Published online 15 December 2015 Nucleic Acids Research, 2016, Vol. 44, No. 2 761-775

doi: 10.1093/narlgkvi465

Cold-inducible RNA-binding protein CIRP/hnRNP A18
regulates telomerase activity in a
temperature-dependent manner

Youwei Zhang':2, Yangxiu Wu', Pingsu Mao', Feng Li', Xin Han', Yi Zhang?, Shuai Jiang’',
Yuxi Chen', Junjiu Huang', Dan Liu3, Yong Zhao', Wenbin Ma'-2” and Zhou Songyang'-23"

'Key Laboratory of Gene Engineering of the Ministry of Education, State Key Laboratory of Biocontrol, School of Life
Sciences, Sun Yat-sen University, Guangzhou 510006, China, 2Collaborative Innovation Center for Cancer Medicine,
Institute of Healthy Aging Research, Sun Yat-sen University, Guangzhou 510006, China and 3Verna and Marrs

Mclean Department of Biochemistry and Molecular Biology, Baylor College of Medicine, One Baylor Plaza, Houston,

TX 77030, USA

Received March 16, 2015; Revised November 26, 2015; Accepted December 01, 2015

ABSTRACT

The telomerase is responsible for adding telomeric
repeats to chromosomal ends and consists of the
reverse transcriptase TERT and the RNA subunit
TERC. The expression and activity of the telom-
erase are tightly regulated, and aberrant activation
of the telomerase has been observed in >85% of hu-
man cancers. To better understand telomerase regu-
lation, we performed immunoprecipitations coupled
with mass spectrometry (IP-MS) and identified cold
inducible RNA-binding protein (CIRP or hnRNP A18)
as a telomerase-interacting factor. We have found
that CIRP is necessary to maintain telomerase activ-
ities at both 32°C and 37°C. Furthermore, inhibition
of CIRP by CRISPR-Cas9 or siRNA knockdown led to
reduced telomerase activities and shortened telom-
ere length, suggesting an important role of CIRP
in telomere maintenance. We also provide evidence
here that CIRP associates with the active telomerase
complex through direct binding of TERC and regu-
lates Cajal body localization of the telomerase. In ad-
dition, CIRP regulates the level of TERT mRNAs. At
the lower temperature, TERT mRNA is upregulated
in a CIRP-dependent manner to compensate for re-
duced telomerase activities. Taken together, these
findings highlight the dual roles that CIRP plays in
regulating TERT and TERC, and reveal a new class
of telomerase modulators in response to hypother-
mia conditions.

INTRODUCTION

Mammalian telomeres consist of tandem repeats of 5'-
TTAGGG-3' and are essential terminal structures for main-
taining genome integrity and stability (1,2). Telomeres
are elongated and maintained by the telomerase. The
mammalian telomerase core complex consists of the cat-
alytic subunit TERT and the RNA component TERC/TR
(3-6), where the TERC RNA serves as a template for
TERT-mediated telomere elongation. Except in germ cells,
stem cells, and certain highly proliferative cells, mam-
malian TERT expression and telomerase activity appear
low and/or undetectable in most somatic cells (5,7-11).
However, in the majority of human cancer cells (>85%)
the telomerase is activated, underlining the significance
in regulating TERT expression and telomerase activity to
cell growth, survival and transformation (12—-15). Dysfunc-
tional telomere maintenance can lead to critically short
telomeres and induce DNA damage and genomic instabil-
ity, resulting in diseases including cancer and premature
aging syndromes such as dyskeratosis congenita (11,16—
23). Consequently, understanding the pathways that con-
trol TERT expression and telomerase activity is crucial
to devising effective therapies against cancer and prema-
ture aging diseases. In addition to TERT and TERC,
other accessory proteins have also proven important to
TERC stability and telomerase assembly and trafficking
in vivo. These factors include the core components of
box H/ACA small nucleolar ribonucleoprotein particles
(snoRNPs), DKC1 (dyskerin), GAR1, NHP2, NOPI0,
Pontin/Reptin, TCABI, DAXX and telomeric proteins
TIN2 and TPP1 (16,24-30). Indeed, mutations of these
telomerase-associating factors have been documented in a
variety of diseases including cancer and dyskeratosis con-
genita (17-19,31-35). In this study, we set out to identify
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additional telomerase-associated factors by carrying out
large-scale immunoprecipitation coupled with mass spec-
trometry (IP-MS). We report the identification of cold-
inducible RNA-binding protein CIRP (also called hnRNP
A18) as a new telomerase regulator. Initially identified as a
protein up-regulated when cells were exposed to UV irradi-
ation, UV mimetic agents or mild cold stress (32°C or lower)
(36-38), CIRP has since been implicated in DNA damage
response (38-43), cell-cycle suppression (37), low temper-
ature stress (44), cancer cell survival and transformation
(45,46), proliferation of mouse immature male germ cells
(47), mRNA stability (48) and circadian gene expression in
cultured fibroblasts (49). Despite numerous studies, the ex-
act mechanisms by which CIRP functions in these condi-
tions remain poorly understood. Here, we show that CIRP
regulates telomerase activity and is essential for telomere
maintenance by regulating both TERT and TERC. This is
the first study to demonstrate a role for CIRP in telomerase
regulation and provide possible clues to CIRP function in
response to damage and stress.

MATERIALS AND METHODS
Cell lines, cell culture and CIRP KO cells

HTC75, HeLa, U20S and 293T cells were cultured with
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) con-
taining 10% FBS and 1% penicillin/streptomycin at 32°C
or 37°C and 5% CO,. HEK293T cells used for retrovirus
production and transient transfection experiments. Full-
length or mutant CIRP cDNAs were cloned into the pBabe
based retroviral vector for mammalian expression (50).
CIRP was tagged with S, FLAG, SBP at C terminus. Sta-
ble HTC?75 cells were infected with appropriate retroviruses
before puromycin selection (1 mg/ml for >7 days). For
synchronization, cells were cultured in FBS-free DMEM
medium for 24 h and then grown in fresh medium contain-
ing 10% FBS for >24 h and harvested at the indicated time
points.

To generate CIRP KO HTCT75 cells, we targeted exon
4. The sgRNA (5'-AACCGATCCCGTGGGTACCG) was
cloned into the vector described by the Church Laboratory
(Addgene) (51). Please see Supplementary Figure S1 for de-
tails about the clone. To generate CIRP KO HelLa cells, we
targeted exon 2 (sgRNA, 5-GCCATGGCATCAGATGA)
and exon 7 (sgRNA, 5-CATCGATGTTGTATTTGCAG),
aiming to delete the entire region between the two
sgRNA target sequences. The sgRNAs were cloned
into the Lenti gRNA Blasticidin/Puromycin/Phage-Lenti-
Inducible-Cas9-neo vector described by the Zhang Labora-
tory (Addgene) (52). KO clones were isolated as described
(51,52) and their genomic DNA extracted for sequencing.
Successful KO was also confirmed by immunoblotting.

shRNA sequences were cloned into pcl-mU6 retroviral
vectors. The targeting sequences for various shRNAs and
siRNAs are:

e shGFP: 5Y-CACAAGCTGGAGTACAACT-3

e shCIRP-1: 5-GGAGGCTCCAGAGACTACTATAGC
A-3

e shCIRP-2:
TGT-3'

5'-GACAGATCTCTGAAGTGGTGGT

e SiCIRP-1 (CIRBP/HSS101939) siRNA

e Sense: Y-GGAGGCUCCAGAGACUACUAUAGCA-
3/

e Anti-sense:
CUG-¥

e SiCIRP-2 (CIRBP/HSS174416) siRNA

e Sense: 5-GACAGAUCUCUGAAGUGGUGGUUG
U-3

e Anti-sense:
GUC-¥

e SiCIRP-3 (CIRBP/HSS174417) siRNA

e Sense: 5-GGGCGGGUCCUACAGAGACAGUUA
U-3

e Anti-sense: 5-AUAACUGUCUCUGUAGGACCCG
CCC-3

5-UGCUCAUCCUCCUCGUUCUCCG

5'-ACAACCACCACUUCAGAGAUCU

Immunoprecipitation-mass Spectrum (IP-MS)

293T cells stably expressing SFB-tagged full-length TERT
were generated for tandem IP followed by mass spectrome-
try (IP-MS) as previously reported (53). The expression of
TERT-SFB was confirmed by anti-Flag immunoblotting.
For affinity purification, >2 x 108 cells were collected and
lysed with NETN buffer (20 mM Tris-HCI, pH 8.0, 100
mM NaCl, | mM EDTA, 0.5% Nonidet P-40) containing
1 pg/ml pepstatin A and aprotinin, 1 mM MgCl, and 250
U/MI Benzonase Nuclease (EMD Chemicals) for 25 min.
Cleared lysates were incubated with 200 pl anti-Flag M2
affinity beads (A2220, Sigma) for 2 h at 4°C and eluted with
3 mg/ml biotin (Sigma) for 2 h at 4°C. The eluates were in-
cubated with 100 wl S-protein agarose beads (Novagen) for
2 h at 4°C before SDS/PAGE and MS (Taplin Biological
MS Facility, Harvard University). Proteins with <3 pep-
tides or found in control IP samples were excluded (Sup-
plementary Table S1).

Bimolecular fluorescence complementation (BiFC) assay, Co-
immunoprecipitation (Co-IP) assay and western blotting

For BiFC, proteins respectively tagged by YFPn (residues
1-155 of Venus YFP) and YFPc (residues 156-239 of YFP)
were stably co-expressed in HTC75 cells for microscopy and
flow cytometry analysis as previously described (54). For
Western blotting, cells were lysed in 1x NETN buffer (1
M Tris-HCI (pH 8.0), | mM EDTA, 100 mMNacl, 0.5%
NP-40, | mM DTT and proteinase inhibitor cocktail before
SDS-PAGE and antibody probing.

The antibodies used are: rabbit polyclonal anti-CIRP
(ab94999, Abcam), anti-FLAG M2 Affinity Gel (Sigma,
A2220), rabbit polyclonal anti-flag (Sigma, F7425), mouse
monoclonal anti-GST (Abmart, M20007M), rabbit poly-
clonal anti-actin (GeneTex, GTX109639) and mouse mon-
oclonal anti-GAPDH (Abmart, M20006). GST-tagged pro-
teins were pulled down by glutathione agarose beads (GE).

Immunofluorescence (IF) and IF-fluorescent in situ hybridiza-
tion (IF-FISH)

Cells grown on glass coverslips were fixed for 15 min on
ice in 1x PBS (pH7.4) containing 4% paraformaldehyde, in-
cubated in permeabilization solution (0.5% Trition-X 100,



20 mM HEPES, 50 mM NaCl, 3 mM MgCl, and 300
mM Sucrose) for 10 min, followed by a second perme-
abilization for 30 min at RT after washes in 1x PBS. The
coverslips were then blocked in 3% goat serum plus 0.1%
BSA in 1x PBS followed by incubation with primary an-
tibodies (overnight at 4°C) and secondary antibodies (1
h at room temperature). Primary antibodies include rab-
bit polyclonal anti-CIRP (ab94999, Abcam), mouse mon-
oclonal anti-coilin [IH10] (ab87913, Abcam), mouse mon-
oclonal anti-HA (H9658, Sigma), mouse monoclonal anti-
TRF2 (OP129, Calbiochem). Secondary antibodies in-
clude fluorescein-conjugated goat ant-rabbit/mouse IgG
(DyLight549, LK-GARS5492, Liankebio) and goat anti-
rabbit/mouse IgG (DyLight488, LK-GAM4881, Lianke-
bio). For IF-FISH, an additional incubation with PNA-
TelC-FITC probe (Panagene) was conducted at 37°C for
2 h. Coverslips were mounted with Vectashield Mounting
Medium containing 0.5 pg/ml DAPI and examined on a
Nikon Ti fluorescence microscope.

Telomere repeat amplification protocol (TRAP) and IP-
TRAP

Cells were cultured at indicated temperature (32°C/37°C,
respectively) and harvested at various time points for
straight TRAP assay or immunoprecipitation followed by
TRAP (IP-TRAP) as previously described (17). The prod-
ucts were resolved on polyacrylamide gels (8%) and visu-
alized with Gel Red (Biotium). Relative telomerase activity
was calculated using the ImageQuant software (GE Health-
care).

Protein purification and electrophoretic mobility shift assay
(EMSA)

Bacterially expressed GST-tagged CIRP and DKC1 were
purified with glutathione-conjugated agarose beads, and
eluted in 50 mM Tris (pH 8.0) buffer containing 50 mM re-
duced glutathione (GE). For EMSA, purified CIRP-GST
proteins were incubated with 3P labeled T7 capped TERC
probe (Ambion) (please see Supplementary Materials for
details regarding probe preparation). Binding reactions
were performed at 25°C for 30 min in binding buffer (100
mM NaCl, 10 mMTris (pH7.5), 5% (w/v) glycerol, 1 mM
MgCl,, 1 U of RNasin Ribonuclease Inhibitor (Promega)
and 0.3 pmol of 3?P-labeled TERC probe). The products
were resolved on 5% (wt/vol) native PAGE gel (100 V, 0.5x
TBE, 180 min), visualized on a Typhoon PhosphorImager
(General Electric Company) and quantified using Image-
Quant (Amersham Biosciences).

Telomeric restriction fragment (TRF) analysis

Average length of telomeres was determined using the TRF
assay analysis as described previously (12). Isolated ge-
nomic DNA was digested with Hinf I and Rsa I and re-
solved on 7% agarose gels (2 V/cm, 27 h). The dena-
tured and dried gel was hybridized with 32P-labeled oligonu-
cleotides [(TTAGGG)4], exposed to a Phosphorlmager
screen (55) and quantitated on a Typhoon PhosphorImager
(General Electric Company).
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RESULTS
CIRP is a telomerase-associated protein

To isolate TERT-binding proteins, we first established
293T cells stably expressing TERT tagged with SFB (S
tag, FLAG and Biotin-binding epitope tags) (TERT-
SFB). TERT and its associated complexes were then iso-
lated through a tandem immunoprecipitation strategy us-
ing anti-Flag antibodies and S-tag resins (56), and ana-
lyzed by SDS-PAGE and LC-MS/MS. As expected, known
telomerase-associated proteins such as dyskerin (DKC1),
Pontin/Reptin, glycine/arginine-rich domain containing
protein 1 (GAR1), heterogeneous nuclear ribonucleopro-
tein (hnRNP) Al and U, non-histone protein 2 (NHP2)
and XRCC5/6 (Ku80/Ku70) were identified in our IP-MS
(Figure 1A) (26,57-62). Interestingly, cold-inducible RNA-
binding protein (CIRP) was also found in the TERT com-
plex, suggesting that it may be a new telomerase-associated
protein (Figure 1A).

CIRP is an 18-kD protein containing a well-
characterized N-terminal RNA-binding domain (RRM)
and a glycine-rich carboxyl-terminal motif (RGG) (63—
68). To further confirm its interaction with TERT, we
utilized the BiFC assay, which can detect protein—protein
interactions in live cells (69). Here, CIRP and TERT were
respectively tagged with the C- and N-terminal half of the
yellow fluorescent protein (YFP) (Figure 1B). Interaction
between CIRP and TERT would bring the two YFP
fragments together for co-folding into a functional YFP
molecule for fluorescence complementation. Indeed, we
could detect fluorescence complementation by both FACS
and fluorescence microscopy in cells co-expressing CIRP
and TERT, at levels comparable to cells co-expressing
TPPI1 (a known TERT binding protein) and TERT (Figure
1C-D), indicating that CIRP is a telomerase-associated
protein.

CIRP is required for maintaining telomerase activity at both
32°C and 37°C

Next, we decided to probe the function of CIRP using CIRP
knockout (KO) HeLa cells generated by the CRISPR-Cas9
technology (51,70). We designed two sgRNAs respectively
targeting the sequences in exon 2 and 7 of the CIRP gene,
located in the RRM and SY domain. Successful targeting
could lead to truncation of the CIRP protein and disrupt
telomerase binding. Genomic sequencing of the CIRP KO
clone revealed that both alleles contained frame-shift indels
in the sgRNA target region (Figure 2A). CIRP KO was also
confirmed by Western blotting of cells maintained at differ-
ent temperatures with anti-CIRP antibodies, given a role of
CIRP in regulating cellular responses to temperature stress
(Figure 2B). Interestingly, both TERT mRNA levels and
the total telomerase activities decreased in the absence of
CIRP at both temperatures (Figure 2C-D). Importantly,
when SFB-tagged sgRNA-resistant CIRP (CIRP-SFB) was
ectopically expressed in the KO cell line (Figure 2B), the
reduction in TERT mRNA expression and telomerase ac-
tivity at different temperatures was rescued (Figure 2C-E).
These findings point to CIRP as an important regulator of
the telomerase at both 37°C as well as lower temperatures.
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Figure 1. Cold inducible RNA-binding protein (CIRP) is a telomerase-
associated protein. (A) 293T cells expressing SFB-tagged hTERT were first
immunoprecipitated with anti-FLAG antibodies and then affinity purified
with S-tag beads. The precipitates were then sequenced by mass spectrom-
etry (MS). A select list of proteins identified is presented here. Previously
reported telomerase-associated proteins are highlighted in green. Unique
and total peptides are also listed. (B) Schematic diagram of the (Bimolecu-
lar fluorescence complementation) BiFC assay. (C) BiFC assays were car-
ried out in HTC75 cells that stably co-expressed YFPn-tagged TERT to-
gether with YFPc-tagged CIRP or TPP1. Cells expressing TERT-YFPn
or CIRP-YFPc alone served as negative controls. TPP1-YFPc served as
a positive control. Cells were analyzed by FACS and the percentages of
YFP+ cells were calculated and plotted. (D) Cells from (C) were analyzed
by fluorescence microscopy. Green fluorescence indicate YFP signals in the
nucleus.

CIRP also has a role in circadian clock gene expression
(71), and a recent study reported the regulation of telom-
erase activities by circadian rhythms in cultured fibroblasts
(72). We therefore speculated that CIRP might modulate
telomerase activities through the circadian clock. To test

this, we first generated HTC75 cells, human fibrosarcoma
cell line, that were knocked out for CIRP by CRISPR-Cas9
(Supplementary Figure SIA-B). The cells were cultured at
either 32°C or 37°C and synchronized by serum shock. At
different time points following cell cycle release, we mea-
sured total telomerase activities of the cells (Supplementary
Figure S1C-D). Again, CIRP KO led to decreased telom-
erase activities at both temperatures. Notably, no apparent
circadian rhythms of telomerase activities were observed
in either control or CIRP KO cells (Supplementary Figure
S1E, F), indicating that the telomerase activity was likely
not regulated by the circadian clock in these cells.

CIRP knockdown reduces telomere length

The association of CIRP with the telomerase and its likely
participation in the regulation of telomerase activity impli-
cate CIRP in telomere maintenance. To test this hypothe-
sis, HTC75 cells stably expressing control or CIRP shRNAs
were generated. Efficient long-term inhibition of CIRP ex-
pression was confirmed by Western blotting (Figure 3A).
The CIRP knockdown cells were passaged over time and
their average telomere length compared to control cells
(Figure 3B—C). In support of our hypothesis, inhibition of
CIRP indeed led to shortened telomeres compared to con-
trols. Of the two shRNAs tested, shRNA2 appeared more
efficient at knocking down CIRP. Consistent with its higher
knockdown efficiency, cells stably expressing sShRNA?2 ex-
hibited more accelerated telomere shortening than those ex-
pressing shRNAT1, providing support to the idea that CIRP
participates in maintaining telomere homeostasis.

CIRP binds directly to the telomerase RNA template TERC

The two RNA-binding domains of CIRP, the N-terminal
RRM and C-terminal RGG motifs have both been demon-
strated to bind RNA in vitro and in vivo in mammalian cells
(39,73). It has also been reported that under low temper-
ature stress (cold-shock), CIRP is induced to high levels
and preferentially binds to poly(U)/polypyrimidine tracks,
which are located at the 3’-end of introns of mRNAs (39).
We therefore speculated that CIRP might associate with
TERC, the RNA component of telomerase. To explore this
possibility, we first determined whether the interaction be-
tween CIRP and TERT depended on TERC. To this end,
we carried out the RNase A sensitivity assay using 293T
cells co-expressing TERT-SFB with CIRP-GST. Cell ex-
tracts treated with or without RNase A were then ana-
lyzed by IP-western (Figure 4A). The telomeric protein
TPPI can directly bind to TERT (74), an interaction that
should not be affected by RNase A treatment. In compari-
son, TCABI-TERT binding has been shown to be sensitive
to RNase A treatment (75). We found that treating sam-
ples with RNase A resulted in decreased co-precipitation
of TERT and CIRP, indicating decreased binding between
CIRP and TERT-SFB (Figure 4A and Supplementary Fig-
ure S4A), suggesting that CIRP and TERT association
might be RNA-dependent.

Next, we investigated whether CIRP could bind directly
to TERC in vitro. For this purpose, bacterially purified
CIRP-GST proteins (Figure 4B) were used in the EMSA
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Figure 2. CIRP is required for maintaining telomerase activities at both 32°C and 37°C. (A) Two sgRNAs respectively targeting exon 2 and exon7 of the
CIRP locus were used to generate the CIRP KO HeLa cells. Genomic DNA was extracted from the KO clone for Sanger sequencing. Top, organization of
the first seven exons of CIRP, with the translation start site (ATG in exon 1) and stop codon (TAG in exon 7) indicated. In expanded view is the sequence for
the target region, with PAM sequences in red and sgRNA sequences in green. Based on sequencing results, one allele has a 2 bp deletion (red dashes) in exon
2 and both alleles have a 373 bp deletion between exon 5 and exon 7 (red dashes). Both mutations resulted in frame-shifts. (B) Cells from (A) were probed by
Western blotting with anti-CIRP antibodies. An anti-GAPDH antibody served as a loading control. Cells from (A) that also stably expressed SFB-tagged
sgRNA-resistant CIRP were similarly examined using anti-CIRP and FLAG antibodies. Cells were cultured at either 32°C or 37°C. (C) Quantification
of the TERT mRNA level in CIRP KO and rescue cells. Cells were cultured at 32°C or 37°C for 48 h. (D) TRAP assays were carried out with extracts
from control HeLa cells and CIRP KO and rescue cells. Cells were cultured at 32°C or 37°C for 48 h. A representative gel image of the TRAP assay is
shown here. (E) Quantification of the relative telomerase activity of cells from (D) using the ImageQuant software. Error bars represent the s.d. of three
independent experiments. P values were determined by Student’s 7-test. *P < 0.05; **P <0.01; ***P <0.001.
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(76). The TERC RNA probe was in vitro transcribed and
radio-labeled before being incubated with the recombi-
nant proteins. The TERC-interacting protein DKC1 was in-
cluded as a positive control (77,78). Even at very low pro-
tein concentrations (e.g. 0.45 pg), CIRP was able to shift
the TERC RNA probe, resulting in slower migration forms
on gels (Supplementary Figure S4B). Compared to DKCI,
the CIRP-TERC complexes appeared much more heteroge-
neous, possibly the results of multiple binding sites. In ad-
dition, the binding of CIRP to TERC could be competed
away by unlabeled TERC RNA probe in a concentration-
dependent manner, and the CIRP-TERC complexes could
be super-shifted with the addition of anti-CIRP antibodies
(Figure 4C). These results underline the TERC-dependent
association of CIRP with the telomerase in vivo and support
a direct interaction between CIRP and TERC.

The RRG domain is essential for CIRP-telomerase interac-
tion

To gain better insight into the mechanism by which CIRP
binds the telomerase, we examined the regions on CIRP

that could mediate such interaction. SFB-tagged full-length
or truncated CIRP was transiently expressed in 293T cells
to compare their telomerase binding abilities (Figure 4E).
Here, anti-FLAG immunoprecipitates, which should con-
tain CIRP and the associated telomerase, were used in
TRAP assays to determine the amount of telomerase ac-
tivities that came down with SFB-CIRP (30,79). As shown
in Figure 4F-G, full-length CIRP was able to bring down
telomerase activities at levels comparable to TPPI, a key
telomerase-associating protein (80-83). Removing any of
the motifs, especially the RGG domain, reduced the amount
of co-precipitated telomerase activity. These data suggest
that all three domains may be needed for CIRP in vivo bind-
ing to the telomerase, with the RGG domain being the most
crucial (Figure 4G).

CIRP regulates telomerase activity through two different
mechanisms

Binding of CIRP to the 3’ untranslated region of specific
mRNA transcripts has been reported to stabilize the mR-
NAs and facilitate their transport to ribosomes (48,84).
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Figure 4. CIRP binds directly to the telomerase RNA template TERC. (A) Whole cell extracts from 293T cells transiently co-expressing SFB-tagged TERT
and various GST-fusion proteins were treated with RNase A (100 pg/ml) and then incubated with anti-Flag M2 beads for pull-down assays. The precipitates
were analyzed by Western blotting with the indicated antibodies. GST-tagged TCABI and TPP1 were used as positive and negative controls respectively. IB,
immunoblotting. (B) Recombinant CIRP-GST proteins were purified from Escherichia coli and examined by SDS-PAGE and Commassie Blue staining.
Different amounts of CIRP (3-fold difference between different lanes) and BSA (1, 3 and 9 pg) were loaded for comparison. (C) CIRP EMSA assays were
carried out where recombinant CIRP-GST proteins (0.45 pg) were incubated with the radiolabeled TERC probe. The reaction mixtures were then resolved
by non-denaturing PAGE. Increasing amounts (0.3, 3 and 6 pmol) of unlabeled TERC probes were added to reactions that contained CIRP-GST (0.9 ng)
and 32P-labeled FL-TERC (300 fmol). GST alone (4 wg) served as a negative control. For supershift experiments, an anti-CIRP antibody (0.25 mg/ml) was
added during the binding reaction. (D) Schematic representation of CIRP domain structure and deletion mutants. RRM, RNA binding domain. RGG,
glycine-rich domain. SY, serine and tyrosine-rich domain. (E, F) SFB-tagged full-length and deletion mutants of CIRP were transiently expressed in 293T
cells and immunoprecipitated using anti-FLAG antibodies. Whole cell extracts (WCE) and the immunoprecipitates were eluted for Western blotting (E)
or TRAP assays (F). TPP1 and vector alone served as positive and negative controls respectively. TRAP assay results were normalized to protein amount,
where error bars represent s.d. (n = 3). P values were determined by Student’s 7 -test. *P < 0.05; **P < 0.01; ***P < 0.001.

Changes in telomerase transcription, post-translational
modification, assembly and telomeres recruitment can all
have an impact on telomerase activity (75,85-90). We there-
fore first determined whether CIRP could modulate the ex-

telomerase activities in the cells as measured by TRAP as-
says (Figure 5SB-C). In fact, the level of telomerase activ-
ity inhibition was consistent with the knockdown efficiency
of the siRNA oligos. Interestingly, CIRP knockdown also

pression of TERT and/or TERC using HTC75 cells tran-
siently depleted of CIRP by siRNAs. All three siRNAs used
were able to reduce CIRP expression, two of which achieved
a knockdown efficiency of >70% (Figure SA and Supple-
mentary Figure S2A). As a control, cells were also trans-
fected with a siRNA oligo against TERT. As expected, these
cells displayed vastly reduced TERT mRNA expression
and telomerase activity (Figure 5B-D). Consistent with our
findings thus far, siRNA depletion of CIRP led to reduced

significantly decreased the mRNA level of TERT without
affecting overall TERC RNA levels (Figure 5D), a find-
ing that is consistent with the reduction of total telomerase
activity in CIRP knockdown cells (Figure 5C). Taken to-
gether, our findings suggest that CIRP-mediated telomerase
regulation occurs at least in part through modulating TERT
mRNA expression.

In mammalian cells, telomerase assembly and TERC
maturation take place in Cajal bodies where RNP process-
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Figure 5. CIRP regulates telomerase activity through two different mechanisms. (A) HTC75 cells transiently transfected with siRNA oligos against CIRP
were examined by WB at 48 h after transfection. A siRNA oligo against TERT served as a positive control. NC, negative control. Anti-actin blotting serves
as a loading control. (B) TRAP assays were performed using cells from (A) (~100 cells/reaction). Heat-inactivated samples served as negative controls.
IC, internal control. (C) Quantification of relative telomerase activity in the whole cell extracts of cells from (B) using the ImageQuant software. Error
bars represent the s.d. of three independent experiments. P values were determined by Student’s 7-test. *P < 0.05; **P < 0.01; ***P < 0.001. (D) Real-time
qPCR assays were carried out to quantify mRNA levels of TERT, TERC and CIRP in cells from (A). Error bars represent S.E. from three independent
experiments. P-values were determined by the Student z-test. **P < 0.005. (E) Immunofluorescence analysis was performed using HTC75 and HeLa cells
and antibodies against endogenous CIRP (red) and p80-coilin (green). DAPI (blue) was used to stain the nuclei. (F) Data from (E) were quantified and
graphed. Error bars represent S.E. from three independent experiments. At least 200 cells were examined for each sample. (G) HTC75 cells stably expressing
HA-TERT were examined by immunostaining. Left, cells were stained with antibodies HA (green) and p80-coilin (red). Right, the same cells were stained
with anti-HA antibodies (red) a telomere FISH probe (green). (H) Quantification of data from (G). Left, percentages of cells in which TERT co-stained
with p80-coilin (+) versus those that did not (-). Right, percentages of cells in which TERT co-stained with the telomere probe (+) versus those that did
not (-).



ing and DKCI1 recruitment of TERC occur (75). Our find-
ings that CIRP could bind directly to TERC and form a
complex with TERT raised the possibility that CIRP might
also regulate non-coding RNAs and participate in telom-
erase assembly and/or trafficking. When we examined en-
dogenous CIRP subcellular localization by immunofiuo-
rescence, we found it to distribute uniformly throughout
the nucleoplasm (Figure SE). Interestingly, a percentage of
CIRP foci overlapped with staining for p80-coilin, a marker
of Cajal bodies (Figure 5E). Co-localization of CIRP and
p80-coilin was observed in both HTC75 and HeLa cells
(30% and 28%, respectively) (Figure SF), pointing to a more
general function of CIRP. We suspected that CIRP might
co-localize with TERT in these cells as well. To test this idea,
we generated a HTC75 cell line stably overexpressing HA-
tagged TERT and assessed the localization of endogenous
CIRP and HA-TERT in these cells by immunostaining. As
we predicted, endogenous CIRP could indeed co-localize
with HA-TERT (>40% co-localized foci) (Supplementary
Figure S2B, C). These results implicate CIRP in specifically
regulating the telomerase in Cajal bodies, where the telom-
erase is assembled and subsequently targeted to telomeres
(86,87,91).

To probe the potential function of CIRP in telomerase
assembly, we examined HA-TERT localization in cells tran-
siently depleted of CIRP by siRNAs. Immunofluorescence
analysis showed that CIRP knockdown significantly re-
duced the percentage of cells in which TERT co-stained
with the Cajal body marker coilin (Figure 5G-H). Because
Cajal bodies have been implicated in targeting the telom-
erase to telomeres during S phase, we also determined the
effect of CIRP knockdown on the telomeric localization
of HA-TERT by immuno-FISH using a fluorescent telom-
ere DNA probe and anti-HA antibodies. Again, depleting
CIRP significantly reduced the presence of TERT at telom-
eres as well (Figure 5G-H), indicating that CIRP is impor-
tant for TERT localization in Cajal bodies as well as its
subsequent telomeric targeting. Together, these data reveal
two different mechanisms by which CIRP regulates telom-
erase activities, through modulating TERT mRNA expres-
sion and telomerase assembly.

CIRP maintains telomerase activity at lower temperatures by
controlling TERT mRNA

Moderately low temperatures are essential for normal sper-
matogenesis and fertility in both mice and humans. The
telomerase is highly active in the testis during spermatoge-
nesis (92-94). However, low temperature may pose prob-
lems for the telomerase, affecting TERT mRNA stability
and telomerase assembly and function (95). Interestingly,
the telomerase activity appeared very similar at 32°C versus
37°C (Supplementary Figure S1C), pointing to potentially
unknown mechanisms for maintaining telomerase activities
at low temperatures. Previous studies have shown that main-
taining cells at 32°C can induce the expression of CIRP both
in vivo and in vitro (96-98). We therefore hypothesized that
CIRP might be critical for maintaining telomerase activities
at hypothermia conditions.

In line with previous findings, CIRP protein levels gradu-
ally increased after cells were shifted to lower temperatures
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(Figure 6A), where a 2-fold increase of CIRP proteins was
evident by 24 h after temperature shift. Notably, the expres-
sion of TERT mRNA appeared sensitive to temperature
stress and correlated with the expression of CIRP (Figure
6B). While the mRNA level of TERT was up-regulated (2-
to 3-fold) in cells cultured at 32°C, the total telomerase ac-
tivity remained relatively stable at 32°C versus 37°C (Sup-
plementary Figure S1C, D). Instead of exhibiting reduced
telomerase activities in response to physiological temper-
ature decreases (95), cells appeared to up-regulate TERT
expression to maintain telomerase activities at lower tem-
peratures. Because CIRP expression directly correlated with
TERT mRNA levels, we predicted that maintenance of
telomerase activity at lower temperature might be regulated
by CIRP. Consistent with this model, the increase in TERT
mRNA level at 32°C was abolished in CIRP-KO cells, and
total telomerase activities were also reduced at 32°C (Sup-
plementary Figure S1). These results suggest a crucial role
for CIRP in the regulation of TERT expression and telom-
erase activity, particularly at lower temperatures.

DISCUSSION

Telomerase regulation is critical to telomere homeostasis
(1). In this study, we have identified CIRP as a telomerase-
and telomere-associating factor. Our immunofluorescence
experiments indicate that only a small percentage of CIRP
localized to telomeres in asynchronous cells (Supplemen-
tary Figure S3), underlining the dynamic and/or transient
nature of CIRP association with telomeres. We have also
uncovered important clues to CIRP function in telom-
ere maintenance. Through its interaction with the telom-
erase, CIRP contributes to proper telomerase assembly and
telomere targeting. Disrupting CIRP-mediated telomerase
control in telomerase-positive cells, either by CRISPR-Cas9
mediated KO or RNAi-mediated KD, led to compromised
telomerase activities and shortened telomere. And depletion
of CIRP also resulted in pronounced reduction of TERT
at telomeres and in Cajal bodies. These findings have shed
new light on the molecular mechanisms of telomerase and
telomere regulation. In addition to directly participating
in modulating telomerase assembly and targeting, we also
found CIRP to regulate TERT mRNA expression. Taken
together with CIRP’s role in target mRNA stabilization in
mouse testis (48), our data support the notion that CIRP
may bind TERT mRNA through its RGG domain and sta-
bilize TERT mRNA in a similar fashion.

It is likely that the coordinated trafficking of both TERT
and TERC is required to bring the telomerase to telom-
eres. It is also possible that CIRP may work together
with other telomerase and telomere-associated factors (e.g.
TPP1). How CIRP is able to achieve its regulatory role and
how CIRP establishes crosstalk with other telomere main-
tenance pathways warrant further investigation.

Our knockout and rescue experiments highlight the criti-
cal role of CIRP in the maintenance of TERT mRNA stabil-
ity and telomerase activity, particularly at low temperatures.
CIRP binds directly to TERC and CIRP KO reduced telom-
erase activity to 20%, suggesting CIRP is a key component
of the telomerase complex. It is possible that reduced telom-
erase activity in the absence of CIRP might contribute to
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Figure 6. CIRP is required for maintaining TERT mRNA levels at low temperatures. (A) Parental (WT) and CIRP KO (CIRP-KO) HTC75 cells were
synchronized by serum withdrawal for 24 h. At different time points following release, cells were exposed to mild cold shock and maintained at 32°C. Cells
that were continuously maintained at 37°C served as controls. Western blot assays (top) were subsequently performed using whole cell extracts from these
cells and the indicated antibodies. The expression levels of CIRP were quantified, normalized to the level GAPDH, and plotted (bottom). (B) q-RT-PCR
assays were performed using cell extracts from (A) to determine the level of TERT mRNAs. The values were then normalized to the internal control first
and then to the results from 4 h after release. Error bars represent the s.d. of three independent experiments.

genomic instability and cell proliferation defects observed
with low temperature shock (99). Moderately low temper-
atures in the testis are essential for normal spermatogene-
sis and fertility in humans and rodents. Our data suggest
that CIRP may be crucial to maintain high telomerase ac-
tivities in testis stem cells (100,101), counteracting potential
problems in TERT mRNA stability, and telomerase assem-
bly and function at low temperatures.

TERT expression and telomerase activities are low or
undetectable in most human somatic cells (9,10). How-
ever, telomerase activation is evident in >85% of cancers
(102,103), suggesting that upregulation of TERT expression
and telomerase activation is a key step in cancer develop-
ment. Telomere dysfunction has been intimately linked to

cell proliferation, survival and tumorigenesis (12), and stud-
ies on the control of telomerase expression and activity are
crucial to our understanding of the pathways that lead to
cellular transformation and carcinogenesis. Recent evidence
suggests that CIRP may act as an oncogene (104). Our iden-
tification of CIRP as a telomerase and telomere regulator
provides new avenues to explore previously unknown mech-
anisms of telomerase control and telomere maintenance.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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