD5 co-KD cells at 0, 4 & 7 hours after transcription shutoff. B) 
Quantification of miRNA decay rates in PARN KD and PARN and PAPD5 co- KD cells 

compared to control cells (Average +/− S.D. for four biological replicates). C) 
Representative northern blots for miRNA levels in PARN and PAPD5 co-knockdown cells 

compared to control and PARN knockdown cells. D) and E) Representative northern blots 

for miRNA levels in patient fibroblast and HeLa cells respectively upon PAPD5 KD 

(Average +/− S.D. for three biological replicates).
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Figure 3. 
DIS3L and DIS3L2 are 3’ to 5’ exonucleases involved in miRNA processing and 

degradation. A) Representative northern blots for miRNA levels in DIS3L and DIS3L2 

knockdown cells. Histogram shows miRNA levels in the indicated knockdown normalized to 

5s rRNA (Average +/− S.D. for four biological replicates). B) Histogram depicting 

proportion of oligoadenylated species for miR-21–5p and miR-181b-5p respectively in 

PARN knockdown and PARN and PAPD5 co-knockdown cells for two biological replicates 

(Average +/− S.D.). Z scores were calculated using two proportion Z-test and converted to P 
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values. (*** P<0.001). C) Histogram depicting proportion of oligoadenylated species for 

miR-21–5p and miR-181b-5p respectively in control knockdown and DIS3L2 knockdown 

cells for two biological replicates (Average +/− S.D.). Z scores were calculated using two 

proportion Z-test and converted to P values. (*** P<0.001). D) Histogram depicting 

proportion of oligouridylated species for miR-21– 5p and miR-181b-5p respectively in 

control knockdown and DIS3L2 knockdown cells for two biological replicates (Average +/− 

S.D.). E) Histogram depicting proportion of oligoadenylated species for miR-181b-5p in 

control and DIS3L knockdown cells for two biological replicates (Average +/− S.D.). Z 

scores were calculated using two proportion Z-test and converted to P values. (*** P<0.001).
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Figure 4. 
PARN, DIS3L2 and DIS3L degrade various miR-21-5p species in vitro with different 

affinities. In vitro degradation assay for miR-21-5p incubated with immunopurified PARN 

from A) wild type or B) PARN knockdown cells for indicated time points. FL: Full-length 

miRNA; Decay: Decay product of the reaction. C), D) and E) In vitro degradation assay for 

miR-21–5p incubated with immunopurified FLAG-DIS3L2, FLAG-DIS3L and FLAG 

control respectively for indicated time points. FL: Full-length miRNA; Decay: Decay 
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product of the reaction (Line plot in all cases indicates quantification of average +/− S.D. for 

three biological replicates). *P<0.05, **P<0.01, two-tailed unpaired Student’s T-test.
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Figure 5. 
PARN regulates a miRNA circuit that controls p53 levels in human cells. A) miRNAs that 

affect p53 signaling pathway are affected in PARN knockdown cells. miRNAs in red are 

downregulated in PARN knockdown cells, while miRNAs in green are upregulated in PARN 

knockdown cells. B) Representative western blots depicting p53 protein levels in PARN 

knockdown cells under various conditions. C) Representative western blots depicting p53 

and PARN protein levels in PARN knockdown and rescued cells. D) p53 mRNAs levels as 

measured using RT-qPCR in PARN knockdown cells (Average +/− S.D. for three biological 
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replicates). E) p53 mRNA levels in various polysome fractions measured using qRT-PCR 

and normalized to input (Average +/− S.D. for two biological replicates). F) and G) 
Luciferase activity of fluc-p53 fusion construct or fluc alone respectively in control and 

PARN knockdown cells. Firefly luciferase activity was normalized to renilla luciferase 

internal control. Luciferase activity in control cells was set to 1 (Average +/− S.D. for four 

biological replicates). H) Representative western blots depicting p53 protein levels in 293T 

wild type and Dicer knockout cells. (Average +/− S.D. for three biological replicates). I) 
Representative western blots depicting p53 levels in control, PARN knockdown and PARN 

& PAPD5 co-knockdown HeLa cells. Bar graph depicts average +/− S.D. for five biological 

replicates.
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Figure 6. 
PARN knockdown increases sensitivity of HeLa cells to chemotherapeutic agents. A) 
Representative bright field images of control and PARN knockdown HeLa cells at indicated 

time points after Doxorubicin treatment (Scale bar: 300 μm). B) and C) Viable cells under 

various knockdown and treatment conditions as measured using trypan blue staining assay 

(Average +/− S.D for three biological replicates). D) Representative western blots for p53 

and PARN protein levels in HCT116 cells with or without Dox or EP treatment (Average +/

− S.D. for four biological replicates). E) Representative western blots for p53 and PARN 

protein levels in U87 cells with or without Dox or EP treatment (Average +/− S.D. for five 

biological replicates for Dox treatment and three biological replicates for EP treatment).
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Figure 7. 
Model for the regulation of miRNA stability by 3’ end adenylation and deadenylation by 

PARN and PAPD5, and degradation by DIS3L or DIS3L2. pri-miRNAs are processed to pre-

miRNAs by Drosha, which are exported to the cytoplasm and matured by Dicer. The pre-

miRNA could be subjected to adenylation and deadenylation at the 3’ end by the competing 

activities of PARN and PAPD5 in the cytoplasm leading to degradation by DIS3L. Pre-

miRNA is also uridylated and degraded by the activities of TUT/DIS3L2. Mature miRNA 

could be targeted to adenylation by PAPD5 either through release from RISC or due to 
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binding to complementary target mRNAs. PARN limits the adenylation of mature miRNA 

strands, and in PARN deficient cells, DIS3L or DIS3L2 can degrade specific miRNAs.
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