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To investigate interactions between hepatitis C virus (HCV) RNA replication complexes, a system was
developed to simultaneously select different HCV subgenomic replicons within the same cell. Transcomple-
mentation of defective replicons was not observed, suggesting an isolated and independent nature of the HCV
RNA replication complex. In contrast, a high level of competition between replicons was observed, such that
the presence and increased fitness of one replicon reduced the capacity of a second one to stably replicate.
These results suggest that at least one factor in Huh7 cells required for HCV RNA replication is limiting and

saturable.

Hepatitis C virus (HCV), the sole member of the Hepacivi-
rus genus, possesses a single-stranded, sense RNA genome
approximately 9,600 nucleotides in length (Fig. 1A) (reviewed
in references 14, 19, and 20). The HCV RNA replication com-
plex, likely composed of the viral nonstructural (NS) proteins
and yet-unidentified cellular proteins, replicates the viral ge-
nome through a negative-stranded RNA intermediate. The
development of HCV subgenomic replicons has allowed exam-
ination of viral RNA replication in cell culture (18). HCV
replicons were originally developed as subgenomic bicistronic
RNAs encoding the neomycin phosphotransferase (neo)-se-
lectable marker in place of the viral structural proteins (Fig.
1B). Stable replication can be scored by the frequency of G418
(a neomycin analog)-resistant colonies following replicon
RNA transfection.

Most HCV genomes require specific mutations in the NS
proteins, termed adaptive mutations, to replicate efficiently (1,
2, 6, 13, 16, 17). In this study, two NS5A adaptive mutations
were utilized: S22041, the strongest NS5A adaptive mutation,
and A2199T, which enhances replication to 80% of the effi-
ciency of the S22041 mutation (1). All replicons presented here
were derived from the HCV Conl isolate, were based on the
original bicistronic construct (Fig. 1B) (1, 18), and will be
referred to by the adaptive mutation, other pertinent muta-
tions, and the selectable marker (i.e., S22041 neo).

Development of an alternative selectable replicon. To de-
velop a system in which two distinct subgenomic replicons
could be maintained in a single cell, we replaced the neo gene
with other drug resistance genes in the S2204I replicon (Fig.
1C) (sequences are available upon request). RNAs transcribed
in vitro from these constructs were tested for the ability to
replicate and provide drug resistance following transfection of
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Huh7 cells, as previously described (1). Unless otherwise
stated, 6 X 10° cells were electroporated with 1 wg of each
RNA for each transfection. Transfections were performed a
minimum of three independent times, with representative ex-
periments shown in figures. Although not all platings were
precisely quantified, those that were showed minimal variation
between experiments.

While replicons containing zeocin (zeo) or hygromycin (hy-
gro) resistance genes were not selectable (data not shown),
those containing the blasticidin S deaminase (bsd) gene
(S22041 bsd) efficiently induced blasticidin-resistant colonies
(Fig. 2A). No drug-resistant colonies were obtained after
transfection of a replicon with a frameshift mutation in the
NS5B RNA polymerase open reading frame (522041 Pol-fs
bsd), confirming that drug selection required RNA replication.
At the applied drug concentrations (1 mg of G418/ml and 3 g
of blasticidin/ml), S22041 bsd appeared 5- to 10-fold more
efficient at inducing drug-resistant colonies than S22041 neo
(Fig. 2A).

Blasticidin and neomycin replicons can be independently
selected in the same cell. Transfection of a clonal population of
Huh7 cells already harboring A2199T neo with S2204I bsd
RNA (Fig. 2B) produced colonies resistant to selection with
blasticidin or the combination of blasticidin plus G418 (Fig.
2C, bottom two rows). These cells maintained high G418 re-
sistance following transfection of the secondary RNAs (Fig.
2C, top row). As expected, cells transfected with S22041 Pol-fs
bsd failed to produce blasticidin-resistant colonies or com-
bined G418- and blasticidin-resistant colonies. This result con-
firmed that the neo and bsd replicons were capable of repli-
cating in the same cell and providing resistance to both drugs
simultaneously.

S2204I bsd introduced into cells already harboring A2199T
neo yielded fewer colonies under dual selection than under
blasticidin selection alone (a mean of 108 * 16 CFU/ug of
RNA compared to 2,650 = 290 CFU/pg, respectively) (Fig.
2C, column 3). In addition, transfection of bsd replicons en-
coding other less efficient adaptive mutations into these cells
did not result in colonies resistant to both drugs (data not

12085



12086

A

core E1

NOTES

E2 p7NS2 3 4A 4B SA 58

44 4B 5A 5B

B Core/neo NS3

EMCV

C Core/zeo

Core/hygro

Pol(-) neo
S2204I neo

l

Core/bsd

bR 2
Be @ o
B - ” a
s W 3 3
51 < = T

gg © S = 2
3z 2 b g 3
go a ¥ s = 2
$y = 8 23 2 Ego
3 3 - o8 = =&
s % 2 46 & &6

l

NS3 4A 4B A

v
w

FIG. 1. HCV genome and replicon organization. (A) Schematic
representation of HCV genomic RNA. The amino-terminal one third
of the polyprotein, translated through the action of an IRES, encodes
the HCV structural proteins, including the capsid protein, core, and
the envelope glycoproteins E1 and E2. The remainder of the polypro-
tein encodes the viral nonstructural proteins NS2, -3, -4A, -4B, -5A,
and -5B. (B) Organization of the prototype HCV subgenomic replicon.
The majority of the structural region of the Conl HCV polyprotein
was replaced with the neomycin phosphotransferase gene (neo),
cloned as a fusion with the first 16 amino acids of the core protein, such
that translation is driven by the HCV IRES. Translation of the re-
maining NS proteins is mediated by the encephalomyocarditis virus
IRES element (EMCV). (C) Organization of alternatively selectable
subgenomic replicons tested in this study. Each drug resistance gene
was cloned as fusions to the core protein, as in the neo replicon.
(D) Location and description of replicon mutations utilized in this
study.

shown). This low efficiency of dual selection was even more
apparent when the inverse experiment was carried out, as no
dual-drug-resistant colonies were obtained when S2204I neo
replicons were transfected into a population of Huh7 cells
already carrying S2204I bsd (data not shown). These results
suggested that Huh7 cells already maintaining one replicon
might be refractory to the establishment of another.

We speculate that host cell machinery required for replicase
assembly and/or function may be limiting in Huh7 cells. Fac-
tors required for replicon maintenance may have already been
monopolized by viral proteins from the first RNA, thus pro-
hibiting their use by the second RNA. In cells selected with
blasticidin alone, there would be no pressure to maintain the
neo replicon, allowing for its replacement with the bsd repli-
con. It is unlikely that the colony numbers were influenced by
interference between the G418 and blasticidin mechanisms of
cell killing, because these drugs have been reported to function
independently (8). As confirmation, Huh7 cells carrying an
integrated DNA expressing bsd, pcDNAG6/TR (Invitrogen), did
not show a dramatic difference in neo replicon permissivity,
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FIG. 2. (A) Comparison of neo- and bsd-resistant replicon efficien-
cies. Huh7 cells were electroporated with 1 pg of indicated neo- or
bsd-resistant replicon RNA. Equal numbers of cells (10°) were plated
and selected in media containing the pertinent drug. Shown are Coo-
massie-stained plates following 2 to 3 weeks of selection. (B) Sche-
matic representation of sequential replicon transfections. Huh7 cells
previously transfected and selected for maintenance of A2199T neo
replicons were transfected with 1 pg of S22041 bsd or, as a negative
control, the replication-incompetent Conl S22041 Pol-fs. (C) Follow-
ing transfection, 10° cells were plated and selected with the indicated
drugs. Shown are Coomassie-stained plates following 2 to 3 weeks of
selection.
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regardless of whether blasticidin was included during replicon
selection (data not shown).

Cotransfection enhances replicon dual-selection efficiency.
Simultaneous cotransfection of cells with two replicons may
provide each RNA equal opportunity to establish productive
replication and thus increase the efficiency of dual selection.
To test this, equal amounts (1 pg each) of bsd and neo repli-
cons, carrying either the A2199T or S2204I mutation, were
mixed, transfected into naive Huh7 cells, and plated under
single or dual selection (Fig. 3A). This markedly enhanced the
recovery of dual-drug-resistant colonies (Fig. 3B). Even a pair
of moderately adapted A2199T replicons could be coselected,
albeit at a low frequency (18 = 3 CFU/pg of each RNA) (Fig.
3B, column 5, bottom row). Replication-incompetent replicons
with either the Pol-fs, described above, or an NS5B active-site
mutation (Pol™) were used as negative controls and were un-
selectable in these experiments. To further increase replicon
dual-selection efficiency, a more highly replicon-permissive
Huh7 subpopulation, termed Huh7.5 (3), was used. Cotrans-
fection of these cells by any adapted replicon pair produced
approximately 100-fold more dual-selected colonies than did
the parental Huh7 cells (Fig. 3C, column 2).

No observed transcomplementation of defective replicons.
To identify replicon defects that could be complemented in
trans, a variety of mutations were created in the neo and bsd
replicons (Fig. 1D). Replication-defective replicons tested in-
cluded NS3 protease and helicase active-site mutants (Pro™
and Hel ™, respectively) (12), replicons lacking polymerase ac-
tivity (Pol-fs and Pol™, a mutation of the enzyme active site)
(12), and a replicon containing lysine substitutions of two hy-
drophobic residues of the NSSA amino-terminal amphipathic
alpha-helix (W1976K and L1977K) (M. J. Evans, T. L. Telling-
huisen, C. M. Rice, and S. P. Goff, unpublished data). Ex-
tremely inefficient replicons, such as the Conl replicon con-
taining no adaptive mutations (1, 18) and replicons derived
from the H77 genome (2), with or without the S22041 adaptive
mutation, were also tested. Transcomplementation assays were
carried out by both sequential and simultaneous replicon trans-
fections and were scored by replication of the defective repli-
con when cotransfected with a viable replicon. We attempted
to dual select the defective and replication-competent replicon
and, alternatively, merely select for the defective species. In
none of these experiments did we observe evidence for
transcomplementation (Fig. 3C and data not shown).

These data suggest that HCV replication complexes are
strikingly autonomous, with little exchange of factors between
them. HCV viral proteins do not appear to stray from their
respective complexes or may not be able to access other com-
plexes. Although observed for other members of the Flaviviri-
dae, including bovine diarrhea virus (5) and Kunjin virus (9-11,
15), transcomplementation has been generally inefficient and
limited to only a few viral defects. It remains possible that
other defective HCV replicons can be transcomplemented in
this system. The lack of observed transcomplementation sug-
gests that RNA genomes are strongly linked to the replication
complexes they encode and cannot be readily exchanged with
others, because defective replicon RNAs were not acquired
and replicated by replication-competent complexes. Defective
replicons were also not repaired by recombination between
genomes, although such an event may be possible based on the
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identification of naturally occurring recombinant HCV isolates
4, 7.

Competition between replicons. The neo and bsd S22041
replicons were the most efficient replicons when selected in-
dependently (for example, Fig. 3B, row 1, column 7, and row 2,
column 3). However, cotransfection of these replicons actually
produced fewer dual-drug-resistant colonies (84 = 6 CFU/ug
of each RNA) than the S22041 neo and A2199T bsd combina-
tion (390 = 23 CFU/ug of each RNA) (Fig. 3B, compare row
3, columns 8 and 9). Interestingly, S22041 neo and A2199T bsd
had nearly equivalent colony-forming activities under single
selection (Fig. 3B, compare middle row, column 2, and top
row, column 7). Coselection of two replicons may require that
they share limiting host machinery, which may be most efficient
with replicons that have similar efficiencies. Another line of
evidence for interference between replicons was the observa-
tion that cotransfection of one replicon reduced the selectabil-
ity of a second. For example, the relative G418-resistant colo-
ny-forming activity of both neo replicons was inversely
proportional to the efficiency of the cotransfected bsd replicon
(2,480 = 120, 580 * 32, and 450 = 18 CFU/ug of neo RNA)
(Fig. 3B, top row, columns 4 to 6 and 7 to 9, respectively).
Replicon competition was also apparent, although the colonies
were too dense for quantification, in the reciprocal direction,
as cotransfection of progressively more efficient neo replicons
reduced the colony-forming activity of a bsd replicon (Fig. 3B,
middle row, columns 2, 5, and 8). Because all replicons were
transfected in equal amounts regardless of the adaptive muta-
tion context, it is again unlikely that transfection efficiency
influenced the number of dual-selectable colonies obtained.

To further investigate replicon competition, naive Huh7
cells were transfected with a constant amount of A2199T neo
and increasing amounts of A2199T bsd (Fig. 4A). The total
amount of RNA was held constant by addition of S22041 Pol™
bsd. Transfections were selected with G418 to score the repli-
cation potential of the neo replicon. As shown in Fig. 4A, even
a one-to-one ratio of neo-to-bsd replicon RNA resulted in a
29% reduction in G418-resistant colonies. At the highest ratio
tested, a 16-fold excess of bsd RNA, selection of the neo
replicon was reduced approximately 20-fold.

In another experiment, cells were transfected by a fixed
amount of A2199T neo and a 10-fold excess of different com-
peting bsd replicons (Fig. 4B). A truncated bsd replicon (ANS),
containing just the HCV internal ribosome entry site (IRES),
bsd gene, encephalomyocarditis virus IRES, and only a short
segment of the NS3 gene, which can neither replicate nor
translate any functional viral proteins, had no effect on the
efficiency of establishment of A2199T neo (Fig. 4B). Neither a
protease active-site mutant bsd replicon (S22041 Pro™ bsd) nor
a polymerase active-site mutant bsd replicon (S22041 Pol ™~ bsd)
significantly affected recovery of G418-resistant colonies (Fig.
4B). In contrast, S2204I bsd reduced the number of G418-
resistant colonies by approximately 13-fold (Fig. 4B), indicat-
ing that replication of the competitor species was necessary to
observe appreciable interference in this setting. Transfection
efficiency likely did not influence the results of the above ex-
periments, because in each experiment a fixed quantity of neo
replicon was selected and the overall quantity of competitor
bsd replicon was held constant. In addition, the vast excess of
bsd replicon competitor utilized in these experiments (Fig. 4A
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FIG. 3. Simultaneous replicon transfections into naive Huh7 and Huh7.5 cells. (A) Schematic representation of simultaneous transfection of
naive Huh7 cells with mixtures of neo and bsd replicons. (B) Naive Huh7 cells were electroporated with 1 g each of indicated combinations of
neo and bsd replicons, and 10° cells were plated and selected in media containing the indicated drug(s). Shown are Coomassie-stained plates
following 2 to 3 weeks of selection. (C) Example of transcomplementation assays evaluated in Huh7.5 cells. Naive Huh7.5 cells were electroporated
with 1 pg each of indicated combinations of neo and bsd replicons. Cells (10°) were plated and selected in media containing the indicated drug(s).
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FIG. 4. Replicon competition experiments. (A) G418-resistant col-
onies derived following cotransfection of naive Huh7 cells with a fixed
amount (0.5 pg) of the Conl A2199T neo replicon and, as competitor,
increasing amounts of the Conl A2199I bsd replicon. To maintain a
constant amount of RNA (total of 8.5 ng) per transfection, the repli-
cation-incompetent Conl S22041 Pol™ bsd RNA was added as filler.
Transfections were plated (10° cells) and selected in media containing
G418. Following selection, plates were stained and counted. Error bars
represent the standard deviations across three separate transfections.
(B) Various bsd replicons were cotransfected in 10-fold excess as
competitor against a fixed amount (0.5 pg) of A2199T neo replicon
RNA. G418-resistant colony numbers derived from these transfections
are reported. Error bars represent the standard deviation across three
separate transfections.

and B) suggests that cytotoxicity resulting from transfection of
replicon RNA did not contribute to the competition phenom-
enon.

A recent report also described competition between repli-
cons (16). However, in contrast to our results, competition was
found to be dependent on translation of the viral proteins but
not on replication, as a polymerase-defective RNA was still
capable of interfering. Differences in assay techniques may
explain this discrepancy with our findings. We assayed stable
replication efficiency (colony-forming activity) over several
weeks, while Lohmann et al. (16) assayed transient replication
at 24 h posttransfection, which may be less sensitive to the
stability of the competitor RNA. In a stable assay such as ours,
amplification and maintenance of the effector through many
rounds of replication is likely required to observe competition.

Conclusions. In this report, we describe a system to study the
interplay between HCV subgenomic replicons in the same cell.
This report provides a new view of the relationship between
HCV replication complexes. We suggest that HCV replication
takes place in distinct units within the host cell, with little
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exchange of viral proteins between them. Competition be-
tween replicons indicates a limited capacity of Huh7 cells to
support subgenomic replicon function. Identification of the
titratable cellular factor(s) required for HCV RNA replication
will provide new insight into the composition and functions of
the HCV replication complex and possibly allow for the devel-
opment of more efficient replicon-permissive cell environments.
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