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ABSTRACT

The CDK inhibitor p27XiP! plays a central role in con-
trolling cell proliferation and cell-cycle exit. p27XiP!
protein levels oscillate during cell-cycle progression
and are regulated by mitogen or anti-proliferative sig-
naling. The abundance of the protein is frequently
determined by post-transcriptional mechanisms in-
cluding ubiquitin-mediated proteolysis and transla-
tional control. Here, we report that the cold-inducible
RNA-binding protein (CIRP) selectively binds to the
5 untranslated region of the p27X?'" mRNA. CIRP
is induced, modified and relocalized in response to
various stress stimuli and can regulate cell survival
and cell proliferation particularly during stress. Bind-
ing of CIRP to the 5’UTR of the p27XiP' mRNA sig-
nificantly enhanced reporter translation. In cells ex-
posed to mild hypothermia, the induction of CIRP
correlated with increased translation of a p27KiP!
5'UTR reporter and with the accumulation of p27KiP?
protein. shRNA-mediated CIRP knockdown could
prevent the induction of translation. We found that
p27XiP! js central for the decreased proliferation at
lower temperature, since p27XP'" KO mouse em-
bryonic fibroblasts (MEFs) hardly increased their
doubling time in hypothermic conditions, whereas
wild-type MEFs significantly delayed proliferation
in response to cold stress. This suggests that the
CIRP-dependent p27XiP! upregulation during mild hy-
pothermia contributes to the cold shock-induced in-
hibition of cell proliferation.

INTRODUCTION

Various and in part conflicting endogenous and environ-
mental signals and cues need to be integrated into the deci-
sion of cells to either proliferate or to withdraw from the cell
cycle and enter into quiescence or terminally differentiate.
The CDK inhibitor p27¥iP! plays a central role in these pro-
cesses by controlling the CDK activation at the restriction
point in G; phase (1-3). Numerous signals impinge on p27

transcription, translation, stability or activity (1,4). Levels
of p27 are critical to permit or restrict CDK activation and
cell proliferation. Accordingly, p27 was found to be haplo-
insufficient for tumor suppression (5). Mice deficient in p27
expression are characterized by multiorgan hyperplasia and
increased body size and develop pituitary tumors sponta-
neously (6). Consistent with these observations, decreased
p27 levels can correlate with a poor prognosis in various
human cancers (1). Interestingly, a mutant p27 protein that
fails to bind CDK/cyclin complexes possesses oncogenic
properties (7).

p27 has an increasing number of CDK-independent func-
tions. It regulates microtubule stability and it can prevent
full activation of H-Ras and cell-cycle entry (6). The intrin-
sically unstructured protein influences cell migration and
invasion by interacting with RhoA and stathmin (6). Re-
cently, p27 was found to regulate transcription in a CDK-
dependent and CDK-independent manner (6,8). Elevated
levels of p27 can prevent CDK activation and cell-cycle pro-
gression (1,9). During Gy and G phase of the cell cycle, p27
binds to and regulates the activity of cyclin D/CDK4,6 and
cyclin E/CDK?2 complexes (1,10). Levels of p27 decline as
cells progress over the restriction point. Cyclin/CDK com-
plexes phosphorylate p27 on T187; the phosphorylated p27
is ubiquitinated by the SCF-Skp2 ubiquitin E3 ligase, trig-
gering its proteasomal degradation (1). This degradation of
p27 initiates a positive feedback loop that leads to robust
CDK activation (3). Usually, p27 remains unstable through-
out the remainder of the cell cycle, until CDK kinase activ-
ity declines in late mitosis, permitting the re-accumulation
of p27. The feedback loop of CDK-induced p27 degrada-
tion consolidates the irreversibility of the transition from
G, toward S phase.

Multiple signals contribute to the control of p27 levels
in G; phase (1,4). In addition to transcriptional regulation,
inactivation and degradation or cytoplasmic relocalization,
translational control can regulate the p27 threshold prior to
the restriction point passage. Interestingly, the abundance
of p27 mRNA remains frequently constant throughout the
cell cycle, whereas the rate of p27 translation is enhanced in
quiescent cells (11-13) and can promote differentiation in
various cell lines (14-16).
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Both untranslated regions (UTRs) of the p27 transcript
are targets of translational control. The 3’UTR contains
binding sites for microRNAs (miRNAs) such as miR-221
and miR-222 (17), that lead to the destabilization of the
transcript. Binding of miRNAs to the p27 transcript is mod-
ulated by RNA-binding proteins (RBPs) such as Dndl,
CPEBI and PUMI, that prevent (18,19) or facilitate (20)
the association of the miRNAsS to the target regions in the
p27 3’UTR.

The largest SUTR identified consists of 575 nt (21). Its
sequence is highly conserved in vertebrates and the human
and murine p27 5"UTRs share a sequence identity of 78%.
The 5UTR of the p27 mRNA is characterized by the pres-
ence of a conserved short upstream open reading frame
(uORF), which partially overlaps with a cell-cycle regula-
tory element (CCRE). The CCRE is needed for increased
translation of p27 during G; phase (13). The major tran-
scription start site is conserved in mice and humans and
generates a SUTR of 472 nt in human cells (22). An in-
ternal ribosome entry site (IRES) was identified preceding
the ATG start codon (16,21). However, due to cryptic pro-
moter activities, the existence of the IRES had been an issue
of debate (23-27). The p27 IRES was proposed to be re-
sponsible for impaired translation of p27 in patients with
X-linked Dyskeratosis Congenita, caused by defective ri-
bosomal RNA modification (28,29). A U-rich region (nu-
cleotides —66 to —40) is located upstream of the initiation
codon and has been demonstrated to be important for effi-
cient translation in proliferating and non-proliferating cells
(30) and represents a ribosome entry site (27). Several RBPs,
including HuR (21), PTB (24), FBP1 (31) and CUGBPI
(32) bind to this region and modulate p27 translation.

RBPs play an important role in fine-tuning gene expres-
sion. A large and diverse family of RBPs is represented
by the heterogeneous nuclear ribonucleoproteins (hnR NPs)
(33), whose members are not only involved in process-
ing pre-mRNAs into mature RNAs, but also act as trans-
factors to influence mRNA export, localization, translation
and stability (34).

We here identify cold-inducible RNA-binding protein
(CIRP) (A18 hnRNP, Cirbp) as a novel p27 mRNA-
binding protein. CIRP is composed of a conserved N-
terminal RNA binding domain and several repeats of
arginine-glycine-glycine within the C-terminal half. CIRP
was the first cold shock protein identified in mammals
(35,36). The protein becomes induced in response to mild
hypothermia (e.g. lowering the temperature to 32°C), but
not in severe hypothermia (e.g. 20°C and below). Other
stress conditions including hypoxia and UV also induce
CIRP protein expression (37-39). Stress such as UV irradi-
ation (40), oxidative stress, osmotic pressure, heat shock or
endoplasmic reticulum stress (41) can promote the translo-
cation of CIRP from the nucleus to the cytoplasm or to cy-
toplasmic stress granules.

The functions of CIRP are cell type specific and have been
linked to cellular and environmental states. In hypothermic
conditions, CIRP regulates telomerase activity (42) and ex-
erts anti-apoptotic effects in the brain (43-46); it mediates
airway inflammatory response (47) and regulates spermato-
genesis in the testis, where it is constitutively expressed (48—
50). CIRP can regulate the ERK pathway and thereby acts
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as a pro-survival factor (51,52); moreover, it is involved in
the control of the circadian rhythm (53-55). Interestingly,
CIRP can also be released from cells and promote inflam-
matory responses in shock, sepsis, or upon brain damage,
characterizing it as a damage-associated molecular pattern
molecule (56-58). In unperturbed somatic cells, CIRP is
predominantly nuclear. CIRP has been reported to bind to
the 3'UTR of target transcripts, some of which are involved
in the stress response, cell survival (40,59,60) or inflamma-
tion (47). Binding of CIRP to RPA2, TRX, ATR, HIF-1«
and inflammatory cytokine transcripts stabilizes them and
induces their translation, particularly under stress condi-
tions (47,60).

CIRP mediates a cold-inducible growth arrest of diverse
cell lines of rodent or human origin, including BALB/3T3
(35), NIH/3T3 or U20S cells (48). However, in erythropoi-
etin producing CHO cells, down regulation of CIRP failed
to rescue hypothermic growth (61). Interestingly, CIRP
knockout mice subsequently revealed that CIRP can even
promote cell proliferation in mouse germ cells and in cul-
tured mouse fibroblasts, where CIRP accelerates the G or
G- to S-phase transition (48).

Here, we report a novel pathway by which CIRP directly
regulates p27. We found that CIRP binds to the SUTR of
the p27 mRNA and enhances its translation. In mild hy-
pothermia, increased CIRP leads to enhanced p27 mRNA
translation and increased p27 protein expression in mouse
embryonic fibroblasts (MEFs) and HEK?293 cells. The in-
creased p27 slows down cell proliferation, as knockout of
p27 in MEFs prevents the cold-induced delay of cell prolif-
eration. This novel and direct link between CIRP and p27
can contribute to the anti-proliferative functions of CIRP
in hypothermic cells.

MATERIALS AND METHODS
Cell lines, cell culture and treatments

HEK?293 and HEK293T cells, MCF7 cells and MEFs (ob-
tained from Nisar P. Malek) were grown in Dulbecco’s
Modified Eagle’s Medium (Sigma) supplemented with 10%
Fetal Bovine Serum (PAA). Doxycycline (Sigma) was added
to cells at a final concentration of 1 pg/ml. MG132 (Sigma)
was added where indicated for 4-6 h at a final concentration
of 10 wM.

DNA manipulations

The CIRP coding region of the EST clone MP-
MGp800M09529Q102 (RZPD, GmbH, Berlin) was
isolated by polymerase chain reaction (PCR) and recom-
bined into pDONOR-207 (Invitrogen). Sequence verified
clones were used for LR recombination and generation
of expression clones. CIRP-NES mutants were generated
by fusing the minimal nuclear export sequence (NES) of
the HIV-1 Rev protein (CTA CCA CCG CTT GAG AGA
CTT ACT CTT) to the CIRP cDNA at the N-terminus or
at the C-terminus by PCR.

Luciferase encoding reporter plasmids under control of
the p27 UTRs or portions of these UTRs have been de-
scribed (13). The pGL rev5'UTR construct contains the in-
verted (reverse — complement) p27 SUTR (nt —1 to —575).
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The pGL N-myc construct was a kind gift from Anne Willis,
Leicester.

Generation of stable cell lines

HEK293 stable cells with tetracycline-inducible CIRP ex-
pression were generated using the Flp-In system. The CIRP
sequence was cloned into a pTO destination vector (gener-
ated by Stephan Geley) and the plasmid was cotransfected
with the pOG44 plasmid (Invitrogen) encoding the Flp re-
combinase into HEK293-Flp-In T-REXx cells. Stable Flp-In
expression cells were selected for antibiotic resistance.

For constitutive knockdown of CIRP, oligonucleotides
(listed in Supplementary Table S1) were annealed and
cloned into the BglII-HindIII site of the pENTR-THT III
Gateway vector (62) and introduced into the lentiviral des-
tination vector pHR-dest-SFFV-Puro by LR recombina-
tion. Lentiviral particles containing CIRP shRNA or con-
trol luciferase ShARNA were generated in HEK293T pack-
aging cells and used to infect target cells. Transduced cells
were selected for puromycin resistance.

RNA-protein interactions

To identify proteins binding to a 3>P-labeled full-length p27
5'UTR a northwestern screen was performed as described
(21).

For protein-mRNA immunoprecipitation, cells were
lysed in Polysome Lysis Buffer (PLB: 150 mM KCl, 5 mM
MgCl,, 20 mM HEPES-KOH at pH 7.7, 1% NP-40, 1
mM Dithiothreitol (DTT), 100 units/ml RiboLock RNase
Inhibitor, protease inhibitors). Protein G agarose beads
(Merck) were pre-swollen in PLB supplemented with 5%
bovine serum albumin and coated with antibody (FLAG
M2 antibody, Sigma, CIRBP antibody, Proteintech or nor-
mal rabbit IgG, Santa Cruz Biotechnology) overnight at
4°C. Additionally, beads were saturated with 1 mg/ml yeast
RNA before mixing with the cell lysate supernatants for IP.
IP-tubes were incubated for 2-4 h at 4°C. After extensive
washing with PLB, beads were resuspended in RLT buffer
for RNA isolation (RNeasy Mini Kit, Qiagen). The RNA
was reverse-transcribed using Maxima reverse transcriptase
(Thermo Scientific) and random hexamer primers (Thermo
Scientific). A total of 2 .l of the cDNA product were used
as template for a p27 cDNA-specific PCR (using the same
primers as for -RT PCR). PCR products were analyzed on
1.5% agarose gels.

Reporter assays

HEK293 or HEK293T cells were transfected in 24-well
plates using calciumlphosphate precipitation with 45 ng of
pGL3 reporter plasmid, 5 ng of Renilla DNA and 450
ng of control or CIRP or RBM3 encoding plasmid. Cells
were harvested 24-30 h after transfection. Vectors used for
bicistronic reporter assays have been previously described
(21). A total of 250 ng of these plasmids were transfected
along with 2.25 pg of control or CIRP expression plasmid
into HEK?293 cells grown in 6-well plates. Cells were har-
vested 24-36 h after transfection. Cell lysis and luciferase
assays were performed using the Dual-Luciferase reagent
(Promega) and a Lumat LB9501 luminometer (Berthold).

The pSP64 poly(A) vector (Promega) was used for
cloning of monocistronic and bicistronic constructs con-
taining Renilla luciferase (R luc) and/or firefly luciferase (F
luc), with or without p27 5UTR sequences upstream of the
latter. These plasmids were used for in vitro transcription
using the mMESSAGE mMACHINE SP6 kit (Ambion) to
generate capped, poly(A)+ transcripts. The mRNA was in-
cubated with TURBO DNase and purified using the RNA
Cleanup procedure of the RNeasy Mini kit (Qiagen). The
mRNA was transfected into HEK293 or HEK293T cells
using the Lipofectamine 2000 reagent (Thermo Fisher Sci-
entific). The 40 ng bicistronic RNA were transfected in 24-
well plates; for monocistronic RNA reporter assays, 20 ng
Renilla RNA and 40 ng firefly RNA were cotransfected in
24-well plates. Cells were harvested 8 h after transfection.

Quantitative RT-PCR

Total cellular RNA was prepared with the RNeasy Plus
Mini Kit (Qiagen). First strand cDNA was synthesized
from 1 pg total RNA using random hexamer primers and
Maxima Reverse transcriptase (Thermo Scientific). gPCR
was performed using the SensiFAST SYBR No-ROX Kit
(Bioline) following the manufacturer’s protocol in a Rotor-
Gene Q cycler (Qiagen) under the following conditions:
95°C 120 s; 40 cycles: 95°C 5's, 60°C 10 s, 72°C 15 s (fluo-
rescence acquisition). Relative RNA levels were calculated
based on the comparative Delta Ct method (63), applying
the formula 2€,(control-C (gene) Reqction efficiencies were es-
timated by serial dilution of cDNA: C; values were plotted
against the natural logarithm of the template concentration
and the efficiencies were calculated from the slope of the re-
gression line applying the equation E = 10C/spel.1, PCR
amplicon length was verified by agarose gel electrophoresis.
TATA-Box binding protein (TBP) mRNA was used as en-
dogenous control for normalization. Primer sequences for
amplification of TBP, p27, Fluc and (R luc are listed in Sup-
plementary Table S2.

RNA interference

RNA interference was performed by transfecting pLKO.1-
puro lentiviral vectors containing CIRP-specific shRNA
(MISSION TRC shRNA TRCNO0000017265, here abbre-
viated as shCIRP 1, and TRCNO0000017267, abbreviated
as shCIRP 2, obtained from Sigma) or scramble control
shRNA (Addgene (Cambridge, MA, USA) plasmid #1864

(64)).

Protein analysis

Western blotting was performed according to standard pro-
cedures and described before (21). Antibodies detecting
the following proteins or epitopes were used: B-tubulin
(clone AA2, Sigma-Aldrich), p27 (clone 57, BD or HRP-
conjugated p27 antibody, BD), CIRP (Proteintech), cy-
clin D3 (C-16, Santa Cruz), cyclin A (E67.1, Santa Cruz),
FLAG (M2 mouse antibody or rabbit polyclonal antibody,
Sigma-Aldrich). For quantitative analysis, Western blots
were imaged and processed with ImageQuant LAS 4000
(GE Healthcare).



Fluorescence microscopy analysis

Cells were cultured on glass coverslips, transfected and
fixed with 3% paraformaldehyde. Nuclei were stained with
Hoechst 33342. Coverslips were mounted on glass slides
with Mowiol (Sigma). Cells were examined by fluores-
cence microscopy (Axio Imager.M?2, Zeiss); pictures were
acquired using MetaVue software and processed with Im-
agel.

Proliferation assay

Wild-type (wt) MEFs and p27 knockout (~/~) MEFs were
seeded at a density of 0.5 x 10° cells/ml and grown
overnight at 37°C. Then, cells were counted and shifted to a
32°C-incubator or kept at 37°C. Cells were trypsinized and
counted at different time points. Each sample was analyzed
in triplicate using a CASY Cell Counter (Roche). The dou-
bling time was calculated with the program Roth V. 2006
<http://www.doubling-time.com/compute.php>.

Statistical analysis

The parametric Student’s unpaired two-tailed ¢ test was
used for comparison between two sample groups. The data
are presented as mean + standard deviation (SD) or stan-
dard error of the mean (SEM).

RESULTS
CIRP binds selectively to the p27 mRNA

In order to identify novel p27 mRNA binding proteins, we
hybridized a protein expression array with a radioactive la-
beled RNA probe of the full length p27 SUTR (575 nt,
Figure 1A). Bacteria expressing single human cDNAs were
spotted onto this array in duplicates and in a specific pat-
tern (21). The p27 SUTR bound to extracts of cells express-
ing the cold inducible RNA binding protein CIRP, whereas
a GAPDH control mRNA did not bind to these extracts
(Figure 1B).

In order to investigate if CIRP associates with the p27
mRNA in vivo, FLAG-tagged CIRP was immunoprecipi-
tated from MCF-7 cells. As a control, FLAG-tagged Pim1
kinase was overexpressed in MCF-7 cells and immuno-
precipitated. p27 mRNA which associated with the im-
mune precipitates was amplified by RT-PCR. The p27
mRNA could be detected in CIRP immune complexes
(Figure 1C and Supplementary Figure S1A), supporting
the hypothesis that CIRP might selectively bind to the
p27 mRNA. Interestingly, incubation at low temperature
(24 h at 32°C) increased FLAG-CIRP protein levels (Fig-
ure 1C, lower panel). This resulted in an increase of co-
immunoprecipitated p27 mRNA (Figure 1C, upper panel
and Supplementary Figure S1A).

To explore if endogenous CIRP binds to endogenous p27
mRNA, we immunoprecipitated CIRP protein from MCF-
7 cells. In these endogenous IPs, p27 mRNA co-precipitated
with CIRP (Figure 1D and Supplementary Figure S1B).
CIRP protein levels were increased by hypothermia (32°C,
24 h). Despite similar amounts of precipitated CIRP pro-
tein (due to limiting amounts of antibodies), we noticed an
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Figure 1. CIRP binds to the p27 mRNA. (A) Schematic representation of
the human p27 transcript. Regulatory elements and binding sites for pro-
teins or miRNAs are indicated. (B) Identification of CIRP as a p27 SUTR
binding factor by northwestern blot of a protein array. Shown is the autora-
diography of the nylon membrane, onto which a human protein expres-
sion library was spotted in duplicates and hybridized with a 3>P-labeled
p27 SUTR. Each cDNA-expressing clone was spotted twice and in a spe-
cific pattern. The area of the filter containing the CIRP cDNA-expressing
colonies is enlarged and the two spots detected by the p27 5UTR probe
are encircled. The membrane was stripped and hybridized with a con-
trol 32P-labeled GAPDH mRNA. (C) p27 mRNA is immunoprecipitated
with FLAG-tagged CIRP. MCF-7 cells were transfected to express FLAG-
CIRP and incubated at 32 or 37°C. CIRP was immunoprecipitated with
mouse anti-FLAG antibodies. As control, FLAG-tagged Pim1 was precip-
itated. Upper panel: p27 mRNA co-immunoprecipitated with FLAG-IPs
was recovered from the immunoprecipitates, subjected to reverse transcrip-
tion and the p27 cDNA was amplified by PCR (33 cycles) and separated
on an agarose gel. Lower panel: the immunoprecipitation was monitored
in western blots of the supernatant (S) and the immunoprecipitated pel-
let (P) using rabbit anti-FLAG antibodies. (D) Endogenous p27 mRNA
binds to endogenous CIRP. CIRP protein was immunoprecipitated from
MCEF-7 cells grown at either 37 or 32°C. Cell extracts were incubated with
polyclonal CIRP antibodies or normal rabbit IgG as control. Upper panel:
co-immunoprecipitated mRNA was recovered from the immunoprecipi-
tates, subjected to reverse transcription and the p27 cDNA was amplified
by PCR (33 cycles) and separated on an agarose gel. Lower panel: CIRP
immunoprecipitation was monitored by western blots of the supernatant
(S) and the immunoprecipitated pellet (P).

increase of co-precipitated p27 mRNA at low temperature,
which might reflect improved binding of the p27 transcript
to CIRP. Since the assay is not quantitative, further studies
need to confirm the enhanced CIRP/p27 mRNA binding
at low temperature and determine the potential molecular
mechanisms.
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CIRP increases p27 5’UTR-mediated translation

CIRP has been proposed to function as an RNA chaper-
one and to facilitate translation, especially at low tempera-
tures (37). We therefore wished to determine if CIRP bind-
ing to the p27 mRNA might alter its translation. We used
pGL3-derived luciferase reporter plasmids, where the lu-
ciferase coding region was inserted either downstream of
the p27 SUTR or upstream of the p27 3’'UTR or in combi-
nation with both UTR sequences (Figure 2A). These plas-
mids were cotransfected with a CIRP expression vector or
the empty control vector. Increasing amounts of transfected
CIRP vector resulted in increased CIRP protein expression
(Figure 2C). CIRP expression led to a stimulation of re-
porter translation in the presence of the p27 SUTR and
this stimulation was dose-dependent (Figure 2B). No in-
crease in reporter translation was observed for the pGL3-
control plasmid, whereas CIRP enhanced the expression
of the pGLSYUTR reporter (by a factor of 1.9, when ad-
justed to the inhibitory effect of CIRP on pGL3-control)
(Figure 2D). A similar increase of reporter translation oc-
curred in the presence of both p27 UTRs, whereas the
p27 3UTR did not significantly alter reporter translation
(Figure 2D). These data support the hypothesis that CIRP
stimulates p27 SUTR-mediated translation. To exclude po-
tential transcriptional effects, we determined the luciferase
mRNA levels by quantitative RT-PCR. Cells were trans-
fected with pGL3c and pGL5' UTR in presence or absence
of CIRP and relative luciferase activity was adjusted for
reporter mRNA levels. The normalized reporter activity
of pGLSUTR was significantly induced by CIRP (Figure
2E). This experiment demonstrates that CIRP stimulates
pGLS'UTR reporter expression post-transcriptionally and
does not alter mRNA stability.

To investigate the specificity of CIRP-induced reporter
regulation, we employed the reverse—complement p27
5'UTR sequence (revS'UTR) or the N-myc SUTR in re-
porter assays. The revS'UTR sequence with the same length
as p27 SUTR (575 nt) contains three ATGs, one of which
is located at position [-357 —355] and has an in-frame stop
codon at position [—114 —112]. Both, the wt and the rev
5'UTR are predicted to form secondary structures with sim-
ilarly low folding free energy (structure prediction using the
program mfold, data not shown). Whereas CIRP stimu-
lated the p27 5UTR-mediated reporter translation, over-
expressed CIRP did not significantly increase reporter ex-
pression in the presence of the inverted p27 5UTR (Figure
2F). The N-myc Y UTR of 317 nt contains another IRES
element (65). Consistent with earlier observations using a
dicistronic vector (65), the N-myc 5UTR increased expres-
sion of the reporter. Co-expression of CIRP did not signif-
icantly alter reporter expression (Figure 2F).

The cold shock-, RNA binding-protein RBM3 (RNA-
binding motif protein 3) is a paralog of CIRP with high
sequence homology especially within the RNA-binding do-
main (74% amino acid identity). Both proteins are induced
upon cold shock (66) or low oxygen (39). To investigate if
RBM3 can also regulate p27 translation, we transfected in-
creasing amounts of RBM3 encoding expression plasmids.
Increased transfected vector led to increased RBM3 pro-
tein expression (Figure 2H). Similar to CIRP, RBM3 could

also enhance reporter translation in the presence of the p27
S'UTR (Figure 2G).

CIRP regulates p27 expression in vivo

CIRP is induced by a number of stress pathways includ-
ing cold, hypoxia, UVB, UVC, cisplatin or the neurotoxin
domoic acid (35,38,39,67,68). Depending on the cell type
and stress stimulus, activation of CIRP can promote or at-
tenuate cell proliferation (35,48,52,60,61,69-71). The differ-
ent response of cell lines to CIRP does not always corre-
late with the levels of CIRP, p27 or other cell-cycle regu-
latory proteins (48). Since CIRP can bind the p27 mRNA
and enhance reporter translation, we wished to determine if
induced CIRP expression increases p27 expression. To ex-
clude the potential influence of other stress-induced factors
on p27, we generated a HEK293 cell line where CIRP ex-
pression could be induced by doxycycline. Consistent with
the reporter translation in transient transfection assays, the
induction of CIRP by doxycycline caused an increase in p27
protein expression (Figure 3A). Increased p27 protein levels
might originate from increased mRNA transcription, trans-
lation or increased p27 stability. The stability of p27 is en-
hanced in G arrested cells (11,72). However, induction of
CIRP led only to a minor increase (1-3%) in cells in G,
phase following up to six days of CIRP induction (Sup-
plementary Figure S2). This indicated that the increase in
p27 protein is not caused by cells accumulating in the G
phase of the cell cycle. To investigate a potential contribu-
tion of proteasomal degradation of p27, we repeated the ex-
periment in presence of the proteasome inhibitor MG132.
If CIRP would impair p27 proteasomal degradation, the
protein should accumulate to similar levels in presence of
MGI132. However, MG132 increased the level of p27 in
both, the absence or presence of doxycycline and p27 lev-
els were still increased following induction of CIRP (Fig-
ure 3B). This excludes inhibition of p27 proteasomal degra-
dation as a potential cause of the CIRP-mediated upregu-
lation of p27. Alternatively, CIRP might induce transcrip-
tion of p27 or stabilize the p27 mRNA. We therefore de-
termined the abundance of the p27 mRNA by quantita-
tive RT-PCR. Doxycycline-mediated CIRP expression did
not increase p27 mRNA level, but rather slightly reduced it
(Figure 3C). These data support the model that CIRP over-
expression can induce p27 expression in HEK293 cells by
enhancing its translation.

To evaluate the role of endogenous CIRP on p27 ex-
pression in the absence of stress, we performed a num-
ber of knockdown experiments and obtained mixed results.
In most experiments, transient knockdown of CIRP by
transfection of lentiviral derived plasmids expressing CIRP-
shRNA led to a reduction of p27 expression in MCF-7 cells
(Figure 3D) or HEK 293 cells (Supplementary Figure S3A),
consistent with the hypothesis that CIRP promotes p27
translation. In other experiments however we observed no
regulation or even an increase in p27 upon transient deple-
tion of CIRP by shRNA, siRNA or doxycycline-inducible
shRNA expression in an HRT-18 stable cell line (Supple-
mentary Figure S3B and C).

It had been reported previously that CIRP~/~ MEF cell
lines proliferate faster when CIRP is reintroduced, and it
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Figure 2. CIRP enhances p27 5UTR-mediated translation. (A) Reporter plasmids used for luciferase assays. The p27 5UTR and 3’UTR were inserted
upstream or downstream of the F luc coding region (gray box) as indicated in the pGL3-control plasmid. The open box represents the SV40 promoter.
(B and C) HEK?293 cells were transfected with reporter plasmid pGL3-control or pGL5'UTR, different amounts of CIRP expression plasmid or empty
control plasmid, and Renilla luciferase as a normalization control. Each sample was trypsinized and divided into two portions for subsequent luciferase
activity measurement (B) or western blot analysis (C). Relative luciferase activity (RLU) was calculated as ratio of firefly and Renilla light units; the
ratio for pGL3c was adjusted to 1 for comparison. -tubulin was monitored as loading control in the western blot. (D) HEK293T cells were transfected
with reporter plasmid, CIRP or empty control plasmid and Renilla luciferase expression plasmid. The ratio of firefly and Renilla luciferase activities was
calculated (RLU). The ratio for pGL3c¢/control was adjusted to 1. Data are shown as mean + SD, n = 3 independent experiments. Unpaired two-tailed
t-test was used to compare the average RLU of the different reporter constructs in absence or presence of overexpressed CIRP: *P < 0.05, **P < 0.01.
(E) HEK293 cells were transfected with reporter plasmid, CIRP or empty control plasmid and Renilla luciferase. Luciferase activities and luciferase RNA
levels were determined. The relative luciferase activity (RLU, ratio of firefly and Renilla luciferase activities) was adjusted to the relative mRNA level (firefly
RNA levels were determined using Renilla RNA as normalization control). The normalized RLU of pGL5'UTR in absence or presence of overexpressed
CIRP was compared to pGL3c and pGL5 UTR /control was set to 1. Shown is the mean & SD, n = 3 independent experiments. *P < 0.05. (F) HEK293
cells were transfected with reporter plasmids containing different UTRs upstream of the F luc coding region, CIRP or empty control plasmid and Renilla
luciferase. pGLrev5’UTR contains the reverse-complement p27 5UTR upstream of F /uc, and pGL N-myc contains the 317 nt N-myc IRES sequence
upstream of Fluc. RLU was calculated as described above (B). The ratio for pGL3c/control was set to 1. Data are shown as mean + SD, n = 3 independent
experiments. *P < 0.05, **P < 0.01. (G and H) HEK293 cells were transfected with pGL3-control or pGL5'UTR, increasing amounts of FLAG-RBM3
or empty control plasmid and Renilla luciferase as a normalization control. Samples were prepared and analysed as described above (B, C).
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Figure 3. Expression of CIRP can induce p27. (A) A HEK293 cell line
where CIRP expression can be induced by doxycycline was generated.
Doxycycline (Dox) was added to proliferating HEK293-CIRP cells to the
final concentration of 1 pg/ml for 48 h. Induced CIRP, p27 and tubu-
lin were monitored using immunoblot analysis of protein extracts. (B)
HEK?293-CIRP inducible cells were treated with doxycycline to induce
CIRP as described in (A) and with 10 uM MG132 or DMSO as solvent
control for 5 h. Expression of CIRP, p27 and 3-tubulin was analyzed by im-
munoblotting. (C) Total RNA was isolated from HEK293-CIRP inducible
cells grown for 48 h in the absence or presence of doxycycline and p27
mRNA was quantified by gPCR. Shown is the mean of three experiments
with error bars representing the SD. (D) Immunoblot analysis of MCF7
cells transfected with lentiviral plasmids expressing scramble shRNA or
CIRP targeting shRNA; transfected cells were selected with puromycin for
5 days before harvesting. (E) HEK293T cell lines stably expressing CIRP
shRNA or Fluc shRNA were generated by lentiviral transduction and se-
lection of infected cells. Immunoblot analysis of these cell lines is shown.
(F) HEK293T cells were transfected with firefly reporter plasmids contain-
ing p27 UTRs, scramble shRNA or CIRP shRNA encoding plasmid and
Renilla luciferase and were harvested after 44-48 h. Relative luciferase ac-
tivity (RLU) was determined as ratio of firefly and Renilla luciferase ac-
tivities; pGL3c activity was adjusted to 1 for comparison. Data are shown
as mean =+ SD, n = 4 independent experiments. Unpaired two-tailed #-test
was used to compare the average RLU of the different reporter constructs
in the presence of scramble or CIRP shRNA: *P < 0.05, **P < 0.01.

was proposed that decreased p27 causes this acceleration
(48). We did not see a consistent variation of p27 expression
levels in CIRP~/~ MEFs compared to wt MEFs (data not
shown). Using lentiviral transduction we generated and se-
lected CIRP-specific ShRNA- or control luciferase shRNA-

expressing HEK293T cells. In these cells, reduced CIRP
protein correlated with increased p27 protein (Figure 3E).
These apparently inconsistent data might be explained
by the complex role of CIRP by binding to many differ-
ent mRNAs or by its differential localization in the nu-
cleus, cytoplasm and stress granules (41,73). CIRP may also
regulate proteins, including Mirk/Dyrk1b (48) and Erkl1/2
(70), that alter p27 expression by multiple pathways. To in-
vestigate if translation is affected by CIRP depletion, we
analyzed luciferase activity in cells coexpressing reporter
constructs containing p27 UTRs and CIRP shRNA or
control shRNA, thereby restricting the analysis on trans-
lation and excluding post-translational regulation of p27.
shRNA-mediated CIRP knockdown reproducibly reduced
the activity of pGLSYUTR and pGL5+3'UTR, support-
ing the hypothesis that CIRP downregulation decreases p27
translation even in the absence of stress (Figure 3F).

CIRP enhances translation of a bicistronic reporter but fails
to regulate translation of transfected mRINA

To further characterize the CIRP-dependent enhanced
translation of p27, we used bicistronic reporter plasmids.
These plasmids encode the Renilla and the F luc on a sin-
gle mRNA transcript. The p27 SUTR contains an IRES
that can induce translation of a downstream open read-
ing frame (ORF) of a bicistronic transcript (16,21,25). Two
IRES-containing fragments of the p27 SUTR (Ad, —417 to
—3 and Ae, —356 to —3; Figure 4A) were cloned between
these cistrons. The full length SUTR of p27 was not an-
alyzed because it contains a cryptic promoter activity that
can be detected in northern blots (21). Using this bicistronic
expression system, we found that CIRP could strongly en-
hance translation of the downstream ORF in the presence
of p27 5UTR sequences in the intercistronic region (Figure
4B). In addition, we used a second plasmid that contains
a stable palindrome sequence inserted upstream of the Re-
nilla luciferase ORF (phpRF), generating a stable hairpin
that inhibits cap-dependent translation. This inhibited Re-
nilla luciferase translation, but presence of the intracistronic
p27 5UTR rendered the downstream F luc translation re-
sistant to this hairpin (21). Under these conditions, CIRP
could stimulate translation of the downstream cistron; how-
ever the increase was weaker than in the absence of the hair-
pin (Figure 4C). These data confirm that CIRP can act as
a positive regulator of p27 translation and indicate that it
might promote p27 cap-independent translation initiation.

The bicistronic reporter constructs used in the experi-
ments described above have been scrutinized because they
may harbor intrinsic promoter activities (23,26). In fact,
deleting the SV40 promoter from the pRF backbone re-
sulted in a much stronger reduction of the Renilla reporter
activity than the firefly reporter activity, supporting the hy-
pothesis that there might be a cryptic promoter activity
in the Renilla ORF or in the p27 YUTR (MK, data not
shown). To exclude the problem of potential weak cryp-
tic promoters, we performed RNA transfection experiments
using in vitro synthesized capped RNAs (Figure 4D and
G). One potential disadvantage of this technique is that
mRNA-binding proteins can not sequentially associate co-
transcriptionally with the mRNA and that the isolated
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Figure 4. CIRP can enhance translation of a downstream cistron of a bi-
cistronic mRNA. (A) Bicistronic reporter plasmids used for luciferase as-
says. The p27 SUTR Ad and Ae fragments or a fragment of the GAPDH
coding sequence were inserted in the intercistronic region of pRF and ph-
pRF plasmids. These plasmids contain the Renilla (R luc, light gray box)
and the firefly (F luc, dark gray box) luciferase coding regions under a
single SV40 promoter (open box). (B and C) HEK293 cells were trans-
fected with pRF (B) or phpRF (C) and CIRP or empty control plasmid.
The ratio of firefly and Renilla luciferase activities was calculated and is
shown relative to pRF or phpRF-GAPDH activity. Data are shown as
mean + SD, n = 3 independent experiments. *P < 0.05, **P < 0.01. (D)
Schematic representation of in vitro transcribed, capped and polyadeny-
lated bicistronic reporter mRNAs that were used for luciferase assays.
The full length p27 5 UTR, the Ac fragment or a fragment with reverse-
complementary Ac sequence (rev Ac) were inserted in the intercistronic
region of the RF RNA construct. (E) HEK293-CIRP inducible cells were
grown in the absence or presence of doxycycline for 24 h before transfection
with bicistronic reporter RNAs. Cells were harvested 8 h after transfec-
tion and firefly and Renilla luciferase activities were determined. The ratio
of Fluc and R luc activities was calculated and expressed relative to RF-
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mRNA is transfected in the cytoplasm, where some nu-
clear RBPs may not be able to bind. Bicistronic luciferase
reporter mRNAs containing p27 SUTR fragments were
transfected into HEK293-CIRP cells. This cell line was gen-
erated to express a doxycycline-inducible CIRP. Bicistronic
translation was quantified based on Renilla and firefly lu-
ciferase activities. Similar to previous observations in breast
cancer cell lines (25,27), the p27 SUTR strongly stimu-
lated translation of the downstream cistron. The full length
5'UTR led to a 8- to 12-fold increase in the firefly/ Renilla
luciferase activity ratio, and the truncated 461 nt IRES frag-
ment Ac led to a 5- to 8-fold increase in the firefly/ Renilla
ratio (Figure 4E). This increase in translation supports the
finding of an IRES in the p27 SUTR. The reverse comple-
mented Ac fragment (rev Ac) was inserted as a control; its
presence in the intercistronic region did not stimulate trans-
lation but rather slightly reduced firefly translation (Figure
4E). Surprisingly, induction of CIRP by doxycycline failed
to further stimulate F luc translation (Figure 4E). Incuba-
tion of the cells at 32°C to induce endogenous CIRP expres-
sion did also not significantly alter p27 5 UTR-mediated re-
porter translation (Supplementary Figure S4A). In a sec-
ond experiment, we tested if knockdown of CIRP using
shRNA might impair bicistronic RNA translation. We em-
ployed HEK?293 cells that had been transfected with CIRP
shRNA or scramble shRNA 42 h before mRNA transfec-
tion. Transient knockdown of CIRP could only slightly re-
duce bicistronic translation driven from the p27 5UTR or
the Ac fragment, but a similar reduction (about 15%) was
observed for the rev Ac fragment (Figure 4F). Two differ-
ent CIRP-targeting shRNAs had similar effects on reporter
translation (Supplementary Figure S4B) and both reduced
CIRP protein levels (Supplementary Figure S4D).

Lack of strong regulation of transfected mRNA by CIRP
might be specific for bicistronic plasmids or be a general
property of transfected mRNA molecules, especially if they
contain strong secondary structures as predicted for the
p27 SUTR. To test this hypothesis, we generated mono-
cistronic RNAs containing the p27 5UTR or Ac fragment
upstream of the F luc coding sequence (Figure 4G). The

untreated samples. Data represent the mean + SEM, n = 6 independent
experiments. (F) HEK293 cells were transfected with plasmids encoding
scramble shRNA or CIRP-specific shRNA 40 h before transfection with
bicistronic reporter RNAs; puromycin was added to a 1 wg/ml concentra-
tion 24 h after shRNA transfection to inhibit the growth of non-trasfected
cells. The ratio of F luc and R luc activities was determined and expressed
relative to RF. Data are shown as mean &+ SD, n = 4 independent exper-
iments. (G) Schematic representation of monocistronic reporter mRNAs.
The full length p27 5UTR and the Ac fragment were inserted upstream
of the F luc coding sequence. The mRNA was in vitro transcribed, capped
and polyadenylated. (H) HEK293-CIRP inducible cells were grown in the
absence or presence of doxycycline for 24 h before transfection with fire-
fly reporter RNA constructs and Renilla luciferase mRNA. The ratio of F
luc and Renilla luciferase activities was calculated and expressed relative
to firefly (F) control untreated samples. The data represent the mean £+ SD
of n = 4 independent experiments. (I) HEK293 cells were transfected with
plasmids encoding scramble or CIRP-specific SiRNA 40 h before trans-
fection with monocistronic reporter RNAs; puromycin was added to the
culture medium as described for (F). Cells were harvested 8 h after RNA
transfection. The ratio of F luc and Renilla luciferase activities was deter-
mined and expressed relative to firefly (F) control. Data are shown as mean
+ SD, n = 4 independent experiments.
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monocistronic RNA reporter assays in HEK293-CIRP in-
ducible cells revealed a slightly inhibitory effect of the full
length p27 S UTR on reporter translation. A shorter S UTR
fragment Ac, lacking a functional uORF, could stimulate
translation 2.5-fold (Figure 4H). Still, CIRP overexpres-
sion by doxycycline addition did not alter F luc activity,
neither in presence of the p27 5UTR nor in presence of
the Ac fragment, compared to the untreated controls (Fig-
ure 4H). To investigate whether the absence of regulation
by CIRP might be caused by already abundant endoge-
nous CIRP, these experiments were repeated in HEK293
cells previously transfected with CIRP shRNA or scram-
ble shRNA. Translation of monocistronic reporter RNAs
containing p27 5YUTRs was not affected by CIRP knock-
down (Figure 41 and Supplementary Figure S4C), indicat-
ing that CIRP cannot stimulate translation of transfected
mRNAs containing p27 SUTR sequences. These experi-
ments can be explained by the hypothesis that nuclear or co-
transcriptional mRNA-protein complex assembly may be
essential for CIRP-mediated translational regulation of p27
5'UTR- containing mRNAs. It may however also be that
transfection of the isolated highly structured p27 SUTR
mRNA prevents protein binding and fails to unfold in the
cytoplasm.

Cytoplasmic CIRP mutants cannot stimulate p27 5UTR-
mediated translation

CIRP is mainly localized in the nucleus of most cell types,
except frog oocytes (74) and mouse round spermatids (50)
where it was found cytoplasmic. The protein can shuttle
between nucleus and cytoplasm (41,75). RNA transfection
experiments (see Figure 4) suggested the possibility that
the site of loading of CIRP on the p27 mRNA might be
important to permit CIRP to regulate p27 translation. To
investigate if cytoplasmic CIRP can alter p27 translation,
we generated a cytoplasmic mutant of CIRP by adding a
nine amino acids NES to the N-terminus or C-terminus
of CIRP cDNA. When expressed in HEK293T cells, the
EYFP-CIRP fusion protein was mostly nuclear, whereas the
EYFP-NES-CIRP protein was predominantly found in the
cytoplasm (Figure SA). Of note, in over 50% of the cells the
fusion protein accumulated in cytoplasmic foci, likely rep-
resenting stress granules (identified by positive TIA-1 co-
staining; data not shown). If CIRP needs to interact with
p27 SUTR in the nucleus to stimulate p27 translation, then
a predominantly cytoplasmic mutant might be incapable to
regulate a reporter gene containing p27 SUTR. Luciferase
reporter assays revealed that the CIRP-NES mutant was
unable to alter reporter translation, whereas the wt CIRP
significantly enhanced pGLYUTR reporter activity when
compared to the control (Figure 5B). These data support
the model that CIRP must interact with the p27 mRNA al-
ready in the nucleus in order to regulate p27 translation.

CIRP stimulates p27 translation in mild hypothermia

Mild hypothermic conditions of 32 to 33°C lead to a reduc-
tion of metabolic activity and to a decrease of cell prolif-
eration and a rapid induction of CIRP (37). Cells accumu-
late in response to mild cold shock mainly in the G| phase
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Figure 5. Cytoplasmic CIRP mutants fail to regulate reporter translation
via p27 5UTR. (A) Microscopy analysis of HEK293T cells overexpress-
ing EYFP-tagged wt and NES-mutants of CIRP. The NES was inserted
either at the C-terminus (CIRP-NES) or at the N-terminus (NES-CIRP)
of CIRP. Cells were fixed and CIRP localization was analyzed by fluo-
rescence microscopy. Nuclei were stained with Hoechst (blue). Scale bar:
20 pm. (B) HEK293 cells were transfected with pGL3c or pGL5 UTR, a
control plasmid encoding EYFP or wt CIRP or CIRP-NES mutant, and
Renilla luciferase for normalization. Relative luciferase activity (RLU) was
calculated as ratio of firefly and Renilla luciferase activities; pGL3c/control
activity was adjusted to 1. Data are shown as mean + SD, n = 3 inde-
pendent experiments. Unpaired two-tailed 7-test was used to compare the
average RLU of pGL5'UTR in the absence or presence of overexpressed
CIRP-NES mutant or wt CIRP: *P < 0.05, **P < 0.01.

of the cell cycle (37). If CIRP stimulates p27 translation,
it should induce p27 expression and p27 could mediate the
cell-cycle delay. Interestingly, we observed that p27 protein
levels were increased when CIRP was induced in MEFs fol-
lowing mild hypothermia of 24, 48 or 72 h. Whereas cyclin
D3 level remained largely unchanged, cyclin A level slowly
declined, indicating reduced S-phase cells (Figure 6A). Sim-
ilarly to MEFs, HEK 293 cells induced CIRP and p27 upon
cold shock (Figure 6B). In order to investigate whether p27
translation was induced during mild hypothermia, we em-
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Figure 6. CIRP induces p27 translation in mild hypothermia. (A) MEFs
were grown at 37°C (control, normothermia) or incubated at 32°C (mild
hypothermia) for the times indicated. The expression of p27, CIRP, cyclin
D3, cyclin A and B-tubulin was determined by western blot. (B) HEK293
cells were moved to 32°C and incubated for 40 h. Protein extracts from
these cells or cells grown at 37°C were subjected to immunoblot analy-
sis for CIRP, p27 and B-tubulin. (C) HEK293 cells were transfected with
CIRP shRNA or scramble shRNA expression plasmids, luciferase reporter
plasmids (depicted in Figure 2A) and Renilla luciferase for normalization
control. 25 h after transfection, one aliquot of cells was incubated at 32°C
for additional 25 h. Relative luciferase activity (RLU) was determined as
ratio of firefly and Renilla luciferase activities and normalized for the activ-
ity of pGL3-control. One representative experiment out of four is shown.
(D) Average doubling time of wt MEFs and p27~/~ MEFs grown at 37
or 32°C. Wt MEFs and p27~/~ MEFs were seeded and their proliferation
was followed by counting the cells at timepoints starting 5-10 h after shift-
ing to the lower temperature incubator and for 72 h. Cell numbers obtained
during the exponential growth phase were used to calculate the doubling
time. Data are shown as mean + SEM, n = 5 independent experiments.
Unpaired two-tailed #-test was used to compare the average doubling time
of MEFs at 37°C and at 32°C and of p27~/~ MEFs at 37°C and at 32°C;
*P < 0.05, **P < 0.01, ***P < 0.001. The difference between the average
doubling time of MEFs at 32°C and p27~/~ MEFs at 32°C is also sta-
tistically significant, based on the same test. A representative immunoblot
analysis of these cells is shown (right panels). Cells were collected after 8 h
at 32°C and the expression of p27, CIRP, cyclin D3, cyclin A and B-tubulin
was determined.
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ployed reporter assays and CIRP knockdown under mild
hypothermic conditions. Luciferase reporter translation by
the p27 5UTR was stronger enhanced at 32°C than at 37°C.
Importantly, this stimulation was diminished by knock-
down of CIRP using two separate shRNAs (Figure 6C). In
contrast, reporter translation by the p27 3’UTR remained
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unchanged in mild cold shock and in presence or absence of
CIRP (Figure 6C). These data support the hypothesis that
CIRP causes increased p27 translation in mild hypother-
mia. This increase is mediated by the p27 SUTR and not
by its 3’UTR. Similarly, pGL5UTR reporter translation
was enhanced in Hela cells grown at 32°C (Supplemen-
tary Figure S5A). We also analyzed p27 synthesis at 37 or
32°C in pulse labeling experiments with 3°*S-methionine and
33S-cysteine. Cells were incubated with control sShRNA or
CIRP shRNA. Immunoprecipitation and autoradiography
of newly synthesized 3°S-labeled p27 protein revealed in-
creased p27 synthesis at 32°C (Supplementary Figure S5B
and C). Importantly, the induction of p27 at 32°C was abro-
gated by CIRP shRNA, demonstrating that CIRP is a key
protein inducing p27 synthesis in mild hypothermic condi-
tions (Supplementary Figure S5B).

To determine the physiological role of the induction of
p27 upon cold shock, we compared the proliferation of
p27-knockout (p27—/~) MEFs with wt MEFs at 37°C and
in mild cold shock. Whereas wt MEFs significantly re-
duced their proliferation rate in mild cold shock (1.7 fold),
p27~/~ MEFs showed only a minor reduction of prolifera-
tion (1.2-fold). Especially under mild hypothermic condi-
tions, p27~/~ MEFs proliferated significantly faster than
wt MEFs (Figure 6D). This indicates that p27 is, at least
in part, responsible for the cold-induced reduction of cell
proliferation. Interestingly, binding of the p27 transcript to
CIRP seemed to be enhanced in mild hypothermia (Figure
1C), which might contribute to the regulation of p27 trans-
lation by CIRP.

DISCUSSION

We report here that the cold-inducible RBP CIRP binds
to the SUTR of the p27 mRNA. Using reporter plasmids,
we demonstrate that binding of CIRP to the SUTR en-
hances reporter translation. Interestingly, binding of CIRP
to the p27 mRNA appears to be enhanced in mild hypother-
mic conditions. Under these conditions, we also observe
a CIRP-dependent increase in reporter translation and an
accumulation of p27 protein. We conclude therefore that
CIRP-mediated enhanced translation of the p27 mRNA
can contribute to the accumulation of p27 in mild hypother-
mia. This may be of significant physiological relevance,
since p27 is able to delay cell proliferation of murine em-
bryonic fibroblasts in mild hypothermic conditions, whereas
MEFs lacking p27 largely abolish the cold-induced delay of
cell proliferation.

The determination of a transcript-specific function of
RBPs can be challenging since these proteins frequently
interact with a large number of RNAs and evoke com-
plex physiological responses. While reporter assays demon-
strated that CIRP enhances p27 5UTR-mediated trans-
lation, the analysis of the physiological consequences of
CIRP knockdown on p27 and cell-cycle progression is more
complex. Knockdown of CIRP always resulted in decreased
reporter translation, but resulted not always in decreased
p27 protein levels. There are a number of potential causes
that might explain these observations. First, CIRP is sub-
ject to post-translational modifications including arginine
methylation and phosphorylation (41,59) and is recruited to
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stress granules in response to stress or upon overexpression
(41,76). CIRP might regulate target transcripts by recruit-
ing or releasing them into or from stress granules. In fact, we
have observed that the p27 mRNA and CIRP can colocal-
ize in stress granules following arsenic stress, indicating that
CIRP might also recruit the p27 mRNA to stress granules
(our unpublished data). Second, CIRP can regulate proteins
involved in pathways modulating p27 stability, thereby in-
directly regulating p27. It was described that direct binding
of Mirk/Dyrkl1b kinase by CIRP stimulates proliferation
of immature germ cells. This interaction directly regulates
p27, as it prevents p27 phosphorylation by Mirk/Dyrklb
kinase and eventually reduces p27 stability and expression
(48). In addition, CIRP was shown to activate the Erk path-
way (51,52,70), which controls cell proliferation by modu-
lating key cell-cycle regulators including p27. Furthermore,
CIRP might act through the regulation of additional factors
that alter p27 transcription, mR NA stability, translation, or
its activity or stability. Of note, it was reported earlier that
CIRP can bind to a large number of transcripts (49,54,55),
including mRNAs that encode other cell-cycle regulatory
proteins (54). Regulation of cyclin E1 (76) and cyclin D1
(48,70) by CIRP was reported. These proteins can bind to
p27 and alter its stability. Hence, reporter assays represent
an option to separate translational control of p27 by CIRP
from potential alternative direct or indirect pathways con-
trolling p27. Finally, additional p27 mRNA-binding pro-
teins might compete with CIRP for p27 mRNA binding, es-
pecially in the absence of stress. Of note, hypothermia seems
to induce the CIRP/p27 mRNA binding.

The cell type and context-specific outcome of CIRP de-
pletion or knockout on cell proliferation had been observed
and discussed earlier, when it was found that CIRP can ei-
ther prevent or promote cell proliferation (48). One criti-
cal factor that could contribute to these opposing conse-
quences on cell proliferation following CIRP deletion could
be p27, where CIRP impinges on several pathways of p27
regulation.

Whereas CIRP has been described to alter protein expres-
sion by binding to the 3'UTR of mRNAs, where it can stabi-
lize the transcripts (40,59,60), only one study reported bind-
ing of CIRP to both 5" and 3'UTRs of a transcript, Prm2
(49). The p27 mRNA is the first transcript where CIRP
binding to the UTR seems sufficient to alter translation.
Binding may involve multiple binding sites like for the cy-
clin EmRNA, where CIRP binding was found to take place
in the 3’UTR and in the coding region (76). U-rich regions
were proposed to preferentially bind CIRP (35,49), in ad-
dition to a 51-nucleotides signature motif in 3’ UTRs (77)
or an 8§ nt-motif in CIRP-binding clusters that are located
in exonic regions, especially coding sequence and 3’UTR
(55). Other studies failed to identify CIR P-specific sequence
motifs and proposed that structural motifs or other posi-
tional determinants confer binding specificity (54). We also
tried to map a CIRP binding site(s) using an array of 5
and 3’ truncations of the p27 SUTR (13), but found that
deletions from both ends of the p27 SUTR reduced CIRP-
dependent regulation of the reporter. The only fragment
of the YUTR that could be deleted included 100 nt of the
very 5’ end containing the CCRE and the uORF (data not
shown). This indicates that the integrity of the structure of

the 5UTR, the presence of multiple binding sites, or bind-
ing of CIRP-interacting proteins to the p27 mRNA might
determine CIRP binding to the p27 transcript.

We have shown here that CIRP induces p27 translation
especially in mild hypothermic conditions. Under these con-
ditions, we did not observe stress granules formation (data
not shown). Initial experiments indicate that CIRP recruit-
ment into stress granules leads to the colocalization of the
p27 mRNA and reduced p27 translation (our unpublished
data). It will be interesting to determine the molecular basis
for this regulation in the future.
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