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Abstract
The cell cycle regulator cyclin E1 is aberrantly expressed in a variety of human cancers. In breast
cancer, elevated cyclin E1 correlates with poor outcome, as do high cytoplasmic levels of the
stress-induced RNA binding protein Human antigen R (HuR). We showed previously that
increased cytoplasmic HuR elevates cyclin E1 in MCF-7 breast cancer cells by stabilizing its
mRNA. We show here that cold-inducible RNA binding protein (CIRP) co-regulates cyclin E1
with HuR in breast cancer cells. CIRP had been shown to interact with HuR in Xenopus laevis
oocytes and to be decreased in endometrial cancer. To investigate if human CIRP and HuR co-
regulate cyclin E1, HuR and CIRP levels were altered in MCF-7 cells and effects on cyclin E1
assessed. Altering HuR expression resulted in a reciprocal change in CIRP expression, while
altering CIRP expression resulted in corresponding changes in HuR and cyclin E1 expression.
CIRP and HuR co-precipitated in the presence of RNA and CIRP enhanced HuR binding to the
cyclin E1 mRNA and increased cyclin E1 mRNA stability. CIRP co-localized with HuR
predominantly in the nucleus, but also in discrete cytoplasmic foci identified as stress granules.
CIRP overexpression increased the number of HuR-containing stress granules, while its
knockdown decreased them. Our results suggest that CIRP positively regulates HuR, ultimately
resulting in increased protein synthesis of at least one of its targets.
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INTRODUCTION
Several independent studies have demonstrated that the cell cycle regulator cyclin E1 and its
low molecular weight isoforms are aberrantly expressed in a variety of human tumor types
including breast cancer [1]. Cyclin E1 is a positive regulator of the G1/S phase transition and
is essential for cell cycle re-entry from G0 and oncogenic transformation [2]. Elevated cyclin
E1 is a strong prognostic indicator due to significant correlation with poor outcome in
patients with breast cancer [3,4]. Similar to aberrant expression of cyclin E1, high
cytoplasmic levels of the RNA binding protein (RBP) HuR are closely associated with high
histologic grade, large primary tumor size, and poor survival in breast cancer, as well as in
colon, lung, and ovarian cancers [5–9]. HuR is a stress-induced RBP that shuttles from the
nucleus to the cytoplasm to stabilize and promote translation of its target mRNAs [10,11].
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These findings established both cyclin E1 and HuR as important molecular markers for
tumor aggressiveness.

In a recent study, we demonstrated that elevated cytoplasmic HuR in MCF-7 breast cancer
cells increased cyclin E1 mRNA stability and growth-promotion, defining a new mechanism
of cyclin E1 deregulation in breast cancer [12]. Since HuR, like any RBP, has many
potential target mRNAs, we performed microarray analysis of MCF-7 cells treated with
HuR siRNA to identify other targets. Our screen resulted in the identification of another
stress-induced RBP, cold-inducible RBP (CIRP).

CIRP belongs to the glycine-rich RBP family, which possesses an RNA recognition motif
(RRM), and a carboxyl-terminal domain containing several RGG motifs [13]. CIRP is
expressed in a wide variety of tissues and cells and can be induced by cellular stresses such
as cold shock, UV irradiation and hypoxia [14–16]. Upon stress induction, CIRP shuttles
from the nucleus to the cytoplasm to stabilize target mRNAs [17,18]. It mediates
suppression of cell growth with prolongation of G1 phase [14], and contributes to the
suppression of apoptosis induced by tumor necrosis factor-α [19]. CIRP also contributes to
the maintenance of normal cellular function [20,21]. CIRP is suggested to participate in cell
cycle regulation of normal human endometrium and loss of its expression may be involved
in endometrial carcinogenesis [22]. Of particular relevance to our studies was the report that
in Xenopus laevis oocytes, CIRP stabilizes AU-rich element (ARE)-containing mRNAs via
interaction with the Xenopus homolog of HuR [23].

In the present study, we tested the hypothesis that human CIRP and HuR cooperatively
regulate cyclin E1, elevating its expression in breast cancer cells. We show that CIRP is
upregulated in breast cancer cells as compared to nontumorigenic breast epithelial cells.
CIRP positively modulates the expression of both cyclin E1 and HuR in MCF-7 breast
cancer cells, enhancing HuR binding to cyclin E1 mRNA as well as cyclin E1 mRNA half-
life. Thus, CIRP contributes to cyclin E1 overexpression by positively regulating HuR. This
is one of the first studies to show that CIRP expression is increased in breast cancer cells,
and that it upregulates two proteins implicated in the etiology of breast cancer that also serve
as prognostic markers.

MATERIAL AND METHODS
Cell culture

MCF-7 and T47D cells (American Type Culture Collection (ATCC), Manassas, VA) were
cultured in DMEM (Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (FBS).
MDA-MB-231 cells (ATCC) were grown in DMEM/F12 (Sigma, St. Louis, MO)
supplemented with 10% FBS. MCF10A cells (ATCC) were grown in DMEM/F12
supplemented with 5% FBS, 20 ng/ml epidermal growth factor (Sigma), 0.01 mg/ml insulin
(Sigma), 500 ng/ml hydrocortisone (Sigma). AG11132 and AG11137 normal human
mammary epithelial cells (NIA Cell Culture Repository, Coriell Institute, NJ) were grown in
MEGM (Lonza Group Ltd. Basel, Switzerland). All media contained 100 units/ml penicillin,
and 100 µg/ml streptomycin.

Plasmid constructs
pGEM-T-easy-cyclin E1 3' untranslated region (3'UTR) and pGEM-T-easy-cyclin E1CR378
were constructed as described previously [12]. FLAG-tagged CIRP was generated as
described [24] except MCF10A cDNA was used as template with primers (FLAG-tag is
underlined): forward, 5’-GAGCGGGACACCATGGCATCAGATGAAGGC-3’; reverse, 5’-
GCAAGCTTTTCACTTGTCATCGTCGTCCTTGTAGTCCTCGTTGTGTGTAGTA-3’
(Genbank accession No. BC000403). FLAG-CIRP was cloned into pGEM-T-easy
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(Promega, Madison, WI) and then subcloned into pTracer-CMV2 (Invitrogen). For
generation of glutathione S-transferase- (GST) CIRP, a cDNA encoding residues 2-172 of
CIRP was generated by PCR with a BamHI-linked forward primer 5’-
CGGGATCCGCATCAGATGAAGGCAAAC-3’ and an EcoRI-linked reverse primer 5’-
CGGAATTCCTCGTTGTGTGTAGCGTAACTG-3’ using MCF10A cDNA as template.
The PCR product was digested with BamHI and EcoRI and ligated into pGEX-2T digested
with the same enzymes. The resulting pGEX-CIRP was used to produce GST-CIRP in
BL21DE3 pLysS E. coli as recommended (Amersham Biosciences, Uppsala, Sweden).
Protein concentration was determined using Bio-Rad Protein Assay (Bio-Rad, Hercules,
CA). All constructs were sequenced.

Cell transfections
CIRP Silencer siRNA was constructed using Silencer siRNA Construction Kit (Ambion,
Austin, TX). The control siRNA and four CIRP siRNAs were transfected into MCF-7 cells
and 72 hr later CIRP silencing assayed by immunoblotting. CIRP siRNA #2 (sense 5'-
AATGTCTTTCACAACCACCACCCTGTCTC-3' and anti-sense 5'-
AAGTGGTGGTTGTGAAAGACACCTGTCTC-3') was used as it decreased CIRP
expression by 80%, while the expression of actin did not change. MCF-7 cells at 70% to
80% confluence in 6-well plates were transfected with 4 µg pTracer-CMV2 vector, pTracer-
CMV2-CIRP, or 40 nM control or CIRP siRNA using lipofectamine 2000 (Invitrogen). 72
hr later, total cell lysates, or cytoplasmic and nuclear fractions were immunoblotted.
Transfection with HuR and siHuR constructs was as previously described [12]. Transfection
efficiencies were between 60–70%.

Immunoblot analysis
Primary antibodies against CIRP (Proteintech Group, Inc., Chicago, IL), cyclin E1 and HuR
(Santa Cruz Biotechnology, Santa Cruz, CA) and HRP-conjugated anti-rabbit or anti-mouse
secondary antibodies (Santa Cruz) were used. The blots were developed using SuperSignal
West Pico Chemiluminescent Substrate (Pierce, Rockford, IL). Membranes were stripped
and reprobed for β-actin (Sigma) or β-tubulin (Santa Cruz) as loading controls for total and
cytoplasmic extracts or with α-histone deacetylase (HDAC1) for nuclear fractions (Santa
Cruz). The density of protein bands was measured using Kodak Molecular Imaging
Software. The relative quantity of protein was calculated after normalization to β-actin.

Real-time RT-PCR
To assay mRNA level, total RNA was isolated from cells using Trizol reagent (Invitrogen).
For mRNA stability assays, 24 h after transfection with control siRNA, CIRP siRNA,
pTracer-CMV2, or pTracer-CMV2-CIRP, cells were synchronized at late G1 by serum
deprivation for 24 hr followed by 24 hr incubation with aphidicolin (5 µg/ml). Total RNA
was extracted at the indicated time points following addition of actinomycin D (5 µg/ml) to
inhibit new transcription. mRNA was reverse transcribed using random hexamers. The
resulting cDNAs were amplified by real-time PCR using SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA). Primers were: CIRP forward 5’-
TTTGGGTTTGTCACCTTTGA-3’ and reverse 5’-ACTTGCCTGCCTGGTCTACT-3’;
HuR forward 5’-GACATCGGGAGAACGAATTT-3’ and reverse 5’-
TGCTGAACAGGCTTCGTAAC-3’; cyclin E1 forward 5'-CGGCTCGCTCCAGGAA-3'
and reverse 5'-TCATCTGGATCCTGCAAAAAAA-3'; glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; Genbank accession No. XM-006959), forward 5'-
ATGGAAATCCCATCACCATCTT-3' and reverse 5'-CGCCCCACTTGATTTTGG-3'.
Threshold cycles (Ct) were normalized to GAPDH and data expressed as relative mRNA
level.
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GST-pull down and immunoprecipitation assays
For GST-pull downs, 10 µg GST or GST-CIRP was incubated with 100 µl cell lysate (10
µg/µl) supplemented with 900 µl lysis buffer (1% Triton X-100, 150 mM NaCl, 2 mM
MgCl2, 2 mM CaCl2, 10 mM HEPES, pH 7.4; 1 µg/ml each of leupeptin, pepstatin,
chymotrypsin, and PMSF) at 4°C with agitation overnight. 80 µl Glutathione-Sepharose
(50% slurry) was added and incubated for an additional 3–4 hr at 4°C with agitation, washed
extensively, resuspended in 2× SDS sample buffer and the supernatants used for HuR
immunoblotting. For immunoprecipitation assays, 1 mg of cell lysate with or without RNase
A treatment was pre-cleared with 20 µl protein A-agarose (Santa Cruz) and then incubated
with 1 µg normal rabbit IgG or anti-CIRP antibody at 4°C with agitation overnight. 20 µl
protein A-agarose was added and lysates incubated for 3–4 hr at 4°C with agitation and then
pelleted. Supernatants were used for β-actin immunoblotting to monitor protein loading.
Washed beads were resuspended in 2× SDS sample buffer and supernatants used for CIRP
and HuR immunoblotting.

Gel shift and UV-crosslink analyses
32P-UTP-labeled or unlabeled cyclin E1 3'UTR or cyclin E1 CR378 (partial cyclin E1
coding region) were generated by in vitro transcription. For UV-crosslink assays, 500 ng of
GST-CIRP was pre-incubated for 15 min with 100 molar excess of unlabeled cyclin E1
3'UTR or cyclin E1 CR378 before addition of 32P-labeled cyclin E1 3'UTR. RNA-protein
complexes were UV-crosslinked, resolved by SDS-PAGE, and dried gels analyzed on a
Storm phosphorimager (Molecular Dynamics, Sunnyvale, CA). For UV-crosslink
immunoprecipitation, 100 µg cell lysate was incubated with 32P-labeled cyclin E1 3'UTR or
cyclin E1 CR378, UV-crosslinked and digested with RNase T1 and RNase A. CIRP or HuR
were immunoprecipitated as described and dried gels analyzed by phosphorimaging. For gel
shift assays, an increasing amount of GST-HuR (0, 10, 25, 50, 75, 100 nM) alone or with 50
nM GST-CIRP was incubated for 20 min with 1 fmol 32P-labeled cyclin E1 3'UTR. The
complexes were resolved by 5% native PAGE and phosphorimaged. Free vs. bound RNA
was quantitated and Kd determined using one-phase exponential decay (Graphpad Prism
software).

Immunofluorescence microscopy
MCF-7 cells plated on coverslips were transfected with control siRNA, CIRP siRNA,
pTracer-CMV2, or pTracer-CMV2-CIRP. After 72 hr, cells were fixed, permeabilized, and
nonspecific binding sites blocked in PBS with 0.1% Tween-20, 1% BSA and 5% normal
serum. Cells were incubated at 4°C overnight with mouse anti-HuR (1:1,000 in PBS with
0.1% Tween-20 and 0.5% BSA). Co-immunostaining was performed similarly with mouse
anti-HuR and rabbit anti-CIRP (1:200) or goat anti-TIA-1 (1:200, Santa Cruz). Secondary
antibodies were labeled with Cyanine 3 (CY3) for HuR or AlexaFluor 488 for CIRP and
TIA-1. Mounting solution contained DAPI and anti-fade agent (Vector laboratories, Inc,
Burlingame, CA). Cells were visualized using an Olympus BH2-RFCA inverted microscope
(Olympus Optical Co. LTD, Japan) equipped for epifluorescence. Images were collected
using standard filter sets for AlexaFluor, CY3 and DAPI.

Statistics
Values were expressed as mean ± SD and assessed by Student's t test. P-values < 0.05 were
considered to be statistically significant. All experiments were repeated at least three times.
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RESULTS
HuR knockdown increased CIRP expression in MCF-7 cells

We identified CIRP as a gene upregulated in response to HuR knockdown in MCF-7 cells.
We focused on CIRP as it co-regulates mRNAs with the Xenopus ortholog of HuR [23].
CIRP prolongs G1 phase in mammalian cells [14] as does HuR knockdown [12] and is
decreased in endometrial cancer [22]. Based on these observations, we hypothesized that
human CIRP and HuR may cooperatively regulate cyclin E1 expression in human breast
cancer cells.

To confirm our microarray results showing CIRP upregulation in response to HuR
knockdown, we performed real-time PCR and immunoblot analysis for CIRP in MCF-7
cells treated with HuR siRNA. As shown in Figure 1, HuR knockdown increased both CIRP
mRNA (A) and protein (B and C) by 2-fold. This increase was consistent with the 2-fold
increase in CIRP mRNA seen by microarray analysis (not shown). To test if HuR
overexpression would have the opposite effect, we overexpressed HuR by transfecting
pcDNA3.1mycHuR into MCF-7 cells and assessed CIRP mRNA and protein levels. Myc-
HuR expression (Fig. 1E, upper band on HuR blot) slightly but significantly decreased both
CIRP mRNA (Fig. 1D) and protein levels (Fig. 1E and F). A larger decrease in CIRP upon
HuR overexpression may not have been seen because HuR is already elevated in MCF-7
cells as compared to non-transformed mammary epithelial cells ([12] and Fig. 2D). These
data suggested that HuR regulates CIRP or the CIRP mRNA, either directly or indirectly. In
this and following experiments actin was used as a loading control. Since actin was recently
shown to be a target of HuR in HeLa cells [25], we also used tubulin as a loading control
with identical results (Supplemental Fig. S1).

CIRP contributed to cyclin E1 upregulation in MCF-7 cells
We showed previously that one target mRNA stabilized by HuR in MCF-7 cells was that
encoding cyclin E1. To test if CIRP can also target cyclin E1 mRNA, we manipulated CIRP
expression and assessed cyclin E1 protein level. CIRP was overexpressed by transfecting
MCF-7 cells with pTracer-CMV2-CIRP or silenced by transfecting with CIRP siRNA. As
shown in the left panel of Figure 2A, compared to vector alone, overexpression of CIRP
increased cyclin E1 protein level. In contrast, CIRP silencing decreased cyclin E1 (Fig. 2A,
right). Identical to results seen upon altering HuR level [12], a 37-kDa low molecular weight
(LMW) form of cyclin E1 was preferentially affected by changes in CIRP expression. When
control levels are set to 1, full length and LMW forms are increased to 1.2 and 1.6,
respectively, upon CIRP overexpression and decreased to 0.7 and 0.4 upon CIRP silencing.
Interestingly, when CIRP was overexpressed, HuR protein level increased, and when CIRP
was silenced, HuR protein level decreased (Fig. 2A). These results showed that CIRP
positively regulates HuR expression and suggested that CIRP might regulate cyclin E1
expression via its effects on HuR.

To determine if a change in mRNA stability accompanies the change in cyclin E1 and HuR
protein levels upon CIRP alteration, we analyzed mRNA half-life in CIRP altered cells.
Figure 2B (top) shows that the half-life of cyclin E1 mRNA increases upon CIRP
overexpression and decreases upon CIRP knockdown. In contrast, HuR mRNA half-life is
not significantly affected by changes in CIRP expression (Fig. 2B, bottom). These results
show that CIRP regulates cyclin E1 but not HuR mRNA stability.

CIRP was increased in breast cancer cells
We next assessed endogenous CIRP level in several different breast carcinoma cell lines. As
shown in Figure 2C, when compared to nontransformed human mammary epithelial cells
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(lanes 1–3) and normalized to actin to control for protein loading, CIRP expression was
higher in 6 breast cancer cell lines (lanes 4–9) that also overexpress cyclin E1 and its LMW
forms. When nontumorigenic MCF10A and tumorigenic MCF-7 cells were directly
compared, endogenous CIRP mRNA (Fig. 2D) and protein (Fig. 2E and F) were higher in
MCF-7 cells, with a 2.8-fold difference in mRNA and 3.4-fold difference in protein. The
difference in CIRP level was not an indirect effect of maintaining MCF10A and MCF-7
cells in different media, as we obtained identical results with cells grown in the same media
(data not shown). These data show that CIRP was increased in breast cancer cells that
overexpressed cyclin E1. When combined with the CIRP overexpression and knockdown
studies, results suggest that CIRP positively regulates cyclin E1, perhaps via HuR, to
contribute to its overexpression in breast cancer.

CIRP binds the Cyclin E1 mRNA
We carried out UV-crosslink and immunoprecipitation assays to ask whether cyclin E1
mRNA was bound by CIRP. As shown in Figure 3A, UV-crosslink competition analysis
showed binding of GST-CIRP to the 3' untranslated region (3'UTR) of cyclin E1 mRNA
(lane 6). Binding was partially competed by unlabeled cyclin E1 3'UTR at 100 molar excess
(E13'UTR, lane 7), but also by a competitor consisting of part of the cyclin E1 coding region
(E1CR378, lane 8). In contrast, GST-HuR binding was well competed by E13'UTR (lane 2)
but not E1CR378 (lane 3) competitor RNA. Immunoprecipitation of UV-crosslinked
cytoplasmic extract of MCF-7 cells verified that endogenous CIRP binds the 3'UTR of
cyclin E1 mRNA (Fig. 3B). An 18-kDa protein was precipitated by CIRP-specific
antibodies (α-CIRP) with both cyclin E1 3'UTR and E1CR378, but not by nonspecific IgG.
A 35-kDa nonspecific complex binding the cyclin E1 3’UTR was precipitated with both IgG
and CIRP antibody. These results indicate that endogenous CIRP binds to the cyclin E1
3’UTR, but also binds the cyclin E1 coding region.

CIRP co-precipitated with HuR dependent on the presence of RNA
We next asked whether CIRP could be regulating cyclin E1 via effects on HuR. Based on
published studies showing that the Xenopus orthologs of CIRP and HuR interact, we
examined whether human CIRP could directly interact with HuR. As shown in the HuR
immunoblot in Figure 4A, GST-CIRP but not GST pulled down endogenous HuR from
MCF-7 cell extracts. To ask if the endogenous proteins associate, we immunoprecipitated
CIRP from MCF-7 cells and performed western analysis for HuR. Figure 4B shows that
HuR co-precipitated with CIRP (lane 2), but not with normal IgG (lane 1). Co-precipitation
of HuR and CIRP was dependent on the presence of RNA as RNase A treatment abolished
co-precipitation (lane 3). Thus, CIRP and HuR appear to bind to an overlapping pool of
RNAs.

CIRP increased HuR binding to the cyclin E1 3'UTR
The RNA-dependent association of CIRP and HuR prompted us to test whether CIRP could
affect the binding of HuR to the cyclin E1 3'UTR. To test this, we performed UV-crosslink
analysis with extracts of MCF-7 cells whose CIRP level was altered, followed by
immunoprecipitation of HuR. Figure 5A shows that HuR binding to the cyclin E1 3'UTR
decreased upon CIRP knockdown (si-CIRP) and increased upon CIRP overexpression
(CIRP). These changes could be due to the altered HuR level, and/or to CIRP facilitating
HuR binding to the cyclin E1 3’UTR. To ask if CIRP influences HuR binding to the cyclin
E1 3’UTR, native gel shifts were performed. Figure 5B shows that GST-HuR bound to the
cyclin E1 3'UTR with a Kd of 30.3 nM. The addition of GST-CIRP but not GST alone
decreased the Kd to 14.7 nM. These results were reproducible, as similar results were
obtained in three separate experiments, showing that CIRP can influence HuR binding to
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cyclin E1 mRNA. Despite this, the effect is only two-fold, suggesting that the positive
effects of CIRP on cyclin E1 can mostly be explained by the increase in HuR expression.

CIRP overexpression increased cytoplasmic foci of HuR
Despite their role in cytoplasmic mRNA stabilization, HuR and CIRP are predominantly
nuclear proteins [17,18,26,27]. Upon cellular stress, a fraction of these proteins translocates
to the cytoplasm where they bind target mRNAs and prevent their decay, presumably
enhancing cell survival in response to stress [9,17,18,26]. Overexpression of CIRP could be
increasing the pool of cytoplasmic HuR available for binding cyclin E1 mRNA. To address
this possibility, we first compared the level of HuR in cytoplasmic and nuclear fractions
from MCF-7 cells in which CIRP was either overexpressed or silenced. Figure 6 shows that
CIRP overexpression increased both cytoplasmic (A) and nuclear (B) HuR, while CIRP
silencing decreased both. Quantitation of HuR (and CIRP) level showed that there was no
shift in nuclear/cytoplasmic ratio, just an overall change in protein level (not shown).
Interestingly, CIRP blots of cytoplasmic fractions displayed two bands, while those of
nuclear fractions displayed one band. These bands may result from post-translational
modification of CIRP and their presence varied in immunoblots of whole cell extracts
(compare Fig. 1B and E, Fig. 2, and S1), suggesting that CIRP post-translational
modification may vary with stress and/or subcellular localization.

Next, we used immunofluorescence microscopy to verify that altering CIRP does not affect
the subcellular localization of HuR. Figure 7A shows that HuR was primarily nuclear when
visualized by microscopy. HuR was also present in the cytoplasm localized to small round
structures (white arrowheads in Merge panels). These structures or foci were often closely
associated with the nucleus but did not contain DNA, as could be seen by comparing DAPI
and Merge panels. Knockdown of CIRP decreased the number of these structures from 10%
to 5% of the total HuR (Si-ctrl vs. Si-CIRP), while CIRP overexpression (CIRP vs. Vec)
increased them to about 24%.

We used co-immunofluorescence analysis to ask if CIRP and HuR co-localized and to query
the identity of the cytoplasmic foci. As previously reported by others [17] we found that
CIRP, like HuR, was predominantly nuclear (Figure 7B, top). Upon overexpression, CIRP
accumulated in the same cytoplasmic foci as HuR (Figure 7B, top). We next queried the
identity of the foci, specifically asking if they correspond to stress granules (SGs),
cytoplasmic foci that form in response to cytoplasmic or endoplasmic reticulum stresses.
CIRP was recently shown to be recruited to SGs in response to stress or upon its
overexpression, which induces SG formation [17]. To determine if the foci correspond to
SGs, we immunostained for TIA-1, an RBP that is considered a SG marker [28,29] As
shown in Figure 7B (second), TIA-1 was present in the foci containing HuR and CIRP,
identifying them as SGs. Taken together, these data are consistent with a model in which
CIRP upregulation increases overall HuR level but does not affect its nuclear to cytoplasmic
distribution. The number of cytoplasmic stress granules containing HuR and CIRP increased
in response to CIRP upregulation, probably due to increased overall protein levels.

DISCUSSION
In this study, we show that expression of the stress-induced RBP CIRP is increased in breast
cancer cells, where it contributes to increased levels of the RBP HuR and the G1-S regulator
cyclin E1. We previously showed that higher cytoplasmic HuR in MCF-7 breast cancer cells
contributed to upregulation of cyclin E1 via stabilization of its mRNA [12]. We next
observed that HuR knockdown increased CIRP level, concomitant with a decrease in cyclin
E1 and G1-phase cell cycle arrest. CIRP had been shown to cause G1-phase arrest [14] in
mammalian cells and to co-regulate mRNAs with HuR in a Xenopus model system [23].
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Based on these collective data, we hypothesized that CIRP and HuR may also co-regulate
target mRNAs in human cells. To test this, we overexpressed and knocked down CIRP in
MCF-7 cells and monitored cyclin E1 level. Cyclin E1 protein and its mRNA stability
increased upon CIRP overexpression, and decreased upon CIRP knockdown, suggesting
positive regulation of cyclin E1 by CIRP. A greater effect was seen on the 37-kDa LMW
form of cyclin E1 as compared to full length cyclin E1. LMW isoforms arise from
proteolytic processing of full length cyclin E1, appear to be cancer specific, and may be a
function of the total amount of cyclin E1 present in a cell [30]. Thus the preferential change
in LMW cyclin E1 may be secondary to the change in full-length protein. Regardless of
origin, LMW cyclin E1 forms hyperactive kinase complexes with Cdk2 that are resistant to
cdk inhibitors, is associated with genetic instability and is predictive of poor clinical
outcome [31–33].

CIRP bound to both the cyclin E1 3'UTR and coding region, suggesting that regulation may
be via multiple binding sites. It is also possible that CIRP binds nonspecifically to the cyclin
E1 mRNA and that CIRP regulates cyclin E1 only via its regulation of HuR, a possibility
that is currently under investigation. CIRP regulated HuR protein level but did not affect
HuR mRNA stability, suggesting an alternate mode of increasing HuR protein. CIRP co-
precipitated with HuR in the presence of RNA, showing that they bound an overlapping pool
of RNAs. Consistent with this, CIRP enhanced HuR binding to the cyclin E1 3’UTR.
Together, these data suggest that CIRP positively regulates cyclin E1, at least in part via its
regulation of HuR.

RBPs are key components in the post-transcriptional regulation of gene expression. These
proteins contain well-conserved RNA binding domains mediating RNA contact but also
auxiliary domains involved in protein-protein interactions and subcellular targeting [34].
The complement of interacting RBPs determines the stability and translation of mRNAs
[35]. Xenopus orthologs of CIRP and HuR stabilize ARE-containing mRNAs cooperatively,
but at distinct steps [23]. Another member of the glycine rich RBP family, RBM3, was
recently shown to co-stabilize mRNAs with HuR, to be overexpressed in several different
cancers, and to promote oncogenesis [36]. Our results are consistent with these prior studies.
Comparison of CIRP level in 3 different nontumorigenic breast epithelial cells with 6 breast
carcinoma cell lines showed that CIRP protein was higher in the breast cancer cells,
correlating with higher cyclin E1 protein. As well as increasing HuR overall protein level,
CIRP enhanced HuR binding to the cyclin E1 3'UTR, suggesting that CIRP stabilizes cyclin
E1 mRNA and increases cyclin E1 protein level at least in part via its effects on HuR.

Both CIRP and HuR shuttle from the nucleus to the cytoplasm in response to stress
[10,37,38]. We found that altering CIRP expression did not change the nuclear to
cytoplasmic distribution of HuR or itself. When assessed by immunofluorescence
microscopy, HuR was primarily nuclear but was also present in distinct cytoplasmic foci.
The number of these foci increased in response to CIRP overexpression, and decreased upon
CIRP knockdown. These cytoplasmic structures contained CIRP as well as TIA-1,
distinguishing them as SGs. Untranslated mRNAs and several RBPs, including HuR [29,39],
are found in SGs, which appear to act as triage centers that sort, remodel and export specific
mRNPs for translational re-initiation, decay, or storage [40]. Consistent with our results,
HuR is a known component of SGs [29,39], CIRP is recruited to SGs in response to stress,
and CIRP overexpression induces SG formation [17]. As one proposed function of SGs is
marking mRNPs for translational re-initiation and the presence of HuR is thought to be one
of the “marks” [41,42], the accumulation of HuR containing SGs upon CIRP overexpression
could ultimately increase cyclin E1 expression by marking its mRNP for translational re-
initiation upon export. Cyclin E1 mRNA stabilization upon CIRP overexpression is also
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consistent with this possibility. It is also possible that the increase in SGs is due to
sequestration of excess CIRP/HuR and does not affect cyclin E1 level.

Our observation that CIRP is elevated in breast cancer contrasts with a reported decrease in
CIRP in endometrial cancer [22]. CIRP has been shown to play roles in maintenance of
normal cellular functions and morphogenesis, biological rhythms, suppression of cell growth
induced by cold stress, and protection against apoptosis [14,16,19–22]. Based on this, one
explanation for the apparent differences in CIRP levels in breast and endometrial cancers is
that CIRP may play different roles depending on the types, stress responses, and
physiological state of tissues and cells. In agreement with this possibility, CIRP has been
reported to activate translation in response to UV irradiation [43] and to suppress translation
in response to oxidative stress [17]. Although it is possible that cancer cell lines differ from
primary human tumors in their CIRP expression level, a recent study reported upregulation
of CIRP protein in 28% of 193 tumors studied, including 33% of breast cancers (11 of 33)
[44]. This same study showed that CIRP increased proliferation when expressed in mouse
embryo fibroblasts, consistent with a role in growth promotion suggested by our studies.

Regardless of whether CIRP regulates cyclin E1 via increasing HuR, or if CIRP and HuR
collaborate to regulate cyclin E1, our initial observation was that of CIRP upregulation in
response to HuR knockdown. This may result from a compensatory mechanism to maintain
either a high level of HuR or cyclin E1. It could also be explained if HuR or one of its
targets, destabilized or translationally repressed CIRP mRNA. Since aberrant expression of
either HuR or cyclin E1 contributes to malignant transformation and tumorigenesis in breast
and other cancers [45–48], CIRP, as a positive regulator of these two proteins, may also
contribute to tumorigenesis.

In summary, the current study shows that CIRP positively regulates and interacts with HuR,
promoting its presence in SGs and its cyclin E1 mRNA binding activity. Since HuR
stabilizes cyclin E1 mRNA via binding its 3'UTR [12], the most likely mechanism by which
CIRP contributes to cyclin E1 overexpression is by increasing the levels of HuR and
enhancing its actions. Future experiments will address how CIRP functions in this capacity,
and how HuR regulates CIRP. These results are the first to show CIRP overexpression in
breast cancer cell lines versus breast epithelial cells and suggest that targeting it could
reduce cell proliferation and thus tumor growth by decreasing expression of HuR and
downstream targets such as cyclin E1.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ATCC American Type Culture Collection

CIRP cold-inducible RNA binding protein

CS-RBD consensus sequence-RNA binding domain

CY3 cyanine 3

ElrA elav-related protein A

ERK extracellular signal regulated kinase

E1CR378 cyclin E1 coding region 378

FBS fetal bovine serum

GST glutathione S-transferase

HDAC1 histone deacetylase 1

hDCP1a human decapping protein 1a

HuR human antigen R

LMW low molecular weight

RBP RNA binding protein

RGG arginine glycine glycine

RRM RNA recognition motif

SG stress granule

TIA-1 T-cell intracytoplasmic antigen

siRNA small interfering RNA

3’UTR 3’ untranslated region
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Fig. 1.
Regulation of CIRP expression by HuR knockdown and overexpression in MCF-7 cells. A
and D, Real-time RT-PCR was used to analyze CIRP mRNA level. Total RNA was
harvested 72 hr after transfection of HuR siRNA (Si-HuR), control siRNA (Si-ctrl),
pcDNA3.1mycHuR (HuR), or pcDNA3.1 vector (vec). Data were normalized to GAPDH
and expressed as relative mRNA levels. B and E, The protein levels of HuR and CIRP in
MCF-7 cells were analyzed by sequential western blotting 72 hr after transfection. Equal
loading of protein was determined by re-probing of blots for β-actin. C and F, The relative
quantity of protein was calculated after normalization to β-actin. n = 4, * p < 0.05, **, p <
0.01 versus control siRNA or pcDNA3.1 vector.
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Fig. 2.
Regulation of cyclin E1 and HuR expression by CIRP knockdown and overexpression. A,
MCF-7 cells were transfected with CIRP siRNA (Si-CIRP), control siRNA (Si-ctrl),
pTracer-CMV2 (Vec), or pTracer-CMV2-CIRP (CIRP). Total protein was extracted 72 hr
after transfection and the levels of CIRP, cyclin E1 and HuR were analyzed by western
blotting. Equal loading of protein was determined by re-probing for β-actin. B, MCF-7 cells
were synchronized at late G1 phase 24h after transfection. Total RNA was extracted at the
indicated time after the addition of actinomycin D. Real time RT-PCR was used to analyze
HuR and cyclin E1 mRNA level. Data were normalized to GAPDH mRNA and plotted on
semi logarithmic scales. p < 0.05 for cyclin E1 mRNA in CIRP/siCIRP cells vs. controls. C,
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Western blotting for CIRP and cyclin E1 in total protein extracts from normal mammary
epithelial cells (lanes 1–2: AG11132, AG11137), immortalized nontumorigenic mammary
epithelial cells (lane 3: MCF10A) and 6 breast carcinoma cell lines (lanes 4–9: MCF-7,
T47D, SKBR3, MDA-MB-231, MDA-MB-453, BT-474). The blot was stripped and re-
probed for β-actin to control for protein loading. D, CIRP mRNA level was analyzed by
real-time RT-PCR and expressed as relative level after normalization to GAPDH. E, CIRP
protein level was analyzed by western blotting and blots stripped and re-probed for β-actin.
F, The relative quantity of CIRP protein was calculated from E after normalization to β-
actin. For all experiments, n = 3, **, p < 0.01 versus MCF10A.
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Fig. 3.
CIRP and HuR bind the cyclin E1 mRNA. A, UV-crosslink competition analysis. An equal
amount of GST-CIRP or GST-HuR was incubated with 32P-labeled cyclin E1 mRNA
3’UTR (E13’UTR) in the presence of 0 (lanes 1 and 6) or 100 molar excess unlabeled
specific (cold E13’UTR, lanes 2 and 7) or nonspecific (cold E1CR378, lanes 3 and 8)
competitor. Arrows indicate protein binding to the cyclin E1 3’UTR. Lane 4, radiolabeled
RNA alone; lane 5, radiolabeled RNA treated with RNase in the absence of added protein.
B, UV-crosslink immunoprecipitation analysis. MCF-7 cell extract was incubated with 32P-
labeled cyclin E1 mRNA 3’UTR (E13’UTR) or cyclin E1CR378 mRNA. After crosslinking
and RNase treatment, RNA-protein complexes were precipitated with CIRP antibody (α-
CIRP) or normal IgG followed by protein A/G agarose beads and resolved on a 12% SDS-
polyacrylamide gel. Input lane is the UV-crosslinked 32P-labeled cyclin E1 3’UTR with
MCF-7 cell extract. Arrow indicates the 18-kDa protein immunoprecipitated by CIRP
antibody. Experiments were repeated at least 3 times.
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Fig. 4.
CIRP co-precipitates with HuR. A, GST pull-down assay: GST or GST-CIRP was incubated
with MCF-7 cell extract. GST-CIRP was pulled down with Glutathione-Sepharose and
eluted proteins immunoblotted for HuR. B, MCF-7 cell extract treated with or without
RNase A was incubated with CIRP antibody (α-CIRP) or normal IgG followed by protein A/
G agarose beads. The co-precipitated proteins eluted from the beads (Beads) were resolved
on a 10% SDS-polyacrylamide gel and immunoblotted for CIRP or HuR. The supernatants
(Sup) were immunoblotted for β-actin to monitor equal amounts of starting protein.
Experiments were repeated at least 3 times.
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Fig. 5.
CIRP enhances the binding of HuR to the cyclin E1 mRNA 3’UTR. A, MCF-7 cells were
transfected with control siRNA (si-ctrl), CIRP siRNA (si-CIRP), pTracer-CMV2 vector
(vec), or pTracer-CMV2-CIRP (CIRP). Equal amounts of cell lysates were incubated
with 32P-labeled cyclin E1 mRNA 3’UTR, UV-crosslinked, and treated with RNase. The
resulting RNA-protein complexes were precipitated with HuR antibody/protein A/G agarose
and resolved on a 10% SDS-polyacrylamide gel. Arrow indicates radiolabeled protein
immunoprecipitated by the HuR antibody. B, Gel shift assay. 32P-labeled cyclin E1 mRNA
3’UTR (1 fmol) was incubated with the indicated amounts of GST-HuR +/− 50 nM GST-
CIRP. RNA-protein complexes were resolved on a 5% native polyacrylamide gel,
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phophorimaged and Kd calculated using a one-phase exponential decay. All experiments
were repeated at least 3 times.
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Fig. 6.
CIRP increases both cytoplasmic and nuclear HuR. MCF-7 cells were transfected with
control siRNA (si-ctrl), CIRP siRNA (si-CIRP), pTracer-CMV2 vector (vec), or pTracer-
CMV2-CIRP (CIRP). A, Cytoplasmic (cyto) and B, nuclear (Nuclear) protein was extracted
72 hr after transfection and the levels of CIRP and HuR analyzed by western blotting. Equal
protein loading was determined by re-probing for β-actin (cyto) or HDAC1 (Nuclear).
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Fig. 7.
CIRP increases HuR containing cytoplasmic foci. MCF-7 cells were transfected with control
siRNA (si-ctrl), CIRP siRNA (si-CIRP), pTracer-CMV2 vector (vec), or pTracer-CMV2-
CIRP (CIRP). A, HuR localization was assessed using immunofluorescence analysis.
Representative fluorescence micrographs of cells 72 hr after transfection are shown. HuR
staining was visualized with Cy-3 conjugated secondary antibody (red). Nuclei were stained
with DAPI (blue). White arrowheads in the merge panel indicate cytoplasmic foci
containing HuR but not DAPI. Cytoplasmic foci containing HuR were counted in 500 cells
for each condition and shown on the right as foci number per 100 cells. ** p< 0.01 as
compared to Si-ctrl or Vec. B, HuR co-localization with CIRP and TIA-1 was assessed in
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MCF-7 cells transfected with pTracer-CMV2-CIRP using immunofluorescence analysis.
Representative fluorescence micrographs of cells 72 hr after transfection are shown. HuR
staining was visualized with Cy-3 conjugated secondary antibody (red). CIRP and TIA-1
were visualized with Alexa Fluor 488 (green) conjugated secondary antibody). Nuclei were
stained with DAPI (blue). All experiments were repeated at least 3 times.
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