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1 Introduction 

Human hepatitis C virus (HCV) infects hepatocytes and the viral infection often 

develops into chronic disease, liver cirrhosis and hepatocellular carcinoma (SAITO 

et al. 1990; PLAGEMANN 1991; RUlz et al. 1992). Currently HCV infections account 

for about 80% of posttransfusion hepatitis worldwide. To date HCV has not been 

successfully grown in any cultured cells (SHIMIZU et al. 1993) which precludes the 

biological studies of this virus. The discovery of the human HCV stems from an un

precedented use of molecular cloning techniques rather than by the conventional 

method of virus isolation (CHOO et al. 1989). Nucleic acids extracted from the sera 

of chimpanzees infected with infectious non-A, non-B hepatitis plasma were used 
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to prepare a A gt11 library which was then immunoscreened with non-A, non-B 
hepatitis serum (CHOO et al. 1989). The viral RNA genome cloned as a cDNA was 
characterized by nucleotide sequence determination to uncover the genetic order of 
the coding potential. Further comparison of the complete HCV genome to other 
known viral genomes placed this virus in the family of Flaviviridae (MILLER and 
PURCELL 1990; HOUGHTON et al. 1991). Members of this virus group include human 
flaviviruses (e.g., Yellow fever virus, Dengue virus and St. Louis encephalitis virus) 
and animal pestiviruses (e.g., bovine viral diarrhea virus and hog cholera virus). 

The viral genome of HCV is represented as a single-stranded RNA molecule 
with positive polarity, composed of about 9400 nucleotides (KATO et al. 1990; 
CHOO et al. 1991; INCHAUSPE et al. 1991; OKAMOTO et al. 1991; TAKAMIZAWA et al. 
1991). The viral RNA contains a single large open reading frame (ORF) encoding 
a polyprotein of 3010-3033 amino acids that is subsequently processed into 
individual viral proteins by both viral and cellular proteases (Fig . 1) (GRAKOUI et al. 
1993; HIJIKATA et al. 1993; SELBY et al. 1993). The viral RNA genome contains a 
relatively long 5' noncoding region (5'NCR) and a short 3' NCR with a possible 
poly-A or poly-U tail (HAN et al. 1991; HAN and HOUGHTON 1992). While remarkable 
nucleotide diversity exists among HCV subgroups, the 5' NCR maintains a very 
high degree of nucleotide conservation (>93%) (OKAMOTO et al. 1991). The 5' NCR 
varies in length from 332 to 341 nucleotides depending upon the subtype (HAN 
etaI.1991;TAKAMIZAwAetaI.1991;CHENetaI.1992;TANAKAetal.1992). From the 
phylogenetic sequence comparison, HCV appears to be more closely related to 
pestiviruses than flaviviruses. For instance, both HCV and pestiviruses contain a 
relatively long 5' NCR with several AUG codons, whereas flaviviruses contain a 
short 5' NCR of about 95-132 nucleotides in length without an AUG (except tick
borne encephalitis virus) (RICE et al. 1986; COLLEn et al. 1989a; PLETNEV et al. 1990). 
A type 1 cap structure (m7GpppAmp) has been found at the 5' end of flavivirus 
RNA (CHAMBERS et al. 1990) which may have resulted from the action of the 
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proposed methyltransferase activity in the flaviviral NS5 protein (KOONIN 1993). 
The translation of flaviviral RNAs is mediated by a cap-dependent scanning 
mechanism, and usually initiated at the 5' end proximal AUG triplet (CHAMBERS 
et al. 1990). In contrast to flaviviruses. multiple AUG triplets have been found in 
the long 5' NCR of HCV and pestiviruses. The methyltransferase gene found in 
the flavivirus NS5 region has not been found in the HCV genome. Several 
experimental approaches have failed to detect a cap structure at the 5' end of 
pestivirus genomic RNA (CoLLEn et al. 1989b; BROCK et al. 1992). It is not known 
whether 5' end of HCV RNA contains a cap structure. By analogy to pestiviruses, 
it is likely that the HCV genomic RNA is uncapped. While several AUG codons are 
located upstream of the translation initiation site of the HCV polyprotein, these do 
not appear to function as alternative start sites (TSUKIYAMA-KoHARA et al. 1992). 
Additionally, a complex secondary structure has been proposed for the 5' NCR of 
the HCV RNA from phylogenetic comparative sequence analysis (BROWN et al. 
1992) (Fig.2). This further precludes the possibility of the cap-dependent scanning 
mechanism for efficient translation of the HCV RNA. These features indicate that 
translation of HCV RNA may take place by a strategy different from that involving 
a cap-dependent scanning mechanism (KOZAK 1992). 

Picornaviruses symbolize the viral mRNAs that utilize a cap-independent 
internal ribosome binding mechanism of translation (JACKSON et al. 1990; AGOL 

S' 
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Fig. 2. Map of the computer predicted RNA secondary structure of the 5'NCR of HCV RNA (adapted 
from BROWN et al. 1992). The nucleotide numbered as + 1 position refers to the first A residue of the 
Initiator AUG. The sequences of the two PYrimidine tracts and its locations are shown 



102 C. Wang and A. SiddiquI 

1991). This mechanism involves binding of the ribosome to a RNA sequence that 
has been termed the "internal ribosome entry site" (IRES) (JANG et al. 1989) or 
"ribosome landing pad" (RLP) (PELLETIER and SONENBERG 1988) within the 5' NCR of 
the viral RNAs. The picornavirus RNAs contain an unusually long 5' NCR (600 to 
over 1,000 nucleotides) with multiple AUG triplets and the viral RNAs lack a m 7G 
cap structure found in all eukaryotic mRNAs. In this respect, the 5' NCRs of HCV 
and pestiviruses resemble those of picornaviruses. These characteristics have 
prompted investigations into the possibility of translation of HCV and pestivirus 
RNAs by a mechanism similar to that employed by picornaviruses. In this review, 
we attempt to summarize recent work on the translational regulation of HCV and 
pestivirus RNAs and draw comparisons with those of picornaviruses. 

2 Translation of Hepatitis C Virus RNA 
Is Mediated by Internal Ribosome Entry 

2.1 Hepatitis C Virus RNA Contains 
an Internal Ribosome Entry Site Within Its 5' NCR 

The first line of evidence in demonstrating the presence of an IRES element 
within the 5' NCR of HCV comes from in vitro translation studies by TSUKIYAMA
KOHARA et al. (1992). Using an HCV RNA containing the 5' NCR and some coding 
sequences of the polyprotein (nt -324 to + 1772, + 1 position refers to the A 
residue of the initiator AUG of the viral polyprotein), they have shown that both 
capped and uncapped HCV RNAs were active as mRNAs with similar trans
lational efficiencies in rabbit reticulocyte Iysates. The translation products from 
the HCV RNA were confirmed as natural viral polypeptides using anti-HCV anti
bodies. Translation was shown to start at the internal AUG preceding the large 
open reading frame. In a dicistronic RNA which consists of chloramphenicol 
acetyl transferase (CAT) reporter gene as the first cistron and the partial coding 
sequences of the HCV polyprotein as the second cistron, efficient translation of 
both genes in rabbit reticulocyte Iysates was demonstrated. In coxsackievirus
infected HeLa cell extracts, in which the cap-dependent translation is sup
pressed, only the hepatitis C viral coding sequences were translated. These 
results provided the first direct evidence that HCV RNA is translated by an internal 
ribosome binding mechanism. Similarly, KETIINEN et al. 1993) found that addition 
of cap analogue in in vitro translation reactions had no effect on translation of the 
uncapped RNA with the HCV 5'NCR and had little effect on translation of the 
capped RNA at higher concentrations of the cap analogue. The yield of the first 
cistron from a dicistronic RNA was significantly increased by capping of the RNA, 
but expression of the second cistron was unaffected. Both reporter gene products 
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were detectable by SDS-PAGE analysis at the earliest time point of translation of 
the dicistronic RNA. indicating simultaneous initiation of translation of the two 
genes. These observations together suggest that translation of the HCV RNA is 
most probably cap-independent. 

In support of the in vitro analyses of the translational regulation of the HCV 
RNA. experiments carried out in this laboratory (WANG et al. 1993) have employed 
an in vivo system by introducing in vitro synthesized RNA into HepG2 cells, a 
hepatoblastoma cell line. The 5' NCR of HCV was inserted between two reporter 
genes, those for CAT and luciferase (LUC). The expression of the LUC gene from 
these RNAs is dictated by the HCV 5' NCR. Since the in vitro synthesized RNAs 
were uncapped, the first cistron encoding the CAT protein was poorly translated 
in transfected cells. CAT activity was not detectable in the ceillysates. However, 
expression of the second cistron (LUC) occurred when the full-length (nt -341 to 
-1) or a nearly full-length 5' NCR (nt -304 to -1) were present upstream of the 
cistron. Since this expression occurs independent of CAT translation, it is unlikely 
that LUC expression resulted from ribosome reinitiation. These data obtained 
from in vitro and in vivo experiments provide the unequivocal evidence for the 
presence of an IRES element within the HCV 5' NCR. RNA transfections of both 
hepatic and non hepatocyte-derived cell lines were equally efficient, suggesting a 
lack of liver cell-specific preference for translation of the HCV RNA. 

Recently, in an effort to study the cap-independent translation in yeast, IIZUKA 
et al. (1994) observed that the HCV 5'NCR is capable of programming cap
independent translation of uncapped monocistronic RNA in yeast cell extract. The 
efficiency of translation was enhanced more than twofold when the message 
was polyadenylated. In the presence of cap analogue (m7GpppG), translation of 
the RNA was not inhibited, but appeared to be enhanced. However, translation of 
capped and polyadenylated luciferase mRNA. lacking an IRES element, was 
inhibited in the presence of the cap analogue. The success of using the yeast 
system for investigating mechanism of IRES function provides future prospects 
of identifying factors involved in internal initiation of translation. 

Interestingly, hepatitis A virus (HAV), a liver-tropic virus belonging to the 
picornavirus family, also uses the internal ribosome binding mechanism of 
translation (GLASS et al. 1993; BROWN et al. 1994). Translation of HAV RNA is 
inefficient in reticulocyte Iysates and results in aberrant initiation (JIA et al. 1991; 
BROWN et al. 1991). However, addition of cell extracts prepared from fresh mouse 
liver into the reticulocyte Iysates specifically stimulated the cap-independent 
translation of the HAV RNA (GLASS and SUMMERS 1993). Similar extracts prepared 
from the kidney, heart or brain of the mouse and from other cultured cells did not 
show this stimulation. We have not observed any enhancement of the HCV 
5'NCR-mediated translation following addition of the cell extracts from cultured 
HepG2 cells or HeLa cells (WANG and SIDDIQUI, unpublished data). However, it will 
be interesting to determine whether translation of the HCV RNA could be 
stimulated by addition of the extracts from the fresh liver tissue. 
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2.2 Hepatitis C Virus Internal Ribosome Entry Site Element 
Is Active in Picornavirus-Infected Cells or Extracts 

Poliovirus translation occurs in a cap-independent manner (JACKSON et al. 1990; 
AGOL 1991). The viral infection also results in a shut-off of host protein synthesis. 
Cleavage of p220, a component of eIF-4F, has been suggested as a possible 
mechanism which initiates these events (LEE and SON ENBERG 1982). We have 
introduced RNA containing an HCV 5'NCR (TlCl-341) into the poliovirus-infected 
HepG2 cells at a time when cellular protein synthesis is inhibited (WANG et al. 
1993). Translation of the uncapped TlCl-341 RNA occurred efficiently in both 
uninfected cells and the infected cells (Table 1), whereas translation of normally 
capped RNA without the HCV 5'NCR (Tl-LUC) was dramatically decreased in 
infected cells. Similar results were also obtained in in vitro translation studies 
using coxsackievirus-infected cell Iysates under conditions of cap-dependent 
translation inhibition (TSUKIYAMA-KoHARA et al. 1992). These data further support 
that HCV RNA is translated by a cap-independent mechanism. In this respect, 
HCV utilizes a translational regulatory mechanism that is similar to that of 
picornaviruses. 

2.3 Mapping of the Hepatitis C Virus Internal Ribosome 
Entry Site Element 

Deletion analysis was used to define the minimal sequences within the 5' NCR 
that constitute the HCV IRES element. In vivo translation studies by WANG et al. 
(1993) indicate that the 5' noncoding sequences downstream of nt -304 are 
essential for efficient translation. We have also found that the sequence at the 3' 
end of the 5' NCR is critical for IRES function because a short deletion of nine 
nucleotides at this end abolished the translation. However, deletion of up to 
nt -257 from the 5' end significantly reduced the efficiency of translation, while 
the 5' end deletions beyond nt-257 were totally inefficient in initiating translation 
from an internal site. Similar results were also obtained from in vitro translation 
studies in rabbit reticulocyte Iysates. Deletion mutagenesis of the 5'NCR by 
TSUKIYAMA-KoHARA et al. (1992) show that deletion of up to nt-231 did not adversely 

Table 1. Translation of RNAs In polioVIruS-Infected and unmfected HepG2 celis 

RNA 

Tl-LUC (capped) 
T7Cl-341 (uncapped) 
pPB310 (uncapped) 

LUC, Iuclferase. 

LUC activity (light unlts/5xl 05 cells 

Uninfected 

1672 
2453 
2626 

Infected 

190 
1208 
1081 
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affect translation. While this deletion was not tested in vivo, another possible 
explanation for this discrepancy is the variation of salt concentrations used in 
in vitro translation experiments. As shown by KETIINEN et al. (1993)' translation 
directed by the HCV 5'NCR was influenced by salt concentrations. Similarly the 
translation of EMCV (encephalomyocarditis virus) and FMDV (foot and mouth 
disease virus) were shown to be affected by salt concentrations (JA~KSON 1991). 
KETIINEN et al. (1993) made an interesting observation that coding sequences of 
the HCV capsid protein may also be involved in HCV IRES function. The data from 
other laboratories (TSUKIYAMA-KoHARA et al. 1992; WANG et al. 1993) did not show a 
requirement of the HCV coding sequences for internal initiation of translation. It is, 
however, possible that the HCV coding sequences could contribute to maximal 
efficiency of translation initiation by the 5'NCR. Further studies are needed to 
pursue this interesting finding. 

Using site-directed mutagenesis, REYNOLDS et al. (1994), showed that the 5' 
proximal AUG of the multiple AUG triplets within the 5'NCR is critical for IRES 
function. This AUG triplet, located in a loop of domain II (Fig. 2), is conserved in all 
HCV subtypes. Based on mutational analysis it appears that sequences in this 
domain mark the 5'boundary of the HCV IRES. 

3 Hepatitis C Virus Internal Ribosome Entry Site Element 

3.1 The Hepatitis C Virus Internal Ribosome Entry Site Element 
May Not Require a Pyrimidine Tract for Translation Initiation 

A conserved feature found in all 5'NCR of picornavirus RNAs that conduct 
translation by cap-independent mechanism (JACKSON et al. 1990) is the presence 
of a pyrimidine tract followed by an AUG triplet, the Yn-Xm-AUG motif (WIMMER 
et al. 1993). Extensive studies on the pyrimidine tract by deletion and point 
mutations have demonstrated that this motif is essential for picornavirus IRES 
function (JANG and WIMMER 1990; KUHN et al. 1990; MEEROVITCH et al. 1991; PILIPENKO 
et al. 1992). The pyrimidine tract must be properly spaced from the AUG triplet for 
maximal efficiency of translation (PILIPENKO et al. 1992). Scanning the HCV 5'NCR 
sequences reveals the presence of two putative pyrimidine tracts (Fig. 2). The 
first pyrimidine tract is located between nt-222 and-212, immediately upstream 
of the domain III structure. This pyrimidine tract, at the primary sequence level, is 
not followed by an AUG triplet, an important feature of the Yn-Xm-AUG motif. 
However, according to the predicted secondary structure of the 5'NCR, a base 
pairing interaction between part of the pyrimidine tract and a distant nucleotide 
sequence (nt -217 to - 209 and nt -27 to - 19) brings the pyrimidine tract about 
20 nucleotides from the initiator AUG codon (BROWN et al. 1992). The second 
putative pyrimidine tract is located within the apical loop of the domain III 
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structure (Fig. 2) and includes an AUG triplet about 16 nucleotides downstream. 
This sequence combination appears to contain the characteristic features of the 
picornavirus IRES elements (TSUKIYAMA-KoHARA et al. 1992). 

A recent study from this laboratory addressed the functional role of the Yn
Xm-AUG motif in HCV IRES function by introducing point mutations in defined 
regions of the two pyrimidine tracts (WANG et al. 1994). Base substitutions in the 
nucleotide sequences of the first pyrimidine tract that participate in base pairing 
proved deleterious for translation initiation. Compensatory mutants which main
tain the base substitutions in the pyrimidine tract but restore the helical structure 
regained efficient translation. One of the compensatory mutants, in which almost 
half of the pyrimidine bases were altered to purines, did not show any appreciable 
decrease in translational efficiency compared to the wild-type 5'NCR. Additional 
mutations in the second pyrimidine tract and the relevant downstream AUG also 
maintained efficient translation initiation. These results indicate that both pyrimi
dine tracts are dispensable for HCV IRES function. Our data also support the RNA 
folding model proposed by BROWN et al. (1992). In a different model, proposed by 
TSUKIYAMA-KoHARA et al. (1992), the base pairing interaction between nt -217 to 
- 209 and nt -27 to - 19 was not included. This latter model, therefore is not in 
agreement with the mutagenesis data. 

The mutational analysis of the EMCV 5'NCR recently reported by KAMINSKI 
et al. (1994) show that complete substitution of the pyrimidines by purines in the 
pyrimidine-rich tract resulted only in a negligible decrease in translational effici
ency. They concluded that the pyrimidine-rich tract was not essential for EMCV 
IRES function. These findings, combined with the results on HCV, indicate that 
the primary sequences of the pyrimidine tract may not be critical elements of the 
IRES. While the pyrimidine tract may have some other functional role in the 
overall regulation of IRES-mediated translation, its previously envisioned role as 
an indispensable component of IRES needs to be reevaluated. 

3.2 A Possible Pseudoknot Structure Is Critical 
for Hepatitis C Virus Internal Ribosome Entry Site Function 

A closer examination of the nucleotide sequences of the HCV 5' NCR reveals that 
a possible pseudoknot structure could be formed in the region near the initiator 
AUG (Fig. 3). The first pyrimidine tract-related helical structure of the HCV 5'NCR, 
described above, is also included in this putative tertiary structure. Point muta
tions in each of the complementary strands of the second putative stem within 
the probable pseudoknot structure abolished translation (Fig. 4) (WANG et al. 
1995). When the base pairing interaction was restored with a compensatory 
mutation, translation was partially recovered. This partial recovery of the 
translational efficiency from the compensatory mutation may also suggest that 
the primary sequences in the mutated regions are important. Based on these 
mutagenesis studies, we propose that a probable pseudoknot structure which 
also includes the helical structure related to the first pyrimidine tract may be 
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formed. These structural elements together may constitute the critical com
ponent of HCV I RES. This tertiary structural folding would also be consistent with 
RNAse mapping analysis of that region in the 5'NCR (BROWN et al. 1992). How
ever, detailed studies carefully probing into the structures of that region will be 
needed to substantiate mutational data. 

Sequence analysis of all the HCV isolates thus far sequenced show that the 
regions implicated in secondary and tertiary interactions discussed above are all 
highly conserved. Similar pseudoknot structures can be predicted in the 5'NCR 
of the pestivirus RNAs in the same region. Recent studies with pestivirus 5'NCR 
show the presence of an IRES element (POOLE et al. 1995; also see Sect. 4). 

Pseudoknot structures have been implicated in translational regulation 
(SCHIMMEL 1989; LEATHERS et al. 1993). i.e., in ribosomal frameshifting and 
translational read-through (BRIERLEY et al. 1989; CHAMORRO et al. 1992; FENG et al. 
1992; TZENG et al. 1992; WILLS et al. 1991). In the case of ribosomal frameshifting, 
a pseudoknot structure functions to stall ribosomes engaged in translating the 
RNA (BRIERLEY et al. 1991; Tu et al. 1992). This pausing increases the efficiency 
of ribosomal frameshifting. The structural feature in a pseudoknot cannot be 

5' 
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C=AUG 
+1 

Fig.3. Predicted pseudoknot structure In the 5'NCR of hepatitis C VIrUS RNA. The possible base pairing 
Interaction between two previously proposed single-stranded regions are shown 
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replaced by a hairpin structure composed of an equivalent set of base pairs 
(BRIERLEY et al. 1991; SOMOGYI et al. 1993). If distinct configurations of a pseudoknot 
are destroyed, the relevant biological function is affected. Pseudoknot structures 
have also been implicated to serve as recognition sites for protein binding. For 
example, a pseudoknot structure in the 5' NCR of bacteriophage T4 gene 32 
mRNA is recognized by the protein product of the mRNA (SHAMOO et al. 1993). the 
interaction interfering with further translation of gene 32 mRNA. Thus, it is 
possible that the pseudoknot structures in the HCV 5' NCR could serve as 
efficient binding sites for ribosomes and/or relevant initiation factors involved in 
internal initiation of translation . 

Existence of conserved pseudo knot structures have recently been proposed 
for picornavirus 5'NCR and RNA 3 of infectious bronchitis virus (LE et al. 1992, 
1993,1994). The latter is also capable of directing internal ribosome binding (Llu 
and INGLIS 1992). According to this model, the pyrimidine-rich tract of picornaviruses 
is predicted to be involved in the formation of pseudoknot structures . In light of 
the proposal, it is likely that mutations in the pyrimidine tract of the 5' NCR of 
picornaviruses could affect these structures (JANG and WIMMER 1990; KUHN et al. 
1990; MEEROVITCH et al. 1991; PILIPENKO et al. 1992). This provides an alternative 
explanation for the inhibitory effect of mutations in the pyrimidine-rich sequen-

LUC-

LUC Activity (in Vitro) 2.3 1.2 32.2100 
Fig. 4. Mutational studies In one stem of the suspected pseudoknot structure of the HCV 5'NCR. 
pHC5NC construct consists of a Wild-type HCV 5'NCR upstream of the coding sequences of the reporter 
gene (luclferase). pHC5NC/327 contains nucleotide substitutIOns at nt -15 - -13 from CGU to GCA; 
pHC5NC/307 contains the nucleotide substitutIOns at nt-35--33 from GCG to UGC; and pHC5NC/307/ 
327 IS a compensatory mutant containing mutations both at nt -15 - -13 and nt -35 - -33. SDS-PAGE 
pattern of the 35S-labeled translatIOn products of the RNAs In rabbit reticulocyte Iysates IS shown. 
Position of luclferase protein (LUC) IS marked. The bottom line Indicates the percentage of luclferase 
activity from these RNAs In In Vitro translation. The luclferase activity IS normalized against the value 
obtained with pHC5NC, which IS arbitrarily set at 100 
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ces, which may have resulted from structural perturbances rather than primary 
sequence alterations. Further mutational studies in the relevant sequences 
predicted to be involved in the tertiary structures are needed to substantiate the 
model. 

3.3 Integrity of Domain III Structure in Translation Initiation 

According to the RNA folding model of HCV 5' NCR (BROWN et al. 1992). there are 
at least four structural domains preceding the initiator AUG. Domain III represents 
the largest secondary structure with multiple stable stem-loops (Fig. 2) and 
includes a pyrimidine tract within its apical loop. Mutagenesis of this pyrimidine 
tract, described earlier, indicated that the motif was dispensable for IRES 
function. This also suggested that the primary sequence in the apical loop of 
domain III is not important for HCV IRES function. A three base substitution in the 
stem structure immediately downstream of the apical loop, which is expected 
to result in broad structural alterations in the upper portion of domain III, also 
exhibited only a modest effect on translation initiation (WANG et al. 1994). These 
mutations suggest that the upper portion of the domain III may not be essential 
for HCV IRES function. A deletion of 127 nucleotides that eliminated a major part 
of the domain III structure, however, resulted in dramatic reduction of the trans
lational efficiency (WANG et al. 1994). This indicates that integrity of the domain III 
structure is crucial for translation initiation. Interestingly, in the two groups of 
picornavirus IRES elements, although similar multiple stem-loop structures are 
found, their secondary structural arrangements are different (PILIPENKO et al. 
1989; SKINNER et al. 1989; BROWN et al. 1991; DUKE et al. 1992). This may imply that 
certain structural alterations in this domain can also be tolerated. Major deletions 
in these structural domains of poliovirus and EMCV 5'NCR abrogated translation 
initiation (NICHOLSON et al. 1991; DUKE et al. 1992; PERCY et al. 1992). 

3.4 The 3' Border of the S'NeR 

PicornavirallRES elements require a spacing of about 20 nuleotides between the 
AUG and an upstream structural motif for efficient translation (JACKSON et al. 1990; 
KAMINISKI et al. 1994). In the case of HCV the mutations in the nucleotide se
quences upstream of the initiator AUG dramatically affected the efficiency of 
IRES function. A nine nucleotide deletion mutation was introduced at the 3' 
border of the HCV 5'NCR upstream of the initiator AUG. This deletion led to the 
loss of IRES function (WANG et al. 1993). Similarly, the insertion of a random 
sequence of 32 nucleotides immediately upstream of the initiator AUG also resul
ted in a significant reduction of translation initiation. Interestingly, in a report by 
Yoo et al. (1992), 5'NCR constructs that contained an additional 30 nucleotides 
between the 3'border of the 5'NCR and the AUG of the reporter gene failed to 
exhibit IRES function. These results suggest that proper spacing between a 
functional motif of the HCV 5'NCR and the initiator AUG is required for efficient 
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translation. In light of the predicted tertiary structure which involve base pairing 
interactions of nucleotides in the immediate vicinity of the initiator AUG, proper 
spacing between these elements might be required for HCV IRES function. Thus, 
both deletion and insertion mutations may lead to disruption of the spatial 
relationship between the AUG and the predicted superstructure of the HCV 
5'NCR and cause a dramatic reduction of translational efficiency. An alternative 
explanation is that these mutations may have simply destroyed the proposed 
superstructure in the vicinity of the initiator AUG with deleterious effects on 
translation. In any event, these observations implicate the initiator AUG as an 
essential component of the HCV IRES. In this respect and regarding the ability to 
efficiently direct internal initiation of translation in vitro in reticulocyte Iysates, 
HCV IRES appears to be similar to the cardiovirus apthovirus group of IRES 
elements of picornaviruses. 

Site-directed mutagenesis studies of the initiator AUG showed that internal 
initiation was only slightly compromised ( a decrease of 10%-20%) when AUG 
was replaced by AUU or CUG; but if substituted by AAG, GAG, or GCG, the in vitro 
translated product was slightly smaller in size. This indicates that initiation 
switched to downstream codons (REYNOLDS et al. 1995). 

4 Translation of the Pestivirus RNA 

As discussed earlier, the 5'NCR of the pestiviruses shares several features with 
the 5'NCR of HCV. There are short regions of conserved primary nucleotide 
sequences in the 5' NCR that are shared between HCV and the pestiviruses (BUKH 
et al. 1992). The predicted secondary structures of the 5'NCR of the two groups 
of viruses display remarkable similarities (BROWN et al. 1992; DENG and BROCK 
1993). Bovine viral diarrhea virus (BVDV), the prototype virus of the pestiviruses, 
has a 5'NCR of about 385 nucleotides (NADL strain) with six AUG triplets (COLLED 
et al. 1988; MOERLOOZE et al. 1993). In vitro translation studies have demonstrated 
that these AUGs are not used as alternative start sites for translation (WISKERCHEN 
et al. 1991). Addition of cap analogue to the in vitro translation reaction had no 
qualitative or quantitative effect on the translation of BVDV RNA, suggesting a 
cap-independent mechanism of translation. The use of a translational hybrid ar
rest assay (SHIH et al. 1987), has provided additional evidence in support of the 
involvement of an internal ribosome binding mechanism in translation of BVDV 
RNA (POOLE et al. 1995). The rationale of this approach is that translation of a 
mRNA will be normally affected by antisense oligonucleotides complementary to 
the 5'NCR if translation is directed by the ribosome scanning mechanism. This 
effect is caused by ribosome arrest in the hybrid regions during the scanning 
process. However, oilgonucleotides interacting with regions that are outside of 
the IRES element will have no effect on translation if it occurs through internal 
ribosome entry. POOLE et al. (1994) found that oligonucleotides complementary to 
the regions between nt 154 and the translation initiator AUG at nt 386 inhibited 
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translation of BVDV RNA. but the oligonucleotides annealed to regions both 
upstream and downstream of those regions had no effect. This suggests that 
sequences between nt 154 and the 3'boundary of the BVDV 5'NCR may contain 
an internal ribosome entry site. 

POOLE et al. (1995) have cloned the 5'NCR of BVDV upstream of the second 
cistron in a dicistronic construct. Translation of the first cistron from both RNAs 
with either a complete 5'NCR of BVDV or a deletion form is equally efficient in 
rabbit reticulocyte Iysates. However. the complete 5'NCR was able to direct 
translation of the second cistron in the dicistronic RNA efficiently. whereas the 
deleted 5'NCR was unable to do so. These preliminary results demonstrate that 
pestivirus RNA genome is translated by an IRES-mediated mechanism. 

5 Conclusions and Future Prospects 

Human HCV. a recently added member of Flaviviridae. provides yet another 
example of a RNA virus which conducts translation by internal ribosome entry. 
Other flaviviruses except pestiviruses do not share this important translational 
regulatory scheme. While nothing is known about the mode of viral entry. the 
early events of infection. and the biological processes that lead to viral hepatitis. 
the recent findings presented here on IRES-mediated translation hold great 
promise. These studies are likely to open up avenues of investigation directed 
toward elucidating fundamental questions relevant to HCV gene expression. the 
consequences of which manifest in liver disease. 

HCV infects hepatocytes. which indicates that the liver cell translational ma
chinery can support IRES-mediated internal initiation of translation. Since these 
functions rely heavily on the interactions of trans-acting cellular factors. future 
work will focus on mapping structural elements which can function as target sites 
for RNA-protein interactions. Of interest in this respect are the HCV subtypes 
which display variable efficiencies of translation (TsUKIYAM-KoHARA et al. 1992). The 
nucleotide variations of the 5'NCR of these HCV subtypes may provide insight 
into functionally important structures of internal initiation. Although. we noted 
that 5'NCR translates with similar efficiencies in both hepatocytic (HepG2. Huh 7) 
and nonhepatocytic (HeLa) cells. the primary hepatocytes in liver tissues may 
behave differently. Therefore. it is of considerable importance to explore possible 
liver cell-specific translation in order to understand the role and mechanism of 
internal initiation of translation in the liver cell environment. 

Finally. the future therapeutic strategies to combat viral hepatitis and perhaps 
hepatocellular carcinoma may be influenced by consideration of the novel oppor
tunities this translational scheme may offer. 
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