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ABSTRACT

Cellular stress causes multifaceted reactions to trig-
ger adaptive responses to environmental cues at
all levels of the gene expression pathway. RNA-
binding proteins (RBP) are key contributors to stress-
induced regulation of RNA fate and function. Here,
we uncover the plasticity of the RNA interactome in
stressed cells, differentiating between responses in
the nucleus and in the cytoplasm. We applied en-
hanced RNA interactome capture (eRIC) analysis pre-
ceded by nucleo-cytoplasmic fractionation following
arsenite-induced oxidative stress. The data reveal
unexpectedly compartmentalized RNA interactomes
and their responses to stress, including differential
responses of RBPs in the nucleus versus the cyto-
plasm, which would have been missed by whole cell
analyses.

INTRODUCTION

RNA-binding proteins (RBP) are key effectors of biological
responses and tightly interconnected with RNAs through-
out their life cycles. The collective of RNA-binding pro-
teins of a cell, the RNA interactome, thus plays a central
role in RNA function at all levels from transcription, pro-
cessing, transport, translation, and turnover, and defines a
central regulatory layer of cell biology. The interactions of
RBPs with their target RNAs are highly dynamic and en-
able cell responses to changing environmental conditions

such as stress. Stress responses may involve translational
silencing or activation by regulated inclusion/exclusion of
RBPs and ribonucleoproteins (RNPs) into stress gran-
ules (1,2), regulated shuttling of RBPs between subcellu-
lar compartments (3,4), or modulation of RNA processing
and post-transcriptional modifications (5,6). Many stress-
induced changes in protein-RNA interactions and their
molecular mechanisms have been characterized in earlier
studies. Among others, a recent study characterized the
stress-induced changes in the total RNA interactome from
whole cell lysates (7), while others have focused on specific
protein–RNA complexes (8,9). The development of tech-
niques that enable the analysis of global mRNA interac-
tomes in vivo and in cellulo has advanced the field by open-
ing the view into layers of cellular regulation that have pre-
viously been challenging to explore. Specifically, hundreds
of RBPs with unexpected RNA-binding activity have been
identified (10–12), and functional analyses of previously un-
known RBPs have revealed the process of riboregulation,
i.e. the regulation of protein function by RNA (13,14).

Here, we have used enhanced RNA interactome capture
(eRIC) (15) to explore RBP responses to stress, distinguish-
ing between changes within the nuclear and the cytoplas-
mic cell compartments, and focusing on RBPs targeting
polyadenylated mRNAs.

MATERIALS AND METHODS

Experimental model and subject details

HuH7 human hepatocellular carcinoma cells (RRID:
CVCL 0336) were grown in low glucose (1 g/l) Dulbeco’s
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modified Eagle’s medium (DMEM) (#21885108, Thermo
Fisher Scientific) supplemented with 10% heat-inactivated
fetal bovine serum (FBS), penicillin and streptomycin.
Forty eight hours prior to stress experiments, the cells were
seeded on culture plates at a density of 1.1 × 104 cells/cm2.
For the stress-experiments the cells were changed into a cul-
ture media containing 100 �M arsenite (AsNaO2, #S7400-
100G, Sigma Aldrich) for 1 h. For non-stressed controls,
normal fresh culture media was used.

Cell fractionation and lysate preparation for interactome cap-
ture

The cell fractionation protocol was adapted from (16). In
short, cells grown on 500 cm2 Nunc™ Square BioAssay
Dishes (#166508, Thermo Fisher Scientific) were washed
twice with ice-cold PBS and placed on a cold plate. The
cells were subjected to UV-crosslinking at 254 nm (150
mJ/cm2) in a UV Stratalinker 2400 (Stratagene) or left
non-crosslinked as controls. For fractionation the cells were
scraped on ice directly into 4 ml of ice cold fractiona-
tion buffer (20 mM Tris pH 7.5, 10 mM KCl, 0.2% Non-
idet P-40) supplemented with cOmplete protease inhibitor
cocktail (#04693132001, Sigma Aldrich) per plate, and the
lysates from cells subjected to the same conditions were
pooled into 50 ml DNA LoBind Tubes (#0030122232, Ep-
pendorf). The crude nuclei were pelleted by centrifugation
with 1000 × g for 3 min at +4◦C. The supernatant con-
taining the cytoplasmic fraction was transferred to a new
tube and snap frozen in liquid nitrogen. The nuclear pellet
was subsequently transferred to a 15 ml DNA LoBind Tube
(#0030122208, Eppendorf) and washed twice with 12 ml of
the fractionation buffer combined with gentle resuspension
and low speed centrifugation at 300 × g for 2 min at +4◦C.
After the last wash, 10 �l of nuclei was taken for analysis of
nuclear integrity and efficient removal of ER. The washed
nuclear pellet was snap frozen and stored at –80◦C until pro-
cessed by eRIC.

For LNA captures, 20 mg of cytoplasmic fractions and
3.5 mg of nuclear fractions were used. The protein con-
centrations were measured using the Protein DC Assay (#
5000116, Bio Rad) according to manufacturer’s instruc-
tions.

The cytoplasmic fractions were adjusted with 5× inter-
actome buffer (20 mM Tris pH 7.5, 2.5M LiCl (#3739.2,
Carl Roth GmbH), 5 mM EDTA, 2.5% LiDs (#L9781-5G,
Sigma Aldrich), 25 mM DTT, cOmplete) to obtain optimal
conditions for LNA-capture.

The nuclear pellets were thawed on ice and resuspended
in 3.5 ml DNase buffer (20 mM Tris pH 7.5, 2.5 mM
MgCl2, 0.5 mM CaCl2). The suspensions were loaded into
tubes containing 500 �l of 0.5 mm zirconia/silica beads (#
N034.1, Carl Roth GmbH). The nuclei were disrupted and
genomic DNA fragmented with a PreCellys tissue homog-
enizer combined with Cryolys cooling unit (Bertin Instru-
ments) in 2 × 20 s bursts with a 5 s interval at +4◦C. The
bottom of the tubes were punctured with a hot needle and
the lysates were collected into new tubes by centrifugation
(450 × g, +4◦C, 5 min).

The nuclear lysates were treated with 1 kU DNase I
(#M0303L, New England BioLabs) each for 30 min at

+37◦C in a rotator mixer. After the treatment, 1 ml of
5× DNase stopping buffer (20 mM Tris pH 7.5, 25 mM
EDTA) was added to the lysates. The protein concentra-
tion was measured and the lysates were supplemented with
5× interactome buffer as above before proceeding to the
LNA-capture.

Analysis of isolated nuclei for nuclear integrity and ER re-
moval

The analysis was performed as described in (16). 10 �l of
washed nuclei were mixed with 90 �l PBS, and centrifuged
at 500 × g for 1 min. The nuclear pellet was gently resus-
pended in 10 �l PBS with 1 �M ER Tracker Red (#E34250,
Thermo Fisher Scientific) and incubated on ice for 20 min.
The sample was mixed with 90 �l 4% (w/v) paraformalde-
hyde (PFA) in PBS and 5 �l was spotted on a glass slide.
The partially air-dried spot was covered with Vectashield
HardSet with DAPI mounting medium (#H-1500, Vector
Laboratories) and sealed with a coverslip. The samples were
imaged with an inverted fluorescent microscope (Olympus
iX50 with ColorView 12 CCD-camera). The pseudocolored
images were processed and combined in ImageJ (17).

Coupling of LNA probes to carboxylated beads

LNA oligos (/5AmMC6/+TT+TT+TT+TT+TT+TT+TT
+TT+TT+TT, #339415, Qiagen) resuspended in nuclease-
free water to a final concentration of 100 �M were cou-
pled to carboxylated M-PVA C11 magnetic beads (#CMG-
203, PerkinElmer chemagen Technology). All the steps were
performed using 2 ml and 15 ml DNA LoBind Tubes
(#0030108078 / #0030122208, Eppendorf). The uncoupled
beads were washed 3× with 5 volumes of 50 mM MES pH
6 (#M3671-50, Sigma Aldrich). The beads were aliquoted
into 2 ml tubes with 200 �l of original bead slurry per tube.
The beads were magnetized and the washing buffer was
removed. Per sample, 200 �l of 100 �M LNA oligo was
mixed with 1 ml of freshly prepared solution of 20 mg/ml N-
(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochlo-
ride (EDC) (#E7750-1G, Sigma Aldrich) in MES buffer.
For coupling, 200 �l of washed and magnetized beads were
resuspended in 1200 �l of LNA-EDC-MES solution. The
coupling solution was incubated for 5 h in a thermomixer
at +50◦C and 800 rpm. To remove condensation from the
lids, the tubes were occasionally shortly centrifuged and the
beads resuspended by vortexing. The coupled beads were
washed 2× with 1.5 ml phosphate buffered saline (PBS)
and resuspended by soft vortexing. To inactivate any un-
coupled carboxyl residues, the beads were resuspended in
1.2 ml of 200 mM ethanolamine pH 8.5 (E9508-500ML,
Sigma Aldrich) and incubated for 1 h at +37◦C and 800
rpm. The beads were finally washed 3× with 1.5 ml of 1 M
NaCl and resuspended in 200 �l of 0.1% PBS–Tween. The
coupled beads were stored at +4◦C.

Enhanced RNA interactome capture

The interactome capture was performed essentially as de-
scribed in (15). All steps were performed in low binding
tubes (DNA LoBind Tubes, Eppendorf). The samples were
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incubated for 15 min at +60◦C, shortly cooled down on
ice, and fresh dithiotreitol (DTT) was added to a final con-
centration of 5 mM. The samples were centrifuged at 1700
× g for 10 min at +4◦C, and transferred into fresh 15
or 50 ml tubes. Aliquots to be used as input samples for
full proteome analysis and for quality controls were col-
lected in fresh 1.5 ml tubes (Eppendorf, #0030108501) and
snap-frozen in liquid nitrogen. The rest of the samples were
subjected to interactome capture. The LNA-coupled beads
were washed 3× with 3 volumes of eRIC lysis buffer (20
mM Tris–HCl (pH 7.5), 500 mM LiCl, 1 mM EDTA, 5 mM
DTT, 0.5% (w/v) LiDs). To capture protein-RNA com-
plexes, the samples were incubated with 300 �l of washed
LNA-coupled beads each for 1 h in a +37◦C incubator with
gentle rotation. The beads were captured with a magnet
and the supernatant was transferred to a fresh tube and
stored at +4◦C for a second round of capture. The beads
were subjected to successive rounds of washes of 5 min each
at +37◦C with gentle rotation with 8 ml of pre-warmed
(+37◦C) buffers. The buffers and washes used were as fol-
lows: one wash with eRIC lysis buffer, two washes with
buffer 1 (20 mM Tris–HCl (pH 7.5), 500 mM LiCl, 1mM
EDTA, 5 mM DTT, 0.1% (w/v) LiDs), two washes with
buffer 2 (20 mM Tris–HCl (pH 7.5), 500 mM LiCl, 1mM
EDTA, 5 mM DTT, 0.02% (v/v) Nonidet P-40), and two
washes with buffer 3 (20 mM Tris–HCl (pH 7.5), 200 mM
LiCl, 1mM EDTA, 5 mM DTT, 0.02% (v/v) Nonidet P-40).
After the last wash, the beads were resuspended in 1 ml of
buffer 3 and transferred to a 1.5 ml tube. For pre-elution
of unspecific binders, the beads were resuspended in 170
�l of nuclease free water and incubated in a thermomixer
for 5 min at +40◦C and 800 rpm. 20 �l of the beads were
transferred to a fresh tube for heat elution of the captured
RNA. The rest (150 �l) were used for RNase elution of
captured proteins. For heat elution, the beads were resus-
pended in fresh nuclease free water and incubated for 10 min
at +90◦C and 800 rpm. The tubes were centrifuged shortly
and the eluate transferred to a fresh tube and snap-frozen
in liquid nitrogen. For RNase elution, the beads were resus-
pended in 150 �l of RNase buffer (10 mM Tris–HCl (pH
7.5), 150 mM NaCl, 5 mM DTT, 0.01% Nonidet P-40,
1 �l/ml RNase A (#R4642-10MG, Sigma Aldrich), 1 �l/ml
RNase T1 (#R1003-100KU, Sigma Aldrich)) and incubated
for 45 min at +37◦C and 800 rpm. The eluate was trans-
ferred to a new tube and placed again on magnet to remove
any remaining beads. Finally, the eluate was again trans-
ferred to a fresh tube and snap frozen in liquid nitrogen.
The beads from RNase and heat eluates were resuspended
in nuclease-free water and combined (beads from different
samples were not combined). The beads were resuspended
in 300 �l nuclease-free water and incubated for 10 min at
+90◦C and 800 rpm. Subsequently, the beads were washed
3× with 1 ml of lysis buffer and finally resuspended in the
lysates for a second round of capture. Before any down-
stream analysis, the eluates from the two capture rounds
were pooled, supplemented with 2 �l of 10% SDS and con-
centrated to 100 �l using a SpeedVac. After the captures,
the beads were resuspended in 300 �l of nuclease-free wa-
ter and incubated for 10 min at +90◦C and 800 rpm. The
beads were subsequently washed 3× with 1ml nuclease-free

water, 3× with 1 ml eRIC lysis buffer, and stored in 0.1%
PBS×Tween at +4◦C.

Immunofluorescence staining

In addition to observing increased EIF2S1 (also known as
eIF2�) phosphorylation by western blot, stress-induction
was confirmed by observing stress granule formation as in-
dicated by cytoplasmic ELAVL1 (also known as HuR) ag-
gregation. Sub-confluent HuH7 cells grown on glass cover-
slips were changed to fresh growth media or to growth me-
dia containing 100 �M arsenite for 1 h. After the treatment,
the media was removed and the cells were washed twice
with phosphate buffered saline (PBS). Cells were fixed with
4% PFA in PBS for 15 min at room temperature (RT) and
washed twice with PBS. The cells were permeabilized for
15 min with 0.2% Triton X-100 in PBS on a low-speed or-
bital shaker and washed 3× with PBS. The coverslips were
blocked with 1% BSA in PBST (0.1% Tween 20 in PBS)
for 1h at RT. Next, the coverslips were incubated with an-
tibody against ELAVL1 (#11910-1-AP, Proteintech) (1:250
in 1% BSA-PBST) for 1h at RT or overnight at +4◦C in a
humidified chamber and washed 3× with PBST. The cov-
erslips were incubated with secondary antibody (Alexa 488
Goat-anti-rabbit, #4412, Cell Signaling) (1:500 in 1% BSA-
PBST) for 1 h at RT in a humidified chamber, washed
3× with PBST, once with PBS, rinsed with ddH2O, and
mounted on glass slides using Vectashield Hardset Mount-
ing Media with DAPI for nuclear counterstain (#H-1500,
Vector Laboratories). The samples were imaged using an
inverted fluorescent microscope (Olympus iX50 with Col-
orView 12 CCD-camera) and the pseudocolored images
were processed and combined in ImageJ.

Western blot and immunodetection

High purity cell fractionation and LNA capture were ana-
lyzed by western blot and immunodetection. For cell frac-
tionation equal volumes of cytoplasmic or nuclear lysates
were separated in 10% SDS-PAGE gels under reducing con-
ditions. For interactome captures 0.05% of inputs and 10%
of eluates were separated as mentioned above. The proteins
were subsequently transferred to PVDC membranes by
western blotting and the membranes were probed using an-
tibodies against the proteins of interest. Primary antibodies
at indicated dilutions against proteins of interest were used
for fractionation samples: �-tubulin (1:30 000; #T5168,
Sigma Aldrich), calnexin (1:1000; #2433, Cell Signal-
ing Technology), heat-shock protein 60 (HSP60) (1:1000;
#4870, Cell Signaling Technology), Lamin A/C (1:1000;
#2032, Cell Signaling Technology), Histone deacetylase 1
(HDAC1) (1:1000; #5356, Cell Signaling Technology), eu-
karyotic initiation factor 2 � (EIF2S1) (1:1000; #9722, Cell
Signaling Technology), phosphorylated eIF2� (pEIF2S1)
(1:1000; #3597, Cell Signaling Technology), T-intracellular
antigen 1 (TIA-1) (1:1000; #86050, Cell Signaling Technol-
ogy), Hu-antigen R (HuR / ELAVL1) (1:1000; #11910-
1-AP, Proteintech). For the interactome captures, anti-
bodies against TIA-1, ELAVL1, and �-tubulin was used
as described above. In addition, the membranes were



4728 Nucleic Acids Research, 2020, Vol. 48, No. 9

probed with an antibody against histone H4 (H4) (1:1000;
#ab31830, Abcam). As secondary antibodies, 1:10 000
dilutions of horseradish peroxidase (HRP) conjugated
goat-anti-rabbit (#A0545, Sigma Aldrich) or rabbit-anti-
mouse antibodies (#A9044, Sigma Aldrich) were used. The
plots were developed with enhanced chemiluminescence
(ECL) (Western lightning Plus-ECL, #NEL104001EA,
PerkinElmer) and visualized using a Fusion FX7 imaging
system (Vilber Lourmat).

Silver staining

For evaluating successful protein-RNA UV-crosslinking
and interactome capture, aliquots of the inputs and RNase
eluates were separated by SDS-PAGE and the proteins visu-
alized by silver staining. 250 ng of inputs and 10% of eluates
were loaded into the wells. Silver staining was performed ac-
cording to manufacturer’s instructions (SilverQuest™ Stain-
ing Kit, #LC6070, Thermo Fisher Scientific).

RNA extraction, bioanalyzer, cDNA synthesis and real-time
qPCR

Total RNA from lysates was extracted using RNA Clean
& Concentrator-5 (#R1016, Zymo Research) according
to manufacturer’s instructions. RNA concentration of to-
tal RNA extractions and heat-eluted aliquots from inter-
actome captures were measured using NanoDrop 2000
(Thermo Fisher Scientific). For analyzing the profiles
of captured RNA, 5 ng of non-crosslinked heat eluates
were analyzed in an Agilent 2100 Bioanalyzer Sytem
with RNA 6000 Pico Kit (#5067-1513 Agilent) accord-
ing to the manufacturer’s instructions. 500 ng of total
RNA or RNA from non-crosslinked heat eluates were
reverse transcribed into cDNA using random hexamers
and SuperScript III (#18080044, Thermo Fisher Scien-
tific) according to manufacturer’s instructions. For evalu-
ating genomic DNA (gDNA) contamination, control re-
actions without reverse transcriptase were used. Real-
time qPCR was performed using PrimaQuant SYBR-
Green Master Mix with ROX (#SL-9912-50mL, Stein-
brenner Laborsysteme GmbH) in a StepOnePlus system
(Thermo Fisher Scientific). Previously published primer
pairs against following targets were used for the qPCR
(in 5′-3′ direction): RPS6 (forward: TGAAGTGGAC
GATGAACGCA, reverse: CCATTCTTCACCCAGAGC
GT), 18S rRNA (forward: GAAACTGCGAATGGCTCA
TTAAA, reverse: CACAGTTATCCAAGTGGGAGAG
G), 28S rRNA (forward: TTACCCTACTGATGATGTGT
TGTTG, reverse: CCTGCGGTTCCTCTCGTA), β-actin
(forward: CGCGAGAAGATGACCCAGAT, reverse: TC
ACCGGAGTCCATCACGAT) (15), HPRT mRNA (for-
ward: GACCAGTCAACAGGGGACAT, reverse: AACA
CTTCGTGGGGTCCTTTTC), HPRT pre-mRNA (for-
ward: ACGTCAGTCTTCTCTTTTGTAAT, reverse: AC
ACTTCGTGGGGTCCTTTT) (5).

Sample preparation and TMT labeling

Reduction of disulfide bonds in cysteine-containing pro-
teins was performed with dithiothreitol (56◦C, 30 min, 10

mM in 50 mM HEPES, pH 8.5). Reduced cysteines were
alkylated with 2-chloroacetamide (room temperature, in the
dark, 30 min, 20 mM in 50 mM HEPES, pH 8.5). Samples
were prepared using the SP3 protocol (18,19) and trypsin
(sequencing grade, Promega) was added in an enzyme to
protein ratio of 1:50 for overnight digestion at 37◦C. Next
day, peptides were recovered in HEPES buffer by collect-
ing the supernatants on a magnet and combining with sec-
ond elution wash of beads with HEPES buffer. Peptides
were labeled with TMT10plex (20) Isobaric Label Reagent
(Thermo Fisher Scientific) according the manufacturer’s in-
structions. For further sample clean up an OASIS® HLB
�Elution Plate (Waters) was used. Offline high pH reverse
phase fractionation was carried out on an Agilent 1200
Infinity high-performance liquid chromatography system,
equipped with a Gemini C18 column (3 �m, 110 Å, 100
× 1.0 mm, Phenomenex) (21). For the interactomes, eight
fractions were pooled and for input samples 12 fractions,
each fraction was subjected individually to mass spectrom-
etry.

Mass spectrometry (MS) data acquisition

An UltiMate 3000 RSLC nano LC system (Dionex) fitted
with a trapping cartridge (�-Precolumn C18 PepMap 100,
5�m, 300 �m i.d. × 5 mm, 100 Å) and an analytical col-
umn (nanoEase™ M/Z HSS T3 column 75 �m × 250 mm
C18, 1.8 �m, 100 Å, Waters). Trapping was carried out with
a constant flow of solvent A (0.1% formic acid in water) at
30 �l/min onto the trapping column for 6 minutes. Subse-
quently, peptides were eluted via the analytical column with
a constant flow of 0.3 �L/min with increasing percentage of
solvent B (0.1% formic acid in acetonitrile) from 2% to 4%
in 6 min, from 4% to 8% in 1 min, then 8% to 25% for a
further 71 min, and finally from 25% to 40% in another 5
min. The outlet of the analytical column was coupled di-
rectly to a Fusion Lumos (Thermo Fisher Scientific) mass
spectrometer using the proxeon nanoflow source in positive
ion mode.

The peptides were introduced into the Fusion Lumos via
a Pico-Tip Emitter 360 �m OD ×× 20 �m ID; 10 �m tip
(New Objective) and an applied spray voltage of 2.4 kV. The
capillary temperature was set at 275◦C. Full mass scan was
acquired with mass range 375–1500 m/z in profile mode in
the orbitrap with resolution of 120,000. The filling time was
set at maximum of 50 ms with a limitation of 4 × 105 ions.
Data dependent acquisition (DDA) was performed with the
resolution of the Orbitrap set to 30 000, isolation window
of 0.7 m/z, with a fill time of 64 ms and a limitation of 1 ×
105 ions. A normalized collision energy of 38 was applied.
MS2 data was acquired in profile mode.

MS data analysis

IsobarQuant (22) and Mascot (v2.2.07) were used to pro-
cess the acquired data, which was searched against a
Uniprot Homo sapiens proteome database (UP000005640)
containing common contaminants and reversed sequences.
The following modifications were included into the search
parameters: Carbamidomethyl (C) and TMT10 (K) (fixed
modification), Acetyl (N-term), Oxidation (M) and TMT10
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(N-term) (variable modifications). For the full scan (MS1)
a mass error tolerance of 10 ppm and for MS/MS (MS2)
spectra of 0.02 Da was set. Further parameters were set:
Trypsin as protease with an allowance of maximum two
missed cleavages: a minimum peptide length of seven amino
acids; at least two unique peptides were required for a pro-
tein identification. The false discovery rate on peptide and
protein level was set to 0.01.

The protein.txt output files of IsobarQuant were pro-
cessed using the R programming language (ISBN 3-900051-
07-0). To ensure good data quality, only proteins which were
quantified with at least two unique peptides were considered
for the analysis. Furthermore, proteins had to be quanti-
fied in at least two out of three replicates. The ‘signal sum’
column of the protein.txt output files were first cleaned for
batch-effects using the ‘removeBatchEffect’ function of the
limma package (23) and second normalized with a variance
stabilization normalization (vsn) method (24). During the
normalization process all cross-link (CL) conditions and all
non-cross-link (NoCL) conditions were normalized sepa-
rately in order to keep the abundance difference between the
two groups. Missing values were imputed using the ‘impute’
function of the Msnbase package (25) and the k-nearest
neighborhood method (knn). In order to test for differen-
tial abundance, limma was employed again. Imputed values
were given a weight of 5%. For comparisons of CL against
NoCL conditions, adjusted P-values directly from limma
were used. For comparison of CL against another CL con-
ditions, t-values from limma were used to recalculate false
discovery rates (q-values) using the fdrtool package (26). A
protein was annotated as ‘hit’ with an FDR smaller than 5%
and a fold-change of at least 100% and annotated as ‘candi-
date’ with an FDR smaller than 20% and a fold-change of
at least 50%.

Comparison of interactomes and RBP functions

The identified RBPs were annotated with the curated
RIC datasets (13) and combined with recent RIC stud-
ies (7,15,27–30). The functional annotation was used ac-
cording to Hentze 2018 (13): The IntEnz database (release
May 2017) was used to classify enzymes, enzymes which are
members of ‘metabolism’ in Reactome, plus the subunits
of the ATP synthase and the respiratory chain complexes
where called metabolic enzymes. Hits were compared to a)
mRNA RIC/eRIC approaches (10–12,15,31,32) and (b) to
total RNA interactome captures (7,27–30,33). RBPs which
were not identified in (a), did not have known RNA-binding
domains (12,34), and were not found in a set of known
RBPs (35) were classified as novel mRNA RBPs. RBPs that
were also not identified in b) were classified as novel RBPs.

Quantification and statistical analysis

For qPCR experiments the data is displayed as mean + s.d.
scatter dot plots. Unpaired 2-tailed t-test was used. P<0.05
was considered as significant. Fisher’s exact tests with multi-
ple hypothesis correction were used to calculate enrichment
of protein domains and GO terms. Plots were created with
GraphPad Prism 8.

RESULTS

Validation and quality control of the experimental system

Enhanced RNA interactome capture (eRIC) using locked
nucleic acid (LNA)-coupled magnetic beads enables more
specific and sensitive capture of mRNA interactomes than
previous RNA interactome capture (RIC) methods em-
ploying oligo-dT probes (15). We reasoned that these re-
finements should facilitate an exploration of how mRNA–
protein interactions differ between the nuclear and the cy-
toplasmic compartments of the cell and how environmental
cues such as stress affect the composition of the mRNA in-
teractomes in both compartments.

HuH7 cells were grown either as controls or under
conditions of arsenite-induced stress. Arsenite is a well-
established and potent stressor known to affect protein-
RNA interactions (7,36). The cells were then either sub-
jected to UV254 to crosslink RBPs to RNA (CL), or left
unexposed (noCL) as negative controls. Subsequently nu-
clear and cytoplasmic fractions were carefully separated
(see Materials and Methods for details) and polyadenylated
RNA was captured using eRIC (Figure 1A). To avoid sec-
ondary effects resulting from prolonged stress, we limited
the treatment with 100 �M sodium arsenite (NaAsO2) to
1h. This treatment caused the expected induction of cyto-
plasmic stress granules, indicated by ELAVL1 (also known
as HuR) aggregation (Figure 1B), and increased phospho-
rylation of EIF2S1 (also known as eIF2�) in the cytoplas-
mic fraction (Figure 1D).

We confirmed the purity of cell fractionation with nu-
clear fractions containing intact nuclei devoid of endoplas-
mic reticulum (ER) remnants. The nuclear integrity and ER
removal was analyzed by fluorescent staining of the nuclei
and the ER (Figure 1C). We also conducted immunoblot-
ting for several marker proteins. The cytoplasmic fractions
were enriched in �-tubulin, calnexin and HSP60, represent-
ing primarily cytosolic, ER, and mitochondrial marker pro-
teins, respectively. These proteins were highly underrepre-
sented in the nuclear fractions that instead were substan-
tially enriched for the nuclear marker proteins lamin A/C
and HDAC1. As expected, the known shuttling nucleo-
cytoplasmic RBPs TIA-1 and ELAVL1 were observed in
both fractions (Figure 1D).

Having established robust experimental conditions, we
performed eRIC on the nuclear and the cytoplasmic frac-
tions (15). Sample quality was controlled by SDS-PAGE
followed by silver-staining or immunoblotting of aliquots
from the inputs and RNase-eluted samples from UV-treated
and control cells. The eluates from the UV-crosslinked sam-
ples reveal a distinctive pattern of proteins that profoundly
differs between cytoplasmic and nuclear fractions (Figure
2A, lanes 4 and 5) as well as from the inputs (lanes 2 and 3
and 7 and 8). The eluates of the non-crosslinked samples are
clean apart from the added RNase (lanes 9 and 10) and with
only traces of stained cellular proteins, reflecting the speci-
ficity and low background of the eRIC procedure. Arsenite
treatment did not change the protein profiles of inputs nor
eluates, as assessed by silver staining (compare uneven with
even numbered lanes in Figure 2A). The clear differences
between the cytoplasmic and nuclear samples suggest that
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Figure 2. Compartment-specific RBP capture by eRIC is highly specific and sensitive. (A, B) Inputs and 10% of RNase eluates from eRIC captures were
separated by SDS-PAGE and the proteins were visualized by silver staining (A) and western blotting (B). 250 ng and 0.05% of inputs were loaded onto
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indicate the control-samples and short ticks indicate P < 0.05 (unpaired two-tailed t-test).
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the RNA-binding proteomes of the nucleus and the cyto-
plasm substantially differ.

Western blotting was used to further validate the speci-
ficity of the interactome captures (Figure 2B). The UV-
crosslinked interactome captures are expected to contain
known RBPs while lacking non-RNA-binding proteins. As
expected, the RBPs ELAVL1 and TIA-1 are present in the
eluates of the UV-crosslinked cytoplasmic or nuclear sam-
ples whereas these RBPs are present only in the inputs but
not in the eluates of the non-crosslinked samples. Further,
�-tubulin and histone H4, chosen as negative controls for
non-RNA-binding cytoplasmic and nuclear proteins, re-
spectively, were detected exclusively in the inputs. These re-
sults show that UV-exposure specifically crosslinks RBPs to
RNAs both, in the cytoplasmic and in the nuclear fractions.
A comparison of arsenite-treated and untreated cells shows
that treatment does not negatively affect the quality the cell
fractionation or the eRIC selection (compare uneven with
even numbered lanes in Figure 2B).

Next, we assessed the effective and specific capture of
polyadenylated RNAs by bioanalyzer size separation and
by qPCR from aliquots eluted by heat instead of RNase
treatment (Figures 2C–H and Supplementary Figure S1).
The bioanalyzer profiles show a typical length distribution
for mRNAs and strongly reduced 18S and 28S rRNAs,
which otherwise dominate total RNA profiles (Supplemen-
tary Figure S1). This general enrichment pattern was con-
firmed by qPCR of specific RNAs (Figures 2C–H). The
qPCR analyses show that the LNA oligo-mediated capture
is highly selective for the tested polyadenylated RNAs (mR-
NAs and pre-mRNA): using equal amounts of RNA from
inputs and eluates for cDNA synthesis and normalizing the
qPCR results to untreated inputs shows the expected strong
enrichment of β-actin and HPRT1 mRNAs in the eluates
both, in nuclear and in cytoplasmic fractions regardless of
arsenite treatment (Figures 2C, D). By contrast, eRIC se-
lects against ribosomal RNAs in the eluates compared to
inputs (Figures 2E, F), which is not affected by arsenite
treatment. We also controlled for contaminating genomic
DNA (gDNA) with primer pairs targeting an intra-exonic
sequence of RPS6. There were only traces of signal when
reverse transcriptase (RT) was omitted from the cDNA syn-
thesis, reflecting minimal gDNA contamination. By con-
trast, there were strong signals when the RT was used, re-
flecting the presence of RPS6 mRNA (Figure 2G).

To evaluate the capture of pre-mRNA from the cytoplas-
mic and nuclear fractions, the qPCR quantifications were
normalized to cytoplasmic inputs derived from RT-assisted
cDNA synthesis. The results show that the amplification of
HPRT pre-mRNA by intron-exon targeting primers is lim-
ited to the nuclear fractions further confirming successful
cell fractionation (Figure 2H). In the input of the nuclear
fractions some gDNA is still present after DNase treat-
ment and RNA extraction as observed by amplification of
the target without RT. However, the signals are greatly re-
duced in the eluates of interactome captures without the
use of RT. These data confirm that the capture of gDNA is
strongly discriminated against by the LNA-probes. In sum,
these results document (i) the specificity and efficiency of
eRIC for capturing polyadenylated RNAs, (ii) the quality of
the nuclear-cytoplasmic fractionation and (iii) that arsenite

treatment does not negatively affect the quality of the frac-
tionation or the eRIC procedure.

Nuclear and cytoplasmic interactomes show profound differ-
ences in their RBP composition

For the eRIC analyses, three biological replicates were used
for each condition. Total proteomes and RBPs were iden-
tified by quantitative mass spectrometry (MS) from eRIC
inputs and RNase eluates, respectively (37). A total of 4835
cytoplasmic and 3528 nuclear proteins were identified from
the full proteomes of untreated cells (Figure 3A, Supple-
mentary Table S1).

UV-irradiation effectively crosslinks directly-bound
RBPs to RNAs, and the stringent hybridization and wash-
ing conditions enabled by the LNA-modified antisense
probes to poly(A) tails effectively remove non-crosslinked
proteins (including indirectly-bound proteins), DNA and
rRNA from the interactome (15). The eRIC eluates harbor
746 cytoplasmic and 197 nuclear RBPs with >2-fold en-
richment and an FDR <0.05 in UV-crosslinked compared
to non-crosslinked samples. Of these, 155 were common to
both fractions while 591 and 42 were found exclusively in
the cytoplasmic and in the nuclear fractions, respectively
(Figure 3A, Supplementary Table S1). This makes a total
of 788 unique RBPs from both fractions combined. Note
that eRIC captures polyadenylated RNAs, thus excluding
nuclear RBPs binding exclusively to RNAs that are not
(yet) polyadenylated.

The fractionation-assisted eRIC revealed 245 cytoplas-
mic and six nuclear RBPs (total of 247 unique RBPs com-
bined) that have been missed by earlier mRNA interactome
captures from unfractionated human cells, lack any known
RNA-binding domains, or are not included in curated lists
of human RBPs. While 185 of these have been found in
some total cellular RNA interactomes, the mRNA bind-
ing activity of these RBPs has not been known before (Sup-
plementary Figure S2 and Supplementary Table S2) (7,10–
13,15,27–35). These 247 novel mRNA binding RBPs are en-
riched in proteasomal proteins, some of which have been
reported to possess RNase activity (Supplementary Figure
S3) (38,39).

Previous interactome capture experiments revealed that
many of the recently discovered RBPs do not contain well-
defined RNA-binding domains (reviewed in (13)). In line
with these observations, only approximately one quarter of
the cytoplasmic and two thirds of the nuclear RBPs contain
classical RNA-binding domains (RBD) (Figure 3B, Sup-
plementary Table S2). This is in line with a report that nu-
clear RBPs mostly harbor canonical RBDs (32). RRMs and
KH-domains represent the most prominent RBDs of both
cytoplasmic and nuclear RBPs (Figure 3C). Enzymes rep-
resent 27% of the cytoplasmic, but only 8% of the nuclear
RBPs (Figure 3B, Supplementary Table S2). Interestingly,
the novel mRNA RBPs account for 45% (93) of the total
of 207 RBPs with known enzymatic functions (Supplemen-
tary Table S2). Overall, we find numerous differences in the
RBP function and domain composition of the nucleus and
the cytoplasm.

We next focused on a group of RBPs, which are expressed
in both the nucleus and the cytoplasm (identified in total



Nucleic Acids Research, 2020, Vol. 48, No. 9 4733

B

cytoplasm nucleus

cytoplasm nucleus

A

C

-2 0 2 4 6

2

4

6

8

10
eRIC CL / noCL (cytoplasm)

log2 FC

-lo
g1

0 
p-

va
lu

e

-2 0 2 4 6

2

4

6

8

10
eRIC CL / noCL (nucleus)

log2 FC

-lo
g1

0 
p-

va
lu

e

Proteome Interactome
0

200
400
600
800

1000
3000
4000
5000
6000

197

3528

197

746

4835

746n

Cytoplasm
Nucleus

591
(75 %)

155
(19.7 %)

Cytoplasm

Nucleus

42
(5.3 %)

187

559

135
62

no canonical RBD
known RBD

108
96

542

1
15
181

other
enzyme
metabolic enzyme

RRM_1
KH_1

DEAD
PAM2

CSD

EFhan
d_C

a_
inse

n

Heli
ca

se
_C
NOPS

zf-
RNPHF

RRM_5 SAP

Cpn60
_T

CP1

GST_C

ABC_tr
an

_X
tn

BAT2_
N

Pro
tea

so
me_

A_N

tR
NA-sy

nt_1

HSP70

Antic
odon_1

14
-3-

3

GST_N
_2

Pro
tea

so
me W2

Riboso
mal_

S13 PCI

GST_C
_2 S4

CDC48
_2

CDC48
_N

EF-1_
beta

_a
cid

EF1_
GNE

Ldh_1
_C

Ldh_1
_N

G-patc
h

0

5

10

15
25

50

75

-lo
g1

0(
p-

va
lu

e)

Cytoplasm
Nucleus
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proteome of both cytoplasm and nucleus), but that repro-
ducibly displayed RNA-binding activity in only one com-
partment. We were particularly interested in a remarkable
subgroup of such RBPs, whose abundance in the total pro-
teome was even lower in the compartment where they dis-
play RBP activity. We identified 37 proteins that bind RNA
only in the cytoplasm although being more abundant in

the proteome of the nucleus (green dots on white back-
ground) (Figure 4A, Supplementary Tables S1 and S3). GO-
term enrichment analysis revealed that these proteins are
enriched for chromatin- and DNA-associated proteins in-
cluding a linker histone (H1FX), various histone modifiers,
and proteins involved in chromosome/chromatin organiza-
tion (Figures 4A, B). These findings reveal that these mostly
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showing an at least 50% higher CL/noCL ratio in the cytoplasm. Bona fide RBPs only in the cytoplasm while being significantly more abundant in the
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nuclear proteins with well-established chromatin-associated
functions bind RNA in the cytoplasm; the functional ratio-
nale for this will be interesting to define.

The twelve proteins with exclusively nuclear RBP activity
largely represent RNA processing- and splicing-associated
proteins. Three of these are more abundant in the cytoplas-
mic proteome (green dots on white background) (Figure
4A, Supplementary Table S3). These 3 RBPs include the
nuclear mRNA processing factors PQBP1 and QKI, and

PPIL4, an enzymatic RBP with a propyl isomerase domain
involved in protein folding (40) (Supplementary Table S2).
While QKI and PPIL4 bear KH and RRM motifs, respec-
tively, PQBP1 is an intrinsically disordered protein, a fea-
ture of many non-canonical RBPs (13,41) (Supplementary
Table S2).

While the analysis described above focused on proteins
displaying RBP activity exclusively in either the cytoplas-
mic or the nuclear compartment, we next extended the anal-
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ysis to proteins identified in the interactomes of both com-
partments, but showing more distinguishable RNA bind-
ing (CL/noCL fold change) in the compartment where they
were found to be less abundant in the full proteome (blue
dots on red background and vice versa) (Figure 4C). None
of the RBPs that are most abundantly found in the full cy-
toplasmic proteome (red dots) show considerably more rec-
ognizable RNA binding (≥50% difference) in the nucleus
(red dots on blue background). However, we identified 11
RBPs that are substantially more abundant (≥ 5-fold) in the
nucleus, while exhibiting considerably more apparent RNA
binding in the cytoplasm (Figure 4C, highlighted blue dots).
Three of these proteins (SAFB, LMNB1, HIST1H1B) were
particularly highly abundant in the nuclear proteome but
only reproducibly identified as RBPs in the cytoplasm. Al-
though all of these proteins are previously known RBPs,
the unexpected subcellular bias in RNA-binding had not
been recognized. In particular, it is noteworthy to find an-
other member of the histone H1 family, HIST1H1B, as a
noticeable cytoplasmic RBP. Histone H1 family members
are known to localize to cytoplasm but their cytoplasmic
functions have remained largely unknown (42–44). Over-
all, the nucleo-cytoplasmic fractionation combined with
eRIC reveal a number of primarily nuclear proteins that ex-
hibit more pronounced or exclusively cytoplasmic mRNA-
binding.

Compartment-restricted, stress-induced changes in RNA
binding

We next analyzed how arsenite-induced oxidative stress af-
fects the nuclear and cytoplasmic interactomes (Figures 5A,
B). RBPs identified under the different conditions show
high degree of overlap in both cytoplasmic and nuclear
compartments (Figure 5A). It should be noted that the
condition-specific RBPs were identified in the eRIC eluates
of both conditions but considered as RBPs only in one. In-
tegrating the interactomes of treated and untreated cells, we
identified a total of 803 cytoplasmic and 205 nuclear RBPs
representing 845 unique RBPs in total (Supplementary Ta-
ble S1). As expected, most proteins in the full proteome did
not respond to stress while known arsenite-induced effects
such as the nuclear accumulation of TP53 and reduced oxi-
doreductase TXNL1 expression could be clearly observed
(Supplementary Figure S4 and Supplementary Table S1)
(45,46).

When analyzing the stress-responsive RBPs by compar-
ing the CL-samples of the interactome eluates from un-
treated and arsenite exposed cells, we found that a total
of 52 displayed high confidence (FDR < 0.05) arsenite-
induced changes (Figure 5B, Supplementary Tables S1 and
S3). A GO-term enrichment analysis shows that RNA-
binding and translation-associated functions lead the lists
of molecular functions and biological processes, respec-
tively (Figure 5C), in line with the known stress-induced
control of translation (reviewed in (47)).

Interestingly, most of the RBPs that showed a stress-
response in the cytoplasm were identified in the cytoplas-
mic interactome only (Figure 5D, Supplementary Table S4).
Similarly, the small group of RBPs that reacted both, in the
cytoplasm and in the nucleus, showed similarly significant

quantitative differences in RNA binding in both compart-
ments. By contrast, all stress responsive RBPs in the nu-
cleus were also identified in the cytoplasmic interactomes,
but showed less pronounced stress-responses with FDRs >
0.05.

Stress remodels the RNA interactome to regulate translation
and RNA degradation

In line with the interactomes of unfractionated cells (7),
many of the stress-regulated RBPs identified here are cy-
toplasmic or mitochondrial ribosome-associated proteins,
cap-dependent or IRES-dependent translation initiation
factors (47–50), or proteins involved in the translational
regulation of mRNAs containing a 5′ terminal oligopyrim-
idine (5′TOP) motif (51) (Figure 6A, Supplementary Ta-
ble S5). These data strongly substantiate the importance
of stress-regulated translation by altered RNA binding
of RBPs.

Unlike earlier studies, the introduction of cell fractiona-
tion before interactome capture allowed the identification
of components of the ubiquitination and protein degra-
dation machinery as a previously unknown group of low-
abundance RBPs whose RNA binding is regulated by
stress (Figure 6A, Supplementary Table S5). This group
includes MEX3A, an RBP with ubiquitin ligase RING
finger domains and known to localize to p-bodies (52).
Like its family member MEX3C, MEX3A could poten-
tially regulate mRNA stability via proteasome-independent
ubiquitination of the deadenylation machinery (53). Sim-
ilarly, UBAP2, TRIM71 (also known as LIN41), and
USP10 are proteins involved in protein ubiquitination/de-
ubiquitination pathways (54–56). Several ubiquitin lig-
ases have been identified as RBPs linking the ubiquitin-
system to RNA-metabolism (57,58). While the role of these
ubiquitination-associated proteins in RNA metabolism is
poorly understood, our results unexpectedly indicate that
some of them are stress-sensitive. Based on our data, it will
be interesting to explore whether this group of RBPs is also
linked to stress-regulated RNA degradation.

A functional link of low-abundance cytoplasmic RBPs
to RNA degradation pathways is further highlighted by
the identification of RBPs that are known components
of the RNA-induced silencing complex (RISC) and of
the nonsense-mediated decay (NMD) pathway (Figure 6A,
Supplementary Table S5). RISC-targeted mRNAs can be
subjected to both translational repression and degradation
(reviewed in (59)). Specifically, RISC-associated proteins
that have been identified here in the stress-regulated inter-
actome include the endonucleases translin (TSN), translin
associated factor X (TSNAX) and SND1 (also known as
Tudor-SN) (60,61). Interestingly, these endonucleases show
opposite stress responses in their RNA binding, suggesting
that their functions are differentially regulated (Figure 6A,
Supplementary Table S5). The role of RBPs associated with
RISC is further highlighted by the stress-induced differen-
tial RNA-binding of the fragile-X mental retardation pro-
teins FXR1 and FXR2 (Figure 6A, Supplementary Table
S5) that are also known to interact with AGO2 (62). FXR1
and FXR2 are autosomal paralogs of the fragile-X men-
tal retardation protein FMR1 that is also a component of
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RISC (62,63) and showed a trend toward stress-induced in-
creased RNA-binding (Supplementary Table S1).

We also found the RNA-binding of UPF1 and MOV10
to be stress-regulated (Figure 6A, Supplementary Table
S5). UPF1 is one of the key effectors of the nonsense-
mediated decay (NMD) pathway, which is known to be
down-modulated by cellular stress via a still unknown
molecular mechanism (64–66). Further, the RNA helicase
MOV10 has been shown to participate in UPF1 associated
RNA degradation (67). The regulated binding of UPF1 and
MOV10 to RNA under conditions of stress suggests that
these effects may contribute to the stress-mediated control
of NMD.

Taken together, we discovered unexpected stress-
mediated changes in RBPs regulating ribosome function,
translation, as well as RNA- and protein stability.

DISCUSSION

In vivo analyses of RNA interactomes have resulted in the
identification of a large number of previously unknown
RNA-binding proteins lacking canonical RBDs. Some of
these novel RBPs have cell biological functions that may
be controlled by RNA binding (13). One of the hypothe-
ses motivating the current study has been that cellular stress
would affect RNA binding not only of canonical RBPs but
also of proteins with other known functions. We were also
curious whether stress may elicit different responses in the
cytoplasm and in the nucleus. The main results of this study
are summarized in the graphical conclusion (Figure 6B). To
analyze the nuclear and the cytoplasmic interactomes sepa-
rately and sensitively from the same cells, we benefitted from
the use of eRIC which employs LNAs in the capture reac-
tion allowing highly stringent hybridization and washing,
and hence the identification of low abundance RBPs against
a low background (15). Therefore, we could confidently de-
termine the relatively small nuclear RNA interactome. It
chiefly consists of canonical RBPs, as had been indicated
by earlier studies (32,33). We also could identify a substan-
tial number of low abundance novel mRNA-binding RBPs
in the cytoplasm, many of which without canonical RBDs
and with enzymatic functions, extending the scope of pro-
teins that could potentially be subject to riboregulation (14).

Most interestingly, many of the proteins found in both
the nuclear and the cytoplasmic proteomes only function
as RBPs in the cellular compartment where they are less
abundant (Figure 4). Thus, they act as RBPs at low abun-
dance while exerting their previously known, annotated
function at higher abundance in the other compartment.
Might RNA influence their nucleo-cytoplasmic transport?
We also show here that a substantial number of RBPs,
both in the nucleus and in the cytoplasm, differentially alter
their RNA-binding activity in response to stress, expanding
our knowledge of how stress affects RNA-protein interac-
tions in a compartment specific fashion. Unexpectedly, the
analysis of fractionated interactomes demonstrated that the
stress-induced changes of RNA binding may show highly
quantitative differences in their stress responses between the
cytoplasm and the nucleus. SRSF7 and THUMPD1 are ex-
amples of this (Figure 5). Furthermore, the responses may
even go into opposite directions indicating fundamentally

differential and compartment-specific functions of these
RBPs. AZGP1, CSTA and FLNB are illustrative examples
of this surprising response pattern. Both of these compart-
mentalized differences would have been missed by whole cell
analyses.

Many of the stress-responsive RBPs exert stress-related
functions on the ribosome in general and in transla-
tional regulation in particular (Figure 6). These ribosome-
associated stress-responses are largely in-line with a pre-
vious interactome study from arsenite-stressed cells focus-
ing on total RNA with a predominant fraction of riboso-
mal RNAs from whole cell lysates (7). However, we identi-
fied another unexpected, mostly cytoplasmic group of RBPs
with differential stress-induced binding with known func-
tions in RNA- and protein degradation, thus suggesting
that these pathways could also be subject to riboregulation.
Alternatively, and as suggested previously (38,39,57,58),
proteins known to play a role in proteasomal function and
ubiquitination may have additional functions regulating
RNA stability.

In conclusion, the results from this study further our
understanding on RBP biology by charting the nucleo-
cytoplasmic landscape and compartmentalized stress-
responses of human RBPs and their mRNA interactomes.
This adds further value to the existing datasets of human
RBPs from other interactome studies. We believe the data
reported here will serve as a valuable resource for the scien-
tific community for further research.
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