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Abstract

The N7-methylguanosine cap is a hallmark of the 5" end of eukaryotic mMRNAs and is required for
gene expression. Loss of the cap was believed to lead irreversibly to decay. However, nearly a
decade ago it was discovered that mammalian cells contain enzymes in the cytoplasm that are
capable of restoring caps onto uncapped RNAs. In this review, we summarize recent advances in
our understanding of cytoplasmic RNA recapping and discuss the biochemistry of this process and
its impact on regulating and diversifying the transcriptome. Although most studies focus on
mammalian RNA recapping, we also highlight new observations for recapping in disparate
eukaryotic organisms, with the trypanosome recapping system appearing to be a fascinating
example of convergent evolution. We conclude with emerging insights into the biological
significance of RNA recapping and prospects for the future of this evolving area of study.

Graphical/Visual Abstract and Caption

Cytoplasmic recapping is catalysed by a complex of enzymes that restores the m’G cap onto
decapped or endonucleolytically cleaved mRNAs. Recapping maintains the translation of some
MRNAs and has impacts on transcriptome and proteome complexity.

Introduction

The 5" end of all eukaryotic mRNA:s is defined by a cap structure consisting of N7-
guanosine (m’G) joined by a 5”,5’-triphosphate linkage to the first transcribed nucleotide.
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The m’GpppN cap structure (where N is the first transcribed nucleotide) was first identified
in the 1970s through studies of viral RNAs and later as a common feature of all eukaryotic
mRNAs (Furuichi, 2015; Furuichi et al., 1975; Furuichi, Morgan, Muthukrishnan, &
Shatkin, 1975; Furuichi et al., 1975; Moss, 2017; Wei & Moss, 1975; Wei, Gershowitz, &
Moss, 1975). A number of recent reviews have covered the nuclear steps involved in
cotranscriptional capping of pre-mRNAs (Cowling, 2010; Ghosh & Lima, 2010;
Ramanathan, Robb, & Chan, 2016) and the role of the cap in downstream processes
including translation, mMRNA turnover, and nonsense-mediated mMRNA decay (Topisirovic,
Svitkin, Sonenberg, & Shatkin, 2011; Grudzien-Nogalska & Kiledjian, 2017).

Prior to 2009 it was thought that loss of the cap, either by specific decapping enzymes or as
a consequence of endonuclease decay, led to rapid transcript loss by the 5° exonuclease
XRNL1. This thinking began to change with the concurrent publication of two papers that
year. One of these presented the first evidence for the existence of capped ends downstream
of transcription start sites and within spliced exons (Fejes-Toth et al., 2009). The other, from
our lab, described a cytoplasmic pool of capping enzyme (RNGTT, RNA
guanylyltransferase and 5’-phosphatase) in complex with a kinase that together convert RNA
with a 5”-monophosphate end to a molecule with a GpppN 5" terminus (Otsuka, Kedersha,
& Schoenberg, 2009). That same year we wrote a review summarizing what was known at
the time about the function of RNA recapping and its relationship to transcriptome
complexity (Schoenberg & Maquat, 2009). In the intervening years much has changed, with
discoveries driven by insights into the biochemistry of cytoplasmic capping, high throughput
sequencing, improvements in proteomics, and single molecule approaches for studying
translation. Here we summarize these findings as they relate to RNA recapping and its role
in transcriptome and proteome complexity.

The cap: canonical nuclear synthesis and functions in mMRNA metabolism

The canonical nuclear capping pathway modifies the 5” end of every RNA polymerase |1
(Pol I1) transcript, including all pre-mRNAs, miRNA precursors, long non-coding RNAs
(IncRNAs), small nucleolar RNAs (snoRNAs), and small nuclear RNAs (snRNAs). Nuclear
capping of the nascent transcript is catalyzed by RNGTT bound to the phosphorylated C-
terminal domain of Pol Il (Ho, C. K., Sriskanda, V., McCracken, S., Bentley, D., Schwer, B.,
& Shuman, S., 1998; Yue et al., 1997; Martinez-Rucobo et al., 2015). Capping starts with
conversion of the emergent 5’-triphosphate end to a diphosphate, a process that is catalyzed
by the N-terminal triphosphatase domain of RNGTT. Next, the guanylyltransferase domain
transfers GMP bound covalently to the e amino group of lysine 294 to create a G-capped
RNA. N7 methylation by RNA guanine-7 methyltransferase (RNMT, also called cap
methyltransferase) completes the synthesis of cap 0, the basic cap structure. Cap 0 is
sufficient for recognition by cap-binding effector proteins (Calero et al., 2002;
Marcotrigiano, Gingras, Sonenberg, & Burley, 1997; Niedzwiecka et al., 2002). Additional
cap modifications are generated by 2’-O-methylation of the first (cap 1) and second (cap 2)
transcribed nucleotide by CMTR1 and CMTR2, respectively (Belanger, Stepinski,
Darzynkiewicz, & Pelletier, 2010; Werner et al., 2011). These additional methylations
function to enhance translation (Kuge, Brownlee, Gershon, & Richter, 1998) and to mark an
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RNA as “self” to evade innate immunity responses against viral RNAs (Hyde & Diamond,
2015; Schuberth-Wagner et al., 2015).

Cap-binding proteins participate in every step of mMRNA metabolism including nuclear
processing (Gonatopoulos-Pournatzis & Cowling, 2014; Izaurralde et al., 1994; Schwer &
Shuman, 1996; Flaherty, Fortes, Izaurralde, Mattaj, & Gilmartin, 1997; Gilmartin, McDevitt,
& Nevins, 1988), export (Jarmolowski, Boelens, 1zaurralde, & Mattaj, 1994; Visa,
Izaurralde, Ferreira, Daneholt, & Mattaj, 1996), translation (Lee, Kranzusch, Doudna, &
Cate, 2016; Tcherkezian et al., 2014; Lahr et al., 2017; Philippe, Vasseur, Debart, &
Thoreen, 2018; Topisirovic et al., 2011), microRNA silencing (Chapat et al., 2017),
nonsense-mediated mRNA decay (Hosoda, Kim, Lejeune, & Maquat, 2005) and ultimately
MRNA turnover (Schoenberg & Maquat, 2012). A detailed discussion of the interplay
between the cap and cap-binding proteins is beyond the scope of this review. What is
relevant is the interplay between decapping enzymes and cap quality control mechanisms
(Grudzien-Nogalska & Kiledjian, 2017). Most decapping enzymes are members of the
Nudix (nucleoside diphosphate linked to another moiety X) family of enzymes, the best
known and most characterized being DCP2. DCP2 binds RNA and cleaves between the a
and B phosphates to generate m7Gpp and RNA with a 5"-monophosphate end. As noted
above, 5"-monophosphate RNA is susceptible to degradation by XRN1 (Schoenberg &
Magquat, 2012), but can also serve as substrate for recapping. There are 22 genes encoding
Nudix family proteins in the human genome, but to date only DCP2, NUDT3 and NUDT16
have been shown to catalyze mRNA decapping /17 vivo (Song, Li, & Kiledjian, 2010).
However, in vitro decapping activity has been observed for many other Nudix family
proteins, with different specificities and products that may be relevant to mRNA recapping.
For example, NUDT3, NUDT12, and NUDT15 are capable of cleaving between the g and y
phosphates of the cap 0 structure to yield RNA with a 5’ -diphosphate end (Song, Bail, &
Kiledjian, 2013). RNA with a 5" diphosphate is resistant to degradation by XRN1 (Fujimura
& Esteban, 2010) and may serve as a direct substrate for cytoplasmic recapping (Figure 1A).

Several of the Nudix hydrolases preferentially degrade unmethylated or improperly
methylated caps (Song et al., 2013; Grzela et al., 2018). As such they likely function to limit
expression to mMRNASs with properly modified caps. The unrelated DXO (decapping
exoribonuclease) family of proteins also functions in cap surveillance. The initial evidence
for cap quality control came from the discovery that yeast Rail, a pyrophosphoryl
hydrolyase, forms a heterodimer with the nuclear 5"-exonuclease Rat1 to form a complex
that selectively degrades mMRNAs with improperly methylated caps (Jiao et al., 2010). A
related protein Dxo1 acts similarly to the Rail/Rat1 heterodimer to degrade mRNAs with
improperly methylated caps, and the mammalian ortholog of this (DXO) also degrades pre-
mRNAs with improperly methylated caps (Jiao, Chang, Kilic, Tong, & Kiledjian, 2013).
DXO shows similar activity /n vitro against mRNAs with methylated and unmethylated
caps, and recent results indicate its primary function lies in the ability to degrade NAD-
capped mRNAs (Jiao et al., 2017). NAD capping is beyond the scope of this article and is
the subject of a recent review (Kiledjian, 2018).
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Early evidence of cytoplasmic recapping

The view that uncapped 5" ends are irreversibly destined for exonucleolyic decay was
challenged by early studies of nonsense-mediated decay (NMD). In erythroid cells of a p-
thalassemic mouse model, decay intermediates from nonsense codon-containing p-globin
mRNA were found that lacked portions of their 5 ends but were surprisingly stable (Lim,
Mullins, Chen, Gross, & Maquat, 1989). These decay intermediates were polyadenylated
like their parent mMRNAs and were only detected in the cytoplasm (Lim et al., 1989; Stevens
et al., 2002). Loss of parent mMRNA levels upon transcription inhibition was coincident with
the accumulation of the decay intermediates, supporting their generation as a cytoplasmic
process independent of transcription (Lim & Maquat, 1992). Further analysis of these decay
intermediates revealed their 5" ends had been modified by a cap or cap-like structure (Lim,
Sigmund, Gross, & Maquat, 1992). Supporting this conclusion, anti-cap antibody bound
both decay intermediates and parent mMRNA, and both were competitively eluted with m’G.
We later confirmed these findings, showing that the decay intermediates bind to recombinant
cap-binding protein EIFAE and that they could be eluted with m’GDP. These decay
intermediates were resistant to degradation by XRN1, and they could be decapped /in vitro
by DCP2 under conditions specific to m’G caps (Otsuka et al., 2009). NMD occurs in the
cytoplasm (Trcek, Sato, Singer, & Maquat, 2013), and later work showed that the capped p-
globin decay intermediates are generated by action of the SMG6 endonuclease
(Mascarenhas, Dougherty, & Schoenberg, 2013). Prior to 2009 there were other hints that
RNAs might be recapped in the cytoplasm, one of the most notable being the observation
that the downstream product of antisense cleavage of hepatitis B virus RNA was stable and
translated to generate an N-terminally truncated protein product (Thoma et al., 2001). The
cleaved transcript retained an intact poly(A) tail, and at the time the authors speculated that
it may have undergone some form of cytoplasmic recapping.

Recapping enzymes and cofactors

The first mechanistic insight into how a cap could be synthesized on a 5"-end-processed,
cytoplasmic RNA came with the observation that RNGTT is not restricted to the nucleus
(Otsuka et al., 2009; Wen, Yue, & Shatkin, 1998). While RNGTT is a predominantly nuclear
enzyme, it is also present in the cytoplasm of multiple mammalian cell lines, including
U20S, Huh7, MEL, Cos-1, HEK293 and RH-30 (Otsuka et al., 2009; Mukherjee,
Bakthavachalu, & Schoenberg, 2014; Thul et al., 2017). Drosophila also has a population of
RNGTT (mRNA-cap) that localizes to the cytoplasm (Chen et al., 2017b).

A common feature among the diverse eukaryotic cap synthesis reactions is the presence of
the necessary enzymatic activities in either a single polypeptide or in a complex of
interacting proteins. The latter (termed a metabolon (Srere, 1987)) facilitates efficient
substrate channeling and limits the accumulation of reaction intermediates. For example,
mammalian RNGTT is a bifunctional triphosphatase-guanylyltransferase whereas the same
reactions in yeast are catalyzed by the Cetlp:Ceglp heterodimer (Ho et al., 1998). The
trypanosome nuclear capping enzyme TbCGML1 is a bifunctional guanylyltransferase-
methyltransferase (Takagi, Sindkar, Ekonomidis, Hall, & Ho, 2007), while the trifunctional
capping enzymes of poxviruses, African swine fever virus, and mimivirus each contain
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triphosphatase, guanylyltransferase, and methyltransferase activities in a single polypeptide
(Benarroch, Smith, & Shuman, 2008; Kyrieleis, Chang, de la Pefia, Shuman, & Cusack,
2014). Consistent with this theme, cytoplasmic capping in mammalian cells is accomplished
by a metabolon consisting of RNGTT, a 5"-monophosphate kinase that generates a
diphosphate substrate for RNGTT guanylyltransferase activity (Otsuka et al., 2009), and
guanine-N7 cap methyltransferase (RNMT) (Trotman, Giltmier, Mukherjee, & Schoenberg,
2017) (Figure 1A).

Initial evidence for an mRNA recapping metabolon came from experiments in which
immunoprecipitated cytoplasmic RNGTT was able to add GMP onto RNA with a 5-
monophosphate end but not the same RNA with a5 hydroxyl (Otsuka et al., 2009).
Although RNGTT is 68.5 kDa, the enzymatic activities needed to add GMP onto 5’-
monophosphate RNA sedimented at ~140 kDa on glycerol gradients, suggesting that
RNGTT might be associated with other proteins. Importantly, RNGTT coprecipitated with
an RNA kinase activity that was capable of transferring the -y phosphate of -y-[32P]JATP onto
5’-monophosphate RNA but not onto the same RNA with a 5" -hydroxyl end.

In the process of categorizing portions of cytoplasmic RNGTT that function in recapping,
we noted that modifications to the C-terminus impaired the ability of immunoprecipitated
protein to transfer [32PJGMP from a-[32P]GTP onto 5’-monophosphate RNA in vitro
(Mukherjee et al., 2014). The very C-terminus of RNGTT is a proline-rich sequence that
was predicted to function as a ligand for binding by one or more SH3-domain-containing
proteins, notably NCK1 (NCK adapter protein 1). consists of three SH3 domains and a C-
terminal SH2 domain. Mutational analyses of RNGTT and NCK1 showed that RNGTT
binds through its proline-rich C-terminus to the third SH3 domain of NCK1. Importantly, the
as-of-yet unidentified 5"-monophosphate kinase binds to the second SH3 domain,
presumably through a proline-rich peptide sequence of its own (Mukherjee et al., 2014).
These findings established NCK1 as a scaffold upon which the cytoplasmic capping
complex assembles (Figure 1A).

Multiple lines of evidence showed recapped transcripts undergo N7 methylation to generate
the same m’G caps found on nuclear capped RNAs. RNMT is the only mammalian enzyme
known to catalyze the N7-methylation of G-capped RNA (Cowling, 2010), and like RNGTT,
it was thought to be restricted to the nucleus. RNMT functions as a heterodimer with
RNMT-associated miniprotein (RAMAC, formerly known as RAM), which binds RNA and
stimulates RNMT activity (Gonatopoulos-Pournatzis, Dunn, Bounds, & Cowling, 2011).
Biochemical fractionation and immunofluorescence identified cytoplasmic pools of both
RNMT and RAMAC, and RNA interference and co-immunoprecipitation showed that these
two proteins catalyze cytoplasmic cap methylation in the same manner as nuclear cap
methylation (Trotman et al., 2017). Gel filtration identified RNMT in a complex with
RNGTT and NCK1, and this was confirmed by proximity-dependent biotinylation by
BirA*-tagged cytoplasmic RNGTT. /n vitro and in vivo binding experiments agreed with an
earlier report of direct interaction between RNMT and RNGTT (Pillutla, Yue, Maldonado, &
Shatkin, 1998) and showed that the C-terminal methyltransferase domain of RNMT binds to
the C-terminal guanylyltransferase domain of RNGTT. Together, these findings describe a
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cytoplasmic capping metabolon that contains all activities necessary to regenerate cap 0 on
uncapped RNA.

Trypanosomes have a nuclear guanylyltransferase-methyltransferase, ToOCGM1, and a
predominantly cytoplasmic guanylyltransferase, TOCE1. Strikingly, ToCE1 has a novel 5’-
monophosphate RNA kinase domain at its N-terminus, making it the only enzyme identified
to date with this activity (Ignatochkina, Takagi, Liu, Nagata, & Ho, 2015). ThCE1 kinase
activity is magnesium-dependent and can use ATP or dATP as a phosphate donor. Of the 5”-
monophosphate RNA substrates tested, ThCE1 was most effective in recapping the spliced
leader (SL) sequence present on all Trypanosome mRNAs. It is unclear whether recapping
activity is stimulated by SL sequence or is simply more efficient on substrate RNAs with a
5’-terminal G or A. As a bifunctional kinase-guanylyltransferase, TOCEL1 is the first
dedicated cytoplasmic recapping enzyme to be described. Another trypanosome cytoplasmic
protein, TbG5-1P, has a domain structure similar to TbCEL, probably resulting from a gene
duplication event (Freire et al., 2014). ThG5-IP interacts with the translation initiation
factors ThEIF4G5 and ThEIF4ES, raising the possibility of translational control through an
additional, similar recapping enzyme (Freire et al., 2014; Freire, Sturm, Campbell, & de
Melo Neto, 2017). It has also been speculated that an additional standalone guanine-N7
methyltransferase, TOCMT1, functions to methylate cytoplasmically recapped RNASs in
trypanosomes (Hall & Ho, 2006; Ignatochkina et al., 2015). The trypanosome recapping
machinery is summarized in Figure 1B. The fact that TbCE1-related proteins are limited to
kinetoplastids (NCBI BLAST analysis) suggests a different evolutionary origin for
recapping by these organisms compared to higher eukaryotes.

Other enzymes have been described that may function in recapping or in generating
substrates for recapping. The earliest example was a 5’-monophosphate RNA kinase from
vaccinia viral cores that can yield di- or triphosphate ends (Spencer, Loring, Hurwitz, &
Monroy, 1978). The identity of this enzyme remains unknown despite the limited number
(~200) of protein-coding genes that have been annotated in vaccinia (Moss, 2017).
Cytoplasmic recapping has not been reported in yeast, but the yeast L-A virus synthesizes
RNA transcripts with a 5" diphosphate, and the ATP-dependent generation of 5'-
diphosphate ends from GMP-primed transcripts points to the possibility of 5’-
monophosphate RNA kinase activity (Fujimura & Esteban, 2010). As noted above,
mammalian cells have decapping enzymes that generate 5”-diphosphate ends (Song et al.,
2013). The trypanosome decapping enzyme ToALPH1 can also generate products with 5
diphosphate (Kramer, 2017). 5’-diphosphate ends are resistant to XRN1 activity (Fujimura
& Esteban, 2010), and transcripts bearing 5’-diphosphate ends may undergo cytoplasmic
recapping independent of the need to be converted from a 5”-monophosphate terminus
(Figure 1B).

Recapping target RNAs and functional consequences of recapping

RNGTT functions in both nuclear and cytoplasmic capping and one of the challenges to
studying cytoplasmic capping was the development of a way to inhibit this process /n vivo
without disrupting nuclear capping. This was achieved by development a catalytically-
inactive form of RNGTT that is restricted to the cytoplasm (Otsuka et al., 2009). This form
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of RNGTT has the HIV Rev nuclear export sequence at the N-terminus and is missing the
four amino acids that function as a nuclear localization sequence. Changing the active site
lysine 294 in the guanylylation domain to alanine resulted in a catalytically-inactive protein,
termed K294A. Overexpression of K294A inhibits cytoplasmic capping in a dominant-
negative manner, most likely through competitive disruption of the cytoplasmic capping
complex. Uncapped forms of recapping target mMRNAs were identified by their susceptibility
to /n vitro degradation by XRN1, and were grouped into three classes based on their
appearance with respect to K294A overexpression (Mukherjee et al., 2012). 2666 MRNAs
were identified as having ‘natively’ uncapped forms in the absence of K294A expression.
These mRNAs are relatively unstable and they are stabilized by XRN1 knockdown. A
separate group of 675 mRNAs was identified for which uncapped forms appeared only in
K294A-expressing cells. This “capping-inhibited” class likely represents transcripts that
undergo rapid recapping whenever an uncapped form appears in the cytoplasm. A third
group of 835 “common” transcripts were found to be uncapped in both K294A-expressing
and uninduced cells; these MRNAs are natively uncapped to some degree but have an
increased proportion that appears uncapped upon inhibiting cytoplasmic recapping.

As noted above cyclic decapping and recapping, or “cap homeostasis”, serves to regulate the
stability of natively uncapped mRNAs (Mukherjee et al., 2012). It also impacts translation,
particularly of mRNAs in the “common” and “capping-inhibited” pool. Normally these
MRNAs sediment with translating polysomes; however, when cytoplasmic capping is
blocked, their resulting uncapped forms redistribute to non-translating mRNPs (Figure 2A).
This raised the question whether uncapped mRNAs in non-translating mRNPs retained
poly(A) tails of sufficient length to enable their return to the translating pool following
cytoplasmic recapping. Recent transcriptome-wide studies of polyadenylation showed little
correlation between translation efficiency and poly(A) tail length in somatic cells (Zheng &
Tian, 2014; Park, Yi, Kim, Chang, & Kim, 2016). Inhibition of cytoplasmic capping has no
impact on global poly(A) length distribution across the transcriptome (Kiss et al., 2016).
More importantly, poly(A) tails of similar length were present on capped forms of recapping
targets on translating polysomes and uncapped forms of the same mRNAs in non-translating
mRNP complexes. These observations support a model of cap homeostasis wherein stable
uncapped mRNAS retain a translationally competent poly(A) tail, thus enabling these
transcripts to be stored in a state that is primed for rapid reentry into the translating pool
upon recapping (Figure 2B). Recent advances in live-cell imaging of translation events have
revealed sporadic on-off “bursting” kinetics (Wu, Eliscovich, Yoon, & Singer, 2016; Yan,
Hoek, Vale, & Tanenbaum, 2016) that could be explained by cycles of decapping and
recapping regulating translation in a temporal manner (lwasaki & Ingolia, 2016).

It remains to be determined whether cytoplasmic recapping occurs more frequently at the
canonical 5° end or at downstream sites generated by endonucleolytic cleavage (Mercer et
al., 2010; Schmidt et al., 2015) or at sites of pausing by XRN1 (Moon et al., 2015; Charley,
Wilusz, & Wilusz, 2018) (Figure 3A). Nonetheless, growing evidence suggests a role for
cytoplasmic recapping in generating novel capped ends at downstream sites. A number of
methods have been developed for the transcriptome-wide identification of capped sites (Afik
et al., 2017; Batut, Dobin, Plessy, Carninci, & Gingeras, 2013; Afik et al., 2017; Djebali et
al., 2012; Cartolano, Huettel, Hartwig, Reinhardt, & Schneeberger, 2016; Gu et al., 2012;
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Machida & Lin, 2014), with cap analysis of gene expression (CAGE (Shiraki et al., 2003))
being the most commonly used. CAGE was originally developed for the annotation of
transcription start sites (TSSs); however, its early application identified human exonic
CAGE tags downstream of canonical cap sites (Fejes-Toth et al., 2009). Such downstream
CAGE tags likely represent the recapping of post-transcriptionally processed mRNAS, as the
tags are considered too short to be generated by the splicing of mRNAs produced from
alternative TSSs (Fejes-Toth et al., 2009; Le Hir, Gatfield, 1zaurralde, & Moore, 2001;
Le,H., Izaurralde, Maquat, & Moore, 2000) and do not coincide with the active chromatin
marks or Pol 1l occupancy that would be expected of alternative transcription initiation
(Mercer et al., 2010; Mercer et al., 2011). Subsequent analysis concluded that ~72% of
human CAGE tags map to actual TSSs, leaving the remaining 30% as possible recapping
sites (Djebali et al., 2012). A ligation-based approach identified locations of uncapped 5’
ends in recapping target mMRNAs that mapped either exactly to or in the vicinity of
downstream CAGE tags (Kiss, Oman, Bundschuh, & Schoenberg, 2015), supporting a role
for cytoplasmic recapping in generating novel capped ends. CAGE-based sequencing of
vaccinia virus transcripts similarly found many capped 5° ends that mapped within positive-
sense coding sequences (CDSs) (Yang, Bruno, Martens, Porcella, & Moss, 2011). Recapping
of these processed ends could potentially be catalyzed by either viral or host enzymes in the
cytoplasm.

Downstream capped ends have also been documented in Drosophila. Based on promoter
motifs and chromatin immunoprecipitation sequencing data for the transcription factors TBP
and TRF2, it is unlikely that these are generated by initiation at alternative TSSs (Hoskins et
al., 2011; Ni et al., 2010). Targeted validation by two independent methods, cap-trapping
and oligo-capping, confirmed that 10 out of 12 candidate downstream sites indeed
represented capped RNAs (Ni et al., 2010). Uncapped mRNAs are also abundant in
Drosophila (Machida & Lin, 2014), further pointing to cap homeostasis as a process
affecting the Drosophila transcriptome.

Recapping of 5”-end-processed RNAs has implications for diversification of the
transcriptome and proteome through the generation of capped transcripts with shortened 5°
untranslated regions (UTRs), shortened CDSs, and noncoding RNAs consisting primarily of
3’ UTR sequences (Figure 3B). Recapping an mRNA with a shortened 5° UTR would leave
the CDS-encoded protein unchanged but could alter its translational regulation by removing
structural elements, sites of regulatory protein binding, and/or upstream open reading frames
(UORFs) (Leppek, Das, & Barna, 2018; Sendoel et al., 2017; Tamarkin-Ben-Harush,
Vasseur, Debart, Ulitsky, & Dikstein, 2017; Hinnebusch, lvanov, & Sonenberg, 2016).
Recapped RNAs with 5”-end-shortened CDSs could presumably be translated from
downstream initiation codons to produce N-terminally truncated protein products. Detection
of proteoforms corresponding to different transcript isoforms has been hampered by limits in
coverage and sensitivity of proteomic methods (Aebersold et al., 2018). Nonetheless,
ribosome profiling and N-terminal proteomics studies have provided ample evidence for
translation initiating at downstream sites (Kim et al., 2014; VVan Damme, Gawron, Van
Criekinge, & Menschaert, 2014; Na et al., 2018; Menschaert et al., 2013), with downstream
translation initiation estimated to occur on a quarter of human transcripts (Lee et al., 2012).
Specific examples of this phenomenon include nonsense-containing CCHCRI and
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ABHD14B mRNAs (Jagannathan & Bradley, 2016) and £/F4A1 mRNA with capped ends
downstream of the canonical initiation codon (Tamarkin-Ben-Harush et al., 2017). A
combination of ribosome profiling and positional proteomics with modulation of
cytoplasmic capping will be necessary to determine if recapping of 5’ -end-processed
mRNAs contributes to translation initiating downstream of canonical start sites. Finally,
recapping downstream of initiation codons within the CDS or within the 3 UTR could
produce noncoding RNAs that may regulate the physiology of other mRNAs by acting as
“sponges” that sequester miRNAs, RNA-binding proteins, and other trans-acting factors
(Mayr, 2017; Mercer et al., 2011).

Biological significance of recapping

The overall biological significance of cytoplasmic recapping remains an open question.
Temporal regulation of translation and RNA stability through cap homeostasis may serve
important roles in the cell cycle and in the cellular response to stress. Gene ontology (GO)
analysis of recapping targets revealed that the “capping-inhibited” class of transcripts was
enriched for proteins involved in mitotic cell cycle control (Mukherjee et al., 2012). This is
consistent with more recent reports suggesting some level of coordination between cap
synthesis and the cell cycle (Aregger & Cowling, 2017; Aregger et al., 2016). Another clue
comes from studies characterizing the integrated stress response. In general, cap-dependent
translation is repressed by cellular stresses such as endoplasmic reticulum (ER) stress,
oxidative stress, and heat shock. Each of these stressors also results in the sequestration of
translationally repressed mRNPs in stress granules (SGs (Sheinberger & Shav-Tal, 2017)),
which may functionally intersect with translational repression by P-bodies (Stoecklin &
Kedersha, 2013; Hubstenberger et al., 2017). The cap status of MRNAs in these granules is
unknown, but several observations suggest a possible link between cytoplasmic recapping
and the ability of cells to recover from stress. Recovery from arsenite-induced oxidative
stress was reduced when cytoplasmic recapping was blocked (Otsuka et al., 2009). A recent
study found that only a portion of the transcriptome is sequestered in cytoplasmic RNP
granules of stressed cells (Namkoong, Ho, Woo, Kwak, & Lee, 2018). These mRNAs had
similar GO terms as mRNAs that were identified in (Mukherjee et al., 2012) as cytoplasmic
recapping targets. Of potentially greater significance, results of both studies identified a
particular enrichment for mMRNAs with AU-rich motifs in their 3> UTRs. Thus, one role for
cytoplasmic recapping may be to facilitate the post-stress resumption of cap-dependent
translation.

A recent paper on the Hedgehog signaling pathway raised the fascinating possibility of a
role for RNA recapping in animal development (Chen, Zhu, & Sun, 2017a). An siRNA
screen of ~7000 genes conserved between Drosophilaand mammals found that RNGTT is
required for Drosophila wing development. Importantly, wing defects caused by loss of
RNGTT were rescued by expressing wild-type RNGTT in a form restricted to the
cytoplasm. However, wing defects were not rescued with the same active-site mutant
(K294A) used to inhibit cytoplasmic capping in mammalian cells. Overexpression of a
cytoplasmic form of catalytically active RNGTT increased hedgehog signaling in mouse
3T3 cells, and hedgehog signaling was reduced by overexpression of the K294A mutant.
The dependence of these phenomena on the catalytic activity of cytoplasmic RNGTT is
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consistent with a role of cap homeostasis in regulating translation and/or mRNA decay
during development. Hedgehog signaling is dysregulated in a wide range of human diseases,
including cancer and neurodevelopmental disorders (Fattahi, Pilehchian Langroudi, &
Akhavan-Niaki, 2018), and future studies into the involvement of cytoplasmic recapping
may lead to novel therapeutic strategies.

Future prospects and concluding remarks

Research over the past decade has established RNA recapping as a novel mechanism of gene
expression control; however, many questions remain unanswered. One of the biggest
challenges is to define the rules for the selection of recapped sites. Such selectivity could be
achieved through preferential activity of any of the recapping enzymes or by biases in
decapping, exonuclease, and/or endonuclease activities. Sequence motifs provide possible
insights into this selectivity. Motif analyses found only a slight preference for a guanosine at
presumptive novel 5" ends in mouse (Mercer et al., 2010), but in Drosophila, 59% of the
most abundant signals in downstream capped read clusters mapped to genomic TC
dinucleotides (Ni et al., 2010). This finding implies that recapping frequently occurs after
processing events that target UC dinucleotides in fruit flies. It also remains unknown
whether RNA secondary structure is important for recapping. XRN1 exonuclease activity is
inhibited by strong secondary structures (Charley et al., 2018; Moon et al., 2015; Muhlrad,
Decker, & Parker, 1994), so 5’-monophosphate ends at such structures may be preferentially
stabilized and targeted for recapping. The presence of RNA-binding proteins could similarly
cause XRNL1 to stall (Figure 3A). Insight into any such rules could guide the development of
reporter mMRNAS as new tools to aid studies of recapping. Further, does cap homeostasis
depend on or influence epitranscriptomic marks such as pseudouridine or N6-
methyladenosine (mBA)? N6-methylation of adenosine at the cap-proximal nucleotide is one
of the most prevalent internal modifications in the transcriptome, and its presence can
modulate sensitivity to decapping by DCP2 (Mauer et al., 2016). This warrants investigating
whether m®A influences the selection of RNAs for recapping.

Another major hurdle regarding mammalian recapping is elucidating the identity of the 5’-
monophosphate RNA kinase. Is it a previously uncharacterized protein? Or does a known
protein possess this as-of-yet uncharacterized activity? Additionally, considering the
discovery that the trypanosome ThCE1 kinase domain is highly similar to the adenylate
kinase family of proteins (Ignatochkina et al., 2015), nucleoside monophosphate kinases
(NMPKSs) are obvious candidates for investigation. The chemistry of any previously
unrecognized 5" -monophosphate RNA kinase activity would presumably be analogous to
NMPKs, and given the abundance of NMPK genes in mammals (nine different adenylate
kinases, two different uridylate/cytidylate kinases, one guanylate kinase, and one
thymidylate kinase (Panayiotou, Solaroli, & Karlsson, 2014)), it is conceivable that some
NMPKs may act upon 5’-monophosphate RNA ends to generate diphosphate substrates for
the guanylyltransferase activity of RNGTT. Methods capable of detecting 5’-diphosphate
ends have recently been developed (Ettwiller, Buswell, Yigit, & Schildkraut, 2016; Luciano,
Vasilyev, Richards, Serganov, & Belasco, 2017) and have shown that 5”-diphosphate
mRNAs are surprisingly common in bacteria. Do the transcriptomes of eukaryotic species
contain prevalent 5’ -diphosphate RNAs as well?
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Accumulating evidence suggests that recapping may target diverse species of RNA other
than mMRNA. m’G caps have been observed on tRNA precursors (Ohira & Suzuki, 2016),
and because these RNAs are synthesized by Pol 111 instead of Pol Il, it appears unlikely that
pre-tRNA capping occurs through the canonical co-transcriptional pathway. Capped pre-
tRNAs in yeast were most prevalent on those that had undergone splicing, and because
tRNA splicing occurs on the cytoplasmic surface of mitochondria in yeast, it will be
interesting to learn where this pre-tRNA capping occurs. Human pre-tRNAs can also
undergo capping, as demonstrated by recovery with anti-cap antibody and the mapping of
CAGE tags to the 5" regions of mammalian tRNA genes (Ohira & Suzuki, 2016).
Furthermore, analyses of RNAs shorter than 200 nucleotides have uncovered the existence
of short, capped RNASs that appear to be derived from post-transcriptional processing of
tRNAs, mature mMRNAs, and snoRNAs (Abdelhamid et al., 2014; Fejes-Toth et al., 2009;
Mercer et al., 2010). In C. elegans, caps have also been reported on snoRNAs and pre-
miRNAs processed from larger primary transcripts (Chen et al., 2017a; Xiao et al., 2012). It
is thus likely that the cytoplasmic capping machinery plays a role in the metabolism of
RNAs beyond those with protein-coding potential.

Another outstanding question is whether the caps added in the cytoplasm are distinguishable
from those added in the nucleus. Cap 1 and cap 2 ribose methylations would be preserved
following recapping at canonical 5” ends but could potentially be absent upon recapping at
downstream sites. The cap 1 ribose methyltransferase CMTR1 is mostly nuclear and binds to
the C-terminal repeat domain of Pol I1, suggesting that cap 1 methylation is co-
transcriptional and restricted to the nucleus (Belanger et al., 2010; Haline-Vaz, Silva, &
Zanchin, 2008). In the absence of ribose methylation, caps added at downstream sites may
targeted for translational repression by IFIT proteins, since these bind cap 0 more tightly
than cap 1 (Johnson et al., 2018; Kumar et al., 2014). Such regulation could be further
mediated by IFIT2, which binds AU-rich elements that are prevalent in recapping target
RNAs (Fensterl & Sen, 2015; Fensterl & Sen, 2015; Mukherjee et al., 2012; Yang et al.,
2012). Cap 2 methyltransferase CMTR?2 is present in the nucleus and cytoplasm and is
capable of modifying both cap 0 and cap 1 (Werner et al., 2011). The activity of this enzyme
is greater in cytoplasmic extracts than in nuclear extracts of HeLa cells (Langberg & Moss,
1981), making it conceivable that CMTR2 catalyzes ribose methylation of recapped RNAs.

Also to be addressed is the relationship of cytoplasmic capping to proteome complexity. As
noted above there is a large body of evidence for downstream capped ends and a growing
body of proteomic evidence for alternative N-termini. These need to be reconciled, and the
most straightforward way will be through ribosome profiling and N-terminal proteomics of
matching samples from cells with normal cytoplasmic capping and cells in which this
process is blocked. Another open question is whether RNA recapping is a regulated process.
NCK1 is an adapter protein that transduces signaling from receptor tyrosine kinases to other
cellular moieties, such as the actin cytoskeleton (Fawcett et al., 2007). The identification of
NCK1 as a scaffold for assembling the cytoplasmic capping complex raises the possibility
that recapping might be modulated by the binding of tyrosine phosphorylated protein(s) to
the C-terminal SH2 domain or by binding of a proline-rich motif to the first SH3 domain
(Figure 1A). Cap methylation by RNMT-RAMAC is a regulated process (Cowling, 2010),
and cytoplasmic cap methylation could be similarly subject to the same regulatory events as
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nuclear cap methylation. Cap methylation is also an attractive target for expanding the study
of cytoplasmic capping to more cell lines and to animal studies. In (Trotman et al., 2017)
cytoplasmic cap methylation was blocked by overexpression of a catalytically-inactive form
of RNMT. This construct lacks N-terminal nuclear localization sequences but retains the
ability to bind to RNGTT and RAMAC, and its overexpression resulted in a significant
decrease in the steady-state levels of known recapping targets without affecting the matching
controls. This effect is most likely due to degradation by cytoplasmic cap surveillance
enzymes that target RNAs with unmethylated caps (Song et al., 2013; Jiao et al., 2013;
Grzela et al., 2018). This approach should make it possible to more broadly identify
cytoplasmic capping targets simply by changes in their steady-state levels by RNA-Seq.

Finally, most of the work cited here used immortalized cell lines, and while there is still
much to learn about the process of RNA recapping, the field is poised to move into
addressing the larger questions of how this process relates to cellular and organismal
function. For example, some viruses encode their own capping enzymes and “snatch” caps
from host RNAs (Ferron, Decroly, Selisko, & Canard, 2012), but do any RNA viruses hijack
the cytoplasmic capping machinery (Snijder, Decroly, & Ziebuhr, 2016)? The identity of
such a process could make recapping a therapeutic target. What role, if any, does RNA
recapping play in development? One can envision a role for regulated downstream recapping
in generating protein isoforms with specific functional domains that appear at some stages
but not at others. Similarly, does cytoplasmic recapping play a role in initiation or progress
of cancer? Bioinformatics analysis of cytoplasmic capping targets yielded numerous
examples for initiation downstream of internal CAGE tags that could result in expression of
proteins lacking an N-terminal regulatory domain. There already is good evidence for a link
between RNA granules (e.g., stress granules), RNA recapping, and the ability of cells to
recover from stress. RNA granules feature prominently in a number of neurodegenerative
diseases such as ALS (Ito, Hatano, & Suzuki, 2017), and nothing is known about if and/or
how recapping might play into this. Lastly, is recapping a strategy used by neurons to control
localized translation (Rangaraju, Tom Dieck, & Schuman, 2017; Kapur, Monaghan, &
Ackerman, 2017), particularly around synapses? With so much left to discover, it is our hope
that insights from these and other fields will continue to reveal new understanding as to how
cytoplasmic recapping impacts RNA biology.
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Figure 1. Biochemistry of RNA recapping.
A. Model of recapping in mammals. Multiple decapping enzymes can convert unmethylated

(GpppN) and/or methylated (m’GpppN) capped ends to mono- and diphosphate substrates
for recapping. 5"-monophosphate RNA is phosphorylated by an ATP-dependent kinase to
produce 5’-diphosphate RNA. Guanylation by the guanylyltransferase (GTase) domain of
RNGTT yields the GpppN cap structure that is then methylated at the N7 position by the
RNMT-RAMAC heterodimeric cap methyltransferase. The 5’ -monophosphate RNA kinase
and RNGTT bind to adjacent SH3 domains of NCK1, and RNMT-RAMAC is recruited to
RNGTT through the C-terminal catalytic domain of RNMT. B. Model of recapping in
trypanosomes. Trypanosome decapping enzymes producing both mono- and diphosphate
ends from m’GpppN caps have been described. Conversion of 5"-monophosphate RNA to
the GpppN cap structure is catalyzed by the bifunctional enzyme ThCEL, which has an N-
terminal kinase domain and a C-terminal GTase domain. The methyltransferase ThOCMT1 is
proposed to catalyze N7-methylation.

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2020 January 01.

Page 21

Buiddesap



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Trotman and Schoenberg

K294A/control

K294 A/control

monosome

mRNP 405 603 polysomes
—l—r

Absorbance (254 nm)

control

]
K294A

M EX0SC2

recapping| BMAPKT
PG| mpoLros
targets | msaTs
H2NF207

| limi:.‘;ﬂ];nhﬂ:;i'

non-target [-sew
controls | HILAMAS

9 | P

o dmtm

7 9 M 13 15 17 19 21 23
fraction number

translationally active

recapping cap homeostasis i} decapping

translationally silent

O ~S~———A,

!

storage in SGs or PBs?

Figure 2. Trandlational control by cap homeostasis.
A. Polysome profiling shows inhibition of recapping by overexpression of a catalytically

inactive, cytoplasmically restricted form of RNGTT (K294A) increases transcript
accumulation in non-translating messenger ribonucleoprotein complexes (MRNPs, top

Page 22

panel). In the middle and lower panels individual fractions were assayed by RT-gPCR for
recapping target and non-target mRNAs. Inhibition of cytoplasmic capping results in the
redistribution of target MRNAS into non-translating mRNPs whereas non-target controls
remain essentially unchanged. This figure is adapted from Figure 5 in (Mukherjee et al.,
2012) and is reproduced here in accordance with Creative Commons License CC-BY. B.
Model of cap homeostasis. Because the majority of translation initiation is cap-dependent,
the translatability of an mRNA can be regulated by cycles of decapping and recapping. Such
cap homeostasis is independent of changes in poly(A) tail length. Translationally silent
MRNAS can be stored in stress granules (SGs) and P-bodies (PBs), though it remains to be

elucidated how cap homeostasis intersects with RNA granule formation.
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Diversification of the transcriptome and proteome by recapping of 5’ -end-processed
RNAs.A. Possible avenues for the generation of 5”-end-processed RNA recapping substrates
for recapping. New 5 ends can be created by action of endoribonucleases (1) or by
inhibition of XRN1 5’-exoribonuclease activity by strong secondary structure (2) or RNA-
binding proteins (3). B. Consequences of recapping at downstream sites. A full-length
mRNA with a cap at its canonical transcription start site is shown as (1). Recapping of an

mRNA with a shortened 5 UTR (2) can remove regulatory elements. Recapping within the
CDS (3) may facilitate translation from downstream initiation codons, producing N-
terminally truncated proteins. Noncoding RNAs with regulatory potential can be generated
by recapping within the CDS downstream of alternative translation initiation codons (4) or
recapping within the 3° UTR (5).
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