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Abstract

Cell autonomous responses to intracellular bacteria largely depend on reorganization of gene expression. To gain isoform-level resolution of
these modes of regulation, we combined long- and short-read transcriptomic analyses of the response of intestinal epithelial cells to infection by
the foodborne pathogen Listeria monocytogenes. Among the most striking isoform-based types of regulation, expression of the cellular stress
response regulator CIRBP (cold-inducible RNA-binding protein) and of several SRSFs (serine/arginine-rich splicing factors) switched from canon-
ical transcripts to nonsense-mediated decay-sensitive isoforms by inclusion of ‘poison exons’. We showed that damage to host cell membranes
caused by bacterial pore-forming toxins (listeriolysin O, perfringolysin, streptolysin or aerolysin) led to the dephosphorylation of SRSFs via the
inhibition of the kinase activity of CLK1, thereby driving CIRBP alternative splicing. CIRBP isoform usage was found to have consequences on
infection, since selective repression of canonical CIRBP reduced intracellular bacterial load while that of the poison exon-containing isoform
exacerbated it. Consistently, CIRBP-bound mRNAs were shifted towards stress-relevant transcripts in infected cells, with increased mRNA lev-
els or reduced translation efficiency for some targets. Our results thus generalize the alternative splicing of CIRBP and SRSFs as a common
response to biotic or abiotic stresses by extending its relevance to the context of bacterial infection.
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Introduction

In a fluctuating environment or upon perturbation of tissue
homeostasis, cells can undergo a broad variety of damaging
conditions that may impair their integrity and function. In re-
sponse to the action of damaging agents, stress-sensitive path-
ways coordinate multiple cellular mechanisms of response
that include the control of cell cycle checkpoints, the real-
location of resources between major anabolic and catabolic
pathways, the protection against macromolecular damage and
scavenging of damaged components, the launching of proin-
flammatory responses or eventually cell death (1,2). Among
key regulators involved in orchestrating cellular stress re-
sponses, CIRBP (cold-inducible RNA-binding protein) has
been previously described as a central stress-response pro-
tein. Although it was initially identified for its role in adap-
tation to cold stress, it also responds to a variety of other
non-physiological challenges such as hypoxia, DNA damage
response, glucose deprivation and osmotic, oxidative or heat
stresses (3-5).

Downstream of stress sensing, the expression of CIRBP has
been shown to be regulated not only in abundance, but also via
the production of alternative transcripts (6). Accordingly, 46
splice variants of human CIRBP are annotated in the Ensembl
database version 109.38 (ENSG00000099622). The mecha-
nisms of CIRBP isoform conversion have been previously in-
vestigated in the context of mild cold and heat shocks, re-
vealing a fine-tuning of CIRBP pre-mRNA splicing into al-
ternative isoforms (7-9). Even a moderate increase in tem-
perature results in the inhibition of the activity of the kinase
CLK1, leading to the dephosphorylation of serine/arginine-
rich splicing factors (SRSFs; also known as SR proteins). In
turn, the loss of activity of SR proteins drives the splicing of
CIRBP pre-mRNA in favor of unstable isoforms that are sensi-
tive to the nonsense-mediated decay (NMD) pathway of RNA
degradation.

The CIRBP protein itself is activated and migrates to cy-
toplasmic stress granules, where it regulates a number of cel-
lular pathways including the cell cycle and inflammation, via
its RNA binding activity and ability to modulate the stabil-
ity and translation of its targets (3,10,11). The modulatory
role of CIRBP on inflammation is complex and context de-
pendent; while it acts as a mediator of tumor-promoting in-
flammation, it dampens inflammation in the resolution phase
of wound healing (10). It was also reported that in Huh7 cells
from liver hepatoma, viral infections resulted in the loss of N°-
methyladenosine (m®A) in the sixth exon of CIRBP, located in
the 3’ region of the CIRBP coding sequence (CDS) (12). This
change in CIRBP pre-mRNA methylation led to alternative
splicing (AS) of the transcript and, as a consequence, to the
loss of a long, cytoplasmic protein-coding isoform. Expres-
sion of both this long form of CIRBP and the main, shorter
isoform, which displayed a predominantly nuclear distribu-
tion, had a proviral effect. In addition to intracellular roles of
CIRBP as an RNA-binding protein, during hemorrhagic shock
or sepsis, CIRBP can be released in the circulation, where it
acts as a damage-associated molecular pattern (DAMP) that
promotes inflammatory responses (13). At least part of the
inflammatory effects and tissue injury caused by extracellu-
lar CIRBP (eCIRBP) during sepsis rely on its ability to induce
neutrophil extracellular traps (14).

While CIRBP functions have been investigated in various
stress conditions including viral infections and sepsis, its regu-
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lation and cellular roles have not been documented in the con-
text of bacterial infections. Yet, bacterial challenges have been
reported to provoke several types of stresses that are sensed by
host cells (15-17), including during infection by the foodborne
pathogen Listeria monocytogenes (Lm). This facultative in-
tracellular bacterium is responsible for listeriosis in cattle and
humans, a rare but life-threatening disease in immunocom-
promised individuals and in the elderly, which can cause death
from meningitis, encephalitis or septic shock (18). Maternofe-
tal transmission of listeriosis can also cause miscarriage, still-
birth or debilitating neonatal meningitis. A number of studies
have reported that Lm infection is accompanied by cellular
damage that causes potent cellular stress responses such as the
activation of the integrated stress response pathway (19-21).
The major cause of Lm-triggered stress on its host cell is the
permeation of cellular membranes by a cholesterol-dependent
cytolysin, listeriolysin O (LLO) (22-25).

Here, using a combined approach based on short- and long-
read sequencing of the transcriptome of intestinal epithelial
cells upon infection by Lm, we show that AS events alter
the expression of a number of cellular genes involved in host
RNA processing and post-transcriptional regulation, includ-
ing splicing factors and CIRBP. We identify that the pore-
forming activity of LLO is responsible for CIRBP isoform con-
version towards NMD-sensitive transcripts, via the inhibition
of the activity of CLK1 kinase and of SR proteins. We observe
an opposite effect of the two classes of CIRBP isoforms, and
identify variations in the sets of CIRBP targets in infected ver-
sus uninfected cells as well as in their expression. Altogether,
our findings generalize the mechanism of CIRBP-based stress
responses to the context of a bacterial infection.

Materials and methods

Biological resources

LoVo cells, a human intestinal epithelial cell line origi-
nating from a colon adenocarcinoma (male, ATCC CCL-
229), were used as the main host cell model. The Hep
G2 line of hepatocellular carcinoma (ATCC HB-8065) and
the THP-1 line of human monocytes (ATCC TIB-202) were
used to generalize the effects of LLO on CIRBP AS. Cells
were maintained in their respective formulated media, sup-
plemented with 10% heat-inactivated fetal bovine serum
(FBS; PANBiotech, cat#p30-3306) in a humidified incuba-
tor at 37°C and 5% CO,. Formulated media were: for
LoVo, Dulbecco’s modified Eagle’s medium (DMEM), low
glucose, GlutaMAX supplement, pyruvate medium (Thermo
Fisher Scientific, cat#21885025); for Hep G2, Eagles’ mini-
mal essential medium (MEM) (Corning, cat#10009CV); and
for THP-1, RPMI 1640 medium (Thermo Fisher Scientific,
cat#21875034). THP-1 cells were activated with 100 pg/ml
of phorbol 12-myristate-13-acetate (PMA) to induce their dif-
ferentiation into macrophages, 48 h before each experiment.

The bacterial source strains used for this work
(Supplementary Table S1) were Listeria monocytogenes
LL195 as a main infection model and Escherichia coli
NEB5S« (New England BioLabs) for protein purification.
Listeria innocua [inlA] and L. monocytogenes LL195 AblyA
were used for comparative purposes in infection assays.
Escherichia coli Top10(DE3) [pET29b-LLO-6His], E. coli
Top10 [pET29b-LLOc4g44-6His], E. coli Top10 [pET29b-
LLOW492A-6HiS], E. coli TOplO [pET29b-LLOY206A-6HiS],
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E. coli DHS« [pTrcHisA-PFO], E. coli DH5« [pTrcHisA-
SLO] and E. coli NEBS« [pET22b-PA-6His] were used as
sources for the purification of pore-forming toxins. All strains
were grown at 37°C under shaking at 180 rpm in Luria—
Bertani (LB) medium for E. coli, or in brain-heart infusion
(BHI) medium for Lm and L. innocua strains. Whenever
required, media were supplemented with antibiotics for plas-
mid selection (chloramphenicol, 7 ug/ul for Lm harboring
a pAD vector and inlA-expressing L. innocua; kanamycin,
30 pg/ul for E. coli Top10 harboring pET29b vectors; and
ampicillin, 100 pg/ul for E. coli DHS« and E. coli NEBS«
harboring pTrcHisA and pET22b vectors).

Culture, transfection and infection of epithelial cells

Infections were performed in LoVo cells. Cells were between
passage 7 and passage 15 before seeding and were grown to
80-85% confluence for 48 h prior to infection. When needed,
cells were transfected 48 h before infection with 6 pg of
small interfering RNAs (siRNAs) against CIRBP-ORF (open
reading frame), CIRBP-201 and CIRBP-210, UPF1 or scram-
bled siRNAs (Supplementary Table S2A) using RNAIMAX in
12-well format as per the manufacturer’s recommendations
(reverse transfection procedure). The decreased abundance
of the corresponding proteins was confirmed by quantitative
reverse transcription—polymerase chain reaction (RT-qPCR)
and western blot.

One colony of bacteria was grown for ~16 h until
they reached stationary phase [optical density at 600 nm
(ODg0o nm) of 2-3] in 5 ml of BHI medium at 37°C. Bacteria
were washed twice with phosphate-buffered saline (PBS) and
added to the cell monolayer in culture flasks [for RNA-seq or
RNA immunoprecipitation (RIP)] or in 12-well plate format
at the appropriate multiplicity of infection (MOI; see Supple-
mentary Table ST1A for details), by diluting bacteria to the ap-
propriate density in serum-free DMEM. The cell culture flasks
or plates were centrifuged at 200 g for 1 min and then incu-
bated at 37°C and 5% CO, for 1 h. Cells were then washed
with PBS containing 25 pg/ml gentamicin, after which fresh
medium containing 25 pg/ml gentamicin and 10% FBS was
added. Infection was allowed to proceed until specific time
points [2, 5 or 10 hours post-infection (hpi) or uninfected for
time 0], then culture plates were snap-frozen in liquid nitrogen
and stored at —80°C until further use (for RNA or protein ex-
traction or for RIP). Alternatively, for infection quantification,
cells were washed in PBS and trypsinized for counting using a
LUNA II automated cell counter, then centrifuged at 700 g for
5 min. Cell pellets were resuspended in 500 ul of ice-cold wa-
ter and lysed by passing several times through a 26G needle.
Cell lysates were diluted in water and plated on BHI medium
before overnight incubation at 37°C. Colony-forming units
(cfu) were counted and normalized to cell counts.

Immunoblot assays

Total cell lysate was prepared by adding RIPA [20 mM Tris—
HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% IGEPAL, 1% sodium deoxycholate, 50 pg/pl phenyl-
methylsulfonyl fluoride (PMSF)] supplemented with protease
inhibitor cocktail (Bimake, cat#B14011) and, when needed,
phosphatase inhibitor cocktail (Sigma, cat#P5726) directly
to the cell monolayer. After scraping off the monolayer, the
lysate was transferred to an Eppendorf tube, incubated on
ice for 10 min with intermittent vortex mixing and then cen-

12461

trifuged for 10 min at 4°C at maximum speed. The super-
natant was transferred to a fresh Eppendorf tube and the
protein concentration was assessed using Bradford reagent
(Abcam, cat#ab119216); it was stored at —80°C when not
used immediately. An aliquot of 40 pg of proteins was di-
luted in Laemmli sample buffer (SB 1x), after which samples
were heated at 95°C for 5 min and either stored at —80°C
or used directly. Samples were separated by sodium dode-
cylsulfate (SDS)—polyacrylamide gel electrophoresis (PAGE)
on a 12% acrylamide gel and transferred to Amersham Pro-
tran 0.2 puM nitrocellulose membranes using a Mini Trans-
Blot cell (Bio-Rad) for 1 h at 100 V at 4°C in chilled trans-
fer buffer (Tris-Base 3 g/l, glycine 1.4 g/l, 20% ethanol).
Membranes were blocked for 30 min in PBS or Tris-buffered
saline (TBS) containing 0.1% Tween 20 (PBS-T and TBS-T,
respectively) and 5% milk or bovine serum albumin (BSA),
according to the antibody manufacturer’s recommendations.
Primary antibodies were added to the blocking solutions at
the recommended dilution before overnight incubation at 4°C.
Anti-CIRBP (Proteintech, cat#10209-2-AP, 1:500 dilution);
anti-B-tubulin (Biolegend, cat#903401, 1:2000 dilution);
anti-glyceraldehyde phosphate dehydrogenase (GAPDH; Cell
Signaling Technologies, cat#2118, 1/1000 dilution); anti-
SR proteins (Millipore, cat#MABE126, 1:2000 dilution);
and anti-phosphoepitope SR proteins clone1H4 (Millipore,
cat#MABESO, 1:2000 dilution) were used as primary anti-
bodies. Membranes were washed three times in PBS-T or
TBS-T and incubated with the corresponding secondary an-
tibody [bethyl anti-mouse or anti-rabbit IgGs coupled to
horseradish peroxidase (HRP), cat#A120101P and A90-116P,
respectively] at a 1:50 000 dilution in the same buffer for
2 h at room temperature. Signals were revealed using Pierce
ECL Plus Western Blotting Substrates (Thermo Fisher Scien-
tific, cat#32106 and #32132, respectively) on an Las4000 im-
ager (Amersham).

RNA extraction and RT-qPCR

From a 12-well plate format, total RNA was extracted by
adding 300 pl of TriReagent (MRC, cat#TR118) directly onto
the cell monolayer and the extraction procedure was followed
according to the manufacturer’s instructions. After ethanol
precipitation, RNA was resuspended in 44 ul of RNase-free
water, to which 5 ul of Turbo DNase 10x Buffer and 1 ul of
Turbo DNAse (Thermo Scientific, cat#AM2238) were added,
before a 30 min incubation at 37°C to eliminate genomic
DNA. RNA was again purified by extraction with acid phe-
nol:chloroform (Invitrogen, cat# AM9722) followed by pre-
cipitation with ethanol according to the manufacturer’s in-
structions, and then stored at —=80°C or used immediately. A
500 ng aliquot of RNA was used for reverse transcription
with the SuperScript IV First-Strand Synthesis Kit (Invitrogen,
cat#18091200) using random hexamers, according to the
manufacturer’s instructions. RNA was degraded with 1 pl of
RNase A (Thermo Scientific, cat# R1253) for 30 min at 37°C.
The final product was diluted to 1:20 and 2 ul of the dilution
were used in each 10 pul RT-qPCR along with 400 nM of gene-
or isoform-specific primers (Supplementary Table S2B) and
1x SensiFAST SYBR No-ROX Mix (Bioline, cat#BI0-98005).
Quantitative PCR was performed in the CFX384 Touch Real-
Time PCR Detection System (Bio-Rad). Each reaction was per-
formed in triplicate. Normalized relative gene expression was
determined using the mean Cq of each technical triplicate, and
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following the 2~24C4 method with GAPDH as a reference
gene.

Purification of recombinant pore-forming toxins

Pore-forming toxin (PFT)-expressing plasmids were purified
from an overnight stationary culture of the corresponding
strain by using the Wizard Plus SV Minipreps DNA purifi-
cation System (Promega, cat#A1460) and transformed into
E. coli BL21 (DE3) (New England Biolabs, cat#C2527H).
Positive clones were screened by colony PCR; 3-4 positive
colonies were inoculated in 20 ml of LB medium containing
the appropriate antibiotic and incubated at 37°C, 180 rpm for
6 h to reach stationary phase. This starter culture was used
to inoculate 1 | of LB medium containing antibiotics. Incu-
bation was pursued under shaking until a ODggg um of 0.8
was reached. Isopropyl-B-p-1-thiogalactopyranoside (IPTG)
was then added at a final concentration of 0.5 mM and the
culture was incubated overnight at 16°C. Bacteria were col-
lected by centrifugation at 3600 g for 10 min at 4°C. The pellet
was washed once with ice-cold PBS and resuspended in lysis
buffer (1.5x PBS, 1 mM magnesium acetate, 0.1% IGEPAL,
20 mM leupeptin, 1 pg/ml pepstatin, 50 pug/ml PMSF and 1x
lysozyme), sonicated for 4 min and centrifuged for 30 min at
27 000 g, 4°C. The supernatant was collected in a fresh 50 ml
tube, mixed with 250 ul of Ni-NTA agarose resin (Invitrogen,
cat#R901-15), that had been pre-equilibrated in an equal vol-
ume of lysis buffer, and the slurry was incubated for 2 h on a
rotating device at 4°C. The resin was pelleted by centrifuga-
tion at 500 g for 15 min, 4°C, washed twice with 5 ml of lysis
buffer, then once with 500 ul of wash buffer (1.5x PBS, 250
mM NaCl, T mM magnesium acetate, 0.1% IGEPAL CA-630,
50 mM imidazole, 10% glycerol) and once more with § ml of
lysis buffer. The beads, resuspended in 1 ml of lysis buffer, were
transferred to a Poly-Prep Chromatography column (Biorad,
cat#731-1550) and the remaining supernatant was allowed
to flow through. The slurry was incubated for 5 min on the
column with 800 ul of elution buffer (1.5x PBS, 1 mM mag-
nesium acetate, 0.1% IGEPAL CA-3,150 mM imidazole, 10%
glycerol), then the eluate was collected, before proceeding to
elution of another fraction (10 times). The concentration of
each fraction was determined with Bradford Reagent (Abcam,
cat#ab119216) and fractions with an absorbance >0.1 were
pooled and dialyzed overnight in 1 1 of dialysis buffer [1.5x
PBS, 1 mM magnesium acetate, 10% glycerol and 2 mM
dithiothreitol (DTT)] in 12-14 kDa Spectra/Por dialysis tub-
ing (Repligen, cat#123697) with mild agitation at 4°C. The
dialyzed protein solution was diluted in protein storage so-
lution (20 mM MES pH 5.7, 150 mM NacCl, 5% glycerol, 2
mM DTT), aliquoted at 0.1 uM and stored at —80°C. Protein
purity was assessed by running samples of every step of the
purification process on SDS-PAGE and staining the gel using
Quick Coomassie Stain (Neo-Biotech, cat#NB-45-00078) to
reveal single bands in the eluted and dialyzed fractions.
Before use, pro-aerolysin was activated by incubation for
10 min with trypsin in a 1:20 aerolysin:trypsin molar ra-
tio, then trypsin was inactivated by adding trypsin inhibitor
(PromoCell cat#C-41120) to a final concentration of 0.02%.

Treatment of cells with pore-forming toxins or with
pharmacological inhibitors

LoVo cells were seeded in 12-well plates at an appropriate
density to reach 85-90% confluence 48 h later. For TG003
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treatment and PFT treatment, the cells were washed once with
PBS, then serum-free medium supplemented with PFTs at 4.5
nM or with TG003 at concentrations ranging from 1 to 100
uM was added for 1 to 48 h. Because aerolysin had been
activated with trypsin, a similar concentration of inactivated
trypsin diluted in the same buffer was added in the control
sample. Cells were washed once with cold PBS, snap-frozen in
liquid nitrogen and stored at —80°C until further use.

Perturbation of fluxes

To test the role of calcium and potassium, isotonic calcium-
free and high-potassium media were prepared as previ-
ously described (26). Potassium-free medium was prepared
similarly to the standard medium but lacked KCIl. High-
potassium/calcium-free medium was prepared similarly to the
high-potassium medium but lacked CaCl,. LoVo cells were
seeded 48 h prior to the experiment in a 12-well plate format
to reach 85-90% confluency. Cells were washed once with
PBS and incubated for 30 min in the corresponding ion-altered
medium prior to the addition of 4.5 nM LLO. Cells with or
without the addition of LLO were incubated for another hour,
then washed once with cold PBS, snap-frozen in liquid nitro-
gen and stored at —80°C until further use.

Long-read RNA-seq sample and library preparation

The RNA samples used for long-read cDNA sequencing (long-
read RNA-seq) were the same samples that had been prepared
in our previous work for total cytoplasmic RNA sequencing
with Illumina next-generation sequencing technology (short-
read RNA-seq) of Lm-infected LoVo cells over a 10 h time
course (22). The integrity of isolated RNA was verified using
the RNA Pico kit on an Agilent 2100 Bioanalyzer. Only high-
quality RNA (RIN > 8) was used in library preparation.
Library preparation was performed using SQK-LSK108
following the manufacturer’s protocol [1D PCR Barcoding
c¢DNA; Oxford Nanopore Technologies (ONT)] optimized for
c¢DNA sequencing. Briefly, 100 ng of total RNA was reverse-
transcribed for each sample with SuperScript IV (Life Tech-
nologies, cat#18090010), using custom polyT-VN and strand
switching primers at 50°C for 10 min. Template switching
was performed at 42°C for 10 min and enzyme inactivation at
80°C for 10 min. The reaction was purified with 0.7x Agen-
court Ampure XP beads. A quarter of the purified reverse-
transcribed product was taken into PCR for amplification and
addition of barcodes (barcoded primers from EXP-PBC001,
ONT), with a 17 min elongation every 18 cycles. Double-
stranded cDNA was purified as above, quantified and checked
for the size. Sample were multiplexed in equimolar quanti-
ties to obtain 1 pg of cDNA. The pool was end-repaired and
dA-tailed using the NEBNext End repair/dA-tailing Module
(New England BioLabs, cat#E7546), and purified with 1x
Agencourt beads. Adapter ligation was performed at 20°C for
10 min, with Adapter Mix (AMX, ONT) and Blunt/TA Lig-
ase Master Mix (New England BioLabs, cat# M0367). After
a final 1x clean-up and washing of the beads with Adapter
Binding Buffer (ABB, ONT), the library was eluted in 15 ul
of Elution buffer. A 900 ng aliquot of cDNA was loaded on
an R9.4.1 flowcell after priming it according to the manufac-
turer’s protocol. Sequencing was performed with the standard
48 h sequencing protocol run on the MinlON MKkIB, using
the MinKNOW software (versions 1.7.1, 1.7.4 and 1.10.23).
A mean of 1.7 £ 0.5 million passing ONT quality filter reads
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was obtained for each of the 12 samples. Base calling from
read event data was performed by guppy-3.6.1.

RNA immunoprecipitation sample and sequencing
library preparation (RIP-seq)

LoVo cells were cultured in 75 cm? flasks and infected as de-
scribed above. RIP was performed as previously described by
Kwon et al. until RNA resuspension (27), except only im-
munoprecipitation (IP) 150 buffer was used for beads wash-
ing, and the antibodies used were anti-CIRBP or control IgG
from rabbit serum (Sigma, cat#15006). Two flasks per condi-
tion were pooled during final precipitation. Purified input or
RIP-seq RNA samples were resuspended in 15 pl of water,
their concentration was assessed by Qubit RNA High Sensi-
tivity kit (Invitrogen, cat#Q32852) and samples were stored
at —80°C until further processing.

For library preparation and Illumina sequencing, messenger
(polyA*) RNAs were purified from 25 ng of RIP samples and
500 ng of total RNA input using oligo(dT). Libraries were
prepared using the strand-specific RNA-seq library prepara-
tion Stranded mRNA ligation kit (Illumina). Libraries were
multiplexed by 12 for RIP samples and by 6 for input samples
on a P2 flowcell. The 118 bp single-read sequencing was per-
formed on a NextSeq 2000 (Illumina). A mean of 41 £+ 19
million reads passing Illumina quality filter reads for RIP
samples, and 88 + 10 million reads for input samples, were
obtained.

Read processing for long-read RNA-seq and RIP-seq

Fastq file quality was checked on Galaxy servers us-
ing the FastQC tool. Reads mapping to the 5S rRNA
(OX177011.1) or 45S (NR_046235.3) pre-rRNA sequences
with Bowtie2 (Galaxy Version 2.5.0) were filtered out. For
long-read RNA-seq, filtered reads were mapped to the human
genome (GRCh38.p13 from Gencode website) using min-
imap2 (Galaxy Version 2.24) with enabled spliced alignments.
For RIP-Seq, filtered reads were mapped to GRCh38.p13 us-
ing RNA-STAR (Galaxy Version 2.7.8a) and a gene model file
for the splice junction (gencode.v41.annotation.gff3). Read
processing for short-read RNA-seq data was described pre-
viously (22).

Alternative splicing analysis

AS analysis was performed following the MAJIQ algorithm
tutorial (28) using the IFB-core Cluster (https://www.france-
bioinformatique.fr/en/ifb-core-cluster/). Alignment files for
short-read RNA-seq were used along with Gencode annota-
tion file gencode.v41.annotation.gff3 as inputs for the MAJIQ
builder step. The deltaPSI method was used to run the MAJIQ
quantifier, and results were modulized in VOILA (—changing-
between-group-dpsi 0.05 —decomplexify-psi-threshold 0.01).
Final results were visualized in the VOILA application as
instructed. AS events were considered biologically relevant
for IAPSIl between 10 hpi and non-infected (NI) cells >0.1,
and a probability of changing >0.95. Functional enrichment
analysis for genes significantly impacted by an AS event was
conducted using over-representation analysis of Gene Ontol-
ogy (GO) biological processes with the gprofiler2 R package
(version 0.2.1).
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Long-read data analysis

Long-read RNA-seq alignment files were directly used to dis-
cover and quantify transcript isoforms by using the Bambu
package in R (29) and the Gencode annotation file gen-
code.v41.annotation.gff3, generating a table of normalized
transcript counts. From these tables, differential usage of the
transcript isoforms was quantified with the IsoformSwitchAn-
alyzeR (ISAR) package in R (30; version 1.18.0). Information
on impacted transcript IDs and types were extracted from the
Ensembl database (https://www.ensembl.org) using BioMart
(version 2.52.0). Uniquely mapped reads were counted using
FeatureCounts (version 2.0.1). Library size-normalized read
alignments were visualized using the Integrative Genomics
Viewer (IGV) from bedGraph files generated employing sam-
tools and bedtools.

RIP-seq data analysis

Differential target enrichment of RIP-seq data was quantified
by identifying enriched genes in CIRBP IP fractions compared
(i) with the corresponding input fractions, and (ii) with the
corresponding control IgG IP fractions in two parallel anal-
yses, using DESeq2 in R (version 1.36). CIRBP targets were
considered as significantly enriched if they matched criteria of
P,4; < 0.05 and log,fold change (FC) > 0.5 in both compar-
isons. For volcano plots, gene enrichment repartition for both
non-infected and Lm-infected conditions was represented us-
ing values from the IP versus control IgG DESeq2 analysis.
Functional enrichment analysis for significant CIRBP targets
was conducted using over-representation analysis of GO bio-
logical processes with the gprofiler2 R package version 0.2.1.

Statistical analysis

Boxplots represent median and quartiles of data, with the
mean plotted as a diamond-shaped point and each individual
value as a full black dot. Information on independent biolog-
ical replicates and about the statistical tests used is provided
in the figure legends. For immunoblots, protein band intensi-
ties were quantified using the Fiji software, and normalized to
the corresponding housekeeping protein. Mean intensity val-
ues were compared using Student’s #-test.

Results

Infection of epithelial cells by Listeria
monocytogenes alters the mRNA alternative
splicing landscape

While quantitative aspects of human gene expression changes
upon Lm infection have been analyzed in depth in a number
of transcriptomic and translatomic studies (22,31), we sought
to explore whether gene expression was also affected at the
mRNA isoform level, which could impact the function of pro-
tein products. To this end, we investigated AS events affecting
human transcripts at several time points (0,2, 5 and 10 h) af-
ter infection with the Lz LL195 strain in the LoVo epithelial
cell line of colon adenocarcinoma. We first re-analyzed short-
read RNA-seq data that we had previously generated across
the 10 h infection time-course (22) using the MAJIQ algo-
rithm, a method optimized for the identification of local splic-
ing variations (LSVs) regardless of isoform-based alignments
(28). The high depth of Illumina sequencing of cDNA frag-
ments allowed a robust detection of statistically significant
changes of splice sites usage across conditions (Supplementary
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Table S3A-C), while long-read cDNA sequencing of the same
set of samples obtained with MinION (ONT) proved bet-
ter adapted for qualitative investigation of isoform switches
in a selected subset of candidate genes at later stages of in-
vestigation, but lacked depth for bona fide statistical analy-
sis of isoform switches (Supplementary Table S3D-F). Rela-
tive changes in AS occurrence from one condition to another
were quantified as the difference in percent spliced-in (PSI),
dubbed delta PSI (dPSI) (28). Whereas almost no change in AS
events was detected at 2 and 5 hpi when compared with NI
cells (four and five LSVs with >5% dPSI and 95% probabil-
ity of changing, respectively), a defined subset of LSVs (417),
spanning over 191 genes, were significantly impacted by Lm
infection at 10 hpi, with no overall gradual pattern across
time points (Figure 1A, B). GO over-representation analysis
of genes affected by LSVs at 10 hpi revealed a significant en-
richment in functions associated with RNA metabolism, and
notably with splicing itself (Figure 1C). Alteration of splicing
in transcripts from the SRSF family (Figure 1A; Supplemen-
tary Figure S1A, B) is consistent with well characterized auto-
regulatory feedback loops that govern the expression of genes
encoding SRSFs (32-34). Together, these results suggest that
AS-based regulation contributes to the fine-tuning of the ex-
pression of a subset of human genes in response to L infec-
tion, some of which can themselves have a role in downstream
host gene expression regulation. We then sought to investigate
in more detail the alternative isoforms of one of these candi-
date regulators, the upstream pathways leading to their pro-
cessing and their potential downstream role in infection.

CIRBP is alternatively spliced at the junction of
exon 6 with downstream exons

Among the genes affected by the most robust isoform
switches, CIRBP struck us as worthy of functional investiga-
tion. Indeed, the reported roles of CIRBP isoform-based regu-
lation in orchestrating cellular responses to different types of
cellular damage prompted us to further document its status
upon Lm infection. High dPSI and probability of changing
for two mutually exclusive LSVs detected at the junction of
exon 6 with either exon 7a or 7b by short-read analysis (Fig-
ure 1A, B; Supplementary Table S3C) was matched by high
up- versus down-regulation of isoforms mutually differing in
the alternative use of exons 7a versus 7b in long-read RNA-
seq analysis (Supplementary Table S3F; Figure 2A, B). In con-
trast, no statistically significant LSV affecting the first five ex-
ons of CIRBP was detected, prompting us to focus thereafter
on isoforms that varied in their distal part. More specifically,
the junction between a splicing donor site in exon 6 located
at position 1 272 051 in the genome and downstream ac-
ceptor sites was the only statistically significant LSV between
infected and non-infected conditions. Among the 46 splice
variants that are currently annotated for human CIRBP, we
grouped those that were detected in our analysis into three
main classes of isoforms differing at the junction of exon
6 (Supplementary Figure S2): (i) a dominant protein-coding
class bridging exon 6 with exon 7a, the most representative of
which is ENST00000320936.9, CIRBP-201, that accounted
for 89.6 + 12.0% of CIRBP isoforms in non-infected cells
(Supplementary Table S3G, long-read data); (ii) a class of
alternatively spliced transcripts bridging exon 6 with exon
7b, the prototype of which being the predicted NMD tar-
get ENST00000586636.5, CIRBP-210 (9.8 &+ 1.9% of tran-

Nucleic Acids Research, 2023, Vol. 51, No. 22

scripts in non-infected cells; Supplementary Table S3G, long-
read data); and (iii) a third class encoding elongated versions
of the CIRBP protein due to the retaining of introns with cod-
ing potential after exon 6, best represented by CIRBP-225
(ENST00000589710.5) (0.6 £+ 0.8% of transcripts in long-
read data in non-infected cells; Supplementary Table S3G). By
10 hpi, CIRPB-210 expression underwent a 2.6-fold reduc-
tion, in favor of a 9.5-fold increase for CIRBP-210-like iso-
forms, which then represented 71.9 &+ 19.8% of CIRBP tran-
scripts (Figure 2A, B; Supplementary Table S3G, long-read
data). Due to extremely low counts, variations in CIRBP-225-
like isoforms at 10 hpi were irrelevant (Supplementary Table
S3G), and no change in CIRBP-225 expression was detected
by RT-qPCR using primers specific for the retained intron in
this isoform (Supplementary Figure S3). Subsequently, we fo-
cused on the two most represented isoform classes (i) and (ii)
affected by a statistically significant LSV.

Alternative use of 3’ exons affects CIRBP mRNA
expression in infected cells

CIRBP-201 and -210 differ in their 3’ regions, which consist
of alternative exons 7a versus 7b-8 (Figure 2B). The impact
of AS on the CDS is minimal, giving rise to a four amino acid
shorter protein for CIRBP-210 compared with CIRBP-201,
and to the loss of a putative phosphorylation site on a threo-
nine (35) (Figure 2C). In contrast, their 3’-untranslated regions
(UTRs) differ significantly (Figure 2B). Indeed, in CIRBP-210,
the presence of an exon-exon junction in the 3’-UTR makes
it a target for degradation by NMD (9), which is attested by
its sensitivity to the depletion of key NMD factors [data from
(36)]. In the LoVo cell line, we confirmed that RNA silenc-
ing of the central NMD factor UPF1 resulted in increased
CIRBP-210 mRNA abundance and CIRBP protein levels com-
pared with non-transfected cells (Figure 2D, E), indicating that
NMD destabilizes CIRBP-210-like isoforms.

Upon infection, no general up-regulation of annotated hu-
man NMD-sensitive transcripts was observed in long-read
RNA-seq datasets (Supplementary Figure S4), ruling out that
the increased abundance of CIRBP-210 was due to the im-
pairment of central NMD pathways. This result also implies
that, although the production of CIRBP isoforms was shifted
in favor of CIRBP-210 in infected cells, this class of transcripts
was still sensitive to NMD, and thus less stable than its CIRBP-
201 counterpart. In agreement with CIRBP-210 being less sta-
ble than CIRBP-201, the overall mRNA abundance of CIRBP
was decreased 1.6-fold at 10 hpi (Supplementary Figure S1B).
Its coverage in ribosome footprints was reduced 2.8-fold, cor-
responding to a 1.7-fold drop in translation efficiency.

Immunoblotting against CIRBP confirmed that down-
regulation of its expression was part of the consequences of
Lm infection (Figure 2F, G). However, CIRBP was previously
reported to have a half-life of >8 h in four different cell lines
(37). It is thus unlikely that the down-regulation of CIRBP
mRNA levels is sufficient for the observed reduction in CIRBP
protein abundance at 10 hpi (Figure 2F). On top of RNA-
based regulation, the loss of intracellular CIRBP may thus
be driven either by an acceleration of CIRBP turnover rate
or by its secretion under the form of eCIRBP, as previously
reported to occur in cell-damaging conditions (38). Indeed,
while UPF1 silencing resulted in an increase of CIRBP-210
mRNA abundance at 10 hpi comparable with its effect in
uninfected cells (Supplementary Figure S3), CIRBP protein
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Figure 1. Listeria monocytogenes infection alters the representation of mMRNA isoforms for a subset of human genes, including CIRBP. (A and B)
Variations in RNA local splicing variants in LoVo intestinal epithelial cells infected for 2, 5 or 10 h with Lm. Short-read cDNA sequencing data were used
for the detection of LSVs using the MAJIQ algorithm (three independent replicates at 0, 2 and 5 hpi; two at 10 hpi). (A) Heatmap of the difference at 2, 5
and 10 hpi in dPSI values of significant AS events induced by Lm infection, compared with non-infected cells (probability of changing > 0.95). The names
of a subset of genes positively (pink) and/or negatively (blue) affected by LSVs are indicated. (B) Volcano plots highlighting the most significant AS events
in Lm-infected cells at 10 hpi compared with non-infected cells. Vertical dashed gray lines indicate a mean dPSI of 0.1, and the horizontal dashed gray
line indicates a probability of changing of 0.95. (C) Overrepresentation analysis of GO biological process terms for genes undergoing RNA isoform-based
regulation in LoVo cells at 10 hpi compared with non-infected conditions (probability of changing > 0.95; all dPSI beyond this threshold were >0.1).

levels were only modestly increased (Figure 2E), suggesting
that infection-induced CIRBP degradation or secretion damp-
ens the up-regulation of CIRBP protein by UPF1 silencing.

Infection-induced CIRBP isoform switch requires
LLO-proficient Lm strains

To investigate whether specific virulence properties of Lm
were mediating the switch in CIRBP isoform usage upon in-
fection, we compared the ability of distinct Listeria strains
to alter the proportion of CIRBP-201 and -210 isoforms in
LoVo cells. Each isoform class was quantified by RT-qPCR
using primers specific to alternative terminal exons 7a or 7b-
8, then the ratio of CIRBP-210 to -201 relative abundance,
normalized to its value in non-infected cells, was compared
across conditions (Figure 3A). For wild-type (WT) L, while
no significant change was observed at 5 hpi, CIRBP-210 to
-201 abundance was increased 1.6-fold at 10 hpi, confirming
CIRBP isoform switch. In contrast, neither a 10 h infection
with a strain of Listeria innocua rendered invasive by carry-
ing the Lm internalin gene i1/A (L. innocua [inlA]), nor with
a strain of Lm that is deficient for the hlyA virulence gene,
encoding the PFT LLO (Lm AblyA), affected CIRPB-210 to
-201 relative abundances. Consistently, CIRBP protein levels
were reduced in cells infected for 10 h with WT Lz, while
they were not in cells infected with Lm AblyA (Supplemen-
tary Figure S5A). As L. innocua does not harbor the hlyA gene,
these results strongly suggest that LLO is a key determinant

of CIRBP isoform switch, which is consistent with the activity
of LLO being well known to activate cellular stress response
pathways (22-25).

The pore-forming activity of LLO is sufficient to
induce CIRBP isoform switch

We next sought to determine whether the pore-forming activ-
ity of LLO was mediating the switch in CIRBP isoform usage.
Incubation of LoVo cells with 3—6 nM purified LLO for 15-60
min shifted CIRBP AS in favor of CIRBP-210 in a dose- and
time-dependent manner (Figure 3B, C). This phenotype was
not specific to the LoVo epithelial adenocarcinoma cell line,
as it was reproduced in PMA-activated THP-1 macrophage-
like cells as well as in Hep G2 hepatocytes (Figure 3D, E).

CIRBP protein levels were also decreased upon treatment
with increasing concentrations of LLO (Supplementary Fig-
ure S5B), arguing that the CIRBP loss observed during infec-
tion is LLO dependent (Figure 2F, G; Supplementary Figure
SSA). In addition, LLO treatment for 30-60 min resulted in
increased amounts of eCIRBP detected in the supernatants of
both LoVo and THP-1 cells (Supplementary Figure S5C). This
observation suggests that secretion of CIRBP in the extracel-
lular environment contributes to the decrease of intracellular
CIRBP protein upon exposure to LLO, as was hypothesized
above during infection.

We then incubated LoVo cells with 4.5 nM purified WT or
mutated versions of LLO for 1 h, before assessing the relative

€202 Jequieoaq ¢ Uo Jasn ainauadng sjewlIoN 81093 Aq 9¥00.E./651Z L/2Z/ L S/elonle/ieu/woo dno-oiwepeoe)/:sdiy wolj pepeojumod



12466 Nucleic Acids Research, 2023, Vol. 51, No. 22

A CIRBP locus [0 _ 7039]
Oh 264 318 443 75
P e— av i (482 =
- - 52 E——
317 33 536

2h 289 340 32 99
e siw
o IR o N ~mm— a8 ————

5h 213 273 26 165
e N " N
10
269 435 510 116
10h 28 200 19 292
R E———
Chr. 19 203 367 439 156 270
L L L ]
1,269,279 1,271,090 1,272,902 1,274,713
CIRBP7201E > > rs 2 3 4 5 6
CIRBP210[1] T E [« [ B S T
D p=1.55x102 C
2.5
CIRBP-201 C-Ter
E
8 5 2.0 G
o 'n :
oe —_ E F 1] p=1.04x10°
G g s T
8 - siCtrl  siUPF1 oh  10h o
o3 ce
i @ © 1.01
£ g 1.0 " 3
1 Eaaliiin s = —forwan P
&= j:: g [
5 on | ], cirep 2. ‘em
€ "1 m sic [ss- s |- 8-Tubulin za .
E
I siUPF1 ©
n=4
0 T T 0.0 4+————
20 oh  10h

N
G\RB? £ c,\RB?

Figure 2. AS of CIRBP leads to a switch towards an NMD-sensitive isoform upon L. monocytogenes infection. (A) Sashimi plot of long-read Nanopore
sequencing data aligned at the CIRBP locus. For each time point, average values of read counts per genomic position normalized for library size, and exon
junction coverages for each junction, are represented (three independent replicates at 0, 2, 5 hpi; two at 10 hpi). The range for normalized read counts is
indicated between brackets. (B) Representation of the mature forms of the two prototypical transcripts of CIRBE CIRBP-201 and CIRBP-210, aligned
with their position on the genome in (A). Exons are represented as colored boxes, the height of which is magnified in the CDS; introns are displayed as
lines, with arrows indicating 5’ to 3’ orientation. Alternative 3’ ends, corresponding to exons 7a in CIRBP-201 and 7b-8 in CIRBP-210, are shaded in gray.
(C) Last amino acids in the sequence of the proteins encoded by CIRBP-201 (top, in blue) and CIRBP-210 (bottom, in pink). The circled P indicates the
site of a putative threonine phosphorylation site. (D) Relative CIRBP-210 to -201 transcript ratio in LoVo cells transfected with an siRNA targeting UPF1
(siUPF1) or a scrambled siRNA (siCtrl). For each condition, the quantities of CIRBP-210 and CIRBP-201 isoforms normalized to GAPDH were quantified
by RT-gPCR, and normalized to their expression levels in cells treated with a scrambled siRNA (siCtrl). Boxplots represent medians and quartiles of data
from four independent experiments. One-way analysis of variance (ANOVA) followed by post-hoc Tukey’s test was used for statistical testing between
conditions. (E) Assessment of CIRBP protein abundance by immunoblot on lysates from LoVo cells transfected with siUPF1 or siCtrl, either uninfected
(0 h) or infected with Lm for 10 h. (F) Assessment of CIRBP protein abundance by immunoblot on lysates from LoVo cells infected for 10 h with Lm,
compared with non-infected cells (0 h). (G) CIRBP protein quantification on five independent experiments performed as in (F). On each immunoblot,

mean CIRBP intensities were normalized to mean intensities for tubulin. Student’s t-test was used for statistical testing between conditions.

abundance of CIRBP isoforms (Figure 3F). Two of the vari-
ants of LLO used are mutated in the conserved undecapeptide
of cholesterol-dependent PFTs (C484A or W492A), resulting
in a respective loss of 70% and >99% of their hemolytic ac-
tivity; the third mutant (Y206A) also displays a >90% loss
of hemolytic activity (39). Exposure to WT LLO induced a
2.5-fold increase in the CIRPB-210 to -201 ratio, and the
LLO mutant retaining 30% of its hemolytic activity also in-
duced a 2-fold isoform switch. In contrast, catalytically inac-
tive LLO mutants had no effect on CIRBP transcripts, thus
emphasizing that LLO was sufficient to stimulate CIRBP iso-

form switch, and that its pore-forming activity was mechanis-
tically required in this process.

The switch in CIRBP isoform can be induced by a
broad array of pore-forming toxins

As mentioned above, LLO belongs to the extended family of
PFTs; more specifically, it is a cholesterol-dependent cytolysin
(CDCQ) that creates 30 nm pores in membranes, although it
can also be inserted as arcs or incomplete rings (40). To clar-
ify the properties of cell membrane permeation that were

€202 Jequieoaq ¢ Uo Jasn ainauadng sjewlIoN 81093 Aq 9¥00.E./651Z L/2Z/ L S/elonle/ieu/woo dno-oiwepeoe)/:sdiy wolj pepeojumod



Nucleic Acids Research, 2023, Vol. 51, No. 22

12467

A sh 10h B 30 min 60 min C Lo 45mM D THP-1 E HepG2
2 254 o 12.5 3
[T} g = 34
o p=1.79x10% E
g : E L) 3
E w© p=2.37x10* . p=2.18x10°
j‘g 2.04 g 3 10.0 = 7.31x10°
g > ; . .
@ o o 24
>
® ® 2] °
8 e 8 .
= . c 5.0
z z ) ‘
o o =—"]
o g 119 . : 1.
E 4 * 14 %
%) o
S s . 25| B
N & .
& E 1.0
4 . e
G 004 . S 0 . 0 I
Lﬂ‘\N}.\"“\I\}g b\’\\‘lﬁ-‘\noc"‘a 0 3 6 0 3 6 15 30 45 60 1 3 6 30 60
L \\n\P‘\ LLO concentration (nM) Incubation time (min) LLO concentration (nM) Incubation
time (min)
F | G e H |
w 4 p=1.88x10¢ 51 o S 54 5
B p=2.32x10% £
e © .
g p=9.13x10? S
- ©
© - .
I LA 41 8 41 P2 44x102 4
= - p=1.81x10* - 3 L
S =1.57x10° A £ p=3.72x10% p=2.29x10%
" il b=1.14x101 ® 2 = 7
g G p=2.07x10* ] ” p=4.65x102 = s
5 PELe * 2 31 pevasxioe 3q PREI0?
- - ¥ @
o 24 .p—4%‘."x10’ ;
- [}
f SIS ’ ;
- 241 e L4 2
S =)
& . o = ® . ¢
m b L] - [ ]
e 14 =] L]
z al- >IN 8 .
S . m 14 14
& 4
a o
5 S
G 0- 04 a .
o B 0- o
'S 0 O 0 \{ 5 T T T T T T SR B E—
O\X*Sfo d&ow‘\';oﬂ"? WY g\l pfY pb . 1 ’ LLO . t LLO
W . 1 } High K* . No K*
L ) No Ca*

Figure 3. Bacterial PFTs induce a change in the balance between CIRBP isoforms. (A-l) Quantification of the relative abundance between CIRBP-210
and -201 transcripts in cells in response to infection or to exposure to bacterial PFTs. For each condition, the ratio of CIRBP-210 to CIRBP-201 isoforms
was quantified by RT-gPCR, and normalized to the CIRBP-210/CIRBP-201 ratio in uninfected, untreated cells (dashed gray lines). Boxplots represent
medians and quartiles of data, with the mean represented as diamonds. Two-way ANOVA followed by post-hoc Tukey's test was used for statistical
testing between conditions. Each dot represents an independent experiment. (A) Relative CIRBP transcript ratio in LoVo cells infected for 5 h with WT
Lm, or for 10 h with WT Lm, or with Lm deleted for the hlyA gene (AhlyA), or with a strain of L. innocua rendered invasive by the expression of the Lm
internalin gene inlA, compared with uninfected LoVo cells. (B) Relative CIRBP transcript ratio in LoVo cells treated for 30 or 60 min with 3 or 6 nM LLO,
compared with untreated cells. (C) Relative CIRBP transcript ratio in LoVo cells treated for 15-60 min with 4.5 nM LLO compared with untreated cells.
(D) Relative CIRBP transcript ratio in PMA-activated THP-1 monocytes treated for 1 h with 1, 3 or 6 nM LLO, compared with untreated cells. (E) Relative
CIRBP transcript ratio in Hep G2 hepatocytes treated for 30 or 60 min with 4.5 nM LLO compared with untreated cells. (F) Relative CIRBP transcript
ratio in LoVo cells treated for 1 h with 4.5 nM LLO or catalytically impaired mutants of LLO, compared with untreated cells. (G) Relative CIRBP transcript
ratio in LoVo cells treated for 1 h with 4.5 nm cholesterol-dependent cytolysins (perfringolysin O, PFO; streptolysin O, SLO; or aerolysin, ALY), compared
with untreated cells. (H and I) Relative CIRBP transcript expression ratio in cells incubated in isotonic buffers containing varying cation concentrations for
30 min, before addition or not of 4.5 nM LLO for 1 h. (H) Incubation in standard medium containing 140 mM NaCl, 5 mM KClI, 1.6 mM CaCl,, compared
with high potassium medium containing 140 mM KCI, 5 mM NaCl, 1.5 mM CaCl, (High K*) or calcium-free medium (No Ca?*). (I) Incubation in standard
medium, compared with medium lacking extracellular potassium (No K*).
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responsible for LLO-mediated switch in CIRBP isoforms,
the ability of other purified PFTs to induce this switch was
assessed. Similarly to LLO, streptolysin O (SLO) and per-
fringolysin O (PFO) are CDCs that create large pores, while
aerolysin (ALY) does not bind cholesterol but rather glyco-
sylphosphatidyl (GPI)-anchored proteins and forms pores of
smaller diameter (1.5-2 nm) (23,41). Using identical incuba-
tion conditions as for LLO—except that pro-aerolysin was
activated for 10 min with trypsin (42)—the three PFTs in-
duced a 2.2- to 2.6-fold increase in isoform ratio (Figure
3G). CIRBP isoform switch can thus be driven by the perfo-
ration of membranes, independently of pore size. This sug-
gests that a CIRBP-regulating cellular stimulus could be in-
duced by the transit of ions or small solutes across the plasma
membrane.

Perturbations of cationic gradients across the
plasma membrane phenocopies LLO-induced
switch in CIRBP isoform abundance

By forming pores in the plasma membrane, LLO and other
PFTs lead to potassium effluxes as well as calcium and
sodium influxes, thus altering the gradients of cation concen-
trations that are actively maintained across the plasma mem-
brane in living cells (26,43). To test if LLO-dependent cation
leakage was involved in CIRBP regulation, cells were incu-
bated in conditions that inhibit passive ion fluxes by using
a high-potassium/low-sodium medium, to prevent potassium
efflux/sodium influx, a calcium-free medium, to prevent cal-
cium influx, or a high-potassium and calcium-free medium to
prevent both fluxes. Sodium concentrations were adjusted so
that each medium remained isotonic, in order to avoid osmotic
shock. Cells were pre-incubated for 30 min in each medium
prior to LLO addition for 1 h, then the CIRBP isoform ratio
was assessed by RT-qPCR (Figure 3H). While cells incubated
in the calcium-depleted medium behaved like cells in standard
medium, with a 2-fold increase in the CIRBP-210 to -201 ra-
tio in the presence of LLO, a high extracellular potassium/low
sodium concentration alone was sufficient to induce a stronger
switch of CIRBP isoforms than LLO, whether in the presence
or the absence of LLO or in calcium-depleted medium. Con-
versely, totally eliminating potassium from the extracellular
medium led to a decrease in the CIRBP-210/CIRBP-201 ratio
that was not compensated by incubation with LLO (Figure
31), suggesting that the balance between sodium and potas-
sium concentrations across the plasma membrane has a strong
influence on CIRBP regulation. Since LLO provokes potas-
sium effluxes through membrane pores, one possible hypoth-
esis for the nature of the signal that triggers CIRBP isoform
switch would be a sensing of extracellular potassium con-
centration increase (and/or sodium decrease), or a cytotoxic
effect of this ionic imbalance. An alternative—although inti-
mately related—hypothesis would be that the CIRBP isoform
switch is triggered by perturbations of the plasma membrane
potential as a result of cationic imbalance across the plasma
membrane.

CIRBP alternative splicing is under control of CLK1
kinase activity in LoVo cells

A switch in CIRBP alternatively spliced isoforms, similar to
the one we observed in response to Lm infection and to the
activity of PFTs, has already been reported to occur as a con-
sequence of heat stress (7,9). This regulation has been directly
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linked to a loss of activity of the CLK1 kinase (7). Upon heat
stress, CLK1 inhibition has been shown to shift the splic-
ing of CIRBP in favor of CIRBP-210-like isoforms, probably
through the dephosphorylation of serine/arginine-rich splic-
ing factors, known as SR proteins, that are targets of CLK1 ki-
nase activity (7,9). Consistently, treatment of LoVo cells with
0-5 uM of the CLK1 pharmacological inhibitor TG003 for 48
h, or with 75 uM TGO0O03 for 1 h, shifted the splicing of CIRBP
pre-mRNAs in favor of CIRBP-210 in a dose-dependent man-
ner (Figure 4A), thus validating that CLK1 is a regulator of
CIRBP isoform switch in LoVo cells, similar to what has been
described in the HEK293 cell line (7).

The processing of CLK1 pre-mRNA is altered upon
infection

The expression of CLK1 itself is highly sensitive to heat stress
(44). Indeed, CLK1 transcripts are represented by two major
forms: a mature protein-coding mRNA and a premature, nu-
clear form in which introns 3 and 4 are retained (retained in-
trons, RIs). Upon heat stress, the dephosphorylation of CLK1
prevents its kinase activity on SRSFs (7,44). The subsequent
dephosphorylation of SR proteins promotes the splicing of
the RI pool into mature CLK1 mRNAs, which facilitates the
rapid re-phosphorylation of SRSFs upon stress release (44).
To assess the effect of LLO-induced stress on CLK1 matura-
tion, a region spanning exons 2-12 was amplified by PCR on
c¢DNA prepared from cells that had been exposed to 4.5 nM
LLO for 15, 30, 45 or 60 min, or to 75 uM TGO0O03 for 1 h,
or from untreated cells (Figure 4B). The pore-forming toxin
stimulated the processing of CLK1 pre-mRNA from the RI
form (top band) into its mature form (bottom band), with an
intermediate form where the splicing between exons 3 and 4
was restored appearing after 15 min of treatment. The fully
spliced transcript accumulated after 45 min, until being nearly
fully spliced after 1 h of treatment, phenocopying the effect of
1 h of TG003-mediated CLK1 inhibition. Quantification by
RT-qPCR of the ratio between the RI and the mature isoform
confirmed the loss of the RI form after 60 min of treatment
with 4.5 nM LLO compared with untreated cells (Figure 4C).
LLO treatment can thus recapitulate the auto-regulatory pro-
cessing of CLK1 transcripts that is a typical signature of CLK1
loss of activity and SR protein dephosphorylation, similar to
what occurs upon heat stress (44).

The phosphorylation and expression of SRSFs are
impaired upon infection or LLO incubation

To determine the impact of Lm- or LLO-mediated regulation
of CLK1 on its activity, the phosphorylation status of SR pro-
teins was detected by specific immunoblotting against their
phosphoepitopes at 1 h post-treatment of cells with 4.5 nM
purified LLO. LLO induced a reduction of the phosphoryla-
tion level of SR proteins, best represented here by SRSF4 and
SRSF6, by ~70% (Figure 4D, E).

The effects of dephosphorylation of SR proteins on their
activity is expected to affect the splicing of genes other than
CIRBP, including SRSF genes that encode SR proteins them-
selves (32,34,45). Consistently, nine SRSFs were affected by
AS events at 10 hpi compared with NI cells (Figure 1A; Sup-
plementary Figures S1A and S6). Among these, five (SRSF2, 3,
4, 6 and 7) were affected by shifts towards transcripts that
harbor a ‘poison exon’, rendering them targets for degra-
dation by NMD, and three (SRSF1, 5 and 10) resulted in
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Figure 4. CLK1 activity is regulated in response to LLO-induced stress and impacts CIRBP alternative splicing in LoVo cells. (A) Relative CIRBP transcript
ratio in cells incubated for 48 h with 0.5-5 uM TGO003 (n = 5), or for 1 h with 75 uM TGO003 (n = 4). RT-gPCR quantification was performed and
normalized as detailed in the legend to Figure 3. (B) Assessment of the splicing of CLK1 retained introns 3 and 4 upon incubation with LLO. LoVo cells
were treated with 4.5 nM LLO for 15 min to 1 h, or with 100 1M TGO003 (a pharmaceutical inhibitor of CLK1) for 1 h, then the maturation of CLK1
transcripts was assessed by reverse transcription followed by PCR with specific primers. (C) Quantification by RT-gPCR of the proportion of the retained
intron (RI) isoform with respects to the mature isoform in cells treated for 60 min with 4.5 nM LLO compared with untreated cells in five independent
experiments. For each condition, the abundance of each isoform was quantified with two pairs of specific primers spanning relevant exon—exon or
exon-intron junctions and normalized to GAPDH. The average of the two pairs was used for calculating the ratio between the Rl and mature isoforms.
(D) Assessment by immunoblotting of the phosphorylation status of SRSFs in LoVo cells incubated for 1 h with LLO compared with untreated cells
(representative experiment from four replicates). (E) Quantification of the phosphorylation of SRSF4 and SRSF6 from, respectively, four and six
independent immunoblots performed as in (C). For each condition, the mean intensity detected with the anti-phospho-SR protein antibody was

normalized to the corresponding intensity for GAPDH.

non-coding alternative transcripts. Accordingly, the expres-
sion of these genes was dampened in infected cells, as attested
by lower RNA levels and ribosome footprints (Supplementary
Figure S1B). These results corroborate a model in which the
stress generated during infection by the pore-forming activ-
ity of LLO leads to the dephosphorylation of SR proteins via
CLK1 inhibition, which in turns reshapes the cellular splic-
ing landscape, including by favoring the splicing of CIRBP
pre-mRNAs towards NMD-sensitive isoforms, as well as that
of SRSF pre-mRNAs towards unstable or non-coding tran-
scripts.

CIRBP isoforms have opposite effects on cell
infection

To investigate the possible consequences of CIRBP regulation
as a player in the Lm-host crosstalk, isoform-specific knock-

down was performed using siRNAs targeting (i) the CDS of
CIRBP, which targets both CIRBP-201 and -210 (siCIRBP-
CDS), (ii) the 3’-UTR of CIRBP-201 specifically (siCIRBP-
201) or (iii) the 3’-UTR of CIRBP-210 specifically (siCIRBP-
210) (Supplementary Figure S7). After 48 h of RNA interfer-
ence, cells were infected with L for 10 h before enumerat-
ing intracellular bacteria (Figure SA). Knocking down CIRBP-
210 led to a 27% increase in cfu per cell, while knocking
down CIRBP-201 decreased the number of cfu per cell by
31%. Knockdown of all CDS-containing CIRBP isoforms dis-
played an intermediate phenotype with a non-significant 14%
decrease in infection. These results hint at a role for CIRBP in
the control of cell autonomous responses to infection, and em-
phasize the contribution of CIRBP isoform switch in opposing
the colonization of cells by bacteria by dampening the expres-
sion of a probacterial protein-coding isoform in favor of a less
stable transcript.
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Figure 5. Function of CIRBP in the cellular response to L. monocytogenes infection. (A) Quantification of Lm infection in LoVo cells silenced for CIRBRE or
for one of its isoforms. Bacterial colonization of LoVo cells, transfected with siRNA targeting the CIRBP CDS (siCIRBP-CDS), CIRBP-201 3'-UTR,
CIRBP-210 3'-UTR or a control scrambled siRNA (siCtrl), was assessed by gentamicin protection assay followed by serial dilution plating of infected cell
lysates on agar plates. The number of cfu per cell in each condition was normalized to infection levels in the control condition in six independent
experiments. One-way ANOVA followed by post-hoc Tukey's test was used for statistical testing between conditions. (B-D) RIP of CIRBP targets. CIRBP
targets were identified by differential expression analysis between a CIRBP pull-down mRNA fraction and both total mRNAs (input) or a control IgG
pull-down mRNA fraction. Values of enrichments between the CIRBP pull-down fraction and the IgG pull-down fraction were used for plotting.
Pseudogenes were not plotted. Data from two independent replicates. FC, fold change; paq, adjusted P-value [DESeq false discovery rate (FDR)I. (B)
Scatter plots of changes in enrichment of significant CIRBP targets in uninfected versus Lm-infected cells. Only transcripts enriched in the CIRBP
pull-down fraction in both comparisons (against the input, and against control IgGs) were kept as targets (2542 genes). Data points colored in mauve
represent transcripts that were similarly bound by CIRBP in the two datasets (|AlogaFC m-ni| < 0.5), while points colored in pink (Alog;FC > 0.5) and
blue (Alog,FC < -0.5) correspond, respectively, to transcripts enriched in infected and uninfected cells. (C and D) Volcano plots highlighting CIRBP
targets being significantly enriched in (C) uninfected cells and (D) Lm-infected cells at 10 hpi compared with the control RIP. Data points colored in pink
represent genes with p,qj < 0.05 (dashed gray horizontal line, —logiopagi = 1.3) and an FC above 1.41 (vertical dashed gray lines, log, FC = + 0.5). Gray
dots, non-significant; green dots, log,FC > 0.5, pag; > 0.05; blue dots, pagj < 0.05, log,FC < 0.5; and pink dots, logoFC > 0.5, pagj < 0.05. The 20 genes
with the highest Manhattan distance to the origin were labeled on each graph. (E and F) Volcano plots highlighting changes in mRNA levels (RNA-seq
data; E) and translation efficiency (TE) assessed by normalizing Ribo-seq counts to RNA-seq counts (F) for the 242 CIRBP targets, in cells infected with
Lm for 10 h compared with NI cells. The color of data points ranging from blue to pink reflects the Alog,FC of RIP enrichment in infected (Lm) versus NI
cells. Data points colored in full color represent genes with p.g <0.05 (dashed gray horizontal line, —logiopaqi = 1.3) and an FC >1.41 (vertical dashed
gray lines, log, FC = + 0.5). Genes with non-significant variation are displayed with reduced opacity.
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CIRBP mRNA targets shift from housekeeping- to
stress response-related functions upon infection

As CIRBP acts as a regulator of gene expression by bind-
ing its target mRNAs, we compared the sets of CIRBP tar-
gets between non-infected and infected cells by RIP of CIRBP
followed by Illumina sequencing of co-precipitated mRNAs
(RIP-seq) (Supplementary Table S4). From a total of 242 iden-
tified mRNA targets, a common core of 146 genes were sim-
ilarly enriched in CIRPB IPs in both conditions (Figure 5B).
In contrast, two distinct sets of mRNAs were preferentially
bound by CIRBP depending on infection; 28 targets were pref-
erentially enriched in non-infected cells (Figure 5B, blue dots;
Figure 5C), and 68 others were preferentially enriched in in-
fected cells (Figure 5B, pink dots; Figure 5D), probably re-
flecting a reallocation of CIRBP regulatory activity on cellu-
lar mRNAs in response to infection. Comparison of the sets
of CIRPB-bound targets by GO over-representation analysis
highlighted an overall shift in the functions of their products
between the two conditions (Supplementary Figure S8). En-
richment for housekeeping functions [transcription, organi-
zation of the cytoskeleton (especially centrosomes)] or metal
cation binding was reduced upon infection, in favor of func-
tions associated with cellular response to stress, DNA damage
response and repair, ubiquitination and proteolysis, and reg-
ulation of metabolic processes. The observed changes in the
set of CIRBP targets suggest that infection-induced control of
CIRBP activity contributes to the coordinated regulation or-
chestrating the cellular response to infection-induced stress.
To investigate a potential role for CIRBP in the regulation
of its targets during infection, we have intersected the set of
242 CIRBP targets from RIP-seq analysis with data of dif-
ferential expression between non-infected and 10 h-infected
cells from RNA-seq (Figure SE; Supplementary Table S4E),
Ribo-seq (Supplementary Figure S9A; Supplementary Table
S4E), translational efficiency (TE; Figure SF; Supplementary
Table S4E) or differential LSVs (Supplementary Figure S9B;
Supplementary Table S4F). CIRBP targets were not enriched
for a differential use of LSVs (Fisher’s test P = 0.2), suggesting
that CIRBP itself does not behave as a regulator of AS in this
context (Supplementary Figure S9B). In contrast, there was
a strong enrichment of CIRBP mRNA targets for differential
RNA expression (Fisher’s test P = 2.7 x 10~?) and, most strik-
ingly, for increased mRNA abundance upon infection (Figure
SE). Conversely, there was an enrichment for transcripts with
reduced TE in infected cells among CIRBP targets (Figure SF)
(Fisher’s test P = 1.4 x 107¢). These two observations were
mirrored in the ribosome footprint plot (Supplementary Fig-
ure S9A) (Fisher’s test P = 2.4 x 107°): genes that are trans-
lated proportionally to their increased mRNA abundance dis-
play increased footprint levels, whereas those that are trans-
lationally repressed, while not varying in mRNA abundance,
display reduced footprints (Supplementary Figure S9A). These
data suggest that the modulation of CIRBP abundance, sub-
cellular localization and/or function during infection impacts
the stability or translation of its targets in a proportion that
contributes to the host gene expression response to infection.

Discussion

A broad range of damaging challenges trigger the activation
of coordinated cell stress response pathways that integrate sig-
naling cascades and gene expression regulation. Among cen-
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tral players in the coordination of cell responses, CIRBP has
previously been documented to regulate the expression of mR-
NAs involved in the modulation of the cell cycle and of inflam-
mation, following exposure to multiple types of abiotic stress-
ing agents (heat stress, UV or ionizing radiation, hypoxia, ox-
idative or osmotic stress, or nutrient deprivation) or to viral in-
fections (3,4,12). Our findings extend the role of CIRBP to the
control of cell autonomous responses to biotic stress caused by
bacterial PFTs upon a bacterial infection, with downstream ef-
fects on the modulation of infection efficiency in a cell mono-
layer (Figure 6). In spite of the distinct nature of the initial
stressors, our results highlight that the mechanisms of reg-
ulation of CIRBP by AS are shared between the previously
described response to heat stress (7,9) and to PFT-dependent
membrane damage. The exact nature of the imbalance that
is sensed upon membrane permeation is currently unclear, as
discriminating effects of intra-/extracellular cation concentra-
tions from that of a perturbation of the plasma membrane po-
tential constitutes a technical hurdle.

Following stress sensing, the CLK1 kinase appears to play
a key role as an integrator of distinct types of damaging chal-
lenges by controlling the activity of SRSFs, although the sig-
naling pathways bridging stress sensing with the control of
CLK1 activity are still elusive. CLK1-dependent inhibition
of SR proteins reorients the splicing of specific cellular tran-
scripts, including CIRBP and CLK1 itself, towards the pro-
duction of alternatively processed mRNAs (7,44). Pre-mRNA
processing of CIRBP is then shifted from the use of a canon-
ical 3’-UTR to an alternative 3'-UTR that contains a spliced
intron. Upon splicing, deposition in the 3’-UTR of an exon
junction complex that cannot be removed by translating ri-
bosomes renders this type of transcript sensitive to NMD,
and thus unstable (46). The stress-induced AS of CIRBP tran-
scripts in favor of an NMD-sensitive RNA isoform thus low-
ers CIRBP mRNA expression, including in response to LLO-
dependent stress during L infection and more generally to
the stress induced by several classes of bacterial PFTs. CIRBP
protein levels are also down-regulated by LLO-induced stress.
The release of eCIRBP following LLO-dependent membrane
damage probably contributes to this reduction, although we
cannot rule out that the stability of the protein is also impacted
by LLO activity. Following e CIRBP release, the reduced levels
of CIRBP mRNAs in infected cells would oppose the replen-
ishment of CIRBP protein stores.

Besides the control of CIRBP AS by the CLK1-dependent
activity of SRSFs, it has been previously reported that modu-
lation of m®A modification in the sixth exon of CIRBP influ-
enced its AS, with a positive effect of methylation on the ex-
pression of the long protein-coding, CIRBP-225 isoform (12).
In the present study, CIRBP-225 was expressed at a very low
level in the LoVo cell line and not significantly affected by in-
fection. However, given the involvement of the splice junction
in exon 6 in both cases, it is to be wondered whether CIRBP-
201 to -210 AS might also depend on a differential methyla-
tion in exon 6 for the selection of the acceptor sites in exons
7a and 7b, respectively. Deeper investigation would also be
required to determine if m®A modification of CIRBP mRNA
and SR protein activity are independent, additive mechanisms
resulting in distinct forms of CIRBP AS in different contexts,
or if one of them would condition the other.

In addition to quantitative effects on CIRBP mRNA sta-
bility due to NMD, the isoform switch in CIRBP that is ob-
served upon Lm infection also impacts the sequence of the
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Figure 6. Model of CIRBP regulation in response to L. monocytogenes infection. In uninfected cells (left, blue background), the splicing of CIRBP
pre-mRNA is in favor of the CIRBP-201 isoform, which is translated into the canonical 18 kDa CIRPB protein that regulates the expression of a subset of
human mRNAs. In Lm-infected cells (right, pink background), upon LLO-induced membrane damage (A), CLK1 activity is inhibited, which results in a
decreased phosphorylation of SR proteins (SRSFs) (B). This causes a shift in CIRBP splicing in favor of the CIRBP-210 isoform (C). As this isoform is a
target of NMD, it is unstable, which results in reduced overall MRNA abundance and translation (D). Secretion of CIRBP (eCIRBP) in response to
LLO-induced cell damage also probably contributes to reduce the pool of pre-existing CIRBP protein (E). Expression of CIRBP-210 displays anti-bacterial
effects, in contrast to that of CIRBP-201 (F). The subset of CIRBP-bound mRNAs in infected cells also differs from that of uninfected cells (G).

encoded protein products. It is thus expected that CIRBP-210
product gradually replaces CIRBP-201 product after eCIRBP
release. Discriminating the impact of protein sequence change
from quantitative effects has not been addressed in the present
study, or in the existing literature to the best of our knowl-
edge, and is worthy of detailed investigation in the future.
The divergence between CIRBP-201- and -210-encoded pro-
teins only affects the last four residues in the sequence, but en-
tails the loss of a putative phosphorylation site previously hy-
pothesized to participate in the nucleocytoplasmic partition-
ing of CIRBP (35), which is functionally relevant since the
stress-induced translocation of CIRBP to the cytoplasm im-
pacts it ability to bind and regulate its target genes (3). Hence,
a change in the localization or functionality of the CIRBP-210
product could make up a share of the differential effect of the
two isoforms on the binding to and regulation of CIRBP tar-
get mRNAs and on infection, on top of a purely quantitative
effect due to altered RNA stability.

Our observation that expression of CIRBP-201 is rather
probacterial is consistent with a previous report where both
the dominant CIRBP-201 and the low abundance CIRBP-
225-like protein-coding isoforms were found to have provi-

ral effects, independently of their respective localizations (pre-
dominantly nuclear for the former, cytoplasmic for the latter)
(12). Both findings hint at a detrimental effect of expression
of canonical CIRBP on the ability of epithelial cells to face
infectious challenges. However, isoform-based regulation dif-
fers between the two studies. During viral infections, quan-
tities of short CIRBP-201 (or -210, although it was not ad-
dressed in that study) products (CIRPB-S) remained stable,
while levels of long CIRBP-225 products (CIRBP-L) were re-
duced due to the above-mentioned loss of m®A modification
in the sixth exon. In contrast, upon L infection we observed
a reduction of CIRBP-201 levels and of CIRBP-S protein lev-
els, while expression of CIRBP-225 remained invariably low
(Supplementary Table S3G). These differences in expression
may reflect intrinsic differences between the two model cell
lines in the set of isoforms they express, or distinct mecha-
nisms of regulation of CIRBP upon cellular stresses on the
one hand, and viral infection on the other hand. Compara-
tively addressing the differential contribution of CIRBP-201,
-210 and -225 isoforms to the control of viral and bacte-
rial infections, respectively, deserves closer attention in the
future.
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In response to Lm infection, CIRBP overall activity is im-
pacted not only by the regulation of its abundance and the na-
ture of its isoforms, but also probably by its localization (cy-
toplasmic, nuclear or in membraneless organelles) and post-
translational modifications, as previously reported in response
to other stressors (5). The two latter levels of regulation will
deserve close investigation, as they can strongly condition the
ability of CIRBP to bind and regulate its target genes during
infection. Although a common core of CIRBP targets iden-
tified in RIP-seq was similarly bound in infected and unin-
fected conditions, preferential binding of CIRBP to a subset
of mRNAs in infected cells probably reflects a modulation of
its affinity for its binding sites or of its localization. The loss of
a putative phosphorylation site in the product of CIRBP-210
could, for instance, have an impact on CIRBP binding features,
or on its ability to reach its targets due to an altered subcel-
lular distribution. Alternatively, LLO-induced stress could af-
fect CIRBP phosphorylation or methylation independently of
its protein isoform (3,35).

During infection, a consistent fraction of CIRBP targets
tend to display increased mRNA levels and, as a consequence,
be more translated. This could proceed from a positive impact
of CIRBP on the stability of its target mRNA during infec-
tion or, on the contrary, for targets that are shared between
the two conditions, from a repressive role for CIRBP in un-
infected cells that would be alleviated upon infection due to
reduced CIRBP abundance. Among the mRNAs that are pref-
erentially bound by CIRBP in infected cells, BAG6, LTNI1,
WDR26 and ZEB1 are up-regulated. Interestingly, the pro-
teins encoded by these genes have functions related to the con-
trol of cell death (BAG6, WDR26), ubiquitin-dependent pro-
teolytic degradation of proteins in response to stresses (LTNT1,
WDR26) or regulation of immunity (ZEB1, BAG6), exempli-
fying a larger pool of CIRBP infection-specific targets with
a function related to cellular response to stress. Given their
cellular roles, up-regulation of these factors could be part of
a CIRBP-mediated cellular response to better accommodate
LLO-induced stress and respond to infection.

Another set of CIRBP targets—that are bound both in in-
fected and non-infected cells—is translationally repressed dur-
ing infection. This repression might reflect a relocation of
CIRBP and of its mRNA targets to translationally inactive
stress granules, as previously shown upon osmotic or heat
shock (3). Of note, several of the translationally repressed
targets of CIRBP belong to the translational regulon (EEF2,
EIF4B, PABPC1, RPL3), which we had previously reported
to be translationally repressed upon LLO-induced infection
stress as part of a response contributing to dampen bacte-
rial loads (22). A typical feature associated with their co-
repression was the presence of a 5'-terminal oligopyrimidine
motif in their 5’-UTR. Whether CIRBP binding to these tar-
gets is coincidental, or whether it is actively contributing to
their localization to stress granules and translational repres-
sion would deserve to be untangled in future studies.

Beyond human cells, roles for CIRBP homologs have been
previously described in the adaptation of a broad range of
multicellular eukaryotes to various types of environmental
changes. In reptiles, CIRBP has been reported to be involved in
temperature-dependent sex determination, in line with its role
during moderate cold or heat exposure in mammals (7,47). In
plants, CIRBP homologs of the glycine-rich RNA-binding pro-
tein (GRP) family are involved in the control of innate immune
responses to bacterial invaders as well as in cold adaptation
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and resistance to high salinity or drought (48-50). These sim-
ilarities of the contribution to the coordination of responses
to biotic and abiotic stresses across distant kingdoms of the
Eukaryota hint at an ancient, conserved function of this fam-
ily of proteins as key players in the coordination of defenses
against pathogens and damaging environmental challenges.
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