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interacting with the 5⬘ region of p27 mRNA (17). It has recently been found that RNA binding proteins that specifically
interact with GC-rich sequences may also regulate the translation of certain mRNAs (28, 30, 31, 33, 36). Regulation of
RNA binding proteins occurs at different levels, including transcription, translation, posttranslational modifications, and intracellular localization. A new pathway for the regulation of
RNA binding proteins has been suggested by investigations of
the molecular alterations observed in DM type 1 (DM1) patients. Several reports have indicated that the activity of CUG
repeat binding protein (CUGBP1) is affected by expansion of
GCU (CUG) repeats within the 3⬘ UTR of myotonin protein
kinase (DMPK) mRNA (22, 28–31). The mechanism of this
effect is complicated and involves the association of CUGBP1
with GCU repeats, forming RNA-protein complexes (30). Experiments with cultured cells showed that CUGBP1 is more
stable in the RNA-protein complexes than free CUGBP1 (30).
As a result, DM1 cells generate a reservoir of CUGBP1-RNA
complexes, which can potentially release the protein and generate a pool of free and active CUGBP1. This finding suggests
that the activities of RNA binding proteins in vivo may be
altered by overexpression of RNA transcripts containing the
corresponding binding sites. Analysis of nucleotide sequences
that are necessary for the interaction of CUGBP1 with RNA
revealed that the binding of CUGBP1 does not require a
strong consensus: CUGBP1 binds to GC-rich regions, preferentially to GCN repeats (28–31, 36). At least four mRNAs
have been shown to contain these repeats, and they are able to
interact with CUGBP1 (28–31).
In our search for additional RNA binding proteins interact-

The C/EBP family of transcription factors is involved in the
regulation of a number of biological processes (9, 13, 23, 34).
Two members of this family, C/EBP␣ and C/EBP␤, are encoded by intronless genes, but a single mRNA of each produces several protein isoforms by alternative translation from
in-frame AUG codons (1, 4, 5, 10, 14, 20). The molecular
mechanisms that regulate translation of C/EBP␣ and -␤
mRNAs are not well understood. It has been suggested that
the alternative usage of AUG codons may be controlled by
specific RNA binding proteins which bind to mRNAs and
increase the interaction of ribosomes with downstream AUG
codons (33, 36). Experimental studies of liver regeneration, the
acute-phase response to inflammation, and the pathology of
myotonic dystrophy (DM) showed that, in all of these situations, CUGBP1 binds to the GCN repeats within the 5⬘ region
of C/EBP␤ mRNA and induces downstream translation initiation of a dominant-negative C/EBP␤ isoform, LIP (30, 33,
36).
RNA binding proteins play important roles in the regulation
of cell growth and differentiation through the control of
mRNAs whose products are involved in the cell cycle (2). It has
been shown that a family of elav-like proteins binds to an
AU-rich sequence located within the 3⬘ untranslated region
(UTR) of certain mRNAs and increases the stability of these
mRNAs (6, 11, 12, 26, 35). A member of the elav-like proteins,
HuR, also regulates the rate of translation of p27 mRNA by
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We previously identified an RNA binding protein, CUGBP1, which binds to GCN repeats located within the
5ⴕ region of C/EBP␤ mRNAs and regulates translation of C/EBP␤ isoforms. To further investigate the role of
RNA binding proteins in the posttranscriptional control of C/EBP proteins, we purified additional RNA
binding proteins that interact with GC-rich RNAs and that may regulate RNA processing. In HeLa cells, the
majority of GC-rich RNA binding proteins are associated with endogenous RNA transcripts. The separation of
these proteins from endogenous RNA identified several proteins in addition to CUGBP1 that specifically
interact with the GC-rich 5ⴕ region of C/EBP␤ mRNA. One of these proteins was purified to homogeneity and
was identified as calreticulin (CRT). CRT is a multifunctional protein involved in several biological processes,
including interaction with and regulation of rubella virus RNA processing. Our data demonstrate that both
CUGBP1 and CRT interact with GCU repeats within myotonin protein kinase and with GCN repeats within
C/EBP␣ and C/EBP␤ mRNAs. GCN repeats within these mRNAs form stable SL structures. The interaction
of CRT with SL structures of C/EBP␤ and C/EBP␣ mRNAs leads to inhibition of translation of C/EBP proteins
in vitro and in vivo. Deletions or mutations abolishing the formation of SL structures within C/EBP␣ and
C/EBP␤ mRNAs lead to a failure of CRT to inhibit translation of C/EBP proteins. CRT-dependent inhibition
of C/EBP␣ is sufficient to block the growth-inhibitory activity of C/EBP␣. This finding further defines the
molecular mechanism for posttranscriptional regulation of the C/EBP␣ and C/EBP␤ proteins.
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ing with GCN repeats, we purified and characterized a new
GC-rich binding protein, calreticulin (CRT). Data in this paper
show that the RNA binding activity of CRT is masked in total
extracts due to association with endogenous transcripts. Similar to CUGBP1, the separation of CRT from RNA significantly
increases its RNA binding activity. Both free CUGBP1 and
CRT bind strongly to transcripts containing long GCN repeats.
Our data demonstrate that CRT interacts with GCN repeats
located within the C/EBP␤ and C/EBP␣ mRNAs and that this
interaction represses protein translation from these mRNAs.
MATERIALS AND METHODS
RNA probes. In this study, we used RNA oligomers that cover regulatory
regions of the C/EBP␣ and C/EBP␤ mRNAs. The locations of these oligomers
on C/EBP mRNAs are shown in Fig. 1. The nucleotide sequences of RNA probes
used in these studies are as follows: sORF, 5⬘-AUGCCUCCCCGCCGCCGCC
CGCCGCCUUAG-3⬘ (GCC repeats are underlined); sORF-mut, 5⬘-AUGCCU
CCCCAUCUACAUCCUACAUCUUAG-3⬘ (GC islands are replaced with AU/
UA, shown in boldface); LAP, 5⬘-AUGCACCGCCUGCUGGCCUGGGAC-3⬘
(the CUGBP1 binding site is underlined); FL-LAP, 5⬘-AUGCACCGCCUGCU
GGCCUGGGACGCAGCAUGCCUCCCCGCCGCCGCCCGCGCCUUA
G-3⬘ (two CUGBP1 binding sites are underlined); and GX, an AU-rich oligomer
with a random nucleotide composition (33). RNA oligomers covering secondary
structures of C/EBP␣ mRNAs are as follows: 5⬘ stem-loop (5⬘SL), 5⬘-GGAGG
UGCGCGGGUAUACCCGCGCAGGCUU-3⬘; internal loop (oligomer A containing GCG repeats [underlined]), 5⬘-CCCCACGGGCGGCGGCGGCGGCG
GCGACUU-3⬘; and internal loop (oligomer B containing GCC repeats
[underlined]), 5⬘-UAACCAGCCGCCGCCGCCGCCGCCGCCGCCGCCC-3⬘.
A double-stranded internal stem structure (SL int) was generated by annealing
of oligomers A and B. The double-stranded Int stem RNA was separated from
single-stranded oligomers by gel electrophoresis and extracted from the gel. All

RNA oligomers were labeled in in vitro kinase reactions with T4 kinase and
[␥-32P]ATP. GCU repeats of different lengths (6, 39, and 123 repeats) derived
from plasmids described earlier (30) were placed under the T7 promoter, and
RNA transcripts were synthesized in an vitro transcription reaction as described
previously (30, 33).
Plasmids. Expression constructs for wild-type C/EBP␤ and C/EBP␣ were
described earlier (33, 34). C/EBP␣ deletion constructs were characterized previously (34) (see Fig. 8A). GC-mut C/EBP␤ mRNA was generated using sitespecific mutagenesis. In this construct, GC islands within the sORF sequence are
replaced with AU or UA. It has been shown that these substitutions abolish the
interaction of CUGBP1 with the 5⬘ region of C/EBP␤ mRNA (35). The CRT
plasmids GST-CRT and hemagglutinin HA-CRT were kindly provided by David
Williams. GST-CRT protein was isolated from bacteria by using glutathione
beads. To further purify the protein, an additional step of ion-exchange chromatography on UnoQ (high-performance liquid chromatography [HPLC]; BioLogic high-resolution chromatography system [BioLogic HR]; Bio-Rad) was
performed. The purified GST-CRT represented a highly purified (90 to 95%)
protein according to Coomassie staining. The identity of GST-CRT was verified
by Western blotting with antibodies to CRT (Santa Cruz Biotechnology and
Sigma).
Isolation of total protein extracts, fractionation on a DEAE column, and UV
cross-link assay. Whole-cell extracts were isolated from HeLa cells as previously
described (29, 33). To separate RNA and proteins, total extracts were loaded on
DEAE-Sepharose in DEAE binding buffer (25 mM Tris-HCl [pH 7.5], 1 mM
EDTA, 5 mM dithiothreitol, 30 mM NaCl, and 10% glycerol). After being
intensively washed, the proteins were eluted using 0.1, 0.2, 0.3, and 0.4 M NaCl.
The elution fractions were spun through G-50 spin columns to remove high levels
of salt. The presence of RNA within DEAE elution fractions was examined by
slot hybridization with an 18S rRNA probe. Under the conditions of the experiments, RNA was not detectable within 0.1 to 0.4 M NaCl elution fractions.
Therefore, these samples are referred to as RNA free. HeLa whole-cell protein
extracts, DEAE protein fractions, or bacterially expressed GST-CRT proteins
were incubated with RNA transcripts containing various numbers of GCU repeats. Equal amounts of radioactive RNA probes (50,000 to 200,000 cpm) were
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FIG. 1. C/EBP␣ and C/EBP␤ mRNAs and RNA probes. (A) C/EBP␤ mRNA. The positions of AUG codons for the full-length (FL), LAP,
and LIP isoforms of C/EBP␤ are shown. FL-LAP, RNA oligomer covering a sequence from the first to the second AUG codon; LAP, RNA
oligomer containing GCU repeats (see Materials and Methods) (33); sORF, short out-of-frame open reading frame containing GCC repeats that
interact with CUGBP1 (33) and with CRT (this paper); DBD, coding sequence for the DNA binding domain. (B) C/EBP␣ mRNA. The positions
of the AUG codons for 42-, 30-, and 20-kDa isoforms of C/EBP␣ are shown. The location of a binding site for hnRNP E2 (21) within the C/EBP␣
mRNA is also shown. 5⬘SL, A(GCG)8, and B(GCC)8, positions of RNA oligomers used in these studies. Regions A and B form an internal SL
structure which interacts with CRT.
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autoradiography. The effect of CRT on the translation of C/EBP proteins was
calculated as a ratio of C/EBP to USF. Densitometric analysis was carried out
using a Molecular Dynamics Personal Densitometer and ImageQuant software.
Effect of CRT on translation of C/EBP␣ and C/EBP␤ mRNAs in cultured
cells. COS7 or HT1080 cells were cotransfected with C/EBP␣ plus HA-CRT or
C/EBP␤ plus HA-CRT constructs using the Fugene 6 transfection reagent
(Boehringer Mannheim) according to the manufacturer’s protocol. Since CRT is
highly expressed in cultured cells, preliminary studies were performed to examine the induction of CRT relative to endogenous levels of the protein. We
established conditions for transfection where CRT levels are three- to fivefold
induced in each transfected cell. The data in this paper were obtained under the
established conditions. The best effect was reproducibly observed when the ratio
of transfected C/EBP to CRT plasmids was 1:5. Eighteen hours after transfection, total protein extracts were isolated and the levels of C/EBP␣, C/EBP␤, and
CRT were examined by Western blotting with specific antibodies as described
above. Summaries of three or four independent experiments are presented in
this paper.
Immunostaining of HT1 cells and colony formation assay. To visualize transfected cells, the HA-CRT vector was cotransfected into HT1 cells with a plasmid
coding for green fluorescent protein (GFP) (10:1). Control cells were transfected
with GFP alone. C/EBP␣ was induced by the addition of 10 mM IPTG. Sixteen
hours after C/EBP␣ induction, the cells were fixed and stained with antibodies to
C/EBP␣ (14AA; Santa Cruz). The presence of GFP indicated cells transfected
with HA-CRT. DAPI (4⬘,6⬘-diamidino-2-phenylindole) staining was also performed to visualize all cell nuclei.
To determine whether CRT can abolish C/EBP␣ growth-inhibitory activity,
formation of single- and multiple-cell colonies was performed in HT1 cells as
described earlier (34). Briefly, HT1 cells were cotransfected with either an empty
vector or HA-CRT and a plasmid expressing ␤-galactosidase (␤-Gal). Cotransfection with ␤-Gal allows the transfected cells to be easily visualized and counted.
C/EBP␣ expression was induced by IPTG (isopropyl-␤-D-thiogalactopyranoside), the cells were fixed on days 1 and 3 after the addition of IPTG, and the
␤-Gal activity was examined. Dividing cells are present as clusters containing
three or more cells by day 3 after transfection, while arrested cells remain as
single-cell colonies. The numbers of arrested and dividing cells were calculated,
and a summary of five experiments is presented (see Fig. 9C).

RESULTS
The majority of GCU binding proteins are associated with
endogenous transcripts in extracts from HeLa cells. Previous
investigations showed that certain RNA binding proteins interact with the C/EBP␣ and C/EBP␤ mRNAs and that these
interactions affect the translation of C/EBP proteins (21, 28–
31). Figure 1 shows the structures of the C/EBP␣ and C/EBP␤
mRNAs and the locations of the binding sites for RNA binding
proteins. Previous studies demonstrated that the 5⬘ region of
C/EBP␤ mRNA (sORF) interacts with at least six or seven
RNA binding proteins in cytoplasmic extracts from liver (33,
36). We also found that one of these RNA binding proteins,
CUGBP1, increases the translation of LIP, a dominant-negative isoform of C/EBP␤, during the acute-phase response (36)
and in DM1 patients (30). In DM1 patients, CUGBP1 is associated with GCU repeats, which are expanded within the
mutant DMPK mRNA (30). In these studies, the association of
other unknown GC-rich RNA binding proteins with endogenous transcripts was also observed (30). To further address the
identities of these proteins and to investigate their roles in the
translation of C/EBP proteins, we utilized a method which
allowed the separation of RNA-protein complexes and free
RNA binding proteins. This method utilizes HPLC-based size
exclusion chromatography followed by gel shift, UV cross-link,
and Western analyses of gel filtration fractions (30). As an
initial step, we analyzed whether GC-rich RNA binding proteins are associated with endogenous transcripts in HeLa cells.
Free proteins and RNA-protein complexes were separated and
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incubated with proteins for 30 min at room temperature and subjected to UV
treatment for 5 min at 125 mJ. The samples containing long RNA transcripts
(DMPK mRNA, GCU39, and GCU123) were treated with RNase A and then
loaded on 10% polyacrylamide gel electrophoresis gels containing 0.1% sodium
dodecyl sulfate (SDS). After electrophoresis, the proteins were transferred to the
membrane and autoradiographed. The same membranes were stained with Coomassie blue to verify protein loading.
Analysis of RNA-protein interactions using HPLC-based size exclusion chromatography. Whole-cell protein extracts from HeLa cells were fractionated by
HPLC-based size exclusion chromatography on an SEC-400 column (BioLogic
HR; Bio-Rad). Prior to each run, the column was calibrated with standard
protein molecular mass markers. Gel filtration fractions (300 l) were collected
and analyzed by gel shift assay with the sORF or (GCU)8 probe. Where appropriate, protein extracts were treated with RNase A (0.2 to 1.0 U/l) and then
fractionated by HPLC chromatography. To locate 18S rRNA transcripts within
gel filtration fractions, 150 l of each fraction was denatured with 50% formamide, spotted on a nitrocellulose filter, and hybridized with 18S probe as
described previously (32). Under conditions optimal for protein isolation, RNA
transcripts are partially degraded and are observed in multiple fractions ranging
from 450 to 1,000 kDa. The majority of GC-rich binding proteins colocalize with
RNA transcripts.
UV cross-link–immunoprecipitation assay (UV-IP). To identify CUGBP1
within gel filtration fractions, the fractions were incubated with sORF or (GCU)8
probes, the proteins were linked to the probe by UV treatment as described
previously (31, 33), and CUGBP1 was precipitated from reaction mixtures by
using specific polyclonal antibodies (31). After being intensively washed, the
immunoprecipitates were loaded on a denaturing gel, transferred to a membrane, and autoradiographed.
Purification of the GCN binding protein CRT. We have previously shown that
rat liver contains six or seven proteins that specifically interact with GCN repeats
within the 5⬘ region of C/EBP␤ mRNA (33, 36). Therefore, cytoplasmic extracts
from rat liver were used for the isolation of GCN binding proteins. Twenty
milligrams of protein were first fractionated by ion-exchange chromatography
using an UnoQ column (HPLC; Bio-Rad). Proteins were eluted from the column
using a linear gradient of NaCl from 0.05 to 0.5 M. Fractions containing GCN
binding proteins were identified by gel shift and UV cross-link assays with sORF
or (GCU)8 probes. Fractions containing GCN binding protein with a mass of 60
kDa were combined, dialyzed against buffer for UnoQ, and applied for a second
round of ion-exchange chromatography by elution with a narrow range of NaCl
concentrations (from 0.15 to 0.25 M). Analysis of the elution fractions by silver
staining revealed that purified p60 is electrophoretically homogenous and binds
to sORF with high affinity (see Fig. 4). The amino acid sequence of p60 was
determined by the sequencing core at Baylor College of Medicine. Comparison
of the amino acid sequence of p60 with those of known proteins indicated that
p60 is identical to CRT.
Western analysis. Proteins from DEAE or HPLC fractions (50 to 100 g)
were separated by 10 to 12% polyacrylamide gel electrophoresis and transferred
to a nitrocellulose membrane (Bio-Rad). The membrane was blocked with 10%
dry milk prepared in TTBS buffer (25 mM Tris-HCl [pH 7.5], 150 mM NaCl, and
0.1% Tween 20) for 1 h at room temperature. Primary monoclonal antibodies
against CUGBP1 (3B1) or polyclonal antibodies against EXP42 were added and
incubated for 1 h. The filter was washed and incubated with secondary antibodies
for 1 h, and then immunoreactive proteins were detected using the enhancedchemiluminescence method (Pierce). After detection of proteins, the membranes were stripped and reprobed with antibodies against ␤-actin or stained
with Coomassie blue to verify protein loading.
Gel shift analysis. The conditions for electrophoretic mobility shift assays were
described previously (33, 36). Proteins (5 to 25 g) were incubated with sORF or
(GCU)8 labeled with [␥-32P]ATP and T4 kinase. Where appropriate, RNA
competitors (100 ng) were added prior to the addition of probe.
Effect of CRT on translation of C/EBP␣ and C/EBP␤ mRNAs in reticulocyte
lysate. To examine the result of the interaction of CRT with C/EBP mRNAs, a
cell-free coupled transcription-translation system in rabbit reticulocyte lysate was
used. The conditions for this assay were described previously (33, 36). GST-CRT
was expressed in bacteria and isolated to homogeneity as described above.
C/EBP␤ or C/EBP␣ was translated in reticulocyte lysate containing [35S]methionine from wild-type constructs or from mutant C/EBP␤ constructs containing
an ATG3TTG mutation of the third initiation AUG codon for the LIP (ATG-3)
C/EBP␤ isoform (36). Each translation mixture also contained a plasmid coding
for USF, which served as a negative control. GST-CRT was added to the mixture
before the addition of constructs. After translation, C/EBP␤, C/EBP␣, and
upstream stimulatory factor (USF) were immunoprecipitated from the same
reaction mixtures with specific antibodies and analyzed by electrophoresis and
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analyzed by gel shift assay with a short (GCU)8 probe (Fig.
2A). As can be seen, the majority of GCN-interacting proteins
(including CUGBP1, as shown below) are located in fractions
containing high-molecular-mass (up to 600-kDa) complexes.
To determine whether the gel filtration fractions contained
endogenous RNA transcripts, half of each fraction was analyzed by slot hybridization with an 18S rRNA probe (Fig. 2A,
18S). Under conditions optimal for protein isolation, RNA
transcripts are partially degraded and are located in fractions
with molecular masses smaller than expected. Slot hybridization with the 18S rRNA probe showed that the majority of
GC-rich RNA binding proteins colocalize with RNA transcripts in high-molecular-mass fractions. To examine whether
the localization of GC-rich RNA binding proteins in highmolecular-mass fractions is due to interaction with RNA, total
protein extracts were treated with RNase A prior to gel filtration and then separated by size exclusion chromatography. The
digestion of RNA by RNase A prior to fractionation leads to
the shift of a significant portion of GCU binding proteins
(including CUGBP1 [see below]) to fractions corresponding to
the sizes of free, unbound proteins (Fig. 2A). Thus, these data
demonstrate that, in HeLa cells, GCU binding proteins are
associated with endogenous transcripts.
To further examine the association of GC-rich binding pro-

teins with RNA, we investigated the status of CUGBP1 using
specific reagents. Gel filtration fractions were examined using
two specific assays: (i) UV cross-link analysis followed by immunoprecipitation with antibodies to CUGBP1 (UV-IP) and
(ii) Western blotting with antibodies to CUGBP1. Figure 2B
shows a reproducible result of these experiments. The UV-IP
method is a specific assay which shows three characteristics of
the protein: specific binding to the RNA probe, immunoreactivity, and molecular mass. As can be seen in Fig. 2B, both
UV-IP and Western blotting analyses revealed that, in total
extracts from HeLa cells, CUGBP1 is observed in high-molecular-mass gel filtration fractions. The analysis of the samples
treated with RNase A shows that a portion of CUGBP1 is
shifted to low-molecular-mass fractions (Fig. 2B) after the
digestion of RNA. We reproducibly observed a shift of approximately 30 to 50% of CUGBP1 to low-molecular-mass fractions according to Western analysis. Thus, these studies indicate that, like other GC-rich RNA-interacting proteins, the
majority of CUGBP1 is bound to endogenous transcripts in
total extracts from HeLa cells.
The separation of proteins from RNA identifies new proteins interacting with the 5ⴕ region of C/EBP␤ mRNA. Given
the observation that the majority of GC-rich RNA binding
proteins in HeLa cells are bound to endogenous transcripts, we
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FIG. 2. (A) GC-rich RNA binding proteins within total HeLa extracts are associated with endogenous transcripts. (Top) Whole-cell extracts
from HeLa cells were fractionated by size exclusion chromatography (SEC-400; HPLC; Bio-Rad). The positions of standard protein markers are
shown at the top. The presence of GC-rich RNA binding proteins in each fraction was investigated by gel shift assay with the (GCU)8 probe. The
positions of the previously described complex containing CUGBP1, as well as a new complex with slower mobility (short arrow), are shown to the
right. (Middle) Slot hybridization of gel filtration fractions with 18S rRNA probe (18S). (Bottom) Protein extracts were treated with 1 U of RNase
A/100 l and fractionated by gel filtration as described above. (B) Analysis of CUGBP1 in size exclusion fractions with or without RNase A
treatment prior to fractionation. UV-IP, gel filtration fractions of proteins from HeLa cells analyzed by UV cross-link assay followed by
immunoprecipitation with antibodies to CUGBP1. Western blots show the positions of CUGBP1 within gel filtration fractions.
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separated these binding proteins from endogenous RNA for
further analysis. For this purpose, we carried out ion-exchange
chromatography on a DEAE column using 0.1 to 0.4 M NaCl
step elution. Under these conditions, the majority of proteins
are eluted within 0.1 to 0.4 M NaCl, while nucleic acids (RNA
and DNA) are tightly bound to the DEAE column and require
higher salt concentrations to be eluted. Examination of 18S
rRNA within elution fractions by slot hybridization showed no
RNA in 0.1 to 0.4 M NaCl fractions (data not shown); therefore, we refer to these fractions as RNA free. After DEAE
fractionation, the binding activities of GC-rich RNA-interacting proteins within RNA-free fractions were examined using a
variety of GC-rich RNA probes, including sORF riboprobe
(33, 36) and RNAs containing GCU repeats of different
lengths. The left-hand gel in Fig. 3A shows a representative gel

shift assay with the sORF probe. We found that the separation
of RNA binding proteins from RNA leads to an increase in
detection of the binding activities of the proteins and to identification of new GC-rich RNA binding proteins, the activities
of which were not detected in total extracts. In addition to
CUGBP1, three other RNA-protein complexes are observed in
RNA-free fractions by gel shift assay with the sORF probe. To
examine whether these complexes are formed by specific interactions, a number of cold competitors were incorporated in
the binding reaction with RNA-free fractions. The right-hand
gel in Fig. 3A shows the result of competition with the 0.2 M
elution fraction. Proteins from this fraction form three major
complexes. Two sites were previously identified within C/EBP␤
mRNA to which CUGBP1 binds: sORF and LAP sequences
(33) (see Materials and Methods). The two slower-migrating
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FIG. 3. Identification of additional GC-rich RNA binding proteins after separation from RNA. (A) The left-hand gel shows gelshift analysis
of DEAE fractions (shown at the top) with the sORF probe. The positions of GCU- and sORF-specific complexes are indicated. C, unfractionated
cytoplasm. ⫺, no protein added. The right-hand gel shows gel shift and competition analyses of the 0.2 M NaCl elution fraction. Cold competitors
(indicated at the top) were added to the binding reaction before the addition of probe. GCU, L (LAP), and sORF, competitors that contain
GC-rich sequences (see Materials and Methods) and interact with CUGBP1 (35); GX, AU-rich oligomer with random sequence (35). free, position
of free sORF probe. (B) (Top) UV cross-link analysis of DEAE fractions with a short (GCU)8 probe. Cytoplasm (C) and elution fractions (shown
at the top) were incubated with the (GCU)8 probe, linked by UV treatment, and separated by SDS-gel electrophoresis. The positions of the
CUGBP1, p60, and p150 binding proteins are shown on the right. (Bottom) Western blot of DEAE fractions with monoclonal antibodies to
CUGBP1 and with antibodies to EXP42. (C) RNA-free CUGBP1 and p60 bind strongly to RNA containing long GCU repeats. Both gels show
the interaction of GC-rich RNA binding proteins with RNA transcripts containing 39 GCU repeats (left) or 6, 39, and 123 GCU repeats (right).
C, unfractionated cytoplasm. The position of EXP42 was determined by reprobing the membrane with antibodies to EXP42.
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position of EXP42 is shown). Consistent with these observations, we also found that bacterially expressed, purified
CUGBP1 and p60 bind more strongly to transcripts with
longer GCU repeats, while bacterially expressed purified
EXP42 does not interact with GCU repeats under the conditions of the experiment (data not shown).
GCN binding protein p60 is identical to CRT. Previous
studies showed that p60 binding activity is also detectable in rat
liver after separation from RNA (33, 36). To further characterize and purify p60, cytoplasmic proteins from rat liver were
used as a source of the protein. The BioLogic high-resolution
chromatography system (BioLogic HR) was used for the isolation of biologically active p60. Using a combination of ionexchange chromatography and gel filtration (see Materials and
Methods), we purified the GC-rich binding protein p60 to
homogeneity. In agreement with previous fractionations on
DEAE columns, HPLC-based ion-exchange chromatography
on an UnoQ column revealed the existence of six proteins (Fig.
4A) interacting with sORF. The positions of CUGBP1 and p60
within gel filtration fractions were determined by Western blotting and UV cross-link assays and are also shown. Fractions
containing p60 were used for further purification. Figure 4B
shows UV cross-link analysis of proteins after ion-exchange
chromatography (the first step of purification; fractions containing p60), the second (gel filtration) step, and the last step
(p60 purification; UnoQ). Coomassie staining of the membrane reveals that p60 is purified to homogeneity. The Nterminal sequence of p60 was determined by the Core Facilities of Baylor College of Medicine. Comparison of the
determined N-terminal amino acids with known sequences
shows that p60 is identical to CRT (DPAIYFKEGFLDGWA
WTNRWVES; the determined amino acid sequence of p60 is
underlined). CRT has been previously characterized as a multifunctional protein that is involved in a variety of cellular
processes (16). One of its functions involves interaction with
rubella virus RNA and regulation of the processing of the
mRNA (3, 7, 8, 24, 27). Although the regulation of viral RNAs
by CRT has been described, endogenous mRNA targets for
CRT have not yet been identified. To further investigate the
interaction of CRT with GC-rich mRNAs, GST-CRT was expressed in bacteria, isolated by a GST pull-down procedure,
and further purified to homogeneity using a combination of
ion-exchange and size exclusion chromatography (HPLC). As
can be seen, purified GST-CRT interacts with the sORF probe
containing GCC repeats (Fig. 4C). In these studies, we found
that the interaction of bacterially expressed GST-CRT with
RNA can be significantly increased by the incubation of GSTCRT with very small amounts of cytoplasmic proteins from
HeLa cells (Fig. 4C, bottom). It is possible that the full RNA
binding activity of CRT requires posttranslational modifications or interaction with some other protein(s). This observation is consistent with published data showing that posttranslation modifications of CRT are required for its activation (27).
CRT binds to a stable SL structure within the 5ⴕ region of
C/EBP␤ mRNA. Since p60/CRT was first identified by UV
cross-link analysis with a GCU probe (Fig. 4), we examined the
interaction of bacterially expressed, purified CRT with GCU
repeats. These studies showed that, similar to RNA-free p60
(Fig. 4C, CRT), bacterially expressed GST-CRT interacts with
GCU repeats, and this interaction is stronger with transcripts
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complexes are competed by both cold (GCU)8 and LAP
probes, while a faster-migrating complex is competed only by
cold sORF. This pattern of competition indicates that separation of proteins from RNA does not affect their specificities but
increases their detectable binding activities, perhaps due to the
removal of endogenous RNA competitors.
Next, we analyzed the RNA-free fractions by UV cross-link
assay with the (GCU)8 probe. In agreement with the results of
the gel shift assay, UV cross-link and Western blotting analyses
(Fig. 3B) showed that the majority of CUGBP1 is located in 0.2
and 0.3 M elution fractions. As can be seen in both the gel shift
and UV cross-link assays, the RNA-binding activity of
CUGBP1 after separation from RNA is dramatically increased. Although the amounts of CUGBP1 used for the UV
cross-link from 0.2 and 0.3 M DEAE elution fractions are
smaller than the amounts of CUGBP1 in total extract (Fig. 3B,
Western), the binding activity of the RNA-free CUGBP1 is
significantly higher (Fig. 3B, UV). These results are consistent
with the suggestion that, in HeLa cells, CUGBP1 is associated
with endogenous transcripts and that there are limited
amounts of free CUGBP1 protein capable of binding to the
probe. Incorporation of specific competitors into the binding
reaction revealed that CUGBP1 separated from RNA interacts specifically with GCN repeats (data not shown).
The separation of RNA binding proteins from RNA also
shows that the binding activities of several other proteins are
increased in RNA-free fractions, while in total extracts, the
activity is weak or not detected. In particular, we identified a
new protein with a molecular mass of 60 kDa (p60), the binding activity of which was not observed in total extracts. However, this protein strongly interacts with the (GCU)8 probe
after separation from RNA (Fig. 3B). It is interesting that the
0.1 M elution fraction also contains a protein migrating in the
position of p60. To further characterize the activity of p60, we
analyzed the interaction of RNA-free p60 with transcripts containing different numbers of GCU repeats and compared the
RNA binding activity of p60 with the activities of two other
proteins, CUGBP1 and EXP42, which have both been shown
to bind to GCU repeats (18). Western blotting with specific
antibodies showed that CUGBP1 is enriched in 0.2 and 0.3 M
elution fractions, while EXP42 is observed in the 0.4 M elution
fraction (Fig. 3B). Three RNA probes containing 6 (DMPK
mRNA), 39, and 139 GCU repeats were synthesized in vitro
and applied to UV cross-link assays with whole-cell extracts
and with DEAE fractions containing RNA-free proteins. The
results of these experiments are shown in Fig. 3C. UV crosslink analysis with the (GCU)39 probe showed that both RNAfree p60 and CUGBP1 interact with long GCU repeats. The
UV cross-link assay also indicated that, in RNA-free DEAE
fractions, p60 and CUGBP1 bind more strongly to RNA containing longer GCU repeats, while in total protein extracts the
binding of p60 is not detectable and the binding activity of
CUGBP1 is much weaker. Because EXP42 has been identified
as a protein that interacts with long GCU repeats (18), we also
examined EXP42 in HeLa extracts and compared its activities
in total extracts and RNA-free samples. As can be seen in Fig.
3B (Western), EXP42 is observed only in the 0.4 M NaCl
fraction. Surprisingly, no binding of EXP42 to GCU repeats
was detected either with total protein extracts or with 0.4 M
DEAE fractions enriched for the EXP42 protein (Fig. 3C; the
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containing longer GCU repeats (Fig. 5A). Experiments with
rubella virus RNA indicated that CRT preferentially interacts
with SL structures that contain a GC-rich sequence within the
stem (7, 24, 27). Therefore, we examined the specificity of
binding of CRT to the 5⬘ regions of C/EBP␤ mRNA capable of
forming the secondary structure. Secondary-structure predic-

tions have shown that the 5⬘ region of C/EBP␤ mRNA is able
to form an SL structure in which a potential CRT binding site
is located within the stem (Fig. 5B) (25). To examine whether
CRT binds to the SL structure, we tested the interaction of
CRT with a short sORF oligomer and with a longer oligomer,
FL-LAP, which covers the region of C/EBP␤ mRNA from the
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FIG. 4. p60 is identical to CRT and binds to the 5⬘ region of C/EBP␤ mRNA. (A) Ion-exchange chromatograph of cytoplasmic proteins on
UnoQ column (HPLC; Bio-Rad). Twenty milligrams of cytoplasmic proteins from rat liver were loaded, washed, and eluted with a linear gradient
of NaCl (from 0.05 to 0.5 M). Every other fraction was analyzed by gel shift assay with the sORF probe. The positions of six RNA-protein
complexes are shown on the left. The locations of CUGBP1 and the p60 protein within gel filtration fractions were determined by UV cross-link
assay and are indicated at the bottom. free, position of free sORF probe. (B) (Top) UV cross-link analysis of the purified p60 protein with the
sORF probe. p60, fraction from UnoQ chromatography containing p60 RNA binding activity; gf, gel filtration fraction containing p60 activity after
the second step of purification; UnoQ, ion-exchange chromatography fraction containing p60 activity after the last purification step. (Bottom)
Coomassie staining of the same membrane after UV cross-link analysis. The N-terminal sequence of p60 was determined and was shown to be
identical to that of CRT. (C) Bacterially expressed, purified GST-CRT interacts with the 5⬘ region of C/EBP␤ mRNA. (Top) GST-CRT was
expressed in bacteria, isolated by pull-down with glutathione beads, and further purified by HPLC-based ion-exchange chromatography. UV
cross-link analysis of elution fractions with the sORF probe is shown. (Bottom) Binding activity of bacterially expressed, purified GST-CRT is
increased after incubation with cytoplasmic proteins from HeLa cells. In the right-hand three lanes, GST-CRT was incubated with increasing
amounts of cytoplasmic proteins from HeLa cells (0.5, 1, and 2 g) and examined by UV cross-link assay with the FL-LAP probe. Lane GST-CRT,
UV cross-link with GST-CRT alone. Lane HeLa, incubation of 2 g of HeLa proteins alone with the FL-LAP probe.

VOL. 22, 2002

CALRETICULIN INHIBITS TRANSLATION OF C/EBP PROTEINS

7249

Downloaded from http://mcb.asm.org/ on April 11, 2021 by guest
FIG. 5. CRT binds to transcripts containing GC-rich sequences. (A) GST-CRT interacts with long GCU repeats. GST-CRT was incubated with
RNA transcripts containing 6 or 139 GCU repeats, treated with UV and then with RNase A, and loaded on denaturing (SDS) gel electrophoresis
gels. Lane CRT shows the interaction of GST-CRT with the sORF probe. (B) Predicted secondary structure of the 5⬘ region of C/EBP␤ (25). The
positions of the AUG codons for the FL and LAP proteins are shown, and the binding site for CRT (CRT BS) is indicated. (C) Interaction of
bacterially expressed, purified GST-CRT with the 5⬘ region of C/EBP␤ mRNA determined by UV cross-link assay. GST-CRT (50 ng) was
incubated with the sORF or FL-LAP (oligomer from the first to the second AUG codon of C/EBP␤ mRNA) RNA probe, treated with UV, and
separated by SDS-gel electrophoresis. Cold RNA competitors (shown at the top) were added to the binding reaction mixture before the addition
of probe. The competitor oligomers were described previously (33, 36), and their nucleotide sequences are given in Materials and Methods. M,
mutant sORF oligomer containing replacements of GC islands with AU or UA (see Materials and Methods). (D) CRT binds to the long 5⬘ region
(FL-LAP) of C/EBP␤ mRNA. UV cross-link analysis was performed as described above using the FL-LAP probe and CRT obtained from two
different sources: CRT commercially available from Sigma and purified p60/CRT from liver. sORF, mutant sORF (M), and nonspecific (GX) cold
competitors (shown at the top) were added to the reaction mixtures prior to the addition of probe. ⫺, no competitors added.
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that CRT specifically interacts with the 5⬘ sORF region of
C/EBP␤ mRNA and that this interaction leads to the inhibition of translation of C/EBP␤ mRNA in an in vitro translation
system and in cultured cells.
CRT interacts with C/EBP␣ mRNA and inhibits translation
of C/EBP␣ in an in vitro cell-free translation system. In the
course of our studies with C/EBP␤, we found that, similar to
C/EBP␤ mRNA, CRT also dramatically represses translation
of 42- and 30-kDa isoforms of C/EBP␣ in the cell-free translation system (Fig. 7A). The inhibition of C/EBP␣ translation
by CRT seems to be specific to full-length (42-kDa) and 30kDa isoforms, while translation of the 20-kDa isoform is less
affected by CRT. This inhibition is specific to C/EBP␣ mRNA,
since the translation of USF mRNA in the same reactions is
not inhibited. This specific CRT-dependent inhibition of
C/EBP␣ translation suggested that CRT affects translation
through direct interaction with the C/EBP␣ mRNA rather
than with the translation machinery. Given the observation
that CRT binds to SL structures with GC-rich stems (7, 16, 24,
27), we searched for the secondary structures with GC-rich
stems within the C/EBP␣ mRNA and found two possible SL
organizations containing GC-rich regions within the stem (Fig.
7B). One SL structure is observed in the 5⬘ region (5⬘SL) of
C/EBP␣ mRNA in front of the first AUG codon. The second
potential SL structure (SL int) can be formed by GCG (region
A) and GCC (region B) repeats located upstream and downstream of the second AUG codon (Fig. 7B). To examine
whether CRT can interact with the stems of either of these
structures, we synthesized a short RNA oligomer (5⬘SL) which
contains a GC-rich stem (see Materials and Methods) and two
RNA oligomers (A and B) which, after annealing, mimic the
GC-rich stem within the putative internal loop. UV cross-link
analysis with bacterially expressed, purified GST-CRT shows
that CRT interacts with the 5⬘SL structure and with the SL int
probe. The interactions of CRT with both probes are specific,
since cold 5⬘SL and SL int oligomers compete for binding
while the single-stranded oligomers A and B do not (Fig. 7C).
Although CRT binds to both probes, we reproducibly observed
significantly stronger interaction of GST-CRT with the SL int
RNA probe. To verify these data, we examined the interaction
of purified p60/CRT (Fig. 4) protein with both probes. As can
be seen in Fig. 7C (right), purified p60/CRT also interacts with
the 5⬘ SL and with the SL int probes; however, no binding is
detected with the single-stranded probes A and B. Consistent
with data for bacterially expressed GST-CRT, the binding of
CRT purified from tissues to the SL int probe is stronger than
to the 5⬘SL oligomer. Taken together, these data demonstrate
that CRT preferentially interacts with the internal stem structure of C/EBP␣ mRNA and inhibits the translation of 42- and
30-kDa isoforms when it is added to a cell-free translation
system.
CRT inhibits translation of C/EBP␣ mRNA in cultured
cells. To further examine whether CRT inhibits translation of
C/EBP␣ mRNA in cells, HA-CRT was cotransfected with different C/EBP␣ deletion constructs into COS7 cells and the
expression of C/EBP␣ was examined in cells expressing high
levels of CRT. The CMV-C/EBP␣ construct codes for the
full-length C/EBP␣ mRNA and contains both 5⬘SL and internal SL structures, while the Gal4-C/EBP␣ construct lacks the
5⬘ region of C/EBP␣ mRNA (Fig. 8A). As can be seen in Fig.
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first (FL) to the second (LAP) AUG codons (Fig. 1) (see
Materials and Methods). Figure 5C shows the results of these
experiments. We found that CRT binds much more strongly to
the long FL-LAP oligomer than to the short sORF probe. The
binding is specific, since both FL-LAP and sORF compete for
binding. Finally, we examined another source of CRT (Sigma)
for interaction with the long 5⬘ region of C/EBP␤ mRNA
(FL-LAP). CRT from Sigma interacts with the 5⬘ region of
C/EBP␤ mRNA, and the interaction is specific, since cold
wild-type sORF competes for the interaction but sORF-GCmut does not (Fig. 5D). In these experiments, we compared
our HPLC-purified samples of CRT (Fig. 4B, UnoQ) with
CRT from Sigma and found identical electrophoretical mobilities of CRT in both samples. Taken together, these studies
show that CRT specifically binds to the GC-rich sequence
within the 5⬘ region of C/EBP␤ mRNA.
CRT inhibits translation of C/EBP␤ mRNA in a cell-free
translation system and in cultured cells. C/EBP␣ and C/EBP␤
play important roles in the regulation of cell growth and differentiation. The mRNAs of both proteins are GC rich and
contain several regions which may form SL structures and
serve as binding sites for CRT (Fig. 5; also see Fig. 7). We
suggested that the interaction of CRT with GCN repeats
within C/EBP␤ mRNA may stabilize the secondary structure
and potentially affect the translation of C/EBP␤. To test this
suggestion, we utilized a cell-free translation system programmed with C/EBP␤ mRNA. The purified p60/CRT was
added to the cell-free translation system programmed with
wild-type C/EBP␤ mRNA or with an ATG3 mutant construct
which cannot translate a dominant-negative isoform, LIP (33,
36). An example of the reproducible results is shown in Fig.
6A. p60/CRT specifically inhibits the translation of C/EBP␤
mRNA from the first and second AUG codons. The CRTdependent inhibition of translation from the first AUG codon
is specific to C/EBP␤ mRNA, because p60/CRT does not inhibit the translation of the unrelated USF mRNA in the same
translation reactions. Similar results were obtained with bacterially expressed, purified GST-CRT (data not shown). To
examine whether CRT represses translation of C/EBP␤ in
cultured cells, a cotransfection approach was applied. For
these studies, we incorporated mutations into the sORF sequence within the full-length C/EBP␤ mRNA shown in Fig.
6B. The mutations were incorporated based on data presented
in Fig. 5 (see Materials and Methods) and on predictions that
these mutations abolish the secondary structure. Cotransfection studies are shown in Fig. 6B. Western analysis of the
transfected cells with HA antibodies and with anti-CRT
showed that CRT is expressed at levels that are two- to threefold higher than the levels of endogenous CRT. Analysis of
C/EBP␤ expression in cells overexpressing HA-CRT clearly
indicates that CRT inhibits translation of wild-type C/EBP␤
mRNA but not that of the GC mutant mRNA. Under the
conditions of our experiments, the complete inhibition of
C/EBP␤ translation takes place when the ratio of transfected
plasmids is 1:5 (C/EBP␤ to CRT). Since CRT binds preferentially to the SL structure within C/EBP␤ mRNA and because
GC-mut mRNA does not form the secondary structure, we
suggest that the CRT-dependent inhibition of C/EBP␤ translation may occur through the interaction with and stabilization
of the secondary structure (Fig. 6C). Thus, these studies show

MOL. CELL. BIOL.

VOL. 22, 2002

CALRETICULIN INHIBITS TRANSLATION OF C/EBP PROTEINS

7251

8B, CRT inhibits translation of both mRNAs. Since Gal4-C/
EBP␣ does not contain the 5⬘ UTR of C/EBP␣ mRNA, this
result suggests that CRT represses translation via binding to
the internal SL structure. This result is also consistent with UV
cross-link data showing that CRT displays a stronger interaction with the internal SL structure (Fig. 7). To further address
whether the internal GC-rich SL structure of C/EBP␣ mRNA
is required for inhibition by CRT, two additional C/EBP␣

constructs lacking the second side (region B) of the internal SL
structure (N175 and Gal4-C/EBP␣-⌬B) were examined. As
can be seen in Fig. 8B, CRT does not inhibit translation of
these mRNAs. The failure of CRT to inhibit translation of two
mRNAs that lack region B suggests that CRT inhibits translation of C/EBP␣ mRNA via interaction with the internal SL
structure, possibly through stabilization of the stem. Thus,
these studies demonstrate that CRT inhibits translation of
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FIG. 6. CRT inhibits translation of C/EBP␤ proteins. (A) CRT inhibits translation of C/EBP␤ mRNA in a cell-free translation system. Purified
p60/CRT (Fig. 4) was added to rabbit reticulocyte lysate programmed with USF (control) mRNA and with wild-type (WT) C/EBP␤ or ⌬3
(mutation of the third AUG codon) mutant C/EBP␤ mRNA. The translation mixtures were divided, and USF and C/EBP␤ were precipitated with
specific antibodies from the same reactions. The levels of C/EBP␤ isoforms were calculated as ratios to that of USF. The positions of full-length
(FL), LAP, and LIP isoforms are shown. con, an UnoQ fraction which does not contain CRT. (B) CRT inhibits translation of C/EBP␤ in cultured
cells. (Top) Structure of the 5⬘ regions of wild-type and GC-mut C/EBP␤ mRNAs and mutations incorporated in the 5⬘region. Replacements of
GC islands (shown in bold) with AU or UA (underlined) abolish the formation of an SL structure within GC-mut C/EBP␤ mRNA. Both wild-type
and mutant C/EBP␤ mRNAs were fused to FLAG to distinguish expression of endogenous and exogenous C/EBP␤ proteins. The positions of the
AUG codons for isoforms of C/EBP␤ are shown. The sequences of wild-type and mutant 5⬘ regions of C/EBP␤ mRNA are shown below. (Bottom)
Wild-type C/EBP␤-FLAG and GC-mut–C/EBP␤-FLAG were cotransfected with increasing amounts of plasmid expressing HA-CRT into HT1080
cells; 18 h after transfection, total proteins were isolated and examined by Western blotting with antibodies to CRT or to FLAG. The positions
of HA-CRT and an endogenous CRT (endo-CRT) are shown. The membranes were reprobed with antibodies to ␤-actin. (C) Hypothetical model
for CRT-dependent inhibition of C/EBP␤ translation. The predicted secondary structure of full-length C/EBP␤ mRNA revealed a stable SL
organization of the CRT binding site (sORF). We suggest that CRT binds to the GC-rich stem of the 5⬘ region of C/EBP␤ mRNA and blocks
initiation from the first and second AUG codons.
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C/EBP␣ mRNA in cultured cells and that CRT fails to inhibit
translation of C/EBP␣ mRNA lacking the GC-rich region B.
Overexpression of CRT abolishes C/EBP␣-mediated growth
arrest in cultured cells. To further investigate the biological
consequences of CRT-dependent inhibition of C/EBP␣ translation, we examined whether overexpression of CRT in cultured cells is sufficient to block the ability of C/EBP␣ to inhibit
cell proliferation. To examine this possibility, a clonal cell line
in which induction of C/EBP␣ causes growth arrest (HT1 [34])
was used. We first tested whether overexpression of HA-CRT
inhibits C/EBP␣ translation in these cells. To visualize cells
expressing HA-CRT, HT1 cells were cotransfected with HACRT and with a vector expressing GFP at a 10:1 ratio. Under
these conditions, each green cell containing GFP also expresses CRT. As a negative control, transfection with GFP
alone was performed. C/EBP␣ expression was induced by
IPTG treatment 6 h after transfection, and the cells were fixed
18 h after the addition of IPTG. The expression of C/EBP␣ in

HT1 cells was examined by immunostaining with specific antibodies to C/EBP␣. Cells were also stained with DAPI to
visualize the nuclei. Figure 9A shows a reproducible result of
these studies. Consistent with data obtained in cotransfection
studies (Fig. 8), the expression of HA-CRT in HT1 cells inhibits translation of C/EBP␣. This CRT-dependent inhibition
of C/EBP␣ translation is specific, since GFP alone does not
affect C/EBP␣ expression (Fig. 9A, bottom). We examined the
levels of C/EBP␣ in 84 cells transfected with CRT and found
that C/EBP␣ expression was inhibited in 82 of the cells. Similar
analysis of C/EBP␣ protein in 30 cells transfected with GFP
alone showed only 1 cell with reduced levels of C/EBP␣ (Fig.
9A, table). Thus, these studies indicated that overexpression of
CRT blocks translation of C/EBP␣ in HT1 cells.
To determine if the CRT-dependent inhibition of C/EBP␣
translation is sufficient to block the growth-inhibitory activity
of C/EBP␣, a colony formation assay was performed. HA-CRT
or pCDNA6 (control) vector was cotransfected with ␤-Gal
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FIG. 7. CRT binds to C/EBP␣ mRNA and represses translation of the 42- and 30-kDa isoforms of C/EBP␣. (A) Purified p60/CRT represses
translation of C/EBP␣ in a cell-free translation system. Experiments were performed as described in the legend to Fig. 6A. C/EBP␣ and USF were
translated simultaneously in the presence of increasing amounts of CRT and then immunoprecipitated with specific antibodies. The positions of
the 42-, 30-, and 20-kDa isoforms are shown. (B) Putative SL structures within C/EBP␣ mRNA. RNA secondary-structure predictions revealed
two putative SL structures with GC-rich stems. The predicted SL structure in the 5⬘ region is located upstream of the first AUG codon. Within
the coding region, the GCG repeat (region A) and the GCC repeat (region B) can form a stable secondary structure. (C) CRT binds preferentially
to the stem structure within the internal SL of C/EBP␣ mRNA. (Left) UV cross-link reaction using activated GST-CRT (see Materials and
Methods) and the 5⬘ SL or with SL int probes. Cold competitors (shown at the top) were added to the reaction mixture prior to the addition of
probe. A and B are single-stranded RNA oligomers covering regions A (GCG repeat) and B (GCC repeat), respectively. CRT does not interact
with the single-stranded A and B RNA oligomers but binds strongly to a double-stranded structure formed by annealing these probes (SL int).
(Right) p60/CRT was incubated with the 5⬘ SL or SL int probe in the absence or the presence of RNA competitors (shown at the top) and analyzed
by UV cross-link assay.
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vector into HT1 cells as described above, C/EBP␣ was induced
by IPTG after the transfection, and the formation of singleand multiple-blue-cell colonies was calculated as described
earlier (34). A typical picture of colony formation on day 3
after C/EBP␣ induction is shown in Fig. 9B. As can be seen,
HT1 cells transfected with empty vector are arrested by
C/EBP␣ and remain as single-cell colonies (Fig. 9B, vector).

On the other hand, HT1 cells overexpressing CRT proliferate
and form colonies containing 3 and ⬎3 blue cells per colony
(Fig. 9B, HA-CRT). A summary of three independent experiments shows that 90 to 92% of HT1 cells overexpressing CRT
proliferate in the presence of C/EBP␣ mRNA while ⬎90% of
control cells are arrested by C/EBP␣ (Fig. 9C). Thus, experiments with HT1 cells indicated that overexpression of CRT
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FIG. 8. CRT inhibits translation of C/EBP␣ mRNA in cultured cells. (A) C/EBP␣ constructs used in these studies. Gal4-C/EBP␣ constructs
lack the sequence that forms the 5⬘SL structure. N175 lacks both 5⬘SL and the C-terminal portion of C/EBP␣ containing region B. Gal4-C/
EBP␣-⌬B has an internal deletion and lacks the 5⬘SL and region B. DBD, coding sequence for the DNA binding domain. (B) HA-CRT inhibits
translation of C/EBP␣ mRNAs containing the internal (SL int) structure. HA-CRT was cotransfected with C/EBP␣ constructs, and the proteins
were isolated 18 h after translation and analyzed by Western blotting. Each filter was probed with Gal-4 or C/EBP␣ antibodies and then reprobed
with antibodies to HA (top) and then with antibodies to ␤-actin to verify protein loading. The ␤-actin control is shown for the Gal4-C/EBP␣
membrane. A representative result of five independent experiments is shown. CRT represses translation of CMV-C/EBP␣ and Gal4-C/EBP␣ but
does not inhibit translation of C/EBP␣ mRNAs lacking region B (Gal4-N175 and C/EBP␣-⌬B).
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blocks C/EBP␣ translation and also prevents C/EBP␣-mediated growth arrest.
DISCUSSION
C/EBP␣ and C/EBP␤ are involved in the regulation of a
variety of biological processes, such as cell growth and differentiation and the acute-phase response (9, 13, 23, 34). Although the transcriptional control of C/EBP␣ and C/EBP␤
expression is an important level of regulation, a number of
recent observations revealed several additional pathways by
which expression of these proteins is controlled. Given the
GC-rich content of both the C/EBP␣ and C/EBP␤ mRNAs, we
performed purification and analysis of RNA binding proteins
that preferentially bind to GC-rich sequences within these
mRNAs and potentially regulate translation of C/EBP proteins. It was previously found that CUGBP1 binds to the 5⬘
region of C/EBP␤ mRNA and that there are several additional
RNA binding proteins interacting with C/EBP␤ mRNA (33,
36). HPLC-based size exclusion chromatography of HeLa proteins showed that the majority of these GC-rich RNA binding
proteins are observed in high-molecular-mass fractions containing endogenous RNA transcripts. Although putative protein-protein interactions of RNA binding proteins may also
contribute to their presence in high-molecular-mass fractions,
the digestion of endogenous transcripts with RNase A shifts a
significant portion of these proteins to low-molecular-mass
fractions and demonstrates that GCN binding proteins, including CUGBP1, are associated with endogenous RNA.
Further experiments showed that the activities of the majority of RNA binding proteins that interact with GC-rich sequences are very weak or not detectable within total protein
extracts, while they are readily detectable after separation from
endogenous RNA by ion-exchange chromatography. Experiments with RNA-free CUGBP1 showed that binding of
CUGBP1 to RNA transcripts increases proportionally with the
number of GCU repeats. Another family of GCU RNA binding proteins, EXP, was recently identified (18). Based on its
preferential binding to long GCU repeats, EXP42 was suggested to be affected in DM1 patients by virtue of its association with GCU repeats, which are expanded within DMPK
mRNA (18). Surprisingly, in our studies under several conditions, we were not able to detect interaction of EXP42 with
RNA transcripts containing long or short GCU repeats in
either total HeLa extracts or RNA-free DEAE fractions. The
lack of interaction of EXP42 with GCU repeats is not due to
loss of total activity in the DEAE fractions, because CUGBP1
from the same fractions interacts with RNA proportionally to
the number of GCU repeats.
The RNA binding activities of two additional proteins, p60
and p150, were not detectable within total protein extracts but
were identified after separation from endogenous RNA by
ion-exchange chromatography (Fig. 3B). Further purification
and sequence analysis identified p60 as CRT. Although the
majority of CRT is located in the endoplasmic reticulum,
where it performs chaperone functions and regulates Ca⫹ homeostasis (16), CRT is also detected in the cytoplasm, where it
interacts with rubella virus RNA and controls its processing (3,
7, 8, 27). Detailed analysis of the interaction of CRT with
wild-type and mutant rubella virus RNA revealed that CRT
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FIG. 9. Overexpression of CRT blocks C/EBP␣-mediated growth arrest. (A) Overexpression of CRT in HT1 cells inhibits the expression of C/EBP␣. HT1 cells were transfected with
HA-CRT plus GFP (10:1) (top) or with GFP alone (bottom). C/EBP␣ was induced by the addition of 10 mM IPTG, and C/EBP␣ levels were determined by immunostaining with specific
antibodies (14AA). Two fields for CRT-plus-GFP transfections are shown. DAPI (nuclear) staining (blue) shows all of the cells in the field. CRT-plus-GFP cells are green, and C/EBP␣
expression is shown in red. The table below shows a summary for 84 cells transfected with CRT plus GFP and for 30 cells transfected with GFP alone. (B and C) Overexpression of CRT abolishes
C/EBP␣-mediated growth arrest. HT1 cells were cotransfected with ␤-Gal plasmid and an empty vector (pcDNA) or with plasmid expressing HA-CRT. C/EBP␣ was induced by the addition
of 10 mM IPTG, and the cells were stained for ␤-Gal activity on days 1 and 3 after C/EBP␣ induction. (B) Typical picture of colonies on day 3 after transfection. CRT-overexpressing cells
proliferate and form colonies containing three or more cells, while cells transfected with the empty vector do not proliferate and stay as single cells. (C) Summary of three independent
experiments. The error bars indicate standard deviations.
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recognizes an SL structure containing a GC-rich sequence
within the stem (24, 27). The finding that CRT interacts with
GC-rich putative SL sequences of C/EBP␣ and C/EBP␤
mRNAs prompted us to examine the result of this interaction.
In vitro experiments revealed that binding of CRT to C/EBP␣
and C/EBP␤ mRNAs inhibits translation of these proteins. We
also observed CRT-dependent inhibition of C/EBP␣ and
C/EBP␤ translation when CRT was overexpressed in cultured
cells. This inhibition is abolished if the CRT binding sites
(GC-rich sequences) are mutated or deleted. The failure of
CRT to affect the mutant RNAs suggests that the CRT-dependent inhibition of translation occurs via direct interaction with
RNAs rather than through an interaction with protein components of translation machinery. Although CRT interacts in
vitro with the 5⬘ region and with the internal stem of C/EBP␣
mRNA, we reproducibly observed that both GST-CRT purified from bacteria and p60/CRT isolated from liver cells preferentially bind to the internal SL structure of C/EBP␣ mRNA.
In agreement with the preferential binding to the internal SL
structure, the deletion of the internal SL abolishes the CRTdependent repression of C/EBP␣, while the C/EBP␣ mRNA
lacking the 5⬘SL structure is still inhibited by CRT. Our data
with HT1 cells demonstrate that when CRT is overexpressed,
it is able to block the ability of C/EBP␣ to inhibit cell proliferation (Fig. 9). Perrotti et al. have recently shown the role of
RNA binding proteins in the regulation of translation of
C/EBP␣ mRNA (21). Similar to our results with CRT, the
authors show that another RNA binding protein, poly(rC)binding protein hnRNP E2, interacts with C/EBP␣ mRNA
through a different binding site in the 5⬘ end and inhibits
translation of the C/EBP␣ protein. This inhibition blocks
C/EBP␣-dependent regulation of downstream targets and
leads to the development of leukemia (21).
In conclusion, we have discovered that CRT interacts with
the GC-rich regions of the C/EBP␣ and C/EBP␤ mRNAs and
inhibits translation of full-length C/EBP proteins. Although
CRT is known to bind and regulate translation of rubella virus
RNA, our data identify the first endogenous mRNAs to which
CRT binds to regulate translation. Interestingly, deletion of
the CRT gene in mice leads to embryonic lethality (15), while
overexpression of CRT leads to complete heart block and
death (19). Since both C/EBP␣ and C/EBP␤ are involved in
cell growth and differentiation, our data suggest that the novel
role of CRT in the posttranscriptional processing of certain
GC-rich mRNAs may be involved in these processes via regulation of C/EBP protein expression.
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