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Abstract

Chronic human immunodeficiency virus type 1 (HIV-1) disease is characterized by the retention of provirus within
latently infected cells. Anti-HIV-1 CRISPR-Cas9 gene editing is an attractive strategy to excise or inactivate the HIV-1
genome. Recent strategies have focused on designing gRNAs that target the long terminal repeat (LTR) because 5’
and 3’ LTR symmetry can facilitate proviral excision. However, the promiscuity of CRISPR-Cas9 gene editing system
necessitates the investigation of potential off-target effects. Here, potential gRNAs designed from HIV-1 phyloge-
netic subtypes using the CRISPRseek tool were investigated. Across the LTR, it was found that certain regions show
higher human homology than others. When using recommended cutoffs, 96.40% of gRNAs were predicted to
have no high probability off-target effects. Given this observation, while high-probability off-target effects are a
potential danger, they can be avoided with proper gRNA design.

Introduction
Despite recent advances in the treatment of human immu-
nodeficiency virus type 1 (HIV-1) infection and disease,
there is no cure. Antiretroviral therapy (ART) is utilized
to help mitigate symptoms and impede viral spread within
the body.' Because ART targets multiple aspects of the
replication cycle of HIV-1, patient viral loads can be sup-
pressed to undetectable levels in the peripheral blood.?
However, ART cannot remove the integrated HIV-1 ge-
nome from latently infected cells. This means that ART
cannot cure HIV-1 infection and necessitates a lifelong
dependence on this therapy.2

With the discovery of CRISPR*-Cas9, we can now
remove the latent HIV-1 proviral genome from infected
cells. While there are multiple strategies for targeting
HIV-1, the symmetrical nature of the HIV-1 5" and 3’
long terminal repeat (LTR) sequences makes the LTR an
ideal target. Because of this symmetry, a gRNA that targets
a sequence in the 5" LTR will also target the mirrored se-
quence in the 3’ LTR.? If both ends were to be simulta-

*Clustered Regularly Interspaced Short Palindromic Repeats.

neously cleaved by two Cas9 enzymes, the provirus
could be excised from the cell and provide a sterilizing
cure for HIV infection. Even without excision, the LTR con-
tains many transcription factor binding sites (TFBS)*™"!
that could impair HIV transcription if altered, thereby
preventing the infected cell from escaping latency.
Multiple experimental systems have been developed
using the Streptococcus pyogenes Cas9 (SpCas9) system
in an attempt to cure HIV-1. Studies have focused on edit-
ing human genes that facilitate HIV-1 entry such as
CCR5"*"3 and CXCR4."*'> Others targeted gag/pol, two
genes essential for viral replication,16 or have targeted
the promoter region with the intention of disrupting tran-
scription.'” Alternatively, the CRISPR-Cas9 system has
also been utilized to induce HIV-1 reactivation as part
of the “shock and kill” cure strategy.'®' However, be-
cause of the symmetric nature of the HIV-1 LTRs, others
have focused on using double-stranded breaks on oppo-
site sides of the genome to excise the HIV-1 genome
completely.zo’21 The field has also begun to consider
the effects of interpatient HIV-1 genetic variation in an at-
tempt to develop a broad spectrum targeting anti-HIV-1
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gRNA .*>% To date, there has been little exploration of the
potential off-target effects of an HIV-1-targeted Cas9 ap-
plication. The accidental alteration of host DNA could
be detrimental to the patient’s survival, even if HIV-1
provirus were excised in the process. This necessitates
intense investigation of the potential off-target effects
of any CRISPR-Cas9 therapeutic strategy and the selec-
tion of an ideal gRNA template that would minimize
off-target effects.

Anecdotally, it has been proposed that a likely source
of off-target effects from an anti-HIV CRISPR-Cas9 ther-
apy is human endogenous retroviral (HERV) 5’ LTRs or
human TFBS that are similar to HIV-1 TFBS. HIV-1 and
HERVs share a similar structure and genomic composi-
tion because of their retroviral origins. Additionally,
HIV-1 Tat has been shown to initiate HERV-K and
HERV-W transcription.”**> This implies that HERV 5’
LTRs might be similar enough to be cleaved by a
SpCas9 utilizing a gRNA intended for HIV-1’s 5" LTR.
The proviral LTR also recruits transcription factors
intended for human binding sites; this implies that a
gRNA targeting such a site might hit the human TFBS.

In order to address these concerns, a thorough in silico
analysis of potential targets of anti-HIV CRISPR-Cas9
therapy was performed. gRNA templates were designed
from every possible 20-mer from a collection of patient
HIV-1 5" LTR sequences. The human genome was then
scanned for potential off-target effects. To investigate
these off-target effects, two questions were asked. First,
are some chromosomes more prone to off-target effects
than others? Second, are there regions of the LTR that
when they are used as a template to design effective
anti-HIV-1 gRNA they result in identifiable off-target
effects? The answers to these questions should inform
future gRNA design and minimize the possible off-
target effects of any CRISPR-Cas9 excision therapeutic
strategy.

Materials and Methods

In order to account for the worldwide genetic variability
of HIV-1, many different subtype sequences and groups
were used as queries from the Los Alamos National Lab-
oratory’s (LANL) HIV-1 Sequence Database.”® To ac-
count for all gRNA design strategies, 5" LTR sequences
were gathered, and all possible 20-mer segments were
constructed. It is known that the efficiency of gRNA
cleavage decreases in a non-linear manner as the number
of gRNA-to-DNA mismatches increases. This is espe-
cially true for mismatches that reside near the PAM.?’
To account for this, the CRISPRseek tool (v1.16.0)*®
was used to examine these 20-mer segments for human
homology, cutting frequency domain (CFD) score, and
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PAM presence to determine where the human genome
is most similar to the HIV-1 5" LTR.

A clipped and unaligned FASTA file containing the 5’
LTR sequences of all available HIV-1 subtypes/groups
and HXB2 was downloaded from the LANL HIV-1
Sequence Database on October 19, 2017. This file was
acquired from the ‘“‘Sequence Search Interface” Web
page where the ‘“‘genomic region” section was changed
to “5’ LTR.” Five HIV-1 5 LTR sequences were randomly
selected from each subtype/group that had at least five
available sequences along with the HXB2 5’ LTR. We spe-
cifically chose to have an equal representation of each HIV-
1 subtype in order to weight genetic variation more evenly
that occurs across all HIV-1-infected individuals. Addition-
ally, the HIV-1 5" LTR contains highly conserved regions
within HIV-1 subtypes. An ideal gRNA would be designed
to target these conserved regions for maximum on-target
activity and should appear in all HIV-1 5" LTRs. This file
was then used as an input for a multiple sequence alignment
using Clustal Omega (v1.2.4).%’ Positional values were then
mapped from the aligned HXB2 5" LTR sequence and were
ungapped to restore them to their original form.

CRISPRseek was used to search for off-target effects
in the human genome given different gRNA protospacers.
To assess the similarity between HIV and the human ge-
nome, the randomly selected HIV 5” LTR sequences
were split into all possible 20-mer segments, which
were processed using the CRISPRseek offTargetAnaly-
sis function where options were used as described for
human usage in scenario 5 in the CRISPRseek vignette.*
These parameters were selected for CRISPRseek to search
for off-target effects in the human genome, output their
location, and classify the location as an intron, exon, or
noncoding DNA. The maximum number of gRNA-to-DNA
mismatches was set to four, as any four mismatches would
result in a CFD score well below established cutoffs.
The outputs for these analyses were stored in OffTarget-
Analysis files.

From the CRISPRseek outputs, all off-target effects
were grouped together by chromosome location. The
total number of base pairs that comprised the off-target
effects for each chromosome were summed and divided
by the total length of the corresponding chromosome to
get the fraction of each chromosome that was similar to
the HIV-1 5" LTR. All outputs from the OffTargetAnal-
ysis files were also intersected with a HERV bed file con-
taining all HERV 5" LTR sequences in the human genome
(hg19)*! using BEDTools (v2.26.0).>* The HERYV file was
downloaded from UCSC genome browser> and parsed
from the repeatMasker track. After intersection, the same
process was applied to the HERV 5" LTRs to generate
the fraction of off-target effects that were comprised
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of HERV LTRs. Calculating these fractions was com-
pleted using in house Python scripts utilizing the BioPy-
thon (v1.68),>* pandas (v0.20.3),*® regex (v2017.12.12),%°
and NumPy (v1.13.3)*” external libraries. These results
were saved and plotted in R (v3.4.3)* using the readr
(v1.1.1),* ggplot2 (v2.2.1),*° reshape2 (v1.4.2),*' and
extrafont (v0.17)*? libraries to generate Figure 1. Libra-
ries used to run CRISPRseek include BSgenome.
Hsapiens.UCSC.hg19 (v1.4.0),*> TxDb.Hsapiens.UCSC.
hg19.knownGene (v3.3.2),* and org.Hs.eg.db (v3.4.D).%

HIV-1 position-specific analysis was performed using
the same CRISPRseek output files. Before all CRISP-
Rseek output files were combined, the mapped HXB2 po-
sition and HIV subtype/group label were appended to the
OffTargetAnalysis files. After concatenation, the file was
then modified to aggregate the total number of hits that
shared the same name, subtype, and HXB2 position.
These were again aggregated for the mean number of
hits shared by each subtype and position and compiled
into a heat map. To determine the fraction of PAM se-
quences at each HXB2 position, the number of hits in
the concatenated OffTargetAnalysis file was aggregated
by unique gRNA sequences and HXB2 positions. A 20-
mer was then assigned a PAM status if a ““CCN”’ pattern
was found in the first 10 base pairs of the gRNA or a
“NGG” pattern in the last 10 base pairs of the gRNA.
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After assignment, the mean PAM composition was ag-
gregated by HXB?2 position. The R libraries used to run
the CRISPRseek script were as described in the above
paragraph. Additional external R libraries used to generate
the heat map were readr, ggplot2, zoo (vl 8-0),%¢ gridExtra
(v2.2.1),*" extrafont, and cowplot (v0.7.0)*® libraries.
These off-target hits were subjected to filters that main-
tained off-target effects if the hit had a CFD score =0.70,
a gRNA efficacy 20.50, and the gRNA target resided in a
region where all corresponding 20-mers had a PAM se-
quence. The off-target effects were totaled, and the propor-
tion of off-target effects found in exons, introns, and non-
coding DNA were calculated. To calculate the proportion
of off-target effects residing in promoters, all human pro-
moters were downloaded from the Eukaryotic Promoter
Database® and were defined as up to —2,000 bps from
and +50 bps beyond the transcription start site. These
were intersected with the off-target file to find the number
of off-target effects that resided in promoters. These
proportions were then organized into a pie chart. After-
ward, the gRNAs that generated these off-target effects
were counted and binned based on whether the gRNAs
generated one, two, or more than three off-target effects.
These numbers were aggregated and subtracted from the
total number of unique gRNAs that were subjected to the
CRISPRseek pipeline to find the number of gRNAs with
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FIG. 1.

Human chromosomes show a low similarity to the human immunodeficiency virus type 1 (HIV-1) 5" long

terminal repeat (LTR) sequence and human endogenous retroviral 5" LTRs comprise a small fraction of off-target
effects. The fraction of each chromosome that shares a high sequence similarity to the HIV-1 5" LTR is shown.
The dashed line indicates the average proportion of sequences similar to the HIV 5" LTR within each chromosome is

0.0563 (5.63%).
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no off-target effects. The proportion of gRNAs with off-
target effects was calculated and organized in a pie chart.

Results
A total of 732 5" LTR sequences were downloaded from
LANL. However, only subtypes A, B, C, D, F, G, and
group O had at least five 5" LTR sequences in LANL,
so these were the only subtypes/groups considered for
further analysis. Five 5" LTRs were randomly selected
from these subtypes/groups, yielding a total of 35 5
LTR sequences used for analysis (Table 1). From these
sequences, a total of 21,525 gRNA templates were gener-
ated, where 11,959 of those templates were unique.
Searching for sequences that share common sequence
composition within the HIV-1 5" LTR revealed that only
5.63% of the genome is similar to the HIV-1 LTR

Table 1. Summary of 5° Long Terminal Repeat Sequences
Downloaded from Los Alamos National Laboratory
by Group and Subtype

Number

of 5 LTR
Subtype/ sequences
group  downloaded

LANL sample IDs
(subtype.country.year.name-accession)

M

A 30 A1.RW.1993.93RW037A.AB287379
A1.UG.1992.92UG037_A40.AB253429
A1.UG.-.UG275.AB485632
A1.RW.1994.94RW13.AF196742

A1.RW.1992.92RW008.AB253422

B.ES.1989.561_K1p21.HM469982
B.US.2004.ES10-53.EF363127
B.JP.-.DR1712.AB604947
B.ES.1989.E1_5p11.GQ386793
B.JP.2008.NMC104_clone_01.AB731663

C.KE.1997.97KE46.AF196733
C.ZM.1989.ZAM18.AB485645
C.ZA.1989.pZAC_R3714.JN188292
C.ZA.2007.704010042_CH042.m06.KC156124
C.MW.2007.703010167_CH167.w8. KC156213

D.UG.1991.UG270.AB485651
D.UG.2007.pSC191727.JX236679
D.CD.2002.LA18ZiAn.KU168272
D.UG.2005.p190049.1X236668
D.CD.1985.7Z276_72_CDC_Z34.M22639

F1.RO.1996.BCI_R07.AB485659
F1.RO.1996.BCI_R07.AB485658
F1.RO.2003.LA20DuCl.KU168274
F1.R0O.1997.97R0203.AF196763
F1.BR.1990.BZ163.AB485657

G.CD.2003.LA23LiEd.KU168277
G.A0.1997.97AN20.AF196748
G.CM.2003.CM44-10.KU168302
G.GH.2003.03GH175G.AB287004
G.-.1993.93CB76.AF196747

0.CM.-.pCMO2_5.AY 623602
0.US.-.1_2478B.AB485669
0O.FR.2006.LA55RBF206.KU168298
O.FR.1999.LA54BCF120.KU168297
O.FR.1998.LA30RBF125.KU168282

B 245
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(Fig. 1). The distribution of HIV-1-like sequence across
each chromosome appears to be stable throughout all
chromosomes, with a standard deviation of 1.00%. Inter-
secting these off-target locations with known HERV LTR
locations reveals that HERV 5" LTRs only account for a
small portion of generated off-target effects in this initial
analysis. On average, HERV 5" LTR sequences comprise
0.08% of potential off-target effects from CRISPR-Cas9
gRNAs. Of the off-target effects arising from HERV 5
LTR sequences, only 8.55% of those effects come from
HERV-K 5° LTR sequences, which corresponds to
0.0068% of total off-target effects.

Examining the locations on the HIV-1 LTR of gRNAs
for potential off-target effects revealed both subtype-
specific as well as region-specific patterns (Fig. 2A and
B). For example, gRNAs designed against subtypes B
and C have low likelihoods of off-target effects when tar-
geting near ETS1, while gRNAs designed against sub-
types D or F would likely have off-target effects
(Fig. 2A, box 1). Another type of pattern would be posi-
tions that show low homology across all subtypes and
groups. For example, the first two AP-1 TFBS, NF-xB,
ATF/CREB, GRE, and C/EBP show the lowest amount
of human homology across all subtypes and groups
(Fig. 2A, less color, and Fig. 2B, low troughs, box 2).
The last type of pattern would be regions that show
higher proportions of off-target effects across all main-
tained subtypes and groups (peaks in Fig. 2B) with high
conservation of PAM sequences (peaks in Fig. 2C), as ob-
served in the Spl and TAR regions (Fig. 2C, box 3).
Since PAM sequences are required to achieve cleavage,
positions where all sequences at each position containing
a PAM sequence (Fig. 2C) are highlighted in the graph.

Filtering these CRISPRseek potential off-target hits to
maintain only those with a high probability (gRNA effi-
cacy 20.50, CFD score >0.70, PAM conservation = 1.00)
revealed that only 326 of the predicted off-target effects
were maintained. These off-target effects originated
from 149 unique gRNAs. However, given that 4,114 of
the unique gRNAs were considered viable for a CRISPR-
Cas9 treatment, this means that 96.40% of the viable
gRNAs are predicted to generate no off-target effects
(Fig. 3A). Of the 326 off-target effects, only 14 (4.29%)
of them were exonic (Fig. 3B). Eight of the off-target ef-
fects resided in targeted promoter regions, 189 (57.98%)
resided in other non-coding DNA, and 118 (36.20%) off-
target hits targeted introns. Due to the chosen promoter
size, three of the eight off-target effects that hit promoters
also resided in introns (two off-target) or exons (one off-
target). A complete list of exonic off-target effects is pro-
vided in Table 2. A complete list of off-target effects in
promoters is provided in Table 3. A list of all off-target
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FIG. 2. Different HIV subtypes show a distinct yet slightly overlapping pattern of similarity to the human genome.

The top of the graph shows a map of the 5’ LTR with selected transcription factor binding site locations. (A) Each
heat map tile corresponds to the log10 transform of the average number of homologous human regions of the
gRNA. Darker shades of blue indicate a greater number of off-target hits at a particular location. Black tiles indicate
that no sequence information is available due to a gap in the reference sequences. (B) Each dot represents the
log10 transform of the total number of hits across all subtypes used in (A), with the purple line indicating a 10-
sized rolling average window. Blue shading in the background represents areas where all 20-mers for that position
contain a PAM sequence. (C) Each dot represents the proportion of 20-mers that contain a PAM sequence. The
orange line represents a 10-sized rolling average window. Blue shading in the background represents areas where
all 20-mers for that position contain a PAM sequence. Boxes 1, 2, and 3 highlight specific examples presented in

the Results section.

effects can be found in Supplementary Table S1 (Supple-
mentary Data are available online at www.liebertpub
.com/crispr).

Discussion

Overall, these studies predict that there are few gRNAs
that likely exhibit off-target effects from targeting the
HIV-1 5" LTR with gRNAs for CRISPR-Cas9-based
gene editing therapy. From this analysis, most off-target
sequences have a small, predicted cleavage score when
searched across the human genome, implying that the

probability of Cas9 cleaving those sites of the human ge-
nome is very low. Predicted cleavage scores are gener-
ated from overall sequence-to-gRNA homology and
mismatch position alone, but there are other factors that
contribute to gRNA cleavage ability such as low or
high GC content and position-specific base composi-
tion.’® When these factors are taken into account, it
seems that these gRNAs are predicted to be inefficiently
utilized by SpCas9, which results in inefficient cleavage,
even when a high sequence-to-gRNA similarity has been
identified.
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FIG. 3. The majority (96.40%) of tested gRNA templates do not cause any off-target effects, and very few exonic
off-target effects exist. (A) The total number of gRNAs with predicted off-target cleavage was calculated to be 149
of the 4,114 viable gRNAs that were created, which corresponds to 3.60% of the tested gRNAs. Eighty-five of the

gRNAs only have one off-target effect (2.06% of all gRNAs),

33 (0.80%) of the gRNAs have two off-target effects,

and 31 of the gRNAs have three or more off-target effects (range 3-24; median=4). (B) These 149 gRNAs generate
326 off-target effects. Fourteen off-target effects targeted exons (4.29% of all off-targets), 118 (36.20%) targeted
introns, and 189 (57.98%) targeted noncoding DNA. Eight of them generated off-target effects in promoter regions,
but three of the eight hit within exons or introns. Within the pie chart, those were counted in either exonic or
intronic off-target effects, so 5 (1.53%) hit within non-coding DNA.

The dissimilarity between HERV 5’ LTRs and HIV 5’
LTRs might be because of accumulated mutations within
HERYV sequences. Most HERV sequences have lost their
ability to guide transcription through random muta-
tions.>! Many years of evolution would make a spectrum

of active promoter competent HIV 5” LTRs substantially
different from HERV 5" LTRs. The cross-activation of
HERV-K and HERV-W by HIV-1 Tat is likely explained
by sequence homology shorter than the 20-mer homology
required by Cas9 systems. While TAR is 58 nucleotides,

Table 2. High Probability Exonic Off-Target Effect Locations from Designed gRNA Templates

Sample Position gRNA template Gene UCSC coordinates CFD score Mismatches gRNA efficacy
Al- AB287379 105 ACCAGGGCCAGGAATCAGAT VANGL2 chr1:160370369-160370391 0.758 4 0.624
G-KU168277 375  GGACTTTCCGGGGAGGCGTG GLIPR2 chr9:36144888-36144910 0.737 4 0.520
D- KU168272 374  GGACTTTCCGGGGAGGCGTG GLIPR2 chr9:36144888-36144910 0.737 4 0.520
A1-AF196742 600 AGAGATACCTCAGACCAGTG SVOP chr12:109366191-109366213 0.738 4 0.644
A1-AF196742 103  ACACCAGGACCAGGGCCCAG NTSRI chr20:61393217-61393239 0.867 3 0.617
C-KC156124 112 CCAGGGGTCAGATTTCCGCT FAM90AI chr12:8374111-8374133 0.721 3 0914
C-KC156124 112 CCAGGGGTCAGATTTCCGCT FAM90A25P chr8:12272282-12272304 0.721 3 0.914
C-KC156124 112 CCAGGGGTCAGATTTCCGCT FAM90A7P  chr8:7413915-7413937 0.721 3 0914
C-KC156124 112 CCAGGGGTCAGATTTCCGCT FAMY90A7P  chr8:7421565-7421587 0.721 3 0914
D-JX236668 373  GGGACTTTCCAGGGAGGAGT CCDCI36 chr7:128455924-128455946 0.867 2 0.505
0-KU168297 157  GTGCCAGTAACAAAAGAGGA WDR78 chr1:67299340-67299362 0.714 2 0.628
B-AB731663 544  TTGCCTTGAGTGCTTTAAAG CEP41 chr7:130035972-130035994 0.700 4 0.584
D-M22639 374  GGACTTTCCGGGGAGGCGTG GLIPR2 chr9:36144888-36144910 0.737 4 0.520
F1-AB485657 382 CCAGAGGGCGGGCCAGAGGG LOXI4 chr10:100022646-100022668 0.875 4 0.551
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E 3 E 5 S é 5 s ence genome, as it does not reflect the genomic composi-
g §/0358%8%% &£ tion of any individual patient. Small differences between
£ SO2UE28 = non of any P
) :z‘: £9 9083 9 individuals can lead to unforeseen off-target effects.
= e % E § % % § § 5 Understanding how to account for patient specific single-
g S E 8588¢Y é nucleotide polymorphisms is an open question in the field
= ORUQY<LQU O of in silico off-target searching. Furthermore, it is impor-
3 O0<BU<0O O get: g _ p
8 5 tant to note that while CRISPR-Cas9 scoring matrixes
E 212280888 S have been shown to correlate with in vitro cleavage
= < events, they do not perfectly predict cleavage events.
o) S8 2z S 5 2 g One proposed reason for this discrepancy is that these
el o | Bm 2838 8 = matrixes do not account for the chromatin architecture
_% E— 9%%2% 2 e % surrounding the cleavage site, which has been shown
= FlVadALdr = to hinder CRISPR-Cas9 cleavage efficiency.®'®* The
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discrepancies between in silico prediction and in vitro be-
havior demonstrates that in silico predictions must be
verified in vitro with unbiased off-target detection meth-
ods such as GUIDE-seq® or CIRCLE-seq,** which may
have to be performed on an patient basis to rule out
individual-specific off-target effects.

Conclusions

The results from this research bode well for the potential
of a CRISPR-Cas9-mediated HIV-1 therapeutic strategy.
With few predicted worrisome gRNA templates, re-
searchers are free to target most sections of the LTR
that they propose would be advantageous for CRISPR-
Cas9 gene therapy. However, it is important to remember
that these off-target predictions were performed in silico
and with a reference genome. In the search for a gRNA
template that causes minimal off-target effects, it will
be critical that the gRNA be tested against patient sam-
ples to confirm these in silico predictions.
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