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ABSTRACT: Translational control of apolipoprotein B (apoB) mRNA has been previously documented,;
however, the molecular mechanisms that govern translation of apoB mRNA are unknown. We investigated
the role of the untranslated regions (UTR) in the regulation of apoB mRNA translation first by analyzing
apoB UTR sequences using M-fold, a program used to predict RNA secondary structure. M-fold analysis
revealed hairpin-like elements within the B R and 3UTR of apoB mRNA with potential to form stable
secondary structure. Luciferase (LUC) reporter assays were conducted to assess the biological activity of
the putative RNA motifs within the UTR sequences by transiently transfecting HepG2 cells with chimeric
mMRNAs containing the'5sand/or 3 apoB UTRs linked to a LUC reporter gene. We observed statistically
significant increases in LUC activity for the BTRpGL3 and 53'UTRpGL3 constructs. LUC mRNA

levels remained constant for all constructs, suggesting that increased LUC activity was likely posttran-
scriptional in nature. When RNA isolated from transfected cells was translated in vitro, parallel increases
in translatable LUC activity were observed. We also examined the role of UTR sequences within the
context of the apoB coding sequence, using constructs containing the N-terminal 15% of apoB (apoB15).
We observed a 40% and 25% increase in total protein mass with'tHeR5apoB15 construct and the
5'UTR-apoB15-3UTR, respectively, over the control construct with no apoB UTR, with only a slight
stimulation observed for apoB15BTR. Radiolabeling analysis of apoB15 synthetic rate showed a more
striking 4.5-fold stimulation of protein synthesis bR while addition of both UTRs caused a 3.1-

fold stimulation over the control construct. Deletion mutant analysis revealed that the stimulatory effect
of the BUTR on apoB mRNA translation may be dependent on specific hairpin elements formed within
the BUTR secondary structure. Overall, our data suggest that putdtiVER5motifs are important for
optimal translation of the apoB message whereas the presence dffhR appears to attenuate wild-

type expression. Potential eitrans interactions of these motifs with putative RNA binding proteins/
translational factors are likely to govern apoB mRNA translation and protein synthesis and may play an
important role in dysregulation of atherogenic lipoprotein production in dyslipidemic states.

Apolipoprotein B100 (apoB)is an important protein  coronary artery disease and atherosclerd9isApoB is the
synthesized by the liver that facilitates the transport of very sole protein constituent of LDL and also functions as a ligand
low density lipoproteins (VLDL) and low-density lipopro-  for the LDL receptor, mediating the uptake and clearance
teins (LDL) in plasma. Increased plasma levels of LDL and of LDL from plasma ). Acute regulation of apoB secretion
LDL-apoB correlate positively with the development of appears to occur posttranscriptionally as levels of apoB
MRNA remain stable under acute metabolic stim8)i For
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10). Studies in rat hepatocytes also showed insulin-dependenimedium). oo modification of Eagle’s minimum essential
suppression of apoB secretion by a reduction of apoB medium was obtained from the Media Facility at the Hospital
synthesis as a result of decreased translational efficidrdgy ( for Sick Children (Toronto, ON, Canada). Medium is
Experiments using streptozotocin-induced diabetic rats pro-prepared using powdered reagents from Gibco/Life Tech-
vided further evidence of apoB mRNA translational control. nologies (Toronto, ON, Canada) and is made by the
Decreased apoB synthesis was found to be a direct result ofUniversity of Toronto Media Facility. Complete-MEM
impaired translation rated?). These studies indicate that medium contained 5% fetal bovine serum and a 1% antibiotic
apoB synthesis may be regulated at the level of translation;and antimycotic mixture. Cos-7 cells were maintained in
however, the molecular mechanisms which mediate trans-DMEM [Dulbecco’s modification of Eagle’s minimum
lational control of apoB mRNA were not identified. essential medium; Wisent Labs (Montreal, PQ, Canada)]
Trans'ation in eukaryotes is a Comp|ex event Wh|Ch can Containing 20% fetal bOVine serum. Ce”s were maintained
be divided into three stages: (i) initiation, (i) elongation, ina Nuaire incubator at 37C under 95% air/5% C©Cells
and (iii) termination. Initiation of translation is the primary ~Were seeded into T-75 flasks and medium was replenished
target of translational control. Such control is mainly €very 3 days. Cells were subcultured on a weekly basis
determined from structural properties of the mRNA, largely usually after reaching 90% confluency.
in the BUTR. It is known, however, that the'QTR, Chimeric UTR-LUC Reporter Construcithe BUTR and
interactions between théBTR and 3UTR, and the coding 3 UTR transcripts were generated by PCR using apoB18 and
region may also contribute to the control of MRNA transla- apoB100 cDNA, respectively, as templates (kindly provided
tion (13). UTR sequences are known to play crucial roles in by Dr. Zemin Yao, University of Ottawa Heart Institute).
the posttranscriptional regulation of gene expression, includ- The primers used to generate the PCR transcripts were
ing modulation of the transport of MRNAs out of the nucleus designed using the human apoB100 mRNA sequence avail-
and of translation efficiency1d), subcellular localization  able through GenBank Accession Number X04508).(The
(15), and stability 16). UTR sequences were cloned into the pGL3 control eukaryotic
The focus of our study was to investigate the molecular €XPression vector (Promega), which contains SV40 promoter
mechanisms that govern the translational control of apoB and _enhanc_er sequences and the entire sequence e_ncodlng
mRNA. Sequence and structural elements localized to the € firéfly luciferase (LUC) gene. PCR primers were designed
5" and 3 untranslated regions (UTR) of mMRNAs are known such that the Sapd 3 f'a“.k'f‘g regions contained sequences
to play significant roles in translational regulation. These for their respective restriction sites and four extra base pairs

regions are defined as cis-regulatory elements. Such eIement%0 e'nsu(;e' cgmpleti:néymatlc d|gest|0nd. All constructs adre
are known to regulate mRNA translational efficiency and d€Picted in Figure 1A. Primer names and sequences used to

stability and are known to act as binding sites for trans-acting ¢'éaté all constructs are provided in Table 1A. The first
cytoplasmic factors such as translation initiation facta. ( construct conFamed the apo'w.R _clon(_ad upstream of the
ApoB mRNA is 14121 nucleotides long and it4 FR and LUC gene using thédindlll restriction site (UTRpGL3).
UTR sequences are 128 and 304 nucleotides in length, T"€ sécond construct contained the apdBTR cloned

; ; ; : "downstream of the LUC gene using tkba restriction site
respectively 18). The BUTR sequence is relatively GC rich . ) X
with a 76% composition of G- C nucleotides. It has been (3UTRpGL3). The third construct contained both apoB UTR

identified that GC-rich regions have a high potential for Seduences (B'UTRpGL3). This construct was generated

forming stable secondary structufed). Furthermore, studies bﬁ’ cloning the apoB 'WTR upstrﬁgm of the #UC gene into
have shown that highly structured B'R sequences tend to t edSUTRpGL.S f;_?n(sjtruct.(jln this case, t éLHR PCE
inhibit efficient translation 19, 20). Investigation of the p’ro uct.contaln'e Indlll an NCd sequences at its @n
5UTR and 3UTR sequences of apoB mRNA revealed RNA 3 flanking regions, respectively. The control construct

elements with the potential to form stable secondary s’[ructurecoma"l‘eOI the LL%C gene Witﬂ no ?fdditionkz)il Seq%ences (é)G L3
which, in turn, may mediate the translational control of apoB control vector). To ensure that effects observed were due to

MRNA. By analyzing the ®ITR, we identified two GC the specific presence of the apoB UTR sequences, a fourth

boxes located at positions20 and—81, upstream of the construct containing a null sequence appropriately positioned

translational start site, and between these two GC boxes isVaS created. This negative control sequence was of equiva-

a GAGGCC doublet; the role of such elements in mRNA €Nt length (128 base pairs) to the apoRJ5R and was
translation is not known. The'@TR of apoB mRNA also cloned upstream of the LUC gene using Hiedl|l andNcd

has the potential to form secondary structure and includesresmction sites (NCSpC_-I-LB) into thémeGL?’. construct.
sequence elements such as AUUUA and AUUUUUA and The sequence was derlvgd from the LUC coding region and
AU-rich regions known to play roles in mRNA stabilitg3). corresponded to base pairs 133286 of the pGL3 control

We analyzed the potential of the UTR sequences to form VECIOr sequence (Promega). The sequence was examined to
secondary structure using M-fold, an RNA secondary ensure that it did not contain any open reading fram_es or
structure prediction program. Our primary objective was to stable secondary structure. All constructs were confirmed

determine the biological function of the apoB UTR sequences PY direct DNA sequencing.

on the translational efficiency of apoB mRNA and to identify ~ Chimeric UTR-ApoB15 ConstructBo generate the UTR-
potential cis-regulatory elements. apoB15 constructs, we removed the LUC gene using the

Hindlll and Xbd restriction sites and inserted the apoB15
EXPERIMENTAL PROCEDURES coding sequence in its place. Th&J5R- and/or 3UTR-
apoB sequences were upstream and downstream of the
Cell Culture.HepG2 cells were maintained in complete apoB15 coding sequence, respectively (see Figure 3A). Four
o-MEM (o modification of Eagle’s minimum essential apoB15 constructs were generated: a control construct
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Table 1: Primer Names and Sequences Used for the Chimeric UTR-LUC and UTR-ApoB15 Constructs

construct primer name sequence
(A) Chimeric UTR-LUC Constructs
5'UTRpGL3 FPL5 5-GCGCAAGCTATTCCCACCGGGACCTGCGGGGCTGAGTGCCCTTC-3
RP1-5 5-GCGCAAGCTICGCCAGCTGCGGTGGGGCGGCTCCTGGGCTGCGGLL-3
3UTRpGL3 FP2-3 5-GCGCICTAGAAATTTTTTAAAAGA-3'
RP2-3 5'-GCGCICTAGAATGATACACAATAA-3'
5/3UTRpGL3 FP15 5-GCGCAAGCTRATTCCCACCGGGACCTGCGGGGCTGAGTGCCCTTC-3
RP3-5 5-GCGACCATGAGCCAGCTGCGGTGGGGCGGCTCCTGGGCTGCGGL-3
NC5pGL3 FPNC 5GCGCAAGCTTCTTCTTCGCCAAAAGCACTC-3
RPNC B-GCGACCATGGETACCTGGCAGATGGAACCTC-3
(B) Chimeric UTR-ApoB15 Constructs
apoB15 control FP1 'B5GCGCAAGCTATGGACCCGCCGAGGCCCGCGCTGCTGGCGCTGCT-3
RP1 B-GCGCGAOCTAGATATCCTTCCAAGCCAATCTCGATGAGGTCAGC-3
5'UTR-apoB15 FP%5 5-GCGCAAGCTATTCCCACCGGGACCTGCGGGGCTGAGTGCCCTTC-3
RP1 B3-GCGCGAOCTAGATATCCTTCCAAGCCAATCTCGATGAGGTCAGC-3
apoB15 3UTR FP2-3' 5-GCGCICTAGAAATTTTTTAAAAGA-3'
RP2-3 5-GCGCICTAGAATGATACACAATAA-3'
5'UTR-apoB15-3UTR FP2-3 5-GCGCICTAGAAATTTTTTAAAAGA-3'
RP2-3 5-GCGCICTAGAATGATACACAATAA-3'

containing the apoB15 sequence alone, a second construcB UTRpGL3 construct. The'BTR-apoB15-3JTR construct
containing the 3JTR upstream of the apoB15, a third was created using a similar approach. Briefly, thgTR
containing the 3JTR downstream of the apoB15, and a was cloned into the confirmed 3TR-apoB15 construct
fourth construct containing both UTR sequences appropri- described above. All constructs were confirmed by DNA
ately positioned. All primers used to create these constructssequencing.
were obtained from the DNA Synthesis Facility at the  Expression Studies Using UTR-LUC Reporter Constructs.
Hospital for Sick Children. Primer names and sequences usedA) Transient Transfections of UTR-LUC Reporter Con-
to create all constructs are provided in Table 1B. structs.HepG2 cells were subcultured from T-75 flasks, and
The apoB15 control construct lacked both theBR and 0.4 x 10 cells were seeded per dish into six-well plates.
3UTR sequences and was generated by PCR using theCells were allowed to attach overnight, and transfection
apoB18 cDNA as a template. The forward primer contained experiments were carried out at-780% confluency. Cells
four extra nucleotides, thindlll restriction site, and was  were transfected with 0.4g of each DNA construct using
designed to anneal from nucleotides 129 (first nucleotide of Effectene transfection reagent by Qiagen. Transfection
the coding sequence) to 163 of the apoB mRNA sequence.efficiency was monitored by cotransfecting cells with 0.4
The reverse primer contained four extra nucleotidesXtye ug of the pRL-TK vector (Promega) that contains the renilla
restriction site, and was designed to anneal to nucleotidesluciferase gene and the HSV-thymidine kinase promoter. This
2181-2210, which represents the 15% mark of the apoB weak promoter is suitable to use as a control as it provides
MRNA sequence. This primer also contained a stop codonneutral constitutive expression of the renilla luciferase control
positioned immediately after nucleotide 2210 of the apoB vector. Firefly LUC and renilla LUC have dissimilar enzyme
sequence and before the restriction site sequence. Thestructures and substrate requirements. Thus, the biolumines-
apoB15 PCR product was subcloned into a TA cloning vector cence reactions catalyzed by the firefly LUC (or experimental
(Invitrogen). After positive clones were identified, the reporter) and the renilla LUC (control reporter) are quantifi-
apoB15 fragment was removed from the TA cloning vector able and discriminate. Cells cotransfected with the various
by restriction digestion wittlindlll and Xba. The fragment UTR-LUC constructs and the pRL-TK construct were
was gel purified and ligated with the pGL3 control vector harvested with passive lysis buffer. Activities of each reporter
fragment. were determined by using the dual-luciferase reporter assay
The BUTR-apoB15 sequence was generated by PCR usingsystem by Promega. This system allows for sequential
the apoB18 cDNA as a template. This sequence containedmeasurement of both firefly LUC and renilla LUC activity
the 128 nucleotide '§TR and 15% of the apoB mRNA from a single sample. The reporter or firefly LUC was
coding sequence. TheTR-apoB15 PCR fragment con- measured first by adding cell lysate to luciferase assay
tained Hindlll and Xba sites on the 5and 3 flanking reagent Il (LARII) to generate a luminescent signal which
regions, respectively. ThélBTR-apoB15 PCR product was was quantified by a luminometer (Turner Designs Model).
subcloned into a TA cloning vector (Invitrogen). After A second reagent called Stop & Glow was then added; this
positive clones were identified, th&lbTR-apoB15 fragment  reagent quenches the first signal and provides the substrate
was removed from the TA cloning vector by restriction required to generate a signal from the renilla LUC that is
digestion with Hindlll and Xba. The fragment was gel also quantified by the luminometer. A ratio of firefly LUC
purified and was subsequently ligated with the pGL3 control activity:renilla activity was calculated for each dish to
vector fragment. normalize for differences in cell number and transfection
The apoB15 3JTR construct was created by inserting the efficiency. This value was determined for each construct and
apoB 3UTR downstream of the coding sequence into the allowed for between-experiment comparison.
confirmed apoB15 control construct described above. The RNA Isolation and RT-PCR (BY.o determine whether
3UTR was generated by PCR using the same primersobserved effects were due to transcripitonal or translational
described in the UTR-LUC reporter constructs for the influences, a complement set of dishes was transfected for
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RNA isolation. Total RNA was isolated using trizol reagent T,pie 2. Primer Names and Sequences Used for &R
(Life Technologies) according to manufacturer’s instructions. peletion Mutant Constructs
The integrity of isolated RNA was determined by observing

. . . primer name primer sequence
the 28S and 18S ribosomal subunits after electrophoresis on indIiF GCCOAAGCTTATTCCCACCGGGACCTGE
agarose gels. LUC mRNA levels for each construct were H:2d|||:64R GOCGAAGCTTTGGGCGGGOTCCTCCGOG

monitored by performing RT-PCR using the Superscript One- Hindiil-96R
Step RT-PCR system (Life Technologies). Gene-specific HindIll-32F
primers for the firefly LUC gene were designed; the primers Hindlll-128R
selected had an optimal annealing temperature of 55.4 Hindlll-64F
The forward primer represented base pair 509 to 530 of the

LUC coding region, 5TCGTCACATCTCATCTACCTCC- amplified using primerslindlll-64F andHindl11-128R. The

3, and the reverse primer represented base pair 1188 to 1169°CR products were subcloned into pCR 4-TOPO using the
5-TCTCACACACAGTTCGCCTC-3 of the LUC coding TOPO TA cloning kit for sequencing (Invitrogen) following
region within the pGL3 control vector sequence. The reaction the manufacturer’s instructions. The UTR sequences were
resulted in a 680 base pair product. The RT-PCR protocol digested from the TOPO vectors after sequencing and were
was performed according to manufacturer's instructions. cloned into the pGL3 control eukaryotic expression vector
Briefly, 1 ug of RNA template was added to the reaction (Promega) at thelindlll multiple cloning site. The direction
mixture and subjected to the following: one cycle of 8D of insertion was assessed by sequencing.

for 30 min, 94°C for 2 min followed by 25 cycles of 92C Expression Studies Using the UTR-ApoB15 Constructs. (A)
for 15 s, 55°C for 30 s, and 72C for 1 min, and one cycle  Transient Transfection Experimen@os-7 cells were trans-

of 72°C for 10 min. Products were run on 1% agarose gels fected with 1ug each of the various UTR-apo B15 constructs
and were visualized by staining with Sybr Gold nucleic acid ysing lipofectamine. The cells were lysed 48 h posttrans-
stains. Gels were scanned using the Kodak 1D Digital fection in lysis buffer (phosphate-buffered saline containing

GCCGAAGCTTGGCCTGGCCTCGGCCTCG
GCCGAAGCTTTCTCGGTTGCTGCCGCTGAG
GCCGAAGCTTCGCCAGCTGCGGTGGGGC
GCCGAAGCTTGCCAGCCAGGGCCGCGAG

Science camera, and a net intensity quantitation was deter-1o4 Nonidet P-40, 1% deoxycholate, 5 mM EDTA, 1 mM

mined for each product.

(C) In Vitro Translation.Total RNA species isolated from
HepG2 cells transfected with the various chimeric UTR-LUC
constructs were subjected to in vitro translation experiments
using the Flexi rabbit reticulocyte lysate system by Promega.
Since our constructs contained firefly LUC as the reporter,
the protocol used was analogous to the conditions suggeste
for the standard or control LUC RNA translation. Briefly,
translation reactions were performed at 0 for 90 min
after the assembly of all reaction components, including the
Flexi Rabbit reticulocyte lysate, amino acids minus methio-
nine (0.01 mM each) and amino acids minus leucine (0.01
mM each), 70 mM potassium chloride, 40 units of RNasin,
and 200 ng of RNA template. LUC activity was determined
using the luciferase assay system.

(D) Secondary Structure AnalysiShe potential for the

apoB BUTR sequence to form secondary structures such as

stem loops or hairpins was assessed by computer analysi
using a program called M-fold developed by Zuk2t)( This

program has been used successfully for analysis of other

RNA sequences and predicts optimal and suboptimal second
ary structures on the basis of free energy minimizatzi) (
23). This program was used through the Genetics Computer
Group (GCG) available through the bioinformatics web site
at the Hospital for Sick Children. The program was run using
the default parameters set by the program.

(E) Chimeric UTR Deletion Mutant-LUC Reporter Con-
structs.The BUTR deletion mutant constructs were generated
by PCR using apoB15 cDNA as a template (kindly provided
by Dr. Zemin Yao, University of Ottawa Heart Institute).
Primers used for the PCR reactions containidondlll
restriction sites are shown in Table 2. The whole ap@BI&R
was generated using primetsndlll-1F andHindlll-128R.
Deletion mutant +64 was amplified using PCR primers
Hindlll-1F andHindlll-64R. PCR for deletion mutant-196
was conducted usingindlll-1F andHindllI-96R. Deletion
mutant 32-128 was generated using PCR primkliadlll-
32F andHindlIlI-128R. The BUTR fragment 64-128 was

S

EGTA, 2 mM PMSF, 0.1 mM leupeptin, and 2g/mL
N-acetylleucinylleucinylnorleucinal) and were passaged through
a syringe to homogenize.

(B) Chemiluminescent Immunoblot Analy§iell samples,
either directly or after immunoprecipitation against a target

rotein, were subjected to chemiluminescent immunoblotting
or apoB using 1D1 monoclonal antibody (kindly provided
by Dr. Ross Milne, University of Ottawa). Samples were
analyzed by SDSPAGE using 8% polyacrylamide minigels
(8 x 5 cm). Following SDS PAGE, the proteins were
transferred electrophoretically overnight at@ onto poly-
(vinylidene difluoride) membranes using a Bio-Rad wet
transfer system. The membranes were blocked with a 5%
solution of fat free dry milk powder, incubated with anti-
serum, washed, and then incubated with a secondary antibody
conjugated to peroxidase. Membranes were then incubated
in an enhanced chemiluminescence detection reagent (Am-
ersham Pharmacia Biotech) for 60 s and exposed to Eastman
Kodak Co. hyperfilm. Films were developed, and quantitative
analysis was performed using an imaging densitometer.

(C) Metabolic Radiolabeling of ApoB18Cos-7 cells
transfected with the chimeric UTR-apoB15 constructs were
preincubated in methionine-free Dulbecco’s minimum es-
sential medium at 37C for 1 h and labeled with 100Ci/

mL [35S]methionine for 30 min 2 days posttransfection.
Following the labeling pulse, the cells were washed twice
and harvested by lysis in solubilization buffer (phosphate-
buffered saline containing 1% Nonidet P-40, 1% deoxycho-
late, 5 mM EDTA, 1 mM EGTA, 2 mM PMSF, 0.1 mM
leupeptin, and 2g/mL N-acetylleucinylleucinylnorleucinal).
The lysates were centrifuged for 10 min at°€ in a
microcentrifuge (12000 rpm), and supernatants were col-
lected for immunoprecipitation.

(D) Immunoprecipitation, SDSPAGE, and Fluorography.
Immunoprecipitation was performed as described previously
(24) using goat anti-human apoB antibody. Immunoprecipi-
tates were washed with wash buffer [10 mM Tris-HCI (pH
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Ficure 1: (A) Chimeric UTR-LUC constructs carrying théelhTR and/or 3UTR of apoB mRNA. The 3JTR and 3UTR sequences of

apoB mRNA were generated by PCR. THEIBRpGL3 construct was created by cloning tHEIBR upstream of the LUC gene using the

Hindlll restriction site. The IJTRpGL3 construct was created by cloning the apdBTR downstream of the LUC gene using tkba

restriction site. The "8 UTRpGL3 construct was created by cloning tHBR upstream of the LUC coding region using tHadlIll and

Ncad restriction sites into the'8 TRpGL3 construct. The pGL3 control construct contained no apoB UTR sequences. The negative control
construct (NC5pGL3) carried a null sequence derived from the LUC gene itself and was equivalent in length to tH&J&poB Bis was

cloned upstream of the LUC gene using tti@dlll and Ncd restriction sites into the'B TRpGL3 construct. (B) Transient transfection of
HepG2 cells with the chimeric UTR-LUC constructs. HepG2 cells were transiently cotransfected with the chimeric apoB UTR-LUC constructs
(panel A) and the pRL-TK (renilla LUC) vector (see Experimental Procedures). Cells were harvested 48 h posttransfection, and LUC
activity was assessed using the dual LUC assay system. Transfection efficiency for each dish was normalized by dividing firefly LUC
activity by renilla LUC activity. Meant SEM luciferase values are from 12 independent experiments performed in triplicate. (C) Assessment
of LUC mRNA levels following transient transfection of the chimeric UTR-LUC constructs. LUC mRNA levels were assessed by RT-PCR
(see Experimental Procedures). RNA products used for RT-PCR reactions were isolated following transient transfection of HepG2 cells
with the various chimeric UTR-LUC constructs. RT-PCR products were run on agarose gels, stained with Sybr Gold, and were scanned
using the Kodak 1D Digital Science camera; a net intensity quantitation was determined for each produet. M&driuciferase mRNA

values are from seven independent RNA isolation experiments. RNA was isolated from seven independent experiments in which each
construct was transfected in triplicate. A representative scan of one RT-PCR experiment is displayed. (D) In vitro translation of RNA
products derived from transient transfection of HepG2 cells with the chimeric UTR-LUC constructs. Isolated RNA products (200 ng) from
transient transfection of HepG2 cells with the various chimeric UTR-LUC constructs were translated in vitro (see Experimental Procedures).
Measuring LUC activity of the lysate assessed translatability of RNA for each construct. M&HEM luciferase values are from six
independent RNA samples in vitro translated in duplicate. RNA was isolated from six independent experiments in which each construct
was transfected in triplicate.

7.4), 2 mM EDTA, 0.1% SDS, 1% Triton X-100] and RESULTS

prepared for SDSPAGE by resuspension and boiling in - construction of UTR-Reporter and UTR-ApoB15 Vectors.
100uL of electrophoresis sample buffer. SBBAGE was  The different chimeric UTR-LUC constructs used in the
performed essentially as describ@d) The gels were fixed  present analysis are displayed in Figure 1A. Each contained
and saturated with Amplify (Amersham Pharmacia Biotech) a Sv40 promoter and enhancer sequences as well as the LUC
before being dried and exposed to Dupont autoradiographiccoding sequence with the apoR& R and/or 3UTR inserted

film at —80 °C for 1—4 days. ApoB15 bands were excised as indicated. The negative control construct (NC5pGL3)
from the gel, digested in hydrogen peroxide/perchloric acid, contained a null sequence derived from the LUC coding
and associated radioactivity was quantified by liquid scintil- sequence and was positioned upstream of the LUC gene (as
lation counting. in the B3/3'UTRpGL3 construct). The chimeric UTR-apoB15
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constructs used in the present analysis are displayed in Figurexumber was subsequently changed to 25 cycles, and this was
1A. The pGL3 vector backbone remained analogous to thatselected as the target cycle number as it allowed sufficient
used in the reporter constructs except that the LUC genetime for detection of LUC mRNA levels for all experimental
was removed and replaced by 15% of the coding sequenceconstructs and the control vector. Statistical analysis indicates

for apoB. The apoB ®WTR and/or 3UTR were (was)

that LUC mRNA levels determined from each of the

positioned upstream and downstream of the apoB15 sequencehimeric constructs containing the UTR sequences did not

as indicated.
Influence of the ApoB'BTR and 3UTR on LUC Expres-

significantly increase or decrease in comparison to the pGL3
control vector (Figure 1C). These results suggest that the

sion. By assaying for LUC activity expressed in each set of increase in LUC activity was likely due to co- or posttrans-
transfectants, we evaluated the influence of apoB UTR lational regulation and not due to transcriptional upregulation
sequences on LUC expression of chimeric transcripts car-of the constructs containing the apoBJFR sequence.

rying those sequences. To normalize for transfection ef- Influence of the ApoB'BTR and 3UTR on Translational
ficiency and cell viability after transfection, we employed Efficiency in Vitro.Total RNA from HepG2 cells transfected
the dual luciferase reporter assay system (see Experimentalith each chimeric construct was isolated and used for in
Procedures). All experiments were performed in triplicate; vitro translation experiments using a rabbit reticulocyte lysate
a mean was calculated for each construct, and the foldsystem (see Experimental Procedures). The results obtained
increase/decrease in LUC activity versus control was deter-from these experiments are depicted in Figure 1D. The results
mined. Figure 1B summarizes the results obtained. We paralleled the transfection data in that we observed an

observed a statistically significant 2.2-fold increage<(
0.005) in LUC activity from the chimeric construct carrying
the apoB BJTR cloned upstream of the LUC genéyd R-
pGL3) in comparison to the pGL3 control construct. We did
not observe any significant difference in LUC activity from
the construct carrying the'@TR alone (B3UTRpGL3) in
comparison to the control. The construct carrying both UTRs
(5'/3'UTRpGL3) exhibited a significant 1.8-fold increase in
LUC activity in comparison to controlp(< 0.005). These
data suggest that while the apo®BJFR sequence is required
for its optimal expression, th¢ 3TR on its own does not
appear to play a crucial role. The presence of both thd R

and 3UTR of apoB appeared to result in an increase in LUC
activity as compared to that observed with théBR alone.
However, the increase in LUC activity observed with the
5/3'UTRpGL3 construct was 1.8-fold versus a 2.2-fold
increase with the construct carrying théeUSR alone.
Statistical analysis comparing the LUC activity measured
from the BUTRpGL3 and the B3 UTRpGL3 constructs (1.8-
fold versus 2.2-fold) showed a significant differenqge=
0.04). This may suggest that the presence of théTR
slightly attenuated the stimulatory effect observed with the
5'UTRpGL3 construct. The LUC activity results obtained
from cells transfected with the negative control construct
(NC5pGL3) were comparable to the LUC activity derived
from the pGL3 control construct. This suggests that the
increased LUC activity observed in the BRpGL3 and &

increase in LUC activity with constructs containing the apoB
5'UTR sequence. The construct containing tHéTR alone
exhibited a statistically significant 2.2-fold increase in LUC
activity over the control construcp(< 0.005). The LUC
activity obtained from the 'R TRpGL3 construct was not
significantly different in comparison to the pGL3 control
construct. Similar to the 'BTRpGL3 construct, the 'b
3'UTRpGL3 construct (carrying both UTRSs) exhibited a 2.2-
fold increase in LUC activity in comparison to the pGL3
control constructyg < 0.005). These results suggest that the
presence of the apoB'BTR stimulated an increase in in
vitro translation of LUC mRNA, suggesting a role in
translational control.

Influence of the ApoB'BTR and 3UTR on ApoB15
Expression: Total Protein Mas3o0 determine the effect of
the untranslated regions on apolipoprotein B total protein
mass expression, we conducted immunoblotting experiments
on Cos-7 cells transfected with the chimeric apoB15. As
shown in Figure 2B, the'8TR-apoB15 construct exhibited
the highest level of expression with a 40% increase in total
protein mass over the apoB15 control vector which did not
possess any UTR regionp € 0.01). The apoB15 protein
mass was slightly (11%) increased with the apoB15TR
construct over control levelsp(= 0.054). The BJTR-
apoB15-3UTR *“wild-type” vector containing both UTRs
induced a 25% increase in apoB15 protein mass over control
levels @ < 0.01). It thus appeared that the presence of the

3'UTRpGL3 constructs was sequence specific and not simply 3UTR reduced the stimulatory effect ofbTR on apoB15
due to the presence of an additional sequence upstream ofynthesis.

the LUC gene.

Determination of LUC mRNA Lels from Transfected
Cells. Total RNA isolated from the HepG2 cells transfected
with the various UTR-LUC constructs was used for RT-PCR
experiments in order to identify whether the increase in LUC
activity was due to transcriptional or co- or posttranslational
control. The RT-PCR reaction was carried out according to
the instructions provided with the Superscript One-Step RT-
PCR kit by Gibco/Life Technologies (see Experimental

Influence of the ApoB'BTR and 3UTR on the ApoB15
Synthetic RateWe assessed the function of the UTRs on
the synthetic rate of newly synthesized apoB mRNA by
conducting radiolabeled pulse experiments in Cos-7 cells
transfected with the chimeric UTR-apoB15 constructs. As
illustrated in Figure 2C, the results resemble the total protein
mass experiments; however, the differences are greater. The
5'UTR-apoB15 construct exhibited a 5-fold increase in
translation relative to the apoB15 control construct containing

Procedures). The cycle number was optimized to 25 cyclesno UTR sequence$(< 0.001). Elimination of the ®TR
in order to ensure that the RT-PCR reaction had not reached(5' apoB15) from the wild-type '5apoB15 3 construct
a plateau resulting in consistent band intensities for eachresulted in a 1.4-fold increase in newly synthesized agoB (

construct. At 20 cycles appreciable product formation did
not occur for the constructs; however, LUC mRNA levels
were detected with the pGL3 control vector. The cycle

< 0.01). The BJTR-apoB15-8JTR wild-type construct
exhibited a 2.7-fold increase in translation over the apoB15
control construct which possessed no UTRs<( 0.01).
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Ficure 2: (A) Chimeric UTR-apoB15 constructs carrying th&J5R and/or 3UTR of apoB mRNA. The UTR-apoB15 constructs are
identical to the UTR-LUC constructs with the exception that they have the apolipoprotein B15 gene (the first 15% of the coding region)
in place of the luciferase gene. The apoB15 sequence was generated by PCR, and primers were designed télicality dnel Xba

restriction sites. The'8TR-apoB15 construct was also generated by PCR using primers carryitjriti#l and Xbd restriction sites.

These products were subsequently cloned into the vector fragment of the pGL3 control vector (with the LUC gene removed). The apoB15
3'UTR construct was generated by cloning the ap8BTR sequence into the apoB15 control construct, downstream of the coding sequence.
The BUTR-apoB15-3JTR construct was generated by cloning the apoBTR into the BUTR-apoB15 construct downstream of the

coding sequence. (B) Effect of UTRs on apoB15 total protein mass. Cos-7 cells were transfected with the UTR-apoB15 constructs as
described (see Experimental Procedures). The cell lysates were run on-aP83& gel, transferred onto a PVDF membrane, and
immunoblotted for apoB using 1D1, an N-terminal-specific monoclonal apoB antibody. Films were developed, and quantitative spot
densitometry analysis was performed using an imaging densitometer. Data were plotted from imaging densitometry analysis of four separate
experiments in triplicate (shown as meanSD). A scan of one representative experiment is displayed. (C) Effect of UTRs on apoB15
synthetic rate. Cos-7 cells were transfected with UTR-apoB15 constructs and were pulséeBvitethionine for 30 min 48 h posttransfection.

Cells were solubilized, and cell extracts were subjected to immunoprecipitation by a specific anti-apoB antibody and were then analyzed
by SDS-PAGE and fluorography. A representative fluorograph is shown, and the data are plotted from imaging densitometry analysis of
four separate experiments in triplicate (shown as me&8D).

Elimination of the BUTR from the 5 apoB15 3 wild-type with a Gibbs free energy of formation ef4.7 kcal/mol.
construct resulted in a 2.77-fold reduction in newly synthe- Stem loop Il is the next stem loop from théénd and has
sized apoB15g < 0.001). The synthetic rate of apoB15 two variations. The first variation (stem loop 1I-S) has a
3'UTR translation was not significantly different than that Gibbs free energy of formation ef7.1kcal/mol and is found
of the apoB15 control construct (no UTRS). in structures 3A and 3B at nucleotides4&6. The second

Secondary Structure Predictions of the ApBBR.The ~ Variation (stem loop II-L) is larger and more stable with a
computer program M-fold generated five secondary structure Gibbs free energy of formation 6f23 kcal/mol and is found
predictions of the apoB'BTR sequence; these are depicted [N three of the five structures (3€3E) at nucleotides 21
in Figure 3. The Gibbs free energy of formation determined 67- A third stem loop (stem loop 11 is found in four of the
for each prediction was in the range-661.2 to—52.8 kcal/ five structures. It is located at nucleotides—6M, with a
mol. The calculated values suggest that structures formedCibbs free energy of-16 kcal/mol. Structure 3E has a
by the apoB BJTR are stable. Structural analysis of each different stem loop Il (stem loop IV) from nucleotides
prediction revealed that all of the five predictions (38E) 73 to 103. Furthermore, four of the structures (3B, 3D, and
possess a Y-shaped structure. Each branch of the “Y” is 3E) have a fourth and final stem loop which is variable in
composed of two stem loops. All of the structures have three @l Of the structures.
discernible stem-loop structures which they all share in  Minimal Sequence of the Human ApoB/5R Necessary
common to some degree. From tHe=Bd, a stem loop (stem  for a High Level of Reporter Expressioff.o determine the
loop 1) exists from nucleotides 3 to 13 in all the structures, minimal sequence or secondary structure of thETR
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Ficure 3: Secondary structure analysis of apdBBR using M-fold. Secondary structure predictions of the ap8BI'R sequence were
obtained from the program M-fold (see Experimental Procedures) Alhealculated for each prediction was in the range-&1.2 to
—52.8 kcal/mol.

required for the observed translational effects, several
constructs containing various 32 nucleotide deletions of the
128-nucleotide W TR were cloned upstream of the luciferase
gene in the pGL3 control vector (see Figure 4A). The
construct lacking the apoBBTR had a 2.5-fold expression 1
over background levels (see Figure 4B). The wild-type 1
construct with the full +128 sequence had the highest level
of expression, with a 7-fold increase over background levels
and a 2.7-fold increase over the construct without the apoB
5'UTR (p < 0.05). Deletion of the first 32 nucleotides (32
128 construct) caused a significant loss of luciferase expres-
sion similar to background levelp (< 0.05). Deletion of

the first 64 nucleotides of the'GTR (construct 64128)
resulted in expression levels similar to that of the construct
lacking the B.UTR (p < 0.05). Similarly, deletion of the last

64 nucleotides (construct14) resulted in expression levels
similar to that of the construct lacking th8 R (p < 0.05).
Deletion of the last 32 nucleotides (construetd6) had no
appreciable effect on luciferase activity compared to that of
the construct carrying the wild-type “1128” 5UTR (ap-
proximately 7-fold over background levels or 2.7-fold over
pGL3 control levelsp < 0.05).

Secondary Structure Predictions of the Deletion Mutants
of the ApoB 8JTR. Secondary structure analysis of the
deletion mutant fragments of the apoRJ3R was performed
using the M-fold program (Figure 5). For th8 R 1—96
construct, two structures were predicted, both of which
retained all common stem loops |, lI-L, and Il of the wild-
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Ficure 4. Deletion mutant analysis of the apoBAR. The apoB
5'UTR deletion mutant constructs were generated by PCR, and
primers were designed to caiddindlll restriction sites. The' & TR-
apoB15 construct was also generated by PCR using primers carrying
the Hindlll restriction sites. These products were cloned into the
pGL3 control vector. Deletion mutants of the apoRJBR were
cloned upstream of the coding sequence of the luciferase gene using
Hindlll restriction sites (A). HepG2 cells were transfected with these
constructs, and LUC activity was measured. Relative Fluc/Rluc
activities were determined (B).

Normalised LUC activity (arbitrary units)
o = N W B O O N 0 ©
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Ficure 5: Predicted secondary structures of the apdBTR deletion mutants. Secondary structure predictions were obtained from the
program M-fold for four of the apoB'BITR deletion mutant constructs {BE). The predicted secondary structure of the entire agbB R
1-128 is included for comparison (A).

type BUTR 1-128 structure. The 32128 construct only  activity of the 3/3UTRpGL3 construct (1.8-fold over
retained stem loops 1I-S and 1l of the wild-typélB'R control) was also slightly lower than the'BrRpGL3
structure in four of the five predicted structures. In addition, construct, indicating that the'@TR may decrease the
one of the 32-128 structures contained stem loop II-L only. translation of apoB mRNA. The negative control construct
The 1-64 construct preserved the small hairpin | of the wild- (NC5pGL3) exhibited LUC activity essentially equivalent
type BUTR in all of its predicted secondary structures. The to the pGL3 control construct. This provided evidence for
64—128 construct retained only a part of hairpin Ill in all of the sequence or structural specificity of th8JBR in

its predicted secondary structures. mediating expression of the apoB mRNA. These results
indicate that the presence of th€UFR is essential for
DISCUSSION optimal translation of the apoB message.

Molecular mechanisms involved in the regulation of apoB  The concentration and activity of the expressed RNA from
mRNA translation have not been extensively studied. Se- the reporter experiments were also ass_essed using RT-PCR
guence and structural elements within the apoB UTRs a|_’1d in vitro t_ranslatlon experiments. Luciferase mRNA levels
suggest that these sequences may participate in modulatiorflid not significantly change from one construct to another,
of apoB mRNA translation. The focus of our study was to thus implying that the increase in LUC activity was likely
address the role of the BTR and 3UTR in translational posttranscriptional in nature. In vitro translation of RNA
control of apoB mRNA. Biological activity of the apoB UTR  Products derived from transfected cells also provided evi-
sequences was initially investigated by transiently transfect- dence for posttranscriptional modulation as an increase in
ing HepG2 cells with chimeric DNA constructs containing translatable LUC activity was observed from RNA derived
the BUTR and/or 3UTR linked to a firefly luciferase (LUC) ~ from cells transfected with constructs that contained the
reporter gene. We further investigated the biologically 5'UTR sequence. Taken together, the results obtained from
activity of the UTR sequences by transiently transfecting cell culture and in vitro experiments provide support for the
Cos-7 cells with similar DNA constructs containing the apoB notion that the 8JTR plays an important role in optimal
5'UTR and/or 3UTR sequences linked to a truncated portion translation of apoB mRNA.

(15%) of the coding region for apoB100, the protein of |nterestingly, the in vitro translation data indicate that in
interest. a cell free system the/3' pGL3 construct is able to translate
The luciferase reporter data revealed that therR plays the mRNA as efficiently as the construct containing the
an important role in the translation of the reporter mMRNA 5'UTR alone since both exhibited equivalent values in
as was demonstrated in the 2.2-fold increase in LUC activity translatable LUC activity. This led us to postulate that there
as compared to the pGL3 control vector. Furthermore, LUC may be factors present in the cytoplasm of transfected cells
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which are able to bind to thé 3TR in conjunction with the transfected cells, which suggested that the increase in
5'UTR of the 8/3' construct and modulate its translation.  expression was due to enhanced translation and not increased
Data derived from the UTR-apoB15 constructs allowed transcription or mRNA stability.
for a direct assessment of the roles of the apoB UTR Deletion analysis of apoB'BTR was performed to assess
sequences in translation within the context of the coding potential sequence elements that confer its stimulatory effect
region of the protein of interest. In the first series of on the luciferase reporter or apoB15 observed above. Data
experiments, we investigated the effect of the UTRs on obtained from deletion experiments must be interpreted
apoB15 total protein mass over the period of 2 days. The cautiously. This is due to the fact that excision of even a
data obtained from these experiments paralleled and thereforeelatively small sequence may result in a substantial reor-
confirmed the results observed from the reporter constructs.ganization of the secondary structure of the corresponding
The construct carrying the'8TR alone allowed for the  deletion mutation segment, resulting in an RNA structure
highest amount of translation whereas the constructs carryingwhich has little in common with the original or wild-type
the 3UTR alone showed a decrease in the amount of RNA structure. A similar conclusion was made by Rubtsova
translation to little above that observed from apoB15 control et al. 28). We thus have attempted to interpret the results
construct levels. The construct carrying both UTR sequenceson the basis of the predicted secondary structures of the
exhibited a translational efficiency that is close to but below deletion mutants in comparison with the wild-type apoB
that of the construct carrying thélbTR alone. 1-128 BUTR RNA structure. Nucleotides-3L3, 21-67,
Interestingly, the effects of the UTR regions on translation and 69-90 correspond to hairpins 1, 2, and 3, respectively,
were more pronounced when we examined the in vitro from the predicted secondary structure of the aptBTR.
apoB15 synthetic rate in a pulse experiment over a 30 min The BUTR 1—-96 construct, which had an activity similar
period. The 3JTR-apoB15 construct induced apoB15 syn- to the wild-type full-length +128 levels, contained both
thesis five times more efficiently than the apoB15 control hairpins 2 and 3 and the first 32 Bucleotides which may
construct (no UTRs) or the'3TR-apoB15 construct. The  be important for optimal translation. Deletion of sequences
wild-type construct (U TR-apoB15-3JTR) exhibited trans-  involved in the formation of one or more of these hairpin
lational efficiency that was four times higher over control structures appeared to abolish the stimulatory effect of the
levels. Thus the radiolabeling protocol appeared to be a more5'UTR on translational activity. We thus hypothesize that
sensitive measure of translational efficiency as compared tohairpins 1, 2, and 3 are vital for eidrans interactions which
the measurement of total protein mass. mediate translational control of the apoB mRNA since
The BUTR of apoB is a short 128-nucleotide sequence. deletion of either hairpin causes a loss of optimal translation.
The leader sequence is GC rich with 76% of its length  We postulate that the stem-loop structures noted from the
consisting of G+ C residues. The'BTR of apoB does not  secondary structure predictions may be potential binding sites
contain any upstream AUG codons. Its AUG codon occurs for eukaryotic initiation factors or other RNA-binding
at position 1 of the protein coding sequence. The context proteins whose function is to alleviate or relax the secondary
surrounding the AUG codon is favorable (ggcgAUGgac) as structure present in thé BTR. For example, initiation factor
it has a G present at positions3 and+4 (19). Since the elF4A, upon activation by elF4B, may unwind highly
authentic AUG codon is in a good context we assume that structured 3JTR’s through its ATP-dependent RNA helicase
recognition by the Met-tRNA occurs efficiently. Sequences activity and decrease the repression imposed by secondary
which are GC rich have a tendency to form stable secondarystructure {14). Protein factors may recruit translational
structures. Results obtained from analysis of th&éTR using machinery, unwind secondary structure, or increase mRNA
the computer program M-fold predict a free energy of stability, thus contributing to efficient translation of the apoB
formation in the range of-50.5 to—52.8 kcal/mol. AAG message. Such an occurrence is observed in tH&R
value in this range is indicative of the potential to form very mediated efficient translation of p27 mRNA. This region
stable secondary structures and would likely result in contains a U-rich sequence that forms secondary structure
inefficient translation due to inability of the ribosomal which has been shown to bind the protein factor HUR, a
complex to unwind the secondary structure and reach theprotein that has been implicated in mMRNA stability and
AUG codon @0). M-fold results indicated that most stem translation 29). This finding presents an interesting pos-
loops (Il and I11) occurred within the central region of the sibility that merits further investigation in our system.
apoB BUTR from nucleotides 2267 or 48-66 and 69- Alternatively, the apoB message may be translated via
90; stem loops in central regions may interfere with the internal ribosomal entry sites. Th85TR of apoB is highly
scanning of the 40S ribosomal comple6). This suggests  structured and has a stable Y-shaped secondary structure with
that the BUTR should result in an inhibition of translation; the presence of a small stem loop (in five of the seven
however, this is not what we observed in our cell culture Y-shaped predictions) at thé &nd of the leader. Thus some
and in vitro experiments. Our findings challenge some of of the structural features exhibited in the apdB'BR are
the literature published which suggests that most highly consistent with RNA structural motifs common to other
structured BJTRs lead to an inhibition of translation. cellular mRNAs that use this mechanism for translati®).(
However, a recent paper by Vivinus et &7 on the human  The features or criteria that are not consistent with other
heat shock protein 70 (Hsp70) describes the first report of a cellular mRNAs are that the’'8TR of apoB is relatively
5'UTR with a high degree of stable secondary structure short and does not possess upstream AUGSs. Since our data
(predicted AG of ~—70 kcal/mol) to confer increased indicated that the presence of tH&JBR results in increased
translational efficiency of Hsp70 mRNA translation. The LUC expression, this is one potential mechanism by which
presence of the 213-nucleotide GC-rich human Hsp@dd' B the apoB mRNA may be translated efficiently. Further studies
in reporter constructs did not modify mRNA levels in are necessary to elucidate such mechanisms.
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