
HIV-1 Employs Multiple Mechanisms To Resist Cas9/Single
Guide RNA Targeting the Viral Primer Binding Site

Zhen Wang,a,b Wenzhou Wang,a,c Ya Cheng Cui,b Qinghua Pan,a Weijun Zhu,d Patrick Gendron,e Fei Guo,d Shan Cen,f

Michael Witcher,a,g Chen Lianga,b,c

aLady Davis Institute, Jewish General Hospital, Montreal, Canada
bDepartment of Medicine, McGill University, Montreal, Canada
cDepartment of Microbiology & Immunology, McGill University, Montreal, Canada
dInstitute of Pathogen Biology, Chinese Academy of Medical Science, Beijing, China
eInstitute for Research in Immunology and Cancer, University of Montreal, Montreal, Canada
fInstitute of Medicinal Biotechnology, Chinese Academy of Medical Science, Beijing, China
gDepartment of Oncology, McGill University, Montreal, Canada

ABSTRACT The clustered regularly interspaced short palindromic repeat (CRISPR)–
CRISPR-associated protein 9 (Cas9) gene-editing technology has been used to inacti-
vate viral DNA as a new strategy to eliminate chronic viral infections, including
HIV-1. This utility of CRISPR-Cas9 is challenged by the high heterogeneity of HIV-1
sequences, which requires the design of the single guide RNA (sgRNA; utilized by
the CRISPR-Cas9 system to recognize the target DNA) to match a specific HIV-1
strain in an HIV patient. One solution to this challenge is to target the viral primer
binding site (PBS), which HIV-1 copies from cellular tRNA3

Lys in each round of reverse
transcription and is thus conserved in almost all HIV-1 strains. In this study, we dem-
onstrate that PBS-targeting sgRNA directs Cas9 to cleave the PBS DNA, which evokes
deletions or insertions (indels) and strongly diminishes the production of infectious
HIV-1. While HIV-1 escapes from PBS-targeting Cas9/sgRNA, unique resistance mech-
anisms are observed that are dependent on whether the plus or the minus strand of
the PBS DNA is bound by sgRNA. Characterization of these viral escape mechanisms
will inform future engineering of Cas9 variants that can more potently and persis-
tently inhibit HIV-1 infection.

IMPORTANCE The results of this study demonstrate that the gene-editing complex
Cas9/sgRNA can be programmed to target and cleave HIV-1 PBS DNA, and thus, in-
hibit HIV-1 infection. Given that almost all HIV-1 strains have the same PBS, which is
copied from the cellular tRNA3

Lys during reverse transcription, PBS-targeting sgRNA
can be used to inactivate HIV-1 DNA of different strains. We also discovered that
HIV-1 uses different mechanisms to resist Cas9/sgRNAs, depending on whether they
target the plus or the minus strand of PBS DNA. These findings allow us to predict
that a Cas9 variant that uses the CCA sequence as the protospacer adjacent motif
(PAM) should more strongly and persistently suppress HIV-1 replication. Together,
these data have identified the PBS as the target DNA of Cas9/sgRNA and have pre-
dicted how to improve Cas9/sgRNA to achieve more efficient and sustainable sup-
pression of HIV-1 infection, therefore improving the capacity of Cas9/sgRNA in cur-
ing HIV-1 infection.
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Highly active antiretroviral therapy (HAART) has transformed HIV-1 infection from a
deadly disease to a manageable chronic infection. However, HAART represents a

lifelong treatment, because it suppresses HIV-1 infection but does not clear the latent
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HIV-1 reservoir. The root of HIV-1 latency is the quiescent proviral DNA that persists in
a transcriptionally silent state but maintains the ability to produce infectious virions
upon viral activation (1). In theory, eliminating this latent proviral DNA should lead to
the cure of HIV-1 infection. This view has inspired the development and application of
several molecular tools to attack and destroy HIV-1 DNA, including recombinases (2),
zinc finger nucleases (ZFNs) (3, 4), transcription activator-like endonucleases (TALENs)
(5, 6), and clustered regularly interspersed short palindromic repeats (CRISPR)–CRISPR-
associated protein 9 (Cas9) (7, 8). Compared to recombinases, ZFNs, and TALENs, which
achieve recognition of specific DNA sequences by protein engineering (9), the CRISPR-
Cas9 system utilizes a single guide RNA (sgRNA) to recognize the target DNA, which
makes any DNA sequence editable through sgRNA programming (10). Akin to its role
in bacteria, which is to restrict foreign DNA, including bacteriophages, CRISPR-Cas9 has
been tested for inactivation of the DNA genome of human viruses, including HIV-1
(11–15), herpesviruses (16–18), hepatitis B virus (19–21), adenovirus (22), and others
(23).

Cas9 cleavage at a specific DNA site leads to a double-stranded DNA break, which
is repaired by the nonhomology end-joining (NHEJ) complex when a homologous DNA
template is unavailable. NHEJ repair creates genomic deletions or insertions (indels).
These aberrations may eliminate the infectious viral genome when found within
essential viral genes. However, some of the indels, although in low abundance, give rise
to viable virions. Because they alter the sequence of the Cas9 cleavage site, such
genomic alterations confer resistance to attack by the same Cas9/sgRNA (24, 25). This
mechanism of viral escape is surmountable, as recently reported in two studies showing
that HIV-1 infection can be halted using two carefully selected sgRNAs that target two
conserved sites in HIV-1 DNA (26, 27). Similar observations were reported for herpes-
viruses (18).

In addition to viral resistance, another challenge of applying Cas9/sgRNA to elimi-
nate infectious HIV-1 DNA in patients stems from the high diversity of circulating HIV-1
strains. This high diversity necessitates tailoring the design of effective sgRNAs to the
specific strain in each patient (28). Ideally, a functionally important DNA sequence that
is highly conserved across HIV-1 strains, once validated, could facilitate effective
CRISPR-Cas9-mediated eradication of HIV-1 infection, regardless of viral subtypes. A
viral DNA region with such potential is the primer binding site (PBS). The PBS is
generated during each cycle of HIV-1 reverse transcription by copying the 3=-terminal
18 nucleotides of the cellular tRNA3

Lys (29). Since tRNA3
Lys needs to bind to the PBS to

initiate viral reverse transcription, and the PBS mediates the second template switch of
reverse transcription (Fig. 1A), we hypothesize that by targeting and cleaving the PBS
DNA, Cas9/sgRNA causes indels in the PBS, which impair HIV-1 reverse transcription and
inhibit the replication of all HIV-1 strains. Not surprisingly, PBS-targeting small inter-
fering RNA (siRNA) has been tested for suppressing HIV-1 infection (30). This antiret-
rovirus strategy has been exploited by cells to control the mobility of long terminal
repeat (LTR) retrotransposons, using tRNA-derived small RNA to target the PBS (31). It
is expected that HIV-1 will evolve resistant mutations in the PBS as a result of NHEJ
repair (Fig. 1A). However, since the PBS sequence is copied from the tRNA3

Lys in each
round of reverse transcription, we predict that the newly synthesized wild-type (wt) PBS
will again be subjected to Cas9/sgRNA cleavage (Fig. 1A), which leads to prolonged
suppression of HIV-1 replication by the same PBS-targeting sgRNA.

RESULTS
Cas9/sgRNA targeting the HIV-1 PBS inhibits infection. The HIV-1 PBS has three

potential protospacer adjacent motifs (PAMs), which allows the design of three PBS-
targeting sgRNAs (sgPBS1, sgPBS2, and sgPBS3) (Fig. 1B). These three sgRNAs were
cloned into the plentiCRISPR-v2 vector and stably transduced into CD4� SupT1 T cells.
The expression of Cas9 (bearing a FLAG tag) was detected with flow cytometry after
immunostaining for FLAG (Fig. 1C, y axis). When these cell lines were challenged with
the HIV-1 strain NL4-3, the numbers of infected cells staining positive for HIV-1 p24
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FIG 1 Inhibition of HIV-1 infection by Cas9/sgRNA targeting viral PBS. (A) Illustration of the potential mechanisms by which
the PBS-targeting Cas9/sgRNA inhibits HIV-1 infection. When the viral RNA carrying the resistant mutation in the PBS is
reverse transcribed into viral DNA, the plus strand has the wild-type PBS sequence, thus potentially becoming susceptible
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protein (Fig. 1C, x axis) decreased 3-fold in the cells expressing sgPBS1, sgPBS2, and
sgPBS3 compared to the level in the control cells expressing Cas9 alone (Fig. 1C). As a
result, Cas9/sgPBS led to a 5-fold decrease in the production of HIV-1 particles, as
determined by the level of viral reverse transcriptase (RT) activity in the culture
supernatants, and a 10-fold decrease in the level of infectious HIV-1, as measured by
infecting TZM-bl indicator cells (Fig. 1D).

To determine whether the impaired viral infection and viral production resulted
from Cas9/sgPBS-induced indels, specifically in the PBS region, we amplified viral DNA
from the infected SupT1 cells and sequenced the PBS DNA. A wide range of indels of
various lengths were detected in the sgPBS1-, sgPBS2-, and sgPBS3-expressing SupT1
cells (Fig. 1E to G). These data demonstrate that Cas9/sgRNA strongly impairs HIV-1
infection and production when targeted to the PBS DNA.

Since 15 of the 18 nucleotides of the PBS are present in the tRNA3
Lys genes (Fig. 2A),

we tested whether any of the PBS-targeting sgRNAs sgPBS1, sgPBS2, and sgPBS3 target
tRNA3

Lys DNA (Fig. 2B). Accordingly, we designed primers to amplify tRNA3
Lys DNA from

SupT1 cells that stably express Cas9/sgPBS1, Cas9/sgPBS2, or Cas9/sgPBS3. Among the
6 tRNA3

Lys genes that we tried to amplify, PCR products were obtained for 4 genes (Fig.
2C). We then sequenced these PCR products from either control or sgPBS-expressing
SupT1 cells and observed no indels that were expected from Cas9/sgRNA cleavage (Fig.
2D), highlighting the specificity of the targeting mechanism. We also cloned the PCR
products of the tRNALys-3-5 gene and sequenced 24 DNA clones from the control or
sgPBS-expressing SupT1 cells. Again, no indels were detected (Fig. 2E). These data
suggest that Cas9/sgPBS does not cause detectable mutations in cellular tRNA3

Lys genes.
HIV-1 escapes from Cas9/sgPBS. We next investigated whether HIV-1 escapes from

Cas9/sgPBS inhibition. Control and Cas9/sgPBS-expressing SupT1 cells were infected
with HIV-1 for prolonged culture periods. The levels of viral RT activity in culture
supernatants were determined at various time intervals to monitor HIV-1 replication
until a severe cytopathic effect was observed. Compared to HIV-1 replication in the
control cells, a significant delay was observed in SupT1 cells that expressed Cas9
together with sgPBS1, sgPBS2, or sgPBS3 (Fig. 3A). And yet, viral replication eventually
reached peak levels in the Cas9/sgPBS-expressing SupT1 cells, similar to that in the
control cells, indicating viral escape from Cas9/sgPBS inhibition (Fig. 3A). In order to
verify viral escape, we performed a second round of viral replication by infecting the
SupT1 cell line with HIV-1 that was collected at the peak of the first round of viral
replication from the same SupT1 cell line. As expected, HIV-1 had escaped from
Cas9/sgPBS3; however, it was still suppressed by Cas9/sgPBS1 and Cas9/PBS2 in the
second round of replication (Fig. 3B). Only at the third round of replication did HIV-1
exhibit similar growth kinetics in the control and all three Cas9/sgPBS-expressing SupT1
cell lines (Fig. 3C). We observed this delayed escape from Cas9/sgPBS1 and Cas9/
sgPBS2 in another, independently performed HIV-1 evolution experiment. These data
demonstrate that HIV-1 can escape from the inhibition by Cas9/sgPBS but also indicate
that it takes two passages for HIV-1 to acquire complete resistance to Cas9/sgPBS1 and
Cas9/sgPBS2.

FIG 1 Legend (Continued)
to cleavage by Cas9/sgRNA again. vRNA, viral RNA; vDNA, viral DNA. (B) Location of the PBS-targeting sgRNA. The PBS
sequence is highlighted in green letters. The PAM is indicated with blue lines and letters. (C) HIV-1 strain NL4-3 was used
to infect SupT1 cells that stably express Cas9 and PBS-targeting sgRNA. Expression of Cas9 and viral p24 was examined by
immunostaining and flow cytometry. Results of one representative infection experiment are shown. Results of three
independent experiments are summarized in the bar graph, with the values of the control set at 100. ***, P � 0.001. (D) Levels
of HIV-1 in the supernatants of infected SupT1 cells were determined either by measuring viral reverse transcriptase activity
(representing total viral particles) or by infecting the TZM-bl indicator cells (representing infectious viral particles). Results of
three independent infection experiments were averaged and are shown in the bar graph, with values of the control set at
100. ***, P � 0.001. (E, F, G) Indels caused by the PBS-targeting Cas9/sgRNA. Total cellular DNA was extracted from the
infected SupT1 cells that expressed the sgPBS1, sgPBS2, or sgPBS3 guide RNA. Viral DNA was amplified by PCR and
sequenced. Indels are shown by red letters for sgPBS1 (E), sgPBS2 (F), and sgPBS3 (G). The PAM is highlighted in blue letters.
Red arrow indicates Cas9 cleavage site. The frequency of each indel among the sequenced DNA clones is presented. Error
bars show standard deviations.
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HIV-1 mutates the viral PBS to escape from inhibition by Cas9/sgPBS1 and
Cas9/sgPBS2. To understand the genetic mechanism behind the delayed HIV-1 escape
from Cas9/sgPBS1 and Cas9/sgPBS2 compared to the escape from Cas9/sgPBS3, we
sequenced the HIV-1 genome at the peak of replication for each of the three rounds of
infection. No mutation was detected in the PBS of HIV-1 that had replicated in the
control SupT1 cells. For viruses that were recovered from the first round of replication
in Cas9/sgPBS1-expressing cells, short indels were detected at the Cas9 cleavage site
within the PBS (Fig. 4). Of the viruses that were sequenced, 11% contained single-
nucleotide (1nt) mutations (including deletion, insertion, or substitution), 48% con-
tained double-nucleotide (2nt) mutations, and 41% had triple-nucleotide (3nt) muta-
tions, as well as insertions of more than 3 nucleotides. When viruses from the second
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round of replication in the Cas9/sgPBS1-expressing SupT1 cells were sequenced, the
percentage of viruses containing single-nucleotide mutations in the PBS increased to
29% (Fig. 4). At the third round of HIV-1 replication, only one virus had a 3nt insertion
in the PBS, with the rest having either 1nt mutations (38%) or 2nt mutations (57%) (Fig.
4). These sequencing data reveal a gradual evolution of escape mutations toward
minimal change in the PBS at the Cas9 cleavage site. This conclusion is further
supported by the sequencing data of HIV-1 that escaped from Cas9/sgPBS2 inhibition
after multiple rounds of replication, showing enrichment of viruses containing single-
nucleotide mutations at the cleavage site of Cas9 in the PBS (Fig. 5).

We then inserted these PBS mutations that were identified in the escaped viruses
into the parental HIV-1 NL4-3 and examined whether these mutated viruses can resist
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produced by transfecting HEK293T cells was used to infect SupT1 cells expressing Cas9 and sgPBS1,
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(3rd) round of viral replication was performed using viruses collected at the peak of the second round
to infect the same cell line. Results shown represent two independent replication experiments.
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Cas9 inhibition. We first tested the two most frequent mutations, a G insertion (named
PBS-M1) and a TT insertion (named PBS-M2), which were detected at the cleavage site
of Cas9 guided by sgPBS1 (Fig. 6A). These two mutations are expected to disrupt the
binding of sgPBS1 RNA to its target DNA and, thus, resist Cas9 attack. In the short-term
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FIG 4 Development of HIV-1 resistance to Cas9/sgPBS1. Viruses at the peaks of the first, second, and third
rounds of replication in the Cas9/sgPBS1-expressing SupT1 cells were harvested. Viral RNA was extracted and
subjected to RT-PCR and sequencing. Each indel in the PBS was registered, and its frequency in the sequenced
DNA clones was calculated. The bar graph shows the frequencies of mutations for single-nucleotide (1nt)
changes, double-nucleotide (2nt) changes, or changes involving three or more nucleotides (3nt).
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infection experiments, the M1 and M2 mutated viruses produced similar levels of
viruses in both the control cells and cells that expressed Cas9/sgPBS1 (Fig. 6B),
indicating that the M1 and M2 mutations in the PBS confer resistance to sgPBS1. This
finding is supported by the data from long-term replication of the wild-type and
mutated HIV-1 in the control and sgPBS1-expressing SupT1 cells, which showed that
the M1 and M2 mutated viruses replicated equally well in the control and the sgPBS1-
expressing SupT1 cells (Fig. 6C).

Persistence of PBS escape mutations during long-term HIV-1 replication. Given
that each replication cycle of HIV-1 regenerates the wild-type PBS sequence by copying
cellular tRNA3

Lys, we expected that, during long-term replication of the M1 and M2
mutants in control SupT1 cells, the wild-type PBS viruses would become the prevalent
viral population in the absence of the selection pressure of sgPBS1. This mechanism has
been reported for various PBS mutations that revert to the wild-type sequence after
prolonged replication (32–35). We thus sequenced the viruses that were harvested at
the peak of long-term replication of M1 and M2 viruses in control SupT1 cells.
Unexpectedly, 30% of the sequenced viruses had the M1 sequence, and 74% had the
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FIG 5 Development of HIV-1 resistance to Cas9/sgPBS2. Viruses at the peaks of the first, second, and third
rounds of replication in the Cas9/sgPBS2-expressing SupT1 cells were collected and sequenced for the
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FIG 6 The PBS-M1 and PBS-M2 mutations allow HIV-1 to resist Cas9/sgPBS1. (A) Depiction of the M1 and M2 mutations
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M2 sequence (Fig. 6D). We further sequenced the viruses from long-term culture of M1
and M2 viruses in the Cas9/sgPBS1-expressing cells. Above 90% of the viruses had the
M1 or M2 PBS sequence (Fig. 6D). These data demonstrate that even in the absence of
Cas9/sgPBS1 pressure, the M1 or M2 PBS mutation can be preserved during HIV-1
replication, instead of simply reverting to the wild-type PBS.

The M1 and M2 mutated viruses produce more mutated than wild-type viruses
in short-term infection of control SupT1 cells. In order to understand the mechanism
behind the persistence of M1 and M2 mutations in the long-term viral replication, we
used the MiSeq method to sequence HIV-1 DNA within the control or Cas9/sgPBS1-
expressing SupT1 cells that were infected by either M1 or M2 viruses for 40 h. We
performed Alu-PCR to amplify the integrated HIV-1 DNA (57), which expresses viral
genes and produces viruses. The results showed that, in M1-infected control SupT1
cells, 41% of viral DNA had wild-type PBS and 54% had the M1 mutation (Fig. 6E). This
is largely in agreement with the fact that one strand of PBS DNA is copied from tRNA3

Lys,
whereas the other strand is copied from the M1 viral RNA. Interestingly, in M2-infected
control SupT1 cells, 31% of viral DNA had wild-type PBS, while 65% had the M2
mutation, which indicates that when cells repair the mismatch at the M2 mutation site
in the PBS, the repair outcome is skewed to retain the M2 mutation; this is also seen in
the case of M1 (41% wild type), albeit to a lesser extent (Fig. 6E). In contrast, above 90%
of viral DNA had the M1 or M2 mutation in the infected Cas9/sgPBS1-expressing cells
(Fig. 6E), which may have resulted from the cleavage and subsequent removal of the
wild-type PBS by Cas9/sgPBS1.

We next sequenced the viruses that were produced from these infected SupT1 cells.
In agreement with the dominance of mutated PBS DNA in the infected Cas9/sgPBS1-
expressing cells, close to 90% of the viruses had the M1 or M2 mutation (Fig. 6E).
Surprisingly, in the M1- or M2-infected control SupT1 cells, 69% of viruses had the M1
PBS and 78% had the M2 PBS, respectively (Fig. 6E), which is significantly higher than
the percentages of these two mutations within the viral DNA of the infected cells (54%
M1 and 65% M2). One possible explanation of this discrepancy is that significant
portions of viral DNAs are wt/M1 or wt/M2 hybrids at the PBS, which are the result of
reverse transcription and remain unrepaired even after integration. Since the minus
strand (i.e., containing the M1 or M2 mutation) serves as the template for transcription,
only M1 or M2 mutated viral RNA is synthesized.

We were able to test this possibility by determining the percentages of the wt/wt,
wt/M2, and M2/M2 PBS DNA variants in the infected cells, because the M2 mutation
creates a digestion site for the restriction enzyme HpaI, which recognizes and cleaves
the 5=-GTTAAC-3= DNA sequence (Fig. 6F). This method was first tested by mixing equal
amounts of wild-type viral plasmid DNA and the M2 viral plasmid DNA in the presence
of DNA that was extracted from uninfected control SupT1 cells and subsequently

FIG 6 Legend (Continued)
or Cas9/sgPBS1. Forty hours after infection, the levels of HIV-1 in the culture supernatants were determined by infecting
the TZM-bl indicator cells. Results shown are the average values from three independent infection experiments. Levels of
each virus from the control cells are set at 100. ***, P � 0.001. (C) Replication of wild-type HIV-1 and the M1 and M2 mutants
in control or Cas9/sgPBS1-expressing SupT1 cells. Levels of HIV-1 in the culture supernatants were determined by
measuring viral RT activity over various time intervals. Results represent two independent viral replication experiments. (D)
Persistence of the M1 and M2 mutations in HIV-1 during long-term replication in the control SupT1 cells or cells expressing
Cas9/sgPBS1. Viruses at the peak of replication shown in panel C were collected, and the PBS DNA was amplified and
sequenced. The frequencies of the wild-type and mutated sequences are presented. (E) Prevalences of wild-type and
mutated PBS sequences in HIV-1-infected cells and in viruses. M1 or M2 mutated virus was used to infect control or
Cas9/sgPBS1-expressing SupT1 cells for 40 h. The PBS region was amplified from HIV-1 DNA in the infected cells or from
HIV-1 RNA in virus particles. The PCR products were analyzed by MiSeq to register the wild-type and mutated PBS
sequences. Results shown are the MiSeq data from three independent infections. (F) Viral DNA was extracted from the M2
virus-infected control SupT1 cells and then treated with HpaI to remove the M2/M2 viral DNA, followed by PCR and MiSeq
to determine the percentages of wild-type and M2 PBS sequences. Equal amounts of wild-type HIV-1 plasmid DNA and the
M2 HIV-1 plasmid DNA were mixed, treated with HpaI, and then subjected to PCR and MiSeq analysis. The results serve
as the control for effective removal of M2 DNA by HpaI digestion. The percentages of wt/wt, wt/M2, and M2/M2
double-stranded PBS DNA in the M2-infected control SupT1 cells were calculated and are presented in the table. Error bars
show standard deviations.
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digested with HpaI. The digested DNA samples were analyzed by MiSeq. The results
showed that almost all M2 viral DNA was digested and removed (Fig. 6F). We then
incubated HpaI with viral DNA that was extracted from control SupT1 cells that were
infected with the M2 virus. Compared to the untreated samples, which had 35%
wild-type PBS and 62% M2 PBS, HpaI digestion changed these percentages to 76%
wild-type PBS and 23% M2 PBS because the M2/M2 PBS DNA was digested by HpaI. The
detected M2 sequence (23%) indicates the existence of wt/M2 hybrid PBS that resists
HpaI digestion. Using these data, we were able to calculate the percentage of wt/wt
PBS as 46% and wt/M2 PBS as 54% in the HpaI-treated samples. Knowing the relative
ratio of wt/wt and wt/M2 (46:54), together with the percentages of wt (35%) and M2
(62%), in the M2-infected control cells, we calculated the percentages of wt/wt PBS as
23%, wt/M2 PBS as 27%, and M2/M2 PBS as 50%. These data explain why close to 40%
of viral DNA in the infected cells has the wild-type PBS sequence, yet only about 20%
of the viruses have wild-type PBS, because both wt/M2 (27%) and M2/M2 (50%) viral
DNA express the M2 viral RNA.

The M3 and M4 PBS mutants resist Cas9/sgPBS2. Two PBS mutations, M3 and M4,
were the most frequently identified in HIV-1 that had escaped from Cas9/sgPBS2 (Fig.
7A). The results of both short-term and long-term viral-infection experiments showed
that M3 and M4 were refractory to Cas9/sgPBS2 inhibition (Fig. 7B and C). When we
sequenced the entire genome of the viruses from the second round of replication in the
Cas9/sgPBS2-expressing cells, we also found two mutations, a change of G to A at
position 2557 (G2557A) in reverse transcriptase and G4405A in integrase. G2557A
causes the amino acid substitution S3N at the beginning of RT, and G4405A leads to the
mutation G59E in integrase (Fig. 7A). However, neither of these two mutations con-
ferred resistance to Cas9/sgPBS2 (Fig. 7B and C). The MiSeq data showed that in the
infected control SupT1 cells, similar levels of wild-type and M3 PBS sequences were
detected following M3 virus infection, whereas 34% wild-type PBS and 61% M4 PBS
were detected in M4 virus-infected control SupT1 cells (Fig. 7D). Similar to the results
for M1 and M2 virus infection of control SupT1 cells, the percentages of viruses
containing the wild-type PBS diminished significantly compared to the levels of wild-
type PBS DNA in the cells that were infected by M3 or M4 viruses (Fig. 7D). Also,
wild-type PBS DNA was greatly reduced in the Cas9/sgPBS2-expressing SupT1 cells that
were infected by M3 or M4 virus (Fig. 7D).

HIV-1 evades Cas9/sgPBS3 by selecting for specific insertion sequences. Finally,
we sequenced HIV-1 that escaped from Cas9/sgPBS3 and found short insertions of 6 to
9 nucleotides at the cleavage site of Cas9 (Fig. 8). Viruses containing single-nucleotide
changes in the PBS were not detected. Strikingly, these short insertions are not random
sequences; they all restore the wild-type PBS, leaving a repeat of a partial PBS sequence
immediately downstream, and thus disrupt the binding of sgPBS3 to its target DNA
(Fig. 9A). These short insertions were not detected in the 46 clones of viral DNA that
were collected from the short-term infection (Fig. 1G), indicating their rarity following
NHEJ repair of the double-stranded DNA break caused by Cas9/sgPBS3. This also
explains the relatively longer delay of HIV-1 growth under Cas9/sgPBS3 inhibition
compared to the viral recovery from sgPBS1 or sgPBS2 inhibition (Fig. 3A), because it
may have taken longer for the virus to capture these specific rare insertions to resist
Cas9/sgPBS3 than to acquire the single- or double-nucleotide mutations that occur at
relatively higher frequencies and are exploited by HIV-1 to resist Cas9/sgPBS1 and
Cas9/sgPBS2. In addition to the NHEJ repair mechanism, these specific short insertions
might have been generated by viral reverse transcriptase when copying the 3=-terminal
18 nucleotides of tRNA3

Lys. Instead of continuously copying this tRNA sequence, reverse
transcriptase may pause due to a local RNA structure and recopy a portion of the PBS
sequence.

We then tested two of these insertions, named M5 and M6, for their resistance to
Cas9/sgPBS3 (Fig. 9A). The results of both short-term viral infection and long-term viral
replication showed that M5 and M6 viruses infected the control and Cas9/sgPBS3-
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expressing SupT1 cells equally well (Fig. 9B and C). Given the greater difficulty of
selecting the specific 6- to 9-nucleotide sequences compared to a single-nucleotide
mutation at the Cas9 cleavage site, we speculated that such single-nucleotide muta-
tions may not resist Cas9/sgPBS3 attack. To test this possibility, we used the M1 virus
to infect the Cas9/sgPBS3-expressing SupT1 cells, since the M1 mutation changes the
target DNA sequence for both sgPBS1 and sgPBS3. In contrast to the resistance of M1
virus to Cas9/sgPBS1, this virus mutant was inhibited by Cas9/sgPBS3 as much as the
wild-type virus was (Fig. 9D). We further sequenced the M1 viral DNA in the infected
Cas9/sgPBS3-expressing SupT1 cells and observed an array of indels that are charac-
teristic of Cas9 cleavage (Fig. 9E). Therefore, single-nucleotide mutations at the Cas9
cleavage site do not render HIV-1 resistant to Cas9/sgPBS3.

FIG 7 Legend (Continued)
*, P � 0.05; **, P � 0.01; ***, P � 0.001. (C) Replication of wild-type and mutated HIV-1 in SupT1 cells expressing
Cas9/sgPBS2. Levels of viral reverse transcriptase activity were measured to monitor virus growth over time. Results shown
represent two independent long-term infection experiments. (D) Percentages of wild-type and mutated viral PBS DNA
sequences in the SupT1 cells that were infected with either the M3 or M4 mutant and in viruses thus produced, as
determined by MiSeq analysis. Error bars show standard deviations.
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FIG 8 Development of HIV-1 resistance to Cas9/sgPBS3. Viruses at the peaks of replication in Cas9/
sgPBS3-expressing SupT1 cells were collected and sequenced. Indels in the PBS DNA were detected and
are shown for the first, second, and third rounds of replication. The frequency of each indel in the
sequenced DNA clones is also presented.
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FIG 9 The M5 and M6 PBS mutations resist Cas9/sgPBS3 inhibition. (A) Illustration of the M5 and M6 mutations (in red letters) in HIV-1
PBS. (B) Resistance of the M5 and M6 mutants to Cas9/sgPBS3 in short-term infections of SupT1 cells. Results shown are the average
values from three independent infection experiments. ***, P � 0.001. (C) The M5 and M6 viruses replicate as efficiently in control SupT1
cells as in SupT1 cells expressing Cas9/sgPBS3. (D) Infection of control and Cas9/sgPBS3-expressing SupT1 cells by wild-type or M1
mutated viruses. Levels of viruses in the culture supernatants were measured by infecting the TZM-bl indicator cells. Levels of
wild-type HIV-1 from the control cells are set at 100. Results shown are the average values from three independent infection
experiments. ***, P � 0.001. (E) Indels in HIV-1 PBS DNA from the Cas9/sgPBS3-expressing SupT1 cells that were infected by the M1
mutated virus. Frequency of each indel is shown. (F) Cleavage of the reverse transcription products from the M1 RNA by Cas9/sgPBS3.
The plus strand of the PBS DNA (shown as the top strand) is copied from the cellular tRNA3
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therefore recognized by sgPBS3, and is consequently cleaved by Cas9. Error bars show standard deviations.
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The different responses of the M1 mutation to sgPBS1 and sgPBS3 are a result of the
locations of their PAMs on different strands of viral DNA. The PAM of sgPBS1 is on the
plus-strand DNA, whereas the PAM of sgPBS3 is on the minus strand (Fig. 9F). Therefore,
sgPBS1 binds to the minus-strand DNA and sgPBS3 binds to the plus-strand DNA.
During reverse transcription, the plus strand is copied from cellular tRNA3

Lys and is
always available for binding by sgPBS3, which supports Cas9 cleavage of viral DNA (Fig.
9F). In contrast, the minus strand is copied from the M1 viral RNA and does not support
functional binding by sgPBS1. As a result, the M1 virus resists sgPBS1 but not sgPBS3.
These data support the use of sgRNA that binds to the plus strand of the PBS DNA and,
thus, guides Cas9 to cleave reverse transcription products even from viral RNA con-
taining resistant indels.

DISCUSSION

In this study, we demonstrate that CRISPR-Cas9 can be programmed to target and
cleave the HIV-1 PBS, thereby strongly inhibiting HIV-1 infection. Since more than 95%
of the circulating HIV-1 strains use tRNA3

Lys as the primer for reverse transcription (36,
37), the PBS-targeting sgRNA can guide Cas9 to inhibit the vast majority of HIV-1 strains.
This provides one solution to the difficulty of designing sgRNAs to target highly
divergent HIV-1 sequences. We noticed that, compared to targeting viral gene coding
sequences, such as Gag, Tat, or Rev (24–27), targeting the PBS with Cas9/sgRNA caused
a relatively shorter delay of HIV-1 replication, which necessitates a combinational use of
PBS-targeting sgRNA with sgRNA targeting conserved viral genes to achieve long-term
suppression of HIV-1 infection. It is somewhat expected that HIV-1 escapes from
PBS-targeting Cas9/sgRNA, but it is intriguing that HIV-1 uses unique mechanisms to
resist different PBS-targeting Cas9/sgRNAs. The mode of resistance depends on which
strand of viral DNA is bound by the sgRNA; in other words, on which strand the PAM
is located.

When the PAM is held within the plus strand of the PBS DNA, or the sgRNA binds
to the minus-strand DNA, HIV-1 selects single- or dual-nucleotide mutations that are
generated by the NHEJ complex when repairing the Cas9-cleaved PBS DNA (Fig. 10).
These PBS mutations, for example, M1, M2, M3, and M4 in this study, do not
markedly affect HIV-1 infection of SupT1 cells, likely because viral reverse trans-
criptase is able to tolerate the minimal mismatch between viral RNA and tRNA3

Lys

and start reverse transcription. In theory, PBS mutations should be quickly lost in
HIV-1 replication due to the regeneration of the wild-type PBS sequence by copying
the first 18 nucleotides of cellular tRNA3

Lys (32–35). However, our study shows that
HIV-1 takes advantage of several mechanisms to maintain these escape mutations
in PBS and achieve wild-type-like replication in SupT1 cells that express Cas9 and
sgPBS1 or sgPBS2.

The primary target for these viral mechanisms is the reverse transcription product
from the viral RNA carrying PBS mutations. The newly synthesized viral PBS DNA has the
wild-type plus strand and the mutated minus strand (Fig. 10). This wt/mutant (mut) PBS
hybrid DNA may be processed via three pathways. First, the mismatched nucleotides
can be repaired by the cellular mismatch repair (MMR) mechanism (38), which may lead
to an increase in the ratio of mut/mut PBS sequences compared to wt/wt PBS
sequences, as was seen for the PBS mutations M1, M2, and M4 (Fig. 7 and 8). This biased
outcome of MMR likely results from the transient presence of a nick at the 5= end of viral
DNA during integration (39), which guides the MMR machinery to use the strand
without the nick (in this case, the minus strand) as the template for repair in eukaryotic
cells (38). This nick-guided repair allows the inheritance of the genetic information held
in the intact DNA strand, which acts as the template strand during cellular DNA
replication. Second, the wt/mut PBS hybrid DNA may segregate into wt/wt and
mut/mut DNA in a 50:50 fashion during cellular DNA duplication and cell division.
Finally, some wt/mut PBS hybrids may not resolve and may remain as hybrid DNA.
Alternatively, if transcription occurs before the wt/mut hybrid DNA is repaired, only the
mut viral RNA will be synthesized. In the sgPBS-expressing cells, the wt/wt PBS DNA is
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cleaved by the Cas9/sgPBS complex, while the wt/mt and mut/mut PBS DNA resist and
survive, and both are transcribed to produce viral RNA bearing the mutation, which
gives rise to the resistant viruses.

However, when the PAM is located on the minus strand of the PBS DNA, HIV-1
cannot resist Cas9/sgPBS by mutating the PBS, because the newly synthesized wt/mut
PBS DNA is recognized and cleaved by the Cas9/sgRNA as a result of the sgRNA binding
to the wild-type plus-strand DNA (Fig. 10). The virus has two potential pathways to
escape. One is to mutate the sequences adjacent to the PBS when a significant part of
the target DNA is located outside the PBS, as was seen for sgPBS3 (Fig. 9). This weakness
of sgPBS3 can be overcome by identifying a Cas9 variant that uses a CCA PAM, by which
means 15 nucleotides of the target DNA, which covers the seed region of an sgRNA, can
be included in the PBS (Fig. 10). Therefore, the resistance effect is expected to be
minimal if HIV-1 mutates the target DNA sequence adjacent to the 3= end of the PBS
(Fig. 10). In addition, this Cas9 variant is expected to cut at the site which is 3
nucleotides from the 5= end of the PBS. Indels at this site should inhibit HIV-1 infection
much more strongly than indels at the downstream sites associated with Cas9/sgPBS
that were tested in this study (Fig. 1B), because of the greater importance of the 5= end
of the PBS in tRNA annealing (40). We have examined the Cas9 variants that have been
engineered to use alternative PAMs (41–46), and unfortunately, none uses CCA as the
PAM. The second escape pathway is to use a cellular tRNA other than tRNA3

Lys to prime
viral reverse transcription. The genetic barrier for the latter escape pathway might be
high, because HIV-1 reverse transcriptase and the viral 5= untranslated region (UTR) also
need to change in order to use a new tRNA primer (40, 47–51), which has rarely
occurred in studies where the PBS was changed to match the sequences of different
tRNAs (32–34).

We noticed a change of CCC to CCT in the viral PBS in the infected SupT1 cells that
express Cas9/sgPBS (Fig. 1E and F, 8, and 9E). This nucleotide change could have been
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the result of virus using tRNA5
Lys to initiate reverse transcription, as reported by Das

et al. (36, 37). However, this C-to-T change was not selected by the virus to evade
sgPBS1 or sgPBS2, likely because of the infrequent use of tRNA5

Lys as the primer and/or
the low level of resistance to sgPBS1 or sgPBS2 conferred by this mutation.

In summary, our study has generated a useful system to help advance the applica-
tion of CRISPR-Cas9 for HIV-1 cure. We expect that the PBS sgRNA can be combined
with sgRNAs targeting other conserved HIV-1 sequences to achieve efficient and
persistent inactivation and excision of HIV-1 proviral DNA, a concept which has been
demonstrated by recent studies showing ablation of HIV-1 infection in tissue culture
with two select sgRNAs (26, 27). Along this line, a recent study also showed that the
HIV-1 TAR sequence appears to be vulnerable to Cas9/sgRNA attack, since HIV-1 was
unable to escape from the suppression by Cas9/sgRNA(TAR1) that targets the TAR (52).
With the promising effect of CRISPR-Cas9 in cleaving HIV-1 DNA in the HIV-1-transgenic
and HIV-1-infected mouse models (53, 54), the utility of this gene-editing system in
curing HIV-1 infection is worth exploring further.

MATERIALS AND METHODS
Plasmids. Guide RNA sequences sgPBS1, sgPBS2, and sgPBS3 were cloned into the plenti-

CRISPRv2 vector (catalog number 52961; Addgene) using the restriction enzyme BsmBI. The se-
quences of these sgRNAs are as follows: sgPBS1, 5=-TCT AGC AGT GGC GCC CGA AC-3=; sgPBS2,
5=-CTA GCA GTG GCG CCC GAA CA-3=; and sgPBS3, 5=-TCG CTT TCA AGT CCC TGT TC-3=. HIV-1
proviral DNA construct NL4-3 was obtained from the NIH AIDS Reagent Program. psPAX2 DNA
(catalog number 12260) was purchased from Addgene. Mutations in HIV-1 DNA were generated
using a PCR-based mutagenesis method (Clontech). The primers for each mutation are as follows:
PBS-M1, 5=-GTG GAA AAT CTC TAG CAG TGG CGC CCG GAA CAG GGA CTT GAA AGC GAA AGT AAA
G-3=/5=-CTT TAC TTT CGC TTT CAA GTC CCT GTT CCG GGC GCC ACT GCT AGA GAT TTT CCA C-3=;
PBS-M2, 5=-GTG GAA AAT CTC TAG CAG TGG CGC CCG TTA ACA GGG ACT TGA AAG CGA AAG TAA
AG-3=/5=-CTT TAC TTT CGC TTT CAA GTC CCT GTT AAC GGG CGC CAC TGC TAG AGA TTT TCC AC-3=;
PBS-M3, 5=-GAA AAT CTC TAG CAG TGG CGC CCG ACA GGG ACT TGA AAG CGA AAG TA AAG-3=/
5=-CTT TAC TTT CGC TTT CAA GTC CCT GTC GGG CGC CAC TGC TAG AGA TTT TC-3=; PBS-M4, 5=-GGA
AAA TCT CTA GCA GTG GCG CCC GAG ACA GGG ACT TGA AAG CGA AAG TAA AG-3=/5=-CTT TAC TTT
CGC TTT CAA GTC CCT GTC TCG GGC GCC ACT GCT AGA GAT TTT CC-3=; G2557A, 5=-GGC TGC ACT
TTA AAT TTT CCC ATT AAT CCT ATT GAG ACT GTA CCA GTA AA-3=/5=-TTT ACT GGT ACA GTC TCA ATA
GG ATT AAT GGG AAA ATT TAA AGT GCA GCC-3=; G4405A, 5=-GGA CAA GTA GAC TGT AGC CCA GAA
ATA TGG CAG CTA GAT TGT ACA C-3=/5=-GTG TAC AAT CTA GCT GCC ATA TTT CTG GGC TAC AGT CTA
CTT GTC C-3=; PBS-M5, 5=-GAA AAT CTC TAG CAG TGG CGC CCG AAC AGG GAC GCC AGG GAC TTG
AAA GCG AAA GTA AAG C-3=/5=-GCT TTA CTT TCG CTT TCA AGT CCC TGG CGT CCC TGT TCG GGC
GCC ACT GCT AGA GAT TTT C-3=; and PBS-M6, 5=-GAA AAT CTC TAG CAG TGG CGC CCG AAC AGG
GAC AGG GAC TTG AAA GCG AAA GTA AAG C-3=/5=-GCT TTA CTT TCG CTT TCA AGT CCC TGT CCC
TGT TCG GGC GCC ACT GCT AGA GAT TTT C-3=.

Cells. HEK293T and TZM-bl cells were cultured in Dulbecco modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). TZM-bl cells contain the HIV-1 LTR-luciferase reporter
DNA cassette that is activated by HIV-1 Tat following HIV-1 infection (55). The CD4� SupT1 cells were
maintained in RPMI 1640 medium supplemented with 10% FBS.

Generation of stable cell lines. The plentiCRISPRv2 DNA, which expresses Cas9 and sgPBS, was
transfected into HEK293T cells together with the psPAX2 and pVSV-G DNA to produce lentiviral particles,
which were used to infect the CD4� SupT1 cells. Forty hours after infection, puromycin (2 �g/ml) was
added to select for stably transduced cells. The expression of Cas9-FLAG was detected by immunostain-
ing with DyLight 649-conjugated anti-FLAG antibodies (catalog number 600-443-383, 1:1,000 dilution;
Rockland), followed by analysis using a flow cytometer (BD FACSCalibur).

HIV-1 production and infection. HIV-1 was produced by transfecting HEK293T cells with the HIV-1
DNA clone NL4-3. Transfections were performed with polyethyleneimine (PEI) (catalog number 23966;
Polysciences, Inc.). Viruses in the culture supernatants were collected and clarified by centrifugation to
remove cell debris. The level of HIV-1 was determined either by measuring virion-associated viral p24
with an enzyme-linked immunosorbent assay (ELISA) or by infecting the TZM-bl indicator cells as we
previously described (25).

For short-term infection, SupT1 cells were infected with HIV-1 equivalent to 100 ng of p24. The
inoculated viruses were washed off 16 h postinfection. After a further 24-h infection, the number of
infected SupT1 cells was determined by immunostaining of viral p24 using fluorescein isothiocyanate
(FITC)-conjugated anti-p24 antibodies (catalog number 6604665, 1:200 dilution; Beckman Coulter),
followed by flow cytometry analysis. The levels of viruses that were produced in the supernatants were
quantified by measuring viral reverse transcriptase activity or by infecting the TZM-bl indicator cells as
we previously described (25). The levels of luciferase activity of the infected TZM-bl cells reflect the
amounts of infectious HIV-1 particles.

For long-term infection, HIV-1 equivalent to 5 ng viral p24 was used to infect SupT1 cells. Viral growth
was monitored by measuring the levels of viral reverse transcriptase activity in the culture supernatants
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at various time intervals. All HIV-1 infection experiments were performed in the certified biocontainment
level 3 laboratory at the Lady Davis Institute.

Sequencing the HIV-1 genome. RNA was extracted from HIV-1 particles that were harvested from
either the short-term or long-term infections by ultracentrifugation at 10,000 � g. Viral DNA was
amplified from viral RNA by RT-PCR using the OneTaq one-step RT-PCR kit (catalog number E5315S; NEB)
and cloned using the NEB PCR cloning kit (catalog number E1203S; NEB). On average, 40 or more DNA
clones for each RT-PCR product were prepared and sequenced by MCLAB (San Francisco, CA). The PBS
region was amplified using primer pair 5=-GAG CCC TCA GAT GCT ACA TA-3= and 5=-TAG CTC CCT GCT
TGC CCA TA-3=.

To sequence HIV-1 DNA from the infected SupT1 cells, total DNA was first extracted using the DNeasy
blood and tissue kit (catalog number 69504; Qiagen). To sequence the entire HIV-1 genomes, four pairs
of primers were used to amplify four segments of viral DNA as we described previously (56). These four
primer pairs are as follows: 5=-GCA GTG GCG CCC GAA CAG GGA C-3=/5=-CGC TGC CAA AGA GTG ATC T-3=
(to amplify nt positions 632 to 2275, referring to the genome sequence of strain NL4-3 with GenBank
accession number AF324493); 5=-GCA GGG CCC CTA GGA AAA AGG-3=/5=-CCT ATT CTG CTA TGT CGA
CAC C-3= (to amplify nt positions 2003 to 5803); 5=-TAA AGC CAC CTT TGC CTA G-3=/5=-CTA AGG ATC CGT
TCA CTA ATC GAA TGG-3= (to amplify nt positions 5516 to 8474); and 5=-GGA GGC TTG GTA GGT TTA
A-3=/5=-TGC TAG AGA TTT TCC ACA CTG AC-3= (to amplify nt positions 8282 to 9709). The PCR products
were cloned and sequenced.

To amplify the integrated HIV-1 DNA, Alu-PCR was performed as described previously (57),
starting with the first PCR using primers Alu forward (5=-GCC TCC CAA ACT GCT GGG ATT ACA G-3=)
and HIV gag reverse (5=-GTT CCT GCT ATG TCA CTT CC-3=), followed by a second PCR with primers
LTR (R) forward (5=-TTA AGC CTC AAT AAA GCT TGC C-3=) and LTR (U5) reverse (5=-GTT CGG GCG CCA
CTG CTA GA-3=). To eliminate the plasmid DNA that may associate with HIV-1 particles that were
used for long-term or short-term infections, virus stocks were incubated with DNase I (catalog
number 18047-019, 200 U/�l; Invitrogen) in the presence of 2 mM Mg2Cl at 37°C for 30 min before
infecting SupT1 cells. One infection was performed in the presence of the HIV-1 RT inhibitor
nevirapine (used at 2 �M; NIH AIDS Reagent Program). The results controlled for the contamination
of plasmid DNA in the subsequent PCR.

Sequencing tRNA3
Lys genes. Total DNA was extracted from SupT1 cells that expressed Cas9,

Cas9/sgPBS1, Cas9/sgPBS2, or Cas9/sgPBS3 using the DNeasy blood and tissue kit (catalog number
69504; Qiagen). Primers were designed to amplify the following six tRNA3

Lys genes: tRNALys-TTT-3-1 gene
(GenBank accession numbers NC_000001.11 and HG983931.1), 5=-TGG CGA CAG AGT AAG ACA CCA
T-3=/5=-TTA CGA TGT CCG CTC TTG GGA CTT-3=; tRNALys-TTT-3-2 gene (NC_000001.11 and HG983932.1),
5=-GGT ATG CGA GGT AAT GCA TAA CC-3=/5=-AGT CTC ACA GTG TGG ATG ATG C-3=; tRNALys-TTT-3-3
gene (NC_000006.12 and HG983935.1), 5=-CTC ACT AGA ATG TGC AGG AAG-3=/5=-GAA TCA GGT ACT AAA
AGC CAC CAC TC-3=; tRNALys-TTT-3-4 gene (NC_000011.10 and HG983933.1), 5=-CGC AGT TTA CAC AAT
CCA GG-3=/5=-CAC GGC ATA ATG GTA ACA GAG-3=; tRNALys-TTT-3-5 gene (NC_000017.11 and
HG983934.1), 5=-ATC CTC TGT CGG TTC TAC AAG-3=/5=-TTA CCC TCC ACC GTC GTT TGC TGT A-3=; and
tRNALys-TTT-5-1 gene (NC_000011.10 and HG983937.1), 5=-TAA TCG CGA AGG GAA AGA ATG CGG-3=/
5=-CCC AAG CGG GTT TCA CAT AA-3=.

PCR products were recovered from agarose gels using a gel extraction kit (catalog number D2500-02;
Omega) and sent to MCLAB (San Francisco, CA) for sequencing. The PCR products of the tRNALys-TTT-3-5
gene were also cloned using a PCR cloning kit (catalog number E1203S; NEB), and 24 DNA clones were
prepared and sequenced by MCLAB.

Illumina MiSeq. HIV-1 DNA or RNA was amplified using primer pair 5=-TCG TCG GCA GCG TCA GAT
GTG TAT AAG AGA CAG GTG GCG AGC CCT CAG ATG CTA C-3=/5=-GTC TCG TGG GCT CGG AGA TGT GTA
TAA GAG ACA GTT GGC GTA CTC ACC AGT CGC CG-3=. The sequences in italics were used for a second
round of PCR with primers containing barcode sequences. The PCR products were extracted from
agarose gels using the gel extraction kit (catalog number D2500-02; Omega) and sent to the
Genomics Platform at IRIC (Institute for Research in Immunology and Cancer, University of Montreal)
for processing with MiSeq reagent nanokit v2 (500 cycles) (Illumina). The average number of reads
per DNA sample was 8,000. The MiSeq results were analyzed as previously described (25). In brief,
sequences were demultiplexed and isolated from PhiX using bcl2fastq. The program Trimmomatic
(version 0.32) was used to remove sequencing adapters and low-quality bases from the 3= end.
Sequenced pairs of reads were combined into single overlapping fragments using FLASH version
1.2.11 and inspected to identify the various populations of variants in each sample. km software
(https://www.biorxiv.org/content/early/2018/04/17/295808) was used to reconstruct all observed vari-
ants, as well as quantify their frequencies of occurrence with respect to the viral reference sequences.
Each viral infection was performed in triplicate. The amplified viral DNA from three infections was all
analyzed by MiSeq.

Statistical analysis. P values were calculated using the unpaired two-tailed t test, based on data
from three or more independent experiments. A P value of �0.05 was deemed statistically significant.
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