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Cold-shock proteins accumulate in centrosomes
and their expression and primary cilium morphology
are regulated by hypothermia and shear stress
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Summary. Primary cilia act as cellular sensors for
multiple extracellular stimuli and regulate many
intracellular signaling pathways in response. Here we
investigate whether the cold-shock proteins (CSPs),
CIRP and RBM3, are present in the primary cilia and the
physiological consequences of such a relationship. R28,
an immortalized retinal precursor cell line, was stained
with antibodies against CIRP, RBM3, and ciliary
markers. Both CSPs were found in intimate contact with
the basal body of the cilium during all stages of the cell
cycle, including migrating with the centrosome during
mitosis. In addition, the morphological and physiological
manifestations of exposing the cells to hypothermia and
shear stress were investigated. Exposure to moderately
cold (32°C) temperatures, the hypothermia mimetic
small molecule zr17-2, or to shear stress resulted in a
significant reduction in the number and length of
primary cilia. In addition, shear stress induced
expression of CIRP and RBM3 in a complex pattern
depending on the specific protein, flow intensity, and
type of flow (laminar versus oscillatory). Flow-mediated
CSP overexpression was detected by qRT-PCR and
confirmed by Western blot, at least for CIRP.
Furthermore, analysis of public RNA Seq databases on
flow experiments confirmed an increase of CIRP and
RBM3 expression following exposure to shear stress in
renal cell lines. In conclusion, we found that CSPs are
integral components of the centrosome and that they
participate in cold and shear stress sensing.

Key words: Primary cilium, Centrosome, Cold-shock
proteins, CIRP, RBM3, Hypothermia, Shear stress

Corresponding Author: Alfredo Martinez, Angiogenesis Unit, Oncology
Area, Center for Biomedical Research of La Rioja (CIBIR), 26006
Logrofio, Spain. e-mail: amartinezr@riojasalud.es

www.hh.um.es. DOI: 10.14670/HH-18-656

Introduction

Primary cilia are non-motile antenna-like structures
that are present in most mammalian cells. This structure
acts as a sensor for multiple extracellular stimuli due to a
unique membrane combination of lipids and receptors
(Anvarian et al., 2019). When initially discovered, 60
years ago, the primary cilium was considered a vestigial
structure (Sorokin, 1962) but today we know that it plays
a major role in regulating multiple signal pathways,
including Hedgehog, Wingless, G protein coupled
receptors (GPCR), and many others (Wheway et al.,
2018). In fact, defects in primary cilium development are
responsible for a number of conditions known as
ciliopathies, which may affect many organs (Hildebrandt
etal., 2011).

Morphologically, the primary cilium is between 250-
300 nm in diameter, and 1-10 um in length (Wang et al.,
2021a) The primary cilium is composed of the basal
body, from which a membrane-covered axoneme of nine
microtubule duplets (9+0) extends outward from the cell
(Chen et al., 2021). The ciliary membrane is continuous
with the cellular membrane although the composition
regarding lipids and proteins is quite different (Garcia et
al., 2018). At the base of the primary cilium is the basal
body, which originates from the mother centriole and,
together with the daughter centriole and the
pericentriolar matrix, forms the centrosome, the
microtubule organizing center of the cell (Wilsch-
Brauninger and Huttner, 2021). In contrast with motile
cilia, which have a very conserved structure, primary
cilia present a more diverse architecture and protein

Abbreviations. ANOVA, Analysis of variance; CIRP, Cold inducible
RNA-binding protein; CPM, Counts per million; CSP, Cold shock
proteins; GPCR, G protein coupled receptors; hnRNP, Heterogeneous
nuclear ribonucleoprotein; gRT-PCR, Quantitative real time polymerase
chain reaction; RBM3, RNA-binding protein 3; TGF, Transforming
growth factor
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composition, which may be adaptations for specific
functions (Pigino, 2021). As many signaling systems
have been located in primary cilia and an increasing
number of proteins have been identified that localize to
the different substructures of the cilium and basal body
(Wilsch-Brauninger and Huttner, 2021), we should
expect new examples to be discovered in the near future.
Between the basal body and the axoneme, we find the
transition zone. This is an important area since it
controls the entry and exit of ciliary proteins, thus
contributing to ciliary compartmentalization (Anvarian
et al., 2019). All ciliary proteins are synthesized in the
cell’s cytoplasm and need to be transported into the
cilium. Once inside, they reach their final destination by
means of the intraflagellar transport, which may be
anterograde (driven by kinesin-2) or retrograde (driven
by dynein-2) (Pigino, 2021).

These characteristics make the primary cilium a
main sensing and signaling organelle in the cell. The
contents of signaling elements inside the cilium are very
dynamic and are closely related with the stages of cell
differentiation and the microenvironment (Heydeck et
al., 2018). Primary cilia signaling is paramount during
development and in stem cell maintenance, as
demonstrated by the deleterious results of ciliopathies
(Andreu-Cervera et al., 2021), but they are also relevant
in the adult organism. For instance, primary cilia in the
tubular system of nephrons are able to sense
modifications in urine composition and osmolality,
modulating important intracellular signaling pathways
such as Wnt (Goggolidou, 2014) or Hippo (Habbig et al.,
2011). Another function of primary cilia in adult
individuals is their role as molecular mechanosensors
able to sense differences in fluid (blood, urine, bile,
cerebrospinal fluid, etc) flow (Spasic and Jacobs, 2017).
The primary cilia are not just passive mechanosensors,
but they can modulate themselves depending on the
surrounding stimuli. For instance, they can modify their
cytoskeleton to better support shear stress (Spasic and
Jacobs, 2017). They can also modify their rigidity,
rotation, and length to adapt to their environment
(Espinha et al., 2014). In addition, their size and number
are related to the intensity of blood flow in endothelial
cells and are characteristic of each region of the arterial
tree (Wang et al., 2021Db).

The primary cilium disassembles when the cell
enters mitosis, releasing the basal body into the
cytoplasm. During the G1/S phase of the cell cycle the
centrioles separate and duplicate to form a new pair of
centrioles, which generate one centrosome each. These
centrosomes separate during mitosis and migrate apart to
form the spindle poles (Wilsch-Brauninger and Huttner,
2021). As cells enter mitosis, centrosomes dramatically
increase in size and ability to nucleate microtubules.
This process, termed centrosome maturation, is driven
by the accumulation and activation of y-tubulin and
other proteins that form the pericentriolar material on
centrosomes during G2/prophase (Gomez-Ferreria et al.,
2007). After mitosis, the mother centriole of each

daughter cell anchors to the membrane and regrows a
primary cilium by extending the axonemal microtubules,
formation of the transition zone, and establishment of
the intraflagellar transport (Liu et al., 2018).

More centrosomal proteins involved in different
aspects of centrosome function are being characterized
every day. Many of them have multiple properties for
different parameters such as localization, timing, and
activity. For example, proteins, such as tubulin, can be
found localized in both centrioles as well as in
pericentriolar material or in the axoneme of the cilia. In
terms of timing, while some proteins are always present
in the centrosome, other proteins only appear in the
centrosome at a particular stage of cell differentiation or
at certain times in the cell cycle, such as Cep192
(Gomez-Ferreria et al., 2007). In any case, centrosomal
proteins do not normally exist on their own, but rather as
complexes that are often interconnected as functional
complexes, as recently reviewed in more detail
elsewhere (Uzbekov and Avidor-Reiss, 2020).

Cold-shock proteins (CSP) are a small group of
proteins whose expression increases under exposure to
moderately cold temperatures (hypothermia). In
mammals, there are two main CSPs, cold inducible
RNA-binding protein (CIRP) and RNA-binding protein
3 (RBM3). These proteins belong to the heterogeneous
nuclear ribonucleoprotein family, bind to cellular RNAs
and regulate their half-life and thus their expression and
final function (Wellmann et al., 2004, 2010; Lleonart
2010; Liu et al., 2013). The mRNAs that bind to these
proteins are usually related to cell survival (Zhang et al.,
2015; Wu et al., 2017), thus implying this system in the
benefits provided by therapeutic hypothermia (Rey-
Funes et al., 2017). Recently, we have developed a group
of small molecules that bind to CIRP and increase its
protein expression (Coderch et al., 2017), and therefore
can be considered hypothermia mimetics. In fact, they
have been applied in vivo and induce organ protection
similar to hypothermia (Contartese et al., 2023).

Interestingly, in a recent report, the presence of
RNA-binding proteins has been localized in
centrosomes, identifying these structures as active sites
of protein synthesis (Zein-Sabatto and Lerit, 2021).
Based on these observations, we hypothesized that CSPs
may be located in primary cilia where they may play
important roles in sensing temperature changes and other
chemical or mechanic stimuli.

Materials and methods
Cell line and culture conditions

Immortalized rat retinal precursor cell line R28
(RRID:CVCL_5135) was a gift from Dr. Patricia
Becerra (National Eye Institute, NIH, Bethesda, MD,
USA) and was established from a 6-day-old rat retinal
culture (Seigel, 2014). From these precursors, most of
the retinal neurons originate, including the photo-
receptors, whose apical segments are modified primary
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cilia (Wheway et al., 2019). Furthermore, it was
previously shown that R28 cells express CSPs and
respond to hypothermia (Larrayoz et al., 2016; Coderch
et al., 2017). R28 cells were cultured in DMEM medium
supplemented with 10% fetal bovine serum (Invitrogen,
Alcobendas, Spain) at 37°C in an atmosphere containing
5% CO,. For hypothermia experiments, cells were
maintained in the same conditions but at 32°C. This
temperature was chosen since it is used routinely as a
moderate hypothermic treatment in the clinic (Shah et
al., 2007) and it has been shown to induce CIRP
expression in cell line R28 (Larrayoz et al., 2016;
Coderch et al., 2017). The hypothermia mimetic small
molecule zr17-2 was synthesized in house, as described
(Maslyk et al., 2010) and was applied to the cell cultures
at a concentration of 10 pM, as described (Coderch et
al., 2017).

Laminar flow

Experiments under flow to induce mechanical shear
stress on cells were performed using microfluidic
devices from BEOnChip (BE-Flow, Zaragoza, Spain).
R28 cells were trypsinized and resuspended at the
desired density (2.5x10° cells/ml) prior to injection into
the different channels of the chips. Once seeded, they
were incubated at 37°C and 5% CO, for 24h to induce
cell attachment to the chip surface. Once the cells
formed a confluent monolayer, the microdevices were
connected to a syringe pump (NE-1600, New Era,
Farmingdale, NY, USA) to carry out the experiments
under flow conditions. Different continuous flow
pressures of culture medium (0, 15.5, 31, 62, and 124
pl/min, corresponding to 0, 0.2, 0.5, 1.0, and 2.0
dynes/cm?, respectively) were applied for the indicated
times. Cells destined for immunofluorescence were fixed
in 10% buffered formalin, whereas those destined for
qRT-PCR were dispersed in TRIzol and kept frozen at
-80°C until further analysis (see below). All experiments

were replicated three times, at least.
Oscillatory flow

To generate oscillatory flow conditions, R28 cells
were seeded onto glass slides (SuperFrost Plus, Thermo
Fisher Scientific, Waltham, MA, USA) until they
reached full confluence. The slides were placed in
plastic dishes (100 mm in diameter), containing 10 ml of
culture medium, that were deposited on a rocking
platform (Rocking Shaker, Ohaus, Ninikon,
Switzerland), configured with a maximum inclination of
5 degrees and a frequency of 10 rpm, inside a cell
culture incubator. These conditions produce a maximum
turbulent flow of approximately 0.81 dynes/cm?2. Control
plates were placed in the same incubator with no
movement. Cells were exposed to shear stress for
different time periods and they were collected for either
gRT-PCR or Western blotting by scraping the cells in the
proper lysis buffer (see below). All experiments were
replicated three times, at least.

Confocal microscopy and quantification of morphological
characteristics

Cells were cultured in glass slides or coverslips
overnight, exposed to cold or flow conditions for the
indicated times, fixed with 10% buffered formalin for 10
min, permeabilized with 0.1% triton X-100 in PBS for
10 min, and exposed to a mix of primary antibodies
(Table 1) overnight at 4°C. These primary antibodies
included rabbit immunoglobulins against CIRP or
RBM3, and mouse anti-acetylated tubulin, as a marker
of the ciliary axoneme (Shida et al., 2010). Following
vigorous washes, a mix of fluorescently labeled
secondary antibodies (Alexa 647 anti-rabbit and CF543
anti-mouse, Table 1) were added for 1h at room
temperature. Then, potential mouse IgG binding sites
were blocked by incubation with Fab fragment donkey

Table 1. Antibodies used for immunofluorescence (IF) staining and Western blotting (WB).

Primary antibodies

Application Target protein Commercial vendor Reference RRID

IF, WB CIRP (rabbit polyclonal) Proteintech 10209-2-AP AB_2080263
IF, WB CIRP (rabbit monoclonal) Abcam Ab246510 AB_2923244
IF, WB RBMS3 (rabbit) Abcam Ab134946 AB_2892665
IF Gamma-tubulin (mouse), bound to Alexa 488 Abcam Ab205475 AB_2889220
IF Acetylated alpha-tubulin (mouse) Santa Cruz Sc-23950 AB_628409
WB Beta-tubulin (mouse) Sigma T4026 AB_477577
Secondary and blocking antibodies

Application Specificity Commercial vendor Reference RRID

IF CF543 (anti mouse IgG) Biotium 20305 AB_2923245
IF ALEXA Fluor 647 (anti rabbit IgG) Invitrogen A32733 AB_2633282
IF AffiniPure Fab fragment donkey anti mouse I1gG Jackson Immunoresearch 715-007-003 AB_2307338
WB HRP-goat anti rabbit IgG Cell Signaling 7074 AB_2099233
WB HRP-donkey anti mouse 1gG Jackson Immunoresearch 715-035-151 AB_2340771
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anti-mouse IgG for 1h, followed by fluorescently (Alexa
488) labeled y-tubulin as a centrosome marker
(Hagiwara et al., 2000) for another hour. After another
series of washes and an incubation with Hoechst
(1:2,000) as a nuclear counterstain, the coverslips were
mounted on glass slides (or vice versa). Controls
included omission of a primary antibody at a time. A
confocal microscope (Leica TCS SP5, Leica, Badalona,
Spain) was used to visualize the slides. The Leica
software package was used to quantify the number,
length, and staining intensity of the primary cilia.
Specifically, the length of the acetylated-tubulin-positive
axonemes was measured with the proper tools in the
LAS X software suite (Leica) in cilia with an orientation
parallel to the slide.

All used antibodies have been previously used and
characterized: CIRP (Coderch et al., 2017), RBM3
(Larrayoz et al., 2016), y-tubulin (Roberts et al., 2020),
and acetylated tubulin (Smith et al., 2018).

All experiments were performed at least in triplicate,
and a minimum of six fields per slide were analyzed.
This represents a number of individual cells ranging
from 3,761 to 7,083 per experimental condition. In terms
of image manipulation, we have performed adjustments
of brightness and contrast of the whole images to
improve the visibility of the different fluorophores
without obscuring, eliminating, or misrepresenting any
information present in the original. The same
adjustments were performed for the control samples.
Both image processing and image adjustment were
performed using LAS AF software (Leica). No specific
feature within an image was enhanced, obscured, moved,
removed or introduced.

mRNA extraction and gene expression quantification

Total RNA was isolated from cell cultures using
TRIzol (Invitrogen, Waltham, MA, USA), purified using
an RNeasy Micro kit (Qiagen, Valencia, CA, USA), and
treated with DNase I (Qiagen) following the
manufacturer’s instructions. cDNA was synthesized by
reverse transcription of 1 pg of total RNA using the
SuperScript VILO Master Mix (Invitrogen) in a total
volume of 20 pl according to the manufacturer’s
instructions. cDNA was amplified by qRT-PCR using
Power SYBR Green PCR Master Mix (Applied
Biosystems, Bedford, MA, USA) and specific primers
(Table 2) in a QuantStudio 5 real time PCR system
(Applied Biosystems). Gene expression was calculated
by interpolation into a standard curve. All values were

divided by the expression of the house keeping gene,
GAPDH.

Protein extraction and Western blotting

Treated cells were lysed in M-PER buffer (Thermo
Fisher Scientific) supplemented with cOmplete ULTRA
protease inhibitor cocktail (Roche Diagnostics, Basel,
Switzerland). The protein content of the lysates was
quantified using the Bradford Protein Assay (BioRad,
Hercules, CA, USA). Nupage sample reducing buffer
(Invitrogen) was added to the lysates (30 pg), heated at
70°C for 10 min, and separated by SDS polyacrylamide
gel electrophoresis in 4-12% Bis-Tris gels (Invitrogen).
Electrophoresed proteins were transferred to PVDF
membranes using the iBlot 2 Transfer Device
(Invitrogen). Once transferred, the membranes were
blocked using 1% powder skim milk in Tris-buffered
saline-Tween-20 (TBST; 25 mM Tris, pH 7.5, 150 mM
NaCl, 0.1% (v/v) Tween-20). Membranes were exposed
overnight to the primary antibodies (Table 1). On the
next day, horseradish peroxidase (HRP)-linked
secondary antibodies (Table 1) were applied for 1h at
room temperature. Peroxidase activity was detected with
ECL Prime Western Blotting Detection Reagent (Cytiva,
Marlborough, MA, USA) and captured in a ChemiDoc
MP Imaging System (BioRad). The quantification of the
immunoreactive bands was accomplished with the
ImageLab software (BioRad). Tubulin was used as a
loading control.

Data mining

Public repositories of RNASeq databases were
searched for studies performed on cells subjected to
different flow conditions. Only three such studies were
found (Qiao et al., 2016; Kunnen et al., 2018;
Mohammed et al., 2018). All sequences in fastq format
were reanalyzed following standard biostatistics
protocols under an R environment (Larrayoz et al., 2012)
to determine the relative expression of CIRP and RBM3
in each sample. After data normalization, results are
expressed as counts per million (CPM).

Statistical analysis

All data sets were analyzed for normalcy and
homoscedasticity. Normal data were analyzed by
Student’s t test or ANOVA, followed by Tukey’s
Multiple Comparison test. Non parametric data were

Table 2. Primers used for quantitative real-time PCR. All sequences were taken from the rat genome.

Gene of interest Sense primer

Antisense primer Annealing temperature

CIRP AGACTACTATGCCAGCCGGA
RBM3 TGGAGAGTCCCTGGATGGG
GAPDH ATGGTGAAGGTCGGTGTGAAC

AGCTGTCTCTGTAGGACCCA 60°C
TGGTTCCCCTGGCAGACTT 60°C
TCTCAGCCTTGACTGTGCC 60°C
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analyzed with Kruskal-Wallis and Mann-Whitney’s U
test. A p value <0.05 was considered statistically
significant. All tests were performed with GraphPad
Prism version 5.02 (GraphPad Software, Inc. La Jolla,
CA, USA).

Results

CIRP and RBM3 are located in the basal body of
primary cilia

Confocal microscopy analysis of R28 cells shows that
immunofluorescence for CIRP and RBM3 are found in
the cell nucleus but also in the basal body of primary cilia
(Fig. 1). Multiple immunofluorescence shows a complete
colocalization of y-tubulin, a marker of the basal body,

Acetylated

CIRP y-Tubulin Tubulin

and both CSPs. In addition, the fluorescence for
acetylated tubulin, which labels the axoneme, clearly
identifies these structures as primary cilia. Furthermore,
when cells in different stages of the cell cycle are
analyzed, a continuous colocalization of the CSPs with
the basal body/centrosome is confirmed, independently of
the cell cycle phase (Fig. 2). During mitosis, CSP nuclear
staining diminishes and gets distributed through the
cytoplasm but the centrosome remains positive (Fig. 2).

Hypothermia reduces the number of primary cilia
and their length

Since CSPs mediate the response to cold
temperatures, we sought to analyze the impact of
hypothermia on primary cilia by exposing R28 cells to

Hoechst Merged

4 h'd 'S h'd h'd 2\
a
/
b

Fig. 1. Representative
confocal microscopy
images showing
colocalization of CIRP
with y-tubulin in the
centrosomes and basal
bodies of the primary
cilia. a. R28 cells were
immunostained for CIRP
in red, y-tubulin in green,
and acetylated tubulin in
purple. The nucleus was
stained with Hoechst in
blue. The last panel is a
merged image of all the
previous ones. CIRP
labels the cell nucleus
but also the basal body
(arrow). b. Panoramic
view of several R28 cells
displaying primary cilia,
stained as above. Scale
bars: a, 5 ym; b, 2.5 ym.
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32°C (a 5°C drop from normal body temperature) for
96h. In normal conditions (37°C), 39.3+2.1 % of all
cells possess a primary cilium but, after exposure to
hypothermia, only 31.6+£8.0 % retained this structure
(p=0.047) (Fig. 3). On the other hand, the length of the
primary cilia decreased from 4.21+1.11 um in
normothermia to 2.73+0.74 pm in hypothermia

y-Tubulin

Acetylated
Tubulin

(p<0.0001) (Fig. 3). To demonstrate that therapeutic
hypothermia increases CIRP expression, we performed
a Western blot experiment and found a statistically
significant increase when cells were cultivated at 32°C
(p=0.022) (Fig. 4a). In addition, to provide further
support to the hypothesis that CIRP is the mediator
between hypothermia and modifications of primary

Hoechst Merged

Prophase

Metaphase

Anaphase

b RBM3 y-Tubulin

Acetylated
Tubulin

Hoechst

Prophase

Metaphase

Anaphase

h'd h'd Y h'd 2\

Fig. 2. Representative
confocal microscopy
images showing
colocalization of CIRP
(a) and RBM3 (b) with
y-tubulin in the
centrosomes and
basal bodies of the
primary cilia during
different stages of the
mitosis (prophase,
metaphase,
anaphase). The
staining pattern is the
same as in Fig. 1.
CIRP and RBMS3 (red)
label the cell nuclei but
also the centrosomes
and basal bodies
(arrows). Scale bars:
10 ym.
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cilia morphology, we used the hypothermia mimetic
zr17-2. This molecule has been shown to induce CIRP
overexpression (Coderch et al., 2017). So, R28 cells
were exposed to zr17-2 for 24h and this treatment
resulted in significant reductions in primary cilia
number (Fig. 4b) and length (Fig. 4¢), in a similar
behavior to the one induced by hypothermia.

Acetylated

Laminar flow enhances CSP expression in primary
cilia

Sensing and responding to shear stress is one of the
main functions of primary cilia, so we investigated the
influence of this mechanical stimulus on the localization
and expression of CSPs in R28 cells. Figure 5 shows the
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Fig. 3. Effects of hypothermia on primary
cilia. Representative confocal microscopy
images of R28 cells exposed to
normothermia (37°C) or hypothermia (32°C)
for 96h. The staining procedure for CIRP (a)
and RBM3 (b) was the same as in Fig. 1.
The percentage of cells containing a
primary cilium and the length of these
structures was calculated (c). Bars
represent mean + standard deviation of all
measurements. *p<0.05; ****p<0.0001.
Scale bars: 5 ym.

1

37°C  32°C
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impact of subjecting cells to a continuous flow of 62
pl/min (1.0 dynes/cm?) for 8h. Both CIRP (Fig. 5a) and
RBM3 (Fig. 5b) remained associated to the basal bodies.
When different flow intensities were tested, there was a
reduction in the number of primary cilia for the slower
flows (15-62 pL/min, p<0.001; p=0.011; p=0.003,
respectively) but no significant change was found at the
higher flow (124 pl/min) (Fig. 5¢).

A gene expression analysis was performed by qRT-
PCR using different flow intensities and times of
exposure (Fig. 6). CIRP expression significantly rose
after 1 and 2h of exposure to a 31 pl/min (0.5
dynes/cm?) flow and significantly decreased below
control (static) values at 4 and 8h. Expression levels
returned to normal at 12h (Fig. 6a). Surprisingly, no
CIRP expression differences were found when cells were
subjected to a 62 pl/min (1.0 dynes/cm?) flow (Fig. 6a).
On the other hand, RBM3 expression followed a
different pattern, reaching a significant increase at 8 and
12h with both flow intensities, returning to basal levels
at 24h (Fig. 6b).

Oscillating flow enhances CSP expression in
primary cilia

Primary cilia respond differently to laminar and to
turbulent flow (Wang et al. 2021b). Therefore, we also
investigated a model of turbulent flow by using an
oscillating platform. Similarly to the results with laminar
flow, both CIRP (Fig. 7a) and RBM3 (Fig. 7b) remained
associated to the basal bodies of the primary cilia. In

37°C 32°C

addition, after 2h of rocking, there was a significant
reduction in the number (p=0.014) and length
(p<0.0001) of the primary cilia (Fig. 7c,d).

Quantification of CSP expression under these
conditions was accomplished by qRT-PCR (Fig. 8a,b)
and Western blotting (Fig. 8c,d). At the mRNA level,
CIRP expression significantly increased at lh
(p<0.0001) and progressively decreased from there to
normal levels (Fig. 8a). In this case, RBM3 expression
changes were very similar to those of RBM3, reaching
the zenith at 1h (p=0.001), remaining significantly
higher than the static control at 2 h (p=0.017) and
coming back to normal at 6h (Fig. 8b). At the protein
level, there was a significant increase in CIRP after 2h of
shear stress (p=0.032) but no significant differences
were found at other times (Fig 8c). No changes were
found for RBM3 protein at the conditions tested (Fig.
8d).

Data mining

In order to take advantage of previous RNA
transcriptomic studies, we looked for datasets of shear
stress experiments in public repositories to reveal
unpublished changes in the expression of CIRP and
RBM3. Only three studies fulfilled our search inclusion
criteria and they were highly heterogeneous. Two of the
studies were performed with laminar flow (Mohammed
et al., 2018; Kunnen et al., 2018), whereas the other used
oscillatory flow conditions (Qiao et al., 2016). There
were also differences in the applied flow pressure: 0.6
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g_ 4 2 on CIRP expression and on primary
— cilia morphology. CIRP expression
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c exposed to hypothermia (32°C) (a). The
9 2+ presence of zr17-2 in the culture
medium produces a reduction in the
number of primary cilia (b) and in their
0- length (c¢). Bars represent mean =

standard deviation of all measurements.
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Fig. 5. Effects of laminar flow on primary cilia. Representative
0- confocal microscopy images of R28 cells exposed to static or
Y Y SV SPN laminar flow (62 pl/min) conditions for 8 h and stained for CIRP
<~.‘\° & & & & (a) or RBM3 (b). The staining procedure was the same as in
Q\> ‘)QV \Q\' 'LQV D-QV Fig. 1. The percentage of cells containing a primary cilium was
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\rp"\ L I measurements. *p<0.05; **p<0.01;***p<0.001. Scale bars: a,
) Laminar flow 7.5 um; b, 5 um.
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dynes/cm? (Mohammed et al., 2018), 1.9 dynes/cm?
(Kunnen et al., 2018), or 5.0 dynes/cm? (Qiao et al.,
2016); and in the times of exposure: 3h, 6h, and 24h,
respectively. At least, all cell lines were from the kidney
(Fig. 9). In the 3h study, there was a significant increase
for both CIRP (p=0.015) and RBM3 (p=0.016) in the
cells exposed to shear stress. In the 6h manuscript, no
differences in CIRP were appreciated whereas there was
a significant increase in RBM3 (p=0.031). Finally, in the
24h report, no changes were found in CIRP expression
but there was a significant reduction in RBM3 (p=0.022)

(Fig. 9).
Discussion

We have shown that the CSP proteins, CIRP and
RBM3, colocalize with the basal body of the primary
cilia in R28 cells, even during the M phase of the cell
cycle. In addition, hypothermia and shear stress
modulate the number and size of these organelles.
Furthermore, application of shear stress (either laminar
or turbulent flow) increases CSP expression in a time-
and flow intensity-dependent manner.

R28 cells are undifferentiated retinal neuroblasts
(Seigel, 2014). This is probably the first report of
primary cilia in R28 cells, but the importance of this
organelle in the retina is paramount since the outer
segments of photoreceptors are basically modified
primary cilia (Wheway et al., 2019). In addition, the eye
responds very well to therapeutic hypothermia (Rey-
Funes et al., 2017) and CSPs have been located in the
retina (Larrayoz et al., 2016). According to our current
results, more attention must be paid to the role of
primary cilia in the ample applications of therapeutic
hypothermia, especially in the field of vision-
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challenging conditions (Rey-Funes et al., 2021;
Contartese et al., 2023).

An interesting observation is that CSPs are always
associated to the centrosome in R28 cells, despite the
severe changes caused by the cell cycle. The centrosome
is a membraneless organelle that forms highly structured
and stable macromolecular complexes, making it largely
insoluble. This, together with the fact that most cells
have only a single centrosome and a single cilium, is an
inherent limitation in the study of these structures at the
biochemical level (Arslanhan et al., 2020). Nevertheless,
a recent study has been able to fully characterize the
protein composition of the centrosome (O'Neill et al.,
2022). Among the proteins found in the centrosomes of
neural stem cells and of mature neurons, a large number
of RNA binding proteins, including the heterogeneous
nuclear ribonucleoprotein (hnRNP) family, were found.

CIRP and RBM3 belong to the hnRNP family,
recognize specific RNA sequences, and are regulators of
translation (Zhu et al., 2016). The centrosome is now
considered a very active translation site (Lerit, 2022)
and, therefore, the presence of CSPs in this cellular
region is not unexpected. In fact, other RNA-binding
proteins, such as Glel or CPEB, have also been
described in centrosomes. Glel is a multifunctional
regulator of RNA metabolism, best described for its role
in mRNA transport, but also implicated in translation
initiation and termination through DEAD-box proteins.
Glel localizes to the centrosome and the basal body of
cilia, colocalizes with pericentrin, and is required for the
recruitment of pericentrin to the centrosome (Zein-
Sabatto and Lerit, 2021). Furthermore, CSPs associate
with the spliceosome (Barbosa-Morais et al., 2006) and
some of the components of the spliceosome, including
pre-RNA processing factors (PRPFs), have been found
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in the ciliary basal body or the centrosome, where they
promote ciliogenesis (Wheway et al., 2015).

The behavior of centrosomal proteins during the cell
cycle is variable and some of them may abandon the
centrosome during mitosis whereas others remain within

Acetylated
Tubulin

a CIRP y-Tubulin
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its limits. For instance, Cep192 is found attached to the
centrosome during all phases of mitosis where it is an
essential component of the centrosome maturation
machinery (Gomez-Ferreria et al., 2007). In addition,
Cep215 is always in association with the centrosome,

Hoechst
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Flow

RBM3 y-Tubulin Tubulin

Acetylated

Hoechst
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Flow

% Primary cilium
N
T

Static Flow

Length (pm)

Static

Flow

Fig. 7. Effects of oscillatory flow on primary
cilia. Representative confocal microscopy
images of R28 cells exposed to static or
oscillatory flow conditions for 2 h and stained
for CIRP (a) or RBM3 (b). The staining
procedure was the same as in Fig. 1. The
percentage of cells containing a primary cilium
and the length of these structures was
calculated (c). Bars represent mean =+
standard deviation of all measurements.
*p<0.05; ****p<0.0001. Scale bars: 5 pm.
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Fig. 9. Results of the analysis of previous RNA Seq experiments on shear stress models in renal cell lines. These studies were previously published
and are identified by their first authors (Mohammed et al., 2018; Kunnen et al., 2018; Qiao et al., 2016). They were performed with different flow
conditions (0.6, 1.9, and 5.0 dynes/cm? respectively) and times of exposure (3, 6, and 24h). The first two studies correspond to laminar flow whereas
the third one used oscillatory flow. Bars represent mean + standard deviation of all measurements. *p<0.05.
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both during interphase and mitosis (Graser et al., 2007).
Obviously, CSPs have the same behavior as Cep215.

CSPs are also found in the cell nucleus during
interphase, as all hnRNPs should be by definition.
Depending on the environmental conditions, CSPs may
migrate into the cytoplasm when exposed to
hypothermia (Larrayoz et al., 2016) or to the stress
granules following oxidative stress (De et al., 2007).
During mitosis, and following nuclear membrane
dissolution, we have observed a dispersion of the nuclear
CSP proteins into the cytoplasm, which would be
incorporated back into the nuclei once the daughter cells
develop their nuclear membranes. In clear contrast, the
CSPs located in the centrosome remain associated to this
structure throughout the whole cell cycle.

We have shown that hypothermia, hypothermia
mimetics, or shear stress exposure results in a reduction
in the number of primary cilia and a diminution of their
length. Variations in the number of primary cilia are well
known in the cardiovascular system, where there is a
clear correlation with flow conditions; the number is
lower in areas exposed to laminar flow whereas
endothelial cells located in regions with more turbulent
and oscillatory blood flow present more primary cilia
(Dinsmore and Reiter, 2016). This is relevant since
endothelial cells in disturbed flow areas are more
exposed to inflammation and atherogenesis, and primary
cilia protect them by blocking transforming growth
factor (TGF) signaling and by secreting nitric oxide
(Wang et al., 2021b). Furthermore, non-ciliated
endothelial cells are more prone to endothelial-to-
mesenchymal transition through activation of the SLUG
pathway, thus increasing calcification and athero-
sclerosis risk (Sanchez-Duffhues et al., 2015). Therefore,
it seems that lowering temperature has a similar effect to
exposing the primary cilia to a less turbulent flow. In our
data with laminar flow, there was a reduction in the
number of primary cilia compared to the static cells, but
the highest flow conditions (124 pl/min) had a number
undistinguishable from the static cells, perhaps because
this strong current induced some disturbances in the
general flow conditions.

This is also consistent with the observation of a
cold-induced size reduction of the primary cilium. In
renal tubular epithelial cells, TGF- signaling induces
the shortening of primary cilia (Han et al., 2018). Thus,
conditions leading to a reduction in the number of cilia,
such as hypothermia, may also increase TGF signaling
and decrease cilia length. The length of the primary
cilium seems to be regulated by the activity of GPCRs,
calcium levels, and actin depolymerization (Anvarian et
al., 2019). Apparently, hypothermia blocks this
mechanism, leading to cilia length reduction. A recent
report has connected primary cilium shortening with a
fragmentation mechanism (Park, 2018). Future studies
will clarify which specific mechanism is triggered by
hypothermia in the primary cilium.

It is well accepted that CIRP and RBM3 increase
their expression in response to cold stimuli but they (and

specially CIRP) also respond to other stresses, such as
hypoxia (Lleonart, 2010; Zhu et al., 2016), UV light
exposure (Baba et al., 2008), or cell damage (Rey-Funes
et al., 2017). Therefore, it is not surprising to find CSPs
in primary cilia where they may serve as chemical
sensors for all those stimuli. In addition, the
overexpression of CSPs has been related with the
upregulation of antiapoptotic proteins such as BCL2
and/or a downregulation of proapoptotic proteins such as
BAX, BAD, BAK, and others, protecting cells from
programmed cell death (Zhang et al., 2015; Wu et al,,
2017). It will be interesting to study the actual
relationship between primary cilium-located CSPs and
regulation of cell apoptosis.

Shear stress sensing is a critical mechanism to
ensure proper circulation of fluids in the organism. For
instance, endothelial cells are able to sense
spatiotemporal characteristics of blood flow and
therefore contribute to determine the morphofunctional
properties of the vascular network by at least three kinds
of mechanism, namely vessel regression and
stabilization, long-term modulation of vessel diameter
by inward and outward remodeling, and short-term
vasoreactivity (Roux et al., 2020). This sensing function
is carried out by the primary cilia (Luu et al., 2018), in
combination with mechanotransductor molecules such as
PIEZO1 and its downstream signaling cascade, which
results in vasorelaxation (Iring et al., 2019). The
activation of CSP expression by shear stress is a new
consequence of this mechanism whose physiological
implications warrant further research.

We have shown that CSP expression is activated by
shear stress, but the specific expression pattern depends
on the protein under study and the kind of flow. For
instance, with a laminar flow of 0.5 dynes/cm?, we
observed a fast upregulation of CIRP (at 1-2h) whereas
RBM3 expression increased only after 8-12h of
exposure. On the other hand, when oscillatory flow was
applied, the expression of both CSPs reached a
maximum at Th. Surprisingly, a higher flow (1.0
dynes/cm?) did not induce CIRP expression but was able
to upregulate RBM3. These observations suggest that the
intimate interrelationship between shear stress and CSP
expression regulation is very dependent on small details
and that more in-depth studies are needed to better
understand this interesting field. The RNA results were
partially corroborated by Western blotting, at least for
CIRP, whose protein expression was significantly
elevated after 2h of oscillatory flow. In the case of
RBM3 we found no significant changes. We need to
understand that the primary cilia represent a very small
percentage of the cell’s total volume, so it is easy to miss
protein changes that may be very relevant at the local
level (primary cilia) but could be diluted with the rest of
the cell’s contents. The data mining results, although
collected from different cell systems, were also
supportive of our experimental data. There was a
significant shear stress-induced upregulation of both
CIRP and RBM3 in the short term (3h),
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overexpression of RBM3 in the midterm (6h), and even
a decrease in RBM3 at the long term (24h). CSPs are
constitutively expressed in multiple organs, such as the
retina (Larrayoz et al., 2016), the central nervous system
(Liu et al., 2010), or the testes (Xia et al., 2012), and are
well conserved among vertebrate species, being
especially relevant among hibernating organisms
(Sugimoto and Jiang, 2008). Furthermore, the articles
providing datasets for the data mining exercise show that
CSPs are also abundant in the kidney. Taken together,
these data suggest that the involvement of the CSPs in
the mechanism of shear stress sensing is a common
feature in cell biology that warrants further studies.

Our proposal that CSPs may constitute the link
between hypothermia/shear stress and morphological
changes in the primary cilia is mainly based on
observational data. A formal mechanistic demonstration
of this phenomenon must include studies in knockout
models for each CSP. In an attempt to provide some
mechanistic connection, we have employed a
hypothermia mimetic small molecule, zr17-2, which has
been shown to increase CIRP expression in R28 cells
(Coderch et al., 2017). The application of this molecule
in the absence of hypothermia or shear stress has
resulted in significant reductions in primary cilia number
and length, thus suggesting that CIRP is involved in
these phenomena, although we cannot rule out some off-
target effects of the small molecule.

In conclusion, we have shown that CSPs are located
in the basal body of the primary cilia and cellular
centrosome; that hypothermia and shear stress induce a
reduction in both the number and the size of primary
cilia; and that shear stress induces the expression of
CSPs in a complex pattern. All together, these results
indicate that cold sensing may constitute a new function
of the primary cilium and that the cold-sensing proteins
are part of the signal transduction mechanism following
shear stress.
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