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Abstract

Proteogenomics is based on the use of customized genome or RNA sequencing
databases for interrogation of shotgun proteomics data in search for proteome-level
evidence of genome variations or RNA editing. In this work, we identified the
products of adenosine-to-inosine RNA editing in human and murine brain
proteomes using publicly available brain proteome LC-MS/MS datasets and an RNA
editome database compiled from several sources. After filtering of false-positive
results, 20 and 37 sites of editing in proteins belonging to 14 and 32 genes were
identified for murine and human brain proteomes, respectively. Eight sites of editing
identified with high spectral counts overlapped between human and mouse brain
samples. Some of these sites were previously reported using orthogonal methods,
such as NMDA glutamate receptors, CYFIP2, coatomer alpha, etc. Also, differential
editing between neurons and microglia was demonstrated in this work for some of
the proteins from primary murine brain cell cultures. Because many edited sites are
still not characterized functionally at the protein level, our results provide a
necessary background for their further analysis in normal and diseased cells and

tissues using targeted proteomic approaches.
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Statement of significance of the study

Today, shotgun proteomics is able to identify ten or more thousand proteins
from a single specimen with increase in coverage of eukaryotic proteomes almost to
maximum. This is true if we consider each protein as a sum of products expressed
from a single gene. The next step, which is widely recognized by the community, is to
distinguish different products of a gene, the proteoforms, and further elucidate their
potential different roles. In this work, we have identified proteoforms originating
from the post-transcriptional modification, adenosine-to-inosine RNA editing which
occurs in each cell of mammalian organism and especially expressed in the brain
tissue. To this end, we reanalyzed major murine and human brain proteomic datasets
with a specific database which contained proteoforms predicted from RNA editome
data obtained elsewhere by next-generation sequencing. Our findings, the murine
and human edited proteins, provide a base for further targeted analyses for better

understanding their functional significance in normal and diseased cells and tissues.

This article is protected by copyright. All rights reserved.



Accepted Article

WWWw.proteomics-journal.com 5 Page 5 Proteomics

1 Introduction

Shotgun proteomics has experienced a rapid development and a swift progress in
efficiency in recent years after introduction of high-resolution mass spectrometry,
which became routinely available in the proteomic labs worldwide. The last
generations of LC-MS/MS instruments and data processing software are capable of
identifying and quantifying more than ten thousand protein groups in the course of
one experimental run. These improvements allowed achieving a number of
milestones within the Human Proteome Project and other global proteomic
initiativesl']. Among the recent achievements is, for example, the identification at the
proteome level of most of the protein coding reading frames predicted before from

the genome sequence [21,

The hunt for missing proteins primarily considered each of them as a sum of
polypeptide products expressed from a single gene. Another challenging task of
proteomic studies is distinguishing the individual products of each protein-coding
gene, which are called proteoforms [3l. These are produced by events that can be
divided into two major groups. The first and more complex one are post-translational
modifications (PTMs) of genetically encoded amino acids. Proteins are subjected to
dozens of common PTMs which can be studied using a number of approaches [41. A
second source of proteoforms are coding mutations, where amino acid sequences are
changed as a result of variation of coding nucleic acid sequences, such as DNA
polymorphism, alternative splicing, coding post-transcriptional modifications of
RNA and, last but not least, errors in ribosomal translation [3]. In order to determine
the changes in protein sequences resulting from nucleic acid variation, multi-omics

data analysis approaches are employed, including Next Generation Sequencing and
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shotgun proteomics data for a particular sample. The methodology of this multi-

omics approach is known as proteogenomics [51.

Thus far, proteogenomic identification of protein sequence variants was mainly
focused on cancer genome-associated mutations which could be functional and
actionable during the tumor growth [6l. In this area of research, one important and
growing field is identification of cancer neoantigens originating from mutated
histocompatibility antigen-bound peptides. These peptides may be used for
personalized anticancer vaccine development [7l. Some of the workflows aiming at
these clinically important applications employ mass spectrometry for direct
identification of mutant peptides extracted from the complexes with cancer cell-

associated HLA molecules [81.

The focus of the present study was on the type of coding RNA modification
known as RNA editing by double-strand RNA-dependent adenosine deaminases
(ADARs, EC 3.5.4.37) [91. This is the most common type of RNA editing, which is
often neglected in proteogenomic studies. ADARs in mammals include two
enzymatically active isoforms encoded by ADAR and ADARB1 genes, ADAR1 and
ADARZ2, respectively. Both affect dsSRNA sites by deaminating adenosine to inosine.
The latter is more affine to cytosine than to uracil, thus re-coding some amino acids
if deamination occurs in a codon(l. ADAR1 is thought to inactivate an excess of
dsRNA, which further stimulates cell immunity. Thus, this isoform participates in
immune suppressing pathways which may facilitate cancer growth 1. While ADAR1
reacts with long stretches of dsRNA, the ADAR2, in a yet unknown manner,
specifically modifies selected residues in coding regions of mRNAs. Further, the
importance of RNA editing that leads to protein sequence variation was shown for

serotonin receptor 2C ['2l and AMPA glutamate receptor subunits encoded by GRIA2,
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GRIA3 and GRIA4 human genes [!3l. The editing of these subunits is essential for
survival in both mouse and human. In mice, knockout of ADARB1 gene caused early
death from seizures due to excess of glutamate receptor-promoted excitation. This

effect is reversed by a genomic change of the edited site [13].

From hundreds to thousands of coding editing sites were reported for human
and mouse transcriptomes [4], as well as transcriptomes of invertebrates [5l.
However, only several of them have been characterized functionally and detected at

the protein level until recently [12.13],

Proteomic identification of RNA editing products requires employing the
proteogenomic approaches by combining RNA editome and shotgun proteomic data.
A pioneering work has described the RNA editome and the proteome of a cephalopod
species called Californian octopus, which uses editing of RNA and further modifying
the sequences of the corresponding proteins for adopting its poikilothermic body to
environmental changes [6l. Also, RNA editing at the proteome level was
characterized for the fruit fly brain, in which about 70 edited sites were identified [*71.
Quantitative analysis of selected sites using targeted MS has shown that some of

brain proteins were edited in up to 70% of adult insects.

As for the editing in mammalian proteome, the differences between DNA and
RNA sequences were revealed by genome-wide analysis of human B-cells followed by
the confirmation of protein-coding substitutions using shotgun proteomics [8].
Many of these substitutions were caused by the activity of ADAR enzymes. More
recently, the proteins changed by RNA editing in human cancer tissues were
identified by re-analysis of proteogenomic data from CPTAC cancer proteomics

project, which is an addition to The Cancer Genome Atlas [91. In the latter work,
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thirteen edited sites were validated at the protein level. At least one of those sites,
located in COPA vesicle transport protein, was under suspicion for being involved in
breast cancer progression [91. On the contrary, an edited site in the cyclin I protein
was reported to induce neoepitope, which elicited cytotoxic T-cell response against
tumor [20], In the latter study, five edited antigenic peptides were only identified in

human leukocyte antigen (HLA)-bound peptidome using a proteogenomic approach

[20],

Enhanced activity of ADARs in the central neural system has been recognized
since the discovery of this type of RNA editing [21] and motivated us to search for
editing events mammalian brain proteome in this work. Here, deep proteome
datasets obtained recently for mouse [22-24] and human [25-27] brains were selected
from publicly available sources. These data were re-analyzed using a genomic
database with added proteins bearing amino acid substitutions obtained from ADAR
editing results [28:29] and from the analysis of editomes of both human and mouse
reported recently [30]. It was also important to understand if the shotgun proteomics
can reproduce the findings reached with rigorous studies of selected ADAR-edited

translated sites, such as in glutamate receptors [31.,

2 Methods

2.1 Composing a database for coding A-to-I editing events

Mouse genomic coordinates of RNA editing were obtained from RADAR [28] and
DARNED [29] databases and from the supplementary data for the recent paper [30]
where 11103 RNA editing sites in exons were identified in adult and embryonic
murine tissues. Changes in protein sequences induced by RNA editing were
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annotated against mmg version of mouse genome using Variant Annotation

Integrator (VAI; http://genome.ucsc.edu/cgi-bin/hgVai) [321.

Human genomic coordinates of RNA editing sites were obtained from the same
three sources. In the large-scale study!3°l, 12871 sites in exons from 8,551 human
adult and fetal tissue samples from the Genotype-Tissue Expression project were
identified. Changes in protein sequences induced by RNA editing were annotated

against hg19 version of human genome using VAI.

FASTA files for proteogenomic search finally contained 609 and 1,878 coding
edited sites for mouse and human, respectively. In more detail, the contribution of

each source into final databases is described in Supporting Information Table 1.

2.2 Benchmark proteomic data

Murine and human brain proteome datasets, three for each species, were
selected from ProteomeXchange repository [33l. The datasets represent shotgun
proteomes obtained using high-resolution MS/MS with data-dependent acquisition.
Surprisingly, not many datasets were available, especially for human proteomes.
Some journals in the field, even well-established, do not oblige contributors to
provide raw proteome data. There were two major datasets available for murine and
human brain, PXDo01250 [22] and PXDo005445 [25], respectively. These latter were
specifically directed to the inventory of brain proteomes and, to our knowledge,
represented the deepest brain proteomes available to date. We used these two
datasets as core benchmark data, adding the less comprehensive data to validate the
findings. Additional murine datasets were taken from models of Huntington disease
(23] and neuropathic pain [24], under accession numbers PXDo003442 and

PXD004087, respectively. Additional human data were taken from cerebrospinal
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fluid (CSF) study [26], PXD009646, and from proteogenomic brain study intended to
identify protein variants (271, PXD004143. We chose the CSF study to verify if the
edited proteins can be identified in this body fluid, which is normally more readily
available in clinical conditions than the brain tissues. Numerical characteristics of

proteomic data obtained by our re-processing are listed in Table 1.

2.3 Proteogenomic search

The databases for mouse and human searches were constructed in the following
way. All tryptic peptides containing exactly two missed cleavage sites and exactly one
modified RNA editing site were listed (35878 mouse peptides and 14234 human
peptides) and annotated using original protein ID, as well as genomic and proteomic
coordinates of the editing site. Decoy versions of these peptides were constructed by
reversing the peptide sequences while keeping the C-terminal residue in place.
Canonical protein sequences from Mouse UniProt (May 2014, 57260 entries) and
Human SwissProt (October 2018, 20411 entries), respectively, were added along with
their decoy counterparts obtained by reversing the protein sequence while keeping

the N-terminal residue in place.

The data were searched against the constructed databases using X!Tandem
Cyclone [34] with the following principal search parameters: 10 ppm and 0.01 Da for
precursor and fragment ion mass errors; one allowed missed cleavage site; tryptic
digestion with proline exception; carbamidomethylation of cysteine (fixed), oxidation
of methionine (variable). Additionally, a variable modification of 229.162932 Da was
applied to lysines and N-termini in PXD004143, which was labeled with TMT. Then,

peptide-spectrum matches (PSMs) corresponding to peptides with RNA editing sites
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were extracted, ranked by Hyperscore and filtered to 1% FDR using target-decoy

approach (group-specific FDR) as implemented in Pyteomics library [35].

Search engine results were merged for biological and technical replicates, as well

as for the fractions corresponding to the same type of tissue prior to filtering.
2.4 Heuristic rules for manual filtering of edited peptides

The edited peptides identified automatically were then manually inspected to
filter out suspicious hits. The following items were excluded: (i) Asn-to-Asp
substitutions, because editing events may be mimicked by chemical deamidation[3¢];
(i) miscleaved peptides lacking their cleaved counterparts (for explanation, cf.
Results section); (iii) for human samples, editing events corresponding to known
genomic SNPs, except cancer mutations (NextProtl37] knowledgebase, release 2016-
08-25, used for curation with embedded references to the dbSNP databasel38]); (iv)
chemical modifications mimicking substitutions which were found during manual

inspection of mass-spectra.

2.5 Label-free quantitation of proteins of interest

For the identified peptides bearing RNA editing substitutions, the canonical
protein forms were quantified based on normalized spectral abundance factor
(NSAF) 391 by processing the X!Tandem output with Scavager [40] and using the
scav2nsaf script to calculate the NSAF values over pooled fraction results. For
comparison between different samples, all NSAF values were converted to

percentiles.
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3 Results and discussion

3.1 Filtering out dubious identifications of A-to-I edited sites

In proteogenomics, discoveries produced by the search engine must be carefully
verified at the PSM level. For example, some amino acid substitutions are often
mimicked by artefact or natural chemical modifications [541]. In case of A-to-I RNA
editing and in contrast with the genomic variation, the number of possible amino
acid substitutions is limited to A-to-G changes in codons. Despite this, all findings of
edited peptides reported from brain proteomes by automatic output of the search

engines were inspected to filter out all dubious peptide hits.

One of the most common substitutions predicted from A-to-I editome was the
Asp-to-Asn change. Unfortunately, chemical deamidation is often observed to occur

naturally and, thus, we had to exclude all such peptides from the results.

Manual inspection of the mass spectra of variant peptides was also performed
for expert validation of findings as suggested recently [42]. As one of the striking
results obtained for the murine data, an edited peptide VITAQGGVLPSIQAVLLPK
with one acetylation site from the common histone HIST2H2AC was reported with
high spectral counts. The high extent of editing of a highly abundant histone protein
could potentially be a significant discovery. However, manual inspection of the

corresponding mass spectra evidently showed a wild-type sequence,

Accepted Article

VTTAQGGVLPNIQAVLLPK, with ammonia addition. Next, for human data, some A-
to-1 edited sites were also polymorphic in the genome with A-to-G substitutions,
which led to the same protein variants. We excluded such peptides from the results if

they contained germline SNPs, but not cancerous mutations from COSMIC catalog
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[43], The presence of cancer-related mutations in brain tissues used in the datasets

can be neglected.

Peptides with edited sites which were identified with a trypsin miscleavage
without identification of their fully cleaved counterparts were also excluded. Using
the target-decoy method, we estimated FDR separately for the lonely miscleaved
peptides and those miscleaved peptides which had their pair or even two partners. As
a result, in one exemplary dataset, the FDR for the lonely miscleaved peptides was
about 12%. In contrast, the pairs of overlapping miscleaved and cleaved products
were almost absent among decoys, with an estimated FDR of less than 0.01% for
those with a single cleaved counterpart and zero for those with two cleaved parts
identified in the same dataset (Fig.1). Thus, miscleaved peptides without cleaved
counterparts are enriched by false-positive results. Working at the peptide level, we
chose to exclude this fraction from our report in this project. Expectedly, the paired
overlapping peptides detected independently are very unlikely to occur as false

positives.

The complete, unfiltered list of peptides returned by the search engines is

provided in Supporting Information Tables 2 and 3.

3.2 A-to-I RNA editing in the murine brain proteome

After applying the exclusion criteria described above, 20 edited sites which
belong to products of 14 genes were identified for murine brain data (Table 2). Of
those, 15 sites were characterized by spectral counts above two. Among identified
edited peptides, some have been previously reported and validated by orthogonal
molecular methods(3l. Expectedly, the higher the levels of editing (expressed

quantitatively as spectral counts), the better studied are the corresponding proteins.
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Table 2 also shows that profiles of identified edited peptides from the lesser datasets
[23.24] are generally similar to the largest dataset [22]. In the former sets, the most

represented edited sites were also identified.

Glutamate receptor subunits GRIA2 (GluA2) and GRIA3 (GluA3) are classical
examples of coding editing events [44], For them, both flip and flop splice isoforms
with R/G editing were identified (Table 2). It was recently shown that this type of
editing accelerated opening and desensitization of GRIA2-formed ion channels, at
least for flop isoforms [451. The better recognized Q/R editing site on GRIA2, which
was shown to be completely edited in adult brains [9], was also identified with lesser
spectral counts than the R/G site, most likely due to the chemical properties of the
corresponding peptide. This latter contains a glutamine residue at the N-terminus,
which often leads to unpredictable chemical changes during fragmentation 461, RNA
editing in glutamate receptor subunits was thoroughly studied on different molecular
levels [47]. For proteins, the main instrument was to create recombinant, forcibly
edited receptors in cell and organism models. With targeted proteomics based on our
findings, one can monitor dynamics of the edited isoform in intact tissues, including

clinical samples [45].

The cytoplasmic fragile X mental retardation 1 interacting protein 2 (CYFIP2) is
the most extensively edited protein found in murine datasets with a major edited
K/E site at the 320th position. CYFIP2 is an important component of actin regulatory
WAVE complex 48], which reorganizes actin filaments in response to external stimuli
with lamellipodia formation. Functionally, the complex was shown to participate in
spinal morphogenesis and presynaptic modulation [49]. Germline mutations of

CYFIP2 are responsible for early-onset epileptic encephalopathy [5°] and binge eating
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[51], Despite the accumulating knowledge about the roles of this protein in various

pathways, the exact function of its K/E editing remains unclear.

The alpha-filamin (FLNA) is a large protein with multiple immunoglobulin-like
repeats which provides the spatial organisation of actin filaments, as well as binds
multiple ligands, including cytoplasmic domains of transmembrane receptors [52. Its
edited site, Q/R, located in 22th filamin repeat and identified here, was described
before [53l. The functional meaning of this substitution remains unclear. It was

hypothesised that editing can modify binding of FLNA with its partner protein [53l.

The coatomer subunit alpha (COPA) is a component of specific coating for
vesicles (COPI) that provide a retrograde transport of proteins from the Golgi
complex to the endoplasmic reticulum 0541, This subunit of the complex is a well-
known target for RNA editing. Interestingly, the search performed earlier for large-
scale cancer proteomic data 9] found the same I/V substitution which was identified
herein. Despite the conservative nature of the substitution, it was shown that, at least
in the breast cancer cell line, this editing event facilitates the cancer growth through

an unknown mechanism [19],

The calcium-dependent secretion activator 1 (CADPS) is shown to participate in
calcium-dependent release of synaptic vesicles [551. This was the only protein from
our list whose ortholog was also edited in the fruit fly proteome ['7]. The set of edited
proteins in mammals and fruit fly is substantially different, with components of
presynaptic release mechanisms mostly edited in the insect. However, in murine and

insect brains, CADPS was edited in different, non-homologous sites.

Among the previously described targets of ADAR editing, the insulin-like growth

factor binding protein 7 (IGFBP7) should be mentioned with its R/G site identified in
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corpora striati dataset [53. The meaning of edited residues in this protein also

remains unclear.

A number of editing events identified in this work were never discussed in
literature and, at the same time, they have lower spectral counts than the established
edited sites. Two ion channels should be mentioned, the metabotropic glutamate
receptor 4 (GRM4) and the voltage-dependent T-type calcium channel subunit
alpha-1G (CACNA1G). Notably, the latter is functionally related to a fruit fly protein,
CG4587, which was shown to be extensively edited in previous work [7]
Unexpectedly, among the edited proteins of murine brain, two enzymes with

mitochondrial localisation were found, specifically, ACOT10 and ME3.

From omics experiments without use of functional models, one can only state
that the coding events took place. The high sensitivity of molecular techniques may
result in identification of sites that have no functional significance and arise from
side effects of ADAR enzymatic reactions. Levanon et al [53] also suggested that the
coding editing events could be a side-effect of alternative splicing regulation by

ADAR, e.g. in the filamin alpha, as it was shown before for the glutamate receptor!sl.

3.3 Coding RNA editing events are differentially distributed between

murine brain cells

Having deep proteomes of different cells and tissues of murine brain [22]] we
performed label-free quantitation analysis for the identified edited peptides using
spectral counting. For the analysis, we selected the samples where the number of
PSMs for edited peptides of each protein of interest was at least 5, according to the
heuristic statistical rule, which, for example, is used in Fisher's exact test (for PSMs

by samples [22], see Supporting Information Table 2). These were primary cell
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cultures of microglia from young and adult mice, cerebellar granule cells and cortical
neurons. Expectedly, the cell cultures provided better sensitivity towards edited sites
because RNA editing is known mostly for cellular proteins. In tissue samples
containing many stromal extracellular components, edited sites were identified with
low PSM counts (Supporting Information Table 2). Of all tissues characterized by
Sharma et al [22]] the whole brain proteome analyzed by fractions provided higher

PSM counts for edited peptides.

Using five datasets with higher abundance of edited sites, we aimed to correlate
the extent of editing with the protein concentration. In other words, if we have a high
PSM count for edited peptides of the glutamate receptor in cortical neurons and a
low count in microglia, does this mean that this receptor is highly expressed in the
neurons? To answer this question, we recalculated label-free quantitative parameters
for the proteins in five datasets of interest, namely, NSAF percentiles [39], and plotted
them against PSM counting for the proteins that reached five or more PSMs of edited

peptides in at least one of the datasets of interest (Fig.2).

In some cases, the simple logic of 'no protein - no editing' appears to work. For
example, microglia almost lacked GRIA2 and GRIA3 glutamate receptors and, thus,
no edited sites were identified in this type of cells. For other proteins, a differential
editing was apparently observed at comparable expression levels. For example,
GRIA2 editing was, probably, specific for cortical neurons with no editing in
cerebellar granule neurons (Fig.2), although the expression level of this receptor was
significantly higher in cortical neurons in comparison to other cell cultures (p-value
of 0.037 calculated here and below with the pairwise Wilcoxon test with FDR as
multiple testing correction). GRIA3 had low levels of editing in both types of

neurons, despite high levels for the whole brain, which, more likely, means that it is
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edited in other neuronal type not covered specifically by the dataset [22]. At the same
time, its levels estimated by NSAF were significantly lower only for cortical neurons,
with no difference between cerebellar cells and whole brain (p = 0.037, which is a
minimal possible value generated by the statistical method when three replicates are

compared pairwise).

CYFIP2 appeared to be differentially edited in neuronal cells with low levels of
editing in microglia, despite relatively high abundance in all cell types. More
specifically, its levels are significantly higher in cortical neurons in comparison with
microglia, but not in cerebellar granular cells, where it is highly edited
Hypothetically, this may reflect the difference between these cell types in response of
actin structures to external stimuli. In contrast, the filamin-A (FLNA) and the
coatomer subunit alpha (COPA) are edited mostly in microglia. The former’s level is
significantly higher in microglia in comparison with cortical neurons, but not with
cerebellar cells. Coatomer alpha protein has a high level expressed elsewhere, except
the whole brain dataset. Remarkably, COPA's editing was characteristic for microglia
from newborn mice and, at the same time, this type of editing was shown to promote
cancer growth in vitro 191. Probably, growing cells have some specificity in turnover
of Golgi transport proteins which may be facilitated by specific I/V editing of the

coatomer alpha as identified here and in other works.

Our results strongly suggest that ADAR targets in different brain cell types are
differentially edited. Most likely, this differential pattern is caused by ADAR2, which
is characterized by target specificity, not identified yet [57]. Differential RNA editing
patterns on the protein level should be further studied, e.g. by targeted proteomics,

to elucidate their possible role in disease. For example, microglia, which is obviously
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a subject of specific RNA editing, is shown to trigger neuronal death in amyotrophic

lateral sclerosis.

Proteomic findings of differential editing in different tissues are generally
supported by the recent data of single-cell RNAseq analysis where similar events
were also observed!s8l. The REDIportal database, which may be used to check A-to-I
RNA editing levels deduced from RNAseq data for various human tissues, does not
contain data on glial cells yet*4]. Thus, we could not directly compare the proteomic
findings with mRNA data. Notably, in a comparison of editing levels of sites of
interest between human brain and blood vessel tissues, significant difference can be
found, e.g. for glial-specific edited proteins. The major non-synonymous edited site
of FLNA (Q/R) was characterized by average editing frequency of 0.36 and 0.88 in
brain tissues and blood vessels, respectively. Similarly, the major non-synonymous
site of COPA (I/V) has 0.19 and 0.56 in brain and blood vessel tissues (p<0.01 in
Wilcoxon test for both sites). However, neuron-specific edited sites also tend to be
more frequently edited in arteria, such as 0.77 in brain vs.0.94 in arteria for
GRIAg3[4l. Moreover, blood vessels are not so closely relate to glial cells to draw any

conclusions without further experimentation.

While we could identify a number of “classical” examples of RNA-edited
proteins, such as glutamate receptors, some others were not detected. The most
recognized case is a serotonin receptor, more specifically, 5-hydroxytryptamine
receptor 2C (HTR2C) [591. Unfortunately, one of the main edited sites for this
receptor, 1156V, is located in a short tryptic peptide which is too lightweight to be
detected in typical proteome analysis. Other sites, however, could be identified. At
the same time, the HTR2C protein itself was not identified in cell line datasets

discussed above, as well as in fractions of whole brain. Most likely, shotgun
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proteomic analysis, such as the one performed to obtain the datasets of interest, did
not provide enough sensitivity to identify this receptor, which was specific for

selected neuron types and brain regions, e.g. amygdala [6°],
3.4 A-to-I RNA editing in the human brain proteome

In order to identify edited sites in the human brain proteome, we used the same
study design as for murine data. Similarly, there was a main dataset that yielded the
majority of identified edited peptides [25]. Even the authors of the original paper by
Carlyle et al stated that their work was a human analogue of the major murine study
by Sharma et al [22]. However, the data was collected from more subjects and, at the
same time, lacked the depth of proteome coverage reached in the murine brain study
[22], Moreover, there were no cell cultures analyzed, which, in case of the murine
brain proteome, yielded better coverage for edited products (see Section 3.3). While
analysing human data, one should also take into account genome polymorphism
which cannot be observed in inbred animals and, in turn, may sometimes overlap
with the editing events. As mentioned above, the human editome contained more
than 1,800 coding events, three times the size of the murine one. It is still unclear if
this fact reflects biological mechanisms or is due to the human editome being better

studied.

In total, 37 edited sites which belong to products of 32 genes were identified

from human brain data, with 18 sites being characterized by the spectral count above
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two (Table 3). This tier of sites with higher number of spectra is highly correlated
with murine data. The findings common for two species included a major site of
CYFIP2, three sites from glutamate receptors GRIA2 and GRIA3, sites of COPA,

FLNA and CADPS, as described below (eight interspecies sites are shadowed in
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Tables 2 and 3). For GRIA2 receptor subunit, a R/G edited flop isoform was also

identified, in contrast to murine data.

In this part of the study, we deliberately involved a dataset of cerebrospinal fluid
(CSF) proteome [26], This fluid is the most available specimen from the human brain
which can, inter alia, be withdrawn without complicated operative intervention.
Importantly, the edited sites detectable in CSF may potentially serve as biomarkers.
Expectedly, we could not find classical sites, such as from glutamate receptors, in this
fluid. Instead, a Q/R site from the prostaglandin-H2 D-isomerase (PTGDS) was
found. PTGDS is a multifunctional enzyme and neuromodulator, and is also known
as CSF biomarker for liquorrhea, a CSF leakage from nose and ear after trauma (61,
In addition, the IGFBP7 editing site shared with the murine proteome of corpora

striati [23], as mentioned above, was found in CSF.

One more dataset [27]; obtained in the proteogenomic study of prefrontal cortex,
was not deep enough and yielded a single minor edited site from the polymerase
delta-interacting protein 3 (Table 3). Even the deepest human dataset obtained by
Carlyle et al [25] did not provide the sensitivity towards edited sites similar to that of
the murine dataset obtained by Sharma et al [22]. Thus, with the human data we could
not confirm or refute the finding of differential RNA editing for different cells similar

to the one shown for murine brain in Section 3.3.

The question arises which sites of identified here are novel. The novelty is
relative because all of them are taken from RNA data reported before. For human,
the most comprehensive list of edited sites identified by proteomics was reported for
cancersll. Of them, COPA and IGFBP7 sites shared between murine and human

editomes were also found in this work (Tables 2-3). Sites of GRIA2-4 glutamate
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receptor subunits were found to be important at the protein level with transgene
technology. Other sites were predicted to exist only from RNA analysis, which means

that technically they are novel at the proteome level.

3.5 A-to-I RNA editing sites identified in proteomes of murine and
human brains and their editing frequencies measured by RNA

sequencing

After identification of edited sites in murine and human brain proteomes, it was
relevant to know the extent of their editing on the transcript levels. Publicly available
resources provide the editing frequency number which is usually estimated by ratio
between quantities of edited and non-edited sequences using RNAseq reads or
output of targeted PCR methodsl4l. It would be preferable to calculate corresponding
ratios for edited sites found in shotgun proteomes. However, it is not technically
possible in the scope of the present study due to potentially different behavior of
genome-encoded and edited tryptic peptides in the mass spectrometer. Accordingly,
the parameters of label-free quantitation between genomic and edited are supposed
to be incomparable. The problem may be solved using targeted mass-spectrometric
methods with isotopically labeled peptide standards, as shown before for RNA
editing in the fruit flyl7l. In this work, which based on analysis of shotgun proteomic
big data, the only measure of editing abundance remains spectral counting for edited

peptides as listed in the Tables 2-3.

For human brain, editing frequencies for most identified sites were available
from REDIportal RNA editing databasel4] accompanied with the numbers of
RNAseq runs where corresponding edited sites were detected as a measure of

analytical reproducibility. Murine editing sites were characterized in the major study
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by Tan et all30] (Supplementary File 5). In that paper, intact mice were compared to
ADAR2 knock-outs. As a result, the contribution of each active ADAR isoform,
ADAR1 and ADAR2, to editing of each site of interest could be additionally
estimated. RNA editing parameters for the sites reliably identified in the major
murinel22] and human!2s] brain proteomes and in the brain transcriptomes as

described above are summarized in Table 4.

Despite the use of spectral counts of edited peptides instead of real editing
frequencies, there is a connection between transcriptomic and proteomic data listed
in Table 4. Sites with higher spectral counts are also characterized by higher editing
frequencies. For murine sites characterized by both proteomic and transcriptomic
parameters, Pearson and Spearman correlation coefficients between them are 0.66
and 0.61, respectively. For those human sites which were also detected at the
transcript level in more than 20 RNAseq runs, these correlation coefficients are 0.6
and 0.8, respectively. Although it should be further verified, the results suggest that
the major transcripts with nonsynonymous RNA editing have more chances to be

translated.

The majority of edited sites found in brain proteomes originate from ADAR2
isoform activity, in correspondence with previous art(®2l. Interestingly, glutamate
receptor transcripts also are subject of ADAR1 action, especially, the GRIA3 site with

60% of contribution of this isoform.
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3.6 Potential influence of identified A-to-I RNA editing sites on the

protein structure

We have computationally characterized the reliably identified edited sites (cf. top
sections of Table 2 and 3) with respect to their potential effect on protein three-
dimensional structure, function, and interactions. First, we predicted their damaging
effect using SIFT(®3], This method predominantly relies on conservation of the
wildtype and mutant amino acids in related proteins. SIFT predicts 9 amino acid
substitutions of 23 in the joined list of edited sites from murine and human brain as
possibly damaging (Supporting Information Table 4). Then we further characterized
structural environment of the affected positions with StructMAn(é4l. This tool
assesses whether a particular amino acid residue lies in protein core, on its surface,
or on an interaction interface with another protein, nucleic acid, or ligand in a
complex of the protein in question or of its homolog. We could obtain structural
annotation for 11 of 18 substitutions in the human samples and for 10 of 16 in the
mouse samples. For human, N227S in GLUD2 is located in a NADPH-binding pocket
in a crystal structure of an orthologous bovine protein (PDBI¢s! ID 3ETE; Fig.3A).
T313A in CASP1 lies on a protein-protein interaction interface (PDB ID 3D6H), and
homologous residues R764G in GRIA2, R775G in GRIA3, and R765G in GRIA4 are
located very close to a protein-protein interaction interface in a structure of a
homolog GluA2 (PDB ID 6DMo). In both cases these are interaction interfaces
between subunits in a homooligomeric complex. These substitutions in glutamate
receptors may modulate subunit interactions despite SIFT predicting this mutation
as tolerable. 1164V in COPA lies in the protein core and can potentially disrupt the
protein stability (Fig.3B). We additionally tested this with FoldX[®¢]l, but the small

estimated change on the free energy between the wildtype and the mutant structures
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(1.33 kcal/mol) argues against this hypothesis. At the same time, a possible
functional importance of this site in cancer was mentioned abovel'9]. Additionally,
from the mouse samples, we find that I75V in ME3 lies on a protein-protein
interaction interface in a homologous tetramer of human ME1 (PDB ID 3WJA).
Q118R in the glutamine receptor GRM4 (in the structure of a human homolog
GRMs5, PDB ID 6N4X) and R769G ID GRIAS3, in accordance with human data, lie
close to such an interface. Q607R in GRIA2 lies in the pocket that binds channel
blockers and can influence the sensitivity of the protein to their toxicity. This finding
corresponds with background knowledge that this editing site in GRIA2 substantially
decreases the calcium flux through the ion channel with important functional

consequencesl67l,

4 Concluding remarks

In this work, we revealed for the first time the consequences of adenosine-to-
inosine RNA editing at the scale of brain proteomes obtained previously for mouse
and human. While this type of RNA editing is known as a ubiquitous pathway which
takes place literally in each cell of mammalian organism[4.68]  only tens of thousands
of theoretical coding sites could be identified at the proteome level. A whole

collection of cancer proteomes accumulated by CPTAC consortium has recently
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yielded a mere thirteen validated ADAR edited sites [:91. We were able to find more in
the selected data, with thirty seven potential edited sites in the human brain and
twenty of them in the murine brain, in the deepest proteomes publicly available to
date. This gain is supposed to be explained by ADAR2 enzyme activity characteristic

for neural tissues!67].
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The question arises, why the number of edited sites found in proteomes is so
low in comparison to those observed at the transcript level. We think that it is not
due to the low detection limit for minor protein isoforms although the method
limitations may contribute. When translation of multiple mRNA transcripts
originating from alternative splicing was studied in deep proteome data, it was
shown that, for most genes, one principal isoform survived as a protein[69.70]. We may
expect the same situation with edited mRNAs, many of which may originate as a
side-effect of ADAR1 isoform activity towards potentially toxic double-strand RNA
sites[71]. These unnecessary edited transcripts may be translated with a lower yield
than wild-type or principally important transcripts. It was also shown that inosine
residue in the codon can slow down the ribosome followed by formation of truncated
polypeptides(tol. Thus, among the diversity of edited transcripts, only few of them are
likely to lead to protein translation and these latter can be essential, such as edited

glutamate receptors(72l.

Interspecies comparison of results showed a good correlation between human
and murine data, with eight common editing sites among the hits with higher
abundance. In general, many edited sites identified from shotgun proteomes with
higher spectral counts are also identified by orthogonal techniques, among them
being the edited glutamate receptor subunits, the CYFIP2 protein, the coatomer

alpha subunit and the filamin-A. At the same time, many of them still are not
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functionally characterized, except RNA editing of AMPA glutamate receptor
subunits. Thus, we provided here a list of targets for further quantitative analysis of
edited proteins by targeted proteomic methods for the cells in normal and disease

states, such as amyotrophic lateral sclerosis, neural tumors, seizures, etc.
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Table 1. Parameters of datasets used for edited peptide identification

Proteomics

ProteomeXchange | Species | Biomaterial # of PSMs, | # of
ID total PSMs, 1%
FDR
PXDo001250 [22] Mouse | Various brain tissues and 15,949,908 | 8,633,512
primary cell cultures of
healthy inbred mice
PXDo003442 [23] Striata from knock-in mice 9,625,663 4,641,359
with increasing CAG repeat
length (Huntington disease
model)
PXD004087 [24] Prefrontal cortex of aged 1,099,253 701,336
mice with progranulin
deficiency or neuronal
progranulin overexpression
PXDo005445 [25] Human | Autopsies of various brain 6,623,202 3,969,816
tissues of 16 individuals
without obvious pathology
PXD009646 [26] Cerebrospinal fluid sample 558,627 60,764
from a pool of 96 healthy
donors
PXDo004143 [27] Dorsolateral prefrontal 64,876 27,521

cortex from two subjects

This article is protected by copyright. All rights reserved.




Proteomics

Accepted Article

WWW.proteomics-journal.com 3%Page 39
Table 2. ADAR-edited coding sites identified in murine brain proteomes [22-241. The sites
with two or more spectral counts are listed in the top of the table, and those with a single
spectrum detected are in the bottom. The protein sites that are also edited in the human
brain are shadowed.
Total spectral
count
Amin Ge
Uni o acid Sh Alt
c . ne Lang
Protein name Peptide sequence pro subst na ar en- ma
tID itu- ma nn
. me felde
tion et et
ret
al 1 23] al
[22] a [24]
tioostoramero,  VHSEVESLGSRERM {8 o O
) D TTNVFHFTFMSEK 3 4 4
mitochondrial 3 10
Calcium-dependent
(Caletum-dependent  VNGEMYIER, QS0 Euz2 ppo
; o dkVNGEMYER® i G / v
activator protein for S
secretion 1) (CAPS-1)
Calcium-dependent
?giiﬁlorﬁ?i‘:ifg;t YVDVPEPGMDVADA Q80 Ki226 g‘; o
. b YVTFVR i1 E
activator protein for S
secretion 1) (CAPS-1)
F8 co
Coatomer subunit alpha VWDVSGLR WH 1164V pA 27
L2
. CY
Cytoplasmic FMR1- YIETSAHYEENK, Q5S K320 FI 88 o
interacting protein 2 YIETSAHYEENKsk QX6 E b 7 35
IQFPIEMGMPWILT
Cytoplasmic FMR1- DHILETKepsmmeyvl Q5S CY
interacting protein 2 ypldlyndsayyalik, QX6 S337G Il 2
&P rIQFPIEMGMPWILT P2
DHILETK
. B7F Q2333 FL
Filamin-A LTVSSLR, rLTVSSLR AU9 R NA 15 1
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E9Q Q607
Glutamate receptor 2 QGCDISPR KCo R I2A 13 10
QoZ GR
Glutamatereceptor3,  or; GTpyNLAVIK oW S99 1A 26 39 20
flip isoform G
9 3
Glutamate receptor F2Z R76 GR
. PIOr3: GSALGNAVNLAVLK 79 1A 9 22 10
flop isoform 488 G 5
E9oQ GR
Glutamate receptor 2; FCO R765G I2A
gilu’ciaslgliziﬁseceptor 4, GSSLGTPVNLAVLK Q9Z R764 GR 41 22 18
P oW G IA
8 4
Insulin-like growth GEGEPCGGGAAGGG EBQ R78G ;C];
factor-binding protein7 HCAPGMECVK 509 K7 b 3
Metabotropic glutamate G3X GR
receptor 4 (mGluR4) SLTFVQALIEK Aoo Qu8R M4 8
. Q8B
NADP-dependent malic ~LSNHVFVFQGAGEA MF eV ME 5
enzyme, mitochondrial ~AMGVAHLLVMALEK 75 7
CA
Voltage-dependent T-
type calcium channel VSRHIRP Q55 K2078 CN 3
. UF9 R A1
subunit alpha
G
Calcium-activated J3Q KC
amractv EEVVAAEVGWMTG ~ °5 N
potassium channel MT S36G 1
subunit alpha-1 VK 8 M
P A1
. CY
Cytoplasmic FMR1- VMGFGLYLMDGNVS Q5S K283
. . . FI 1
interacting protein 2 NIYR QX6 R Po
AAELSVVSASVISEQS 19 SO
Protein Son EQPMPGMLEPSMTK 5KV1 T216A N 1
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e e 1 SH
SH3 (.lomaln binding HPCGYAGPR Qo6 Yso7C 3B
protein 2 649
P2
CA
Voltage-dependent T-
type calcium channel DPQGTR Q55 E2099 CN
. UFg G A1
subunit alpha N
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) In miscleaved peptides, additions to edited peptides are shown by italic lowercase.

b The miscleaved peptide is reported because its cleaved counterparts cannot be seen due to

the search conditions.
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Table 3. ADAR-edited coding sites identified in human brain proteomes [25-271. The sites
with two or more spectral counts are listed in the top of the table, and those with a single
spectrum detected are in the bottom. All but two sites shown are found in the deep brain
proteome by Carlyle et al [25], The values in the right column are summarized peptide spectral
counts of each edited site in all samples analyzed there, unless otherwise specified. The
protein sites that are also edited in the murine brain are shadowed.

Protein Total

nam Peptide sequence Uniprot ino acid Gene spectral
e P q ID substitution name cgunt
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repeat

and

death

domain- SQLTAASASR Q495B1-5 Ts07A
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ng
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GLSVTSEQINPR QoULIo  Hi092R ATAD2B 2

Calcium

depende

nt AGGGRPSGPSPSVVS
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activator
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QoULU8 S91G CADPS 5
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4
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flip

isoforms

Heat
shock 70
kDa
protein
1-like

QTQIFTTYSDSQPGV
LIQVYEGER

P34931

N436S

HSPA1L

Insulin-
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protein 1
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and
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ng
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3 In miscleaved peptides, additions to edited peptides are shown by italic lowercase.

b) In human, this site was detected only in the dataset by Macron et al [26] (cerebrospinal
fluid). At the same time, it was also found in the murine dataset by Langfelder et al [23

(corpora striati).

9 The same site was detected in the dataset by Macron et al [2¢] (cerebrospinal fluid) with the
spectral count of 2.

9 The site was detected only in the dataset by Wingo et al [27].
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Table 4. RNA editing in proteome and transcriptome of murine and human brain. Spectral
counts for edited sites reliably identified in deep mouse 22! and human [25! proteomes are
supplemented by RNA editing frequencies of the same sites originated from RNA sequencing
data. For murine brain, RNA data are derived from the major RNA editing study [3°]
(Supplementary File 5). The information from ADAR2 knockout mice is added which
illustrates a ration between editing provided by ADAR1 and ADAR2 enzymes. For human
brain, editing frequencies are taken from REDIportal database 4! as averages from all brain
RNAseq runs listed for each site. The protein sites that are edited in both murine and human
brains are shadowed.

Edit Edit
ing ing
freq freq
uen uen
cy cy
in in
mur hu
. Sp
ine
brai ¢t
rai
ral

% co

edit "™ (the
Q 1n

ing [~ nu
pro
vide er

n
d by bra of
in
AR2
)[30] [25] q

Spectral
count in

murine brain
[22]

Gene
nam

Amino acid

S substitution
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Acyl-coenzyme A m:D381G ACOT
thioesterase 10, 10 14 N/A
mitochondrial
Ankyrin repeat and ANK 0.09
death domain- h:T507A DD1A 5 (218
containing protein 1A )
ATPase family AAA
domain-containing h:H1092R ﬁ‘gAD 2 N/A
protein 2B
Calcium-dependent . CADP 0.08
secretion activator 1 h:591G h S S (9)

. _ X 17 0.27 3 0.32
Calcium-dependent h:E1241G/ CADP (68 (302
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secretion activator 1 m:E1252G S %) )
Calcium-dependent m:K1226E CADP
; . 8 N/A
secretion activator 1 S
Caspase-1 h:T313A CASP 2 0.14
1 (1)
0.06 0.19
Coatomer subunit alpha h/m:1164V COPA 27 (98 3 (307
%) )
Cytoplasmic FMR1- h:K124E / CYFI g ?32/ ?2'5
interacting protein 2 m:K320E P2 )9 ° 73 ) 75
Cytoplasmic FMR1- m:S337G CYFI
. . . N/A
interacting protein 2 P2
0.33 0.36
— h:Q2341R /
Fil -A FLNA 1 10 21
ilamin m:Q2333R 5 (()/(3)9 g 3
Glutamate
dehydrogenase 2, h:N227S SLUD 2 ?54
mitochondrial
Glutamate receptor 2 . GRIA
(GluR2) m:Q607R 5 10 N/A
Glutamate receptor 2 h/m:R764G GRIA 0.8 o
(GluR2), Glutamate (Gria2); 2, L ( 05 6 ( gz
receptor 4 (GluR4), flip  h/m:R765G GRIA 4 0/7;‘ > )5
and flop isoforms P (Griag) 4 ?
Glutamate receptor 3 . 0.91 0.77
(GluR-3), flip and flop Z;‘.‘l{;gf({ gRIA 35 (39 36 (232
isoforms : %) )
Heat shock 70 kDa h:N436S HSPA
protein 1-like 1L 4 N/A
Metabotropic glutamate m:Q118R GRM 0.07
receptor 4 (mGluR4) 4 8 (92
%)
NADP-dependent malic m:I75V ME3
. - 7 N/A
enzyme, mitochondrial
Nesprin-1 h:K4121R fYNE 4 N/A
Prostaglandin-H2 D- h:Q21R PTGD 0]
isomerase S 3 (135
)
Voltage-dependent T- m:K2078R CACN g3 N/A

type calcium channel
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subunit alpha A1G
Zinc finger protein 587B  h:1396M ZNF5 0.64
87B 4 (20)
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) Flip and flop edited isoforms of GRIA3 are distinguished by shotgun proteomics, but not
by RNAseq. For this analysis, spectral counts for both proteomic sites were summarized.

b Edited sites of GRIA2 and GRIA4 are distinguished by RNAseq, but not by proteomics. For
this analysis, spectral counts for corresponding proteomic sites were summarized, and
RNAseq-derived editing ratios were averaged.
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Figure legends
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Number of cleaved counterparts

BTarget miscleaved peptides BDecoy miscleaved peptides

Fig. 1. Counts of target and decoy peptides containing a miscleavage
identified in dataset PXDo003442 23] with 1% PSM-level FDR. Overall
peptide-level FDR was estimated at 3.5%; FDR among peptides with miscleavages
was 4.5%. As can be seen from the figure, these false positives are distributed
unevenly depending on the existence of identified fully cleaved counterparts. The
estimated FDR values are 12.6%, 0.15% and 0% for peptides with no identified fully
cleaved parts, and with one and two such peptides identified, respectively.
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Fig. 2. Editing extent vs. abundance for selected proteins in murine brain
subproteomes of young and adult microglia (YM and AM), cerebellar
granule (CG) and cortical neurons (CN), all primary cultures, and the
whole brain fractionated (BF). The editing extent is expressed in PSMs of edited
peptides summarized for each protein, if it had more than one editing site. The
abundance is expressed as NSAF percentiles [39] with standard error bars shown for
three biological repeats. Datasets from Sharma et al [22] were selected if at least one of
edited sites identified had more than five PSMs. GRIA2 glutamate receptor has a
shared edited site with GRIA4, however, the editing is reported primarily for the
former protein. Significance of differential NSAF percentiles was estimated by
pairwise between-tissue comparisons for all proteins using Wilcoxon test, with FDR
utilized as multiple testing correction. Minimal p-values were 0.037, which related to
YM vs. CN, AM vs. CN and CG vs. CN for GRIA2, BF vs. CN and CG vs. CN for
GRIA3, YM vs. CN and AM vs. CN for CYFIP2 and FLNA (with higher levels in
neurons for the former and in glia for the latter) and BF vs CN for COPA. Note that

GRIA3 was not detected in glial cells.
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Fig.3. Selected sites of ADAR-mediated editing identified at the proteome
level mapped into the spatial structures of homologous molecules. A.
Mapping of the N227S substitution into a three-dimensional hexameric structure of
the bovine GLUD2 homolog (PDB ID 3ETE). The substitution site is shown in
magenta, NADPH molecules are shown in blue, substrate glutamates are shown in
pink. One monomer is shown in a darker color for clarity. B. Mapping of the 1164V
substitution into a three-dimensional structure of the COPA homolog from baker's

yeast (PDB ID 4J87). The substitution site is shown in magenta.
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