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In recent years, genome-wide analyses of patients have resulted in the identification of a 
number of neurodevelopmental disorders. Several of them are caused by mutations in 
genes that encode for RNA-binding proteins. One of these genes is PURA, for which in 
2014 mutations have been shown to cause the neurodevelopmental disorder PURA 
syndrome. Besides intellectual disability (ID), patients develop a variety of symptoms, 
including hypotonia, metabolic abnormalities as well as epileptic seizures. This review 
aims to provide a comprehensive assessment of research of the last 30 years on PURA 
and its recently discovered involvement in neuropathological abnormalities. Being a DNA- 
and RNA-binding protein, PURA has been implicated in transcriptional control as well as 
in cytoplasmic RNA localization. Molecular interactions are described and rated according 
to their validation state as physiological targets. This information will be put into perspective 
with available structural and biophysical insights on PURA’s molecular functions. Two 
different knock-out mouse models have been reported with partially contradicting 
observations. They are compared and put into context with cell biological observations 
and patient-derived information. In addition to PURA syndrome, the PURA protein has 
been found in pathological, RNA-containing foci of patients with the RNA-repeat expansion 
diseases such as fragile X-associated tremor ataxia syndrome (FXTAS) and amyotrophic 
lateral sclerosis (ALS)/fronto-temporal dementia (FTD) spectrum disorder. We discuss the 
potential role of PURA in these neurodegenerative disorders and existing evidence that 
PURA might act as a neuroprotective factor. In summary, this review aims at informing 
researchers as well as clinicians on our current knowledge of PURA’s molecular and 
cellular functions as well as its implications in very different neuronal disorders.

Keywords: PURA syndrome, amyotrophic lateral sclerosis/fronto-temporal dementia, fragile X-associated tremor 
ataxia syndrome, Pur-alpha, PURB, PURG

INTRODUCTION

RNA-binding proteins fulfill a number of important regulatory functions for cell differentiation, 
cellular asymmetry, and somatic cell activities. In recent years, particular attention has been 
paid to the functions of RNA-binding proteins in neuronal cells where their involvement in 
messenger RNA (mRNA) transport and translational regulation has been linked to memory 
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and learning as well as to neuronal disorders (Tang, 2016; 
Holt et  al., 2019; Thelen and Kye, 2019). One of them is the 
so-called Purine-rich single-stranded DNA (ssDNA)-binding 
protein alpha (PURA, also referred to as Pur-alpha), which 
frequently appears in high-throughput analyses of interaction 
networks in neuronal tissue. PURA is co-purifying with a 
multitude of different potential binding partners and has been 
linked by several of these studies to neural pathologies. Despite 
a significant body of novel insights from recent studies, still 
very little is known about its cellular and molecular functions. 
Hence, a critical assessment of our current knowledge is 
much needed.

The PURA protein was first described to bind to ssDNA 
in cell culture and brain extracts (Bergemann and Johnson, 
1992; Bergemann et  al., 1992; Haas et  al., 1993, 1995). Such 
early work provided evidence for the role of PURA in 
transcriptional control. Only more recently, its function in 
RNA-regulated processes has been studied in greater detail, 
leading to the altered perception that post-transcriptional control 
constitutes a central function of the PURA protein.

In this review, we  provide a detailed analysis of our current 
knowledge on this protein and its different cellular roles in 
the nucleus and cytoplasm. We  combine this with molecular 
and structural insights and provide an update of PURA’s role 
in neuronal disorders, such as Fragile X-associated tremor 
ataxia syndrome (FXTAS), the amyotrophic lateral sclerosis 
(ALS), fronto-temporal dementia (FTD) spectrum disorder, and 
the PURA syndrome. Together, the available information indicates 
that the importance of PURA protein for understanding neuronal 
disorders is still considerably underestimated.

HOMOLOGS OF PURA ARE FOUND IN 
DIFFERENT KINGDOMS OF LIFE

To date, homologs of PURA have been described in several 
organisms, including metazoans, such as Drosophila melanogaster 
(Graebsch et  al., 2009; Aumiller et  al., 2012), Danio rerio 
(Penberthy et  al., 2004), and Caenorhabditis elegans (termed 
PLP-1; Witze et  al., 2009), plants such as Arabidopsis thaliana 
(Tremousaygue et  al., 2003), and even in bacteria like Borrelia 
burgdorferi (Graebsch et  al., 2010). Surprisingly, sequence 
alignments (Altschul et al., 1990) suggest that PURA is lacking 
in fungi.

Most of the available studies have been performed with mouse 
PURA, which is almost identical to its human ortholog (>99% 
protein sequence identity; Ma et  al., 1994). Early work already 
recognized the presence of repetitive sequence elements in the 
protein, which were defined as class I  and class II motifs 
(Bergemann and Johnson, 1992). However, crystal structure 
determination of PUR domains from D. melanogaster (Figure 1A) 
showed an insufficient correlation of these motifs with the domain 
folds. Furthermore, no defined function could be  assigned to 
them. With improved bioinformatic tools and structural 
information, three so-called PUR repeats were defined that show 
sequence conservation in all PUR proteins (Graebsch et al., 2009, 
2010) and correlate well with its folded entities (Figures  1A,B). 

The crystal structure of PUR repeats I  and II from 
D. melanogaster PURA revealed that two PUR repeats interact 
with each other to fold into a stable PUR domain (Graebsch 
et  al., 2009). With a conserved β-β-β-β-α topology, each of 
the two PUR repeats folded into a four-stranded beta sheet, 
followed by a single alpha helix. Such a PUR domain can 
either be  built from a single peptide chain with a β-β-β-β-
α-linker- β-β-β-β-α topology (type I) or from two identical 
peptides with β-β-β-β-α fold, forming an inter-molecular 
homodimer (type II; Figures  1B,C; Janowski and Niessing, 
2020). In both cases, the α-helices swap between both β-β-β-β-α 
repeats. In PURA, the first and second PUR repeats form a 
type I  domain, whereas at the C-terminus a PUR domain is 
assembled by the third repeats of two different PURA molecules 
(Figures  1B,C; Graebsch et  al., 2009; Weber et  al., 2016).

PUR repeats and domains have also been found in bacteria 
(Graebsch et  al., 2010). Although almost no protein sequence 
conservation can be  found for instance between the PUR 
repeat of PURA from B. burgdorferi and metazoan (identities 
of 21, 23, and 22% to repeats I, II, and III of human PURA, 
respectively; Figure  1D; Graebsch et  al., 2010), its structure 
is almost identical to the PUR domain from D. melanogaster 
(Figures  1E–G). Thus, PUR proteins provide a good example 
that the same fold can be  achieved from very different 
sequences (Doolittle, 1994).

Albeit showing no sequence conservation to other classes 
of nucleic-acid binding proteins, the domain fold of PUR 
domains is found in a large variety of proteins, which all 
belong to the PC4-like family of proteins (Janowski and 
Niessing, 2020). They are named after the first high-resolution 
structure of this fold (PDB ID: 1pcf) from the human replication 
and transcription cofactor PC4 (Brandsen et  al., 1997). 
Interestingly, the proteins of this family contain exclusively 
PC4-like domains and to some extent unstructured regions 
but lack any other types of domains. This observation is 
unusual at least for RNA-binding proteins, which very often 
contain combinations of different domain types to expand 
their molecular function (Lunde et  al., 2007).

While in most organisms only one PURA gene exists, 
some species such as D. rerio contain two gene copies 
(Figure  2A). PURA is also unusual because it belongs to 
the 3% of human genes that lack introns (Grzybowska, 2012). 
Since alternative splicing of intron-containing genes is an 
important factor to modulate and expand functional properties 
of a given protein, this limitation indicates that there has 
been evolutionary pressure preventing genomic rearrangements 
of the PURA gene. This hypothesis is consistent with the 
observation that mutations in almost any part of the PURA 
protein result in the full spectrum of the human PURA 
syndrome (see below).

Vertebrate genomes, such as mouse, rat, and humans usually 
contain two additional paralogs of the PURA gene, termed PURB 
und PURG. All paralogs contain PUR-repeats as characteristic 
protein-sequence elements (Graebsch et al., 2009, 2010; Figure 2B).

Of note, phylogenetic analysis of the PUR protein amino 
acid sequences suggests that PURB emerged prior to PURA 
and PURG (Figure 2A) and thus is the likely founding member 
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FIGURE 1 | Assessment of structural and sequence conservation between PURA proteins from different species. (A) Cartoon backbone model of the PURA 
DNA-binding domain of Drosophila melanogaster and a view rotated 180°. (B) Schematic illustration of the domain organization of the PURA homodimer. 
(C) Topology diagram of the type I and type II domain of PURA. (D) Amino acid sequence alignment of PURA from selected species with identical amino acids 
highlighted in green. The sequence similarity is notably higher within the PUR repeats and decreases with evolutionary distance. The alignment was executed 
using the MUSCLE algorithm and program MEGAX (Hall, 2013; Mello, 2018). (E) Cartoon backbone model of Borrelia burgdorferi PURA domain forming a type II 
homodimer (C). (F) Superposition of the DNA binding domain of D. melanogaster [shown in (A)] and B. burgdorferi [shown in (E); RMSD = 2.107]. 
(G) Superposition of D. melanogaster PURA repeat I and B. burgdorferi PURA (RMSD = 0.293).
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of the PUR family of proteins. Furthermore, the PURB orthologs 
share a higher conservation between species than PURA and 
PURG (Figure  2B).

MOLECULAR FUNCTIONS OF PURA

PURA was initially found in HeLa cells and described as an 
ssDNA binding factor (Bergemann and Johnson, 1992; 
Bergemann et al., 1992). Shortly afterwards, it was also isolated 
from mouse-brain lysates and shown to bind to a promoter 
region of the myelin basic protein (Haas et  al., 1993, 1995). 
One of the first indications that PURA also interacts with 
RNA came from a study with quail embryonic fibroblasts, 
where RNase treatment of nuclear extracts resulted in a loss 
of association of PURA with larger complexes (Herault et  al., 
1995). Concurrently, interactions of PURA with the RNAs of 
the HI and JC viruses were also described (Tada and Khalili, 
1992; Chen et  al., 1995; Chepenik et  al., 1998), indicating that 
this protein might act for instance as host factor for HIV 
propagation (White et  al., 2009).

In the past, several protein and nucleic-acid targets have 
been reported (Figures 3, 4). For many of them, PURA-protein 
fragments bearing internal deletions were created to map 
respective interaction sites for its binding partners (summarized 
in White et al., 2009; Daniel and Johnson, 2018). Unfortunately, 
most of these studies were done before X-ray structures of 
PURA were available and the respective deletions violated 
domain boundaries. As a consequence, such mutant versions 
of PURA were most likely unfolded and non-functional. For 
this very reason, these mapped interaction sites within PURA 
have to be  considered with great caution for instance for 
proteins, such as HIV-Tat (Krachmarov et al., 1996), Polyomavirus 
large T-antigen (Gallia et  al., 1998), Retinoblastoma protein 
(Johnson et al., 1995), Cdk2 (Liu et al., 2005), E2F-1 (Darbinian 
et  al., 2004), YB1 (Safak et  al., 1999), Cdk9 (Darbinian et  al., 
2001b), and Cyclin T1 (Darbinian et  al., 2001b). Furthermore, 
since most reported interactions were detected by methods 
that do not allow to distinguish between direct and indirect 
interactions (Figures  3, 4) it remains to be  shown whether 
at least some of them represent direct binding events. In 
particular for DNA targets of PURA, a number of cases were 
reported only based on observed in vitro interactions and thus 
lack a clear confirmation of their physiological relevance. 
Figure  4 gives an overview of the reported DNA, RNA, and 
protein interactions of PURA, indicating how well each target 
has been validated to date.

NUCLEAR TARGETS OF PURA

The first publications on PURA suggested that this protein 
has a strict requirement for purine-rich sequences on both, 
ssDNA and RNA level (Bergemann and Johnson, 1992). However, 
this assumption was challenged shortly afterwards (Jurk et  al., 
1996). Even to date, the few reported in vitro binding assays 
with short defined oligonucleotides do not hint at strict sequence 

specificity for purines. PURA targets include for instance the 
TNF-alpha promoter (Darbinian et  al., 2001b), tat-responsive 
elements within the TGFb-1 promoter (Thatikunta et al., 1997), 
and human ferritin gene promoter (FE65; Zambrano et  al., 
1997; Figure  4). In many studies, the interaction of PURA 
with promoter regions were shown in vitro, but a quantitative 
assessment of binding was only made in few exceptions. 
Furthermore, a part of the published DNA targets of PURA 
were classified as such exclusively by in vitro binding assays. 
In Figures  3, 4, we  defined those targets as “candidates” and 
distinguish them from targets that have been validated in 
addition for instance by reporter assays or observed changes 
in knock-out mice (Figure  3; candidate targets are shown with 
regular letters, validated targets with bold letters). It should 
be noted that the vast majority of promoter interaction studies 
were published more than 15 years ago and were not confirmed 
since then. While PURA does bind GGN motifs in vitro in 
the low micro-molar concentration range, the affinity for a 
short sequence within the upstream promoter region MF0677 
of the cMYC gene is at least an order of magnitude better 
(Jurk et  al., 1996; Graebsch et  al., 2009; Weber et  al., 2016). 
Since this sequence does not exclusively consist of GGN repeats, 
it remains to be  shown in what way purines play a role in 
binding and if a consensus binding motif can be  deduced.

One important consideration for the physiological impact 
of nucleic acid binding by PURA is its binding preference for 
either ssDNA or single-stranded (ss) RNA. Surprisingly, 
recombinantly expressed PURA from D. melanogaster bound 
to ssDNA and RNA oligonucleotides with identical sequences 
with similar equilibrium dissociation constants. Furthermore, 
NMR chemical shift perturbation experiments showed that the 
same amino acids are affected in PURA upon binding to DNA 
and RNA (Weber et  al., 2016). It indicates that PURA binds 
both types of nucleic acids in the same way. A co-structure 
of the N-terminal PUR domain of D. melanogaster PURA with 
a short ssCGG-repeat DNA further confirmed these observations 
by showing that the 3' position of the ribose ring does not 
contribute to the binding event (Weber et al., 2016). In summary, 
these data indicate that PURA binds ssDNA and ssRNA equally 
well and in a similar way. These in vitro results also suggest 
that competition between DNA and RNA could be an important 
feature for PURA-dependent regulation of gene expression 
in cells.

Indeed, a recent and comprehensive study provided direct 
evidence for an RNA-based transcriptional repression of the 
muscle myosin-heavy chain (Mhc) gene by PURA and PURB. 
Gorospe and colleagues found that the circular RNA circSamD4 
binds and sequesters both PUR proteins and thereby prevents 
them from repressing the transcription of the Mhc gene (Pandey 
et  al., 2020). This finding is consistent with previous studies 
showing that PURA and PURB regulate alpha- and beta-myosin 
heavy chains (Gupta et  al., 2003; Hariharan et  al., 2014). 
Another study showed that PURA and PURB localized to 
so-called paraspeckles, which are nuclear membrane-less 
compartments. There, PURA was detected in the interactome 
of NEAT1 and MALAT1 nuclear RNAs (West et  al., 2014). 
Taken together, independent studies demonstrated that PURA 
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interacts with nuclear RNA, potentially allowing for direct 
competition between DNA and RNA binding as means for 
gene regulation. Future work will be  necessary to establish 

how many more genes are regulated by the PUR protein family 
through such RNA-/DNA-competition mechanisms. This can 
be investigated for instance via a high-throughput identification 

A

B

FIGURE 2 | Sequence similarities between PUR-family proteins. (A) Phylogenetic tree of the PUR-proteins of selected species. The tree shows evolutionary time 
on the X axis and indicates a differentiation of the PUR proteins between 428 and 319 Million Years Ago (MYA). The tree was inferred using the RelTime method and 
was computed using one calibration constraint. Branch lengths were calculated using the Maximum Likelihood (ML) method and the JTT matrix-based substitution 
model. A discrete Gamma distribution was used to model evolutionary rate differences among sites. The phylogenetic analysis was performed with the program 
MEGAX (Hall, 2013; Mello, 2018). (B) Amino acid sequence alignment of human PURA, PURB, PURG variant A, and PURG variant B. Sequence identity is 
highlighted in green. Whereas human PURA and PURB proteins share 70% sequence conservation, PURG has 48% identity to PURA and thus is more divergent. 
For all paralogs, sequence similarity is notably higher within the PUR repeats. The alignment was executed using the MUSCLE algorithm and program MEGAX.

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Molitor et al. PURA-Related Functions and Disorders

Frontiers in Genetics | www.frontiersin.org 6 March 2021 | Volume 12 | Article 638217

of direct DNA and RNA targets, followed by systematic motif 
searches. Based on our current limited knowledge it is already 
clear that the name of the PUR-protein family, Purine-rich 
ssDNA-binding protein, is likely to not fully reflect the protein’s 
nucleic acid-binding features.

CYTOPLASMIC TARGETS OF PURA

Early Drosophila oogenesis and embryogenesis are considered 
as prime example for the importance of post-transcriptional 
gene regulation (Lasko, 2020). Indeed, also GFP-tagged PURA 
is transported together with many RNAs into the oocyte, suggesting 
a role in RNA-based gene regulation (Aumiller et  al., 2012). 
Many other RNA-binding proteins important for early 

development, such as Bicoid, Bruno-1, Egalitarian, Oskar, Staufen, 
and Vasa have been identified already a long time ago (reviewed 
in reference Lasko, 2020). Due to the genetic location of PURA 
on the rather inaccessible fourth Drosophila chromosome, it 
has not been studied comprehensively and might have escaped 
potential detection in systematic genomic approaches. Since to 
date no phenotypic data are available in D. melanogaster, it is 
certainly possible that the biological importance of PURA is 
underestimated for this model organism.

However, the majority of studies were performed in mice, 
where PURA is detected predominantly in the cytoplasm 
(Figure  3; Khalili et  al., 2003; Johnson et  al., 2006; Hokkanen 
et  al., 2012; Rossi et  al., 2015; Daigle et  al., 2016; Mitsumori 
et  al., 2017; Swinnen et  al., 2018). Apart from a diffuse 
cytoplasmic localization PURA is also reported to localize in 

FIGURE 3 | Overview of the molecular pathways of PURA and its known interactions. To date, the only protein interaction of PURA for which experimental 
evidence indicates a direct binding event is KIF-5 (marked in bold type). DNA and RNA targets that were confirmed by in vitro binding as well as by functional assays 
or direct correlation with observed effects in animal model organisms were considered to be validated targets (marked in bold letters). They include the human CD43 
gene promoter (Shelley et al., 2001; Da Silva et al., 2002), FE65 promoter (Zambrano et al., 1997), Gata2 promotor region in zebrafish (Penberthy et al., 2004), MB1 
regulatory region of the MBP gene (Haas et al., 1995), Mhc promoter (Gupta et al., 2003; Ji et al., 2007; Pandey et al., 2020), ovine placental lactogen promotor 
(Limesand et al., 2004), TGF-ß1 (Thatikunta et al., 1997; Knapp et al., 2006), and the VSM-alpha actin promoter (Knapp et al., 2006). Previously described DNA and 
RNA interactions of PURA were considered to be only candidate targets if direct binding had been shown either by in vitro experiments or by high-throughput 
analyses, but where further functional verification is lacking. Those candidate targets are displayed in regular type and include the A-ß-PP (Darbinian et al., 2008), 
the cMyc upstream promoter region MF0677 (Bergemann and Johnson, 1992; Jurk et al., 1996; Ding et al., 1997; Graebsch et al., 2009; Weber et al., 2016), nAch 
receptor (Du et al., 1997), and TNF-alpha (Darbinian et al., 2001b). Although for the latter, a reporter assay has been published, this was done only as duplicate and 
lacked statistical analyses. For simplicity reasons, interaction partners shown in this figure constitute a selection. A complete list of all reported interacting partners is 
shown in Figure 4.
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FIGURE 4 | Published interaction partners of the PURA protein. For all “Interactors” (left column) the method used to observe interactions is indicated by a 
checkmark and green background in the respective column. Well-validated interaction partners of PURA protein are marked in bold letters. For proteins, interaction 
partners were defined in this study as well validated when experimental evidence is available from each of the following two categories: (i) in vitro binding using 

(Continued)
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cytoplasmic membrane-less compartments of vertebrates, 
including stress granules (Daigle et  al., 2016; Markmiller et  al., 
2018) and neuronal transport granules (Figure  3; Li et  al., 
2001; Ohashi et  al., 2002; Kanai et  al., 2004; Mitsumori et  al., 
2017). Furthermore, in C. elegans, the PURA ortholog PLP-1 
localizes to posterior germ granules, where it is important for 
genome maintenance (Vishnupriya et  al., 2020). For stress 
granules, PURA has even been reported to be  essential for 
their formation (Daigle et  al., 2016). There and in neuronal 
RNP granules, PURA co-localizes with other neuronal 
RNA-binding proteins, such as PURB, Staufen, hnRNPU, and 
fragile X mental retardation protein (FMRP; Ross et  al., 1997; 
Ohashi et  al., 2002; Kanai et  al., 2004; Johnson et  al., 2006). 
In neuronal cells, PURA also closely associates with the cargo-
transporting conventional kinesin KIF5 and myosin Myo5a, 
which both mediate RNA transport along neurites (Ohashi 
et  al., 2002; Kanai et  al., 2004). Upon mGluR5 activation, 
PURA is specifically transported in a Myo5a dependent manner 
into dendritic spines, where it colocalizes with the synaptic 
factor PSD95 (Mitsumori et  al., 2017). Furthermore, other 
PURA-associated factors, such as FUS, FMRP, and Stau1 are 
reported to play key roles in the development of long-term 
depression (LTD; Mitsumori et  al., 2017). Stau1 might 
be  important in this context as it is associated with PURA-
positive granules in dendritic shafts (Mitsumori et  al., 2017). 
On the other hand, Stau1 is vastly diminished in PURA positive 
granules in dendritic spines, suggesting that it escorts PURA 
only before reaching the final destination in spines.

These observations are also consistent with the association 
of PURA and PURB with BC1 RNA in mouse brain cells 
(Ohashi et  al., 2002; Kobayashi et  al., 2011). Absence of BC1 
has been implicated in altered glutamatergic transmission and 
maladaptive behavior (Briz et  al., 2017). Furthermore, it was 
shown that PURA can associate with MAP2 mRNA in mouse 
brains and is suggested to be  involved in its transport (Johnson 
et al., 2006). This observation is in line with results from PURA 
knockout mice, where a significant overall reduction of MAP2 
protein in whole brain lysates was reported (Hokkanen et  al., 
2012). Apart from that, MAP2 was misdistributed to the somata 
of neurons and Purkinje cells. This might indicate a specific 
reduction of local MAP2 translation at distal neurites, potentially 
due to impaired transport of its mRNA (Hokkanen et al., 2012).

Since most publications showed PURA to be mainly located 
in the cytoplasm, it also seems likely that one of PURA’s main 
functions is its cytoplasmic interaction with RNA. Out of all 
RNA-related processes, neuronal cytoplasmic RNA transport 
has been associated most convincingly with a PURA function 
so far. Furthermore, this function fits very well with 
neurodegenerative and neurodevelopmental disorders described 
in association with the PURA protein. However, since most 

of the neuronal transport studies to date were performed in 
mice (Li et  al., 2001; Ohashi et  al., 2002; Kanai et  al., 2004; 
Mitsumori et al., 2017), resulting findings need to be investigated 
further before any conclusions can be  drawn about possible 
correlations with human disease-related processes.

RNA-REPEAT EXPANSION DISORDERS

PURA has been implicated in two different nucleotide-repeat 
expansion disorders: fragile X-associated tremor/ataxia syndrome 
(FXTAS) and the disease continuum of C9orf72-mediated 
amyotrophic lateral sclerosis and fronto-temporal dementia (C9 
ALS/FTD).

PURA in Hexanucleotide-Repeat 
Expansions in C9orf72 RNA Leading to 
ALS/FTD Spectrum Disorder
Current literature suggests that ALS and FTD are different 
phenotypic expressions of the same disease origin. Pathological 
expansions of up to thousands of G4C2 repeats in the first 
intron of the C9orf72 gene have been described as the most 
frequent genetic cause of ALS/FTD (Dejesus-Hernandez 
et  al., 2011; Renton et  al., 2011). Hallmarks of the disease 
spectrum include RNA foci and progressive neurodegeneration. 
These RNA foci are mainly nuclear and contain G4C2 repeat 
sequences as well as a number of proteins including PURA 
(Donnelly et  al., 2013; Mizielinska et  al., 2013).

Three G4C2-repeat-dependent disease pathways have been 
proposed. The most obvious potential pathomechanism is the 
loss-of-function of the C9orf72 gene product through the 
repeat expansions. However, since C9orf72 knockout mice 
failed to display an ALS/FTD-related motor neuron disease 
phenotype (Lagier-Tourenne et al., 2013; Koppers et al., 2015; 
Atanasio et  al., 2016; McCauley et  al., 2020), this option is 
rather unlikely. The second and third options are both related 
to the C9orf72 RNA and rather difficult to distinguish 
experimentally (discussed in Swinnen et  al., 2020). One of 
these options is based on the observation that Repeat Associated 
Non-AUG translation (RAN translation) occurs on G4C2 repeat 
RNAs, resulting in potentially pathological protein fragments 
(Zu et  al., 2011). Whether those RAN-derived proteins are 
solely or partially responsible for the ALS/FTD pathogenesis 
is still heavily discussed. While no functional role of PURA 
protein in RAN translation has been reported, PURA was 
found in pathological RNA foci of ALS/FTD patients (Xu 
et al., 2013b; Stepto et al., 2014). This indicates an involvement 
of PURA in the third possible disease pathway, i.e., RNA 
toxicity (Swinnen et  al., 2018).

FIGURE 4 | recombinant proteins or in immunoprecipitation/pull-down experiments from cell lysates; (ii) colocalizing with PURA in cells or identification as PURA 
interactor in a high throughput proteome analysis. DNA- and RNA-interaction partners are defined as well validated if in vitro binding by PURA as well as functional 
validation either by a reporter assay or in an animal model has been reported. Protein interaction labeled with “1” was shown to be RNAse resistant. Functional 
assays labeled with “2” lacked basic statistical analyses (i.e., SD), and hence were ignored as positive score for target validation. Interaction partners labeled with “3” 
have only been described in a specific disease context. For target labeled with “4” ChIP-seq data have been published (Sun et al., 2020), however without providing 
the original data for critical assessment.
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Since repeat expansion-containing RNAs are readily 
transcribed, the RNA itself could have neurotoxic properties. 
Different disease mechanisms are hypothesized for RNA toxicity 
to be  responsible for the ALS/FTD symptoms. Firstly, the 
recruitment of proteins into RNA foci could result in sequestration 
of proteins such as PURA that are important for neuronal 
function (Stepto et  al., 2014). Secondly, repeat expansions in 
the C9orf72 RNA could interfere with mRNA-transport granules 
and thus with neuronal function (Burguete et  al., 2015).

For both scenarios, the identification of proteins binding 
to nucleotide expansions (G4C2) is essential. Indeed, multiple 
studies have analyzed these G4C2-interacting proteins and many 
RNA-binding proteins have been identified. The overlap of 
proteins that appear in all studies is limited though, probably 
due to technical differences (Swinnen et  al., 2020). In a 
comparative analysis of several studies (Donnelly et  al., 2013; 
Mori et  al., 2013; Xu et  al., 2013b; Cooper-Knock et  al., 2014; 
Haeusler et al., 2014) with different cell lines, only five proteins 
are found in at least three out of five analyses. These proteins 
include HNRNPH3, HNRNPH1, ILF2, MBP, and SFPQ (Haeusler 
et al., 2016). Interestingly, PURA is detected with high significance 
in a study where pull-down experiments with extracts from 
mouse cerebellum were performed (Cooper-Knock et al., 2014). 
In a second study with mouse brain and spinal cord, PURA 
was again co-purified with G4C2 repeat expansions (Rossi et al., 
2015). In contrast, PURA was not identified in pull-down 
experiments with G4C2 RNA from neuronal SH-SY5Y or 
HEK293T cells (Mori et  al., 2013; Cooper-Knock et  al., 2014; 
Haeusler et  al., 2014). Together, these findings suggest that 
PURA is recruited to disease-related G4C2 sequences either 
exclusively in the context of functional neuronal tissues or 
only in mice but not in human cells.

In cell culture as well as model organisms, neurotoxicity 
induced by overexpression of G4C2-repeat RNAs can be overcome 
by a simultaneous ectopic overexpression of PURA (Xu et  al., 
2013b; Swinnen et  al., 2018). On one hand, this underlines 
the importance of PURA for ALS/FTD pathogenesis. On the 
other hand, it also supports the hypothesis that repeat expansions 
sequester RNA-binding proteins, leading to a loss of physiological 
function of the affected proteins. Conversely, FMRP knock down 
mitigates the C9orf72-dependent ALS/FTD phenotype (Burguete 
et  al., 2015), indicating opposing modes of action for FMRP 
and PURA.

In summary, PURA appears to play an important role as 
G4C2 repeat RNA interactor in a pathological context (Swinnen 
et  al., 2020). It remains to be  shown if the recruitment into 
foci depends on specific repeat binding events by PURA or 
is based on its rather general interaction with nucleic acids 
when these are present at pathologically high concentrations.

The Role of PURA in FXTAS
Fragile X-associated tremor/ataxia syndrome is a late-onset 
condition that is caused by abnormally high numbers of 55–200 
CGG-repeats in the 5'UTR of the FMR1 gene (Hagerman and 
Hagerman, 2016; Salcedo-Arellano et  al., 2020). Patients with 
more than 200 repeats develop a different disorder, termed 

Fragile X-syndrome, which is based on a transcriptional shut-
down of the entire FMR1 gene locus. The pathological repeat-
expanded RNAs expressed in FXTAS patients recruit various 
proteins including PURA into intra-nuclear inclusions (Iwahashi 
et  al., 2006; Jin et  al., 2007; Sofola et  al., 2007). Described 
hallmarks of FXTAS are a loss of Purkinje cells, RAN-translated 
FMR-PolyG proteins, and nuclear inclusions (Buijsen et  al., 
2014; Boivin et al., 2018). A well-documented disease mechanism 
for FXTAS is that the CGG repeat-expanded FMR1 mRNA 
sequesters important RNA-binding proteins. This leads to 
disturbed RNA processing very similar to what has been 
described for G4C2 repeat expansions in C9orf72 as cause of 
ALS/FTD. Furthermore, CGG-repeat RNA-induced neurotoxicity 
can be  overcome by simultaneous overexpression of PURA 
(Jin et  al., 2007; Boivin et  al., 2018).

As already stated for G4C2 repeats, RNA interactions of 
PURA with CGG repeats were shown by different studies but 
proof for a strict sequence-specificity is still lacking to date. 
In fact, one particular RNA oligonucleotide lacking CGG repeats 
even showed 10-fold better binding to PURA in vitro than 
CGG repeats of identical size (Weber et  al., 2016).

Potential Mechanisms of Neuroprotection 
by PURA
In disease models with CGG- or G4C2-repeat expansion-induced 
neurotoxicity, the overexpression of PURA rescues their 
pathological phenotypes. These observations indicate that PURA 
sequestration might be  responsible for neurotoxicity. On the 
other hand, PURA overexpression is also described to ameliorate 
neurotoxicity of ALS related FUS mutations that are unrelated 
to RNA repeat expansions (Daigle et  al., 2016). Here, PURA 
overexpression reverses cytoplasmic mislocalization of mutant 
FUS protein and enhances stress granule dynamics. The 
sequestration model is additionally challenged by the fact that 
multiple proteins are sequestered to repeat expansions but that 
the individual overexpression of PURA already reduces 
neurotoxicity (Jin et  al., 2007; Xu et  al., 2013a; Swinnen et  al., 
2018). One would expect that at least some of the other 
sequestered proteins also need to be released in order to restore 
normal neuronal function. Hence, the sum of these findings 
does not provide strong support for a disease-causing 
sequestration of PURA, rather hinting at other disease 
mechanisms such as an overall neuroprotective effect of PURA.

One mechanistic feature of PURA that could be  important 
for such a neuroprotective function is its ability to unwind 
double-stranded nucleic acids in an ATP-independent manner 
(Darbinian et  al., 2001a; Wortman et  al., 2005). This function 
could help PURA to disassemble pathological RNPs and release 
trapped and mislocalized RNAs and proteins. A recent crystal 
structure of the N-terminal PUR domain bound to DNA 
provided a rationale for the molecular principles underlying 
such unwinding events (Weber et  al., 2016). The structure 
shows that the two nucleic-acid binding β-sheets of a PUR 
domain form a wedge-like structure that seem suitable for 
intercalating between two breathing strands of double-stranded 
DNA (dsDNA) by contacting one strand and displacement of 
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the corresponding complementary strand (Weber et  al., 2016). 
It should be  noted that also other members of the PC4-like 
protein family such as the Whirly protein WHY2 from plants 
are able to melt dsDNA (Cappadocia et  al., 2010). Since NMR 
and in vitro-binding data indicated that PURA binds DNA in 
the same way as RNA (Weber et  al., 2016), it is likely that 
PURA also unwinds dsRNA. This feature could help to 
disassemble pathological aggregates caused by tri-nucleotide 
expansion RNAs. Of note, in Drosophila PURA protein interacts 
with the RNA helicase RM62, which could further support 
the aggregate-dissolving function of PURA (Qurashi et  al., 
2011). Even more, the RM62 with a gain of function mutation 
is able to alleviate repeat-expansion RNA induced neurotoxicity 
even in absence of PURA. In summary, an appealing explanation 
for the neuroprotective function of PURA may lie in its unusual 
nucleic-acid binding and unwinding features.

KNOCKOUT OF Pura IN MICE AND ITS 
IMPLICATIONS

Consistent with an important and potentially neuroprotective 
function of PURA are the reported phenotypes of Pura knock 
out mouse models and, more recently, symptoms reported for 
a genetic human disorder, termed PURA syndrome.

The first evidence for a crucial role of PURA in postnatal 
neurodevelopment was provided in 2003 by Khalili et al. (2003) 
with the targeted disruption of the Pura gene in a mouse 
model. While a second knockout mouse model from an 
independent research group confirmed the main phenotype 
(Hokkanen et  al., 2012), both studies differed significantly in 
several aspects (Figure  5).

Both homozygous Pura knockout mice seemed normal at 
birth but developed a similar neurological phenotype 2 weeks 
after birth. Mice suffered from a continuous and increasingly 
severe tremor upon motion, infrequent mobility, spontaneous 
seizures, and flaccid tail. They were unable to walk normally, 
showing abnormal gait pattern with clumsy and uncoordinated 
movements and weak hind limbs (Khalili et al., 2003; Hokkanen 
et  al., 2012). Pura−/− mice displayed feeding problems and 
did not gain normal weight (Khalili et  al., 2003; Hokkanen 
et  al., 2012). Without additional injections of glucose, they 
died within 4  weeks after birth (Hokkanen et  al., 2012). 
Although the two research groups described a similar overall 
phenotype for their knockout mice, their histological analyses 
differed considerably.

Histological analysis of knockout mice from Khalili et al. (2003) 
revealed that multiple organs, but not the brain, were smaller 
and lighter than those of wild type mice. Their initial 
proliferation assays revealed decreased cellular proliferation 
in spleen, thymus, and hippocampal as well as cerebellar 
brain regions. Contrary to this report, the knockout mice 
by Hokkanen et  al. (2012) showed megalencephaly with a 
significant enlargement of the stratum lancunosum and the 
molecular layer in the dentate gyrus of the brain. Cerebellum 
and hippocampus showed higher proliferation rates at some 
time points during development (Hokkanen et  al., 2012). 

Neither study observed a compensation for differences in 
proliferation by adapted apoptosis (Khalili et  al., 2003; 
Hokkanen et  al., 2012). As summarized in Figure  5, both 
mouse models revealed alterations in the cytoskeleton of 
neurons, in Purkinje cell morphology as well as synapse 
formation, albeit with numerous inconsistent details at the 
histological level (Khalili et al., 2003; Hokkanen et al., 2012).

One common histological finding in both models was the 
significant reduction of the dendritic protein MAP2 during 
brain development and adolescence of mice (Figure 5). Hokkanen 
et al. (2012) additionally described a misdistribution of MAP2 in 
somata, leading to a loss of dendritic MAP2 protein.

The partially conflicting observations made in the different 
Pura knock out mouse models could have many reasons; 
including differences in the way the knockout mice were 
generated, different genetic backgrounds, and the use of 
different diagnostic tools. While Khalili et  al. (2003) deleted 
418 nucleotides of the Pura ORF directly 3' to the transcription 
start site (TSS) of embryonics stem (ES) cells derived from 
the mouse strain 129, Hokkanen et  al. (2012) replaced the 
complete ORF of Pura and in addition 1.8 kb of the 3'-flanking 
sequence by homologous recombination in 129/Ola mouse 
ES cells (Figure  5, upper panel). Whereas in the first case, 
the knock-out strategy and validation is described rather 
briefly, Hokkanen et  al. (2012) provide a more detailed 
description of follow up and validation experiments. One 
remarkable example for the influence of different diagnostic 
tools on their interpretation is their contradicting statements 
on cell proliferation. While Khalili et  al. (2003) initially 
used a single marker to assess cell proliferation, Hokkanen 
et  al. (2012) re-analyzed proliferation with four different 
markers, each specific for one cell cycle phase. It should 
also be  considered that in the first published mouse model, 
the animals were unable to reach maturity and all observations 
were made in mice with a maximum age of 19  days (Khalili 
et  al., 2003). In contrast, animals of the second Pura−/− 
model received glucose injections during postnatal days 
12–20 to be kept alive. As a consequence, they could be raised 
to adolescence (day 150) and respective observations 
be  reported (Hokkanen et  al., 2012).

Based on the mouse model of Khalili et  al. (2003), 
heterozygous Pura+/− mice were subsequently also 
characterized (Figure  5). This allowed to assess features 
that more directly relate to patients with heterozygous 
mutations in PURA (see below). In contrast to homozygous 
Pura knockout mice, almost no obvious morphological 
differences could be  observed compared to their wild type 
littermates (Barbe et  al., 2016). In heterozygous mice, only 
the number of neurons and dendrites seemed to be reduced 
and there was a higher prevalence of spontaneous early 
deaths (Barbe et  al., 2016). Moreover, the heterozygous 
Pura animals showed decreased escape to touch, gait 
abnormalities, limb and abdominal hypotonia as well as 
significant memory deficits (Barbe et al., 2016). Such mouse 
models can potentially provide further insights into 
the pathogenesis of the equivalent human monogenetic 
neurodevelopmental disorder, PURA syndrome.
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THE NEURODEVELOPMENTAL 
DISORDER PURA SYNDROME

PURA first became a candidate for neurodevelopmental disorders 
when deletions of the genomic region 5q31.2–3, which includes 
the genes Neuregulin2 (Ring et  al., 1999) and PURA 
(Ma et  al., 1995), were reported to correlate with intellectual 

disability (ID) and other related symptoms (Shimojima et  al., 
2011; Hosoki et  al., 2012). Patients with this so-called 5q31.3 
microdeletion syndrome displayed neurological abnormalities 
during postnatal development. In 2014, direct proof was published 
that heterozygous mutations in the PURA gene can lead to 
neurodevelopmental abnormalities (Hunt et  al., 2014; 
Lalani et  al., 2014). Patients with this disorder, named PURA 

FIGURE 5 | Comparison of two published Pura knock-out mouse models. Heterozygous mouse models are indicated by gray fur color of the depicted mice, 
homozygouse by white fur color. The deleted genomic region around the transcription start site (TSS) is highlighted by red color. The mouse models are not only 
characterized by their clinical phenotype but also by their organ physiology. Specific biomarkers were used to study cellular proliferation, cytoskeleton, and the overall 
cell morphology in mouse brain. Proliferation markers: MCM7, BrdU, PCNA, and Ki67. Neurofilament markers: SMI33, SMI32 = non-phosphorylated neurofilament 
marker, SMI1312, SMI31 = phosphorylated neurofilament marker, Purkinje cell marker = Calbindin, and Neuronal Marker: Class III-ß-Tubulin. Synapse Marker in CA3 
region = PSD95, Neuronal dendritic marker: Parvalbumin, MAP2, Unspecific nuclear staining = Hematoxylin. “d” indicates days, “m” indicates months after birth.
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syndrome, share several symptoms with patients developing the 
5q31.3 microdeletion syndrome, suggesting that the lack of PURA 
accounts for many of the clinical features observed in the 5q31.3 
microdeletion syndrome (Reijnders et al., 2017). While the 5q31.3 
microdeletion syndrome was only reported in very few patients 
worldwide (Shimojima et al., 2011; Hosoki et al., 2012; Kleffmann 
et al., 2012; Brown et al., 2013), the number of patients diagnosed 
with PURA syndrome is increasing steadily (see below).

PURA syndrome is a sporadic monogenetic disorder and 
was first identified via whole exome sequencing. Since the 
initial description of 15 patients with PURA syndrome in 2014 
(Hunt et  al., 2014; Lalani et  al., 2014), a few hundred have 
been diagnosed around the globe (personal communication: 
PURA Syndrome Foundation). It is therefore classified as a 
rare disorder. Patients are usually diagnosed by gene-panel 
testing or whole exome sequencing (Reijnders et  al., 2018; 
Jezela-Stanek et  al., 2020). Of note, the latter shows poorer 
coverage at the 5'end of the PURA open reading frame (https://
gnomad.broadinstitute.org/; Karczewski et  al., 2020), which is 
possibly due to the low sequence complexity and high GC 
content of this region that might interfere with the reverse 
transcription step of this method. This observation suggests 
an increased risk of missing disease-causing mutations when 
whole exome sequencing is used exclusively for diagnosis. 
PURA is now included in many developmental disorder and 
epileptic encephalopathy gene panels, meaning that the diagnosis 
of PURA syndrome can be  made much more readily than 
when the disorder was first described in 2014.

The disorder is characterized by a mild to moderate 
developmental delay and ID as well as numerous other clinical 
manifestations that vary considerably between patients 
(Figure  6A; Reijnders et  al., 2018). Nearly all investigated 
affected individuals suffered from hypotonia, feeding difficulties, 
and remained non-verbal. Around half of the patients also 
exhibited gastrointestinal problems such as constipation and 
drooling as well as breathing problems, hypersomnolence, 
ophthalmological abnormality, and epilepsy. Additional reported 
symptoms were skeletal and respiratory issues as well as endocrine 
abnormalities like Vitamin-D deficiency. Furthermore, one case 
of hypoglycorrhachia (Mayorga et al., 2018), cutis laxa (Cinquina 
et  al., 2020), and symptoms resembling infantile hypotonia 
with psychomotor retardation and characteristic facies (IHPRF; 
Mishra et  al., 2021) have been recently reported.

Given the recent discovery of the PURA syndrome in 2014, 
only a limited number of systematic clinical studies have been 
reported to date. MRI brain scans of affected children showed 
a frequent dysmaturation of the cortical white matter due to 
delayed and decreased myelination (Hunt et  al., 2014; Tanaka 
et  al., 2015; Lee et  al., 2018). A recent case study of an 
individual patient also showed an enlargement of the brain 
stem (Rodriguez-Garcia et  al., 2020). It is obvious that more 
clinical studies are required to address the functional implications 
of such morphological differences. Along these lines, a clinical, 
EEG-based study has been recently established with support 
of the PURA Syndrome Foundation.1

1 https://www.purasyndrome.org/eeg

While these first studies on the CNS point toward certain 
morphological abnormalities, to our knowledge, no significant 
work has been undertaken to study the peripheral nervous 
system. For instance, the hypotonic symptoms of patients 
could be  caused either by insufficient signaling from the 
central nervous system or by defects in the peripheral nervous 
system, including neuro-muscular junctions or even in target 
structures of the peripheral nervous system such as muscle 
cells. Indeed, two recent case studies support a muscular 
contribution to the symptoms. Whereas the first study reported 
a PURA-syndrome patient with electrical myotonia with 
hypotonia as clinical symptom (Trau and Pizoli, 2020), the 
second study provides direct evidence for myopathic changes, 
including fiber size variability and fast fiber atrophy as main 
features (Mroczek et  al., 2020).

There is also molecular evidence for a PURA-dependent 
impairment of muscle cells, as PURA and PURB were recently 
shown to contribute to differentiation of myotubes (Gupta 
et  al., 2003; Ji et  al., 2007; Hariharan et  al., 2014; Pandey 
et  al., 2020). For a clearer picture, electro-physiological work 
will have to go hand in hand with other approaches, including 
postmortem histological analyses of neuronal and muscular 
tissues as well as functional studies, to understand the respective 
contribution of different tissues to the observed symptoms 
in patients.

To date, also the molecular pathomechanisms leading to 
PURA syndrome have not been understood sufficiently. 
Heterozygous dominant mutations like those in PURA are 
usually thought to result in functional haploinsufficiency. Already 
in the original description by the United  Kingdom-based 
initiative Deciphering Developmental Disorders (DDD) study 
haploinsufficiency was strongly suggested for PURA syndrome 
(Huang et  al., 2010; Deciphering Developmental Disorders 
Study, 2015). A more direct support for haploinsufficiency as 
disease-causing mechanism is the observation that no correlation 
is found between the type of mutation and the specific symptoms 
of patients. A mutation disrupting the start codon of the 
intron-less PURA gene as well as frameshift mutations at the 
very 5' end of the open reading frame or various frameshift, 
missense, and nonsense mutations located more 3' of the gene 
all lead to the full spectrum of symptoms (Figure 6B; Reijnders 
et  al., 2018). Most likely all of these mutant PURA proteins 
are non-functional and the remaining wild-type allele of PURA 
produces insufficient amounts of protein to fulfill its cellular 
function. Considering that PURA protein forms homodimers 
(Figures  1A,B; Graebsch et  al., 2009; Weber et  al., 2016), a 
mutant protein that still dimerizes could potentially even form 
inactive complexes with the healthy copy of PURA, thereby 
leading to a 75% loss of functional PURA dimers.

Some disorders such as the Rett syndrome show symptoms 
that resemble aspects of the PURA syndrome. This resulted 
in misdiagnosis of some PURA-syndrome patients prior to 
the availability of genetic testing. Rett syndrome is caused by 
mutations in the MECP2 gene (Tillotson and Bird, 2019; 
Sandweiss et  al., 2020), where disease-causing hot-spot regions 
have been described (Lombardi et  al., 2015). Furthermore, 
truncation mutations located in more 5' regions of the MECP2 
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gene show more severe phenotypes in patients with Rett 
syndrome than in patients with more 3'-located mutations 
(Lombardi et  al., 2015). Also, for the PURA syndrome, an 
analysis of mutations was performed, in which the location 
of mutations within the gene was compared with the severity 
of symptoms. In contrast to mutations in MECP2, PURA 
syndrome-causing mutations are spread almost over the entire 
PURA sequence (Figure  6B; Reijnders et  al., 2018). Only 
mutations in the unstructured N- and C-terminal regions and 

a few conservative amino-acid exchanges within the folded 
domains do not result in PURA syndrome. In contrast, almost 
all mutations in folded domains results in the full-blown, 
variable spectrum of clinical features observed in PURA 
patients. Only few recurrent mutations were reported, the 
most extreme example is F233del with over a dozen of cases 
(personal communication: PURA Syndrome Foundation). 
Surprisingly, even for those patients with identical mutations, 
the full variation in penetrance of individual phenotypes could 

A

B

FIGURE 6 | Clinical manifestations of PURA syndrome and pathogenic mutations. (A) Clinical manifestations in PURA-syndrome patients and their relative 
frequencies. (B) Mutations causing PURA syndrome are scattered over most parts of the PURA open reading frame. Information presented in this figure is based on 
previously published data (Reijnders et al., 2018).
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be  observed (Reijnders et  al., 2018). This observation points 
at potential modulators of the function of PURA, such as 
its interacting proteins or different levels of regulation of 
downstream targets. In summary, there is no obvious connection 
between the type and location of a given mutation within 
the open reading frame and its specific clinical phenotype.

The observed severe defects by a large range of mutations 
along most parts of the protein together with structural 
considerations suggest that PURA protein is very sensitive to 
changes. This is indeed reflected in the high sequence conservation 
of this protein (Figure  1D).

DISCUSSION

PURA syndrome is caused by heterozygous de novo mutations 
within the PURA gene. These mutations have been suggested 
to result in a functional haploinsufficiency leading to a variable 
spectrum of phenotypes (Figure  6A; Hunt et  al., 2014). When 
comparing the phenotype of the Pura knockout mice with PURA 
syndrome patients, a number of similarities can be  found. For 
instance, homozygous knockout mice did not show any phenotype 
until 2 weeks postnatal. Subsequently, they developed a continuous 
and increasingly severe tremor, weak hind limps, and uncoordinated 
gait pattern (Khalili et  al., 2003; Hokkanen et  al., 2012). Also 
in patients, similar symptoms were reported (Figure  6A). In 
mice, epileptic seizures have only been described by Khalili et al. 
(2003), but not for the other mouse model (Hokkanen et  al., 
2012). Despite these differences, PURA appears to be  highly 
relevant for neurodevelopment as it can not only be  seen in 
knock out mouse models but also in patients that contain mutations 
in one copy of the PURA gene. The association with neuronal 
mRNA transport and translation connects PURA to several other 
disorders that are described to originate mainly from dysfunctions 
of these processes. This includes neurodevelopmental as well as 
neurodegenerative disorders such as ALS/FTD and FXTAS. 

Also, other proteins described to be  involved in these RNA 
related processes have been linked to human disorders. Examples 
are different Kinesin motors, Ataxin-2, MBNL, and TDP-43, 
among others (Wang et  al., 2016; Engel et  al., 2020; Kalantari 
and Filges, 2020; Zhao et  al., 2020). Nevertheless, it should 
be  taken into account that PURA is ubiquitously expressed in 
the human body and might fulfill important functions in a 
range of different tissues (Human Protein Atlas, available from 
http://www.proteinatlas.org; Uhlen et  al., 2015).

Hence, it will not only be  necessary to understand which 
role PURA plays in neural cells. We  also need to thrive for 
a better understanding of the role of PURA in non-neural 
tissues as this will help to elucidate systemic disease processes 
in patients with PURA syndrome.

AUTHOR CONTRIBUTIONS

LM, SBa, SBu, and DN designed, discussed and wrote the 
manuscript. All authors contributed to the article and approved 
the submitted version.

FUNDING

This work was supported through a grant to DN by the Deutsche 
Forschungsgemeinschaft (FOR2333), and by the Care-for-
Rare Foundation.

ACKNOWLEDGMENTS

We thank the PURA Syndrome Foundation and Melinda 
Anderson for their support. We  also thank David Hunt and 
Ralf-Peter Jansen for helpful comments and discussions. 
Figures  3, 5, 6 were generated using BioRender.com.

 

REFERENCES

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). 
Basic local alignment search tool. J. Mol. Biol. 215, 403–410. doi: 10.1016/
S0022-2836(05)80360-2

Atanasio, A., Decman, V., White, D., Ramos, M., Ikiz, B., Lee, H. C., et al. 
(2016). C9orf72 ablation causes immune dysregulation characterized by 
leukocyte expansion, autoantibody production and glomerulonephropathy 
in mice. Sci. Rep. 6:23204. doi: 10.1038/srep23204

Aumiller, V., Graebsch, A., Kremmer, E., Niessing, D., and Forstemann, K. (2012). 
Drosophila Pur-alpha binds to trinucleotide-repeat containing cellular RNAs 
and translocates to the early oocyte. RNA Biol. 9, 633–643. doi: 10.4161/rna.19760

Barbe, M. F., Krueger, J. J., Loomis, R., Otte, J., and Gordon, J. (2016). Memory 
deficits, gait ataxia and neuronal loss in the hippocampus and cerebellum 
in mice that are heterozygous for Pur-alpha. Neuroscience 337, 177–190. 
doi: 10.1016/j.neuroscience.2016.09.018

Bergemann, A. D., and Johnson, E. M. (1992). The HeLa Pur factor binds 
single-stranded DNA at a specific element conserved in gene flanking regions 
and origins of DNA replication. Mol. Cell. Biol. 12, 1257–1265. doi: 10.1128/
MCB.12.3.1257

Bergemann, A. D., Ma, Z. W., and Johnson, E. M. (1992). Sequence of cDNA 
comprising the human pur gene and sequence-specific single-stranded-DNA-

binding properties of the encoded protein. Mol. Cell. Biol. 12, 5673–5682. 
doi: 10.1128/MCB.12.12.5673

Boivin, M., Willemsen, R., Hukema, R. K., and Sellier, C. (2018). Potential 
pathogenic mechanisms underlying fragile X tremor ataxia syndrome: RAN 
translation and/or RNA gain-of-function? Eur. J. Med. Genet. 61, 674–679. 
doi: 10.1016/j.ejmg.2017.11.001

Brandsen, J., Werten, S., Van Der Vliet, P. C., Meisterernst, M., Kroon, J., and 
Gros, P. (1997). C-terminal domain of transcription cofactor PC4 reveals 
dimeric ssDNA binding site. Nat. Struct. Biol. 4, 900–903. doi: 10.1038/
nsb1197-900

Briz, V., Restivo, L., Pasciuto, E., Juczewski, K., Mercaldo, V., Lo, A. C., et al. 
(2017). The non-coding RNA BC1 regulates experience-dependent structural 
plasticity and learning. Nat. Commun. 8:293. doi: 10.1038/s41467-017-00311-2

Brown, N., Burgess, T., Forbes, R., Mcgillivray, G., Kornberg, A., Mandelstam, S., 
et al. (2013). 5q31.3 microdeletion syndrome: clinical and molecular 
characterization of two further cases. Am. J. Med. Genet. A 161A, 2604–2608. 
doi: 10.1002/ajmg.a.36108

Buijsen, R. A., Sellier, C., Severijnen, L. A., Oulad-Abdelghani, M., Verhagen, R. F., 
Berman, R. F., et al. (2014). FMRpolyG-positive inclusions in CNS and 
non-CNS organs of a fragile X premutation carrier with fragile X-associated 
tremor/ataxia syndrome. Acta Neuropathol. Commun. 2:162. doi: 10.1186/
s40478-014-0162-2

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
http://www.proteinatlas.org
http://BioRender.com
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1038/srep23204
https://doi.org/10.4161/rna.19760
https://doi.org/10.1016/j.neuroscience.2016.09.018
https://doi.org/10.1128/MCB.12.3.1257
https://doi.org/10.1128/MCB.12.3.1257
https://doi.org/10.1128/MCB.12.12.5673
https://doi.org/10.1016/j.ejmg.2017.11.001
https://doi.org/10.1038/nsb1197-900
https://doi.org/10.1038/nsb1197-900
https://doi.org/10.1038/s41467-017-00311-2
https://doi.org/10.1002/ajmg.a.36108
https://doi.org/10.1186/s40478-014-0162-2
https://doi.org/10.1186/s40478-014-0162-2


Molitor et al. PURA-Related Functions and Disorders

Frontiers in Genetics | www.frontiersin.org 15 March 2021 | Volume 12 | Article 638217

Burguete, A. S., Almeida, S., Gao, F. B., Kalb, R., Akins, M. R., and Bonini, N. M. 
(2015). GGGGCC microsatellite RNA is neuritically localized, induces 
branching defects and perturbs transport granule function. elife 4:e08881. 
doi: 10.7554/eLife.08881

Cappadocia, L., Marechal, A., Parent, J. S., Lepage, E., Sygusch, J., and Brisson, N. 
(2010). Crystal structures of DNA-whirly complexes and their role in 
Arabidopsis organelle genome repair. Plant Cell 22, 1849–1867. doi: 10.1105/
tpc.109.071399

Chen, N. N., Chang, C. F., Gallia, G. L., Kerr, D. A., Johnson, E. M., 
Krachmarov, C. P., et al. (1995). Cooperative action of cellular proteins 
YB-1 and Pur alpha with the tumor antigen of the human JC polyomavirus 
determines their interaction with the viral lytic control element. Proc. Natl. 
Acad. Sci. U. S. A. 92, 1087–1091. doi: 10.1073/pnas.92.4.1087

Chepenik, L. G., Tretiakova, A. P., Krachmarov, C. P., Johnson, E. M., and 
Khalili, K. (1998). The single-stranded DNA binding protein, Pur-alpha, 
binds HIV-1 TAR RNA and activates HIV-1 transcription. Gene 210, 37–44. 
doi: 10.1016/S0378-1119(98)00033-X

Cinquina, V., Ciaccio, C., Venturini, M., Masson, R., Ritelli, M., and Colombi, M. 
(2020). Expanding the PURA syndrome phenotype: a child with the recurrent 
PURA p.(Phe233del) pathogenic variant showing similarities with cutis laxa. 
Mol. Genet. Genomic Med. e1562. doi: 10.1002/mgg3.1562 [Epub ahead 
of print]

Cooper-Knock, J., Walsh, M. J., Higginbottom, A., Robin Highley, J., Dickman, M. J., 
Edbauer, D., et al. (2014). Sequestration of multiple RNA recognition motif-
containing proteins by C9orf72 repeat expansions. Brain 137, 2040–2051. 
doi: 10.1093/brain/awu120

Da Silva, N., Bharti, A., and Shelley, C. S. (2002). hnRNP-K and Pur(alpha) 
act together to repress the transcriptional activity of the CD43 gene promoter. 
Blood 100, 3536–3544. doi: 10.1182/blood.V100.10.3536

Daigle, J. G., Krishnamurthy, K., Ramesh, N., Casci, I., Monaghan, J., Mcavoy, K., 
et al. (2016). Pur-alpha regulates cytoplasmic stress granule dynamics and 
ameliorates FUS toxicity. Acta Neuropathol. 131, 605–620. doi: 10.1007/
s00401-015-1530-0

Daniel, D. C., and Johnson, E. M. (2018). PURA, the gene encoding Pur-alpha, 
member of an ancient nucleic acid-binding protein family with mammalian 
neurological functions. Gene 643, 133–143. doi: 10.1016/j.gene.2017.12.004

Darbinian, N., Cui, J., Basile, A., Del Valle, L., Otte, J., Miklossy, J., et al. 
(2008). Negative regulation of AbetaPP gene expression by Pur-alpha. 
J. Alzheimers Dis. 15, 71–82. doi: 10.3233/JAD-2008-15106

Darbinian, N., Gallia, G. L., and Khalili, K. (2001a). Helix-destabilizing properties 
of the human single-stranded DNA- and RNA-binding protein Puralpha. 
J. Cell. Biochem. 80, 589–595. doi: 10.1002/1097-4644(20010315)80:4<589::AID-
JCB1013>3.0.CO;2-0

Darbinian, N., Sawaya, B. E., Khalili, K., Jaffe, N., Wortman, B., Giordano, A., 
et al. (2001b). Functional interaction between cyclin T1/cdk9 and Puralpha 
determines the level of TNFalpha promoter activation by tat in glial cells. 
J. Neuroimmunol. 121, 3–11. doi: 10.1016/s0165-5728(01)00372-1

Darbinian, N., White, M. K., Gallia, G. L., Amini, S., Rappaport, J., and 
Khalili, K. (2004). Interaction between the pura and E2F-1 transcription 
factors. Anticancer Res. 24, 2585–2594.

Deciphering Developmental Disorders Study (2015). Large-scale discovery of 
novel genetic causes of developmental disorders. Nature 519, 223–228. doi: 
10.1038/nature14135

Dejesus-Hernandez, M., Mackenzie, I. R., Boeve, B. F., Boxer, A. L., Baker, M., 
Rutherford, N. J., et al. (2011). Expanded GGGGCC hexanucleotide repeat 
in noncoding region of C9ORF72 causes chromosome 9p-linked FTD and 
ALS. Neuron 72, 245–256. doi: 10.1016/j.neuron.2011.09.011

Ding, Y., Osugi, T., Kuo, C. H., Tanaka, H., Do, E., Irie, Y., et al. (1997). 
Characterization of a nuclear factor that enhances DNA binding activity 
of SSCRE-BP/PUR alpha, a single-stranded DNA binding protein. Neurochem. 
Int. 31, 45–54. doi: 10.1016/S0197-0186(96)00127-1

Dobretsova, A., Johnson, J. W., Jones, R. C., Edmondson, R. D., and Wight, P. A. 
(2008). Proteomic analysis of nuclear factors binding to an intronic enhancer 
in the myelin proteolipid protein gene. J. Neurochem. 105, 1979–1995. doi: 
10.1111/j.1471-4159.2008.05288.x

Donnelly, C. J., Zhang, P. W., Pham, J. T., Haeusler, A. R., Mistry, N. A., 
Vidensky, S., et al. (2013). RNA toxicity from the ALS/FTD C9ORF72 
expansion is mitigated by antisense intervention. Neuron 80, 415–428. doi: 
10.1016/j.neuron.2013.10.015

Doolittle, R. F. (1994). Convergent evolution: the need to be  explicit. Trends 
Biochem. Sci. 19, 15–18. doi: 10.1016/0968-0004(94)90167-8

Du, Q., Tomkinson, A. E., and Gardner, P. D. (1997). Transcriptional regulation 
of neuronal nicotinic acetylcholine receptor genes. A possible role for the 
DNA-binding protein Puralpha. J. Biol. Chem. 272, 14990–14995. doi: 10.1074/
jbc.272.23.14990

Engel, K. L., Arora, A., Goering, R., Lo, H. G., and Taliaferro, J. M. (2020). 
Mechanisms and consequences of subcellular RNA localization across diverse 
cell types. Traffic 21, 404–418. doi: 10.1111/tra.12730

Fantappie, M. R., Osman, A., Niles, E. G., and Loverde, P. T. (2000). Identification 
and functional characterization of a member of the Pur-alpha family from 
Schistosoma mansoni. Mol. Biochem. Parasitol. 110, 373–390. doi: 10.1016/
S0166-6851(00)00292-9

Gallia, G. L., Safak, M., and Khalili, K. (1998). Interaction of the single-stranded 
DNA-binding protein Puralpha with the human polyomavirus JC virus early 
protein T-antigen. J. Biol. Chem. 273, 32662–32669. doi: 10.1074/
jbc.273.49.32662

Graebsch, A., Roche, S., Kostrewa, D., Soding, J., and Niessing, D. (2010). Of 
bits and bugs—on the use of bioinformatics and a bacterial crystal structure 
to solve a eukaryotic repeat-protein structure. PLoS One 5:e13402. doi: 
10.1371/journal.pone.0013402

Graebsch, A., Roche, S., and Niessing, D. (2009). X-ray structure of Pur-alpha 
reveals a whirly-like fold and an unusual nucleic-acid binding surface. Proc. 
Natl. Acad. Sci. U. S. A. 106, 18521–18526. doi: 10.1073/pnas.0907990106

Grzybowska, E. A. (2012). Human intronless genes: functional groups, associated 
diseases, evolution, and mRNA processing in absence of splicing. Biochem. 
Biophys. Res. Commun. 424, 1–6. doi: 10.1016/j.bbrc.2012.06.092

Gupta, M., Sueblinvong, V., Raman, J., Jeevanandam, V., and Gupta, M. P. 
(2003). Single-stranded DNA-binding proteins PURalpha and PURbeta bind 
to a purine-rich negative regulatory element of the alpha-myosin heavy 
chain gene and control transcriptional and translational regulation of the 
gene expression. Implications in the repression of alpha-myosin heavy chain 
during heart failure. J. Biol. Chem. 278, 44935–44948. doi: 10.1074/jbc.
M307696200

Haas, S., Gordon, J., and Khalili, K. (1993). A developmentally regulated DNA-
binding protein from mouse brain stimulates myelin basic protein gene 
expression. Mol. Cell. Biol. 13, 3103–3112. doi: 10.1128/MCB.13.5.3103

Haas, S., Thatikunta, P., Steplewski, A., Johnson, E. M., Khalili, K., and Amini, S. 
(1995). A 39-kD DNA-binding protein from mouse brain stimulates 
transcription of myelin basic protein gene in oligodendrocytic cells. J. Cell 
Biol. 130, 1171–1179. doi: 10.1083/jcb.130.5.1171

Haeusler, A. R., Donnelly, C. J., Periz, G., Simko, E. A., Shaw, P. G., Kim, M. S., 
et al. (2014). C9orf72 nucleotide repeat structures initiate molecular cascades 
of disease. Nature 507, 195–200. doi: 10.1038/nature13124

Haeusler, A. R., Donnelly, C. J., and Rothstein, J. D. (2016). The expanding 
biology of the C9orf72 nucleotide repeat expansion in neurodegenerative 
disease. Nat. Rev. Neurosci. 17, 383–395. doi: 10.1038/nrn.2016.38

Hagerman, R. J., and Hagerman, P. (2016). Fragile X-associated tremor/ataxia 
syndrome—features, mechanisms and management. Nat. Rev. Neurol. 12, 
403–412. doi: 10.1038/nrneurol.2016.82

Hall, B. G. (2013). Building phylogenetic trees from molecular data with MEGA. 
Mol. Biol. Evol. 30, 1229–1235. doi: 10.1093/molbev/mst012

Hariharan, S.,  Kelm, R. J. Jr., and Strauch, A. R. (2014). The Puralpha/Purbeta 
single-strand DNA-binding proteins attenuate smooth-muscle actin gene 
transactivation in myofibroblasts. J. Cell. Physiol. 229, 1256–1271. doi: 10.1002/
jcp.24564

Herault, Y., Chatelain, G., Brun, G., and Michel, D. (1995). RNA-dependent 
DNA binding activity of the Pur factor, potentially involved in DNA replication 
and gene transcription. Gene Expr. 4, 85–93.

Hokkanen, S., Feldmann, H. M., Ding, H., Jung, C. K., Bojarski, L., 
Renner-Muller, I., et al. (2012). Lack of Pur-alpha alters postnatal brain 
development and causes megalencephaly. Hum. Mol. Genet. 21, 473–484. 
doi: 10.1093/hmg/ddr476

Holt, C. E., Martin, K. C., and Schuman, E. M. (2019). Local translation in 
neurons: visualization and function. Nat. Struct. Mol. Biol. 26, 557–566. doi: 
10.1038/s41594-019-0263-5

Hosoki, K., Ohta, T., Natsume, J., Imai, S., Okumura, A., Matsui, T., et al. 
(2012). Clinical phenotype and candidate genes for the 5q31.3 microdeletion 
syndrome. Am. J. Med. Genet. A 158A, 1891–1896. doi: 10.1002/ajmg.a.35439

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.7554/eLife.08881
https://doi.org/10.1105/tpc.109.071399
https://doi.org/10.1105/tpc.109.071399
https://doi.org/10.1073/pnas.92.4.1087
https://doi.org/10.1016/S0378-1119(98)00033-X
https://doi.org/10.1002/mgg3.1562
https://doi.org/10.1093/brain/awu120
https://doi.org/10.1182/blood.V100.10.3536
https://doi.org/10.1007/s00401-015-1530-0
https://doi.org/10.1007/s00401-015-1530-0
https://doi.org/10.1016/j.gene.2017.12.004
https://doi.org/10.3233/JAD-2008-15106
https://doi.org/10.1002/1097-4644(20010315)80:4<589::AID-JCB1013>3.0.CO;2-0
https://doi.org/10.1002/1097-4644(20010315)80:4<589::AID-JCB1013>3.0.CO;2-0
https://doi.org/10.1016/s0165-5728(01)00372-1
https://doi.org/10.1038/nature14135
https://doi.org/10.1016/j.neuron.2011.09.011
https://doi.org/10.1016/S0197-0186(96)00127-1
https://doi.org/10.1111/j.1471-4159.2008.05288.x
https://doi.org/10.1016/j.neuron.2013.10.015
https://doi.org/10.1016/0968-0004(94)90167-8
https://doi.org/10.1074/jbc.272.23.14990
https://doi.org/10.1074/jbc.272.23.14990
https://doi.org/10.1111/tra.12730
https://doi.org/10.1016/S0166-6851(00)00292-9
https://doi.org/10.1016/S0166-6851(00)00292-9
https://doi.org/10.1074/jbc.273.49.32662
https://doi.org/10.1074/jbc.273.49.32662
https://doi.org/10.1371/journal.pone.0013402
https://doi.org/10.1073/pnas.0907990106
https://doi.org/10.1016/j.bbrc.2012.06.092
https://doi.org/10.1074/jbc.M307696200
https://doi.org/10.1074/jbc.M307696200
https://doi.org/10.1128/MCB.13.5.3103
https://doi.org/10.1083/jcb.130.5.1171
https://doi.org/10.1038/nature13124
https://doi.org/10.1038/nrn.2016.38
https://doi.org/10.1038/nrneurol.2016.82
https://doi.org/10.1093/molbev/mst012
https://doi.org/10.1002/jcp.24564
https://doi.org/10.1002/jcp.24564
https://doi.org/10.1093/hmg/ddr476
https://doi.org/10.1038/s41594-019-0263-5
https://doi.org/10.1002/ajmg.a.35439


Molitor et al. PURA-Related Functions and Disorders

Frontiers in Genetics | www.frontiersin.org 16 March 2021 | Volume 12 | Article 638217

Huang, N., Lee, I., Marcotte, E. M., and Hurles, M. E. (2010). Characterising 
and predicting haploinsufficiency in the human genome. PLoS Genet. 
6:e1001154. doi: 10.1371/journal.pgen.1001154

Hugel, S., Depping, R., Dittmar, G., Rother, F., Cabot, R., Sury, M. D., et al. 
(2014). Identification of importin alpha 7 specific transport cargoes using 
a proteomic screening approach. Mol. Cell. Proteomics 13, 1286–1298. doi: 
10.1074/mcp.M112.026856

Hunt, D., Leventer, R. J., Simons, C., Taft, R., Swoboda, K. J., Gawne-Cain, M., 
et al. (2014). Whole exome sequencing in family trios reveals de novo 
mutations in PURA as a cause of severe neurodevelopmental delay and 
learning disability. J. Med. Genet. 51, 806–813. doi: 10.1136/jmedgenet- 
2014-102798

Iwahashi, C. K., Yasui, D. H., An, H. J., Greco, C. M., Tassone, F., Nannen, K., 
et al. (2006). Protein composition of the intranuclear inclusions of FXTAS. 
Brain 129, 256–271. doi: 10.1093/brain/awh650

Janowski, R., and Niessing, D. (2020). The large family of PC4-like domains—
similar folds and functions throughout all kingdoms of life. RNA Biol. 17, 
1228–1238. doi: 10.1080/15476286.2020.1761639

Jezela-Stanek, A., Ciara, E., Jurkiewicz, D., Kucharczyk, M., Jedrzejowska, M., 
Chrzanowska, K. H., et al. (2020). The phenotype-driven computational 
analysis yields clinical diagnosis for patients with atypical manifestations of 
known intellectual disability syndromes. Mol. Genet. Genomic Med. 8:e1263. 
doi: 10.1002/mgg3.1263

Ji, J., Tsika, G. L., Rindt, H., Schreiber, K. L., Mccarthy, J. J.,  Kelm, R. J. Jr., 
et al. (2007). Puralpha and Purbeta collaborate with Sp3 to negatively regulate 
beta-myosin heavy chain gene expression during skeletal muscle inactivity. 
Mol. Cell. Biol. 27, 1531–1543. doi: 10.1128/MCB.00629-06

Jin, P., Duan, R., Qurashi, A., Qin, Y., Tian, D., Rosser, T. C., et al. (2007). 
Pur alpha binds to rCGG repeats and modulates repeat-mediated 
neurodegeneration in a Drosophila model of fragile X tremor/ataxia syndrome. 
Neuron 55, 556–564. doi: 10.1016/j.neuron.2007.07.020

Johnson, E. M., Chen, P. L., Krachmarov, C. P., Barr, S. M., Kanovsky, M., 
Ma, Z. W., et al. (1995). Association of human Pur alpha with the retinoblastoma 
protein, Rb, regulates binding to the single-stranded DNA Pur alpha recognition 
element. J. Biol. Chem. 270, 24352–24360. doi: 10.1074/jbc.270.41.24352

Johnson, E. M., Kinoshita, Y., Weinreb, D. B., Wortman, M. J., Simon, R., 
Khalili, K., et al. (2006). Role of Pur alpha in targeting mRNA to sites of 
translation in hippocampal neuronal dendrites. J. Neurosci. Res. 83, 929–943. 
doi: 10.1002/jnr.20806

Jurk, M., Weissinger, F., Lottspeich, F., Schwarz, U., and Winnacker, E. L. 
(1996). Characterization of the single-strand-specific BPV-1 origin binding 
protein, SPSF I, as the HeLa Pur alpha factor. Nucleic Acids Res. 24, 2799–2806. 
doi: 10.1093/nar/24.14.2799

Kalantari, S., and Filges, I. (2020). 'Kinesinopathies': emerging role of the kinesin 
family member genes in birth defects. J. Med. Genet. 57, 797–807. doi: 
10.1136/jmedgenet-2019-106769

Kanai, Y., Dohmae, N., and Hirokawa, N. (2004). Kinesin transports RNA: 
isolation and characterization of an RNA-transporting granule. Neuron 43, 
513–525. doi: 10.1016/j.neuron.2004.07.022

Karczewski, K. J., Francioli, L. C., Tiao, G., Cummings, B. B., Alfoldi, J., 
Wang, Q., et al. (2020). The mutational constraint spectrum quantified from 
variation in 141,456 humans. Nature 581, 434–443. doi: 10.1038/
s41586-020-2308-7

Kelm, R. J. Jr., Elder, P. K., Strauch, A. R., and Getz, M. J. (1997). Sequence 
of cDNAs encoding components of vascular actin single-stranded DNA-
binding factor 2 establish identity to Puralpha and Purbeta. J. Biol. Chem. 
272, 26727–26733. doi: 10.1074/jbc.272.42.26727

Khalili, K., Del Valle, L., Muralidharan, V., Gault, W. J., Darbinian, N., Otte, J., 
et al. (2003). Puralpha is essential for postnatal brain development and 
developmentally coupled cellular proliferation as revealed by genetic inactivation 
in the mouse. Mol. Cell. Biol. 23, 6857–6875. doi: 10.1128/MCB.23.19. 
6857-6875.2003

Kleffmann, W., Zink, A. M., Lee, J. A., Senderek, J., Mangold, E., Moog, U., 
et al. (2012). 5q31 microdeletions: definition of a critical region and analysis 
of LRRTM2, a candidate gene for intellectual disability. Mol. Syndromol. 3, 
68–75. doi: 10.1159/000341252

Knapp, A. M., Ramsey, J. E., Wang, S. X., Godburn, K. E., Strauch, A. R., 
and  Kelm, R. J. Jr. (2006). Nucleoprotein interactions governing cell type-
dependent repression of the mouse smooth muscle alpha-actin promoter 

by single-stranded DNA-binding proteins Pur alpha and Pur beta. J. Biol. 
Chem. 281, 7907–7918. doi: 10.1074/jbc.M509682200

Kobayashi, H., Abe, K., Matsuura, T., Ikeda, Y., Hitomi, T., Akechi, Y., et al. 
(2011). Expansion of intronic GGCCTG hexanucleotide repeat in NOP56 
causes SCA36, a type of spinocerebellar ataxia accompanied by motor neuron 
involvement. Am. J. Hum. Genet. 89, 121–130. doi: 10.1016/j.ajhg.2011.05.015

Koppers, M., Blokhuis, A. M., Westeneng, H. J., Terpstra, M. L., Zundel, C. A., 
Vieira De Sa, R., et al. (2015). C9orf72 ablation in mice does not cause 
motor neuron degeneration or motor deficits. Ann. Neurol. 78, 426–438. 
doi: 10.1002/ana.24453

Krachmarov, C. P., Chepenik, L. G., Barr-Vagell, S., Khalili, K., and Johnson, E. M. 
(1996). Activation of the JC virus tat-responsive transcriptional control 
element by association of the tat protein of human immunodeficiency virus 
1 with cellular protein Pur alpha. Proc. Natl. Acad. Sci. U. S. A. 93, 14112–14117. 
doi: 10.1073/pnas.93.24.14112

Lagier-Tourenne, C., Baughn, M., Rigo, F., Sun, S., Liu, P., Li, H. R., et al. 
(2013). Targeted degradation of sense and antisense C9orf72 RNA foci as 
therapy for ALS and frontotemporal degeneration. Proc. Natl. Acad. Sci. 
U. S. A. 110, E4530–E4539. doi: 10.1073/pnas.1318835110

Lalani, S. R., Zhang, J., Schaaf, C. P., Brown, C. W., Magoulas, P., Tsai, A. C., 
et al. (2014). Mutations in PURA cause profound neonatal hypotonia, seizures, 
and encephalopathy in 5q31.3 microdeletion syndrome. Am. J. Hum. Genet. 
95, 579–583. doi: 10.1016/j.ajhg.2014.09.014

Lasham, A., Lindridge, E., Rudert, F., Onrust, R., and Watson, J. (2000). 
Regulation of the human fas promoter by YB-1, Puralpha and AP-1 transcription 
factors. Gene 252, 1–13. doi: 10.1016/S0378-1119(00)00220-1

Lasko, P. (2020). Patterning the drosophila embryo: a paradigm for RNA-based 
developmental genetic regulation. Wiley Interdiscip. Rev. RNA 11:e1610. doi: 
10.1002/wrna.1610

Lee, B. H., Reijnders, M. R. F., Abubakare, O., Tuttle, E., Lape, B., Minks, K. Q., 
et al. (2018). Expanding the neurodevelopmental phenotype of PURA 
syndrome. Am. J. Med. Genet. A 176, 56–67. doi: 10.1002/ajmg.a.38521

Li, Y., Koike, K., Ohashi, S., Funakoshi, T., Tadano, M., Kobayashi, S., et al. 
(2001). Pur alpha protein implicated in dendritic RNA transport interacts 
with ribosomes in neuronal cytoplasm. Biol. Pharm. Bull. 24, 231–235. doi: 
10.1248/bpb.24.231

Limesand, S. W., Jeckel, K. M., and Anthony, R. V. (2004). Puralpha, a single-
stranded deoxyribonucleic acid binding protein augments placental lactogen 
gene transcription. Mol. Endocrinol. 18, 447–457. doi: 10.1210/me.2003-0392

Liu, H., Barr, S. M., Chu, C., Kohtz, D. S., Kinoshita, Y., and Johnson, E. M. 
(2005). Functional interaction of Puralpha with the Cdk2 moiety of cyclin 
a/Cdk2. Biochem. Biophys. Res. Commun. 328, 851–857. doi: 10.1016/j.
bbrc.2005.01.038

Lombardi, L. M., Baker, S. A., and Zoghbi, H. Y. (2015). MECP2 disorders: 
from the clinic to mice and back. J. Clin. Invest. 125, 2914–2923. doi: 
10.1172/JCI78167

Lunde, B. M., Moore, C., and Varani, G. (2007). RNA-binding proteins: modular 
design for efficient function. Nat. Rev. Mol. Cell Biol. 8, 479–490. doi: 10.1038/
nrm2178

Ma, Z. W., Bergemann, A. D., and Johnson, E. M. (1994). Conservation in 
human and mouse Pur alpha of a motif common to several proteins involved 
in initiation of DNA replication. Gene 149, 311–314. doi: 
10.1016/0378-1119(94)90167-8

Ma, Z. W., Pejovic, T., Najfeld, V., Ward, D. C., and Johnson, E. M. (1995). 
Localization of PURA, the gene encoding the sequence-specific single-
stranded-DNA-binding protein Pur alpha, to chromosome band 5q31. 
Cytogenet. Cell Genet. 71, 64–67. doi: 10.1159/000134065

Markmiller, S., Soltanieh, S., Server, K. L., Mak, R., Jin, W., Fang, M. Y., et al. 
(2018). Context-dependent and disease-specific diversity in protein interactions 
within stress granules. Cell 172, 590.e13–604 e13. doi: 10.1016/j.cell.2017.12.032

Mayorga, L., Gamboni, B., Mampel, A., and Roque, M. (2018). A frame-shift 
deletion in the PURA gene associates with a new clinical finding: 
Hypoglycorrhachia. Is GLUT1 a new PURA target? Mol. Genet. Metab. 123, 
331–336. doi: 10.1016/j.ymgme.2017.12.436

Mccauley, M. E., O'rourke, J. G., Yanez, A., Markman, J. L., Ho, R., Wang, X., 
et al. (2020). C9orf72 in myeloid cells suppresses STING-induced inflammation. 
Nature 585, 96–101. doi: 10.1038/s41586-020-2625-x

Mello, B. (2018). Estimating timetrees with MEGA and the timetree resource. 
Mol. Biol. Evol. 35, 2334–2342. doi: 10.1093/molbev/msy133

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1371/journal.pgen.1001154
https://doi.org/10.1074/mcp.M112.026856
https://doi.org/10.1136/jmedgenet-2014-102798
https://doi.org/10.1136/jmedgenet-2014-102798
https://doi.org/10.1093/brain/awh650
https://doi.org/10.1080/15476286.2020.1761639
https://doi.org/10.1002/mgg3.1263
https://doi.org/10.1128/MCB.00629-06
https://doi.org/10.1016/j.neuron.2007.07.020
https://doi.org/10.1074/jbc.270.41.24352
https://doi.org/10.1002/jnr.20806
https://doi.org/10.1093/nar/24.14.2799
https://doi.org/10.1136/jmedgenet-2019-106769
https://doi.org/10.1016/j.neuron.2004.07.022
https://doi.org/10.1038/s41586-020-2308-7
https://doi.org/10.1038/s41586-020-2308-7
https://doi.org/10.1074/jbc.272.42.26727
https://doi.org/10.1128/MCB.23.19.6857-6875.2003
https://doi.org/10.1128/MCB.23.19.6857-6875.2003
https://doi.org/10.1159/000341252
https://doi.org/10.1074/jbc.M509682200
https://doi.org/10.1016/j.ajhg.2011.05.015
https://doi.org/10.1002/ana.24453
https://doi.org/10.1073/pnas.93.24.14112
https://doi.org/10.1073/pnas.1318835110
https://doi.org/10.1016/j.ajhg.2014.09.014
https://doi.org/10.1016/S0378-1119(00)00220-1
https://doi.org/10.1002/wrna.1610
https://doi.org/10.1002/ajmg.a.38521
https://doi.org/10.1248/bpb.24.231
https://doi.org/10.1210/me.2003-0392
https://doi.org/10.1016/j.bbrc.2005.01.038
https://doi.org/10.1016/j.bbrc.2005.01.038
https://doi.org/10.1172/JCI78167
https://doi.org/10.1038/nrm2178
https://doi.org/10.1038/nrm2178
https://doi.org/10.1016/0378-1119(94)90167-8
https://doi.org/10.1159/000134065
https://doi.org/10.1016/j.cell.2017.12.032
https://doi.org/10.1016/j.ymgme.2017.12.436
https://doi.org/10.1038/s41586-020-2625-x
https://doi.org/10.1093/molbev/msy133


Molitor et al. PURA-Related Functions and Disorders

Frontiers in Genetics | www.frontiersin.org 17 March 2021 | Volume 12 | Article 638217

Mishra, S., Girisha, K. M., and Shukla, A. (2021). Expanding the phenotype 
of PURA-related neurodevelopmental disorder: a close differential diagnosis 
of infantile hypotonia with psychomotor retardation and characteristic facies. 
Clin. Dysmorphol. 30, 1–5. doi: 10.1097/MCD.0000000000000360

Mitsumori, K., Takei, Y., and Hirokawa, N. (2017). Components of RNA granules 
affect their localization and dynamics in neuronal dendrites. Mol. Biol. Cell 
28, 1412–1417. doi: 10.1091/mbc.E16-07-0497

Mizielinska, S., Lashley, T., Norona, F. E., Clayton, E. L., Ridler, C. E., Fratta, P., 
et al. (2013). C9orf72 frontotemporal lobar degeneration is characterised 
by frequent neuronal sense and antisense RNA foci. Acta Neuropathol. 126, 
845–857. doi: 10.1007/s00401-013-1200-z

Mori, K., Lammich, S., Mackenzie, I. R., Forne, I., Zilow, S., Kretzschmar, H., 
et al. (2013). hnRNP A3 binds to GGGGCC repeats and is a constituent 
of p62-positive/TDP43-negative inclusions in the hippocampus of patients 
with C9orf72 mutations. Acta Neuropathol. 125, 413–423. doi: 10.1007/
s00401-013-1088-7

Mroczek, M., Zafeiriou, D., Gurgel-Gianetti, J., Vilela Morais De Azevedo, B., 
Roos, A., Bartels, E., et al. (2020). Three individuals with PURA syndrome 
in a cohort of patients with neuromuscular disease. Neuropediatrics. doi: 
10.1055/s-0040-1715625 [Epub ahead of print]

Muralidharan, V., Sweet, T., Nadraga, Y., Amini, S., and Khalili, K. (2001). 
Regulation of Puralpha gene transcription: evidence for autoregulation of 
Puralpha promoter. J. Cell. Physiol. 186, 406–413. doi: 10.1002/1097-46 
52(2000)9999:999<000::AID-JCP1039>3.0.CO;2-P

Ohashi, S., Kobayashi, S., Omori, A., Ohara, S., Omae, A., Muramatsu, T., 
et al. (2000). The single-stranded DNA- and RNA-binding proteins pur 
alpha and pur beta link BC1 RNA to microtubules through binding to the 
dendrite-targeting RNA motifs. J. Neurochem. 75, 1781–1790. doi: 10.1046/j.
1471-4159.2000.0751781.x

Ohashi, S., Koike, K., Omori, A., Ichinose, S., Ohara, S., Kobayashi, S., et al. 
(2002). Identification of mRNA/protein (mRNP) complexes containing Pur-
alpha, mStaufen, fragile X protein, and myosin Va and their association 
with rough endoplasmic reticulum equipped with a kinesin motor. J. Biol. 
Chem. 277, 37804–37810. doi: 10.1074/jbc.M203608200

Pandey, P. R., Yang, J. H., Tsitsipatis, D., Panda, A. C., Noh, J. H., Kim, K. M., 
et al. (2020). circSamd4 represses myogenic transcriptional activity of PUR 
proteins. Nucleic Acids Res. 48, 3789–3805. doi: 10.1093/nar/gkaa035

Penberthy, W. T., Zhao, C., Zhang, Y., Jessen, J. R., Yang, Z., Bricaud, O., et al. 
(2004). Pur alpha and Sp8 as opposing regulators of neural gata2 expression. 
Dev. Biol. 275, 225–234. doi: 10.1016/j.ydbio.2004.08.007

Qurashi, A., Li, W., Zhou, J. Y., Peng, J., and Jin, P. (2011). Nuclear accumulation 
of stress response mRNAs contributes to the neurodegeneration caused by 
fragile X premutation rCGG repeats. PLoS Genet. 7:e1002102. doi: 10.1371/
journal.pgen.1002102

Reijnders, M. R. F., Janowski, R., Alvi, M., Self, J. E., Van Essen, T. J., Vreeburg, M., 
et al. (2018). PURA syndrome: clinical delineation and genotype-phenotype 
study in 32 individuals with review of published literature. J. Med. Genet. 
55, 104–113. doi: 10.1136/jmedgenet-2017-104946

Reijnders, M. R. F., Leventer, R. J., Lee, B. H., Baralle, D., Selber, P., 
Paciorkowski, A. R., et al. (2017). “PURA-related neurodevelopmental disorders” 
in GeneReviews((R)). eds. M. P. Adam, H. H. Ardinger, R. A. Pagon, S. E. 
Wallace, L. J. H. Bean, K. Stephens et al. (Seattle (WA):  University 
of Washington).

Renton, A. E., Majounie, E., Waite, A., Simon-Sanchez, J., Rollinson, S., 
Gibbs, J. R., et al. (2011). A hexanucleotide repeat expansion in C9ORF72 
is the cause of chromosome 9p21-linked ALS-FTD. Neuron 72, 257–268. 
doi: 10.1016/j.neuron.2011.09.010

Ring, H. Z., Chang, H., Guilbot, A., Brice, A., Leguern, E., and Francke, U. 
(1999). The human neuregulin-2 (NRG2) gene: cloning, mapping and 
evaluation as a candidate for the autosomal recessive form of Charcot-
Marie-tooth disease linked to 5q. Hum. Genet. 104, 326–332. doi: 10.1007/
s004390050961

Rodriguez-Garcia, M. E., Cotrina-Vinagre, F. J., Arranz-Canales, E., Aragon, A. M., 
Hernandez-Sanchez, L., Rodriguez-Fornes, F., et al. (2020). A novel de novo 
mutation in the PURA gene associated with a new clinical finding: large 
brainstem. J. Genet. 99:7. doi: 10.1007/s12041-019-1165-3

Ross, A. F., Oleynikov, Y., Kislauskis, E. H., Taneja, K. L., and Singer, R. H. 
(1997). Characterization of a beta-actin mRNA zipcode-binding protein. 
Mol. Cell. Biol. 17, 2158–2165. doi: 10.1128/MCB.17.4.2158

Rossi, S., Serrano, A., Gerbino, V., Giorgi, A., Di Francesco, L., Nencini, M., 
et al. (2015). Nuclear accumulation of mRNAs underlies G4C2-repeat-induced 
translational repression in a cellular model of C9orf72 ALS. J. Cell Sci. 128, 
1787–1799. doi: 10.1242/jcs.165332

Sadakata, T., Kuo, C., Ichikawa, H., Nishikawa, E., Niu, S. Y., Kumamaru, E., 
et al. (2000). Puralpha, a single-stranded DNA binding protein, suppresses 
the enhancer activity of cAMP response element (CRE). Brain Res. Mol. 
Brain Res. 77, 47–54. doi: 10.1016/S0169-328X(00)00039-5

Safak, M., Gallia, G. L., and Khalili, K. (1999). Reciprocal interaction between 
two cellular proteins, Puralpha and YB-1, modulates transcriptional activity 
of JCVCY in glial cells. Mol. Cell. Biol. 19, 2712–2723. doi: 10.1128/
MCB.19.4.2712

Salcedo-Arellano, M. J., Dufour, B., Mclennan, Y., Martinez-Cerdeno, V., and 
Hagerman, R. (2020). Fragile X syndrome and associated disorders: clinical 
aspects and pathology. Neurobiol. Dis. 136:104740. doi: 10.1016/j.nbd.2020. 
104740

Sandweiss, A. J., Brandt, V. L., and Zoghbi, H. Y. (2020). Advances in understanding 
of Rett syndrome and MECP2 duplication syndrome: prospects for future 
therapies. Lancet Neurol. 19, 689–698. doi: 10.1016/S1474-4422(20)30217-9

Sareen, D., O'rourke, J. G., Meera, P., Muhammad, A. K., Grant, S., Simpkinson, M., 
et al. (2013). Targeting RNA foci in iPSC-derived motor neurons from ALS 
patients with a C9ORF72 repeat expansion. Sci. Transl. Med. 5:208ra149. 
doi: 10.1126/scitranslmed.3007529

Shelley, C. S., Da Silva, N., and Teodoridis, J. M. (2001). During U937 monocytic 
differentiation repression of the CD43 gene promoter is mediated by the 
single-stranded DNA binding protein Pur alpha. Br. J. Haematol. 115, 
159–166. doi: 10.1046/j.1365-2141.2001.03066.x

Shelley, C. S., Teodoridis, J. M., Park, H., Farokhzad, O. C., Bottinger, E. P., 
and Arnaout, M. A. (2002). During differentiation of the monocytic cell 
line U937, Pur alpha mediates induction of the CD11c beta 2 integrin gene 
promoter. J. Immunol. 168, 3887–3893. doi: 10.4049/jimmunol.168.8.3887

Shimojima, K., Isidor, B., Le Caignec, C., Kondo, A., Sakata, S., Ohno, K., 
et al. (2011). A new microdeletion syndrome of 5q31.3 characterized by 
severe developmental delays, distinctive facial features, and delayed myelination. 
Am. J. Med. Genet. A 155A, 732–736. doi: 10.1002/ajmg.a.33891

Sofola, O. A., Jin, P., Botas, J., and Nelson, D. L. (2007). Argonaute-2-dependent 
rescue of a Drosophila model of FXTAS by FRAXE premutation repeat. 
Hum. Mol. Genet. 16, 2326–2332. doi: 10.1093/hmg/ddm186

Stepto, A., Gallo, J. M., Shaw, C. E., and Hirth, F. (2014). Modelling C9ORF72 
hexanucleotide repeat expansion in amyotrophic lateral sclerosis and 
frontotemporal dementia. Acta Neuropathol. 127, 377–389. doi: 10.1007/
s00401-013-1235-1

Subramanian, S. V., Polikandriotis, J. A.,  Kelm, R. J. Jr., David, J. J., Orosz, C. G., 
and Strauch, A. R. (2004). Induction of vascular smooth muscle alpha-actin 
gene transcription in transforming growth factor beta1-activated myofibroblasts 
mediated by dynamic interplay between the Pur repressor proteins and 
Sp1/Smad coactivators. Mol. Biol. Cell 15, 4532–4543. doi: 10.1091/mbc.
e04-04-0348

Sun, Y., Gao, J., Jing, Z., Zhao, Y., Sun, Y., and Zhao, X. (2020). PURalpha 
promotes the transcriptional activation of PCK2  in oesophageal squamous 
cell carcinoma cells. Gene 11:1301. doi: 10.3390/genes11111301

Swinnen, B., Bento-Abreu, A., Gendron, T. F., Boeynaems, S., Bogaert, E., 
Nuyts, R., et al. (2018). A zebrafish model for C9orf72 ALS reveals RNA 
toxicity as a pathogenic mechanism. Acta Neuropathol. 135, 427–443. doi: 
10.1007/s00401-017-1796-5

Swinnen, B., Robberecht, W., and Van Den Bosch, L. (2020). RNA toxicity in 
non-coding repeat expansion disorders. EMBO J. 39:e101112. doi: 10.15252/
embj.2018101112

Tada, H., and Khalili, K. (1992). A novel sequence-specific DNA-binding protein, 
LCP-1, interacts with single-stranded DNA and differentially regulates early 
gene expression of the human neurotropic JC virus. J. Virol. 66, 6885–6892. 
doi: 10.1128/JVI.66.12.6885-6892.1992

Tanaka, A. J., Bai, R., Cho, M. T., Anyane-Yeboa, K., Ahimaz, P., Wilson, A. L., 
et al. (2015). De novo mutations in PURA are associated with hypotonia 
and developmental delay. Cold Spring Harb. Mol. Case Stud. 1:a000356. doi: 
10.1101/mcs.a000356

Tang, A. Y. (2016). RNA processing-associated molecular mechanisms of 
neurodegenerative diseases. J. Appl. Genet. 57, 323–333. doi: 10.1007/
s13353-015-0330-5

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1097/MCD.0000000000000360
https://doi.org/10.1091/mbc.E16-07-0497
https://doi.org/10.1007/s00401-013-1200-z
https://doi.org/10.1007/s00401-013-1088-7
https://doi.org/10.1007/s00401-013-1088-7
https://doi.org/10.1055/s-0040-1715625
https://doi.org/10.1002/1097-4652(2000)9999:999<000::AID-JCP1039>3.0.CO;2-P
https://doi.org/10.1002/1097-4652(2000)9999:999<000::AID-JCP1039>3.0.CO;2-P
https://doi.org/10.1046/j.1471-4159.2000.0751781.x
https://doi.org/10.1046/j.1471-4159.2000.0751781.x
https://doi.org/10.1074/jbc.M203608200
https://doi.org/10.1093/nar/gkaa035
https://doi.org/10.1016/j.ydbio.2004.08.007
https://doi.org/10.1371/journal.pgen.1002102
https://doi.org/10.1371/journal.pgen.1002102
https://doi.org/10.1136/jmedgenet-2017-104946
https://doi.org/10.1016/j.neuron.2011.09.010
https://doi.org/10.1007/s004390050961
https://doi.org/10.1007/s004390050961
https://doi.org/10.1007/s12041-019-1165-3
https://doi.org/10.1128/MCB.17.4.2158
https://doi.org/10.1242/jcs.165332
https://doi.org/10.1016/S0169-328X(00)00039-5
https://doi.org/10.1128/MCB.19.4.2712
https://doi.org/10.1128/MCB.19.4.2712
https://doi.org/10.1016/j.nbd.2020.104740
https://doi.org/10.1016/j.nbd.2020.104740
https://doi.org/10.1016/S1474-4422(20)30217-9
https://doi.org/10.1126/scitranslmed.3007529
https://doi.org/10.1046/j.1365-2141.2001.03066.x
https://doi.org/10.4049/jimmunol.168.8.3887
https://doi.org/10.1002/ajmg.a.33891
https://doi.org/10.1093/hmg/ddm186
https://doi.org/10.1007/s00401-013-1235-1
https://doi.org/10.1007/s00401-013-1235-1
https://doi.org/10.1091/mbc.e04-04-0348
https://doi.org/10.1091/mbc.e04-04-0348
https://doi.org/10.3390/genes11111301
https://doi.org/10.1007/s00401-017-1796-5
https://doi.org/10.15252/embj.2018101112
https://doi.org/10.15252/embj.2018101112
https://doi.org/10.1128/JVI.66.12.6885-6892.1992
https://doi.org/10.1101/mcs.a000356
https://doi.org/10.1007/s13353-015-0330-5
https://doi.org/10.1007/s13353-015-0330-5


Molitor et al. PURA-Related Functions and Disorders

Frontiers in Genetics | www.frontiersin.org 18 March 2021 | Volume 12 | Article 638217

Thatikunta, P., Sawaya, B. E., Denisova, L., Cole, C., Yusibova, G., Johnson, E. M., 
et al. (1997). Identification of a cellular protein that binds to tat-responsive 
element of TGF beta-1 promoter in glial cells. J. Cell. Biochem. 67, 466–477. 
doi: 10.1002/(SICI)1097-4644(19971215)67:4<466::AID-JCB5>3.0.CO;2-Q

Thelen, M. P., and Kye, M. J. (2019). The role of RNA binding proteins for 
local mRNA translation: implications in neurological disorders. Front. Mol. 
Biosci. 6:161. doi: 10.3389/fmolb.2019.00161

Tillotson, R., and Bird, A. (2019). The molecular basis of MeCP2 function in 
the brain. J. Mol. Biol. doi: 10.1016/j.jmb.2019.10.004 [Epub ahead of print]

Trau, S. P., and Pizoli, C. E. (2020). PURA syndrome and Myotonia. Pediatr. 
Neurol. 104, 62–63. doi: 10.1016/j.pediatrneurol.2019.09.008

Tremousaygue, D., Garnier, L., Bardet, C., Dabos, P., Herve, C., and Lescure, B. 
(2003). Internal telomeric repeats and 'TCP domain' protein-binding sites 
co-operate to regulate gene expression in Arabidopsis thaliana cycling cells. 
Plant J. 33, 957–966. doi: 10.1046/j.1365-313X.2003.01682.x

Tretiakova, A., Gallia, G. L., Shcherbik, N., Jameson, B., Johnson, E. M., 
Amini, S., et al. (1998). Association of Puralpha with RNAs homologous 
to 7 SL determines its binding ability to the myelin basic protein promoter 
DNA sequence. J. Biol. Chem. 273, 22241–22247. doi: 10.1074/jbc.273.35.22241

Tretiakova, A., Steplewski, A., Johnson, E. M., Khalili, K., and Amini, S. 
(1999). Regulation of myelin basic protein gene transcription by Sp1 and 
Puralpha: evidence for association of Sp1 and Puralpha in brain. J. Cell. 
Physiol. 181, 160–168. doi: 10.1002/(SICI)1097-4652(199910)181:1<160::A
ID-JCP17>3.0.CO;2-H

Uhlen, M., Fagerberg, L., Hallstrom, B. M., Lindskog, C., Oksvold, P., 
Mardinoglu, A., et al. (2015). Proteomics. Tissue-based map of the human 
proteome. Science 347:1260419. doi: 10.1126/science.1260419

Vishnupriya, R., Thomas, L., Wahba, L., Fire, A., and Subramaniam, K. (2020). 
PLP-1 is essential for germ cell development and germline gene silencing 
in Caenorhabditis elegans. Development 147:dev195578. doi: 10.1242/dev.195578

Wang, E. T., Taliaferro, J. M., Lee, J. A., Sudhakaran, I. P., Rossoll, W., Gross, C., 
et al. (2016). Dysregulation of mRNA localization and translation in genetic 
disease. J. Neurosci. 36, 11418–11426. doi: 10.1523/JNEUROSCI.2352-16.2016

Weber, J., Bao, H., Hartlmuller, C., Wang, Z., Windhager, A., Janowski, R., 
et al. (2016). Structural basis of nucleic-acid recognition and double-strand 
unwinding by the essential neuronal protein Pur-alpha. elife 5:e11297. doi: 
10.7554/eLife.11297

West, J. A., Davis, C. P., Sunwoo, H., Simon, M. D., Sadreyev, R. I., Wang, P. I., 
et al. (2014). The long noncoding RNAs NEAT1 and MALAT1 bind active 
chromatin sites. Mol. Cell 55, 791–802. doi: 10.1016/j.molcel.2014.07.012

White, M. K., Johnson, E. M., and Khalili, K. (2009). Multiple roles for Puralpha 
in cellular and viral regulation. Cell Cycle 8, 1–7. doi: 10.4161/cc.8.3.7585

Witze, E. S., Field, E. D., Hunt, D. F., and Rothman, J. H. (2009). C. elegans 
pur alpha, an activator of end-1, synergizes with the Wnt pathway to specify 
endoderm. Dev. Biol. 327, 12–23. doi: 10.1016/j.ydbio.2008.11.015

Wortman, M. J., Johnson, E. M., and Bergemann, A. D. (2005). Mechanism 
of DNA binding and localized strand separation by Pur alpha and comparison 
with Pur family member. Biochim. Biophys. Acta 1743, 64–78. doi: 10.1016/j.
bbamcr.2004.08.010

Xu, Z., Poidevin, M., Li, X., Li, Y., Shu, L., Nelson, D. L., et al. (2013b). 
Expanded GGGGCC repeat RNA associated with amyotrophic lateral sclerosis 
and frontotemporal dementia causes neurodegeneration. Proc. Natl. Acad. 
Sci. U. S. A. 110, 7778–7783. doi: 10.1073/pnas.1219643110

Xu, C., Tabebordbar, M., Iovino, S., Ciarlo, C., Liu, J., Castiglioni, A., et al. 
(2013a). A zebrafish embryo culture system defines factors that promote 
vertebrate myogenesis across species. Cell 155, 909–921. doi: 10.1016/j.
cell.2013.10.023

Zambrano, N., De Renzis, S., Minopoli, G., Faraonio, R., Donini, V., Scaloni, A., 
et al. (1997). DNA-binding protein Pur alpha and transcription factor YY1 
function as transcription activators of the neuron-specific FE65 gene promoter. 
Biochem. J. 328, 293–300. doi: 10.1042/bj3280293

Zhang, A., David, J. J., Subramanian, S. V., Liu, X., Fuerst, M. D., Zhao, X., 
et al. (2008). Serum response factor neutralizes Pur alpha- and Pur beta-
mediated repression of the fetal vascular smooth muscle alpha-actin gene 
in stressed adult cardiomyocytes. Am. J. Phys. Cell Physiol. 294, C702–C714. 
doi: 10.1152/ajpcell.00173.2007

Zhang, Q., Pedigo, N., Shenoy, S., Khalili, K., and Kaetzel, D. M. (2005). 
Puralpha activates PDGF-A gene transcription via interactions with a G-rich, 
single-stranded region of the promoter. Gene 348, 25–32. doi: 10.1016/j.
gene.2004.12.050

Zhao, J., Fok, A. H. K., Fan, R., Kwan, P. Y., Chan, H. L., Lo, L. H., et al. 
(2020). Specific depletion of the motor protein KIF5B leads to deficits in 
dendritic transport, synaptic plasticity and memory. elife 9:e53456. doi: 
10.7554/eLife.53456

Zu, T., Gibbens, B., Doty, N. S., Gomes-Pereira, M., Huguet, A., Stone, M. D., 
et al. (2011). Non-ATG-initiated translation directed by microsatellite 
expansions. Proc. Natl. Acad. Sci. U. S. A. 108, 260–265. doi: 10.1073/
pnas.1013343108

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Copyright © 2021 Molitor, Bacher, Burczyk and Niessing. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with 
these terms.

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1002/(SICI)1097-4644(19971215)67:4<466::AID-JCB5>3.0.CO;2-Q
https://doi.org/10.3389/fmolb.2019.00161
https://doi.org/10.1016/j.jmb.2019.10.004
https://doi.org/10.1016/j.pediatrneurol.2019.09.008
https://doi.org/10.1046/j.1365-313X.2003.01682.x
https://doi.org/10.1074/jbc.273.35.22241
https://doi.org/10.1002/(SICI)1097-4652(199910)181:1<160::AID-JCP17>3.0.CO;2-H
https://doi.org/10.1002/(SICI)1097-4652(199910)181:1<160::AID-JCP17>3.0.CO;2-H
https://doi.org/10.1126/science.1260419
https://doi.org/10.1242/dev.195578
https://doi.org/10.1523/JNEUROSCI.2352-16.2016
https://doi.org/10.7554/eLife.11297
https://doi.org/10.1016/j.molcel.2014.07.012
https://doi.org/10.4161/cc.8.3.7585
https://doi.org/10.1016/j.ydbio.2008.11.015
https://doi.org/10.1016/j.bbamcr.2004.08.010
https://doi.org/10.1016/j.bbamcr.2004.08.010
https://doi.org/10.1073/pnas.1219643110
https://doi.org/10.1016/j.cell.2013.10.023
https://doi.org/10.1016/j.cell.2013.10.023
https://doi.org/10.1042/bj3280293
https://doi.org/10.1152/ajpcell.00173.2007
https://doi.org/10.1016/j.gene.2004.12.050
https://doi.org/10.1016/j.gene.2004.12.050
https://doi.org/10.7554/eLife.53456
https://doi.org/10.1073/pnas.1013343108
https://doi.org/10.1073/pnas.1013343108
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The Molecular Function of PURA and Its Implications in Neurological Diseases
	Introduction
	Homologs of PURA are Found in Different Kingdoms of Life
	Molecular Functions of PURA
	Nuclear Targets of PURA
	Cytoplasmic Targets of PURA
	RNA-Repeat Expansion Disorders
	PURA in Hexanucleotide-Repeat Expansions in C9orf72 RNA Leading to ALS/FTD Spectrum Disorder
	The Role of PURA in FXTAS
	Potential Mechanisms of Neuroprotection by PURA

	 Knockout Of Pura in Mice and Its Implications
	The Neurodevelopmental Disorder PURA Syndrome
	Discussion
	Auth or Contributions

	References

