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RNA Interference against Animal Viruses: How Morbilliviruses
Generate Extended Diversity To Escape Small

Interfering RNA Control
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Viruses are serious threats to human and animal health. Vaccines can prevent viral diseases, but few antiviral treatments are
available to control evolving infections. Among new antiviral therapies, RNA interference (RNAi) has been the focus of intensive
research. However, along with the development of efficient RNAi-based therapeutics comes the risk of emergence of resistant
viruses. In this study, we challenged the in vitro propensity of a morbillivirus (peste des petits ruminants virus), a stable RNA
virus, to escape the inhibition conferred by single or multiple small interfering RNAs (siRNAs) against conserved regions of the
N gene. Except with the combination of three different siRNAs, the virus systematically escaped RNAi after 3 to 20 consecutive
passages. The genetic modifications involved consisted of single or multiple point nucleotide mutations and a deletion of a
stretch of six nucleotides, illustrating that this virus has an unusual genomic malleability.

Since the discovery of antibiotics by Fleming in 1929 (20) and
their generalized use against bacterial infections, viruses have
become the major threats to human and animal health. A very
limited number of antiviral treatments are available to control
viral infections. In the past 20 years, several major pandemics of
emerging or reemerging diseases occurred, such as severe acute
respiratory syndrome (SARS) in humans (4, 51), H5N1 influenza
in humans and poultry (6), and foot-and-mouth disease (35) and
bluetongue (16) in ruminants. Though vaccines can prevent viral
diseases, only antiviral drugs offer a therapeutic solution when the
infection is already present. Today, one of the main challenges for
virologists is to develop effective treatments. Current drugs are
restricted by many factors, such as toxicity, complexity, cost, and
the capacity of viruses to acquire resistance (10). Among new an-
tiviral therapies explored in the past 10 years, RNA interference
(RNA1i) has been the focus of intensive research because it is a
natural biological process in eukaryotic cells that can be diverted
to the control of virus replication (19). Small interfering RNAs
(siRNAs) act by knocking down the expression of a gene shortly
after its transcription. This downregulation of posttranslational
gene expression results from an enzymatic degradation of mRNA
that takes place in the cell cytoplasm close to the nuclear pores (19,
43). The capacity of synthetic siRNAs to inhibit viral production
was first established in vitro by introducing siRNAs into the cyto-
plasm of cultured cells (15). Subsequently, success with siRNAs
against various viruses at the laboratory level led to the hope that
these molecules could revolutionize antiviral therapy in humans
and animals (18, 33, 38, 40, 45). However, the development of
efficient RNAi-based therapeutics faces substantial challenges.
Two of the most important issues are (i) the development of effi-
cacious in vivo delivery systems (11, 52, 58) and (ii) the risk of
emergence of resistant viruses (9, 57). Resistance can be acquired
by genetic variation in viruses (mutation, deletion, recombina-
tion, and reassortment) because the activity of siRNAs is tightly
sequence dependent. Thus, a single nucleotide mutation can en-
tirely abrogate the antiviral effect. RNA viruses have a high pro-
pensity to modify their genomes and acquire resistance to siRNAs
because of the high error rates of viral RNA-dependent RNA poly-
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merase (42). To overcome this problem, current approaches are
based on the use of a mixture of synthetic siRNAs against different
conserved genome targets (7, 50).

Morbilliviruses include several pathogens of humans (measles
virus [MV]) and terrestrial and marine mammals (canine distem-
per virus [CDV], rinderpest virus [RPV], peste des petits rumi-
nants virus [PPRV], phocid distemper virus [PDV], and dolphin
and porpoise morbilliviruses) (2). Vaccines are available for most
of these diseases, but they are not generalized, and every year thou-
sands of humans and small ruminants die. The genomes of mor-
billiviruses have good RNA sequence conservation and are more
stable than those of other RNA viruses; they have an estimated
mutation rate of 6.2 X 10~* substitutions/site/year. Conse-
quently, the morbillivirus clades diverged from each other possi-
bly in the 11th to 12th centuries for the divergence between RPV
and MV and in the first century for the divergence between PPRV
and RPV/MV (21, 46). Among the six genes of these viruses, the
most translated is the N gene, encoding the nucleoprotein, which
plays a pivotal role in viral nucleic acid and protein synthesis, virus
replication, and genome encapsidation (1). Considering the rela-
tive stability of the morbillivirus genome and the fact that three
active siRNAs were previously identified in the most conserved
regions of the N genes of morbilliviruses (36, 49), we hypothesized
that the capacity of the virus to escape siRNA would be limited. To
test this hypothesis, sequential passages of one model morbillivi-
rus, PPRV, were carried out under variable concentrations of sin-
gle or combined siRNAs against the three positions. The results
show that the genome plasticity of morbilliviruses under pressure
of siRNA activity can exceed the virus diversity observed in nature,
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thus illustrating that the control of relatively stable viruses by
siRNA may not be as easy as initially foreseen.

MATERIALS AND METHODS

Cells, viruses, and siRNAs. Vero cells were purchased from the European
Collection of Cell Cultures, France (ECACC 84113001) and maintained
in Eagle’s minimum essential medium (EMEM) (Invitrogen, Fischer Sci-
entific, France) supplemented with 10% fetal bovine serum (FBS)
(Dutcher, France) and 2 mM r-glutamine (Invitrogen, Fischer Scientific,
France). They were grown at 37°C with 5% CO, in a humidified incubator.

Virus stock of the live-attenuated vaccine strain PPRV Nigeria 75/1 (Gen-
Bank accession number X74443) (13) was prepared by collecting the infected
cell supernatant when cytopathic effect (CPE) affected about 80% of the cells.
The cells were freeze-thawed 3 times and stored in aliquots at —80°C. Virus
titers were estimated by the method of Reed and Muench (44) and expressed
in 50% tissue culture infective doses (TCIDs,)/ml.

All siRNAs were synthesized and purified (=80% purity) by Applied
Biosystems (Courtaboeuf, France). Three siRNAs targeting conserved re-
gions of the essential gene encoding the viral nucleoprotein (N) of PPRV
were previously shown to prevent at least 80% of PPRV replication in
vitro (36, 49): siNPPRV1 (sense, 5’ GGAUCAACUGGUUUGAGAALtt3';
mRNA positions 480 to 498), siNPPRV6 (sense, 5’ GGCGGUUCAUGGU
AUCUCUtt3'; mRNA positions 741 to 759), and siNPPRV7 (sense, 5'G
CAUUAGGCCUUCACGAGULtt3’; mRNA positions 899 to 917). Two
additional siRNAs were derived from two escape mutants with modifica-
tions in the target sequence of siNPPRV1 (siNPPRV1mutl [sense, 5'GG
AUCGGCUGGUUUGAGAALtt3'] and siNPPRVImut4 [sense, 5'GGAU
CAGCUGGUUUGAGAALtt3"). An irrelevant siRNA was used as control
(siMPPRV11; sense, 5’ GGUAUUUUACAACAACACUtt3") (in all se-
quences, lowercase letters represent the 2-nucleotide 3" unpaired over
hang).

siRNA transfection. After 48 h of growth, Vero cells were trypsinized
again and plated at 5 X 10* cells per well in 48-well plates. Twenty-four
hours later, different final concentrations of siRNAs (100, 33.3, 11.1, 3.7,
and 0 nM) were complexed with 1 ug per well of Lipofectamine 2000
(Invitrogen, Fisher Scientific, Illkirch, France) in 50 ul of serum-free
Opti-MEM I (Invitrogen, Fischer Scientific, France). After 20 min of in-
cubation at room temperature, the siRNA-Lipofectamine 2000 complexes
were added to wells containing 100 ul of serum-free MEM. Plates were
incubated for 4 to 6 h at 37°C in 5% CO,. Afterwards, the cell supernatant
was completed with 350 ul of MEM supplemented with 5% FBS and 2
mM L-glutamine. Twenty-four hours after transfection, cells were in-
fected with 10-fold serial dilutions of the virus. Virus titrations were done
in parallel to determine the exact multiplicity of infection (MOI) added to
each well. Four days later, the siRNA silencing effect was evaluated by
scoring the CPE on an inverted microscope. The scoring scale was as
follows: —, CPE of 0%; +, CPE of between 1 and 25%; ++, CPE of
between 26 and 50%; + ++, CPE of between 51 and 75%; ++++, CPE
of between 76 and 99%; and ++ +++, CPE of 100%. At the end of the
transfection test, virus was harvested from the wells containing at least
25% CPE, pooled, freeze-thawed 3 times, and stored at —80°C until use in
the next transfection test and detection of mutants. The suitability of CPE
to detect RNA interference and the development of RNAI resistance was
initially checked by comparison with an immunofluorescence test for vi-
rus detection. In brief, Vero cells were trypsinized and plated in 24-well
plates. Twenty-four hours later, cells were transfected as described above.
Twenty-four hours after transfection, cells were infected with 10-fold se-
rial dilutions of the virus. Four days later, Vero cells were fixed with 3%
paraformaldehyde. A tetramethyl rhodamine isocyanate (TRITC)-
coupled monoclonal antibody (MADb) specific for the N gene of PPRV was
appropriately diluted and added to each well. The plate was incubated for
30 min at 4°C and washed three times. All dilutions and washings were
carried out using a phosphate-buffered saline (PBS) solution. The pres-
ence of the virus was then detected by microscopic observation of intra-
cellular fluorescence. In addition, all mutants observed in the siNPPRV1
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target were purified and their titers were determined for comparison with
the parental virus titers.

Detection of mutant emergence and sequencing of the mutants. To
detect the presence of mutants in the infected cell cultures, total RNA was
extracted with a Nucleospin RNA virus kit (Macherey Nalgen, Hoerdt,
France) and cDNA was synthesized with a first-strand cDNA synthesis kit
(GE Healthcare, Buckinghamshire, United Kingdom). The regions en-
compassing the targets of the three siRNAs were amplified with the primer
pair NP63 forward (5’ ACCGGCGTGATGATCAGCAT3') and NP4 re-
verse (5'CCTCCTCCTGGTCCTCCAGAATCT3'). The amplified mate-
rial was then sent to GATC Biotech (Konstanz, Germany) for sequencing.
The mutations were discerned by the presence of a double peak in the
chromatograms (one of them representing the original nucleotide and the
other one the mutated nucleotide). According to the sequencing kit man-
ufacturer, the detection limit for a minority population is 15 to 30%. The
mutation was retained when the peak of the mutated nucleotide surpassed
the original one.

To further analyze the relative distributions of the mutant and paren-
tal virus populations over the successive passages in cell cultures, a high-
resolution-melting real-time PCR (PCR-HRM) was developed. This test
discriminates parental from mutated viruses in a mixture and thus pro-
vides a kinetic determination of the relative proportions of the two viruses
in the mixture. The target region of siNPPRV 1 was amplified using oligo-
nucleotides sil(77pb) forward (5'GGACCCTCGAGTGGAAGTAA3')
and sil(77pb) reverse (5 GCATCTTGCACCTCTATGTC3') and a Light-
Cycler 480 high-resolution-melting kit (Roche Applied Science, Mann-
heim, Germany) according to the supplier’s recommendations (1X Master
Mix, 3 mM MgCl,, 200 mM each primer). The melting curve of the amplified
fragment was analyzed using LightCycler 480 Genotyping software in the
“gene scanning” mode. A standard curve with different ratios of the original
nonmutated and mutated population was used as reference for the quantifi-
cation of the mutant and wild virus populations in each successive transfec-
tion test. In addition, all mutants observed in the siNPPRV1 target were
plaque purified and titrated in comparison with the parental virus titer.

Verification of the role of mutation/deletion in the acquisition of
RNAI resistance. To confirm the role of mutation and deletion in the
acquisition of RNAI resistance, a luciferase reporter system was designed,
consisting of a plasmid in which the target sequence of siNPPRV1 was
placed upstream from the coding sequence of the firefly luciferase-2 gene
(siRNA-NPPR1-Firefly_Luciferase-2) in an expression plasmid vector
(pCI-neo mammalian expression vector; Promega, Charbonnieres Les
Bains, France). From that plasmid, the different mutations or deletion
were generated by site-directed mutagenesis (QuikChange II XL site-
directed mutagenesis kit; Stratagene) according to the supplier’s recom-
mendations. The plasmid siRNA-NPPR1-Firefly_Luciferase-2 was ampli-
fied with primers containing the desired mutations or deletion:
siNPPRVI-mutl (forward, 5'CGCCCTTGGATCGGCTGGTTTGAG3';
reverse, 5’CTCAAACCAGCCGATCCAAGGGCG3'), siNPPRVI-mut3
(forward, 5'CGCCCTTGGATAAACTGGTTTGAG3'; reverse, 5' CTCAA
ACCAGTTTATCCAAGGGCG3'), siNPPRV1-mut4 (forward 5'CGCCC
TTGGATCAGCTGGTTTGAG3'; reverse, 5’ CTCAAACCAGCTGATCC
AAGGGCG3'), and siNPPRV1-del (forward, 5’CGAGAACGCCCTTAG
AAAAACTGGTTTGAGS'; reverse, 5'CTCAAACCAGTTTTTCTAAGG
GCGTTCTCG3'). The amplified products were treated with Dpnl
endonuclease, transformed into XL10-Gold ultracompetent cells (Strat-
agene) according to the instructions of the manufacturer, and cultivated on
LB agar medium (Invitrogen, Fischer Scientific, France) under 1% ampicillin
selection. The plasmids produced were purified with the PureLink Quick
Plasmid Miniprep kit (Invitrogen, Fischer Scientific, France) and sequenced
for confirmation of the desired mutations or deletion.

The expression capacities of these constructions and the capacities of
different siRNAs to silence these constructions were assessed in vitro by
cotransfection of Vero cells with 100 ng of each plasmid and 10 ng of each
siRNA complexed with 0.25 ul/well of Lipofectamine 2000 (Fisher Scien-
tifique, Illkirch, France). These tests were done in 96-well plates with 2 X
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10* Vero cells/well, according to the procedure described above. The in
vitro luciferase activity was measured at 48 h posttransfection by bioim-
agery using an IVIS-Lumina II (Caliper Life Sciences, Villepinte, France)
10 min after the addition 150 ug/ul of p-luciferin potassium salt (Caliper
Life Sciences, Villepinte, France). Irrelevant plasmids, siRNAs, and un-
transfected Vero cells were used as controls to determine the background
bioluminescence signal. The bioluminescence signals obtained in 3-min
periods were measured as total photon flux normalized for exposure time
and surface area and expressed in photons/s/cm?/steradian (p/s/cm?/sr).
Photons were quantified using Living Image software version 4.0 (Caliper
Life Sciences, Villepinte, France).

Multiple alignments of the N genes of morbilliviruses and sequence
analysis. The nucleotide sequences of the N genes of PPRV, RPV, MV,
and CDV were obtained from public databases or generated in our laboratory
and aligned using Seaview version 4.2.11 (22, 23). The conservation of the
positions targeted by the three siRNAs in the morbillivirus N gene was reas-
sessed by multiple alignments of nucleic acid and amino acid sequences. The
two regions of 19 nucleotides flanking the three siRNA targets were included
in the alignment for the next analyses. The modifications observed in the
targets of siRNAs N1, N6, and N7 were qualified by using a scoring system at
all positions: (i) for nucleotide transition versus transversion, 1 = no change,
2 = transition, 3 = transversion, and 4 = transversion never observed in a
morbillivirus; (ii) for changes in nucleotide position in the codon, 1 = no
change, 2 = change in position 3, 3 = change in position 1, and 4 = change in
position 2; (iii) for changes in relative codon usage preference, 1 = no change,
2 = no change in the amino acid and better codon usage preference, 3 = no
change in the amino acid and worse codon usage preference, and 4 = change
in the amino acid; and (iv) for changes of the amino acid, 1 = no change, 2 =
synonymous change, 3 = nonsynonymous change, and 4 = nonsynonymous
change never observed in a morbillivirus

The scores were then used in a statistical analysis to characterize the
sequence events generated in this study (see below). In parallel, multiple
alignments of the complete nucleotide sequences of morbillivirus N genes
were used in phylogenetic reconstruction by a Bayesian approach (29).
The general time-reversible model of correction with five gamma catego-
ries was used as proposed by Treefinder (March 2011 version; distributed
by the author at www.treefinder.de) (32). The resulting trees and their
corresponding multiple alignments were thus used in a dN/dS analysis
implemented by Codeml in the PAML suite (59). In brief, the ratio of
nonsynonymous to synonymous nucleotide substitutions is calculated
over the whole N gene sequence. A dN/dS ratio of <1, 1, or >1 indicates
negative, neutral, or positive selection, respectively. A molecular clock
analysis on all PPRV N gene sequences available was also carried out using
the BEAST software and a strict molecular clock model (14).

Statistical analyses. The results of the tests with the firefly luciferase
reporter system were compared with those of the nonparametric Wil-
coxon test (55) and were adjusted by use of the Holm test (27). To assess
the selection pressure effect of the three siRNAs on the N gene, the general
framework of factorial methods was used (41). More specifically,
multiple-factor analysis (MFA) as described by Escofier and Pages (17)
was used to assess the relationships between variables separated into the 4
scoring groups described in previous section for PPRV strains generated
in this study and other wild-type viruses. By generating common factors
for both variables and groups of variables, MFA accounts for the hetero-
geneity of groups of variables in terms of biological meaning and allows
the identification of the main variables and groups of variables that dif-
ferentiate PPRV strains with a special mutation pattern from those with
the mutation patterns naturally observed. For this purpose, maps of the
factorial planes were used to identify PPRV strains. To assess whether the
mutation patterns of wild and siRNA-induced PPRYV strains differed, a
permutation test was carried out. The mean MFA scores of wild and
siRNA-induced PPRYV strains were calculated, and the Euclidean distance
between the two resulting virus class centroids was computed. The null
hypothesis was that this distance was observed by chance. To test this, the
same distance was computed after a random permutation of virus class
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membership (either wild or siRNA-induced PPRV), and 9,999 iterations
of this process were achieved. The initial value was appended to the 9,999
values obtained by the permutation process. The proportion of distances
exceeding the initial value gave the P value of the test.

A survival analysis (28) was used to test any difference in the timely
occurrence of the different modifications observed in the three siRNA
targets according to the siRNA treatment. A mutation of a given nucleo-
tide was considered a failure, and the number of transfection passages
when this failure occurred gave the failure time. A Kaplan-Meier analysis
(34) was used to graphically present the results. This graphic represents
the “survival” curve of the original Nigeria 75/1 strain, which is the prob-
ability that this strain is unmodified and still sensitive to the siRNA treat-
ment over 20 consecutive passages. For instance, when no modification
occurs after 20 passages, the survival probability remains 1 over the 20
passages. To estimate the effect of each siRNA on the probability of nu-
cleotide mutation in the targeted area of the N PPRV gene (19 nucleo-
tides), we used a semiparametric Cox model of proportional mutation
hazards (8). This model provided estimates of the relative risk (RR) of
mutation. The mutation risk observed when using siNPPRV1 was selected
as a baseline for the comparisons.

RESULTS

siRNAs targeting conserved regions of the N gene: reassessment
of dose-effect responses. After infection of Vero cells, PPRV grew
relatively fast, inducing a cytopathic effect (CPE) that was visible
at 3 days postinfection and achieving its maximum titer in 4 to 5
days. The titers usually ranged from 10*> to 10° TCIDs,/ml. In the
presence of one or a combination of two or three siRNAs tested at
a final concentration of 3.7 to 100 nM, the virus replication was
inhibited as evidenced by a clear reduction of CPE development,
confirmed by the reduction of virus-specific fluorescence (Fig. 1).
This confirmed previous work showing an inhibition of CPE de-
velopment and a reduction of the virus titers by 4 to 5 log,, units
(36, 49). In contrast, the emergence and development of a mutant
virus led to the development of CPE and immunofluorescence to
the same extent as for the ones induced by the parental strain not
treated with siRNAs (Fig. 1). In addition, when the five mutants
generated in this study by the application of siNPPRV1 were
plaque purified, they achieved titers of at least 107 and up to 10!
TCID;y/ml. In particular, the deletion mutant had a titer of 104
TCID;y/ml. The titers of the mutants were in the range of their
parental virus titer, illustrating that the mutated viruses did not
have a significant reduction of their replication efficacy in vitro.
PPRY easily escapes siRNA. To examine the ability of PPRV to
mutate and acquire resistance to siRNAs alone or in combination,
consecutive transfections using different siRNA concentrations
were carried out in vitro. For all single or combinations of siRNAs,
a relapse of CPE inhibition was observed before the 20th passage
in cell culture, except for the combination of the three siRNAs. By
resequencing the presumed escape mutants, we observed either
single or multiple point nucleotide mutations (synonymous or
not) and a deletion of a stretch of six nucleotides in the siRNA
targets (Fig. 2A). No other modifications in the PPRV N gene were
evidenced. Mutations in the three target regions were concen-
trated at positions 3 to 7, 8 to 10, and 8 and 9 for siNPPRV], -6,
and -7, respectively. Consequently, a limited number of amino
acid positions were modified. However, the frequency of amino
acid substitutions at these positions was high, with one-half, one-
third, and one-seventh of the mutants for siNPPRV1, -6, and -7,
respectively (Fig. 2B). However, this frequency was in inverse pro-
portion to the number of possible codons for the corresponding
amino acid, thus showing a preference for synonymous substitu-
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FIG 1 Immunofluorescence detection of PPRV in Vero cells transfected with siNPPRV1. The cells were first transfected with 100, 33.3, 11.1, 3.7, and 0 nM
siNPPRV1 (columns A to E, respectively). The day after, they were infected with Nigeria 75/1 vaccine virus (left panel) or with one of its escape mutants (silmutl,
right panel) at an MOI of 0.1 (row 1) and 10-fold serially diluted (rows 2 to 4). The presence of the virus was evidenced after 4 days of cell culture by a direct
immunofluorescence test using a monoclonal antibody against the N protein coupled to TRITC. The left panel shows the dose/effect response with an
RNAi-sensitive virus, while the right panel shows the results with a resistant virus.

tions when there is such an option. As anticipated, the deletion
fulfilled the so-called “rule of six” observed in the genomes of
paramyxoviruses, in which a multiple of six nucleotides in ge-
nome length is required for optimized replication (26, 47). On the
other hand, a surprise lay in the frameshift introduced into the
coding sequence. However, through an original relinkage, this
shift resulted in the loss of only two amino acids (Fig. 3).

The number of passages required for the detection of RNA
interference resistance by single or double nucleic acid mutations
ranged from 3 to 10. The deletion was obtained after 15 passages.
Interestingly, with an association of two siRNAs, escape mutants
were obtained only after 12 to 20 passages, demonstrating an ad-
ditive inhibitory effect of the association. The combination of
three siRNAs prevented the virus from acquiring complete resis-
tance against the RNA interference in at least 20 consecutive
passages. Modified siRNAs targeting two escape mutants
(siNPPRVImutl and siNPPRVImut4) also showed a strong in-
terference with the mutant virus replication (data not shown).
The possibility of a reversion or a next generation of escape mu-
tants was tested by using siNPPRV 1mut4 against the correspond-
ing mutant. A new mutant emerged rapidly through another sin-
gle nonsynonymous mutation, C/G, at the same position (Fig. 24,
test sil_mut_test4).

Development kinetics of the escape mutant within the paren-
tal virus populations over successive transfections in vitro. A
high-resolution-melting real-time PCR (PCR-HRM) was devel-
oped to analyze the relative proportions of the mutant and paren-
tal virus populations over the successive passages in cell cultures.
This test was performed with the passages of silmut3. Resistance
to RNAI was first observed by CPE relapse at passage 8 out of 20
and later was confirmed by conventional Sanger resequencing at
passage 10. With the PCR-HRM, the first change in the melting
curve was detected at passage 5, which corresponds to the earliest
passage where the resistant virus population could be traced back.
The proportion of the mutant in the population then rapidly and
gradually increased over the next passages. Up to passage 4, 100%
of the virus population was composed of the parental virus, but
the percentages fell to 95, 90, 75, 60, 55, 30, and 10% at passages 5
and 6,7 and 8,9, 10, 11, 12, and 13 to 15, respectively. At passage
19, the parental virus was not detectable.
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Modifications in the N gene are directly responsible for RNAi
escape. The resistance to RNAi may result from nucleotide mod-
ifications in the target sequence or from off-target alterations that
may change the structure of the mRNA and hamper the accessi-
bility of the target sequences to siRNA. To determine whether the
mutations or the deletion observed in the siNPPRV1 target was
directly responsible for RNAi escape, a cross-check luciferase re-
porter system was developed. The original or mutated target se-
quences were placed in the 5" end of the coding sequence of the
luciferase gene. The original and mutated siRNAs were then tested
against both constructions. All mutations and the deletion ob-
tained with siNPPRV1 were confirmed as being directly responsi-
ble for the RNAi escape (Fig. 4). These results confirm that siRNA
off-target effects can be excluded. Interestingly, the deletion or
double mutations showed the highest level of resistance against
the original siRNA.

siRNAs induce an unusual genetic variability in morbillivi-
ruses. The conservation of the positions targeted by the three
siRNAs in the morbillivirus N gene was reassessed by multiple
alignments of nucleic acid and amino acid sequences retrieved in
public databases and generated in our laboratory for PPRV. To
compare the levels of sequence identity, the 19 nucleotides pre-
ceding and following the siRNA targets were also considered. In
the 343 morbillivirus sequences analyzed, 52.5%, 49.1%, and
81.7% showed nucleic acid identity in the regions targeted by siR-
NAs N1, N6, and N7, respectively. These numbers are to be com-
pared with 32.6%, 60.6%, and 73.1% identity in the left-flanking
regions and 87.9%, 50.9%, and 63.7% in the right-flanking re-
gions. For amino acid sequences, the identities were 76.1%,
96.5%, and 99.7% for the targeted regions, 57.4%, 99.4%, and
99.7% for the left-flanking regions, and 98.1%, 98.5%, and 99.7%
for the right-flanking regions (Fig. 5).

Within the 25 PPRV sequences, nucleotide/amino acid conserva-
tion was 100/100%, 96/100%, and 64/100% for siNPPRVI,
siNPPRV6, and siNPPRV7, respectively. In comparison, the con-
servation in the flanking regions ranged from 60 to 88% and 52 to
100% for the nucleotide and amino acid sequences, respectively.

Six out of eight amino acid changes induced by siRNA were
never encountered in the sequences of wild-type morbilliviruses.
However, the positions (1 to 3) are not completely conserved
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FIG 2 Mutations and deletion resulting from siRNA selection in vitro. (A) siRNAs used in this study: siNPPRV1 (lines 2 to 6), siNPPRVImut4 (line 7),
siNPPRV6 (lines 8 to 11), siNPPRV7 (lines 12 to 16), siNPPRV1 and 7 (line 17), siNPPRV1 and -6 (line 18), siNPPRV6 and -7 (line 19), and siNPPRV1, -6, and
-7 (line 20). Line 1 shows the original nucleotide sequence of PPRV vaccine strain Nigeria 75/1 (underlined letters show the exact siRNA targets). No modification
was found after 20 consecutive transfections in vitro when three siRNAs were combined (line 20). The column “passage” indicates the number of consecutive
transfections when a modification was first detected. (B) Amino acid mutations in the siRNA-targeted regions are shown below the original sequences. Subscripts
in the original sequences indicate the number of possible codons for the corresponding amino acid. The gray areas indicate the amino acids where all
modifications occurred (synonymous or nonsynonymous mutations and deletion).

within this genus (Fig. 5). The conservation of amino acids in the
siRNA targets that may result from structural or functional con-
straints was further evaluated by a dN/dS analysis. The dN/dS
analysis provides a quantification of the evolutionary pressures on
proteins through the ratio of substitution rates at nonsynony-
mous and synonymous sites. The overall dN/dS ratio of the PPRV
N gene was 0.144 * 0.189 (minimum, 0.072; maximum, 1.429),
with ratios of 0.089 * 0.015, 0.095 % 0.013, and 0.096 = 0.013 at
the siNPPRV1, -6, and -7 positions, respectively. These low dN/dS
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values confirm the existence of a negative selection pressure on the
N gene and particularly in the three siRNA targets. For MV, the
corresponding values were 0.200 = 0.273 (minimum, 0.061; max-
imum, 1.493), 0.250 = 0.309, 0.116 * 0.097, and 0.091 = 0.023,
which were highly similar to those for PPRV. In contrast, when the
escape PPRV mutants were included in the dN/dS analysis, only
one value became higher than 1 (dN/dS = 1.302 * 0.423) at po-
sition N ;5 in the siNPPRV 1 region. This is the consequence of the
accumulation of N/G,,s N/S;,s and N/T,,; mutations in
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FIG 3 Deletion observed after 15 consecutive transfections. A deletion of six
nucleotides in the siINPPRV1 target was observed. The deletion was not in the
open reading frame (ORF) of the coding sequence but with one nucleotide
shift. At the end, the shift resulted in the loss of only two amino acids (R and I);
the rest of the protein remained unchanged.

silmutl, silmut4, and sil_mut4_mut1 (Fig. 2). However, none of
the 13 positions (including N ,5) found with a dN/dS ratio of >1
in the entire N protein were statistically considered positively se-
lected (data not shown).

Using a molecular clock analysis after a Bayesian phylogenetic
reconstruction on multiple alignments of sequences of PPRV N
genes retrieved from the GenBank database (http://www.ncbi.nlm
.nih.gov/GenBank/index.html) and others generated by our
group, the predicted number of mutations per site per year was

Morbilliviruses Generate Diversity To Escape RNAI

found to be 9.649 X 10~ “. The numbers of mutations per site per
passage under siRNA pressure were estimated to be 69.79 X 10™4,
103.38 X 1074, 115.79 X 1074, 18.44 X 10~ 4, and <8.77 X 10™*
for siNPPRV1, siNPPRV6, siNPPRV7, any combination of two
siRNAs, and the association of the three siRNAs, respectively. In
other words, the molecular evolution rates under the pressure of a
single siRNA were 7 to 12 times higher than the natural molecular
evolution rate of PPRV, and those of a combination of two siRNAs
were 2 times higher.

This plasticity was further characterized by a multiple-factor
analysis (41) of siRNA effects on sequence variations in the target
regions in comparison with their flanking regions. The scoring
system described in Materials and Methods was applied to any
deviation from the nucleotide and amino acid sequences of the
original strain Nigeria 75/1 (13). The results of multiple-factor
analysis revealed a high level of divergence after consecutive
siRNA treatments between the parental (wild) and the siRNA-
induced PPRYV strains (Fig. 6) (permutation test, P < 10~ 4).

The results of the Kaplan-Meier analysis (34) are shown in Fig.
7. No mutation was observed over 20 passages when the 3 siRNAs
were combined, which means that the probability of keeping the
original vaccine strain Nigeria 75/1 unchanged and still sensitive
to siRNA treatment (survival of the original strain) remained
equal to 1 up to the 20th passage (not shown in Fig. 7). The prob-
ability of survival of strain Nigeria 75/1 started to decline after
passage 7 when any of the 3 siRNAs were combined in pairs (last
three graphs). In contrast, mutations appeared more rapidly, and
consequently the survival probability decreased faster (between
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FIG 5 Conservation of target and flanking regions of the three siRNAs. The upper parts show the nucleotide conservation between vaccine strain Nigeria
75/1 and the consensus sequence of other morbilliviruses (vaccine strain Nigeria 75/1 was used by consensus for the PPRV sequences). The rest of the
figure illustrates the nucleotide and amino acid conservation among the sequences of 25 peste des petits ruminants viruses (PPRV), 239 measles viruses
(MYV), 13 rinderpest viruses (RPV), and 66 canine distemper viruses (CDV). Numbers represent the level of identity within each morbillivirus group: 1,

0 to 25%; 2, 26 to 50%; 3, 51 to 75%; 4, 76 to 99%; and 5, 100%.

the 3rd and 10th passages), when a single siRNA was applied (first
three graphs). The results of the Cox model (8) showed that,
compared with siNPRV1, the mutation hazard was higher for
siNPPRV6 (RR = 2.5) and siNPPRV7 (RR = 2.1), but not signif-
icantly different from that for siNPPRV1 (P = 0.11 and P = 0.13).
Also, the RR was <1 for any two- or three-siRNA combination,
but the difference was significant only for the association of
siNPPRV6 and siNPPRV7 (RR = 0.2, P =7 X 1079).

DISCUSSION

The discovery of RNAi has provided powerful tools for biological
research and drug discovery. RNAi has also expanded therapeutic
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strategies, with the potential to treat a wide range of different
diseases, including viral infections. Many viruses have been suc-
cessfully targeted by RNAI (24, 25, 49). Moreover, RNAi-based
therapies are currently advancing from basic research to clinical
trials. In fact, several RNAi-based antiviral drugs are currently
being tested in clinical trials (5, 25). One of the main advantages of
RNAI is its high specificity for the targeted sequences. In contrast,
RNAI is highly prone to sequence divergence and is thus poorly
flexible, in relation to the capacity of viruses to evolve rapidly.
Indeed, viral pathogens can quickly and readily escape inhibition
conferred by siRNAs (3,9, 37). Pioneer studies evidenced the high
specificity of RNAi by evaluating the activity of an siRNA with one
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FIG 6 Grouping of wild and siRNA-induced mutant PPRV strains according to their nucleotide mutation features. Coordinates of each PPRV strain were computed
using a multiple-factor analysis. Each strain is represented by a dot on the factorial plane (axis 2, axis 3). Each group centroid is represented by a letter, M for
siRNA-induced mutant PPRV strains and W for wild PPRYV strains. Group membership is represented by a line segment joining each PPRV strain to its group centroid.

or several mismatches relative to the target RNA sequence (30,
56). These studies showed that a single nucleotide mismatch may
be sufficient to reduce the silencing effect. The emergence of viral
escape mutants is a major challenge for the clinical application of
RNAI. Clearly, an important strategy in designing siRNAs to limit
the risk of escape mutants would be to target conserved viral se-
quences with a strong negative selection pressure.

In this context, this work intended to explore the propensity of
morbilliviruses to escape RNA interference targeting three con-
served regions of the viral genome. siRNAs directed to these re-
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gions were previously shown to strongly repress the replication of
measles, rinderpest, and peste des petits ruminants viruses (36,
49). They all target region III, the most conserved part of the N
gene (85 to 90% nucleotide identity within all morbilliviruses,
compared to 75 to 83%, 40%, and 17 to 30% identity for regions I,
11, and 1V, respectively) (12). The high conservation of the third
region suggests a negative selection pressure possibly linked to
structural or functional constraints in the virus replication cycle.
Nonetheless, this study showed that the generation of escape mu-
tants with mutations in this region was unexpectedly easy. Alter-
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FIG 7 Survival (no-mutation) probability for Nigeria 75/1 under siRNA treatment. Curves were computed using a Kaplan-Meier survival analysis. The number
of cell passages when the first mutation was observed was used as the failure time. Survival probability is shown by a solid line. Its 95% confidence interval is

represented by dashed lines.
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ations in the N gene ranged from a single or two nucleotide mu-
tations (with or without amino acid substitution) to a rather large
deletion of six nucleotides. In other studies, many viruses have
been found to develop variants capable of escaping from RNAi by
nucleotide substitutions or by partial or complete deletion of the
target sequence (9, 54). A single-nucleotide mismatch between the
siRNA and the morbillivirus target sequence was shown here to
alter the level of silencing, in agreement with the results of Das et
al. (9) and Sabariegos et al. (48) on human immunodeficiency
virus type 1 (HIV-1), in which one nucleotide mismatch between
the siRNA and its target sequence provided partial resistance to
RNAI. In contrast, von Eije et al. (53) recently analyzed more than
500 HIV-1 escape mutants, and when essential and highly con-
served sequences were targeted, deletion was never observed. In-
terestingly, the deletion observed in the N gene of PPRYV still satisfies
the so-called “rule of six,” by which the genome of a morbillivirus
must be a multiple of 6 for efficient replication (26, 47), and although
itis not in the frame of the coding sequence, it results only in a shorter
protein. This is a striking demonstration of the extraordinary plastic-
ity of morbilliviruses, whereas the PPR morbillivirus could simply
escape RNAi by a single mutation. Accordingly, the level of resistance
to RNAi was correlated to the extent of modifications in the target
sequence. The loss of RNAI activity was more pronounced, with the
deletion of six nucleotides and dual mutations compared to single
mutations, suggesting in the former case a better adaptive response to
bypass RNA interference. Although we postulated that there was a
strong structural or functional constraint on the conserved regions
selected in this study, when a second siRNA (siNPPRVImut4) was
applied to a first generation of viral escape mutants, there was no
reversion to the original virus. On the contrary, a novel mutation was
rapidly acquired, which conferred new RNAI resistance. This is an
additional illustration of the high level of malleability of the morbil-
livirus genome.

All synonymous or nonsynonymous mutations were at posi-
tions 3 to 10 in the siRNA target and affected amino acid positions
2 to 4, regarding nonsynonymous changes. The deletion encom-
passed the same region. This indicates either that the critical resi-
dues for the activity of our siRNAs are restricted to the first half of
the target sequence or that the second half of the sequence cannot
be modified without deleterious consequences for virus viability.
Alarge proportion of mutants (8/18) had a modification in their N
protein. The majority of these modifications (6/8) were never ob-
served in nature in other morbilliviruses. Such protein malleabil-
ity was unexpected since the dN/dS analysis of the N genes of
PPRV and MV rendered ratios lower than 0.150, indicating a gen-
eral negative selection pressure on this protein. The dN/dS ratios
in the siRNA target regions were even lower than that (0.095),
which supports the notion that our siRNAs were well designed for
conserved regions of the N coding sequence. Surprisingly, in the
siPPRV1 target, a dN/dS ratio of >1 was obtained with the siRNA
treatment at position N 5. [t is unclear how a preference for non-
synonymous substitutions can be driven by pressure applied by
siRNA on the mRNA. This may be the consequence of a combi-
nation of constraints, including (i) the critical residues that must
be mutated to escape RNA interference, (ii) the number of alter-
native codons available for synonymous substitutions, and (iii)
the tolerance of the protein for amino acid substitutions. Since
nucleotide mutations in escape mutants were concentrated in po-
sitions encoding amino acids with limited genetic code degener-
acy, it is not surprising that almost half of our mutants had a
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modified N protein. When looking at the genetic divergence
achieved with the siRNA selection pressure, the mutation rates per
site and passage were 7 to 12 times higher than the mutation rate
per site and year in wild-type morbilliviruses when a single siRNA
was applied and 2 times higher when a combination of two
siRNAs was applied. In contrast, the combination of three siRNAs
reduced the evolution rate observed in vitro to the corresponding
value observed in nature. Such a genomic plasticity in morbillivi-
ruses was unexpected, since they are relatively stable viruses. Here,
PPRYV has a nucleotide substitution/site/year rate of 9.64 X 10™4,
which is slightly higher than that for measles virus (6.2 X 10™4)
but still lower than those for other RNA viruses such as enterovi-
ruses and retroviruses (34 X 10~* and 25 X 10~%, respectively)
(31) In addition to the large genomic malleability peculiar to mor-
billiviruses, these considerations underline that inappropriate
siRNA concentrations for therapeutic use in the field could accel-
erate the evolution and possibly the emergence of strains with
modified properties such as a more virulent phenotype. To reduce
the risk of escape mutants, it is therefore recommended to use
appropriate concentrations of a combination of at least two
siRNAs targeting different regions within the same gene or in dif-
ferent genes. In this study, the emergence of escape mutants was
delayed by 6 to 13 passages when two siRNAs were simultaneously
delivered in the cell culture, and the association of three siRNAs
prevented any escape over 20 passages in cell culture. A similar
result was obtained by Kusov et al. (39), who efficiently prevented
resistant HIV-1 variants by using siRNAs targeting various sites in
the HIV-1 nonstructural genes. In such a therapeutic scenario, all
siRNAs will be potent viral inhibitors, and the cumulative pres-
sure may be enough to block the emergence of escape mutants.

This study provides insight into the capacity of morbilliviruses
to force adaptive responses to escape siRNA targeting well-
conserved regions of their genomes. This capacity went up to, for
the first time, a significant deletion in an essential viral gene, re-
sulting in the production of a shorter protein. These results con-
stitute a critical obstacle to the use of RNAi as an antiviral therapy.
On the other hand, the emergence of escape mutants was pre-
vented after 20 passages in cell culture in the presence of three
combined siRNAs, which could be an acceptable strategy to ad-
dress the risk of treatment failure with siRNA.
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