© The American Society of Gene & Cell Therapy

original article

HIV Develops Indirect Cross-resistance to
Combinatorial RNAIi Targeting Two Distinct

and Spatially Distant Sites

Priya S Shah', Nhung P Pham' and David V Schaffer'-3

'Department of Chemical and Biomolecular Engineering, University of California, Berkeley, California, USA; 2Helen Wills Neuroscience Institute,
University of California, Berkeley, California, USA; *Department of Bioengineering, University of California, Berkeley, California, USA

Resistance to existing HIV therapies is an increas-
ing problem, and alternative treatments are urgently
needed. RNA interference (RNAI), an innate mechanism
for sequence-specific gene silencing, can be harnessed
therapeutically to treat viral infections, yet viral resistance
can still emerge. Here, we demonstrate that HIV can
develop indirect resistance to individual and combinato-
rial RNAi-targeting protein-coding regions up to 5,500
nucleotides (nt) downstream of the viral promoter. We
identify several variants harboring mutations in the HIV
promoter, and not within the RNAi targets, that produce
more fully elongated transcripts. Furthermore, these
variants are resistant to the RNAI, potentially by stoichio-
metrically overwhelming this cellular mechanism. Alarm-
ingly, virus resistant to one short hairpin RNA (shRNA)
also exhibits cross-resistance to a different shRNA, which
targets a distinct and spatially distant region to which
the virus has not been previously exposed. To our knowl-
edge, this is the first example of HIV “cross-resistance”
to viral inhibitors targeting different loci. Finally, com-
bining anti-HIV RNAi with a small molecule enhancer of
RNAi can inhibit the replication of an indirectly resistant
mutant. These results suggest that indirect resistance to
RNAi is a general mechanism that should be considered
when investigating viral resistance and designing com-
binatorial RNAi therapies.
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INTRODUCTION
Thirty years after the identification of AIDS, over 34 million peo-
ple are living with HIV. Significant strides have been made in con-
trolling the epidemic, including improved access to highly active
antiretroviral therapies that potently suppress viral replication and
have thereby extended the lives of millions of patients.! However,
HIV strains resistant to first-line therapies have been emerging,?
and new antiviral treatments are thus needed.

RNA interference (RNAI) is a mechanism that can potentially
be harnessed for antiviral therapy, due to its ease of design and
exquisite potential to differentiate between the host and pathogen.

Specifically, the cellular enzyme Argonaute can be primed with
~21 nucleotide (nt) short-interfering RNAs to degrade HIV RNAs
in a sequence-specific manner. However, due to this very poten-
tial for high sequence specificity, RNAi faces a similar challenge
as other antiviral drugs: rapid viral sequence evolution and the
subsequent emergence of resistance.’?

It is well recognized that mutation within a RNAi target can
yield resistance, and mutation near the target can also result in
the structural rearrangement of viral mRNA to render it less sus-
ceptible to RNAi.** To address these escape mechanisms, several
highly conserved targets can be used in combination to delay
resistance.*” However, we recently proposed a distinct mechanism
for resistance in which HIV acquires mutations within the long
terminal repeat (LTR), which contains the viral promoter, and
thereby transcriptionally upregulates viral gene expression to stoi-
chiometrically overwhelm cellular RNAi mechanisms.® If general,
this mechanism would be challenging to study and address since
it involves sequence fluctuations in viral regions that may lie far
away from a RNAI target.

There are a number of open questions about such indirect
RNAI evasion via viral transcriptional upregulation. Our previ-
ous study directed RNAi against HIV’s TAR element, an indis-
pensible component of the HIV promoter and regulator of viral
gene expression, and it is unclear whether RNAi directed against
viral protein-coding sequences currently under clinical investiga-
tion’ could also favor modifications of the HIV promoter. Second,
a troubling implication not considered in the original work is
that transcriptional upregulation may be a general mechanism
that enables a virus to evade not only RNAI directed against the
original target, but also RNAi subsequently directed against other
regions. The analogous situation for highly active antiretroviral
therapies would be if resistance to a reverse transcriptase inhibi-
tor also conferred resistance to a protease inhibitor. Finally, the
original study was conducted with an attenuated viral strain, and
it is unclear whether the indirect mechanism generalizes to full
length HIV."

Here, we assess the ability of full length HIV to evade RNAI
directed against a single target or a combination of two targets
within viral protein-coding regions. Using this combinatorial
RNAI system, we investigate the hypothesis that resistance to one
short hairpin (shRNA) could additionally confer resistance to a
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second shRNA targeting a distinct viral sequence. We demonstrate
that mutation of the HIV LTR confers the virus with resistance
to RNAI targeting protein-coding regions up to 5,500 nts down-
stream of the HIV promoter. Moreover, two mutants exhibited
cross-resistance to shRNAs that they had not previously encoun-
tered, indicating that such a mechanism for indirect evasion that
is independent of target sequence has the potential to significantly
compromise combinatorial RNAi strategies. To our knowledge,
this is the first demonstration of HIV cross-resistance for viral
inhibitors targeting independent genes. Taken together, these data
suggest that combinatorial therapies should be tailored to address
this potential for indirect resistance.

RESULTS
Validation of RNAI targets within protein-coding
regions
A standard lentiviral expression system'' was used to generate cell
lines expressing shRNAs against previously reported highly con-
served viral targets.”!* For each region of interest, several RNAi
targets that overlap the previously tested 19nt regions”? was
tested, as the pSLIK vector is predicted to yield a 21 nt shRNA." In
all, 14 shRNAs that target highly conserved regions of the packag-
ing signal (psi)/gag, pol, vif, and tat/rev (Figure 1a) were analyzed,
and shRNAs that effectively reduced the replication of wild-type
(WT) NL4-3 HIV were identified for each target region except
vif (Figure 1b). Notably, minor shifts of just 1nt had substantial
impacts on RNAi efficacy, consistent with previous results.’”
Because they provided similarly potent inhibition of HIV rep-
lication in the short-term assay, long-term studies were initiated
with shRNAs Ldr3 and TatB2, which differ in several respects.
Ldr3 spans the noncoding structural feature psi and the begin-
ning of the late structural gene gag, whereas TatB2 targets two
overlapping reading frames for early genes, tat and rev (Figure 1a
and Supplementary Figure S1). Additionally, while both shR-
NAs target essential and highly conserved regions of the HIV
genome, Ldr3 is significantly more conserved than TatB2 based
on an analysis of 956 sequences from the Los Alamos National
Lab HIV database (Figure 1c). Furthermore, variability in the
TatB2 target is biased towards the 3" end (Figure 1d), a key con-
sideration for escape from RNAI as this represents the “seed”
region most important in determining RNAi efficacy.”” We were
thus also interested in observing how such variation in the seed
region might affect long-term evolution of HIV using these two
targets.

HIV eventually recovers from long-term inhibition
Several scenarios were considered in the experimental design for
long-term cultures. First, it has been computationally predicted
and experimentally confirmed that using multiple ShRNAs reduces
the likelihood of escape.®”*!> We thus considered not only shRNA
“monotherapies” but also two strategies for combinatorial shRNA
delivery: equally distributed delivery of both shRNAs to all cells
in a population versus compartmentalized delivery of individual
shRNAs to a fraction or subpopulation of the cells within a popu-
lation (Figure le). While the former is the strategy explored to
date, our recent in silico analysis of compartmentalized delivery
indicates that it may provide similar therapeutic benefits.'s
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In addition, due to delivery limitations, any clinical applica-
tion of gene therapy will likely include a mix of gene-transduced
and unmodified cells, and the latter could serve as a reservoir for
viral replication and mutation.*"> To more accurately reflect this
heterogeneous environment, which has not been considered by
others,* we mixed Ldr3- or TatB2-protected cells with unmodi-
fied or unprotected cells at a ratio of 1:1. Furthermore, to account
for the stochastic nature of long-term evolution studies, each mix-
ture of unprotected and protected cells was tested in replicates
of n = 12, over 32 days. Cultures whose infectious titer exceeded
1,0001U/ml at any point were considered to have escaped, since
cultures reaching this threshold consistently proceeded to higher
titers. Although both shRNAs suppressed HIV replication to simi-
lar extents in a short-term trial (Figure 1b), Ldr3 enabled mark-
edly more effective long-term suppression (Figure 2a). Moreover,
HIV replication was suppressed even in the presence of high pro-
portions of unprotected cells (up to 50%).

We also tested the shRNAs in combination. In the compart-
mentalized combination, two cell populations, each expressing
a single shRNA, were mixed with unprotected cells at a ratio of
1:1:1. In the equally distributed combination, Ldr3 and TatB2
coexpressing cells were mixed with unprotected cells at a ratio of
2:1. To improve the capacity to identify trends in an inherently
stochastic process, replicates of n = 48 were used for each condi-
tion. Interestingly, we found nearly identical frequencies of escape
for the two combinatorial strategies over 32 days (Figure 2b),
suggesting that at least for these shRNAs the exact combination
strategy may not be a major factor in determining the efficacy
of long-term inhibition in vitro, confirming our in silico predic-
tions.'* We next analyzed potential mechanisms of escape for each
RNA:I strategy.

U3 is a hotspot for mutation
We sequenced the Ldr3 and TatB2 targets and flanking regions
of HIV (Supplementary Figure S1) from cultures that gener-
ated high titers for three Ldr3-protected cultures, three TatB2-
protected cultures, five compartmentalized cultures, and four
equally distributed cultures. We also sequenced HIV propagated
in unprotected cells to survey the natural diversity that arises
from in vitro propagation without external RNAi-mediated selec-
tive pressure. Interestingly, sequence analysis of the Ldr3 region
for 204 clones and the TatB2 region for 187 clones resulted in
only 8 and 13 clones containing mutations within their respective
target sequences, and no point mutations, insertions, or deletions
became fixed (present in more than 50% of clones from any sin-
gle culture) within the viral quasispecies for either target region
(Table 1). While mutation of both RNAi target regions was likely
in cultures that included both shRNAs, our sequencing method-
ology did not provide us with information on linkage between
the Ldr3 and TatB2 sequences (Supplementary Figure S1).
Importantly, no mutations occurred in the Ldr3 or TatB2 target
in cultures that did not express a shRNA targeting that region,
confirming that both regions are highly conserved and appropri-
ate RNAI targets.

Since direct target mutation was not a dominant mechanism
of resistance, we investigated whether, as we observed for RNAi
targeting the TAR element,® compensatory mutations may be
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Figure 1 Inhibition of HIV with combinatorial RNA interference (RNAIi) targeting protein-coding regions. (a) A list of previously tested, highly con-
served RNAI targets up to 5,500 nucleotides (nts) downstream of the HIV promoter and targeting psi/gag, pol, vif, and tat/rev is shown. For each target
gene of interest, several short hairpin RNAs (shRNAs) that encompass the previously tested 19 nt regions were tested, as the pSLIK vector is predicted to
yield a 21 nt short-interfering RNA (siRNA)."" Nucleotide positions are based on NL4-3 RNA. (b) shRNAs targeting regions in a were tested for their ability
to inhibit HIV replication after 8 days. A shRNA targeting firefly luciferase (Luc) was used as a negative control. Cells were infected with wild-type (WT)
virus at a multiplicity of infection (MOI) of 0.0005. Experiments were conducted in biological triplicate, and error bars represent 1 SD. *A significantly
different titer from unprotected cultures (P < 0.05). (c) Whisker plots were used to plot the diversity of the 21 nt Ldr3 and TatB2 targets for 956 subtype B
HIV sequences from the Los Alamos National Lab database. Upper and lower boundaries of boxes represent upper and lower quartiles (respectively), and
whiskers represent data within 1.5-fold of the upper and lower quartiles. *A significantly different median number of variations (P < 0.05, Mann-Whitney
U-test). (d) The frequency of variation at each nucleotide position of the 21 nt Ldr3 and TatB2 targets is shown for the 956 HIV sequences analyzed in c.
(e) Combinatorial RNAi can be equally distributed such that all protected cells (solid line) contain both shRNAs (gray), or compartmentalized, such that
each protected cell contains one component of the combination (white and black). Also, unprotected cells (dashed line) will be present in vivo due to
delivery limitations.

contributing to indirect resistance. Two regions were analyzed We first considered the sequence diversity of virus exposed
using sequencing data adjacent to the RNAI targets: the LTR and  to each selective pressure by quantifying the distribution of the
psi, and exon 1 of tat and rev, and a portion of vpu (Supplementary  number of mutations per clone within functionally relevant sub-
Figure S1). sections of sequenced regions. For the LTR and psi, these regions
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Figure 2 HIV recovers from long-term RNA interference (RNAi)-mediated inhibition. HIV was propagated in the presence of a (a) Ldr3, TatB2,
(b) compartmentalized, or equally distributed RNAi selective pressure for 32 days. In each sample, 4 x 10° cells of a given RNAi composition were
infected at a multiplicity of infection (MOI) of 0.0005. Infectious titers were measured every 2 days, and every eighth day viral supernatant was
transferred to a new culture with a composition identical to the original, for a total of 32 days. Cultures that exceeded 1,0001U/ml were deemed to

have “escaped.”

Table 1 Summary of mutations® within Ldr3 and TatB2

Sample® Ldr3 Sample® TatB2
WT GGAGAGAGATGGGTGCGAGAG WT ATGGCAGGAAGAAGCGGAGAC
L-A8 GGAGGGAGATGGGTGCGAGAG T-C3 ATGGCAGGAAGAGGCGGAGAC
L-L6 GGAGAGAGGTGGGTGCGAGAG T-K13 ATGGCAGGAAGAAGCGGAGGC
C-AL6 GGAGAGGGATGGGTGCGAGAG T-L8 ATGGCAGGAAGAACCGGAGAC
C-DK1 GGAGAGAGATGGGCGCGAGAG C-AJ3 ATGGCAGGAAGAACCGGAGAC
E-AC14 GGAGAGAGATGGGTGGGAGAG C-CKé6 ATGGCAGGAAGAAGCGGGGAC
E-AE2 GGAGAGAGATGGGCGCGAGAG C-DK3 ACGGCAGGAAGAAGCGGAGAC
E-CI7 GGAGGGAGATGGGTGCGAGAG E-AC8 ATGGCAGGAAGAAGCGGAAAC
E-DC8 GGTGAGAGATGGGTGCGAGAG E-AC9 ATGGCAG--------------
E-AC11 ACGGCAGGAAGAAGCGGAGAC
E-AC12 ATGGCAG--------------
E-AE6 ATGGCAGGAAGGAGCGGAGAC
E-AES8 ATGGCAGGAGGAAGCGGAGAC
E-DC9 ATGGCAGGAGGAAGCGGAGAC

Abbreviations: LTR, long terminal repeat; RNAi, RNA interference; WT, wild type.

?A total of 204 sequences of LTR/psi sequences and 187 tat/rev/vpu sequences were analyzed. Clones with mutations in the Ldr3 or TatB2 targets are shown, with
mutations bolded and underlined. The first letter of each clone indicates the RNAi selective pressure (L, Ldr3; T, TatB2; C, Compartmentalized; E, Equally distributed),
the letter(s) after the dash indicate(s) the culture replicate, and the number indicates the clone sequenced.

include the untranscribed U3 enhancer region and the transcribed
but noncoding R, U5, and psi regions. Since the LTR and psi are
partially noncoding, their sequences are not suitable for an analy-
sis of the ratio of nonsynonymous to synonymous substitutions
as an indicator of positive selection, and alternative analysis for
positive selection in promoters' is difficult in a 9,000-nt genome
with few noncoding regions. However, Kruskal-Wallis rank sum
analysis of the median number of mutations per clone revealed
that the U3 region from Ldr3 cultures and the equally distributed
combination cultures have significantly higher median diversity
compared to unprotected cultures (Figure 3a). The U3 region
from compartmentalized combination cultures also has a higher
median diversity than unprotected cultures, though this differ-
ence is not statistically significant once the Holm-Bonferroni

Molecular Therapy vol. 20 no. 4 apr. 2012

correction for multiple comparisons is applied (P = 0.013). In
contrast to Ldr3, the U3 region from TatB2 cultures—shown to be
less suppressive of viral replication (Figure 2a)—does not show
an elevated median diversity compared to virus from unprotected
cultures. Likewise, the transcribed R, U5, and psi regions did
not show any significant differences in median diversity for HIV
clones from any RNAi-protected cultures (Figure 3b). Finally, the
tat and rev exon 1 coding sequences and the vpu coding sequence
that did not overlap with env did not exhibit significant differences
in median sequence diversity in virus from unprotected vs. any
RNAi-protected culture (Figure 3c,d).

The significantly higher median diversity of the U3 region
for HIV exposed to a RNAI selective pressure (Figure 3a)
indicates that enhancer mutations may have contributed to
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Figure 3 Exposure to a RNA interference (RNAI) selective pressure is associated with mutations in the U3 region. Whisker plots of the numbers
of mutations per clone in the (a) U3; (b) R, U5, and psi; (c) tat/revexon 1; and (d) vpu regions are shown for virus isolated from each selective pres-
sure (UP, unprotected; Comp., compartmentalized; Equally, equally distributed). Upper and lower boundaries of boxes represent upper and lower
quartiles, respectively, and whiskers represent data within 1.5-fold of the upper and lower quartiles. *A significantly different median number of muta-
tions between a pair of conditions (P < 0.05, Kruskal-Wallis and Mann-Whitney U-tests with Holm-Bonferroni correction).

the capacity for replication in the presence of antiviral RNAI.
Analysis of substitution frequency at each nt revealed that sev-
eral U3 mutations were fixed within particular cultures and
unique to HIV exposed to RNAi (Figure 4a), including sev-
eral mutations in a NFAT binding site (nts —230 to —220) and a
mutation in YY1/LSF and LBP-1 sites just upstream of TAR (at
nt —1). Furthermore, though not fixed within any particular cul-
ture, mutations in transcription factor binding sites for nuclear
factor-kB, Spl, AP4, and YY1/LSF (Supplementary Table S1)
appeared at frequencies similar to the mutations within the
Ldr3 and TatB2 target regions. By contrast, within tat/rev and
vpu there were a couple frequent mutations, but none were
unique to virus exposed to RNAi (Figure 4b).

Mutations enhancing transcription confer viruses
with cross-resistance to RNAi

We analyzed the replication of 12 variants that were chosen
from cultures that escaped different RNAI strategies, represented
both fixed and low frequency mutations (present in up to 25%
of clones in any single culture), and encompassed mutations
located in previously documented transcription factor-binding
sites'® (Supplementary Table S1). Importantly, none of these
variants included mutations in the Ldr3 or TatB2 targets. For
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quantitative comparison of viral replication dynamics in unpro-
tected and RNAi-protected cultures, we calculated the “burst size”
or cumulative viral replication for each viral strain by integrating
the replication curves over the 10-day time course. Four of the
twelve mutants exhibited significantly enhanced cumulative viral
production in the presence of several RNAI strategies compared
to the WT strain (Figure 5a and Supplementary Figure S2). For
example, mutants T-C19 and C-CK1, which emerged from TatB2
and compartmentalized combination cultures, respectively, had
significantly larger burst sizes compared to the WT virus in the
presence of the TatB2 shRNA. Likewise, mutants L-K7 and L-L2,
which were isolated from Ldr3 cultures, demonstrated enhanced
cumulative viral replication compared to WT virus in the pres-
ence of the Ldr3 shRNA.

Strikingly, L-K7 and L-L2 also had significantly larger burst
sizes compared to the WT virus in the presence of the TatB2
shRNA, and thus exhibited cross-resistance to TatB2, even though
they were never previously exposed to this shRNA. Additionally,
the mutant showing the strongest resistance to Ldr3 and TatB2
individually, L-K7, also exhibited cross-resistance to the equally dis-
tributed combination. Finally, the four mutants that demonstrated
resistance to one or more RNAi strategies also showed altered rep-
lication dynamics in unprotected cells compared to the WT strain

www.moleculartherapy.org vol. 20 no. 4 apr. 2012
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Figure 4 Mutations in the U3 are frequent and unique to RNA interference (RNAi)-exposed virus. The frequency of mutation at each nucleotide (nt)
position was calculated for the (a) long-terminal repeat (LTR) (nts —240 to +182) and psi (nts +243 to +353) and (b) tat (nts +5,376 to +5,591), rev (nts
+5,516 to + 5,591), and vpu (nts +5,608 to +5,768) regions for each selective pressure (UP, unprotected; Comp., Compartmentalized; Equally, equally
distributed). Several mutations in the U3 (a, nts —240 to 0) are present at high frequencies in virus exposed to RNAi. Mutations in tat exon 1 (b) are pres-
ent at high frequencies, but not unique to RNAi-exposed virus. Nucleotides are numbered based on NL4-3 RNA. Ldr3 and TatB2 targets are located at nts
+329 to +349 and +5,516 to +5,536, respectively.
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Figure 5 Mutants develop cross-resistance to RNA interference (RNAi) and increased transcriptional activity. (a) Cells were infected with wild-
type (WT) or mutant virus at a multiplicity of infection (MOI) of 0.005, and titers were measured every 2 days for 10 days. Viral burst size or cumula-
tive viral replication was calculated by integrating 10-day replication curves (Supplementary Figure $3) and normalized to WT virus in unprotected
(UP) cells. Experiments were conducted in biological triplicate, and error bars represent 1 SD. *A significantly different burst size compared to WT
virus with the same inhibitory pressure (P < 0.05). (b) Cells were infected with WT or mutant virus at a MOI of 0.025 in the presence of 1pmol/I
saquinivir. Elongated viral transcripts were quantified in technical triplicate via reverse transcriptase quantitative PCR (RT-QPCR) and normalized to
B-actin, and the resulting values were normalized to WT virus. Experiments were conducted in biological triplicate, and error bars represent 1 SD.
*A significantly higher number of fully elongated transcripts compared to WT virus with the same inhibitory pressure (P < 0.05).

(Supplementary Figure S3). Accelerated peaks and subsequent To address whether their evasion of RNAi was due to tran-
drops in infectious titer (due to cell death induced by HIV replica-  scriptional upregulation, we quantified transcriptional elonga-
tion) resulted in lower burst sizes than the WT strain in unprotected  tion in cells infected with the four resistant mutants (Figure 5b).
cells. Interestingly, we previously observed such accelerated replica-  Mutant L-L2 produced 1.5-fold more fully elongated transcripts
tion dynamics and lower replicative fitness in unprotected cells for ~ compared to WT HIV, though this increase did not reach statisti-
variants with enhanced transcriptional activity.® cal significance (P = 0.14). However, mutants L-K7 and C-CK1
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produced 2.3- and 1.7-fold more fully elongated transcripts,
respectively, compared to WT HIV (P < 0.05).

Enoxacin acts synergistically with RNAi to inhibit a
mutant indirectly resistant to RNAi alone
If the RNAi pathway becomes overwhelmed by large numbers of
HIV transcripts, improving the flux of HIV RNAs flowing through
this pathway should inhibit such indirectly resistant mutants. It
was recently shown that enoxacin could enhance RNAI activity.”
We thus investigated if enoxacin would act synergistically with
RNAI to inhibit indirectly resistant mutants.

While enoxacin inhibited WT and mutant virus replica-
tion in a RNAi-independent manner (Figure 6a), as previously
reported,”* we found that enoxacin combined with RNAi
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Figure 6 Enoxacin acts synergistically with RNA interference (RNAi)
to inhibit a mutant indirectly resistant to Ldr3 alone. (a) Unprotected
or Ldr3-protected cells were infected with wild-type (WT) or mutant HIV
at a multiplicity of infection (MOI) of 0.005 in the presence of increasing
amounts of enoxacin or carrier (dimethyl sulfoxide (DMSQ)). Total viral
burst sizes were calculated as previously described over 10 days and nor-
malized to the burst size of WT virus in unprotected cells. Experiments
were conducted in biological triplicate, and error bars represent 1 SD.
*A significantly different burst size compared to the same virus and cell
type without enoxacin (O pmol/l) (P < 0.05). (b) Expected burst sizes for
mutant LK-7 in the presence of enoxacin and the Ldr3 short hairpin RNA
(shRNA) combined were calculated using a neutral model, in which the
two inhibitors are assumed to act independently. Thus, the expected
relative viral burst size in the presence of enoxacin and Ldr3 combined
is equal to the relative burst size in the presence of enoxacin multiplied
by the relative burst size in the presence of Ldr3, measured indepen-
dently.?>23 If the observed relative burst size is less than the expected
value, the inhibitors act synergistically. A synergism score was calculated
by taking the ratio of expected to measured relative burst size. If enoxa-
cin and Ldr3 act purely independently, the score =1, while a score >1
indicates synergism. Values reported as mean + SD. *Synergism score
significantly >1 (P < 0.05).
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inhibited replication of mutant LK-7 even when RNAI alone did
not. If one knows the individual normalized burst sizes (i.e., the
burst in the presence divided by the burst in the absence of the
intervention) of two separate interventions, and the two inter-
ventions function independently, then the expected burst size
of a combination of the two interventions is the product of their
two individual normalized burst sizes.”*” However, we found
that the actual burst size for the combination of enoxacin and the
Ldr3 shRNA was 2.3-fold lower than an expected burst size that
assumes independent effects (P < 0.05; Figure 6b). Thus, enoxacin
acts synergistically with Ldr3 to inhibit replication of an indirectly
resistant mutant. Collectively, these results indicate that mutation
of the HIV promoter can render the virus resistant to one or more
shRNAs targeting distant sites in the viral genome by overwhelm-
ing of the RNAI pathway, but strategies to enhance RNAi may rep-
resent a means to address this problem.

DISCUSSION

Viral resistance generally involves direct mutation of a drug tar-
get, resulting for example in an enzyme active site that no lon-
ger binds the inhibitory molecule,* or a RNA that is no longer
degraded by RNAi.° In these cases, cross-resistance can occur
within specific drug classes. For instance, HIV resistance to one
Protease inhibitor can confer HIV with cross-resistance to another
Protease inhibitor,”* but not to a reverse transcriptase inhibitor.
With sequence-specific therapies such as RNA], it has widely been
assumed that resistance to one short interfering RNA would not
result in cross-resistance to another short interfering RNA target-
ing a distinct 21 nt sequence. Thus, combinatorial RNAi, in which
multiple distinct 21 nt sequences are targeted simultaneously, has
been suggested as a strategy to contend with resistance.””” Here,
we show that evolution of transcriptional regulation can confer
HIV with a generalized cross-resistance to RNAi. Thus, mutations
in the viral promoter could alarmingly render the virus resistant
to combinatorial RNAi and even to shRNAs to which the virus
had never previously been exposed.

We identified mutations in U3 that may play a role in resis-
tance by modulating the balance of activator and repressor
recruitment to the HIV promoter.'® For example, deletion of the
upstream NFAT site* has been shown to increase LTR transcrip-
tional activity and viral replication,” and the fixed NFAT muta-
tions in variant L-K7 and other mutants (Supplementary Table
S$1) could play similar roles in modulating transcription and rep-
lication. In addition, mutations in nuclear factor-xB sites—such
as in L-K7, T-C19, C-CK1, and other mutants—could alter the
differential binding affinities of various nuclear factor-xB dimers
and thereby regulate transcriptional activity.*> While T-C19 did
not show enhanced transcriptional elongation, the transcriptional
upregulation may be subtler in this mutant and thus not detected
with the specific assay we employed, or differences may present at
other time points. Finally, several variants replicated with dynam-
ics similar to WT virus (Supplementary Figure S2) and were
likely propagated by replication in unprotected cells.

These results encourage thinking outside the target and
designing combinations that take indirect mechanisms of resis-
tance into account. For example, our results indicate that bio-
chemical approaches to enhance RNAi" (Figure 6) may aid in

www.moleculartherapy.org vol. 20 no. 4 apr. 2012



© The American Society of Gene & Cell Therapy

circumventing resistance involving general overwhelming of this
pathway. Modulating expression of RNAi pathway components
may also enhance RNAI activity; however, direct engineering
of the RNAi pathway must be approached cautiously, as increas-
ing expression of the shRNA itself may saturate or competitively
inhibit endogenous miRNA activity.*** Alternatively, a combina-
tion of RNAi and non-RNAi therapies such as highly active anti-
retroviral therapies may also prevent resistance.>** In addition,
the prescient inclusion of a CCR5 ribozyme and TAR decoy in
addition to a shRNA targeting tat/rev in the recent phase I gene
therapy trial’ results in a multilayered defense.

It is conceivable that indirect evasion could arise via elements
other than the promoter, since for example sequence variation in
Tat also impacts transcription,”” and it is possible that indirect
evasion occurs for other antiviral therapies as well.”® Furthermore,
whether analogous mechanisms of resistance exist for viruses with
unique lifecycles remains an open question. For example, while
poliovirus, respiratory syncytial virus, and hepatitis C virus do not
have promoters that drive transcription, mutations that improve
the initiation of positive strand RNA synthesis by the RNA-
dependent RNA polymerase®* could result in indirect resistance
to RNAI. Thus, broad sequencing approaches may aid in studying
resistance mechanisms. Finally, fine-tuning of gene regulation by
modulating the relative rates of mRNA synthesis and degradation
may be a more general evolutionary mechanism, as recently inves-
tigated in yeast.*!

In summary, we have shown that mutation of the HIV pro-
moter can result in HIV cross-resistance to two distinct and spa-
tially distant shRNAs targeting protein-coding sequences. This
indirect and target region-independent mechanism of resistance
occurred in the presence of combinatorial RNAi and could render
such combinations ineffective. Such indirect mechanisms of resis-
tance should arguably be considered when designing mono- or
combinatorial anti-HIV therapies.

MATERIALS AND METHODS

Cell culture, vector preparation, and cell line generation. Complimentary
oligonucleotides (Invitrogen, Carlsbad, CA) including the appropriate
loop and specific sequence for the targeted HIV regions (Supplementary
Table S2) were annealed, phosphorylated, and ligated into the pSLIK vec-
tor (ATCC, Manassas, VA) as described." HEK 293Ts, SupT1s, and CEM
green fluorescent protein cells were cultured, and lentiviral vectors were
packaged as previously described.® shRNA-expressing SupT1s were gener-
ated via transduction at multiplicity of infections of <0.1, and transduced
populations were selected using 500 pg/ml of G418 sulfate (Sigma-Aldrich,
St. Louis, MO) or cell sorting based on 1,000 ng/ml doxycycline-induced
(Sigma-Aldrich) Venus expression.

HIV propagation experiments. Stocks of WT and mutant HIV NL4-3 were
prepared using a single-LTR vector and titered as described.® To initiate
the short-term and long-term propagation experiments, 4 x 10° cells were
infected as described,® with 250ng/ml of doxycycline to induce shRNA
expression. Enoxacin (Sigma-Aldrich) dissolved in dimethyl sulfoxide
(Sigma-Aldrich) at final concentrations of 25 and 50umol/l, or carrier
(dimethyl sulfoxide) alone, was added as indicated. Infectious titers were
measured using CEM green fluorescent protein indicator cells.® For long-
term cultures, supernatant was removed 8 days postinfection and stored
at —80°C, and 250l was used to initiate infections of fresh cultures of
identical composition. Cultures that showed infectious titers greater than
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1,0001U/ml using the CEM green fluorescent protein indicator cells were
considered to have escaped the RNAi.

Sequence analysis. Viral supernatant from putative escape cultures were
used to infect a total of 1 x 10° naive SupT1s at a multiplicity of infection
of 0.025 in the presence of 1 pmol/l saquinivir (NIH AIDS Research and
Reference Reagent Program, Bethesda, MD) to limit infection to a single
round. Genomic DNA was isolated 2 days postinfection using the Qiamp
DNA Mini Kit (Qiagen, Venlo, the Netherlands). The LTR, psi region, fat,
and vpu were PCR amplified using degenerate oligonucleotides binding to
highly conserved regions (Supplementary Table S3) and TOPO cloned
(Stratagene, La Jolla, CA) for sequencing. Python and the MUSCLE align-
ment algorithm were used for sequence analysis.

Transcriptional elongation assays. A total of 1 x 10° SupT1s were infected
at a multiplicity of infection of 0.025 with WT or mutant virus in the pres-
ence of 1 pumol/l saquinivir to limit infection to a single round. Total RNA
was extracted 3 days postinfection using Trizol (Invitrogen). Elongated
transcripts were quantified using the single-step Quanititect SYBR Green
Reverse Transcriptase-PCR kit (Qiagen) with primers to detect Tat and
-actin transcripts**** (Supplementary Table S4). Reverse transcriptase-
quantitative PCR measurements were performed in technical triplicate.

Synergy analysis. Interaction between enoxacin and Ldr3 shRNA was cal-
culated using a neutral model as described.?** Briefly, if two inhibitors of
viral replication—A and B—act completely independently, the expected
relative viral burst size in the presence of A and B combined is equal to
the relative burst size in the presence of A multiplied by the relative burst
size in the presence of B. A synergism score was calculated by taking the
ratio of expected to measured burst sizes. A score >1 indicates synergism,
a score = 1 indicates purely independent activity, and a score<1 indicates
negative interactions.

Statistical analysis. Titers and fully elongated transcripts were compared
using the Student’s ¢-test (P < 0.05). Sequence diversity of virus exposed to
different selective pressures was compared using the Kruskal-Wallis Rank
sum test and Mann-Whitney U-test with the Holm-Bonferroni correction
(P <0.05).

SUPPLEMENTARY MATERIAL

Figure S1. Regions sequenced.

Figure S2. Burst size analysis of 12 mutants.

Figure $3. Replication dynamics of four indirectly resistant mutants.
Table S$1. Fixed and low frequency mutations in functionally relevant
regions of the HIV LTR.

Table $2. Oligonucleotide sequences for pSLIK cloning.

Table $3. Degenerate oligonucleotide sequences for PCR amplifica-
tion of HIV from genomic DNA.

Table $4. Oligonucleotide sequences for RT-QPCR.
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