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Abstract
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Poly(A)-specific ribonuclease (PARN) is a eukaryotic 3’-5’exoribonuclease that removes
poly(A) tails of many coding and non-coding RNAs. In this thesis, we have studied the
physiological role of PARN. We have found that genetic lesions in the human PARN gene
are associated with a spectrum of human developmental disorders, including telomere biology
disorders (TBDs). TBDs encompass a spectrum of developmental disorders associated with
telomere dysfunction and include idiopathic pulmonary fibrosis (IPF), aplastic anaemic (AA),
dyskeratosis congenita (DC) and Hoyeraal-Hreidarsson syndrome (HHS). Patients with mono-
allelic mutations in PARN suffer from developmental and neurological disorders, whereas bi-
allelic mutations are associated with severe disorders, e.g., DC or HHS.

Transcriptome analysis revealed that PARN deficient patients were affected in a number
of cellular pathways. The most affected were the ribosome/translation, cell-cell adhesion, cell
cycle and cell signaling pathways. We also found that PARN deficient patients were defective
in the biogenesis of a large number of non-coding RNAs (ncRNAs), including snoRNAs,
scaRNAs, miRNAs and rRNAs. Deficiency in snoRNA and rRNA biogenesis correlated with
blood disorders and/or bone marrow failure. PARN deficient patients also displayed defects in
the maturation of the telomerase RNA component that correlated with telomere shortening.

To further understand the physiological role of PARN in TBDs over generations and
throughout the life span of an organism, we have established a parn loss-of-function zebrafish
model, which recapitulates TBD phenotypes in human patients. In keeping with the human
patients, homozygous parn deficient fish exhibited aberrant snoRNA profile, perturbed
telomerase RNA maturation and short telomeres. In addition, we found that the zygotic parn
mutant fish exhibited a spectrum of developmental defects from early embryogenesis to adult
stage. The whole array of disease phenotypes observed in PARN deficient human patients and
the parn loss-of-function zebrafish model indicate that PARN has essential roles in regulating
growth and development throughout the life of an organism.
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A 
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PABP Poly(A) binding protein 
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Poly(A) polymerase associated domain containing 
Poly(A)-specific ribonuclease 
Protein-protein interaction 

RNAP 
rRNA 
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Introduction 

Eukaryotic cells have more complex gene regulatory systems than prokaryotic 
cells, especially in terms of transcription, where the genetic information from 
genomic DNA transcribes into RNA by RNA polymerases. Eukaryotic cells 
depend on three RNA polymerases to express its genetic information: (i) RNA 
polymerase I (RNAPI) synthesizes precursors of ribosomal RNAs (rRNAs); 
(ii) RNA polymerase II (RNAPII) synthesizes protein coding messenger 
RNAs (mRNAs) and small non-coding RNAs; and (iii) RNA polymerase III 
(RNAPIII) synthesizes precursors of other small RNAs - transfer RNAs 
(tRNAs), U6 RNA, YRNA, etc (reviewed in Archambault and Friesen 1993; 
Dieci et al. 2007). The primary RNA transcripts undergo co- and/or post-tran-
scriptional processing events before they appear as mature RNA molecules 
(reviewed in Millevoi and Vagner 2009). For example, the processing activi-
ties of precursor mRNAs involves the removal of non-coding regions (introns) 
by splicing and the subsequent joining of coding regions (exons), addition of 
a 7-methyl guanosine residue at the 5’end and polyadenylation at the 3’end 
(reviewed in Scherrer et al. 1979). The cap structure located at 5’-end and the 
poly adenosine (A) tail located at 3’-end are key structural elements of the 
eukaryotic mRNA. They act as mRNA tags and are required for the translo-
cation of the mature mRNA from the nucleus into the cytoplasm. Also, these 
tags are necessary for regulation of mRNA half-life and influence the effi-
ciency of mRNA translation into proteins (reviewed in Shatkin and Manley 
2000). 

Poly(A) tail metabolism 
The existence of RNA poly(A) tail was discovered fifty years ago (Edmonds, 
Vaughan, and Nakazato 1971; Darnell et al. 1971; S. Y. Lee, Mendecki, and 
Brawerman 1971). The mRNA poly(A) tail is a homopolymer of adenosine 
nucleotides, which is added to the 3’-ends of precursor mRNAs by the en-
zyme, called Poly(A) Polymerase (PAP) (Edmonds 1990). Interestingly, the 
PAP activity was discovered in thymus nuclei extracts (Edmonds and Abrams 
1960) more than a decade before the existence of mRNA poly(A) tail was 
discovered. Nuclear polyadenylation of pre-mRNA requires a multi-protein 
complex and occurs in a two-step process. During the first step an endonucle-
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olytic cleavage occurs just downstream to the poly(A) signal, which is com-
monly a hexamer AAUAAA, present in the 3’-untranslated region (UTR) of 
an mRNA. In the second step the actual addition of the poly(A) residues at the 
3’-end of the mRNA occurs (reviewed in Shatkin and Manley 2000). Cleavage 
and Polyadenylation Specificity Factor (CPSF) recognizes the poly(A) signal 
sequences in the pre-mRNA and cleaves the RNA at the poly(A) site located 
10 – 30 nucleotides downstream of the AAUAAA poly(A) signal sequence 
(Ryan, Calvo, and Manley 2004; Dominski, Yang, and Marzluff 2005; Mandel 
et al. 2006). The cleavage reaction is promoted by the Cleavage Stimulating 
Factor (CstF), which binds to a guanine/uracil (GU) rich downstream element 
of the pre-mRNA and the C-terminal domain of RNAPII (MacDonald, 
Wilusz, and Shenk 1994) and cleavage factors I and II. After cleavage, nuclear 
PAPs in a template-independent manner incorporate a stretch of 200 – 300 
adenosine residues to the 3’-end of the mRNA molecule (Edmonds 1990). The 
length of the poly(A) tail is determined by the interaction between the PAP, 
CPSF and the nuclear poly(A) binding protein PABPN1 (reviewed in Kühn 
and Wahle 2004). All eukaryotic mRNAs have poly(A) tails at their 3’-end, 
with the exception of histone mRNAs. Processing of histone mRNA 3’-end 
requires a stem-loop structure, located just upstream of the mature 3’-end of 
the histone mRNA. This stem loop is recognized by the stem-loop binding 
protein SLBP and the histone pre-mRNA is cleaved after the recruitment of 
U7 snRNP and the polyadenylation cleavage factors CPSF and CstF (reviewed 
in Dominski, Yang, and Marzluff 2005). 

Regulation of Polyadenylation 
The nuclear poly(A) tail is bound by multiple PABPN1 proteins and promotes 
the translocation of mRNA into the cytoplasm, where PABPN1 is replaced by 
the cytoplasmic poly(A) binding protein, PABPC (reviewed in Kühn and 
Wahle 2004). Additionally, the nuclear Cap Binding Complex (CBC), which 
binds to the 5’-end cap of the nuclear mRNA, is exchanged by the eukaryotic 
translational Initiation Factor 4E (eIF4E) (Marcotrigiano et al. 1997). The 
eIF4E associates, through eIF4G, with the PABP proteins on the poly(A) tail 
to circularize the mRNA. The circularization of the two mRNA ends promotes 
the efficiency of translation (Wells et al. 1998). The length of the poly(A) tail 
determines the efficiency of mRNA translation and influences its stability, i.e., 
short oligoadenylated tails are linked with poor translation and/or degradation. 
Hyperadenylation (long poly(A) tails), on the other hand, appears to be asso-
ciated with rapid decay of mRNA in the nucleus (reviewed in Jalkanen, 
Coleman, and Wilusz 2014). Traditionally, a long poly(A) tail was believed 
to be associated with mRNA stabilization. In contrast to this, some recent 
studies have shown that many mRNAs possessed shorter poly(A) tails than 
expected even in highly expressed genes, suggesting an optimal tail size dur-
ing shortening (Choi and Hagedorn 2003; Meijer et al. 2007; Lima et al. 2017). 
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Polyadenylation plays an important role during early development of Xenopus 
oocytes by reactivating silenced transcripts and their translation through 
lengthening of poly(A) tails of certain mRNAs (Subtelny et al. 2014; Lim et 
al. 2016; Bazzini et al. 2016). To sum up, the length of the poly(A) tail is not 
static, but is regulated according to cellular and developmental scenarios. 
 
Polyadenylation and the length of the poly(A) tail are regulated by cis-acting 
elements, referred to as alternative polyadenylation signals, AU-rich elements 
(AREs), GU-rich elements (GREs) and micro RNAs binding sites (miRNAs,  
which generally interact with the 3’UTR region of mRNAs). In the cytoplasm 
these cis-acting elements recruit trans-acting factors, which affect gene ex-
pression through deadenylation (reviewed in Zhang, Virtanen, and Kleiman 
2010). In eukaryotic cells PAP-mediated cytoplasmic polyadenylation usually 
confers stability, transport and efficient translation of mRNA. In prokaryotic 
cells the opposite has been observed: the presence of poly(A) tails promotes 
degradation of the polyadenylated RNA (reviewed in Mohanty and Kushner 
2011). A similar destabilization effect has also been observed in eukaryotic 
organisms, where a short oligo(A) tail may promote RNA degradation. These 
short oligo(A) tails are synthesized by so called non-canonical PAPs 
(ncPAPs). The ncPAPs comprise PAP Associated Domain-containing 
(PAPD) proteins and have been named PAPD1 – PAPD7. Eukaryotic ncPAPs 
have been grouped into six Terminal Nucleotidyl Transferase subfamilies, 
TENT1–TENT6. Human ncPAPs are TENT2 (PAPD4 or GLD2), TENT4A 
(PAPD7 or TRF4-1), TENT4B (PAPD5 or TRF4-2), TENT5 and TENT6 
(PAPD1 or MTPAP). Despite having common features, all ncPAPs have dif-
ferent functions and are involved in biogenesis, stability, translation and deg-
radation of a variety of RNAs - from mRNAs to non-coding (ncRNAs) and 
small RNAs (reviewed in Schmidt and Norbury 2010; Yu and Kim 2020).  
 
The regulation of the length of the poly(A) tail depends on the concomitant 
balance between polyadenylation and deadenylation (Kim and Richter 2006; 
reviewed in Zhang, Virtanen, and Kleiman 2010; Eckmann, Rammelt, and 
Wahle 2011). In the nucleus, the polyadenylation/deadenylation machinery is 
linked to DNA damage response and mRNA surveillance pathways, where the 
erroneous mRNA transcripts are subjected to degradation by the nuclear exo-
some complex through deadenylation (X. Zhang, Virtanen, and Kleiman 
2010). The biogenesis of small ncRNAs, which are localized in the nucleolus, 
and Cajal bodies of the nucleus are also regulated by polyadenylation/dead-
enylation machinery. In this case, precursors of ncRNAs get oligoadenylated 
followed by 3’-end trimming executed by 3’ exonucleases. It has been specu-
lated that such oligoadenylated RNAs are rescued from degradation by the 
exosome (Berndt et al. 2012; Son, Park, and Kim 2018; Kufel and Grzechnik 
2019). In the cytoplasm, the synthesis and length of mRNA poly(A) tails are 
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controlled by cytoplasmic polyadenylation element (CPE). The CPE is recog-
nized by CPE-binding protein CPEB1, which, in turn, recruit a complex of 
other proteins, including polyadenylation/deadenylation machinery. Data sug-
gest that this polyadenylation/deadenylation event regulates efficiency of 
mRNA translation during maturation of Xenopus oocytes and in synapses of 
somatic nerve cells (Huang et al. 2002; Kim and Richter 2006; 2008; reviewed 
in Richter 2015). Finally, it is important to mention that PABPC proteins are 
usually recognized as poly(A) tail stabilizers, although it has been found that 
PABPCs promote the removal of poly(A) tails during the first step of the dead-
enylation-dependent mRNA degradation pathway. During this pathway 
PABPCs are required for the initial removal of the adenosines by the poly(A) 
nuclease (PAN2-PAN3) (Uchida, Hoshino, and Katada 2004). After the initial 
shortening of the poly(A) tail, a multi-protein deadenylating complex Carbon 
Catabolite Repression-Negative On TATA-less (CCR4-NOT) is recruited. 
CCR4-NOT subsequently removes the remaining part of the poly(A) tail to 
approximately 8 – 12 nucleotides (Decker and Parker 1993). The targeted 
mRNA is further degraded, either in the 3’ to 5’ direction by the exosome or 
by decapping at the 5’-end followed by degradation in the 5’ to 3’ direction. 
Taken together, the polyadenylation and deadenylation machineries, which 
have opposing activities, work together in many scenarios to balance the 
length of the poly(A) tail thereby regulating RNA function, which conse-
quently affects gene expression. 

Deadenylases 
Deadenylases are 3’-5’ exoribonucleolytic enzymes that are involved in the 
removal of adenosine nucleotides of the poly(A) tail located at the 3’-end of 
RNAs (Lazarus and Sporin 1967; Abraham and Jacob 1978; Müller et al. 
1978; Schröder et al. 1980). These enzymes are divided into two major fami-
lies based on the presence of conserved amino acid residues in their active 
sites. The deadenylases PARN, CCR4 Associated Factor 1 (CAF1) and PAN2 
belong to the aspartate/glutamate/aspartate/aspartate (DEDD) exonuclease su-
perfamily, whereas deadenylases CCR4, Nocturin (NOC), 2’-Phosphodiester-
ase (2’-PDE) and ANGEL deadenylases belong to the Exonuclease-Endonu-
clease-Phosphotase (EEP) domain superfamily. The DEDD family of nucle-
ases are further divided into DEDDh and DEDDy exonucleases, based on the 
fifth residue of the conserved motif being histidine (h) or tyrosine (y), respec-
tively (Zuo and Deutscher 2001; reviewed in Yang 2011). Based on the nu-
clease domain, deadenylases in humans are further classified as members of 
the CAF1 family of nucleases which includes PARN, CNOT7 or CAF1a, 
CNOT8 or CAF1b, PAN2, Target of EGR1 (TOE1, also referred to as CAF1z) 
and PARN-Like Domain Containing protein 1 (PNLDC1) deadenylases 
(reviewed in Virtanen et al. 2013). Though these enzymes are responsible for 
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the same exonucleolytic activity, i.e., deadenylation, they differ in their bio-
chemical and biophysical properties. This suggest that different deadenylases 
are recruited selectively based on their enzymatic properties, binding proteins 
and various demands by the cells to regulate RNA fate (Yan 2014). 

Role in mRNA turnover 
Deadenylation is the primary and rate limiting step in mRNA degradation and 
translational repression (Meyer, Temme, and Wahle 2004; Parker and Song 
2004). The deadenylated mRNA body is degraded in either the 3’- 5’direction 
or in the 5’- 3’ direction. In 3’- 5’direction, the mRNA body is degraded by 
the exosome, followed by decapping by the scavenger decapping enzyme. 
Whereas, in the 5’- 3’ direction, the deadenylated mRNA is first decapped by 
the decapping protein 1/decapping protein 2 complex followed by the degra-
dation of mRNA body by the 5’ to 3’ exoribonuclease XRN1. Both these path-
ways are deadenylation-dependent and are most commonly used for mRNA 
decay. The endonuclease-mediated decay pathway is an alternative pathway 
wherein the mRNAs are degraded. The initial step in this pathway is an endo-
nucleolytic cleavage, which generates two mRNA fragments. Both fragments 
are exonucleolytically cleaved either at the 5’-end (i.e., the downstream cleav-
age product) by XRN1 or at the 3’-end (i.e., the upstream cleavage product) 
by the exosome complex (Parker and Song 2004; Garneau, Wilusz, and 
Wilusz 2007; Goldstrohm and Wickens 2008). In mammals, CCR4-NOT and 
PAN2-PAN3 are the major deadenylase complexes involved in cytoplasmic 
bulk mRNA turnover (Yamashita et al. 2005; reviewed in Bartlam and 
Yamamoto 2010) and miRNA mediated mRNA deadenylation (Behm-
Ansmant et al. 2006; Eulalio et al. 2009; Fabian et al. 2009). Cytoplasmic 
mRNAs are deadenylated in two phases. During the first phase long PABP-
associated poly(A) tail is hydrolyzed by PAN2-PAN3 complex, where PAN2 
is the catalytic subunit and PAN3 is a regulatory subunit. The PAN2-PAN3 
deadenylation activity is stimulated by PABP. Interestingly, PAN2-PAN3 
cannot degrade poly(A) tails shorter than ~80 nucleotides (Yamashita et al. 
2005; reviewed in Bartlam and Yamamoto 2010). During the second phase of 
deadenylation the remaining part of the poly(A) tail is degraded by CCR4-
NOT deadenylation complex (reviewed in (Garneau, Wilusz, and Wilusz 
2007; Goldstrohm and Wickens 2008). The CCR4-NOT deadenylating com-
plex is a highly conserved multi-protein complex, which consists of catalytic 
deadenylase subunits CNOT6 or CNOT6L and CNOT7 or CNOT8 and regu-
latory subunits CNOT1 – CNOT3 and CNOT9 – CNOT11. Besides being an 
mRNA decay factor, CCR4-NOT complex was shown to have multiple other 
functions including chromatin modifications, transcriptional elongation, RNA 
export and surveillance, as well as DNA repair in the nucleus. In the cytoplasm 
it is involved in repression of translation, mediated either through RNA-bind-
ing proteins or miRNAs and protein quality control (reviewed in Collart and 
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Panasenko 2012; Miller and Reese 2012; Wahle and Winkler 2013; Inada and 
Makino 2014; Shirai et al. 2014). The examples of important functional roles 
of CCR4-NOT complex include: (i) degradation of ARE-containing mRNAs, 
which is controlled by regulatory proteins, including Tristetraprolin which is 
an ARE-binding protein (Fabian et al. 2013); (ii) Silencing of mRNAs by 
miRNAs, binding to specific regions of mRNA 3’UTR. Once bound, miRNAs 
interact with miRISC complex and Argonaute, which, in turn, interacts with 
GW182/TNRC6 family proteins (Fabian et al. 2011; Chekulaeva et al. 2011). 
The GW182 protein interacts with the CCR-NOT complex and expels PABP 
from the poly(A) tail to facilitate deadenylation. This process leads to repres-
sion of translation by disrupting the circularization of the mRNA (Zekri, 
Kuzuoǧlu-Öztürk, and Izaurralde 2013); (iii) Nonsense-mediated mRNA de-
cay (NMD), a quality control mechanism which identifies and degrades aber-
rant mRNAs that contain premature termination codons. In this case CCR-
NOT deadenylation complex is recruited by SMG5-SMG7 complex 
(Yamashita et al. 2005; Loh, Jonas, and Izaurralde 2013); (iv) Nuclear RNA 
surveillance pathway in yeast, in which aberrant mRNAs are polyadenylated 
by poly(A) polymerase of the TRAMP complex, followed by recruitment of 
the nuclear exosome (Houseley and Tollervey 2008; Azzouz et al. 2009). 
 
Another important deadenylase is PARN. The molecular details of PARN are 
discussed in the following sections. 

Role in non-coding RNA processing 
Deadenylases, which are most commonly involved in processing and matura-
tion of non-coding RNAs (ncRNAs) include PARN, TOE1, PNLDC1. PARN 
was the first discovered deadenylase found to be involved in the processing 
and maturation of small nucleolar RNAs (snoRNAs) and small Cajal body 
RNAs (scaRNAs) (Berndt et al. 2012; Son, Park, and Kim 2018), telomerase 
RNA (TR or TERC) (Dhanraj et al. 2015; Moon et al. 2015; Tseng et al. 2015; 
Shukla et al. 2016; Son, Park, and Kim 2018; Roake et al. 2019), piRNAs 
(Tang et al. 2016), miRNAs (Yoda et al. 2013; Shukla et al. 2019), YRNA 
(Shukla and Parker 2017), and also 18S rRNA (Ishikawa et al. 2017; 
Montellese et al. 2017) by processing their 3’-ends.  
 
TOE1 deadenylase, which is predominantly localized in Cajal bodies of the 
nucleus (Wagner, Clement, and Lykke-Andersen 2007; Deng et al. 2019) is 
required for the 3’-end trimming of spliceosomal U small nuclear RNAs (snR-
NAs) (Lardelli et al. 2017). It targets all the regular snRNAs, transcribed by 
RNAPII which belong to major and minor spliceosomes, except unstable U1 
snRNA variants. During the biogenesis of these RNAs, the 3’-end extensions 
of the pre-snRNAs are trimmed by TOE1 on two occasions: (i) before or dur-
ing the export into the cytoplasm and (ii) after or during the re-import into the 
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nucleus. Depletion of TOE1 leads to accumulation of adenylated extended 
forms of regular snRNAs, but not of the U1 snRNA variants. Upon depletion 
of exosome factors, U1 snRNA variants are in excess, indicating that TOE1 
has a central role in snRNA quality control, as it selectively processes the 3’-
ends of the regular snRNAs and thereby exposes unprocessed variant snRNAs 
for degradation by the exosome (Lardelli and Lykke-Andersen 2020). The 
functional roles of TOE1 and PARN overlap, as both deadenylases are in-
volved in the 3’-end maturation of a variety of small ncRNAs, like snoRNAs, 
scaRNAs and TR (Son, Park, and Kim 2018; Deng et al. 2019). It is likely that 
the PARN and TOE1 deadenylases need to compete with the action of the 
exosome complex to prevent the degradation of the target RNAs. One role of 
the nuclear exosome complex is to degrade aberrant oligoadenylated ncRNAs 
(LaCava et al. 2005; Vaňáčová et al. 2005; Wyers et al. 2005). 
 
The PNLDC1 deadenylase is a homolog of PARN with around 34% of amino 
acid sequence similarity. PNLDC1 is localized in endoplasmic reticulum and 
has strict poly(A) specificity. It is the only deadenylase exclusively present in 
the cytoplasm. It is specifically expressed in mouse embryonic stem cells, dur-
ing mouse embryonic development and in human and mouse testes 
(Anastasakis et al. 2016; reviewed in Skeparnias et al. 2017). Both PARN and 
PNLDC1 are involved in 3’-end trimming of PIWI-interacting RNAs (piR-
NAs) during RNA maturation in Caenorhabditis elegans (Tang et al. 2016) 
and Bombyx mori (Anastasakis et al. 2016), respectively. piRNAs are germ 
cell-specific small regulatory RNAs essential for spermatogenesis and trans-
poson silencing. The depletion of PNLDC1 leads to an accumulation of 3’-
extended forms of piRNAs, which is manifested as an upregulation of trans-
poson activity leading to impediment of spermatogenesis in mice (Yue Zhang 
et al. 2017; Ding et al. 2017; Nishimura et al. 2018)  
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PARN – The Detailor 

Discovery  
Evidence of poly(A) degradation in mammalians cells was found by Lazarus 
and Sporn already in late 1960s (Lazarus and Sporin 1967) and this activity 
was partially characterized in the following decades (Abraham and Jacob 
1978; Müller et al. 1978; Schröder et al. 1980). In the 1990s, an exoribonucle-
ase having poly(A) specificity was identified in HeLa cell-free nuclear ex-
tracts (Åstrom, Åstrom, and Virtanen 1991) and cytoplasmic extracts (Körner 
and Wahle 1997). The enzyme was purified to homogeneity from calf thymus 
extracts. The activity co-purified with a 74 kilo Dalton (kDa) protein. Initially 
the nuclease activity was referred to as the deadenylating nuclease (DAN) 
(Körner and Wahle 1997; Martínez et al. 2000). Later it was annotated as 
Poly(A)-specific Ribonuclease (PARN) due to its preference for degrading 
poly(A) tail substrates of mimic mRNAs (Åstrom, Åstrom, and Virtanen 
1991; Körner and Wahle 1997). PARN activity was subsequently identified 
and characterized in Xenopus laevis oocytes and was found to be localized in 
both the cytoplasm and the nucleus (Körner et al. 1998; Copeland and 
Wormington 2001). Human PARN (hPARN) gene was cloned and recombi-
nant polypeptides with PARN activity were recovered (Körner et al. 1998; 
Martínez et al. 2000). The full-length polypeptide chain of hPARN contains 
639 amino acids. hPARN gene (ensemble ID: ENSG00000140694) is approx-
imately 195 kilo base pairs (kbp) long and contains 24 exons. Its chromosomal 
location is 16p13.12 (14,435,700-14,632,728). The transcription unit encodes 
three transcript variants. The full-length transcript variant NM_002582 is 3.1 
kbp long covers all 24 exons and encodes the full-length polypeptide (Körner 
et al. 1998; Buiting et al. 1999). The molecular details of the biochemical and 
biological properties of PARN reported until 2012 have been thoroughly dis-
cussed in two reviews (A.A. Balatsos et al. 2012; Virtanen et al. 2013). Some 
of the key properties are presented below. 

Biochemistry of PARN 
PARN is biochemically well-characterized deadenylase (Elliot and Ladomery 
2016). The nuclease activity of PARN requires a 3’end hydroxyl group and 
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generates a 5’-AMP product after each round of hydrolysis and thereby ex-
poses a new 3’ end located hydroxyl group of the next adenosine residue left 
on the poly(A) substrates (Åstrom, Åstrom, and Virtanen 1991). The enzy-
matic activity was shown to be diminished upon replacement of the key hy-
droxyl group with hydrogen or if non-adenosine nucleotides were used as sub-
strates (Åstrom, Åstrom, and Virtanen 1992; Körner and Wahle 1997; 
Martínez et al. 2000; Copeland and Wormington 2001). PARN belongs to the 
DEDDh superfamily of nucleases. This superfamily of nucleases has a con-
served DEDDh motif (in hPARN amino acids D28, E30, D292, D382 and 
H377) in their catalytic cores (Moser et al. 1997; Saira Mian 1997; Körner et 
al. 1998; Ren et al. 2002a). The DEDD motif forms the catalytic site, which 
plays key role in the substrate hydrolysis (Ren, Martínez, and Virtanen 2002b; 
Ren, Kirsebom, and Virtanen 2004; Wu et al. 2005). The significance of H377 
in the active site is not clear, however it has been speculated that it plays a role 
in the processivity of PARN, in the completion of the catalytic cycle, in the 
coordination of cap stimulated PARN activity (Virtanen et al. 2013). PARN 
has a higher preference for degrading poly(A) compared to poly(U). Poly(C) 
and poly(G) are the least preferred substrates (Åstrom, Åstrom, and Virtanen 
1991; 1992; Körner and Wahle 1997; Martínez et al. 2000; Henriksson et al. 
2010). The order of preference towards short homo-trinucleotide substrates is 
slightly different compared to the longer homopolymer substrates. The sub-
strate preference order for short trinucleotide substrates is 
AAA>GGG>UUU>CCC (Henriksson et al. 2010). Poor PARN activity to-
wards poly(G) substrates is likely due to the formation of G quadruplets, 
which could structurally abolish PARN activity (Virtanen et al. 2013).  

Structure of PARN 
Figure1 illustrates relevant structural elements of hPARN. It contains a nucle-
ase domain, two RNA-binding domains R3H and RNA recognition motif 
(RRM) and a C-terminal domain (Wu et al. 2005; Nilsson et al. 2007; Wu et 
al. 2009; Niedzwiecka et al. 2011). Based on its nuclease domain, PARN is 
also classified as a member of CAF1 nucleases (Marchler-Bauer et al. 2011). 
Both RNA binding domains, R3H and RRM, are important for PARN activity 
and structural stability. The RRM promotes the degradation and is involved in 
the stabilization of the overall structure of PARN. Also, RRM was shown to 
be involved in interacting with both the m7G cap structure of the mRNA and 
poly(A) tail substrates (Dehlin et al. 2000; A. Zhang, Liu, and Yan 2007; 
Nilsson et al. 2007; Wu et al. 2009). The R3H domain, on the other hand, acts 
as a protector or intermolecular chaperone of the RRM and is required for 
PARN activity (Wu et al. 2005; Liu et al. 2007). 

 



20 

Figure 1: Structural domains of human PARN polypeptide. Green-colored region 
represents nuclease domain; blue- and red-colored regions represent RNA-biding 
domains R3H and RRM, respectively (adapted from Virtanen et al. 2013). 

Until now, three PARN crystal structures have been solved: a substrate-free 
hPARN (PDB:2A1S), a poly(A)-associated hPARN (PDB: 2A1R) (Wu et al. 
2005) and a m7G cap-associated mouse PARN (PDB: 3D45) (Wu et al. 2009). 
All these structures form a homodimeric structure through the nuclease do-
mains of each monomeric subunit (Wu et al. 2005). The crystal structure of 
PARN complexed with the m7G cap moiety provides a mechanistic under-
standing for how the cap structure acts as an allosteric regulator of PARN 
activity (Martînez et al. 2001). In agreement with this model, dimeric PARN 
can simultaneously interact with both the 5’-end cap structure and the 3’-end 
poly(A) tail of an RNA. In short, one active site represents the cap binding 
allosteric site, while the other is involved in the hydrolysis of the poly(A) tail 
(Virtanen et al. 2013). This ability to interact with both, the cap and the 
poly(A) tail of RNA substrate, makes PARN unique among so far identified 
deadenylases. 

Evolutionary conservation of PARN 
PARN gene is highly conserved among vertebrates. However, considering the 
strict definition of PARN, as a CAF1 family ribonuclease with two RNA bind-
ing domains, RRM and R3H, it is not ubiquitously found in invertebrates and 
other eukaryotes (Virtanen et al. 2013). PARN homologs are present in many 
other eukaryotes, including Caenorhabditis elegans (roundworm), Arabidop-
sis thaliana (thale cress plant), Aedes albopictus (mosquito), Apis mellifera 
(honey bee), Schizosaccharomyces pombe (fission yeast) and Neurospora 
crassa (filamentous fungus), but absent in two common, well-studied organ-
isms: Saccharomyces cerevisiae (baker’s yeast) and Drosophila melanogaster 
(fruit fly) (Parker and Song 2004; Opyrchal et al. 2005; Goldstrohm and 
Wickens 2008). The corresponding PARN polypeptides of C. elegans and A. 
thaliana lack both RNA binding domains and therefore they should not be 
considered as bona fide PARN proteins, even though the A. thaliana PARN 
function appears to be similar to vertebrate PARN (Virtanen et al. 2013). In S. 
cerevisiae and D. melanogaster, PARN may have been replaced by another 
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deadenylase, possibly POP2, which has a nuclease domain very similar to 
PARN (Wu et al. 2005). 

Physiological relevance and regulation 
Like most other deadenylases, PARN shuttles between the cytoplasm and the 
nucleus. In the nucleus it is particularly enriched in nucleoli and Cajal bodies 
(Körner et al. 1998; Copeland and Wormington 2001; Berndt et al. 2012). 
PARN has diverse physiological functions and plays an important role in reg-
ulation of mRNAs in the cytoplasm and ncRNAs in the nucleus (Figure 2). 
The activity of PARN itself is regulated by various factors, depending on dif-
ferent cellular conditions. Trans-acting factors, that bind cis elements present 
in mRNAs, are involved in regulating activity of PARN. The variety of trans-
acting factors include cap-binding protein eIF4E, poly(A) tail-binding protein 
PABP, as well as ARE- and GRE-binding proteins (e.g., AUBPs and GUBPs, 
respectively) (reviewed in (Parker and Song 2004; Garneau, Wilusz, and 
Wilusz 2007; Goldstrohm and Wickens 2008; X. Zhang, Virtanen, and 
Kleiman 2010; Balatsos et al. 2012)). 
 
The key cytoplasmic functions of PARN, as well as its regulation are dis-
cussed below in more detail and illustrated in Figure 2: 
 

i) When mRNA is exported from the nucleus to the cytoplasm, the 
nuclear cap-binding protein CBC is replaced by cytoplasmic-cap 
binding protein eIF4E on the target mRNA. The binding of 
CBC/eIF4E to mRNA cap appears to compete with PARN activ-
ity (Gao et al. 2000; Dehlin et al. 2000). The effect of this com-
petition on PARN activity, however, is currently under debate. 
Gao and colleagues (Gao et al. 2000) reported that PARN-medi-
ated deadenylation was inhibited, which seem to contradict re-
sults from other studies (Dehlin et al. 2000; Balatsos et al. 2006). 
The contradiction could be due to the use of endogenously puri-
fied PARN vs highly purified PARN recombinant protein, which 
lack post translation modifications of the enzyme or necessary 
regulatory auxiliary factors (Virtanen et al. 2013). In another 
study, Seal and coworkers have shown that phosphorylation of 
PARN stimulates its overall activity and cap-binding capacity, 
thus making it more competitive with eIF4E (Seal et al. 2005). 
However, these observations have been opposed by the results of 
another study where it was shown that phosphorylation of PARN 
inhibited its activity (Reinhardt et al. 2010). 
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ii) PARN is involved in regulating ARE mRNAs, which frequently 
encode key regulators of cell functions, including proto-onco-
genes, cytokines (TNFa), chemokines, growth factors and cell cy-
cle regulators (reviewed in Wilusz, Wormington, and Peltz 2001; 
Schoenberg and Maquat 2012; X. Wu and Brewer 2012; Virtanen 
et al. 2013). ARE-binding proteins (AUBPs), that bind to the 
AREs, are responsible for the recruitment of PARN. Two exam-
ples of AUBPs are the KH-type Splicing Regulatory Protein 
(KSRP) and RNA helicase associated with AU-rich element 
(RHAU). Both KSRP and RHAU have been found to interact with 
decay complexes encompassing PARN and facilitate the degra-
dation of targeted RNAs (Gherzi et al. 2004; Tran et al. 2004; 
Chou et al. 2006). Similar to AUBPs, CUGBP1 protein (also re-
ferred to as CELF1) interacts with and recruits PARN to targeted 
mRNAs (Moraes, Wilusz, and Wilusz 2006). Another interesting 
study reported that PARN is involved in the degradation of human 
immunodeficient virus (HIV) multi-spliced mRNAs along with 
the exosome and decapping enzymes. In this case PARN is re-
cruited by Zinc-finger Antiviral Protein (ZAP), which is known 
for inhibiting replication of several viruses (Zhu et al. 2011). 

iii) PARN is involved in Xenopus oocyte maturation and early em-
bryogenesis. During these stages of development, the length of 
the poly(A) tail of maternal mRNAs in the cytoplasm of oocytes 
is controlled by tightly-regulated polyadenylation/deadenylation 
machinery. The maternal mRNAs, which contain cytoplasmic 
polyadenylation elements (CPEs), are regulated by the CPE-bind-
ing protein, CPEB1. CPEB1 forms a complex with PARN and 
polyadenylation machinery factors CPSF, symplekin and ncPAP 
Germ-Line Development factor 2 (GLD2, also known as 
PAPD4). In this complex PARN shortens the mRNA poly(A) tail, 
while the polyadenylation factors extend it. Thus, the complex 
regulates translation efficiency of targeted mRNAs. During mei-
otic maturation, the activity of PARN is modulated by progester-
one, which activates Aurora A kinase; the kinase, in turn, phos-
phorylates CPEB1. Phosphorylation of CPEB1 initiates PARN 
dissociation from the complex and activates polyadenylation by 
GLD2 enzyme. As a result, targeted mRNA is activated for trans-
lation (Kim and Richter 2006; reviewed in Virtanen et al. 2013). 
In a similar fashion, PARN is also involved in the regulation of 
neuronal mRNAs, which encode proteins important for neuronal 
synaptic plasticity (Huang et al. 2002; reviewed in Richter 2015). 

 



23 

Figure 2: Physiological roles of PARN in the nucleus and the cytoplasm. PARN is 
presented as a dimer. PARN protein model was adapted from Virtanen et al. 2013. 

In the nucleus, where PARN is predominantly localized, PARN is involved in 
many regulatory pathways of RNA biosynthesis. Similar to the cytoplasmic 
cap-binding proteins, the nuclear cap-binding complex CBC also influences 
PARN activity. In CBC complex the subunit CBP20 binds to m7G cap struc-
ture, whereas the other subunit, CBP80, facilitates interaction with the cap of 
the target RNA. Binding of CBP80 subunit to PARN inhibits PARN activity, 
even in the absence of interaction with the RNA cap (Balatsos et al. 2006). 
Expression of PARN is activated upon DNA damage, e.g., by UV treatment. 
In this case the tumor suppressor BRCA1-Associated RING Domain protein 
1 (BARD1) interacts with the nuclear polyadenylation factor CstF50 and re-
cruits PARN (Cevher et al. 2010). The formation of BARD1/CstF50/PARN 
complex leads to destabilization of the targeted RNA. It has been proposed 
that this regulatory circuit could be utilized as a rescue system to prevent the 
formation of deleterious proteins upon damaging UV irradiation (Cevher et al. 
2010; reviewed in Virtanen et al. 2013).  

Although PARN has diverse roles in the regulation of mRNAs, the role of 
PARN appears to be limited to certain mRNAs and not a major deadenylase 
that is involved in controlling bulk mRNA turnover (Yamashita et al. 2005). 
A study by Lee and colleagues have shown that PARN targets only a subset 
of mRNAs in mouse myoblast C2C12 cells with stable PARN knockdown. 
The microarray analysis of PARN knockdown cells revealed that the affected 
genes related to the pathways that were involved in ribosome/translation, cell 
migration and extracellular matrix (Lee et al. 2012). 
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Until a decade ago, PARN was thought to be primarily involved in regulation 
of mRNAs. However, a previously unrecognized role of PARN was reported 
in 2012, when it was shown that PARN was enriched in nucleoli and Cajal 
bodies (Berndt et al. 2012). As mentioned above, it was found that PARN was 
involved in maturation of H/ACA-type of snoRNAs and scaRNAs (Berndt et 
al. 2012; Dhanraj et al. 2015 (Paper I); Son, Park, and Kim 2018; Dodson 
LM et al. 2019 (Paper II)). Both snoRNAs and scaRNAs act as guide RNAs, 
which are required for site-specific modification of rRNAs and snRNAs, re-
spectively. The H/ACA-type of snoRNAs guide pseudouridylation (conver-
sion of uridine to pseudouridine), while the C/D box-type of snoRNAs guide 
2’-O-ribose methylation (Matera, Terns, and Terns 2007; Kiss, Fayet-
Lebaron, and Jády 2010). Most of the vertebrate snoRNAs are encoded in in-
trons and released as pre-snoRNAs by endonucleolytic processing (Kiss and 
Filipowicz 1995). Following the endonucleolytic cleavage, snoRNA precur-
sors have extra intronic sequence at their 3’ ends. These ends are further pro-
cessed by exonucleases. In the case of H/ACA-type snoRNAs, RNA ends are 
trimmed by nuclear polyadenylation/deadenylation machinery, which in-
cludes PARN and non-canonical Poly(A) Polymerase PAPD5. It has been 
suggested that during this maturation step PAPD5 adds oligo(A) stubs to the 
extended 3’-end intronic sequences. This, in turn, favors substrate-recognition 
by PARN. PARN removes some of the (A)s and then the process is repeated 
in several cycles. The repetitive oligoadenylation/deadenylation cycle contin-
ues until the position of its mature 3’-end of the snoRNA has been reached 
(Figure 3). Berndt and colleagues (Berndt et al. 2012) showed that transient 
knockdown of PARN resulted in accumulation of oligoadenylated 3’-ex-
tended H/ACA-type of snoRNAs and a reduction in the total abundance of 
some of the snoRNAs. The reduction in the snoRNA levels could be linked 
either to exosome-mediated degradation (oligoadenylated snoRNAs attract 
the exosome) or to decreased stability of 3’-extended snoRNAs (Berndt et al. 
2012). In a similar way, PARN trims PAPD5-added oligo(A) stubs at the 3’-
ends of the YRNA (Shukla and Parker 2017). Furthermore, recent studies 
(Yoda et al. 2013; Shukla et al. 2019; Lee et al. 2019) have demonstrated that 
PARN is involved in maturation of certain miRNAs by trimming their 3’-ends 
in dicer-dependent and dicer-independent pathways. In the dicer-independent 
pathway, which is a non-canonical pathway for miRNA maturation, 
miRNA451 or Argonaute short hairpin RNAs (Ago shRNAs) require PARN-
mediated trimming of their 3’-ends (Yoda et al. 2013; Harwig et al. 2017). In 
the dicer-dependent pathway PARN acts as a trimmer, cutting off the extended 
3’-ends encoded by the genome, and/or as a de-tailor, removing untemplated 
nucleotides added by ncPAPs (Shukla et al. 2019; Lee et al. 2019). In contrast 
to these maturation pathways, PARN-mediated trimming of oligo(A) stubs 
added at the 3’-ends may also lead to degradation of miR21 (Boele et al. 2014) 
and destabilization of UG-rich miR122, which binds to CUGBP1 RNA-bind-
ing protein (Katoh, Hojo, and Suzuki 2015). PARN has also been found to be 



25 

involved in the rRNA biogenesis. Specifically, PARN was shown to be re-
quired for 18S rRNA maturation by trimming the 3’-end of 18S pre-rRNA to 
its mature 3’-end (Ishikawa et al. 2017; Montellese et al. 2017; Nieto et al. 
2020). Finally, another important role of PARN has been linked to telomere 
biology and particularly maturation of telomerase RNA (TR or TERC, or 
scaRNA19). TR is an RNA component of the telomerase complex, which is 
used as the template for the synthesis of telomeres (Dhanraj et al. 2015 (paper 
I); Moon et al. 2015; Tseng et al. 2015; Nguyen et al. 2015; Shukla et al. 2016; 
Son, Park, and Kim 2018; Roake et al. 2019; Dodson LM et al. 2019 (Paper 
II)). To sum up, PARN acts all the way from the ends (of RNAs) to the ends 
(of DNAs) (Figure 3). 

Figure 3: Role of PARN in 3’-end processing of snoRNAs and hTR in the nucleolus 
and the Cajal bodies, respectively. The association of telomerase-RNP complex, 
telomere-associated proteins during the synthesis of telomeres are presented. 
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PARN and Diseases 

A recent major breakthrough in PARN research was the discovery of associa-
tion of human PARN gene mutations with the development of severe human 
diseases. We (Papers I and II) and others (Stuart et al. 2015; Tummala et al. 
2015; Moon et al. 2015; Xing and Garcia 2016; Burris et al. 2016; Newton et 
al. 2016; Maryoung et al. 2017; Juge et al. 2017; Kropski et al. 2017; Petrovski 
et al. 2017; Lata et al. 2018; van Batenburg et al. 2018; Benyelles et al. 2019; 
Ley et al. 2019; van Batenburg et al. 2020; Belaya et al. 2020; Feurstein et al. 
2020) have until today reported almost 100 human patients with mutations in 
PARN gene. The identified patients suffer from a spectrum of developmental, 
neurological, telomere biology disorders (TBDs), kidney diseases, etc. Most 
of these patients manifest TBDs due to defective telomere length maintenance. 

Telomeres 
Telomeres are specialized DNA-protein structures, which cap the ends of the 
eukaryotic chromosomes and protect chromosomal integrity. Specifically, te-
lomeres protect linear chromosomal DNA ends from being recognized as bro-
ken DNA, and thereby preventing DNA repair processes. Telomeres are also 
involved in maintenance of genomic integrity by protecting chromosomal 
ends from nucleases, oxidative damage and DNA replication stress 
(Blackburn, Epel, and Lin 2015). During DNA replication, the ends of the 
DNA cannot be copied by the replication machinery, causing attrition of the 
chromosomal ends (referred to as the “end replication problem”). Attrition 
will eventually lead to an uncontrolled process of DNA repair (reviewed in 
Blackburn, Epel, and Lin 2015). In each cell division cycle, the telomeres get 
shortened by 50 – 200 bps. Over continuous cell divisions, length of a telo-
mere in somatic cells eventually reaches a critical threshold, which induces 
cell senescence. At this point the cell loses its ability to proliferate (Harley, 
Futcher, and Greider 1990; Bertuch 2016). Therefore, telomere length has 
been considered as a ‘molecular clock’, and the accumulation of short telo-
meres has been associated with aging in humans (Allsopp et al. 1992; 
reviewed in Armanios and Blackburn 2012). To compensate for this attrition 
of the chromosomal ends, the telomere length is maintained by enzyme te-
lomerase (Greider and Blackburn 1985; 1987; reviewed in Armanios and 
Blackburn 2012). 
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Telomeres are protected by a shelterin complex, which contains six proteins: 
Telomere Repeat-binding Factors 1 and 2 (TRF1 and TRF2), Repressor/Acti-
vator Protein 1 (RAP1), TRF1-Interacting Nuclear protein 2 (TIN2), TIN2-
interacting protein 1 (TPP1) and Protection of Telomeres 1 (POT1). Along 
with shelterin complex, the CST complex, comprising of Conserved Telomere 
protection Component 1 (CTC1), suppressor of Cdc thirteen 1 (STN1) and 
telomeric pathway with STEN1 (TEN1), also found associated with human 
telomeres (reviewed in Armanios and Blackburn 2012). Electron microscopy 
visualization revealed that telomeres often form T-loops, which may confer 
chromosomal protection from nucleases and DNA repair machinery (Griffith 
et al. 1999; de Lange 2010). T-loops are formed by the invasion of the 3’-end 
single DNA strand of the telomere into the sub-telomeric duplex repeats by 
homologous recombination (Amiard et al. 2007). Regulator of Telomere 
Length 1 (RTEL1) - a DNA helicase, is involved in the disassembly of T-
loops during telomere replication. Inactivation of RTEL1 leads to SLX4-me-
diated nucleolytic cleavage, which, in turn, results in formation of T-circles, 
elevated telomere recombination and telomere loss (Vannier et al. 2012). 
 
The telomerase enzyme is a ribonucleoprotein (RNP) complex, consisting of 
two major components, TERT and TR/TERC. Protein subunit TERT has re-
verse transcriptase activity, whereas RNA component TR/TERC acts as a tem-
plate for the reverse transcriptase activity of TERT. Thus, telomerase elon-
gates chromosomal ends by synthesizing telomere repeats using TR as a tem-
plate. This process is followed synthesis of the complementary telomere DNA 
strand by DNA polymerase. However, the 3’-end of chromosomal DNA (G-
rich overhang) remains single-stranded (reviewed in Blackburn, Epel, and Lin 
2015; Schmidt and Cech 2015). The presence of the G-rich overhang is a pre-
requisite for T-loop structure formation. Human telomerase RNA (hTR) be-
longs to H/ACA-type of scaRNAs, in which the H/ACA motif in sno/scaR-
NAs consists of two hairpin structures connected by a short stretch of nucleo-
tides, referred to as the H-box. At the 3’-end of hTR an ACA sequence is 
found (Mitchell, Cheng, and Collins 1999; reviewed in Schmidt and Cech 
2015). The transcription unit of hTR encodes only the pre-hTR transcript. The 
transcription unit has its own promoter and is transcribed by RNA polymerase 
II. This is different from the majority of the sno/scaRNAs, which are embed-
ded in introns of regular mRNA transcription units (Feng et al. 1995). As de-
scribed above, the 3’-end processing of hTR is similar to sno/scaRNA 3’-end 
processing. In accordance, the 3’-extended hTR gets oligoadenylated by 
PAPD5, followed by trimming of the 3’-extended sequence by PARN until it 
reaches the length of matured 3’-end of hTR (Figure 3). Previous studies have 
shown that PAPD5 inhibition or knockdown prevents hTR from oligoadenyl-
ation, leading to increased hTR levels and restoring telomere length in PARN-
deficient patient cells (Boyraz et al. 2016; Nagpal et al. 2020). 
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The functional domains of hTR secondary structure include: (i) a template 
region, which encompasses 11 nucleotide sequence (5’-CUAACCCUAAC-
3’) necessary for reverse transcription; (ii) a pseudoknot and (iii) a stem loop 
CR4/CR5 domain, which interacts with hTERT and a H/ACA domain at the 
3-end, conferring hTR stability (Feng et al. 1995; Schmidt and Cech 2015). 
Additionally, hTR was also shown to bind a core of proteins, which are asso-
ciated with H/ACA structural motif of hTR. This protein complex includes 
dyskerin (DKC1), NOP10, NHP2 and GAR1 and is required for stability of 
TR and telomerase function (Figure 3). The Telomerase Cajal Body protein 1 
(TCAB1) binds to hTR and regulates its trafficking to Cajal bodies (reviewed 
in Armanios and Blackburn 2012). All these components together form a te-
lomerase holoenzyme, which is assembled in the Cajal bodies, since most of 
the components of the telomerase holoenzyme are localized in this nuclear 
compartment. In humans, the sequence of telomeres, synthesized by telomer-
ase, is composed of tandem repeats of TTAGGG duplex sequence. The length 
of fully elongated telomeres ranges between 5 – 15 kb (reviewed in Schmidt 
and Cech 2015). The elongation of telomeres is a tightly regulated process. 
For example, telomerase is actively expressed in continuously dividing cells, 
such as germ cells, stem cells and most cancer cells, however it is limited in 
somatic cells. Up-regulation of telomerase expression levels in somatic cells 
are associated with cancers. It has been found that approximately 90% of all 
cancer cells have elevated levels of telomerase activity (Kim et al. 1994 and 
reviewed in Grill and Nandakumar 2021). 

Telomere biology disorders 
The telomere biology disorders (TBDs), also referred to as telomeropathies, 
are a spectrum of degenerative and developmental disorders, associated with 
short telomeres and telomere dysfunction. These include Hoyeraal-Hrei-
darsson syndrome (HHS), Revesz syndrome (RS), dyskeratosis congenita 
(DC), aplastic anemia (AA), idiopathic pulmonary fibrosis (IPF) and Coats’ 
plus syndrome (CPS). Mutations in the genes known to be associated with 
TBDs are summarized in Table 1. Commonly, these genes encode factors as-
sociated with telomeres and telomerase enzyme (Figure 3). So far 14 genes 
have been identified to be associated with TBDs: TERT, TR, PARN, DKC1, 
NHP2, NOP10, NAF1, WRAP53 (encodes TCAB1), ZCCHC8 (zinc finger 
CCHC-type domain-containing protein), ACD (encodes TPP1), TINF2 (en-
codes TIN2), RTEL1, CTC1, STN1 (Stanley et al. 2016; Gable et al. 2019; 
reviewed in (Armanios and Blackburn 2012; Bertuch 2016; reviewed in Grill 
and Nandakumar 2021)). 

 



29 

Figure 4: Spectrum of Telomere Biology Disorders (TBDs) including Hoyeraal-
Hreidarsson syndrome (HHS), dyskeratosis congenita (DC), aplastic anemia (AA) 
and idiopathic pulmonary fibrosis (IPF). The figure illustrates the severity of  
the diseases increases with telomere shortening i.e., from IPF to HHS and over  
generations from Gn to Gn+2. 

The length of telomeres often correlates with the onset and severity of TBDs 
(Figure 4) (Dokal 2011; Armanios and Blackburn 2012). HHS and RS are 
severe variants of DC with multiple organs affected. The least severe TBD is 
IPF. In IPF lungs are predominantly affected (reviewed in Bertuch 2016). The 
onset of both HHS and DC occur early during childhood; both disorders are 
associated with extremely short telomeres. IPF is a less severe adult-onset dis-
order TBD, characterized by moderately short telomeres. The phenotypes of 
TBDs are heterogeneous with variable penetrance; the patients with a single 
disorder, such as IPF, are at risk to develop bone marrow failure or liver dis-
ease even without previously recognized symptoms. TBDs also display ge-
netic anticipation. In this case the telomere length progressively shortens over 
each successive generation. For each generation there is an increase in the 
severity of the disease. For instance, if a person in a family develops IPF at 
late adult age with moderate telomere length, the progeny of successive gen-
eration can develop aplastic anemia in their middle age. In the further succes-
sive generation, the progeny can develop severe diseases, such as DC or HHS, 
already in early childhood. Development of the disease correlates with pro-
gressive shortening of the telomeres in each successive generation, because 
for each generation shortened telomeres are transmitted to progeny together 
with the mutant telomerase or telomere-associated genes (Figure 4) (Armanios 
and Blackburn 2012). As already mentioned, highly proliferative cells, such 
as hematopoietic stem cells (HSCs), are prominently affected by telomere 
shortening. This results in stem cell exhaustion and leads to bone marrow fail-
ure and immunosenescence. For slow-turnover cells additional triggers are 
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typically cause TBDs. For lung cells, for example, these triggers include cig-
arette smoking, exposure to gamma radiation (reviewed in Armanios and 
Blackburn 2012). 
 
The first TBD to be described was dyskeratosis congenita (DC) in 1998. DC 
patients suffered from bone marrow failure (BMF) and had mutations in the 
DKC1 gene, which encodes dyskerin (Heiss et al. 1998). The classical symp-
toms of DC include mucocutaneous features: (i) oral leukoplakia, which in-
volves high cellular turnover of mucosal tissue; (ii) nail dystrophy and (iii) 
skin hyperpigmentation, which reflects the premature senescence of ectoder-
mal and dermal stem cells, respectively (reviewed in Bertuch 2016). In addi-
tion, severe conditions, such as bone marrow failure, gastrointestinal and liver 
disease, pulmonary fibrosis and cancer, are the primary causes of mortality 
(De La Fuente and Dokal 2007; Bertuch 2016). The biological basis for in-
creased cancer incidence in DC patients involves the defective telomere func-
tion, leading to genomic instability. The limitations in proliferative capacity 
of the immune system, which, in turn, leads to immunodeficiency and may 
result in cancer surveillance failure and organ failure state itself (Armanios 
and Blackburn 2012).  
 
To date, 10 genes with pathogenic mutations associated with DC have been 
identified. These genes encode telomerase complex and telomere components 
(Table 1). HHS is a severe variant of DC, characterized by developmental de-
lay, immunodeficiency and cerebellar hypoplasia in early infancy. Also, it is 
associated with very short telomeres. Similar to DC patients, patients with 
HHS also first present immunodeficiency and developed bone marrow failure 
later in life. RS and CPS are characterized by bilateral exudative retinopathy. 
RS is another severe variant of DC, and was shown to be associated with mu-
tations in TINF2 gene. CPS is associated with mutations in CTC1 gene. Reti-
nopathy, intracranial calcifications and bone marrow abnormalities are com-
mon phenotypes of HHS, RS and CPS; all of the exhibited symptoms were 
shown to correlate with very short telomere length. Aplastic anemia is one of 
the complications in DC. However, later it was also recognized as an inde-
pendent TBD, caused by mutations in some of the telomere genes. Idiopathic 
pulmonary fibrosis associated with TERT mutations is the most common type 
of TBD. The most prevalent manifestation of IPF is lung disease, onsets at 
adult stage with an average age of 51 years in the human patients (Armanios 
and Blackburn 2012). 
 
Table 1, summarizes TBDs that are associated with the genes that are involved 
in telomerase or telomere function. The affected genes, listed below, encode 
factors, required for telomerase activity and assembly. 
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i) TERT protein, encoded by TERT, has multiple domains: TERT 
RNA-binding domain (TRBD), reverse transcriptase (RT) do-
main and C-terminal extension (CTE) domain, which together 
form RT catalytic core. Mutations in these regions are linked with 
TBDs. Mutations in the RT domain are most frequently occurring 
and presumably reduce the stability of TERT. Most TERT muta-
tions cause haploinsufficiency due to reduced telomerase activity, 
processivity and recruitment. 

 
Table 1. Genes associated with Telomere Biology Disorders (TBDs). 

 
Gene/Protein TBDs Inheritance Effect of mutations 
TERT HHS, DC, 

AA, IPF 
AD or AR 

 
Reduction in telomerase 
activity, processivity and 
recruitment  

TR or TERC HHS, DC, 
AA, IPF 

AD Reduction in telomerase 
activity  

PARN HHS, DC, 
IPF 

AD or AR Impairment in TR matura-
tion and stability 

DKC1/Dyskerin HHS, DC, 
IPF 

XLR  
Reduction in TR stability 
and telomerase activity  NOP10 DC AR 

NHP2 DC AR 
NAF1 IPF AD 
WRAP53/TCAB1 HHS, DC AR Impairment in telomerase 

trafficking and recruit-
ment  

ZCCHC8 IPF AD Impairment in TR matura-
tion and stability  

ACD/TPP1 HHS; AA AD or AR Impairment in telomerase 
recruitment  

TINF2/TIN2 HHS, RS, 
DC, IPF 

AD, mostly 
de novo  

Impaired telomerase re-
cruitment, enhance telo-
mere shortening 

RTEL1 HHS, DC, 
AA, IPF 

AD or AR Defective T-loop stability, 
enhanced telomere loss 

CTC1 DC, CPS AR Impairment in duplex te-
lomere replication  STN1 CPS AR 

HHS, Hoyeraal-Hreidarsson syndrome; RS, Revesz syndrome; DC, dysker-
atosis congenita; AA, aplastic anemia; IPF, idiopathic pulmonary fibrosis; 
CPS, Coats’ plus syndrome; AD, autosomal dominant; AR, autosomal re-
cessive; XLR, X-linked recessive 
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ii) TR is less frequently mutated than TERT. Mutations in TR are 
found throughout the entire sequence of the RNA molecule. The 
TR mutations are characterized by an autosomal dominant mode 
of inheritance, many of which that are associated with TBDs clus-
ter within the pseudoknot/template or the CR4/5 domains of TR. 
The pseudoknot/template domain is required for telomere synthe-
sis. The CR4/5 domain provides the primary binding domains for 
TERT. TR levels also depend on the associated factors, such as 
H/ACA RNP, encoded by DKC1, NHP2, NOP10, GAR1 and 
NAF1 genes and 3’-end processors such as PARN and ZCCHC8. 
Mutations in any of these genes may affect the levels of TR and 
telomerase activity and hence associated with TBDs. 

iii) DKC1 encodes dyskerin and is the first gene found to be associ-
ated with TBDs. Dyskerin is a pseudouridine synthase, which 
uses snoRNAs and scaRNAs as guide RNAs for site-specific 
pseudouridylation of rRNAs and snRNAs, respectively (Matera, 
Terns, and Terns 2007). However, TR (also referred as 
scaRNA19) appears not to be involved in pseudouridylation of 
snRNAs. Instead, it uses the H/ACA RNP structure for its stabi-
lization. Multiple mutational spots have been described in DKC1 
with X-linked mode of inheritance; majority of them reside in the 
N-terminal, pseudouridine and archeosine transglycosylase do-
mains of dyskerin. 

iv) Mutations in the genes encoding other family members of H/ACA 
RNP components, such as NOP10, display defective formation of 
the telomerase RNP complex with reduced TR levels and short 
telomeres. The patients associated with mutations in these genes 
are characterized with DC (reviewed in Bertuch 2016; Grill and 
Nandakumar 2021). The NAF1 factor, which is a component of 
the pre-H/ACA RNP complex, is replaced by GAR1 during the 
maturation of H/ACA RNP complex. NAF1 is therefore required 
for TR assembly; mutations in the corresponding gene are associ-
ated with IPF because of reduced TR levels (Stanley et al. 2016).  

v) Proteins encoded by PARN and ZCCHC8 are both involved in 3’-
end processing of TR. Disease-associated mutations in these two 
genes result in reduced TR levels and short telomeres. The details 
on PARN mutations and their association with TBDs will be dis-
cussed in more detail further in this thesis. ZCCHC8 protein is a 
component of the Nuclear Exosome Targeting complex (NEXT). 
NEXT is involved in the exosome-mediated degradation of a sub-
set of RNAs (Kilchert, Wittmann, and Vasiljeva 2016). ZCCHC8 
is also involved in TR maturation. Mutations in ZCCHC8 result 
in accumulation of 3’-extended TR variants and reduction of ma-
ture TR levels. Mutations in ZCCHC8 are associated with IPF 
with short telomeres (Gable et al. 2019). 
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Ribosomopathies 
Inherited bone marrow failure syndromes (IBMFS), also collectively referred 
to as ribosomopathies, are characterized by bone marrow failure (BMF). The 
most commonly occurring diseases include Fanconi anemia (FA), Diamond-
Blackfan anemia (DBA), Shwachman-Diamond syndrome (SDS) and dysker-
atosis congenita (DC). The genetic factors and the corresponding phenotypes 
of TBDs and IBMFS are tightly connected and overlap phenotypically. For 
example, DC is characterized either as IBMFS or as TBD with telomere dys-
function and bone marrow failure. BMF with telomere dysfunction affects the 
severity of TBD disease state in patients. For example, BMF in AA, DC and 
HHS patients promote a more severe phenotype affecting multiple organs. The 
pathogenicity of IBMFS is associated with defective ribosome biogenesis 
(Ruggero and Shimamura 2014). Pseudouridylation by dyskerin enzyme is a 
modification event required during the maturation of rRNAs along with snoR-
NAs and one of the common molecular links between IBMFS and TBDs (Ni, 
Tien, and Fournier 1997; Townsley, Dumitriu, and Young 2014; Ruggero and 
Shimamura 2014). Notably, the H/ACA snoRNAs are also required for the 
differentiation of hematopoietic stem cells. It has been found that H/ACA 
RNP dysfunction are associated with development of BMF (Bellodi et al. 
2013). Thus, BMF through ribosome dysfunction and/or snoRNA deficiency 
can be a penetration factor underlying the variable penetrance of the TBDs. 
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PARN deficient TBD patients 

In 2015, we (paper I) and others (Stuart et al. 2015; Tummala et al. 2015; 
Moon et al. 2015) reported that mutations in the PARN gene were associated 
with idiopathic pulmonary fibrosis (IPF) (Stuart et al. 2015), dyskeratosis con-
genita (DC) (Tummala et al. 2015), global developmental delay and bone mar-
row failure, which are characteristic features of dyskeratosis congenita/ 
Hoyeraal-Hreidarsson syndrome (DC/HHS) (paper I), and HHS alone (Moon 
et al. 2015). Each study presented different mutations in the PARN gene and 
heterogeneous disease phenotypes. Most importantly, the identified affected 
patients exhibited telomere length defects (summarized in Table 2). Together, 
these four studies demonstrated that the patients associated with mono-allelic 
mutations were the least affected ones, suffering from, e.g., IPF or mild de-
velopmental delay. Identified patients with bi-allelic mutations, on the other 
hand, suffered from more severe diseases, such as DC and HHS.  
 
Here, I will discuss the molecular details of PARN loss-of-function carriers, 
which we have characterized in two independent studies. Paper I of this thesis 
work describes phenotypes of patients suffering from mono-allelic or bi-al-
lelic mutations of PARN gene (Dhanraj et al. 2015). Paper II describes phe-
notypes in a three-generation family, where affected individuals were suffer-
ing from mono-allelic or bi-allelic mutations in the PARN gene (Dodson LM 
et al. 2019).  
 
In paper I, we reported four patients having mutations in PARN gene. Two of 
these patients (referred to patient 1 and 2 further in text) were identified in the 
same family, whereas patients 3 and 4 were unrelated. Patient 1 carried bi-
allelic mutations in PARN and was severely affected by bone marrow failure 
(BMF), severe neurological defects and possessed short telomeres. The other 
patients from this study carried mono-allelic-deletions and exhibited neuro-
logical and/or developmental defects. The mono-allelic mutations of the pa-
tients 3 and 4 were caused by large deletions of the PARN gene. The deletions 
generated in patient 3 a truncated PARN polypeptide and in patient 4 a C-
terminal truncation of the last 82 amino acids of the PARN polypeptide. Pa-
tient 1 carried bi-allelic mutations inherited from her parents. Specifically, one 
of the alleles contained a frameshift deletion (p.D307Vfs) and was inherited 
from the mother (patient 2). The other allele was inherited from her unaffected 
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father and was defined as a missense mutation, p.R349W. The bi-allelic mu-
tations of PARN in patient 1 resulted in reduced expression levels of PARN 
polypeptide. The deadenylating activity of the R349W PARN polypeptide 
was reduced more than 50-fold. The low PARN protein levels and deadenyl-
ation activity indicates the PARN deficieny in patient 1. From this study we 
concluded that PARN deficiency was associated with severe disease pheno-
types, including severe neurological disease with hypomyelination and severe 
BMF. The hematopoietic stem cells (HSCs) of patient 1 occupied <5% of the 
bone marrow, a characteristic feature of DC/HHS. Taken together, results ob-
tained in the study reported in paper I suggested that the amount of PARN 
and its activity is crucial in developing the severity of the disease.  
 
Table 2. Mutations in PARN gene found to be associated with telomere biol-
ogy disorders (TBDs). 

 
Phenotype Mutations in PARN gene  
HHS/DC p.Arg349Trp/p.Asp307Valfs, p.Arg237*/c.-63C>T, 

p.Ala383Val/p.Ala383Val(2), 
p.281_306del/p.Gly281Thrfs, p.Gln254*, 
p.208_220del/p.Asn288Lysfs, p.Asn7His/p.1_639del, 
p.Ser87Leu, p.Y91C/p.(I274)*, p.Gln68His/p.Gln68His,  

IPF/ILD g.IVS4-2A>G(2), g.IVS16+1G>A, c.246-2A>G, 
c.1081+1G>A, c.620+5G>A, c.178-5 C>T, c.703-11_703-
10delAT, c.245+75_245+77delCCC, c.840+6 T>C, c.1006-
11G>A, c.1006-2A>G, p.Gln177*(4), p.Arg251fs, 
p.Lys421Arg, p.Ile188*, p.Ile188Ilefs, p.Arg251Glufs, 
p.Asp292Thrfs, p.Lys421Arg, p.Glu585Aspfs, p.Ser585*, 
p.Thr296Serfs, p.Glu189*, p.Phe418Phefs, p.Asn7His, 
p.Lys56Asn, p.Ala153Ala, p.Ser498Asn, p.Arg237*, 
p.Glu585Aspfs, p.Glu374*, p.Lue461Val, p.Pro33Leu, 
p.Gly437Glu, p.His551*, p.Phe8Leufs, p.Arg237* 

HHS, Hoyeraal-Hreidarsson syndrome; DC, dyskeratosis congenita; IPF, 
idiopathic pulmonary fibrosis; ILD, interstitial lung disease. Number of 
patients sharing the same mutation is represented in parenthesis. 

 
As mentioned previously, PARN targets a subset of H/ACA-type sno/scaR-
NAs (Berndt et al 2012). In agreement with this, primary fibroblasts of bi-
allelic patient 1 expressed aberrant snoRNA profile due to the accumulation 
of a repertoire of oligoadenylated sno/scaRNAs. The sno/scaRNA profiles 
were investigated by two RT-PCR assays. In one assay, the cDNA synthesis 
was primed with oligo dT and in the other assay by random hexamer primers. 
The obtained cDNAs were subsequently amplified with sno/scaRNA-specific 
primers, using a qPCR protocol. The results revealed that the relative expres-
sion level of oligoadenylated H/ACA-type of sno/scaRNAs were enriched in 
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fibroblast cells of patient 1. To validate this, we have applied RNaseH- based 
assay, which confirmed that oligoadenylated sno/scaRNAs were indeed en-
riched patient 1-derived fibroblasts. Finally, we have cloned a subset of ol-
igo(dT)-primed cDNAs and determined their sequences. This analysis at the 
nucleotide level revealed that immaturely processed sno/scaRNAs were en-
riched in fibroblast cells of patient 1. 
 
Given that snoRNAs are required for pseudouridylation of rRNAs, and that 
rRNA maturation defects are associated with BMF (Ruggero and Shimamura 
2014), we have investigated ribosomal RNA profiles in fibroblast cells ob-
tained from patient 1. This analysis revealed a reduction in ribosomal subunits 
formation in the patient 1’s cells. Taken together, the analyses of abundance 
and oligoadenylation state of sno/scaRNAs and the ribosome profiles in pa-
tient 1 fibroblasts revealed novel potential functions for PARN and, addition-
ally, suggested a disease mechanism in which role of PARN in sno/scaRNA 
biogenesis potentially influences ribosome function/assembly (Figure 3). 
 
The aberrant ribosome profile was also reflected in cell proliferation assays, 
as the patient fibroblast cells exhibited growth defects and an impairment in 
the transition from G1 to S phase of the cell cycle. In support for an involve-
ment of PARN in bone marrow failure, the colony-forming ability was shown 
to be reduced in CD34+ HSCs of PARN-deficient patient 1 and in PARN 
knockdown CD34+ HSCs. The hematopoiesis phenotype, caused by PARN 
deficiency, was recapitulated in parn knockdown zebrafish embryos using 
morpholinos-targeting PARN mRNA. This observation indicates that the role 
of PARN in hematopoiesis is conserved throughout evolution.  
 
Similar to the defects in the 3’-end processing of the sno/scaRNAs, patient 1 
also displayed defective maturation of telomerase RNA (hTR). In fibroblasts, 
obtained from this patient, the oligoadenylation levels of hTR were increased 
and the total abundance of hTR was reduced. Interestingly, the deficiency in 
hTR biogenesis correlated with the short telomere phenotype observed in pa-
tient 1. 
 
Taken together, the study reported in paper I identified PARN as an essential 
factor for normal development and telomere maintenance. The study also es-
tablished mechanistic links between sno/scaRNA biogenesis and telomere 
length maintenance and ribosome function (Figure 3). 
 
In the study reported in paper II of this thesis work, we have characterized a 
three-generation family with mono- and bi-allelic mutations in PARN gene. 
The proband (3rd generation carrier) was severely affected and diagnosed with 
HHS, presented BMF and cerebellar atrophy disease phenotypes. These phe-
notypes overlapped with the phenotypes identified in patient 1, described in 
paper I. The proband had an affected sibling (S2), who carried the same two 
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mutations as the proband. However, S2 manifested only cerebellar atrophy at 
the time of our study. The bi-allelic mutations in both proband and S2 were 
shown to diminish PARN activity, since one of the alleles has a frameshift 
insertion p.(I274fs) and the other a point mutation p.Y91C in PARN gene that 
severely perturbed PARN activity. Another sibling (S1) of the proband had 
inherited only the missense mutation p.Y91C allele. 
 
The three children had inherited the p.Y91C allele through the father from the 
paternal grandparent GP2, while the p.(I274fs) allele was inherited through 
the mother from the maternal grandparent GP4. In this family only the bi-
allelic variant carriers, proband and S2, had manifested TBD symptoms. All 
mono-allelic variant carriers of the family were reported healthy. In con-
sistency with patient 1 of paper I, the PARN deficiency in the proband exhib-
ited defects in snoRNA profile, rRNA maturation, hTR processing and telo-
mere length maintenance. Given that PARN is involved in trimming the 3’-
ends of the 18S rRNA precursor (18SE-FL) to generate mature 18S rRNA 
(Ishikawa et al. 2017; Montellese et al. 2017), the PARN deficiency correlated 
with an accumulation of 18SE-FL in the proband. The snoRNA and 18S rRNA 
defects may, and in accordance with similar defects in patient 1 of paper I, 
contribute to the ribosome defects that is believed to underlie the BMF phe-
notype of the proband. Both the proband and S2 displayed short telomeres. To 
our surprise, S2, which shared the same biallelic mutations with the proband, 
did not reveal any major defects in snoRNA, rRNA and hTR profiles. Further-
more, the bone marrow appeared to be unaffected in S2 and the telomeres in 
S2 were not as short as in the severely affected proband. This suggests an 
incomplete penetrance of the disease.  
 
Similarly, the sno/scaRNA profile, rRNA and hTR processing was not af-
fected in the unaffected mono-allelic carriers. However, the mono-allelic car-
riers showed variable telomere length. Thus, the mono-allelic mutations were 
not associated with short telomeres. This is in agreement with the observed 
telomere lengths of patient 2 (paper I) and other PARN associated IPF pa-
tients (Stuart et al. 2015), again suggesting an incomplete penetrance of the 
disease. 
 
To further understand the discrepancies between the mono-allelic carriers, a 
heterozygous loss-of-function cell line was generated by CRISPR/cas9. The 
PARN loss-of-function cells displayed reduced PARN protein levels, con-
sistent with haploinsufficiency. The oligoadenylation levels of hTR were in-
creased and the telomeres were shortened. In agreement with what was ob-
served in mono-allelic carriers of the family described in paper II, the total 
RNA levels of hTR and processing of 18SE-FL precursor RNA were not af-
fected. This suggests that oligoadenylation of hTR in PARN loss-of-function 
cells is sufficient to shorten the telomeres and the differential effects of the 
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hTR and rRNA processing are consistent with the condition in mono-allelic 
carriers.  
 
Taken together, the study of a three-generation PARN variants carrier family 
revealed heterogeneity in the manifestation of the disease phenotypes, even if 
the same mutation or mutations were shared, suggesting incomplete pene-
trance of the disease state. 
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Transcriptomic analysis of PARN TBD 
patients 

Characterization of the transcriptome is essential to understand the complexity 
of disease phenotypes in telomere biology disorders and the details underlying 
diseased states. Taking into consideration that PARN is involved in biogenesis 
of multiple types of RNAs in the cell, transcriptomic analysis of the patient 
samples could reveal affected RNAs and provide clues to cellular metabolic 
pathways that are perturbed due to PARN deficiency. In the study reported in 
paper III, we have characterized the transcriptomes of the patients described 
in papers I and II. We have investigated the transcriptome, covering mRNAs 
and ncRNAs of patient 1 (paper I), specifically because PARN is known to 
target both mRNAs and ncRNAs. The transcriptome was investigated using 
two approaches: i) differential expression of genes (DEGs) and ii) deep RNA 
sequencing (RNA-Seq). Using these two strategies we have characterized pa-
tient mRNA pool using both DEG and RNA-seq; small ncRNAs, e.g., snoR-
NAs, scaRNAs and miRNAs, were characterized using small RNA sequenc-
ing (smRNA-Seq). The DEG analysis, followed by gene ontology (GO) anal-
ysis revealed that ribosome/translation, cell-cell adhesion and extracellular 
matrix or cell signaling were the top pathways affected in patient 1. Interest-
ingly, we found that mRNAs belonging to the ribosome/translation GO group 
were more affected in the poly(A)-selected mRNA population compared to 
total RNA population. This indicates that PARN could be directly involved in 
regulating the poly(A) status of mRNAs involved in ribosome/translation-re-
lated pathways. Similar to the GO analysis, the protein-protein enrichment 
(PPI) study revealed networks enriched predominantly in ribosome and trans-
lation pathways. 
 
The DEG analysis together with subsequent GO and PPI enrichment analyses 
of the proband (paper II) also revealed that ribosome and translation path-
ways were the most affected. We have also performed a re-analysis of pub-
lished preliminary RNA-Seq data of a patient with HHS, having bi-allelic mu-
tations in PARN gene (described in Moon et al. 2015). The pathways affected 
in this patient correlated with the pathways affected in both the patient 1 (pa-
per I) and the proband (paper II). Consistent with the described disease phe-
notypes (e.g., BMF, growth, neurological defects) of these three severely af-
fected TBD patients we found that the affected pathways ribosome/translation, 
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cell-cell adhesion and certain signaling pathways were down regulated. This 
suggests that the affected genes could be associated with the development of 
the disease state. However, we found a few affected pathways that were dis-
tinct between the patient 1 (paper I) and the proband (paper II). These path-
ways encompassed nucleosome, cyclins and osteoclast differentiation. Of 
these, the nucleosome pathway was the top affected pathway, which was up-
regulated in the proband but down regulated in patient 1. The transcriptome 
analyses, therefore, revealed distinct pathways that could be linked to the dis-
tinct disease phenotypes of the patients. However, we cannot exclude at this 
time the possibility that the differences are related to differences in tissue spe-
cific gene expression, since fibroblast cells of the patient 1 and lymphoblas-
toid cell lines of the proband were used for the transcriptome analyses. 
 
In the three-generation family (paper II), the top affected common pathways 
were nucleosome, ribosome/translation, cell-cell adhesion and interferon sig-
naling pathways. The proband, parents F and M and grandparent GP4 shared 
some of the affected pathways, i.e., the nucleosome pathway was up-regulated 
and the ribosome/translation pathways were downregulated. In the case of sib-
lings S1 and S2, where the affected GO pathways were quite similar, the 
DEGs involved in ribosome/translation pathways were up-regulated. This pat-
tern is opposite to what we found in the proband. It is worth to mention, that 
an up-regulation of the DEGs related to ribosome/translation have previously 
been observed in transient PARN knockdown cells (Lee et al. 2012). 
 
The smRNA-Seq analysis of patient 1 samples (paper I) revealed affected 
sno/scaRNAs and miRNAs. Interestingly, a subset of H/ACA-type sno/scaR-
NAs were downregulated, whereas C/D box snoRNAs were up-regulated in 
patient 1. This suggests a role for PARN in downregulating H/ACA-type 
snoRNAs. We hypothesize that the oligoadenylated H/ACA snoRNAs of pa-
tient 1 could be subjected to degradation, which could result in a reduction of 
their abundance. In keeping with previous studies, we have also identified a 
possible role of PARN in miRNA biogenesis. Our smRNA-Seq analysis of 
patient 1 revealed an enrichment of 3’-end oligoadenylation levels of a subset 
of miRNAs. Interestingly, a cluster of miRNAs, miR-let-7c/miR-99a/miR-
125b, exhibiting anti-tumorigenic properties (Lin et al. 2016; Truini et al. 
2017), were oligoadenylated. These results correlated with a downregulation 
of miR-let-7c. Finally, this indicates that PARN deficiency could play an im-
portant role in cancer development.  
 
Taken together, the transcriptome analyses identified a number of metabolic 
pathways that could be related to the manifestation of the disease state. The 
analyses may also provide important clues for understanding variable pene-
trance of the disease state. However, it will be a difficult task to firmly estab-
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lish critical molecular mechanisms, given the heterogeneity of unrelated hu-
man patients. A defined PARN loss-of-function animal model system, which 
can be experimentally controlled, appears to be critical for further investiga-
tions of the functional importance of PARN. 
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PARN and zebrafish models 

PARN deficiency causes a large repertoire of disease states besides the dis-
cussed TBDs. These include developmental disorders, kidney diseases, rheu-
matoid arthritis, associated pulmonary fibrosis, chronic hypersensitivity pneu-
monitis, interstitial lung disease, gastroesophageal reflex disease and osteopo-
rosis. To understand underlying disease mechanisms at the molecular level we 
developed a PARN-deficient zebrafish model. This model will be used to 
study the physiological relevance of PARN and its association with disease 
phenotype throughout the life time of the organism and over the generations. 
It will also allow us to address such complex issues as disease penetrance in a 
controlled fashion. 
 
In paper IV, we have described an experimental parn loss-of-function 
zebrafish model, which recapitulates phenotypes of human patients. This 
achievement will allow us to decipher the diverse conserved physiological 
roles of PARN, as well as to understand molecular mechanisms behind disease 
development in humans. 
 
Zebrafish (Danio rerio) has recently emerged as a powerful model organism 
for studying human diseases. Zebrafish shares about 70% of genes with hu-
mans, 85% of which are associated with diseases in humans (reviewed in 
Bradford et al. 2017; Konantz et al. 2019). As in humans, the length of 
zebrafish telomeres are heterogeneous, they shorten with age and are required 
for tissue regeneration (Anchelin et al. 2011). Notably, it has been shown that 
morpholino knockdown of parn gene in zebrafish exhibited hematopoietic and 
early developmental defects (Dhanraj et al. 2015 (paper I); Yoda et al. 2013). 
This indicated that PARN-associated disease phenotypes, to some extent, are 
conserved between humans and zebrafish. 
 
Zebrafish parn gene has 26 exons, encoding 660 amino acid-long, full length 
PARN polypeptide. At the protein level zebrafish protein is 64% homologous 
with the human PARN. The parn loss-of-function stable zebrafish model was 
established by introducing CRISPR/Cas9-mediated random insertion/dele-
tions (indels) in the exons related to human PARN. We have selected muta-
genesis sites according to the identified pathogenic mutations reported in pa-
tients (papers I and II). In the first obtained zebrafish generation (F1), we 
have identified three fish (fish 1 – 3), each having bi-allelic mutations located 
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in exons 6 and 14 of the parn gene. Four of the mutations were predicted to 
generate null alleles. In fish 1, both alleles parnex6fs-1 and parnex6fs-2 generated 
frameshift mutations. The alleles of the fish 2 and 3 had mutations in exon 14. 
Fish 2 had two null alleles, parnex14fs-1 and parnex14fs-2, caused by frameshift 
mutations. Fish 3 had same null allele parnex14fs-2 as the fish 2, and had an 
inframe mutation, predicted to generate a E311 deletion of the PARN poly-
peptide, parnex14del(E311). Hereafter, the terminology of these fish will be re-
ferred to the respective alleles. 
 
The mRNAs of each respective null allele are prone to undergo NMD-medi-
ated degradation or, at most, generate severely truncated parn polypeptides. 
This prediction has been supported by the observed reduced levels of parn 
mRNA and, consequently, reduced parn protein expression in the parn loss-
of-function fish. The predicted expression levels of parn proteins correlated 
well with the genotypes of mutant fish. For example, in homozygous mutant 
fish parnex6fs-1/1and parnex14fs-2/2 parn protein levels were severely reduced, 
compared to the protein levels in heterozygous fish parnex6fs-1/+and parnex14fs-

2/+. In agreement with what was observed in PARN-deficient human patients 
described in papers I and II, the homozygous parn loss-of-function fish par-
nex6fs-1/1 and parnex14fs-2/2 the levels of H/ACA sno/scaRNAs were impaired and 
the oligoadenylated repertoire of H/ACA sno/scaRNAs had accumulated. 
However, this defect was not observed in heterozygous fish parnex6fs-1/+and 
parnex14fs-2/+. In agreement with the observed defects in the snoRNA profiles, 
we found that the abundance of 18S rRNA was significantly reduced in ho-
mozygous mutants, compared to heterozygous fish. This phenotype is con-
sistent with what has been observed in dkc1 and nop10 mutant zebrafish mod-
els of dyskeratosis congenita (Pereboom et al. 2011; Ying Zhang et al. 2012). 
We have also observed minor defects in processing/maturation of 18S rRNA 
by investigating rRNAs pools of mutant zebrafish larvae. It is very likely that 
defects in rRNA biogenesis could affect growth. Interestingly, adult mutant 
fish exhibited visible growth defects. This phenotype of growth defects also 
correlates with what has been observed in PARN-deficient TBD patients.  
 
Consistent with the identified defects in telomerase RNA maturation pathway, 
which was discovered in PARN associated TBD patients, we found that parn 
loss-of-function mutant fish also displayed an accumulation of oligoadenyl-
ated TRs, indicating that defects in telomere length maintenance may also oc-
cur in parn loss-of-function mutant zebrafish. Further, we have measured the 
length of zebrafish telomeres in independent lines of mutant zebrafish over 
generations F1 to F4. A general pattern of telomere length change emerged. 
Firstly, we have found that the telomere length varied between individuals and 
between generations, similar to what has been observed in human patients. 
Secondly and most interestingly, we have detected a general telomere short-
ening effect by comparing the mean values for each generation of the mutant 
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fish. The telomeres were drastically shortened in the F4 generation, compared 
to other generations, F1 – F3. This was very likely due to the fact that F4 
generation was the first generation, where we generated homozygotic parn 
loss-of-function fish. Although the impairment of telomere length mainte-
nance was very likely an indirect effect mediated by parn deficiency affecting 
TR function, we could already detect shortened telomeres during the first gen-
eration, when we obtained homozygotes. This is strong evidence suggesting 
an essential role of parn in zebrafish telomere maintenance. This observation 
is consistent with telomere defects that have been reported in tert mutant 
zebrafish. Also, in this case, the first generated homozygotic tert -/- zebrafish 
generation exhibited short telomeres (Henriques et al. 2013). Unfortunately, 
progeny of the homozygous mutant fish cannot be generated, because of the 
inability to generate female homozygous parn loss-of-function fish. The ina-
bility to generate adult female parn deficient fish could be linked to role of 
parn in oogenesis and early development. 
 
Maternal mRNAs act as power sources to support the early developmental 
stages of embryogenesis. These mRNAs are destabilized upon the activation 
of zygotic transcription (Despic and Neugebauer 2018). An early study from 
2001 indicated that Xenopus PARN is involved in the destabilization of ma-
ternal mRNAs (Copeland and Wormington 2001, reviewed in Despic and 
Neugebauer 2018). Furthermore, it has been shown that zebrafish miR-430 
acts in concert with parn (Yoda et al. 2013). These studies are in accordance 
with our observation that we only could generate parn deficient zygotic mu-
tants but not maternal zygotic mutants or maternal mutants. Therefore, we 
postulate that early embryogenesis processes require parn action, especially 
during blastula and gastrulation stages when zygotic transcription is activated. 
During this transition, maternally inherited mRNAs need to be destabilized. A 
similar conclusion has been made in Parn knockout mice models based on the 
inability to generate homozygous null mouse pups. The inability to generate 
homozygous null mice is due to early embryonic lethality effect which is in 
agreement with Parn deficiency (Benyelles et al. 2019). 
 
In addition, we have found that zebrafish larvae, which surpassed the embry-
onic defects, developed severe developmental defects, including bent tail and 
cardiac edema with increased lethality. Furthermore, we have found that fish 
larvae that survived to the adult fish stage developed growth defects. All these 
observed phenotypes are consistent with the observed disease phenotypes of 
the dkc1 and nop10 mutant zebrafish models of dyskeratosis congenita 
(Pereboom et al. 2011; Ying Zhang et al. 2012). 
 
Taken together, we have established a parn loss-of-function zebrafish model 
that recapitulates several disease phenotypes, previously observed in PARN- 
deficient human TBD patients. We have proposed a hitherto unrecognized 
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function of zebrafish parn as an essential maternal factor. We foresee that the 
parn loss-of-function model will become an important experimental system 
to study function of human PARN in the future and to decipher molecular 
mechanisms behind a spectrum of developmental defects, occurring during 
various stages of life. We postulate that the following studies of parn-deficient 
zebrafish will provide important clues, required for understanding for exam-
ple, TBD penetrance in humans. 
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Concluding remarks 

Mutations in PARN gene, linked to human diseases, were described for the 
first time by us and others in 2015. After this discovery, the research on PARN 
has been boosted enormously and the number of published research articles 
since 2015 now equals the number of articles published on PARN between its 
discovery in 1991 and 2015. Our work was one of the first four studies, that 
established, PARN deficiency was associated with human diseases and TBDs 
(Stuart et al. 2015, Tummala et al. 2015, Paper I (Dhanraj et al. 2015) and 
Moon et al. 2015). To date, almost 100 human patients with mutations in the 
PARN gene have been identified. The majority of them suffer from TBDs and 
12 patients were severely affected with DC or HHS.  
 
In this thesis I have summarized four recent studies (papers I – IV) that have 
established a link between RNA poly(A) tail metabolism and pathogenic dis-
eases. The role of PARN as an mRNA specific deadenylase has changed since 
its discovery, especially concerning its role in maturation of many non-coding 
RNAs (refer to the Introduction section and Physiological Relevance of PARN 
sections of this thesis). The diverse roles of PARN are associated with the 
biogenesis of a large repertoire of RNAs. This repertoire of RNAs are func-
tionally relevant at different stages of cell cycle. The multiple roles of PARN 
suggest that it acts as a “master regulator”, as it orchestrates well-known RNA 
regulators such as snoRNAs and miRNAs. 
 
PARN deficiency manifests a spectrum of human disorders. The levels of ex-
pressed PARN protein correlate with the severity of the diseases, for example 
mono-allelic mutations are often associated with developmental and neuro-
logical disorders while bi-allelic mutations are often associated with severe 
disorders DC or HHS with variable penetrance. The impairment in snoRNA 
maturation and ribosome biogenesis due the deficiency of PARN underlie se-
vere bone marrow failure.  
 
In telomere biology PARN is required for the maturation of telomerase RNA; 
this process is, of course, affected by presence of pathogenic mutations in 
PARN gene, leading to defects in telomere length maintenance and dysfunc-
tion. Combination of bone marrow failure and telomere dysfunction is devas-
tating, because of growth defects and premature aging - characteristic features 
of DC and HHS, as well as a potential link to the development of cancer. The 
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impairment of several pathways, including ribosome/translation, cell adhe-
sion, cell signaling and miRNA biogenesis pathways underlie disease mecha-
nisms. The role of PARN is conserved in vertebrates, including humans and 
zebrafish. Furthermore, the defects we observed during early development of 
parn zebrafish models indicated that PARN plays a critical role in early em-
bryogenesis. Overall, this thesis has disclosed that PARN is a poly(A) degrad-
ing enzyme that is required throughout the life of an organism. 
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Sammanfattning på Svenska 

Arvsmassan hos alla levande organismer består av DNA. Arvsmassan nedärvs 
från en generation till nästa, via en process vi kallar för DNA replikation. Men 
arvsmassan är i sig själv tyst och de nedärvda generna måste uttryckas innan 
de egenskaper som finns nedärvda i arvsmassan kan komma till nytta. Detta 
sker genom att informationen i arvsmassan översätts till en RNA molekyl, via 
en process vi kallar för RNA transkription, dvs. en RNA kopia av DNA mo-
lekylens information skapas. Den RNA molekylen kallas för budbärar RNA 
(mRNA) och den fungerar precis som namnet antyder som en budbärare med 
information som används vid tillverkningen av de för cellen viktiga protei-
nerna. Processen som syntetiserar protein kallas för translation. Det behövs ett 
stort antal komplexa maskinerier för att hela den här processen skall fungera. 
Det behövs åtminstone ett DNA syntesmaskineri, ett RNA syntesmaskineri 
och ett protein syntesmaskineri. I mitt avhandlingsarbete har jag studerat en 
komponent som påverkar RNA syntesmaskineriet. Komponenten heter 
poly(A)-specifikt ribonukleas och kallas för PARN. PARN är ett enzym som 
bryter ned s.k. poly(A) svansar som finns på RNA molekyler. PARN upptäck-
tes för drygt 25 år sedan. Sedan dess har den gängse uppfattningen varit att 
PARN bryter ner RNA molekyler så att de försvinner. För knappt 10 år sedan 
upptäcktes det att nedbrytning medierad av PARN även ledde till att RNA 
molekyler mognade till. Det var överraskande! Mitt avhandlingsarbete har lett 
till ytterligare en överraskning, då vi har kunnat visa att PARN även har en 
annan viktig roll att fylla – PARN ser till att våra kromosomer som består av 
DNA inte bryts ned! Hur kunde vi komma fram till en sådan överraskande 
upptäckt? 
 
Vi studerade i samarbete med en forskargrupp i Kanada en patient som led av 
en allvarlig utvecklingsstörning som orsakades av att genen som kodade för 
enzymet PARN var muterad. En konsekvens av den genetiska skadan i genen 
för PARN var att patientens kromosomer blev instabila, de trasades sönder i 
sina ändar. Ändarna på kromosomerna kallas för telomerer. Det finns ett en-
zym som kallas för telomeras som behövs vid syntesen av kromosomernas 
telomerändar. Det enzymet är mycket speciellt då det behöver en liten RNA 
molekyl till sin hjälp för att fungera. Det visade sig att just den RNA moleky-
len var beroende av enzymet PARN för att bildas. Detta innebar att patienten 
som saknande enzymet PARN även saknade ett aktivt telomeras, vilket i sin 
tur ledde till att kromosomernas ändar trasades sönder och blev kortare och 
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kortare med tiden. När kromosomerna blir alltför korta leder det till att just 
den cellen med för korta telomerer dör. Detta visade sig vara en av huvudor-
sakerna till att den patient vi studerade blev allvarligt sjuk. 
 
Efter det att vi gjort den upptäckten genomförde vi två följdstudier. I den ena 
tittade vi i detalj på vilka gener som fungerade som förväntat eller inte i celler 
från den första patienten vi identifierat. Vi inkluderade i den studien även 
material från andra patienter med allvarliga fel i genen för PARN. På så sätt 
har vi nu skaffat oss en översiktsbild på konsekvenser som fel i enzymet för 
PARN har för en cell. Den här typen av kunskap är viktig för att i detalj kunna 
förstå PARNs fysiologiska roll i en cell. Vi har nu fått många nya ingångs-
vinklar som behövs för att förstå vilken roll PARN har i en cell. Inte helt ovän-
tat har det visat sig att det inte enbart är syntesen av kromosomernas ändar 
som är beroende av PARN. Många andra livsviktiga processer är beroende av 
att PARN fungerar som det ska. 
 
I den andra följdstudien bestämde vi oss för att etablera en experimentell djur-
modell där vi med hjälp av gensaxen CRISPR/Cas9 förstört genen för PARN. 
Vi valde zebrafiskar som vår djurmodell. Orsaken till det var att zebrafiskar 
är som människan ett ryggradsdjur, att de är lätta att föröka och att det finns 
en stor kunskap om hur zebrafiskar utvecklas, hela vägen från ett befruktat 
ägg till en vuxen fisk. Det har varit ett tidsödande projekt att genomföra men 
vi har nu lyckats med föresatsen att etablera ett zebrafisk modellsystem i vilket 
vi kan studera PARNs fysiologiska roll under en hel livscykel hos zebrafisken. 
Till vår stora belåtenhet utvecklar zebrafiskarna, som vi erhållit, många sjuk-
domssymptom som överlappar med de sjukdomssymptom som patienter med 
en skadad PARN gen får, inklusive en ökad förekomst av trasiga kromosom-
ändar. Vi är därför övertygade att våra fortsatta studier av vårt zebrafisk mo-
dellsystem kommer att få stor betydelse för vår förståelse av PARNs funkt-
ionella roll och hur allvarliga sjukdomsbilder kan uppstå på grund av fel i ge-
nen för PARN. 
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