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ABSTRACT

The transcription factor CCAAT/enhancer binding
protein B, C/EBPP, plays a significant role in the
regulation of hepatocyte growth and differentiation.

A single mRNA coding for C/EBP 8 produces several
protein isoforms. Two pathways for generation of
low molecular weight C/EBP [ isoforms have been
described: specific proteolytic cleavage and initiation

of translation from different AUG codons of C/EBP [
MRNA. A truncated C/EBP f3 isoform, LIP, is induced
in rat livers in response to partial hepatectomy (PH)
via the alternative translation mechanism. Here we
present evidence that CUG repeat binding protein,
CUGBP1, interacts with the 5 ' region of C/EBP B
mRNA and regulates translation of C/EBP B isoforms.
Two binding sites for CUGBPL are located side by side
between the first and second AUG codons of C/EBP 8
mRNA. One binding site is observed in an out of
frame short open reading frame (SORF) that has been
previously shown to regulate initiation of translation
from different AUG codons of C/EBP 3 mRNA. Analysis
of cytoplasmic and polysomal proteins from rat liver
after PH showed that CUGBP1 is associated with
polysomes that translate low molecular weight
isoforms of C/EBP [. The binding activity of CUGBP1
to the 5' region of C/EBP B mRNA shows increased
association with these polysomal fractions after PH.
Addition of CUGBP1 into a cell-free translation
system leads to increased translation of low molecular
weight isoforms of C/EBP . Our data demonstrate
that CUGBP1 protein is an important component for
the regulation of initiation from different AUG codons

of C/EBP B mRNA.

INTRODUCTION

(3-7). The mechanisms for regulation of these isoforms are not
well understood. High levels of C/EBRare observed in several
tissues including liver. C/EBPplays a role in the regulation of
liver development, hepatocyte proliferation and the acute
phase response to inflammation (8-14). The role of C{EBP
hepatocyte proliferation was recently demonstrated by
Greenbaunet al. (14). Using a liver regeneration model, the
authors showed that DNA synthesis is reduced and delayed in
mice that contain a targeted disruption of the C/BBfene
(14). Significant changes in the expression of cell cycle associated
proteins were also observed in C/HBRnockout mice after
partial hepatectomy (14).

It has been described that a single C/BBRRNA directs
production of four isoforms: full-length (FL) C/EBR(38 kDa),
35 kDa LAP (liver-enriched transcriptional activating protein),
20 kDa LIP (liver-enriched transcriptional inhibitory protein)
and a smaller 16 kDa isoform of C/EBR4,6). Several labora-
tories demonstrated that low molecular weight C/BBP
isoforms are induced in response to partial hepatectomy (15-17).
Because both LIP and the 16 kDa isoform lack most or all of
the activation domain, respectively, it has been suggested that
these proteins may function as dominant negative regulators of
other C/EBP proteins (18,19). The precise mechanisms that
regulate translational control of C/EBPNRNA are not known.
Descombes and Schibler have proposed that (iE&Rorms are
generated by a leaky ribosome scanning mechanism (6).
According to this putative mechanism, ribosomes scan CBEBP
MRNA until they meet the first AUG codon and start translation
of the protein. However, a subset of the ribosomes may ignore
the first AUG codon and continue scanning, leading to initiation
from the next AUG codon. The’3egion of C/EBB mRNA
contains a short out of frame open reading frame (SORF) that
codes for a putative 9 amino acid peptide. Several lines of
evidence showed that this region is involved in the regulation
of initiation from methionine codons of C/EBPMRNA (3,20).
According to the leaky ribosome scanning model, initiation from
the sORF AUG codon would prevent initiation at the LAP
AUG codon due to close proximity. It would, in turn, lead to
increased initiation at the downstream LIP and 16 kDa AUG
codons. Although the role of the SORF sequence in translational

The CCAAT/enhancer binding protein (C/EBP) family control of C/EBB has been described, the mechanisms that
members C/EB& and C/EBB are intronless genes (1,2). regulate usage of different AUG codons in C/HBRRNA are

However, a single mRNA species of each gene can produasnknown. Recently, an alternative pathway for the generation
several protein isoforms that display distinct biological functionsf LIP has been proposed. We found that specific proteolytic
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cleavage is activated in the liver during prenatal developmentore Facility of Baylor College of Medicine. DNA fragments
and in newborn animals. This pathway is regulated by anotherontaining RBD1, 2 and 3 were synthesized by PCR with
member of the C/EBP family, C/ERP (21,22). Although specific primers shown above using plasmid DNA containing
some proteolytic cleavage of C/EBRs observed in cultured the full-length CUGBP1 cDNA. The resulting DNA fragments
cells, translational regulation seems to be the major mechaniswere cloned into th&tu site of pMALc vector and the orientation
for generation of LIP in cultured cells as well as during liverof CUGBP1 was verified by sequencing. To generate
regeneration (22). To further investigate the mechanismBBD1+2, CUGBP1 plasmid DNA (24) was digested wihe
responsible for translational control of C/EBIsoforms, we andEcaoRl and cloned intdEcaRI/Hindlll of pMALc vector.
studied the binding of liver proteins to thérgégion of C/EBB  Escherichia coliTB1 cells were transformed with recombinant
mRNA. Data from this paper show that CUG triplet repeatplasmids containing full-length or truncated CUGBP1 cDNAs.
binding protein, CUGBP1, binds to thé ggion of C/EBB  After addition of 2 mM IPTG, the maltose binding protein
mRNA and is involved in the regulation of C/EBRsoform  (MBP) fusion proteins were purified by chromatography on
production in liver and in a cell-free translation system. amylose resin and analyzed by polyacrylamide gel electro-
CUGBP1 protein was originally identified as an RNA phoresis with SDS.
binding protein that specifically interacts with CUG repeatsEI horeti bility shif
located in the 3untranslated region (UTR) of the myotonin ectrophoretic mobility shift assay
protein kinase (DMPK) gene (23,24). CUGBP1 has also beemhe conditions for gel-shift assay are described in our previous
cloned as the protein interacting with yeast Nab2 factor that ipapers (23,24). In experiments with whole cell extractg1§0
important for transport and polyadenylation of mMRNA (24). of protein were used. In experiments with cytoplasmic and nuclear
CUGBP1 is located in both nuclei and cytoplasm (24). Oneextracts, 2Qug of proteins were incubated witfP-labeled RNAs
nuclear function of CUGBP1 seems to be the regulation ofinder conditions described earlier. RNA—protein complexes
splicing of CUG-repeat containing RNAs (25). In this paper,were analyzed by 8% polyacrylamide gel electrophoresis in
we describe a cytoplasmic function of CUGBP1—regulationTBE buffer. After electrophoresis, gel was dried and exposed
of C/EBR3 isoforms through alternative translation. Resultsto X-ray film.
from this paper show that the C/EBRNRNA contains two .
CUGBP1 binding sites in the' begion that has been shown to UV cross-link assay
be important for the regulation of C/EBRsoforms. CUGBP1 RNA oligos CUG, CCG,;, LAP and sORF were labeled with
binds to this region of C/EBPMRNA and this binding correlates [y-32P]JATP and T4 kinase. Purified full-length and truncated
with an alteration of C/EBR isoform production during liver CUGBP1 proteins were incubated witfiP-labeled RNA
regeneration. Additionally, rat CUGBP1 induces translation oprobes, treated with UV light for 30 min, and analyzed by poly-
low molecular weight C/EBP isoforms when it is added to a acrylamide gel electrophoresis with SDS. Where indicated,
cell-free translation system. unlabeled RNA competitors (100 ng) were added prior to
protein addition. Proteins were separated by electrophoresis,
transferred onto nitrocellulose membranes, and subjected to
autoradiography. To verify the concentration of proteins used
in UV cross-link assays, the membrane was stained with
Coomassie blue.

MATERIALS AND METHODS

RNA oligonucleotides

RNA oligonucleotides (CUG) (CCG),, LAP (AUGCACCG-

CCUGCUGGCCUGGGAC) and ORF (AUGCCUCCCCGC- Western analysis

CGCCGCCCGCCGCCUUAG) were synthesized by Oligo'spyotein (50 or 10Qug) was loaded on a 10-12% polyacrylamide
Etc. Co. RNA oligonucleotides were purified by gel electro-ge| and transferred onto a nitrocellulose filter (Bio-Rad). The
phoresis and labeled by T4 kinase witF*fP]JATP. filter was blocked with 10% dry milk/2%BSA prepared with
TTBS buffer (25 mM Tris—HCI pH 7.5, 150 mM NacCl and
0.1% Tween-20) for 1 h at room temperature. Primary antibodies
Whole cell protein extracts from Hela cells, as well as cytoto CUGBP1 (monoclonal or polyclonal) or to C/EBRC-19,
plasmic and nuclear extracts from cultured fibroblasts wer&anta Cruz Biotechnology) were added and the filter was
isolated as described (24,26). Isolation of nuclear proteins fronmcubated for 1 h, washed, and incubated with secondary anti-
rat liver after partial hepatectomy was described previously (27)hody for 1 h. Immunoreactive proteins were detected using
Fractionation of cytoplasmic proteins by DEAE chroma-ECL (Amersham). To normalize protein loading, a preliminary
tography was described in our earlier papers (23,24). DEAlgel was stained with Coomassie blue. After detection of the
elution fractions were analyzed by gel-shift assay and byrotein of interest, the membrane was stripped and re-probed
western blotting with monoclonal or polyclonal antibodies towith anti-3-actin antibodies as a loading control. Monoclonal
CUGBP1 as described below. and polyclonal antibodies to CUGBP1 were described in our
earlier publications (24,28). In experiments with partial
hepatectomy, protein extracts from three animals for each time
Sets of primers specific for RBD1 & CAGACCAACCAG- pointwere analyzed. Data presented in the paper were obtained
ATCTTGATGCT and 5AGGTTTCATCTGTATAGGGTG- by three-five repeats of western analysis with each isolate.
ATG), RBD2 (58-GAGAAGAACAATGCAGTGGAAGAC .

and 3-TTTTACCACCATGGGTGATGAGCAACC) and RBD3  Preparation of polysomes
(5-AGCCAGAAGGAAGGTCCAGAGGGA and 5CAAA-  Liver was homogenized in polysomal buffer (PSB) containing
CGTTTGAGCTGCACTTTAAGCCG), were synthesized in the 25 mM Tris—HCI pH 7.5, 50 mM NacCl, 5 mM Mggl0.25 M

Protein extracts

Generation of truncated CUGBP1 proteins
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sucrose and RNase inhibitor. Nuclei and mitochondria were g LAP Lip 16KD  9KD
collected by centrifugation at 13 000 r.p.m. for 30 min. The ' ' ' ' i

supernatant (cytoplasm) was incubated with 1% Triton X-100
for 1 honice, loaded onto a 2 M sucrose solution prepared witt AUG ]
PSB and centrifuged at 50 000 r.p.m. in a SW60 rotor
(Beckman) for 2 h. The pellet (polysomes) was dissolved in the
standard sample buffer for protein gel electrophoresis anc
analyzed by western assay. Protein concentration was dete
mined by Bio-Rad protein assay. Data presented in the pape
were obtained with different isolates from three animals for
each time point after PH.

UG

=

IORF| AUG AUG AUG

AUGCACCGCCUGCUGGCCUGGGACGCAGCAUGCCUCCCGCCGCCGCCCGCCGCCUUUAGACCCAUG

CUGBP binding site
(LAP oligonucleotide) ORF

Analysis of C/EBPB isoforms in reticulocyte lysate (RL)
and in wheat germ (WG) systems

Figure 1. Distribution of AUG codons within C/EBF mRNA. Nucleotide
sequence of the’Begion of C/EBB mRNA is shown. Molecular weights of
C/EBR3 isoforms 16 and 9 kDa are based on the electrophoretical mobilities
To examine translational regulation of C/EBsoforms by  of the proteins. CUGBP1 binding site containing CUG repeats (LAP oligomer)

CUGBP1, cell-free coupled transcription/translation systemgnd sORF sequences are underlined.
in rabbit RL and in WG extracts (Promega) were used. The

conditions for this assay are described in our previous publica-

tion (22). Briefly, C/EBB was translated in RL or in WG

containing®®*S-methionine from a wild type construct or from

mutant constructs containing AFST TG mutations of initiation A

AUG codons for full-length (ATG-1), LAP (ATG-2) and LIP
(ATG-3) C/EBRB isoforms (22). Partially purified rat liver
CUGBP1 or immunoprecipitated CUGBP1 were added to the
mixture before addition of constructs. After incubation, C/EBBP
isoforms were immunoprecipitated with polyclonal antibodies
(C-19, Santa Cruz Biotechnology) and analyzed by electro-
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phoresis. Densitometric analysis was carried out using a
Molecular Dynamics Personal Densitometer and ImageQuant
Software.
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RESULTS ;
CUGBP1 binds to CUG repeats located within the 5region
of C/EBPB mRNA

We have previously found that CUGBP1 is located in both
nuclei and cytoplasm (23,24). In nuclei, CUGBP1 is involved >

in the regulation of splicing of CUG-repeat containing RNAs

(25). The cytoplasmic function of CUGBP1 is unknown. To

address this function, we searched for sequences in mMRNAs

that contain CUG repeats in reguiatory regions. A number ofGe 2,01 9 S1onbg 1uicecd S CorL P e e
(élflfeGrerQI)ggt,;lAihvéigergsgaTéev?/;?:tlggaq[?énrr?gs%\;ﬁaa?ﬁesaéggd truncated CUpGBPl protein);. The gel was Ztair?ed With’ goomassie bIL?e.
(data not shown). One of these mMRNAs, C/BBRRNA, is

encoded by an intronless gene that produces several protein

isoforms, presumably through alternative usage of AUG . . . . .
codons (3,6) and through specific cleavage of fuII—IengthW'th RNA consensuses. To investigate the interaction of
protein (22). The sequence of therBgion of C/EBB mRNA ~ CUGBPL with the Sregion of C/EBR mRNA, a number of

is shown in Figure 1. CUG repeats in C/EBPRNA are CUGBP1 constructs were g_enerated. Figure 2A shows the
located in the 5region close to the out of frame SORF constructs used in these studies. cDNA for each construct was
sequence which has been shown to regulate CpEB&form generated by PCR. with s_peC|f|c primers (Materials and
production (3). Analysis of the SORF sequence revealed thiethods). The coding regions for full-length, RBD1+2,
presence of CCG repeats in this sequence. Although CUGBF3IBD1, RBD2 and RBD3 were fused to MBP and isolated from
was originally found to bind to CUG repeats, we showed thabacteria as described (28). Each construct was verified by
CUGBP1 is also able to bind to CCG repeats in RNA (seequencing. Figure 2B shows electrophoretical analysis of full-
below). Therefore, we investigated the interaction of bacteriallyength and truncated CUGBP1 proteins after purification. The
expressed purified maltose binding protein/CUGBP1 (MBP-preparations represent highly purified proteins. The RBD2
CUGBP1) fusion protein with both LAP and sORF sequencegreparation contains an additional, faster migrating band that
(Fig. 1). CUGBP1 contains three RNA binding domains (24)presumably is a degradation product since it interacts with
that may potentially possess different specificity for the interactiomntibodies to CUGBP1 (data not shown). Initially, we studied
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Figure 3. Interaction of CUGBP1 with the/ Begion of C/EBB mRNA containing 30
CUG repeats (LAP oligomer)A( Binding of bacterially expressed, purified S
full-length CUGBP1 to the LAP and CU@ligomers. CUGBP1 was incubated !

with LAP and CUG probes and analyzed by UV cross-link assay as described
in Materials and Methods. Unlabeled competitors (shown at the top) were
added to the reaction before probe addition. A representative result of three

independent experiments is showB) @inding of the RBDs of CUGBP1t0 g re 4. CUGBP1 binds to the out of frame SORF sequenad Bacterially
CUG; and LAP oligomers. Proteins were incubated with RNA probes and gy pressed, purified CUGBP1 interacts with the SORF oligomer. The SORF
analyzed by UV gross-lmk assay. None o_f the single domaln; bind tOSCUG probe was incubated with the full-length CUGBP1 protein and analyzed by
RBD3, however, interacts with the LAP oligome€)UV cross-link analysis  jy ¢ross-link assay as described in Materials and Methods. Cold competitors
of RBDS interaction with the LA_P oligomer. Cold competitors (indicated at (shown at the top) were added before probe additBNB{nding of cytoplasmic
the top) were added to the reaction before probe addition. proteins from HeLa cells to the SORF sequence. The left part (fractions) shows
analysis of fractions eluted from DEAE-Sepharose with 0.1, 0.2 and 0.3 M
NaCl. Gel-shift analysis was performed with the SORF probe. The right part
(0.2 M NaCl) shows a gel-shift/competition assay of the 0.2 M NaCl fraction.
Cold competitors are indicated at the top. Positions of RNA—protein complexes
the binding of full-length and truncated CUGBP1 proteins tothat are formed by CUG binding proteins (CUGBP) are shown. ORFBP, a

the region of C/EBB containing CUG repeats (LAP oligomer). complex that is compgted by s‘ORF Qlig‘omer on®y) UV cross-link a_nalysis
Figure 3A shows UV cross-link analvsis of the binding of of the O._2 M NacCl elution fractlo_n. Binding of the 0._2 M NQCI fraction to the

g . 7O _ y e A g SORF oligomer was examined in the presence of increasing amounts of cold
CUGBP1 to LAP oligo. This interaction is specific since incor- cug, and sORF competitors (shown at the top). Molecular weight markers
poration of cold LAP abolished the binding. Competition with are shown to the left.
non-specific (GX) or CUG oligomers did not abolish the
binding of CUGBP1 to LAP (left panel); however, LAP oligo
competes for binding of CUGBP1 to CUG8 probe (right
panel). Because CUColigomer does not compete for the
binding of CUGBP1 to LAP sequence, we suggested th
different RBDs of CUGBP1 might have different sequencey
specificities. Therefore, we studied the interaction of each,
RNA binding domain with CUG repeats and with the LAP
oligomer. RNA-binding activities of each RBD to both CyG CUGBP1 also interacts with the out of frame SORF sequence
and the LAP oligomers were analyzed by UV cross-link assayof C/EBPB mRNA

Figure 3B shows that full-length CUGBP1 protein bindspecause the SORF sequence has been shown to regulatefC/EBP
specifically to both CUgand LAP. RBD1 and RBD2 separately jsoform production, we examined whether CUGBP1 is able to
do not bind to any of the analyzed RNAs. When linkedpind to this sequence. Although the SORF sequence does not
together, they bind to both CUGand LAP. RBD3, on the contain CUG repeats, several CCG repeats are observed within
contrary, binds exclusively to the LAP oligomer. To further the sORF. The sORF probe was incubated with bacterially
study the binding of RBD3 to LAP sequence, UV cross-link/expressed CUGBP1 and analyzed by UV cross-link assay. As
competition experiments were carried out. The RBD3 domaimne can see in Figure 4A, CUGBP1 specifically interacts with
was incubated with LAP probe in the presence of GUG\P  sORF sequence. Cold ClJ@nd ORF oligomers, but not GX
and GX (non-specific) competitors. Only LAP could inhibit oligomer, abolished the binding. Competition by cold CUG

binding of RBD3 to the LAP oligomer (Fig. 3C). Thus, our
ata show that both RBD1 and 2 are necessary for specific
inding to CUG repeats. These data also show that the RBD3
omain of CUGBP1 protein binds specifically to the LAP
ligomer and that this binding may not involve CUG repeats.
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shows that the binding of CUGBP1 to SORF sequence occurs A
via domains of CUGBPL1 that interact with CUG repeats.

CUGBP1 was originally isolated from cytoplasm of HelLa -]
cells expressing high levels of C/EBPmMRNA (24). To
examine whether CUGBP1 binds to therégion of C/EBB
mRNA under conditions consistent with a biological environ- c
ment, we investigated the interaction of cytoplasmic proteins
from HelLa cells with the Sregion of C/EBB mRNA. Gel-shift
analysis of cytoplasmic HelLa proteins with the SORF probe
showed a quite complex pattern of binding (Fig. 4B, lane 1).
To separate proteins that interact with SORF sequence, cytoplasm  ©
from HelLa cells was fractionated by DEAE—-Sepharose chro-
matography and analyzed by gel-shift/competition assay.
Figure 4B shows the binding activity of different elution fractions.
Although only four RNA—protein complexes are detected in
the cytoplasm, fractionation of proteins over DEAE-Sepharose .
revealed additional RNA-protein complexes that migrate with m N I M
similar mobility, despite being separated by DEAE fractionation. — — e —
We have previously shown that CUGBP1 is eluted from
DEAE-Sepharose in the 0.2 M NaCl fraction (24). Therefore,

we examined the 0.2 M NacCl fraction for interaction with
Figure 5. CCG repeats within the SORF sequence interact with CUGBPL1.

SORF Sequence using gel-sh[ft a”‘?' uv _cro;s-lmk as_say§A) Binding of bacterially expressed, purified CUGBP1 to the G@&omer
Incorporation of cold competitors into binding reactionswas analyzed by UV cross-link as described in the legend to Fgure 3. Cold
showed that two of the complexes are formed by CUG bindingompetitors were added before probe additi@). Fractionation of rat liver
proteins, since addition of cold CYG@bolished the binding. cytoplasm by DEAE—-Sepharose chromatography. Elution fractions were analyzed

. ; : y gel-shift assay with SORF (left) and C§@ight) probes. V, void volume
One RNA-protein complex (Iabeled ORFBP) IS not COmpete(?rac’[ion. ) Interaction of the 0.2 M NaCl DEAE fraction with the SORF and

with CUG. This complex is formed by a specific interaction ccg, oligomers. Proteins were incubated with SORF or GaiGbes and separated
with SORF, since addition of cold SORF oligomer competes foby gel electrophoresis. Cold competitors (shown at the top) were incorporated

the binding. To determine the molecular weight of proteingnto the binding reaction.
contained within the 0.2 M NacCl fraction that interact with the

sORF oligomer, UV cross-link assay was carried out. Figure 4C

shows that SORF interacts with two proteins from the 0.2 M . . . .

NacCl fraction. Competition with CUgoligomer shows that a fr_actl_onated proteins with SORF and _Cg:(ﬁlgpmers. At Ieast_
slow migrating protein (~50 kDa) binds to CUG repeats, whileSX d_|fferen'g complexes are detected in rat I|_ver DEAE elution
a faster migrating protein (ORFBP, molecular Weightfractlons with both probes. We have previously shown that
~38 kDa) does not interact with the CUG repeats. Addition oftUman CUGBP1 is eluted with 0.2 M NaCl (24). As one can
cold SORF oligomer leads to competition with both proteinsS€€ in Figure 5B, the 0.2 M NaCl fraction from rat liver
indicating specific interactions. Because gel-shift assafontains a single protein that strongly interacts with both
showed two RNA—protein complexes that are competed b robes. Western analysis of DEAE fractions showed that
cold CUG; oligomer, we suggest that the upper SORF—protei UGBP1 was elutgd in thls.fractlon (data.not shovyn). There_fpre,
complex may be formed by CUGBP1 (51 kDa) associated wittthe 0._2 M NaCl _eIutlon fraction was used in gel-shift competition
another protein. Thus, our studies showed that bacteriall§XPeriments with both SORF and Cgfrobes. These studies
expressed, purified CUGBP1 as well as endogenous cugenfirmed that the RNA—protein complex in the 0.2 M NaCl
binding protein(s) from HeLa cells bind to the SORF sequencé&action is formed by CUG repeat binding protein (CUGBP1),

located in the Sregion of C/EBB mRNA. since it is competed by CUgold oligomer (Fig. 5C). This
complex is also competed by addition of cold CCGBd SORF

CCG repeat within SORF sequence interacts with CUGBP1  oligomers. These data demonstrate that CUGBP1 binds to both
protein CUG and CCG repeats and that CCG repeats within sORF

Interaction of the SORF with CUGBP1 protein is observedS€duence are involved in the interaction with CUGBP1. Thus,
with both bacterially expressed purified CUGBP1 and endolnvestigations of the binding pattern of cytoplasmic proteins to
genous CUG binding proteins from HelLa cytoplasmicthe 3 region of C/EBB mRNA showed the presence of two
extracts. We next determined the binding motif for CUGBP1SPecific binding sites for CUGBP1 that are located side by side
within the SORF sequence. The sORF oligomer contains fiveetween the first and second AUG codons.

CCG repeats that potentially might be bound by CUGBP1. T
test this possibility, we examined the interaction of bacteriall
expressed, purified CUGBP1 with CG&NA oligomer using
UV cross-link assay. Our data showed that full-lengthWe recently demonstrated the existence of two different path-
CUGBP1 interacts with CCG repeats (Fig. 5A). To furtherways for generation of low molecular weight C/BBRoforms:
examine the interaction of CUGBP1 with RNA CCG repeats, raspecific proteolytic cleavage and alternative translation
liver CUGBP1 was partially purified by DEAE chromatography initiation (22). Our results showed that LIP is generated during
and used for gel-shift assay. Figure 5B shows interactions diver regeneration by the translational mechanism (22). We
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Figure 6. CUGBP1 is associated with polysomes that translate WPV esten

analysis of C/EBB and CUGBP1 expression after partial hepatectomy. CEBP WP
isoforms LAP and LIP are induced 3 and 6 h after partial hepatectomy. The

same membrane was reprobed with antibodie3tactin. CUGBP1 was

detected by western analysis with monoclonal antibodies. CRM, cross reactive . L . . .
molecule; full, full-length C/EBB. (B) Association of CUGBP1 with polysomes Figure 7. Binding activity of CUGBP1 is induced when associated with polysomes

correlates with the induction of LIP 3 h after PH. Polysomal proteins were aralyzethat translate LIP.A) Gel-shift analysis of cytoplasmic proteins at different

by western blotting. The membrane was probed with antibodies against g/EBPIMe points after PH. Ten micrograms of rat liver cytoplasmic proteins were
and antibodies tB-actin to verify protein loading. CUGBP1 was detected with incubated with SORF probe and analyzed by native acrylamide BpR4t
monoclonal (mono) and polycional (poly) antibodies against CUGBP1. Thes UGBP1 binds to the sORF sequence. Polyclonal antibodies to CUGBP1 or

results were obtained with different isolates from three animals per time poin°!d CUG8 oligomer (100 excess) were incorporated in the binding reaction
efore probe additionQ) UV cross-link analysis of polysomal fractions from

regenerating liver. Cytoplasmic proteins (cyto, [2§) or polysomal fractions

(PS, 20ug) were incubated with the sORF probe, treated with UV and

fractionated by 10% polyacrylamide gel. Time points after PH are shown at the
suggested that CUGBP1 protein might be involved in thdop. ©) UV pross-link/cc_)mpetition experiments. The polysomal fractio_n
translational regulation of LIP during liver regeneration. To(mic?;:gc‘j“’;st'h”g‘t"ga‘)tidn‘évg;Tezse%i'; E?St::?ig‘e‘gzgg\e;g%%einOf Z?:'t‘ijv‘i?t‘;”;?emors
mvesﬂgatg this, we fII’SF examined th,e expres_smn of CUGBP, UGBP1 is associgted with thg polysomes. Polysomal fractior?s were incubated
during rat liver regeneration. Total proteins were isolated 0, 30 Mirith the SORF probe, treated with UV and immunoprecipitated (IP) with
3, 6 and 24 h after PH as described in the Materials andhonoclonal antibodies to CUGBP1. IPs were separated by gel electrophoresis.
Methods and analyzed by western blotting with monoclonalhe results presented in this figure were obtained with two different isolates
antibodies against CUGBP1 and with polyclonal antibodies tdo™ three animals for each time point.
C/EBRB. In agreement with previously published observations,
production of LAP and LIP isoforms is induced at 3 and 6 h
after PH (15). However, the concentration of CUGBP1 induring this time period. Cytoplasmic proteins and polysomes
whole cell extracts was not altered in response to PH (Fig. 6A)were isolated 0, 3, 6 and 24 h after PH and used for gel-shift
Analysis of CUGBP1 levels as a ratio factin in three  and UV cross-link assays. Gel-shift analysis of cytoplasmic
animals per each time point showed some variability betweeproteins with the SORF probe did not reveal a significant
animals (1.2- to 2-fold). To examine the intracellular distributionchange in the binding pattern during liver regeneration
of CUGBP1, nuclear extract, cytoplasm and polysomal fractiongrig. 7A). To confirm that CUGBP1 is involved in the binding
were isolated from rat liver after PH and analyzed by westertipo the 3 region of C/EBB mRNA, specific antibodies to
blotting. The filter was probed with antibodies to C/EB&d  CUGBP1 were incorporated in the binding reaction with cyto-
CUGBP1, as well as with antibodies fd-actin to verify  plasmic proteins. Figure 7B shows that antibodies to CUGBP1
protein loading. Figure 6B shows that the low molecularsupershifted the major SORF binding protein of liver cytoplasm.
weight isoform of C/EBB, LIP, is detected in the polysomal This RNA—protein complex is also competed by incorporation
fraction isolated from rat livers 3 h after PH. The same filterof cold CUG, oligomer (Fig. 7B). Thus, gel-shift/supershift
was probed with monoclonal antibodies to CUGBP1. Theanalysis showed that CUGBP1 is a major sORF binding
elevation of CUGBPL1 in polysomal fractions correlates withprotein in cytoplasm and that its binding activity is not changed
induction of LIP expression. A similar result was observedip cytoplasm during rat liver regeneration. To determine
with polyclonal antibodies to CUGBP1 (bottom part of Fig. 6B). whether CUGBP1 binding activity is altered in the polysomal
The increased association of CUGBP1 with polysomes that trangactions, UV cross-link with the SORF probe was carried out.
late LIP during liver regeneration, together with the observatiomrhe results are shown in Figure 7C. One major protein
that CUGBP1 binds to C/EBPMRNA suggests that CUGBP1 (51 kDa) that binds to sSORF is observed in both the cyto-
may be involved in the regulation of C/EBRsoform translation.  plasmic and polysomal fractions. The binding activity of this
protein is not altered in cytoplasm during liver regeneration;
however, its binding activity is significantly induced in the
polysomal fraction 3 h after PH. To examine the specificity of
Because alterations in C/EBRsoform production occur at 3—6 h the binding, cold CUg LAP, ORF and GX (non-specific
after PH, we studied interactions of liver proteins with sORFcontrol) oligomers were added to the binding reaction

Binding activity of CUGBP1 to sORF is increased when
associated with polysomes
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containing proteins from the 3 h polysomal fraction. Figure 7D A WESTERN UV CROSS-LINK
shows that CUG LAP and sORF oligomers compete for the
binding with this protein. Incorporation of non-specific
sequence (GX) did not affect the binding. Since CUGBP1 is a
51 kDa protein, we suggested that CUGBP1 accumulates on sl — —— CUGEP! —
polysomes at 3 h after PH and binds specifically to the sORF.

To determine if this protein was in fact CUGBP1, polysomal
proteins bound to sSORF were immunoprecipitated with mono- B
clonal antibodies to CUGBP1 after UV treatment and separated

by gel electrophoresis. As one can see in Figure 7E, monoclonal R —TL b SRR . m
antibodies to CUGBP1 immunoprecipitated the polysomal ' o =
protein (51 kDa) that specifically binds to SORF sequence. The

binding activity of this protein accumulates on polysomes that =—LP — s
translate low molecular weight C/EBRsoforms 3 h after PH.

Taken together, these data show that CUGBP1 protein and its D E

C/EBP3 RNA binding activity are increased in polysomes at

3 h after PH. This increase correlates with translation of LIP - .

and is consistent with the hypothesis that CUGBP1 regulates ———l | e

translation of C/EBB isoforms through the interaction with K

C/EBPB mRNA. - -Lp I
4] . -

CUGBPL1 induces translation of LIP in a cell-free
translation system

-]
RL 48
e O

L

X
oo

5 10

CUGERM

s C  r ate1 atc2 at63

To directly examine the effect of CUGBPL1 on translation of F

C/EBPB isoforms, we analyzed two cell-free translation systems, CUGBP IP
rabbit RL and WG extract. Translation of C/EBPMRNA in - Ag =—1

RL has been shown to produce several isoforms via differential e FL
usage of AUG codons (6,22). We have previously shown that . 4 LAP

the production of these isoforms in RL depends on different

AUG codons, because mutation of each internal AUG codon

abolished the production of the isoforms (22). We compared ¢ 4L

the expression of CUGBP1 in both of these systems, and found

that WG does not contain detectable amounts of CUGBP1 _

(data not shown), while CUGBP1 protein is a highly abundant WI  ATG3

component of RL (Fig. 8A). UV cross-link/competition assay

confirmed these data and revealed that the CUGBP1 in RL is

able to bind to the sORF sequence of C/BBMRNA  Figure 8. Translation of C/EBR isoforms is regulated by CUGBP1 in WG
(Fig. 8A). Comparison of C/EBPisoforms produced in the RL extract. &) RL contains high levels of CUGBP1. Western, 5 andug®f total

and WG systems showed that although the same three (B/EBprotein from RL were analyzed by western assay with monoclonal antibodies
CUGBP1. For comparison, 100 ng of purified CUGBP1 is loaded in the first

isoforms are generated’ the.full-length prOtein represents t gne. UV cross-link, 1Qug of RL protein were incubated with sORF probe,
majority of C/ EBFB products in W_G, W_hereas th? Rll— SYstem treated with UV and separated by gel electrophoresis. Cold competitors (indicate
produces a majority of LAP protein (Fig. 8B). This difference at the top) were added into the reaction before probe addirCémparison
is consistent with the high levels of CUGBP1 in RL and with of C/EBR isoforms generated in WG extract versus RL). Generation of C/EBP
; _ isoforms in WG is dependent on AUG codons. ATG1, ATG2 and ATG3 mutant

the suggestion that CUGBP1 regula_tes C/Emform prOdUC . /EBR3 constructs were translated in WG. FL indicates wild type C/EBP
tion. Because WG does not contain CUGBP1_|mmunO|09|C ollowing translation, C/EBPwas immunoprecipitated with antibodies specific
proteins, we further characterized the production of CEBP for the C-terminus and analyzed by gel electrophoreBisA(rat liver fraction
isoforms in the WG system and found that, as in the RLenriched for CUGBP1 induces translation of LIP in the WG system. Increasing
system the production of the three isoforms of C/IBBPVVG amounts of partially purified rat liver CUGBP1 were added to WG (lanes 2—4).
. ! . . ne 1, no CUGBP1 addedE) Effect of CUGBP1 on LIP production was
IS dependent on internal AUG COd_OﬂS, because mu_tatlon éﬁlculated by densitometry as a ratio of LIP/LAP. This is a representative
each ATG _COd(_)n (ATG‘*T_TG) abolished the_ production of example of three independent experiments with similar res#sCUGBP1
corresponding isoform (Fig. 8C). To examine the effect ofwas immunoprecipitated (IP) from liver cytoplasm and increasing amotints o
CUGBP1 on C/EBB isoform production in WG, partially P were added to WG system translating wild type (WT) or ATG3 mutant GBEBP

urified rat liver CUGBP1 (0 2 M DEAE fraction. as in Fi 5) Immunoprecipitate with agarose alone (Ag) serves as a control for non-specific
p . . ’ . ! 9. bsorption. Positions of FL, LAP and LIP isoforms are shown on the right.
was incorporated into the WG system. Figure 8D shows that
CUGBP1 induces translation of the LIP isoform. Densito-
metric analysis of C/EBP isoforms showed a 7- to 8-fold
induction of the LIP/LAP ratio by the fraction enriched for ) _ o
CUGBP1 (Fig. 8E). To verify the effect of CUGBP1 on trans-constructs. Figure 8F shows that immunoprecipitated
lation of C/EBR isoforms, CUGBP1 was immunoprecipitated CUGBP1 induces production of LIP from wild type C/EBP
with polyclonal Abs from liver cytoplasm and added to the WGMRNA, but not from mRNA that contains a mutation at the

system programmed with wild type or ATG3 mutant C/EBP third AUG codon. The specificity of this effect is indicated by
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incorporation of a mock immunoprecipitation agarose control Expression of LIP is induced in rat livers in response to
(Ag). These data demonstrate that addition of CUGBPL1 intpartial hepatectomy (15,16). We showed that the major
cell-free translation system leads to increased initiation opathway for generation of LIP in response to PH is due to alter-
translation from the third AUG codon of C/EBPmMRNA. native translation initiation (22). To further address this issue,
Thus, examination of the effect of CUGBP1 on translation ofwe investigated the interaction of cytoplasmic proteins with
C/EBP3 isoforms in WG showed that CUGBP1 regulatesthe 8 region of C/EBB mRNA at different stages of liver
production of the truncated LIP isoform. regeneration. Although several proteins (including CUGBP1)
interact with the 5region of C/EBB mRNA, gel-shift analysis
with cytoplasmic proteins showed only minor changes that
DISCUSSION correlate with induction of LIP translation and CUGBP1
Proliferation of liver in response to PH is a highly organizedbinding activity. However, we found that CUGBP1 is associated
process that involves coordinate expression of many gen&#th polysomes, and that both CUGBP1 levels and CUGBP1
(29). One of these genes, C/HBR induced in the earlier stages binding activity are increased in polysomal fractions in
of regeneration (15,16) and is an important component of theesponse to PH. The mechanism of CUGBP1 association with
normal proliferative response to PH (14). Induction of C/BBP the polysomes is unknown. It is possible that the induction of
expression after PH is accompanied by alterations in the rati@UGBP1 protein and binding activity on the polysomes are
of LIP/LAP (15,22). Although we showed that production of due to direct interaction with C/EBAMRNA. Another mechanism
LIP during liver regeneration depends on the third AUG codorPf the association with polysomes might be due to possible
in C/EBP3 mRNA, the mechanisms that regulate this initiationinteraction of CUGBP1 with ribosomal proteins. Under either
are unknown. In this paper, we present evidence that CUGBFaf these situations, the increased levels of CUGBP1 on the
is involved in the translational regulation of C/EBRoforms  polysomes that translate LIP suggest that CUGBP1 may regulate
in the liver and in a cell-free translation system. CuGBP1translation of C/EBB isoforms during liver regeneration. It is
protein has been identified as a protein that is affected by CU@teresting to note that in heart and liver tissues of DM patients,
repeats in myotonic dystrophy (DM) (24). Expansion of CTGWhere CUGBP1 binding activity is elevated, expression of CfEBP
repeats in DM leads to accumulation of RNA transcriptsisoforms is also altered (N.A.Timchenko, X.Lu, T.Ashizawa
containing long CUG repeats in the€ 8egion of DMPK and L.T.Timchenko, submitted). The role of CUGBP1 in alter-
mRNA. The increased number of binding sites for CUGNative translation of C/EBPisoforms was examined in a cell-
binding proteins affects the expression and binding activity ofree translation system, WG extract, which does not have
CUGBP1 (24). CUGBP1 has been shown to be located in botéietectable endogenous CUGBPL. In this system, addition of
nuclei and cytoplasm (24). Previous data have demonstratégt liver CUGBP1 leads to a 7-fold increase in LIP production.
that, in nuclei, CUGBP1 is involved in the regulation of These data clearly demonstrate that CUGBPL1 regulates alter-
splicing for CUG containing transcripts (25). Because a signif.na'[ive translation of C/EBPisoforms. Additional studies also
icant portion of CUGBP1 is located in cytoplasm (23,24), weshowed that the ability of CUGBP1 to regulate translation of
suggested that CUGBP1 may also be involved in the regulatioe/EBFB isoforms might be regulated by phosphorylation,
of translation of CUG containing mRNAs. A search for because the treatment of CUGBP1 by phosphatase leads to the
mRNAs containing CUG repeats in regulatory regions showetpss of its capability to regulate the C/EBPisoforms

that the mRNA coding for C/EBP contains several CUG (A.L.Welm and N.A.Timchenko, unpublished data). It is also
repeats in the’Fegion (Fig. 1). Experimental results from this possible that CUGBP1-dependent regulation of C/EBP
paper show the presence of two CUGBP1 binding sites in thisoforms requires cooperation of CUGBP1 with other proteins.
5’ region of C/EBB mRNA between the first and second AUG This suggestion is consistent with the observation that several
codons. One binding site contains CUG repeats (LAP oligomerjther cytoplasmic proteins bind to thé &gion of C/EBB

the other binding site contains CCG repeats in the sORMRNA (Figs 4 and 6). In addition, western analysis of rat cyto-
sequence, which has previously been shown to be involved iplasmic proteins with polyclonal antibodies to CUGBP1
regulation of alternative translation of C/EBANRNA (3).  showed several additional immunoreactive proteins (data not
Although CUGBP1 binds to both sequences, different RNAshown) that may also bind to C/EBPRNA and may poten-
binding domains of CUGBP1 are involved in the binding to eactiially be involved in the regulation of C/EBHsoforms.

sequence. Ouin vitro experiments showed that the N-terminal Our results are consistent with observations by Calkhoven
portion of CUGBP1 containing RBDs 1 and 2 binds to bothand co-authors showing that the SORF region controls translation
LAP and sORF sequences. However, the C-terminal region aff C/EBPS isoforms (3). However, it is also necessary to note
CUGBP1, RBD3, binds only to the LAP oligomer. Theoretically, that the role of sORF in the regulation of C/EBRBoforms is

one molecule of CUGBP1 would be able to bind to two regionghe subject of contradictory observations. Lincefnal. have

of C/EBM3 mRNA: RBD1+2 could interact with sORF, while recently shown that the SORF inhibits translation of C/&BP
RBD3 can be bound to the upstream LAP region. Taking intand C/EBB mRNAs, but it does not play a role in generating
account the binding of CUGBPL1 to thé &gion of C/EBB  truncated forms of these proteins (30). Our data demonstrate
mRNA and the resultant generation of low molecular weighthat a portion of cytoplasmic CUGBP1 is associated with poly-
C/EBRB isoforms, it is possible that this interaction may stabilizesomes and that the cell-free translation system (RL) contains
a structure that favors translational initiation at downstreanhigh levels of CUGBP1. These observations suggest that cyto-
AUG codons. ltis interesting to note that separately RBD1 angllasmic CUGBP1 may be involved in the regulation of transla-
RBD2 do not bind specifically to any tested RNA. However,tion of CUG (or CCG) repeat containing mRNAs. Although
when linked together these two domains show a high level cEUGBP1 was originally identified as a protein that binds to
specific binding to CUG repeat containing RNAs. CUG repeats in RNA (23,24), results from this paper show that
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CCG repeats can also be bound by bacterially expressed. Screpanti,l., Musiani,P., Bellavia,D., Cappelletti,M., Aiello,F.B.,
CUGBP1 and by endogenous cytoplasmic CUGBP1. This
suggests that CUGBP1 may have a more broad set of RNA,
targets. Here we characterized the role of CUGBP1 in translatlon

of C/EBH3 mRNA, since CUGBP1 binding sites were identified 11.

in the B regulatory region of C/EBP mRNA. Several other

mRNAs contain CUG/CCG repeats within coding regions or |n12
the 3 UTR (such as DMPK) and also may be regulated by
CUGBP1 at the levels of translation or mRNA stabilization. 14

Future experiments will show whether other CUG/CCG
containing MRNAs are regulated by CUGBP1. The identificationl5.
of a novel function for CUGBP1, regulation of translation,

suggests that alterations of CUGBP1 in myotonic dystrophy, o
may cause abnormal translation of CUG/CCG contalnlng

MRNAS.
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