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ABSTRACT

RNA binding proteins (RBPs) are central regulators
of gene expression implicated in all facets of RNA
metabolism. As such, they play key roles in cellu-
lar physiology and disease etiology. Since different
steps of post-transcriptional gene expression tend
to occur in specific regions of the cell, including nu-
clear or cytoplasmic locations, defining the subcel-
lular distribution properties of RBPs is an important
step in assessing their potential functions. Here, we
present the RBP Image Database, a resource that de-
tails the subcellular localization features of 301 RBPs
in the human HepG2 and HeLa cell lines, based on
the results of systematic immuno-fluorescence stud-
ies conducted using a highly validated collection of
RBP antibodies and a panel of 12 markers for specific
organelles and subcellular structures. The unique
features of the RBP Image Database include: (i) host-
ing of comprehensive representative images for each
RBP-marker pair, with ∼250,000 microscopy images;
(ii) a manually curated controlled vocabulary of an-
notation terms detailing the localization features of
each factor; and (iii) a user-friendly interface allow-
ing the rapid querying of the data by target or anno-
tation. The RBP Image Database is freely available at
https://rnabiology.ircm.qc.ca/RBPImage/.

INTRODUCTION

From the moment they are synthesized, RNA molecules
are subjected to an array of co- and post-transcriptional
regulatory mechanisms that dictate their maturation, func-
tion, and fate in the cell. These events are in large part
controlled by RNA binding proteins (RBPs), which assem-
ble within dynamic ribonucleoprotein modules. RBPs rep-
resent a major class of cellular regulatory factors and, from
an evolutionary point of view, include some of the most
deeply conserved cellular machineries (1–3). As a group,
they control all facets of RNA metabolism, including RNA
synthesis, splicing, cleavage and polyadenylation, epitran-
scriptomic modifications, intracellular transport, transla-
tion and degradation (2). These factors are classified ac-
cording to the type of RNA binding domain (RBD) they
contain, which dictates their capacity to recognize specific
sequence or structural features within target RNAs (2,4–
7). In the last decade, a number of surveys have aimed to
define the human RBP repertoire, either using literature
curation (7), sequence-oriented and interaction network-
informed computational predictions (2,8,9), affinity-based
proteomic profiling studies to identify proteins associated
with polyadenylated (10,11) and non-polyadenylated RNA
in cells (12–14), or methods using RNase digestion to de-
fine RNA-dependent protein interactions (15,16). Com-
bined, these efforts indicate that the human genome encodes
∼2,500 RBPs (10–14), painting a staggeringly complex por-
trait of post-transcriptional gene regulation.
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While the properties of most of RBPs remain poorly de-
fined, several systematic experimental pipelines have been
deployed to begin characterizing their functions in RNA
regulation. This includes methods to determine their RNA
binding specificities, either using in vitro selection strategies
with purified RBPs and randomized RNA pools (17,18) or
crosslinking and immunoprecipitation (CLIP) approaches
to map their transcriptomic binding profiles (19–21), to as-
sess the impact of their functional perturbations on tran-
scriptome integrity or to evaluate their subcellular localiza-
tion properties (21). Moreover, a number of databases have
been established to compile the results of proteome-wide
RBP isolation studies [e.g. RBP2GO (22), EuRBPDP (23)],
CLIP-seq datasets detailing their transcriptome-binding
features [e.g. CLIPdb (24), doRINA (25)], or to map puta-
tive RBP binding sites across human and model organism
transcriptomes [e.g. CISBP-RNA (17), RBPmap (26), AT-
tRACT (27), oRNAment (28)].

The various steps of post-transcriptional gene regulation
tend to be carried out in different subregions of the cell,
ranging from subnuclear domains to cytoplasmic organelles
and non-membranous phase-separated bodies. As such,
defining the intracellular localization properties of RBPs is
an important feature in helping to dissect their properties
in RNA regulation within subcellular space. Herein, we de-
scribe the RBP Image Database, a resource that catalogues
and characterizes the subcellular localization patterns of
301 RBPs in relation to a dozen markers for various or-
ganelles and non-membrane delimited structures in two hu-
man cell lines, HepG2 and HeLa, which have been widely
used in genomics studies. The resource houses ∼250,000
microscopy images, enhanced by manually curated con-
trolled vocabulary annotations, which detail the subcellu-
lar distribution features of a significant fraction of human
RBPs. Both images and pattern annotations can be in-
terrogated through web-based ‘protein centric’ or ‘general
overview’ search functionalities or downloaded for exter-
nal usage. The RBP Image Database is freely accessible at
https://rnabiology.ircm.qc.ca/RBPImage/.

MATERIALS AND METHODS

Integration of Systematic Immuno-Fluorescence (IF) Data

The RBP Image Database houses imaging data from sys-
tematic immuno-fluorescence (IF) assays conducted using
the human hepatocellular carcinoma cell line HepG2 and
the HeLa cervical cancer cell line (Figure 1A). These as-
says were conducted using a collection of highly-validated
RBP antibodies, for which the specificities were validated
through work in the ENCODE consortium (see: www.
encodeproject.org), using immuno-precipitation (IP), West-
ern blotting and shRNA/CRISPR-Cas9 loss-of-function
methodologies (8,21). Collectively, these RBPs have been
implicated in diverse post-transcriptional regulatory steps
(e.g. RNA splicing, stability, translation), include a variety
of RBD classes, with a number of them having yet poorly
defined functions in RNA metabolism (21). IF data for a
total of 301 RBPs were interrogated in these assays, 292 of
which were commonly used across both cell lines. Each RBP
was imaged in conjunction with a DNA counter stain (i.e.

DAPI) and with marker antibodies labeling a dozen distinct
organelles and subcellular structures (Figure 1B).

Antibodies and IF Procedure

Rabbit polyclonal RBP antibodies were obtained from
several commercial vendors (i.e. Bethyl/Fortis Life Sci-
ences, GeneTex and MBL) and subjected to validations
steps as detailed previously (8). Subcellular marker anti-
bodies were as follows: mouse anti-CD63 (ab8219, Ab-
cam); mouse anti-Coilin (GTX11822, GeneTex); mouse
anti-DCP1 (ENZSPA827D, Enzo Life Sciences); mouse
anti-Fibrillarin (ab4566, Abcam); mouse anti-GM130
(610822, BD); mouse anti-KDEL (SC-100706, Santa Cruz
Biotech); mouse anti-Phospho Tyrosine (9411A, NEB);
mouse anti-PML (sc-966, Santa Cruz Biotech); mouse anti-
SC35 (GTX11826, GeneTex); rat anti-aTubulin (MCA78G,
Serotec). For staining with the Mitotracker (Molecular
Probes, M22426), cells were incubated with 100nM of Mi-
totracker in tissue culture media for 45 min at 37◦C prior to
fixation. For staining with Phalloidin (Sigma, P5282), cells
were incubated with 50ug/ml of Phalloidin for 20 min prior
DAPI staining.

HepG2 and HeLa cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (SH30022.01, Hyclone) sup-
plemented with 10% FBS and 1% penicillin/streptavidin
(450–201-EL, Wisent) at 37◦C and 5% CO2. For IFs, cells
were seeded in Poly-L-Lysine coated 96-well clear bottom
half-area microplates (Corning, #3882), at a concentration
of 2,000 cells per well in DMEM + 10% FBS. After 72h
in standard growth conditions (i.e. 37◦C and 5% CO2),
cells were fixed with 4% formaldehyde, permeabilized in
PBS + 0.5% Triton X-100 and blocked in PBS + 0.2%
Tween-20 + 2% BSA (PBTB), all conducted for 20 min at
room temperature. Primary antibodies directed against spe-
cific RBPs (all rabbit antibodies) and marker proteins were
subsequently applied to the cells at a final concentration of 2
�g/mL in PBTB and incubated overnight at 4◦C. The cells
were next washed 3 × in PBST (10min per wash) and in-
cubated with secondary antibodies (Alexa647 donkey anti-
rabbit and Alexa488 donkey anti-mouse, both diluted 1:500
in PBTB) for 90 min at room temperature. After 3 × PBTB
washes, the cells were counter stained with DAPI for 5 min,
washed 3 × in PBS and stored in PBS at 4◦C prior to imag-
ing.

Microscopy and Image Processing

Images were acquired on an ImageXpress Micro high con-
tent screening system (Molecular Devices Inc). For each
RBP-marker combination, 10–20 high resolution images
were acquired in three channels, DAPI, FITC and Cy5 by
using a 40 × objective. An auto-exposure function was used
to achieve optimal imaging intensity. The RBP channel ex-
posure time ranged from 250–3000 ms. The DAPI chan-
nel ranged from 50–100 ms. The marker channel ranged
from 100–500 ms. Laser based auto-focusing was used to
have the best focus in a fast automated fashion. Altogether,
>388,000 images were captured across all RBP/marker co-
labeling conditions, which were then subjected to quality
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Figure 1. Overview of microscopy imaging data integrated within the RBP Image Database. (A) Immuno-fluorescence pipeline implemented to systemati-
cally document the subcellular localization features of 301 RBPs in HepG2 and HeLa cells, as detailed previously in Van Nostrand et al (21). (B) Examples
of RBPs localized to the various subcellular structures profiled in the RBP Image Database (white text). The labeled RBPs (green) and co-labeled structures
(red) are indicated below each figure. DAPI = Blue. The arrow heads indicate mitotic cells.

control processing steps to eliminate images bearing stain-
ing artifacts or with insufficient numbers of cells, and 10–20
images were selected for each RBP-marker pair. An in house
Matlab script was run on all images to adjust their inten-
sities (imadjust) and transform gray scale images to color
images (ind2grb), in order to have the most accurate image
possible.

To complement the imaging data, a controlled vocabu-
lary of annotation terms was implemented to categorize
the subcellular localization features of each RBP follow-
ing manual data inspection by a team of expert annotators.
Therefore, all images were manually inspected and anno-
tated using this controlled vocabulary of localization de-
scriptors devised to document RBP subcellular localization
features.

Database Implementation

The RBP Image Database is built upon the relational
database management system (RDBMS) MySQL. The
server side back end of the web application is implemented
with the scripting language PHP. The client interface is
made in HTML with the inclusion, for a greater interactive
experience, of the JavaScript libraries jquery, fancybox, tree,
and datatables. The layout styling was created with Boot-
strap and Bootstrap-material-design.

Bioinformatics Analyses

Pearson correlations were calculated in R (https://www.r-
project.org/) and illustrated with the corrplot package. The
relative information (RI) of RNA biotypes was extracted
from previously published RBP eCLIP experiments con-
ducted in HepG2 cells (20) and merged to our RBP lo-
calization dataset. For each RNA biotype, the RI distri-
bution of RBPs observed at a particular localization was
compared against the RI distribution of unlocalized RBPs
by a one-sided Wilcoxon rank-sum test in R with the stats
package. After testing separately both alternative hypothe-
ses (greater and lesser), we adjusted the Log10(p-values)
sign accordingly to the alternative hypothesis showing a p-
value < 0.05 (positive for the greater hypothesis and nega-
tive for the lesser hypothesis). From these adjusted p-values,
a heatmap was generated by using the pheatmap R package.

RESULTS

Web Interface and Functionality

The RBP Image Database harbours a collection of 247,008
representative microscopy images (i.e. 140,725 for HeLa
and 106,283 for HepG2) detailing the subcellular local-
ization features of 301 RBPs in relation to a dozen sub-
cellular markers, accompanied by localization pattern de-
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scriptors tabulated through visual analysis by expert cura-
tors, utilizing a controlled vocabulary of annotation terms.
The database interface allows users to access the imaging
data, pattern annotations and quality control assessments
for specific RBP candidates across interrogated cell lines
and subcellular compartments, with integrated links to ex-
ternal metadata information (e.g. Ensemble gene descrip-
tions, antibody validation data, antibody vendor details,
ENCODE/ENCORE consortium links). The web portal
also contains a tutorial page to help the user navigate the
database, including background information on the un-
derlying experimental pipeline, available image/annotation
data formats and data retrieval options. The primary func-
tionalities include:

Search by RBP

This functionality allows the user to query the database for
a specific target RBP of interest (Figure 2A). The search
first returns a set of single representative images depicting
the co-staining of the candidate RBP in conjunction with
each subcellular marker. Each row of images, correspond-
ing to a specific RBP/marker co-labeling, is divided by col-
umn showing 1) the RBP alone, 2) the subcellular marker
alone, 3) the merged RBP/marker co-labeling, and 4) the
merged image of the RBP and marker with DAPI stain-
ing (nuclear counter-staining). Mouse clicking on the im-
age thumbnails triggers the appearance of a larger high-
resolution version of the image and keyboard arrow keys
can be used to navigate from one image to the next. The
complete list of manually-curated annotation terms for that
RBP is also displayed next to the image set. Finally, by
mouse clicking on the name of the markers at the left of
each column, the user is guided to a page containing a mini-
mum of 5 additional representative images of the particular
RBP/marker co-labeling. By selecting the ‘Download set’
tab, the user can download a csv file containing the annota-
tion matrix for the selected cell line, as well as all the images
pertaining to the selected RBP, with specific RBP/marker
co-labeling images being grouped in the same subfolder.

Search by cellular location

This functionality allows the user to query the database for
a specific cell line and annotation. The user can query the
database for all images annotated with all selected labels
(e.g. Cytoplasm AND Endoplasmic reticulum) or any of the
selected labels (e.g. Cajal bodies OR P bodies). This search
returns a single page displaying representative triple-labeled
images (i.e. RBP, marker and DAPI overlays) of each RBP
annotated with the queried labels (Figure 2B). Mouse click-
ing on the RBP names leads to the same RBP page, as
the user would see in gene symbol-based searches. Also, by
clicking on the ‘show all RBPs’ button, a list of all RBPs
that pertain to the annotation query will appear, which can
be retrieved by the user.

Browse all images

This functionality allows the user to query the database
for all images acquired for a given cell line. Similar to the

‘search by annotation’ function, this search option returns
a single page displaying representative triple-labeled im-
ages (i.e. RBP, marker and DAPI overlays) of all RBPs
labeled in the specified cell line, which appear in alpha-
betic order. By selecting ‘Download, this search box also
allows the user to download, instead of browsing, all im-
ages included in the database for the selected cell type,
along with a csv file of the binary annotation matrix
summarizing the results of all RBP-marker co-labeling
experiments.

Annotation Table

By selecting ‘View Annotation Table’ on the main page, the
user is taken to a page containing a summarizing table that
lists all of the RBPs that were imaged, with active links to-
wards the imaging data pages for each cell line, information
about quality control assessments, subcellular localization
characteristics, as well as link outs to ENSEMBL gene de-
scription pages, RBP antibody validation data generated by
the Encyclopedia of RNA Elements/ENCORE group ini-
tiative and antibody vendor pages. Finally, by clicking on
the blue tab on this page, all of the information in this sum-
marizing table can be downloaded by the user in a common
csv file.

Characteristics of RBP Subcellular Distribution

The RBP Image Database was created to help character-
ize the subcellular distribution properties of human RBPs
in the broadly utilized human cell lines HepG2 and HeLa,
with a particular focus on subcellular structures known to
be important for RNA regulation. Altogether, the assem-
bled data reveal that RBPs exhibit a broad diversity of sub-
cellular localization patterns across all of the organelles and
subcellular structures demarcated by the tested marker anti-
bodies (Figure 3A). Indeed, prevalent RBP targeting is ob-
served to specific locations of the cytoplasm and nucleus,
such as endosomal networks (∼75–80%), nuclear speck-
les (∼30%), mitochondria (∼25%) and nucleoli (15–20%).
These distribution patterns are broadly consistent between
HeLa and HepG2 cells, with most localization classes dis-
playing > 75% similarity in RPB repertoires between both
cell lines (Figure 3A). For some structures, such as focal ad-
hesions labeled with a phospho-tyrosine antibody (29), co-
localizing RBPs were almost exclusively observed in HeLa
cell data, reflecting the enhanced adhesive properties of
these cells compared to HepG2. While the utilized antibod-
ies have been thoroughly characterized for specificity (8,21),
to validate these localization patterns, we performed a de-
tailed comparison to imaging studies conducted with inde-
pendent antibodies generated in the context of the Human
Protein Atlas project (30). While this comparison reveals a
general agreement between the studies, we found our anno-
tation data to be richer with regards to the number of pat-
terns described (Figure 3B). This likely reflects the enhanced
annotation precision resulting from systematic co-labeling
experiments of each RBP in relation to all subcellular mark-
ers, providing unambiguous evidence of co-localization to
specific structures.

We next performed correlative analyses of the differ-
ent subgroups of localized RBPs in order to assess their
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Figure 2. Representation of RBP Image Database data visualization functionalities. Shown are the visualization formats obtained when conducting (A)
gene or (B) annotation centric data searches within the RBP Image Database.
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Figure 3. Overall features of RBP localization properties. (A) The percentage of interrogated RBPs (i.e. 299 in HepG2 cells, 294 RBPs in HeLa) localizing
to specific subcellular structures in HepG2 (left panel, blue histogram) or HeLa (right panel, red histogram) cells. The percentage of overlap (OV%) values
indicate the degree of overlap in lists of RBPs targeted to a given structure in the other cell line. (B) Comparison of commonly employed annotation terms
used to describe subcellular localization patterns in the RBP Image Database versus the Human Protein Atlas, as described by Thul et al., 2017 (30), for a
set of 269 RBPs commonly analyzed in these datasets.

similarity in RBP repertoires (Figure 4A). This reveals,
for example, that cytoskeleton-associated patterns (e.g. mi-
crotubules, actin, focal adhesions, centrosomes, cell cor-
tex) tend to be more robustly correlated, as do cytosolic
and endosomal RBP subsets, whereas other localization
classes exhibit anti-correlated RBP repertoires, including
nuclear speckles vs nucleoli or endoplasmic reticulum, or
mitochondria vs cytosol. Strikingly, these correlation/anti-
correlation signatures are broadly similar between HepG2
and HeLa cells (Figure 4A). We also note that the major-
ity of interrogated RBPs are not restricted to a single com-
partment, but localize to multiple subcellular destination,
with most of these factors having both nuclear and cyto-
plasmic localization features (Figure 4B). To correlate RBP
subcellular localization properties to their functional prop-
erties, we next took advantage of recent literature-based
functional annotations (21), which we found to provide a
deeper description of potential functions in RNA regula-
tion compared to existing Gene Ontology terms. As de-
tailed in (Figure 4C), this analysis revealed several positive
and negative correlations in functional attributes of RBP
subgroups with specific subcellular localizations. For ex-
ample, nuclear speckles are enriched for RBPs implicated
in mRNA splicing regulation and depleted for factors in-
volved in rRNA processing, while nucleolus-localized RBPs
showed the opposite functional profiles. Mitochondria-
targeted RBPs showed an enrichment for mitochondrial
RNA regulation and a depletion for functions in mRNA
splicing regulation and nuclear export. Overall, these analy-
ses suggest that RBPs have complex subcellular distribution
features that are generally correlated with their properties in
RNA regulation.

Finally, comparative analyses of RBP subcellular dis-
tribution features to publicly available enhanced CLIP-

seq (eCLIP-seq) datasets (21), which were generated using
the same validated antibody reagents, reveals that RBPs
with particular cytotopic distribution properties exhibit
selective binding features towards particular RNA bio-
types (Figure 5). For example, nuclear speckle localized
RBPs exhibit prominent binding to pre-mRNA intronic
regions and mRNA untranslated regions (UTRs), consis-
tent with the enrichment of these structures for snRNPs
and splicing regulatory factors, whereas nucleolar RBPs
show depleted binding of these RNA biotypes. Nucleo-
plasmic RBPs display striking association with different
classes of transposable element derived RNAs and mi-
cro RNA (MIR). Mitochondria-localized RBPs display en-
riched binding to mitochondrial chromosome (Chm.M) en-
coded RNAs, whereas nucleolus-targeted factors show en-
riched binding to certain snoRNAs (e.g. U14) and certain
Vault RNAs (e.g. VTRNA1, VTRNA3). These various ex-
amples illustrate how current and future data assembled
within the RBP Image Database are likely to be highly im-
pactful on forthcoming studies focused on various aspects
of post-transcriptional gene regulation within subcellular
space.

CONCLUSION AND FUTURE DIRECTIONS

In this study, we present the RBP Image Database as a
user-friendly resource, composed of systematic microscopy
imaging data for 301 human RBPs, across 12 subcellular
makers and in 2 human cell lines (HepG2 and HeLa), as well
as expert curated controlled vocabulary annotations, detail-
ing the subcellular localization features of RBPs. Overall,
the data assembled within the RBP Image Database reveals
that RBPs display a broad repertoire of subcellular distri-
bution patterns, while also highlighting specific subgroups

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/D

1/D
1549/6793800 by guest on 30 M

arch 2023



Nucleic Acids Research, 2023, Vol. 51, Database issue D1555

Figure 4. Comparative analysis of the RBP subgroups localized to different subcellular structures. (A) Correlation plot showing all Pearson correlations
between the collections of RBPs that localize to specific intracellular sites for HepG2 (upper triangle) and HeLa (lower triangle) cells, as defined by the
controlled vocabulary annotations. Note the mirror image correlation scores exhibited for localized RBP repertoires in both cell types. (B) Numbers of
RBPs exhibiting nuclear and/or cytoplasmic localization in HepG2 and HeLa cells. (C) Correlation plot showing the relationship of localized RBP subsets
from HepG2 cells to functional signatures ascribed through expert literature curation.
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Figure 5. Transcriptome binding properties of RBPs with different local-
ization patterns. Heatmap shows the significance of the relative informa-
tion (RI) within enhanced CLIP (eCLIP) datasets for groups of localized
RBPs, in relation to different RNA biotypes. For each RNA biotype, the
RI distribution of RBPs observed at a particular localization was com-
pared against the RI distribution of unlocalized RBPs by a one-sided
Wilcoxon rank-sum test. The Log10(p-values) of statistically significant
(p < 0.05) localized RBPs classes were adjusted to reveal greater (red) or
lesser (blue) medians compared to unlocalized RBPs.

of factors that share functionally relevant localization fea-
tures. The database offers important information to help
elucidate the functions of RBPs in RNA regulation within
specific subcellular compartments. As such, this resource
should prove beneficial for users aiming to address hypothe-
ses and to design experiments to study post-transcriptional
regulation. In the coming years, we expect to integrate ad-
ditional imaging datasets that will expand data coverage

across different cell types/models, additional RBPs, stress
conditions and genetic perturbations.
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The RBP Image Database is freely available at https://
rnabiology.ircm.qc.ca/RBPImage/.
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