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Abstract

The CRISPR/Cas system has emerged as a powerful tool for the precise
modification of DNA in mammalian systems. In addition to the robust utility of Cas9
loaded with its cognate single guide RNA (sgRNA) to modify cellular DNA targets,
there is great interest in using this system to target the DNA of viral targets. Human
immunodeficiency virus type 1 (HIV-1) remains a major human pathogen with currently
no curative therapy available and serves as an ideal target for disruption through
CRISPR/Cas. Indeed, multiple reports have demonstrated the effectiveness of the
CRISPR/Cas system to impair the ability of HIV-1 to successfully replicate. However,
there is now evidence that this repression is not permanent, with HIV-1 being to escape
Cas9-mediated inhibition through mutation of the target site. Here, we demonstrate
through in vitro cell culture assays that not only is CRISPR/Cas an effective tool to inhibit
de novo HIV-1 infection and that cleavage of the proviral DNA occurs both before and
after integration, but that targeting of the highly conserved TAR stem-loop structure can
prevent HIV-1 breakthrough replication.

In addition to targeting HIV-1, multiple reports have demonstrated the
effectiveness of targeting other DNA viruses in vitro. There is now significant
enthusiasm for translating these studies into an in vivo setting. Thus, the development of
vector technology that can effectively deliver the Cas9 and sgRNA components to target
cells in vivo is of critical importance. The most likely vectors for these studies would be

adeno-associated virus (AAV) vectors due to their potent ability to transduce various

iv



tissue types in vivo. Unfortunately, AAV vectors are hampered by a strict packaging
limit and, given the large size of the Cas9 protein, technology that can aid in overcoming
this barrier is necessary. Here, we characterize a novel and compact method of sgRNA
expression using tRNAs as promoters. With this method, the sgRNA is initially
transcribed as a long precursor transcript that is subsequently cleaved by tRNAse Z,
liberating the mature sgRNA where it is loaded into Cas9. Importantly, these sgRNAs
are able to guide Cas9 to a target sequence to an equivalent degree compared to sgRNAs
expressed from a canonical, and substantially larger, U6 promoter. These findings
should greatly facilitate the development of AAV vector technology that can efficiently

deliver CRISPR/Cas components to target cells for in vivo studies.
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1. Introduction
1.1 Human Immunodeficiency Virus

Human immunodeficiency virus type 1 (HIV-1), a human lentivirus, infects more
than 35 million people worldwide [1]. HIV-1 infection is characterized by a progressive
loss of CD4+ T-cells and the eventual progression to AIDS [2-4]. Infection is primarily
spread through sexual intercourse, but can also be transmitted through behaviors
involving infected blood samples, such as needle sharing during intravenous drug use.
As with all retroviruses, a defining aspect of the biology of HIV-1 is the ability to stably
integrate a copy of its genome into the host chromosome. This feature makes designing
curative treatment for retroviral infection immensely challenging. As such, currently no
cure exists for HIV-1 infection. However, infection can be controlled through the use of
antiretroviral drugs, known combinatorially as Highly Active Antiretroviral Therapy or
HAART. Unfortunately, these drugs do not eradicate HIV-1 and lifelong treatment is
required. Thus, there is great interest in developing technology that can destroy or
inactivate the integrated HIV-1 DNA.
1.1.1 Genome Organization of HIV-1

The genome of HIV-1 consists of a single strand of RNA that is approximately
9.8kb in length [5]. Each HIV-1 virion contains two copies of the genomic RNA and is
thus considered pseudodiploid [6]. Like all retroviruses, HIV-1 encodes the primary
structural and enzymatic proteins via the gag, pol, and env genes. The products of these

genes are initially synthesized as polyprotein precursors and are subsequently processed



by either viral or cellular proteases to generate mature, virion-associated proteins [7]. In
addition to gag, pol, and env HIV-1 also encodes multiple accessory proteins namely tat,
rev, vpu, vpr, vif, and nef which play crucial roles in regulating the virus life cycle as well
as avoiding the host intrinsic immune responses. The specific functions of some of these
accessory proteins will be discussed in further detail below. The viral transcripts
encoding these proteins are generated through a complex splicing pattern using the
canonical host machinery [8]. The genome of HIV-1 also contains important cis-acting
elements that are critical for many processes during the virus life cycle such as reverse
transcription, transcription, nuclear export, and virion assembly. Similarly, the function
of these elements will be discussed in more detail below.
1.1.2 The HIV-1 Infection Cycle

HIV-1 infection begins through the selective binding of the virion to the target
cell via interactions between the viral envelope glycoprotein gp120 and the cellular
surface receptor CD4 and co-receptor CCR5 or CXCR4 [9-12]. Following this interaction,
a conformational change occurs allowing the viral fusion protein gp41 to fuse with the
cell membrane [13]. Following fusion, the virus core is released into the cytosol where
the processes of uncoating and reverse transcription occur. Reverse transcription,
mediated via the viral reverse transcriptase (RT), converts the viral genomic RNA into a
DNA copy. After reverse transcription, the nascent proviral DNA, in association with
various factors of both viral and cellular origin, is imported into the nucleus where

integration occurs. Integration is the process by which the proviral DNA is integrated



into the cellular genome via the viral integrase (IN). The stable integration of the viral
DNA into the host genome forms what is known as the “provirus” and serves as the
template for transcription of viral RNA.

Transcription of HIV-1 RNAs is regulated through sequence elements at either
end of the provirus known as the viral long terminal repeats or LTRs. Transcription is
mediated through promoter elements, which function within the context of the 5" LTR,
and serve to recruit the cellular pol II transcription machinery. A poly (A) addition
sequence acts at the 3" LTR [14-16]. The efficiency of transcription is also highly
regulated through the viral Tat protein and TAR RNA present at the 5" end of all viral
RNAs and discussed in more detail below [17]. Concurrent with transcription, HIV-1
RNAs are capped, poly-adenylated, and spliced followed by nuclear export and
translation via canonical host machinery. Nuclear export of unspliced or incompletely
spliced viral transcripts is facilitated by the viral Rev protein which interacts with a
specific sequence element on viral transcripts known as the rev response element or RRE
[18].

Transcription followed by translation of HIV-1 RNAs results in the formation of
HIV-1 structural proteins where they accumulate at the cell membrane for the processes
of virion assembly, budding, and maturation [19]. These processes are heavily
coordinated through the viral Gag polyprotein. Gag binds to specific regions of the full
length HIV-1 genomic RNA and directs it toward the cell membrane where it is

packaged into nascent virions [20,21]. Following assembly, the immature virion buds off



from the host cell thus incorporating the host cell lipid membrane as a viral envelope
[19]. In addition to the viral components, the HIV-1 virion also contains a subset of
cellular factors, most notably tRNAL*3, which is a critical factor for the initiation of
reverse transcription [22]. Concomitant with budding, enzymatic cleavage of the gag
and gag-pol polyproteins through the viral protease results in the formation of mature
viral proteins that undergo crucial conformational changes leading to the formation of
the mature HIV-1 virion where the infection cycle can be reinitiated [7,23].
1.1.3 Reverse Transcription

Reverse transcription is the process of converting the HIV-1 genomic RNA into a
DNA copy and is mediated through the enzymatic activity of the HIV-1 RT. Reverse
transcription was originally thought to begin immediately after uncoating, however,
more recent data indicates that these processes are linked [24,25]. Reverse transcription
takes place within the reverse transcription complex (RTC), which consists of not only
RNA and RT, but also the viral CA, NC, IN, and Vpr proteins [26]. Both copies of the
RNA genome present in the virion can be used as template by RT to generate a fully
functional provirus [27]. The process of reverse transcription is similar to other
retroviruses and takes place in a series of coordinated steps that are described below
[28].
Formation of Minus Strand Strong Stop DNA
Cellular tRNAY3 binds to the primer binding site (pbs) located near the 5 end of the
viral genomic RNA, which initiates minus strand DNA synthesis all the way to 5" end of

the genomic RNA [29]. This generates the U5 and R DNA sequence elements.
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First Translocation

The RNase H activity of RT degrades the RNA in the DNA:RNA hybrid formed as a
result of strong stop DNA synthesis. The minus strand strong stop DNA then
translocates to the 3’ end of genomic RNA via complementary annealing of the R

sequences [27].

Long Minus-Strand DNA Synthesis

Annealing of the R sequences allows for efficient priming for the continuation of minus
strand DNA synthesis all the way to the 5" end of the genomic RNA. As before, RNase H
degrades the RNA within the DNA:RNA hybrid.

Initiation of Plus Strand DNA Synthesis

A short purine rich RNA sequence (ppt) near the 3’ end of the genome is resistant to
RNase H activity and serves as the primer to initiate plus strand synthesis by annealing
to complementary sequences on the minus strand [30]. Synthesis of plus strand DNA
proceeds all the way through the 5" end of the minus strand template as well as partially
through the tRN A3 primer. This intermediate DNA species is known as plus strand
strong-stop DNA. In HIV-1, a second internal initiation site for plus strand synthesis,
known as the central ppt, is important for completion of reverse transcription [31].

Second Translocation

The tRN A3 primer is removed via RNase H activity, exposing the primer binding site
on the plus strand DNA and allowing pairing with the 3’ end of the minus strand DNA.
This pairing results in the elongation of plus strand DNA. Thus, synthesis of both

strands of DNA is completed [32].



Importantly, as a consequence of reverse transcription, LTRs consisting of the
U3, R, and U5 regions have been created at both ends of the provirus and are critical for
integration as well as regulation of transcription.

1.1.4 Integration

Immediately following reverse transcription the provirus associates with the pre-
integration complex (PIC), which consists of both viral and cellular proteins, and is
trafficked through the cytosol and imported into the nucleus where it is spliced into the
host genome [33,34]. Within the PIC, the ends of the provirus are bound to a tetramer of
IN, which recognizes the viral att sites; small imperfect inverted repeats present on the 5’
and 3’ LTRs [35,36]. Unlike other retroviruses, lentiviruses such as HIV-1 are capable of
infecting non-dividing cells through what is thought to be their ability to promote active
nuclear transport. The precise mechanism underlying this ability is unclear although
there is compelling evidence CA is involved [37].

Integration of HIV-1 is not site specific and occurs randomly throughout the host
genome. However, there is evidence that integration is favored at regions with high
transcriptional activity [38]. The integration process begins with the 3" end processing of
the LTRs by IN. This results in the removal of the two nucleotides immediately
downstream from an invariant CA dinucleotide, leading to the generation of a pre-
integration substrate with recessed ends. Second, IN catalyzes a staggered cleavage in

the cellular target DNA. The 3’ recessed ends of viral DNA are joined to the 5’ termini of



the cleaved cellular DNA. Finally, cellular machinery fills in the sequence gap
completing the integration process [39].
1.1.5 Transcription Regulation of HIV-1

Transcription of the provirus begins immediately after integration and is entirely
regulated through the viral LTRs [14,16]. The HIV-1 transcriptional promoter and
associated regulatory elements are located within the U3 region and function within the
context of the 5" LTR. In addition to the TATA box, the LTR promoter contains three
tandem SP1 binding sites, which serve to recruit TFIID and the preinitiation complex
[40,41]. In addition to the core promoter, the LTR also has two NF-kB binding sites and a
single AP-1 binding site, which serve as enhancer regions to boost the level of
transcription [15].

In addition to the cellular transcription machinery, HIV-1 also requires viral
transacting elements in order for transcription to proceed efficiently [42]. The
transcription start site is defined as the first nucleotide of the R region, and once
initiated, RNA pol II synthesizes a 59 nt RNA stem-loop that is present at the 5" end of
all viral transcripts [43]. This RNA is known as the transactivation-response (TAR)
element and, along with its binding partner, the viral accessory protein Tat, plays a
critical role in viral gene expression. In the absence of either Tat or TAR, transcription
across the provirus is stalled and non-processive [44,45]. Tat is a small 86 amino acid
viral protein that consists of a cysteine rich N-terminal effector domain and a Lys/Arg

rich RNA binding domain [46,47]. TAR is a highly structured RNA containing three



critical components; a base paired stem structure, a trinucleotide UCU bulge, and a
hexanucleotide G rich loop [48]. Tat, along with its essential cofactor, the elongation
factor pTEFb, binds to the bulge and loop region of TAR, respectively [49,50]. This
interaction allows the pTEFb-associated kinase CDK9 to phosphorylate the C-terminal
domain of RNA pol II enabling the efficient and processive transcription across the
provirus [51,52]. Importantly, the bulge and loop regions of TAR are highly sensitive to
mutation and small mutations can lead to the abrogation of the transactivation
phenotype and the complete shutdown of HIV-1 transcription [53-55]. Thus, the
Tat/TAR interaction serves as an ideal target for disruption in designing therapies for

HIV-1 infection.

1.2 The CRISPR/Cas System

Since the advent of molecular biology researchers have sought to develop
technology capable of modifying or otherwise manipulating the genome. The precise
modification of genes has been possible for decades in some model systems such as in
yeast, worms, and flies. However, technology that could successfully edit the genome of
mammalian systems was sorely lacking. Fortunately, in the last decade there has been a
rapid development of gene editing technology that has greatly facilitated the precise
modification of genes in mammalian systems. Perhaps none of these technologies has
been as impactful as the recently developed CRISPR/Cas system thanks to its ease of use,

manageable size, specificity, and efficacy.



1.2.1 Origins in Bacterial Inmunity

The Clustered Regularly Interspaced Short Palindromic Repeats or “CRISPR”
system was initially identified as an adaptive immune system in bacteria [56], and acts
in three general stages. First, fragments of DNA from invading bacteriophages and
plasmids are integrated into the bacterial chromosome as unique spacer sequences
interspaced between short DNA sequence repeats within a larger CRISPR locus [57,58].
Second, transcription of this locus leads to the formation of the pre-crRNA, which is
subsequently processed by CRISPR associated (Cas) proteins and other host factors [59].
Finally, interference occurs whereby the mature crRNA containing a unique spacer
sequence associates with Cas proteins and acts as a guide to target the complex to the
invading DNA, leading to its cleavage and destruction [60].

The current CRISPR/Cas technology used in gene editing is based of off the type
IT CRISPR system. In the type II system, an additional RNA, the trans-activating CRISPR
RNA (tracrRNA) hybridizes with the pre-crRNA, and is critical for correct processing
and maturation of the crRNA [61]. The large DNA endonuclease Cas9 recognizes the
hybridized pre-crRNA:tracrRNA complex and, along with RNase III, processes the RNA
into a mature crRNA:tracrRNA duplex where it is then loaded into Cas9 [61].
Importantly, in the type II CRISPR system, Cas9 loaded with the crRNA:tracrRNA
duplex is all that is required to mediate interference of the invading foreign DNA
[56,62]. In order to avoid cleavage of the bacterial chromosome, Cas9 discriminates

between self and non-self sequences through a small DNA motif known as the



protospacer adjacent motif (PAM). This small sequence is directly recognized by Cas9
and is present within the target sequence but not the spacer sequence [63].
1.2.2 Adaptation to Mammalian Cells

The type II CRISPR system was first identified as a potential gene editing
technology primarily because DNA targeting and cleavage is mediated solely by Cas9
paired with its cognate guide RNA. The first CRISPR/Cas system adapted to mammalian
cells was derived from the bacteria Streptococcus pyogenes (Sp) and has historically served
as the platform for most CRISPR/Cas based gene editing [64]. Two of the most important
innovations in adapting the CRISPR/Cas system to be used as a gene editing system in
mammalian cells was the discovery that, following codon optimization, SpCas9 could be
efficiently expressed in mammalian cells and that the crRNA:tracrRNA duplex could be
fused to form a single guide RNA (sgRNA) that maintained its ability to guide SpCas9 to
its target DNA sequence [64,65]. Described below are the two components of the
CRISPR/Cas gene editing system in mammalian cells; the DNA endonuclease Cas9 and

its cognate RNA partner, the sgRNA.

The Single Guide RNA

As mentioned above, a key factor in Type II CRISPR systems is the necessity of
duplex formation between the crRNA and the tracrRNA [61]. In bacteria, maturation of
this duplex requires both Cas9 and RNase III [61]. However, it was subsequently found
that expression of bacterial RNase III was dispensable for maturation of the

crRNA:tracrRNA duplex in mammalian cells [65]. The first sgRNA contained the
10



minimal elements required for activity: the 5" end of the crRNA required for DNA
targeting specificity, a minimal region of base pairing between the 3’ end of the crRNA
and the 5" end of the tracrRNA, a 5-GAAA-3’ tetraloop to fuse the two RNA species
together, and a heavily truncated 3’ region of the tracrRNA [64]. Further research
revealed that extending the length of the 3’ end of the tracrRNA region resulted in
greater gene editing efficiency, likely due to the stabilizing effects of its heavily

structured 3’ end [66].

The first 20 nt of the sgRNA is the variable region that hybridizes to the target
DNA and, in addition to the PAM, defines the targeting specificity of Cas9. Specifically,
the PAM proximal 10-12 nt located at the 3’ of the sgRNA variable region is defined as
the so called seed-sequence and is critical for DNA target recognition and cleavage
[66,67]. After the variable region, the sgRNA contains structural regions that do not
change with different DNA targets. The first is a stem loop structure consisting of a
lower stem and an upper stem separated by a bulge that forms as a result of base pairing
interaction between the crRNA and tracrRNA regions with the loop resulting from the
artificial 5'-GAAA-3’ tetraloop. This stem loop is relatively tolerant to mutation and
requires severe structural alterations to abrogate Cas9 mediated cleavage in cells [68].
Directly 3’ to this region is an additional small stem loop structure known as the nexus
as well as two hairpin structures [68]. These structures are critical for recognition by
Cas9 and are significantly less tolerant to mutation as opposed to the 5" stem loop

structure [68,69].
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The Cas9 Enzyme

As mentioned above, Cas9 is the only protein required to mediate the DNA
interference stage in bacterial type II CRISPR systems. In the absence of an sgRNA, Cas9
adopts an inactive state where it weakly binds DNA non-specifically [70]. Once Cas9
complexes with the sgRNA, a large conformational shift occurs allowing Cas9 to
recognize and interrogate DNA sequence [70]. Initially, Cas9 scans DNA until it
encounters a PAM sequence. The native PAM for the commonly used SpCas9 is 5-NGG-
3" where N is any of the four nucleotide bases [71]. Upon PAM recognition, an
additional conformational change occurs that destabilizes the adjacent DNA duplex and
facilitates Watson-Crick base pairing between the 5" end of the sgRNA and target DNA
strand [72]. Upon PAM recognition and subsequent RNA-DNA duplex formation, the
Cas9 enzyme is activated for DNA cleavage and induces a blunt dsDNA cut 3 nt 5" to
the PAM sequence [64]. Cas9 contains both HNH and a RuvC-like nuclease domains.
Each of these nuclease domains is responsible for cleaving a single strand of DNA
following target recognition [64,73,74]. Mutating the catalytic sites in either of these
domains results in a Cas9 nickase that cleaves only one strand of DNA [64,65]. Similarly,
mutating both sites allows Cas9 to act as a specific DNA binding protein with no
nuclease activity and can be used to regulate transcription when fused with a
transcriptional activator or repressor [75]. Following Cas9 cleavage, the enzyme remains

tightly bound to the target DNA until cellular factors are able to displace it [70].
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Cellular DNA Repair

As mentioned above, Cas9 induces a blunt dsSDNA break at the target DNA
sequence. Once this event occurs, the cellular repair machinery recognizes the cleaved
DNA and repairs the break. Typically, the DNA break is repaired via the non-
homologous end joining pathway (NHE]), as this pathway is active at all stages of the
cell cycle [76]. In the NHE] pathway the blunt DNA ends are recognized by the Ku70
and Ku80 heterodimer and serves as a scaffold for the recruitment of the paired end
complex, which includes the DNA ligase XRCC4-ligase IV eventually resulting in the
ligation of the broken DNA ends [77]. Importantly for gene editing applications, NHE]
repair typically results in small nucleotide insertions or deletions (indels), which can
cause frameshift mutations if the target is within an open reading, frame (ORF) or
disruption of critical RNA secondary structure if a target is in a non-coding region.
Cellular repair can also be mediated via the homology directed repair (HDR) system.
However, HDR is only active during periods of DNA synthesis and requires a DNA
repair template to be present [78]. With the HDR system very specific mutations can be
introduced into the target locus by including the desired mutations within the repair

template.

1.3 Targeting HIV-1 With CRISPR/Cas Technology

Since the advent of HAART active replication of HIV-1 can be controlled in
patients and progression to AIDS is rare in many regions. Unfortunately, these

antiretroviral drugs leave the integrated provirus completely intact. In patients treated

13



with HAART, the initial steps in the HIV-1 replication cycle are blocked and
productively infected cells are gradually lost, resulting in complete inhibition of virus
replication. Unfortunately, some infected T-cells cycle into a resting, memory T-cell state
and in these resting cells, key transcription factors such as NF-kB and pTEFb are inactive
and any resident HIV-1 provirus can become transcriptionally quiescent, producing no
viral mRNAs or proteins [79]. Latency may be further stabilized by transcriptional
interference from flanking cellular gene promoters that inhibit the HIV-1 LTR promoter
in cis, and by formation of heterochromatin over the proviral integration site [80,81].
Memory T-cells are long lived, and latently HIV-1 infected memory T-cells can therefore
persist for decades, even in HAART treated patients. However, if the memory T-cell
encounters a cognate antigen, the T-cells can be activated resulting in induction of NF-
kB and pTEFb and transcriptional activation of the integrated HIV-1 provirus. This in
turn rekindles productive viral replication cycles leading, in patients who have stopped

HAART, to viral rebound [79].

Because latently HIV-1 infected cells do not produce any viral proteins, they
cannot be distinguished from uninfected memory T cells due to acquisition or loss of cell
surface markers. Previous efforts at the eradication of the latently HIV-1 infected
reservoir have therefore focused on activation of integrated latent proviruses using
drugs that act as histone deacetylase inhibitors, inhibitors of bromodomain proteins or
activators of protein kinase C [82-84]. This drug treatment is performed in the presence

of HAART, theoretically resulting in activation of latent proviruses and infected cell
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death without allowing HIV-1 spread. However, recent evidence suggests that drugs

with acceptable toxicity levels are only able to activate a subset of latently infected cells
and do not achieve clearance of the latent reservoir [85]. An alternative approach to the
elimination of latent HIV-1 proviruses is to use CRISPR/Cas technology that can cleave

and permanently inactivate proviruses.

Previous work has demonstrated the ability of Cas9 to target HIV-1 when paired
with an appropriate sgRNA [86]. Cleavage of the provirus has been observed in a
variety of infected cell types including primary CD4+ T-cells [87]. Furthermore, large
deletions and even excision of the entire provirus has been observed when Cas9 is
paired with sgRNAs targeting the viral LTRs, although this occurs at a low frequency
[86]. Importantly, expression of Cas9 and an sgRNA targeted against HIV-1 can also
effectively protect cells from incoming HIV-1 infection [88]. Whether the cleavage and/or
repair of the provirus occurs before or after integration is not currently known. Finally,
there has been some research into using CRISPR/Cas to target HIV-1 in a mouse model
in vivo. Researchers injected Tg26 transgenic mice, which contain an integrated provirus
with a large deletion in the gag and pol genes, with an adeno-associated virus (AAV)
vector expressing Cas9 and sgRNAs targeted against the viral LTR. The investigators
were able to observe robust excision of proviral DNA in a variety of different tissue
types [89]. While this serves as an important proof of principle study, much more in vivo
research needs to be done using conditions that more accurately reflect a native HIV-1

infection.
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While the CRISPR/Cas system has been demonstrated to be an effective means to
cleave and inactivate integrated provirus, as well as prevent incoming infection, there is
evidence that this repression is not permanent. Indeed, experiments have indicated that
HIV-1 is able to escape Cas9-mediated repression through mutation of the target site [90-
93]. Sequencing of the target site reveals indels that are indicative of NHE] repair such
that the mutation does not inhibit HIV-1 replication but blocks Cas9-mediated cleavage
[90]. Furthermore, HIV-1 RT is known to have low fidelity with a high error rate, which
likely contributes to the capacity of HIV-1 to escape repression [94]. However, targeting
multiple regions of the provirus by sgRNA multiplexing has been demonstrated to be an
effective means of halting HIV-1 breakthrough replication [95,96]. Finally, most of the
studies to date targeting HIV-1 with CRISPR/Cas have been performed using sgRNAs
that target open reading frames and non-coding regions of the provirus that are not well
conserved among virus isolates. Thus, there is considerable interest in targeting highly
conserved regions of the HIV-1 provirus such as the TAR element that is highly

intolerant of mutations [53-55].

1.4 CRISPR/Cas Delivery and Expression Technology
1.4.1 Delivery Systems

One of the greatest challenges in using CRISPR/Cas technology in vivo is
designing effective delivery methods that can not only effectively reach the target cells
of interest but also express Cas9 and sgRNAs at levels necessary for efficient activity.

While there have been a number of promising vector systems developed, each with their
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own advantages and limitations, perhaps the two most common are AAV and lentiviral

vector systems.

AAYV vectors are commonly used in many gene therapy applications. AAV is a
small non-pathogenic virus with a single stranded linear DNA genome that is ~4.7kb in
length [97]. AAV vectors are able to transduce a wide variety of solid tissue types in vivo
by pseudotyping the vector with various capsid serotypes [98]. In addition, as
recombinant AAV vectors do not integrate, expression of any transgenes is transient,
which can be advantageous in certain contexts [99]. Unfortunately, inoculation with an
AAV vector does stimulate a strong humoral immune response, thus any subsequent
inoculation must necessarily utilize a different AAV serotype [100]. Regardless,
numerous clinical trials have been undertaken using AAV vectors underscoring their

value as a gene therapy vector.

Lentiviral vectors are another popular and promising gene therapy vector
system. These vectors are derived from HIV-1 and thus package an RNA genome with a
size limit of about ~10kb that is reverse transcribed and integrated into the target cell
genome. While HIV-1 has a very limited tropism, lentiviral vectors can be pseudotyped
with other envelope proteins such as the vesicular stomatitis virus glycoprotein to
increase the range of cells capable of being transduced [101]. As HIV-1 is highly
pathogenic, multiple steps have been taken to ensure the safety of lentiviral vectors such
as the elimination of all viral genes from the vector genome and major deletions within

the U3 region of the LTR to prevent LTR driven transcription [102]. Unlike AAV vectors,
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which are administered directly into the patient, lentiviral vectors are typically used to

transduce autologous cells isolated from the patient prior to re-transplantation.

1.4.2 Small Cas9 Expression

As mentioned above, most work using the CRISPR/Cas systems utilizes the Cas9
and sgRNA from S. pyogenes. While this Cas9 has proven to be highly effective at
mediating target DNA cleavage in vitro, its large size (~4.7 kb) makes it difficult to be
utilized for in vivo research and clinical applications. This is because AAV vectors have
strict packaging limits and cannot accommodate SpCas9 along with the required pol II
promoter, poly (A) addition signal, and sgRNA expression cassette [103]. Thus, there has
been much interest in developing smaller Cas9 proteins from other bacterial species for

in vivo work.

The Cas9 from Neisseria meningitidis (Nm) was initially identified as a potential
alternative to SpCas9 [104]. The NmCas9 gene is significantly smaller, being only 3.2kb
in length, and is able to accommodate an sgRNA similar in structure to the sgRNA
developed for SpCas9 [105]. Indeed, multiple studies have demonstrated the
effectiveness of NmCas9 in cell culture [105,106]. However, NmCas9 recognizes a
distinct PAM of 5-NNNNGATT-3’, which is only expected to occur randomly in the
genome once every 128 bp as opposed to the SpCas9 5-NGG-3" PAM which occurs
every 16 bp [105]. Thus, NmCas9 is significantly more limited in available target
sequences. Furthermore, direct comparison between SpCas9 and NmCas9 has revealed

that NmCas9 demonstrates overall less activity [106]. This may be due to some type-IIC
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Cas9 orthologs having poor DNA unwinding capability [107].

Another small Cas9 protein derived from Staphylococcus aureus (Sa) was
identified as a promising alternative to SpCas9 [108]. Like NmCas9, the SaCas9 gene is
3.2kb in length, making it amenable to AAV packaging limits [108]. SaCas9 recognizes a
PAM of 5'-NNGRRT-3’, thus allowing SaCas9 to target a broader range of targets
compared to NmCas9 [108]. Importantly, SaCas9 was found to have an activity
comparable to SpCas9 and an off-target activity level less than that of SpCas9 at multiple
overlapping target sites [109]. Given these results, multiple groups have demonstrated
the effectiveness of AAV vectors packaged with SaCas9 in gene editing applications

[110,111].

1.4.3 tRNA Promoters

While there has been a large body of work investigating the use of smaller Cas9
proteins, there has been comparatively little research into more compact methods of
expressing sgRNAs. Typically, sgRNAs are expressed using the U6 and occasionally the
H1 pol Il promoters, which are both about ~250 bp in length [65]. As there are strict size
requirements for AAV vectors, a technology that could efficiently express sgRNAs in a
more compact form would be of great value. This would allow for more efficient
multiplexing of sgRNAs, which is advantageous for many applications. There is

compelling evidence that tRNAs may be a solution to this problem.

tRNAs are approximately ~70 nt in length and are initially transcribed as
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precursors with 5" leader and 3’ trailer sequences that are removed through cellular
processing [112]. Similarly, some tRNAs contain introns that are removed during
processing by cellular splicing machinery. Importantly, each tRNA gene contains the
necessary promoter elements to recruit pol III within the transcribed region of the tRNA
gene [113]. This feature is unlike most genes which contain promoters 5" to the
transcribed region. This is critical, as no additional promoter elements are required to
efficiently transcribe the tRNA. As with other genes transcribed by pol III, transcription
is terminated through a poly (T) termination sequence resulting in a string of three U
residues at the end of the RNA transcript [114]. RNase P removes the 5" leader sequence
and the 3’ sequence is cleaved off by tRNase Z [115]. It is important to note that tRNase
Z cleaves immediately following the discriminator nucleotide, which is defined as the
first unpaired nucleotide at the 3" end [116]. Finally, each mature tRNA receives a non-

templated 5-CCA-3" addition at the 3’ end added by nucleotidyl transferase [117].

Previous research has demonstrated that tRNAs and tRNA-like structures can be
used to express microRNAs (miRNAs). Murine y-herpesvirus 68 encodes at least nine
miRNAs that are initially transcribed as part of a ~200 nt pri-miRNA bearing a tRNA-
like structure at the 5" end and a pre-miRNA hairpin structure at the 3" end [118,119].
These two structures are separated through tRNase Z cleavage, releasing the pre-
miRNA hairpin, which is then exported out of the nucleus and processed by Dicer [119].
Similarly, it was demonstrated that human tRNAs could be used to express miRNAs

through the same mechanism [119]. Thus, a similar principle could be applied to using
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tRNAs to express sgRNAs. In conclusion, using tRNAs to express sgRNAs by linking an
sgRNA sequence to the 3’ end of a tRNA gene would be of considerable value as tRNAs

are substantially smaller than the canonical U6 and H1 pol III promoters.
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2. Cas9 Mediated Cleavage of HIV-1 DNA Can Occur
Prior to Integration and Targeting TAR Can Prevent
Breakthrough Replication.

2.1 Introduction

CRISPR/Cas-mediated DNA editing, while of prokaryotic origin, can
nevertheless be highly efficient in eukaryotic cells [65,76]. As a result, CRISPR/Cas has
been proposed as a potential treatment for a wide variety of diseases in humans,
including both inborn genetic errors and chronic diseases caused by DNA viruses [120].
The latter seems an especially attractive potential application as CRISPR/Cas actually
evolved as a prokaryotic adaptive innate immune response to infecting DNA
bacteriophage [56]. Prominent potential targets among pathogenic human viruses
include human immunodeficiency virus type 1 (HIV-1) which, while the genetic
material found in virions consists of RNA, nevertheless expresses viral gene products in
infected cells from a proviral DNA molecule, generated by reverse transcription of the
RNA genome, that is integrated into an infected cell chromosome. While there has been
particular interest in using CRISPR/Cas as a means of cleaving and inactivating the
latent HIV-1 proviruses found in a small number of resting memory T-cells in patients
on antiretroviral therapy with no detectable replicating HIV-1, CRISPR/Cas has also
been shown to effectively protect T-cells from de novo infection by HIV-1 [86][88][89][87].

While it has been reported that HIV-1 can rapidly evolve resistance to individual
HIV-1-specific sgRNAs due to the error prone repair of the proviral cleavage site by the
cellular NHE] pathway, the use of dual sgRNAs has been proposed to effectively
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preclude the appearance of Cas9 resistant viruses [90][91][92][95][96]. Importantly, much
of this work has been done using sgRNAs that target regions of the HIV-1 provirus that
are not well conserved among virus isolates such as the open reading frames of env and
gag and less well conserved regions of the LTR. We therefore postulated that targeting
one of the most critical and highly conserved regions of the HIV-1 provirus, the TAR
element, may be able to prevent HIV-1 breakthrough replication. TAR consists of a stem
structure as well as UCU bulge and a G rich loop [48]. The bulge and loop regions are
recognized by Tat and pTEF-b, respectively, and are essential for productive HIV-1
transcription [54][49][50]. Previous mutational analysis has demonstrated the sensitivity
of the bulge and loop regions to mutation, thus undergirding the critical role these
regions play in HIV-1 replication [53][55][48][54]. Here, we report that using
CRISPR/Cas to target the loop structure of TAR results in inhibition of breakthrough
replication, while targeting the bulge, does not.

In addition, previous research has generally assumed that Cas9-mediated DNA
cleavage occurs either prior to proviral integration, resulting in proviral destruction, or
after proviral integration, resulting in indel formation. Here, we examine the mechanism
underlying the Cas9-mediated inhibition of de novo HIV-1 infection in more detail and
report, unexpectedly, that efficient NHE]J-mediated DNA repair also occurs when

unintegrated HIV-1 proviruses are cleaved by Cas9.

23



2.2 Materials and Methods

2.2.1 Cell Culture

293T cells were grown in Dulbecco's modified Eagle medium (DMEM)
supplemented with 5% fetal bovine serum, 1X antibiotic-antimycotic (Gibco Cell
Culture), and 50 pug/mL gentamicin (Life Technologies) at 37°C. SupT1 cells were grown
in Roswell Park Memorial Institute medium (RPMI) supplemented with 10% fetal
bovine serum, 1X antibiotic-antimycotic (Gibco Cell Culture), and 50 pg/mL gentamicin
(Life Technologies) at 37°C. Transduced SupT1 cells were maintained in RPMI medium
described above supplemented with 1 ug/mL puromycin.

2.2.2 Molecular Clones

The previously described pNL-FLuc-HXB vector was modified by excision of the
Firefly Luciferase open reading frame, by cleavage with Notl and Xhol, followed by
insertion of a cDNA encoding the Nano Luciferase (NLuc) protein (Promega) into these
same restriction enzyme sites to generate pNL-NLuc-HXB.

The CMV immediate early promoter, the synTat ORF [121] and the genomic rat
preproinsulin gene poly(A) addition site were excised from the previously described
psTat plasmid and then cloned into pGEM3Zf(+) (Promega) to generate psynTat .

sgRNAs were designed to target proviral DNA sequences encoding the apical
region of HIV-1 TAR, the 5 region of the viral fat gene, and the regions of gag which
encode segments of MA and CA, in the proviral clone pNL4-3 (AIDS Reagent #114). The

Cas9/sgRNA expression constructs were generated as described previously [65]. Briefly,
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oligonucleotides containing the 20nt viral target sequences were annealed and cloned
into the Cas9/sgRNA expression vector pX330 (Addgene #42230) using BbslI restriction
sites. The terminal 5" nucleotide of each sgRNA target was replaced with a “G” residue
to facilitate transcription from the RNA polymerase III dependent U6 promoter present
in pX330.

sgRNA reporter constructs were generated as described previously (Kennedy et
al 2014). Briefly, oligonucleotides containing regions of the HIV-1 genome encompassing
the selected viral sgRNA target sites and adjacent PAM were inserted in frame between
an HIV-1 rev gene fragment, encoding a translation initiation codon and amino acids 1 to
59 of Rev [122], and a 3' FLuc indicator gene, to generate the indicator constructs used in
Fig. 1A.

The HIV-1 LTR indicator plasmid pHIV-NLuc-LTR was constructed by PCR
amplifying the NLuc ORF and cloning into pCDNA3 via Notl and Xhol restriction sites.
Then, the wild type sequence of the 5" LTR, obtained from the pNL4-3 proviral clone,
was PCR amplified and inserted 5" to the NLuc indicator gene via BglIl and HindIII
restriction sites. Finally, mutant sequences were introduced into the indicator construct
through PCR using the BgllI site within the HIV-1 TAR DNA sequence and the HindIII
site within the pcDNA3 parental vector with the reverse primer containing the desired
mutations.

The Lentiviral vector LC-CMVmut was constructed from the base LentiCRISPR

and LentiCRISPRV2 plasmids [123,124]. The EFS promoter from LentiCRISPRV2 was
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replaced with the CMV promoter via the restriction sites EcoRI and Xbal (NEB). The
internal regions of this vector were then cloned into LentiCRISPR via the 5" and 3" Mlul
and NotlI restriction sites (NEB). Importantly, the parental LentiCRISPR vector contained
mutated 5" and 3" LTR sequences to avoid Cas9 mediated cleavage when paired with
sgRNAs targeting TAR. The oligonucleotide sequences used to generate these mutations
are as follows; (MutantTAR-F: 5’-GGGTCTCTCTGGTTAG
ATTAGATCTGAGCCTAAGAGCTCTCTAACTAACTAGAACTGCTTAAGC-3")
(MutantTAR-R: 5-GCTTAAGCAGTTCTAGTTAGTTAGAGAGCTCTTAGGCTCAGA
TCTAATCTAACCAGAGAGACCC-3’). The 20-nt sgRNA targets were fused to the
chimeric sgRNA backbone in the lentiviral vector via BsmBI restriction sites (NEB).
Table 1: sgRNA target sequences against HIV-1. The initial “G” residue in each
targeting sequence, indicated by a lower case letter, was included to facilitate

transcription from the U6 promoter and does not necessarily match the DNA target
sequence selected.

sgRNA Name sgRNA Target Sequence

TAR1 5-gTCTGAGCCTGGGAGCTCTC
TAR2 5-gGAGCTCCCAGGCTCAGATC
Tat1 5-gTAGAGCCCTGGAAGCATCC
Tat2 5-gGCTCTAGTCTAGGATCTAC

MA 5-gCGGGGGAGAATTAGATAAA
CA 5-gCTATAGTGCAGAACCTCCA

26



Table 2: PCR Primer Sequences Used in Chapter 2. Underlined nucleotides represent
restriction sites.

Name Oligonucleotide Sequence
ALU1 TCCCAGCTACTGGGGAGGCTGAGG
ALU2 GCCTCCCAAAGTGCTGGGATTACA

L-HIV ATGCCACGTAAGCGAAACTTAAGCCTCAATAAAGCTTGC

L ATGCCACGTAAGCGAAAC

AA55M GCTAGAGATTTTCCACACTGACTAA

LTR-F1 GCGCCTCGAGTACAAGCTAGTACCAGTTGAGCCAGATAAG

HIV-R1 ATCGAATTCTCCCCCGCTTAATACCGACGCTCT

LTR-R2 GCGCGAATTCCTCCTGGGTGCTAGAGATTTTCCACAC

TAR-F GGGTCTCTCTGGTTAGACC

HIV-R3 ATCGAATTCTCCCCCGCTTAATACCGACGCTCT

HIV-R4 CACACTGACTAAAAGGGTCT
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Table 3: Reporter Sequence Oligonucleotides Used in Chapter 2

Tat

reporter-F

GATCCCAGTAGATCCTAGACTAGAGCCCTGGAAGCATCCAGGC

G

Tat

reporter-R

AATTCGCCTGGATGCTTCCAGGGCTCTAGTCTAGGATCTACTG

G

TAR

reporter-F

GATCTGGGTCTCTCTGGTTAGACCAGATCTGAGCCTGGGAGCT

CTCTGGCTAACTAGGGAACCCA

TAR

reporter-R

AATTTGGGTTCCCTAGTTAGCCAGAGAGCTCCCAGGCTCAGAT

CTGGTCTAACCAGAGAGACCCA

MA

reporter-F

GATCAGGAGAGAGATGGGTGCGAGAGCGTCGGTATTAAGCGG

GGGAGAATTAGATAA ATGGGAAAAAATTCGGTTAAGGCCGG

MA

reporter-R

AATTCCGGCCTTAACCGAATTTTTTCCCATTTATCTAATTCTCCC

CCGCTTAATACCGACGCTCTCGCACCCATCTCTCTCCT

CA

reporter-F

GATCCCTATAGTGCAGAACCTCCAGGGGCAAATGGTACATCAG

GCCATATCACCTAGAACTTTAAATGCATGGGTAAAAGTAG

CA

reporter-R

AATTCTACTTTTACCCATGCATTTAAAGTTCTAGGTGATATGGC

CTGATGTACCATTTGCCCCTGGAGGTTCTGCACTATAGG
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2.2.3 Reporter Assays

For the indicator plasmid assay shown in Fig. 1A, 293T cells were plated at 1.25 x
10° cells per well in 12-well plates and transfected using the calcium phosphate method
with 1 pg of the pX330-based Cas9/sgRNA expression plasmid and 100 ng of an FLuc-
based indicator plasmid. Transfected cells were harvested at 72 hours post-transfection
(hpt) in Passive Lysis Buffer (Promega) and then assayed for FLuc activity (Promega
Luciferase Reporter Assay).

For analysis of sgRNA efficacy using a transfected proviral clone, 293T cells were
plated at 1.25 x 10° cells per well in 12-well plates and transfected using the calcium
phosphate method with 1 pg of the Cas9/sgRNA expression plasmid and 100 ng of the
proviral clone pNL-NLuc-HXB. Cells were lysed at 72 hpt and samples collected for
quantification of NLuc activity and also Western blot analysis. For NLuc analysis,
samples were harvested, washed twice in phosphate buffered saline (PBS), lysed in
Passive Lysis Buffer (Promega) and assayed for NLuc activity using the Nano-Glo
Luciferase Assay (Promega).

For Western blot analyses, cells were harvested and lysed in SDS-PAGE protein
sample buffer supplemented with 2% mercaptoethanol. Lysates were subjected to
electrophoresis on 4 to 20% SDS-polyacrylamide gels (Bio-Rad) and transferred onto
nitrocellulose membranes. The membranes were then probed in 5% nonfat dry milk-
PBS-T (PBS, 0.1% Tween 20, 0.5% bovine serum albumin) with the following antibodies:

anti-Flag (catalog #F1804; SigmaAldrich), anti-actin (catalog #MA5-15739; Invitrogen)
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and anti-p24 (#6458 NIH Aids Reagent). The membranes were washed in PBS-T,
incubated with a species-specific secondary antibody, and then washed again in PBS-T.
The membranes were incubated with a Western Bright Sirius Western blot detection kit
(Advansta), and signals captured using GeneSnap (Syngene).

For infected SupT1 analysis of NLuc activity cells were spun down and washed
in 1 mL of 1X PBS and lysed in 150 uL of passive lysis buffer Passive Lysis Buffer
(Promega) and assayed for NLuc activity using the Nano-Glo Luciferase Assay
(Promega).

For analysis of the TAR mutant sequence obtained through sequencing of
breakthrough virus, 4 X 10°SupT1 cells in 0.4 mL were mixed with 2.5 ug of the pHIV-
LTR-NLuc indicator construct (wild type or mutant) and either 2.5 ug of the Tat
expression construct pcTAT [121] or pCMYV as a control. Cells were then added to a
Gene Pulser Cuvette with a 0.4 cm electrode gap (BioRad). Cells were then
electroporated using the BioRad Gene Pulser II with the Capacitance Extender Plus at
0.25 K volts and 975 uF. Following electroporation, cells were allowed to recover for 10
minutes and were then transferred to a 12 well dish followed by addition of 1.6 mL of
media. Cells were harvested 24 hours post-electroporation, lysed, and NLuc activity
measured as described above.

2.2.4 Synthetic Tat Rescue Assay
293T cells were plated at 2 x 10° cells per well in 6-well plates and transfected

using the calcium phosphate method with 2 ug of the Cas9/sgRNA expression plasmid,
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200 ng and 800 ng of the CD4 and CXCR4 receptor expression plasmids (Tokunaga
2001), respectively, and 5 ng of psynTat, or pPGEM3ZF(+) as a control. In parallel, 10 cm
dishes containing 2 x 10°293T cells were transfected with 10 ug of the proviral clone
pNL-NLuc-HXB using polyethyleneimine (PEI). 72 hours post-transfection, the
supernatant from the HIV-1 producer cells was filtered through a 0.45 uM filter (PALL)
and used to infect 2 x 10°transfected cells expressing Cas9 and an sgRNA specific for
HIV-1. The infected cells were then incubated an additional 72 hours. Cells were washed
twice in PBS and then harvested in Passive Lysis Buffer (Promega) and assayed for
NLuc activity using the Nano-Glo Luciferase Assay (Promega).
2.2.5 TAR Mutational Analysis

293T cells were plated at 2 x 10° cells per well in 6-well plates and transfected
using the calcium phosphate method with 2 ug of the Cas9/sgRNA expression plasmid,
200 ng and 800 ng of the CD4 and CXCR4 receptor expression plasmids [125]. In
parallel, 2 x 10°293T cells per 10 cm dish were transfected with 10 pg of the proviral
indicator clone pNL-NLuc-HXB using PEI 72 hpt the supernatant medium from the
HIV-1 producer cells was filtered through a 0.45 uM filter (PALL), treated with DNase I
(NEB) for 1 hour at 37°C, and then used to infect 2 x 10° Cas9 expressing cells. Similar to
293T cells, 2 x 10° transduced SupT1 cells were infected with NL-NLuc-HXB in 48-well
plates. The infected cells were then incubated an additional 72 hours.

For analysis of viral replication in the presence of Raltegravir (Sigma Aldrich), a

10 mM stock was initially prepared in DMSO. 293T cells were then pretreated with
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either Raltegravir (500:1 dilution to give a final concentration of 20uM), or an equal
volume of DMSO alone, 24 hours prior to infection. Infections were then performed in
the presence or absence of Raltegravir for the duration of the experiment.

For analysis of TAR DNA editing efficiency, DNA was harvested from Cas9- and
sgRNA-expressing cells infected with NL-NLuc-HXB at 72 hours post-infection using
the Quick-DNA Plus Kit (ZYMO). PCR products were generated by nested PCR using
primers LTR-F1 and HIV-R1, followed by a second PCR reaction using primers LTR-F1
and HIV-R2. PCR products were purified using GeneJet columns (Thermo-Fisher),
digested with restriction enzymes BglIl or Sacl (NEB) and analyzed by agarose gel
electrophoresis. Images were captured using GeneSnap and quantified using GeneTools
(Syngene). To identify any mutations introduced into TAR by Cas9, PCR primers LTR-
F1 and HIV-R1 were used to isolate segments of the HIV-1 TAR region that were then
cleaved with EcoR I and Xho I, cloned into pcDNA3 and then sequenced using the T7
primer.

For RNA analysis, cells were lysed in TRIzol (Thermo Fisher Scientific) and RNA
harvested according to the manufacturer’s instructions. The RNA was then converted to
DNA using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems).
PCR products for analytical digestion were generated by nested PCR using primers
TAR-F and HIV-R3, followed by gel purification and a second PCR using primers TAR-F

and HIV-R4. The final DNA product was purified using GeneJet columns (Thermo-
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Fisher), digested with Sacl and then analyzed on a 2% agarose gel. Images were
captured using GeneSnap and quantified using GeneTools.
2.2.6 qPCR Analysis of HIV-1 DNA

293T cells were plated at 2 x 10° cells per well in 6-well plates and transfected
using calcium phosphate with 2 ug of the Cas9/sgRNA expression plasmid, and 200 ng
and 800 ng of the CD4 and CXCR4 expression plasmids [125], respectively. Cells were
pretreated with Nevirapine (100uM final) dissolved in DMSO, Raltegravir (20 uM final)
dissolved in DMSO, or an equal volume of DMSO alone, for 24 hours prior to infection.
In parallel, 2 x 10°293T cells in 10 cm dishes were transfected with 10 ug of the proviral
clone pNL-NLuc-HXB using the PEI method. 72 hours post-transfection the supernatant
from the HIV-1 producer cells was filtered through a .45 uM filter, treated with DNase I
(NEB) for 1 hour at 37'C, and used to infect transfected cells. The infected cells were then
incubated an additional 72 hours.

DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen). Purified
DNA was treated with the Dpnl restriction enzyme (NEB) for 12 hours and then
subjected to qPCR analysis. All quantitative PCRs were performed in triplicate in a
StepOnePlus real-time PCR system according to the manufacturer’s
instructions. Relative quantification of HIV-1 DNA levels was performed using the
AACT method with 3-Actin as an internal control. For experiments analyzing total HIV-

1 DNA levels, HIV-1 DNA was PCR amplified with a custom HIV-1 tat TagMan
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probe/primer set (ThermoFisher). f-Actin DNA was PCR amplified using a premade
TagMan probe/primer set (ThermoFisher Assay ID Hs01060665_g1).

For Alu-LTR real time nested qPCR experiments, DNA was amplified using a
modified version of the nested PCR approach described previously [126]. Briefly, an
initial PCR using primers ALU1, ALU2, and L-HIV was performed using DNA isolated
from HIV-1 infected cells. After the PCR products were purified using a PCR Kleen kit
(Bio-Rad), a second nested qPCR was performed using primers AA55M and L and the
SYBR green master mix (Thermo Fisher Scientific).

2.2.7 SupT1 Transductions

Lentiviral vectors were prepared by transfecting 2 x 10°293T cells in 10cm dishes
with 6 pg of the lentiviral transfer vector LC-CMVmut as well as 6 pug and 2.5 ug of the
packaging plasmids pCMVdeltaR8.2 and pMD2, respectively via PEI (Addgene
plasmids #12263 and #12259). Supernatant containing packaged vector was collected 72
hpt and filtered through a .45 uM filter (PALL). Following filtration, 2 x 10° SupT1 cells
were incubated with 2mL of the filtered supernatant at 37°C for 12 hours. Following
incubation, the transduction media was replaced with fresh RPMI media and cells were
incubated for 48 hours. After 48 hours, the RPMI media was replaced with RPMI media
supplemented with 1 pg/mL of puromycin to allow selection of transduced cells.

2.2.8 Breakthrough Replication Assay
The virus NL-NLuc-HXB was prepared by transfecting 2 x 10¢293T cells in a 10

cm dish with 10 ug of the proviral indicator clone pNL-NLuc-HXB using PEL 72 hpt the
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supernatant medium from the HIV-1 producer cells was filtered through a 0.45 uM filter
(PALL), treated with DNase I (NEB) for 1 hour at 37°C. Transduced SupT1 cells were
infected at a final density of 3 x 10° cells/mL through addition of 4 mL of media
containing cells to 1 mL of media containing prepared NL-NLuc-HXB. Cells were
washed in 1X PBS and placed in fresh RPMI medium 24 hpi.

Infected cells were passaged every 4 days and monitored for HIV-1 replication.
At each passage infected cells were washed in 1X PBS and placed in 5mL of fresh RPMI
medium at a density of 3 x 10° cells/mL. Additionally, 3 x 10°infected cells were taken at
each passage interval to measure NLuc activity as described above. Finally, 1 mL of
virus containing supernatant was used to infect 3 x 10°fresh sgRNA matched sgRNA
expressing SupT1 cells at each passage interval to monitor production of resistant virus.
Matched SupT1 infections were assayed for NLuc activity as described 4 days post
infection to monitor for virus replication. DNA was isolated from matched SupT1
infections using the DNeasy Blood and Tissue Kit (Qiagen) once CPE and NLuc activity
were clearly detectable. The DNA region containing the TAR target sequence was PCR
amplified using primers LTR-F1 and HIV-R1, cloned into pGEM-3Zf+, and submitted for

Sanger sequencing.
2.3 Results

Previous results have demonstrated that HIV-1 can rapidly become resistant to
Cas9-mediated inhibition due to the acquisition of point mutations in the region

complementary to the sgRNA used [90,91] [92,95,96]. Therefore, we selected target sites
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within the HIV-1 genome that are highly conserved across viral isolates, in the tat gene
and in the transactivation response region (TAR), as targets, as mutagenesis of either
TAR or tat would be predicted to block viral gene expression. As controls, we also
selected two target sites in the viral gag gene, in the matrix (MA) and capsid (CA)
regions, where mutations would not be predicted to affect HIV-1 transcription.

2.3.1 sgRNAs against HIV-1 can efficiently inhibit reporter construct
gene expression.

Initially, we assessed the activity of the selected sgRNAs using a previously
described indicator assay in which the viral DNA target is inserted in frame between a
translation initiation codon and a firefly luciferase (FLuc) indicator gene [127]. Any indel
resulting from cleavage by the SpCas9 protein that affected the ORF would therefore be
expected to block FLuc expression. As shown in Fig. 1A, all the sgRNAs specific for
HIV-1, including the two sgRNAs specific for TAR (TAR1 and TAR?2) or tat (Tatl and
Tat2), as well as the sgRNAs specific for gag (MA and CA) were able to effectively
reduce FLuc expression in transfected 293T cells and are therefore clearly able to induce
targeted DNA editing.

We next asked if the same sgRNAs would be able to inhibit HIV-1 gene
expression. For this experiment, we co-transfected 293T cells with a Cas9 and sgRNA
expression plasmid as well as the full-length proviral indicator plasmid pNL-NLuc-
HXB, in which the viral nef gene has been replaced with the Nano luciferase (NLuc)

ORF. Expression of NLuc is therefore dependent on both Tat and TAR function but, as
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293T cells do not express CD4, is not affected by viral spread even though the NL-NLuc-
HXB provirus is fully replication competent. As shown in Fig. 1B (upper panel), we
again observed a >10-fold inhibition of HIV-1 gene expression when using any of the
four TAR or tat-specific sgRNAs but only an ~2-fold inhibition when using either gag
specific sgRNA. The weak activity of the MA and CA-specific sgRNAs was anticipated
as the introduction of mutations into the gag gene, unlike the introduction of mutations
into TAR or tat, is not predicted to inhibit either HIV-1 transcription or mRNA splicing.
Nevertheless, the MA and CA-specific sgRNAs are clearly effective as both induced a

strong reduction in the expression of the HIV-1 capsid protein p24 (Fig. 1B, lower panel).
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Figure 1: Efficient Cas9 mediated cleavage of HIV-1 based indicator constructs
in transfected cells. (A) 293T cells were co-transfected with an expression
plasmid expressing SpCas9 and an sgRNA specific for the indicated region of the
HIV-1 genome, or a control (Ctrl) non-targeting sgRNA. The cells were also co-
transfected with an indicator construct containing the cognate region of the HIV-1
genome inserted in frame between the translation initiation codon and the FLuc
indicator gene. At 72 hpt, the cultures were harvested and FLuc levels
determined. For each indicator plasmid, the culture receiving the non-targeting
sgRNA (Ctrl) was then set at 1.0 and the other results normalized to that value.
Average of three biological replicates with SD indicated. (B) The upper panel is
similar to panel A, except that instead of an indicator plasmid, 293T cells were co-
transfected with the pNL-NLuc-HXB proviral vector. At 72 hpt, NLuc levels were
determined and are given relative to the control, non-targeting sgRNA, which
was again set at 1.0 (Ctrl). RLU: relative light units. Average of three biological
replicates with SD indicated. In parallel, Western blots were performed to
determine the level of Gag and p24 capsid expression in the transfected cells. A
representative experiment is shown.
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2.3.2 Inhibition of HIV-1 infection using Cas9

The data shown in Fig. 1 were generated in transfected cells and we therefore
next wished to examine the effect of Sp Cas9 and the various HIV-1-specific sgRNAs on
viral infection. For this purpose, we expressed the CD4 and CXCR4 receptors that
mediate HIV-1 infection on 293T cells and also engineered these cells to express SpCas9
and one of the HIV-1-specific sgRNAs listed in Fig. 1. We then infected these cells with
the NL-NLuc-HXB indicator virus and measured the induced level of NLuc activity 72 h
post-infection. As shown in Fig. 2 (black bars), we observed a >10-fold inhibition of the
expression of the NLuc indicator gene present in NL-NLuc-HXB when the two TAR and
or the two fat specific sgRNAs were analyzed, with the TAR sgRNAs being particularly
effective (3.4% residual NLuc activity with sgRNA TAR1 and 2.6% residual NLuc
activity with sgRNA TAR?2). In contrast, and as expected, the sgRNAs specific for the gag
MA or CA domain were less effective, with ~27% or ~20% residual activity. This is again
consistent with the hypothesis that Cas9-induced DNA editing within gag should exert a
less inhibitory effect than DNA editing of tat or TAR as mutations introduced into gag,
unlike mutations in TAR or tat, should not affect HIV-1 transcription or splicing.

The marked inhibition of NLuc expression observed in the HIV-1 infected cells
analyzed in Fig. 2, when sgRNAs specific for tat or TAR were used, indicates that these
sgRNAs were able to block HIV-1 transcription either by mutating TAR, which would
inhibit HIV-1 transcription in cis, or by mutating tat, which would block HIV-1

transcription in trans. If this hypothesis is correct, then provision of the Tat protein in
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trans should rescue gene expression from the infecting NL-NLuc-HXB provirus if
sgRNAs specific for tat were used but would be ineffective if sgRNA specific for TAR
were used. To test this hypothesis, we generated a plasmid, psynTat, that expresses a
synthetic tat gene predicted to encode the wild type Tat protein but uses a different set
of codons such that the cleavage sites for the Tatl and Tat2 sgRNAs are no longer
present [121]. For this experiment, we again utilized 293T cells transfected with
expression plasmids encoding CD4, CXCR4, SpCas9 and an HIV-1-specific sgRNA but
also introduced the psynTat expression plasmid. The cells were again infected with the
NL-NLuc-HXB indicator virus and NLuc levels determined at 72 h post-infection. As
predicted, provision of exogenous Tat protein had almost no effect on the level of virally
encoded NLuc expression when sgRNAs specific for TAR were used (1.2X increase for
sgRNA TARI1, 1.8X increase for sgRNA TAR2) but had a greater effect when sgRNAs
specific for tat were used (9.5X increase for sgRNA Tatl and a 3.1X increase for sgRNA
Tat2). Interestingly, provision of Tat protein in cells prior to infection also increased the
level of virally encoded NLuc expression even in the absence of any HIV-1-specific
sgRNA (1.9X in the Ctrl cells) and similar levels of activation were also observed for the
two gag-specific sgRNAs (3.1X for sgRNA MA and 2.5X for sgRNA CA). These results
suggest that expression of the Tat protein in cells prior to infection can modestly but
significantly increase HIV-1 gene expression. In conclusion, these data are consistent
with the expectation that the TAR and tat specific sgRNAs tested are particularly

effective because they inhibit HIV-1 LTR-driven transcription and show that this
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inhibitory effect can be ameliorated for the two tat-specific, but not the two TAR-specific,

sgRNAs if the Tat protein is provided in trans.
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Figure 2: Inhibition of HIV-1 infection using Cas?9.

293T cells were transfected with expression plasmids encoding CD4 and CXCR4 as well
as SpCas9 and an sgRNA specific for the indicated region of the HIV-1 genome, or a
control (Ctrl) non-targeting sgRNA (black bars). Cells lacking CD4 served as a negative
control for non-specific DNA carry over from the virus producer cells. In parallel, 293T
cells were co-transfected with these same plasmids as well as a vector expressing a
synthetic cDNA (synTat) that encodes wild type HIV-1 Tat protein but lacks the sgRNA
target sites present in the WT Tat ORF. At 72 hpt, the cells were infected with the
replication competent NL-NLuc-HXB indicator virus. A further 72h later, the cells were
lysed and NLuc levels determined. All data are normalized to the culture expressing the
non-targeting sgRNA in the absence of synTat and are given in RLU. Average of three
biological replicates with SD indicated.
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2.3.3 Cas9 is able to efficiently cleave DNA encoding the TAR element
in HIV-1 infected cells expressing sgRNAs against TAR.

To further confirm that the two TAR-specific sgRNAs TAR1 and TAR2 were
indeed inducing mutations that blocked TAR activity, we wished to confirm the
existence and identity of the introduced mutations. DNA editing at the predicted Cas9
cleavage site for the TAR1 sgRNA is predicted to disrupt a Sacl restriction enzyme site
in TAR while Cas9 cleavage induced by the TAR2 sgRNA is predicted to disrupt a BglII
restriction enzyme site (Fig. 3A). Therefore, it is possible to quantify the level of gene
editing in cells expressing SpCas9 and either sgRNA TAR1, or sgRNA TAR2, or both, by
PCR across the viral TAR region followed by incubation with either Sacl or BglII. As
shown in a representative experiment presented in Fig. 3B, and in the compiled data
presented in Fig. 3C, we indeed observed a marked increase in the level of TAR DNA
that was refractory to cleavage by Bglll when the TAR2 sgRNA was expressed in NL-
NLuc-HXB-infected cells (from 5.3+2.5% uncut to 72+19% uncut). Interestingly, even
though the TAR1 sgRNA is not predicted to cleave within the BgllI site present in TAR
DNA, but rather 13 bp 3' to that site (Fig. 3A), expression of the TAR1 sgRNA also
reduced the level of cleavage by Bglll by ~2-3-fold (Figs. 3B and 3C). Similarly,
expression of the TAR1 sgRNA also inhibited Sacl cleavage of the TAR DNA recovered
from infected cells, with uncut DNA increasing from 3.1+2.2% to 78+13%. Again, sgRNA
TAR2, which is predicted to induce Cas9 cleavage 10 bp 5' to the Sacl site in TAR (Fig.
3A), nevertheless also inhibited Sacl cleavage by >5-fold (Figs. 3B and 3C), thus implying
that Cas9 was introducing fairly large deletions in a subset of the cleaved proviruses.
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Figure 3: Efficient cleavage of DNA encoding the HIV-1 TAR element

(A) Schematic of the HIV-1 TAR RNA element with the two SpCas9 PAM sequences
(underlined in red), the predicted SpCas9 cleavage sites (arrows) and relevant
restriction sites (underlined in blue) indicated (B) The DNA region encoding TAR was
recovered by PCR from 293T cells infected with the NL-NLuc-HXB indicator virus, as
described in Fig.2, that also expressed SpCas9 and one or both sgRNAs specific for
TAR, as indicated in panel A. DNA editing efficiency was then assessed by cleavage
with either BglII or Sacl, which cleave at sites that, in wild type TAR, underlie the
predicted target sites for the TAR1 (Sacl) or TAR2 (BglIl) sgRNAs, as indicated in
panel A. Therefore, Cas9 cleavage, if followed by the introduction of an indel during
NHE]J-mediated repair, will preclude cleavage by Sacl and/or BglII. A representative
experiment is shown with the percentage of uncut TAR DNA indicated below. (C)
Same as panel B except that this bar graph shows the average level of uncut TAR
DNA, after incubation with Sacl or Bglll, from three independent biological replicates
with SD indicated.

44



Finally, we asked if the simultaneous expression of both sgRNA TAR1 and sgRNA
TAR2 would exert a synergistic inhibitory effect. As shown in Fig. 3B, we did see a small
increase in the already strong inhibition of TAR cleavage by Sacl and Bglll when both
sgRNAs were present, but this effect was not statistically significant (Fig. 3C).

To more fully characterize the mutations introduced into the HIV-1 TAR element
by SpCas9 loaded with either sgRNA TAR1 or sgRNA TAR?2, or both, we also PCR
amplified, cloned and sequenced several independent TAR cDNA clones from the NL-
NLuc-XB infected cells analyzed in Fig. 3. As shown in Fig. 4A, sequencing of 34 TAR
cDNA clones, derived from NL-NLuc-HXB-infected cells expressing Cas9 and sgRNA
TAR1, identified 11 clones bearing deletion mutations, 8 clones bearing a single "T"
insertion at the predicted SpCas9 cleavage site and 1 clone bearing a 2 bp insertion at
that site. Similarly, for cells expressing SpCas9 and the TAR2 sgRNA, we recovered a
total of 31 TAR sequences, of which 15 bore deletions that encompassed the predicted
Cas9 cleavage site and 2 clones that had large, 11 bp or 50 bp insertions at that site (Fig.
4B). Finally, in infected cells in which both sgRNA TAR1 and sgRNA TAR2 were
expressed, we recovered 35 total TAR cDNA sequence, 15 of which bore large deletions
that likely resulted from the simultaneous cleavage by Cas9 at both the predicted TAR1
and TA2 cleavage site. In addition, we also recovered two clones with smaller deletions,
two clones with 1 bp or 2 bp missense mutations and two clones with insertions.

Overall, therefore, the pattern of mutations observed in the HIV-1 TAR DNA is
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consistent with what has previously been observed when Cas9 cleavage sites are

repaired by NHE] and these mutations would all be predicted to block TAR function.
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Figure 4: Characterization of mutations introduced into TAR by SpCas9 cleavage

(A) Sequencing of TAR DNA from cells expressing SpCas9 and the TAR1 sgRNA 72 h
after infection with the NL-NLuc-HXB indicator virus. The predicted TAR DNA
cleavage site is indicated by an arrow. Missense mutations are indicated in bold and
deletions by dashes. (B) Similar to panel A except showing the sequence of TAR DNA
recovered from HIV-1 infected cells expressing SpCas9 and sgRNA TAR?2. (C) Similar to
panel A except showing the TAR DNA sequences recovered from HIV-1 infected cells
expressing SpCas9 and both sgRNA TAR1 and sgRNA TAR2.

2.3.4 Unintegrated proviruses cleaved by Cas9 are stable and are
repaired resulting in indels

The results presented in Fig. 2 suggest that cleavage by Cas9 may be reducing
viral gene expression by two distinct mechanisms. Specifically, the two sgRNAs specific
for the MA and CA domains of gag, which should not affect transcription of the HIV-1
provirus and, hence, should not affect expression of the NLuc indicator gene,

nevertheless reduced NLuc expression by ~4-fold. This suggests that Cas9 cleavage prior
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to proviral integration may be resulting in inhibition of proviral integration and/or
proviral destruction. To address this question, we therefore performed qPCR using
primers flanking the two sgRNA target sites in tat to determine the level of total and
uncleaved DNA in cells infected by NL-NLuc-HXB that express SpCas9 and each of the
HIV-1-specific sgRNAs (Fig. 5A). Strikingly, both TAR-specific sgRNAs and both gag-
specific sgRNAs, despite their clear effectiveness (Figs. 2 and 3), nevertheless did not
reduce the total level of proviral DNA detected in the infected cells (Fig. 5). In contrast,
both tat-specific sgRNAs, which unlike the TAR- and gag-specific sgRNAs are predicted
to cleave within the segment of HIV-1 provirus amplified by the TagMan PCR primers
used, revealed an ~4-fold decline in proviral DNA (Fig. 5A). This is consistent with the
data presented in Fig. 2 and not only demonstrates that HIV-1 proviruses cleaved by
Cas9 are stable, at least up to 72 h post-infection, but also demonstrates that the majority
of HIV-1 proviral DNA intermediates are cleaved prior to integration and hence unable
to integrate or express viral gene products.

To confirm that Cas9 cleavage indeed blocked the integration of a significant
percentage of the HIV-1 proviruses generated in the infected, Cas9-expressing cells, we
next performed Alu-LTR real time nested qPCR, a technique which has been shown to
accurately quantify integrated HIV-1 proviruses. As shown in Fig. 5B, this experiment in
fact revealed that Cas9 cleavage, in this case guided by both sgRNA TAR1 and TAR?2,
results in a significant diminution in the number of integrated HIV-1 proviruses while

the total level of HIV-1 DNA, as determined using the tat-gene specific TagMan qPCR
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probe from panel A, again confirmed that total HIV-1 proviral DNA levels were not
significantly reduced. As a control, we used the HIV-1 integrase inhibitor Raltegravir
which, as expected, almost entirely blocked HIV-1 proviral integration yet also had little

or no effect on the total level of proviral DNA.
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Figure 5: Unintegrated HIV-1 proviruses cleaved by Cas9 are stable.

(A) TagMan qPCR with primers flanking the predicted SpCas9 cleavage sites for
sgRNAs Tatl and Tat2, in the HIV-1 tat gene, demonstrate that cleaved, unintegrated
HIV-1 proviruses are stable. DNA was harvested at 72 hours post-infection with NL-
NLuc-HXB. Nevirapine (NVP), an HIV-1 reverse transcriptase inhibitor, was used to
control for any HIV-1 DNA carryover from the HIV-1 producer cells. Average of three
biological replicates with SD indicated. (B) Alu qPCR was used to determine the effect
of expression of the SpCas9 protein and both the TAR1 and TAR2 sgRNAs on the level
of integrated HIV-1 proviruses. Even though these sgRNAs induce very efficient
proviral DNA cleavage by Cas9, as shown in Fig. 3, the level of integrated HIV-1 DNA
is reduced by only ~2-fold. The integrase inhibitor Raltegravir was used as a control for
inhibition of proviral integration. Values are given relative to a culture expressing
SpCas9 and a non-targeting sgRNA (Ctrl), which was set at 100. Average of three
biological replicates with SD indicated.
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Previously, it has been demonstrated that Cas9, when used in combination with
sgRNAs specific for HIV-1, can protect cells from HIV-1 infection and introduce
inactivating mutations, such as indels, into the HIV-1 provirus [86,88]. However, the
question of whether this mutagenesis occurs before or after integration has not been
addressed. The ability of Raltegravir to almost entirely block proviral integration,
without significantly affecting proviral DNA levels, (Fig. 5B), allows this question to be
answered. Indeed, as shown in Fig. 6A, the unintegrated proviral DNA present in
infected cells expressing Cas9 and the sgRNAs TAR1 and TAR2 is edited to almost the
extent in the presence and absence of Raltegravir, thus clearly demonstrating that DNA
editing, that is Cas9 cleavage followed by error-prone DNA repair by NHE], is
unexpectedly efficient for unintegrated HIV-1 proviruses. This point is further
confirmed by the finding that the level of NLuc expression from NL-NLuc-HXB in the
presence of Raltegravir —which is low but nevertheless readily detectable—is entirely
blocked by Cas9 in the presence of the TAR1 and TAR2 sgRNAs (Fig. 6B).

We were curious to know if the low level of NLuc expression observed in NL-NLuc-
HXB-infected cells expressing Cas9 and the sgRNAs TAR1 and TAR2 came from the low
level of remaining unedited HIV-1 proviruses or was instead due to tat and TAR-
independent transcription from the numerous edited proviruses. To this end, we
recovered total cellular RNA from cells expressing Cas9 and an irrelevant sgRNA (Ctrl)
or the TAR1 and TAR2 sgRNAs, as shown in lanes 1 and 2 of Fig. 6A, and then prepared

cDNA. We then amplified the HIV-1 TAR region from the cDNA and cleaved with Sacl
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to determine what percentage of the viral mRNA was resistant to Sacl cleavage and
hence edited. Despite the fact that ~96 +/- 4.4% of the TAR DNA recovered by DNA PCR
was edited (Fig. 6A, lane 2), we observed no increase in the level of TAR that was
resistant to Sacl cleavage when the TAR element was recovered from this cDNA
preparation. Therefore, we conclude that the low level of NLuc expression observed in
NL-NLuc-HXB-infected cells expressing Cas9 and sgRNAs TAR1 and TAR?2 (Fig.6B)

arises entirely from the remaining low level of unedited HIV-1 proviruses.
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Figure 6: Efficient introduction of indels into HIV-1 proviruses after Cas9 cleavage.
(A) The level of indel introduction into TAR was assayed as described in Fig. 3 by Sacl
cleavage of PCR-amplified TAR sequences recovered from cells expressing SpCas9 and
the TAR1 and TAR2 sgRNAs in the presence and absence of Raltegravir. (B) Production
of NLuc by the infecting NL-NLuc-HXB indicator provirus at 72 h post-infection in cells
expressing SpCas9 and either a control sgRNA or both the Tarl and TAR2 sgRNA in the
presence and absence of Raltegravir. Average of three independent experiments with SD
indicated. (C) HIV-1 LTRs bearing indels in TAR are largely transcriptionally inactive.
RT-PCR was used to amplify TAR from viral mRNAs expressed in HIV-1 infected cells
expressing SpCas9 and the TAR1 and TAR2 sgRNAs, as shown in panel A. This cDNA
was then analyzed for the presence of TAR indels by Sacl cleavage, as described in Fig.3.

2.3.5 Cas9 paired with an sgRNA against TAR can efficiently mutate
TAR and block HIV-1 gene expression in SupT1 cells.

All data obtained up to this point had been gathered using 293T cells. We sought

to extend these results to the T-Cell SupT1 line, in order to obtain a more accurate
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reflection of an authentic HIV-1 infection. We transduced SupT1 cells with a lentiviral
vector expressing Cas9 as well as sgRNAs targeting TAR, gag, or a non-specific target as
a control. Importantly, we introduced specific mutations into the LTRs of our vectors to
prevent cleavage by Cas9. After selecting for successfully transduced cells, we infected
them with NL-NLuc-HXB and, after harvesting DNA, measured the disruption of the
Bglll and SaclI sites located within the target regions of TAR through restriction enzyme
analysis. Similar to the results obtained in 293T cells (Fig. 3B), we indeed observed a
marked increase in the level of TAR DNA that was refractory to cleavage by BglIl when
the TAR2 sgRNA was expressed in NL-NLuc-HXB-infected cells (~43 +/- 14%) (Fig.7A).
Similarly, expression of the TAR1 sgRNA also inhibited Sacl cleavage of the TAR DNA
recovered from infected cells, with uncut DNA increasing from undetectable levels to 19
+/- 0.6% (Fig. 7A). In addition to analysis of cleaved DNA, we also harvested samples to
measure NLuc activity in NL-NLuc-HXB infected SupT1 cells. As can be seen in Fig. 7B,
we were able to observe a marked inhibition of NLuc activity in NL-NLuc-HXB-infected
SupT1 cells expressing Cas9 and sgRNAs TAR1 and TAR2 compared to the control cells
expressing a non-targeting sgRNA. Interestingly, the level of inhibition was
substantially greater in the cells expressing TAR1 (2 +/- 1.8% residual activity) compared
to the TAR2 expressing SupT1 cells (22 +/- 10% residual activity) despite the fact that we
saw substantially less editing at the predicted TAR1 cleavage site (Fig. 7A). These data

confirm that we are able to successfully target DNA encoding TAR in HIV-1 infected
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SupT1 cells expressing Cas9 and sgRNAs against TAR, and this produces a substantial

inhibitory effect on HIV-1 gene expression.
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Figure 7: Efficient Cleavage of DNA encoding the TAR element and inhibition of
HIV-1 Gene Expression in SupT1 Cells

(A) The DNA region encoding TAR was recovered by PCR from transduced SupT1 cells
expressing Cas9 and an sgRNA against HIV-1 TAR or a non-targeting sgRNA (Ctrl)
infected with the NL-NLuc-HXB indicator virus. DNA editing efficiency was then
assessed by cleavage with either BgllI or Sacl (as described in Fig. 3). A representative
experiment is shown with the arrow indicating the predicted size of the uncut DNA
product. (B) NLuc activity of transduced SupT1 cells expressing Cas9 and an sgRNA
against TAR or a non-targeting sgRNA (Ctrl) infected with NL-NLuc-HXB indicator
virus and assayed 48 hpi. All data are normalized to the culture expressing the non-
targeting sgRNA and are given in RLU. Average of three biological replicates with SD
indicated.
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2.3.6 Cas9-mediated cleavage against DNA encoding HIV-1 TAR can
prevent breakthrough replication.

Given the data presented in Fig. 7, we wanted to know if the inhibitory effect we
observed in Fig. 7D would be able to prevent breakthrough replication in HIV-1 infected
SupT1 cells expressing Cas9 and sgRNAs targeting TAR. To answer this question, we
infected our transduced SupT1 cells expressing Cas9 and sgRNAs against either TAR,
gag, or a non-targeting sgRNA (Ctrl) with NL-NLuc-HXB and monitored virus
replication by measuring NLuc activity over time. As can be seen in the representative
experiments displayed in Fig. 8 we observed rapid accumulation of NLuc activity in
cells expressing the non-targeting sgRNA, peaking at day 4 post infection. We also
observed substantial (>10 fold) suppression of virus replication in NL-NLuc-HXB
infected SupT1 cells expressing Cas9 and sgRNAs MA, TAR1, and TAR2. However, by
day 16 post infection we observed the expected breakthrough replication in infected
cells expressing the sgRNA against MA consistent with results obtained by other groups
[90,92]. Similarly and unexpectedly, by day 12 post infection SupT1 cells expressing the
TAR 2 sgRNA had experienced significant HIV-1 breakthrough replication. However,
we did not observe breakthrough replication in NL-NLuc-HXB infected cells expressing
Cas9 and the TAR1 sgRNA as far out as 32 days post infection. These data confirm that
HIV-1 is capable of overcoming Cas9 mediated repression when paired with an sgRNA

targeting gag, and that targeting TAR can inhibit breakthrough replication.
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Figure 8: Cas9-mediated cleavage of DNA encoding HIV-1 TAR can prevent
breakthrough replication.

SupT1 cells expressing Cas9 and an sgRNA against TAR, gag, or a non-targeting sgRNA
(Ctrl) were infected with the indicator virus NL-NLuc-HXB and monitored for NLuc
activity over time. Cells were passaged and samples collected every four days for a
period of 24 days. NLuc activity is displayed as light units. Two representative
experiments are shown.

2.3.7 Breakthrough virus is replication competent and contains a
mutated TAR bulge in cells expressing Cas9 and the TAR2 sgRNA

Next, we were interested in knowing the sequence(s) of mutant virus that had
escaped Cas9 mediated repression in cells expressing the TAR2 sgRNA. We infected
fresh SupT1 cells that expressed the matching sgRNA with supernatant from matching
infected cells at day 12 and day 16 and isolated samples for sequencing and NLuc
activity analysis. As expected, we were unable to detect NLuc activity in the matched
TART1 cells 72 hours post infection indicating that breakthrough replication had not
occurred. However, we were able to observe robust NLuc activity in the matched TAR2
cell infections indicating that replication competent virus was indeed being produced.
Similarly, we observed detectable NLuc activity from cells expressing the MA sgRNA,
albeit at lower levels (Fig. 9A). This result was expected because, as can be seen in Fig 8,
NLuc activity from SupT1 cells expressing TAR2 was substantially higher than cells
expressing the sgRNA against gag at day 12 post infection. Similarly, we detected greater
NLuc activity with the Day 16 supernatant from the infected SupT1 cells expressing the
MA sgRNA as opposed to the TAR2 expressing cells mirroring our results in Figure 8.

Sequencing of the TAR sequence from DNA obtained from the matched TAR?2 infections
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identified a series of virus sequences with the predominant sequence containing a single
nucleotide deletion of the C residue present within the UCU bulge of TAR (Fig. 9B). We
also observed two reads containing a T-> C substitution at the T residue encoding the 3’
U of the TAR bulge as well as two reads from experiment 2 containing a TCT to TA
mutation. These mutations occurred at the expected Cas9 cleavage site, indicating that
they likely arose through NHE] repair as has been reported previously[90]. These data
confirm that replication competent mutant virus, containing a mutated bulge within
TAR, was produced in NL-NLuc-HXB infected SupT1 cells expressing Cas9 and the

TAR2 sgRNA.
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Figure 9: Breakthrough virus is replication competent.

TAR 1

TAR1

Day 12

TAR 2

Day 12

TAR2

MA

MA

Light Units

700000

600000

500000

400000

300000

200000

100000

0

600000

500000

400000

300000

Light Units

200000

100000

0

Day 16

TAR 1 TAR 2 MA
Day 16
—_—
TAR1 TAR2 MA

(A) NLuc activity from matched SupT1 cells infected with day 12 and day 16
supernatant from infected cultures from experiment 1 shown in Fig. 8. Cells were
assayed for NLuc activity 4 days post infection with NLuc activity displayed as light
units. (B) Same as A except with supernatant from experiment 2 in Figure 8.
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Experiment 1

l

TGGGTCTCTCTGGTTAGACCAGATCTIGAGCCTGGGAGCTCTCT (2 wt)
TGGGTCTCTCTGGTTAGACCAGATC—-GAGCCTGGGAGCTCTCT (1)
TGGGTCTCTCTGGTTAGACCAGAT-TIGAGCCTGGGAGCTCTCT (7)

l

TGGGTCTCTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCT (1 wt)
TGGGTCTCTCTGGTTAGACCAGATC—-GAGCCTGGGAGCTCTCT (1)
TGGGTCTCTCTGGTTAGACCAGAT-TIGAGCCTGGGAGCTCTCT (8)
TGGGTCTCTCTGGTTAGACCAGATA-GAGCCTGGGAGCTCTCT (2)

Experiment 2

Figure 10: Breakthrough virus contains mutations at the predicted Cas9 cleavage site.
Sequencing of TAR DNA from matched SupT1 cells expressing SpCas9 and the TAR2
sgRNA. The PAM of the TAR2 target sequence is in red. The predicted TAR DNA

cleavage site is indicated by an arrow and DNA encoding the TAR UCU bulge is boxed.
Sequences from the two independent experiments displayed in Figure 9 are shown.

2.3.8 Predominant mutant TAR sequence from breakthrough
sequencing is functional

Finally, we wanted to confirm that the mutant sequences of TAR we obtained
were able to stimulate transcription following addition of HIV-1 Tat. To address this, we
utilized an indicator construct in which transcription of the NLuc gene is under the
control of the wild type HIV-1 LTR. Electroporation of SupT1 cells with this indicator
construct as well as a plasmid expressing Tat or a filler plasmid control followed by
analysis of NLuc activity 24 hours post transfection revealed the expected trans-
activation (~30 fold) (Figure 11). We observed a similar level of trans-activation when
using an indicator construct containing the predominant TAR bulge mutation (U-U) we

detected from our sequencing results in Figure 10. These results show that the

59



predominant TAR mutant sequence we obtained from our breakthrough sequencing is

indeed functional.
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Figure 11: Predominant TAR bulge mutation from breakthrough sequencing does
not abrogate TAR function.

Fold activation of NLuc activity from SupT1 cells electroporated with the wild type
or mutant pHIV-LTR-NLuc indicator construct. Fold activation was determined by
measuring NLuc activity either in the presence or absence of a Tat expression
construct. The sequences for the wild type and mutant bulge and loop regions of
TAR are displayed.
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2.4 Discussion

In this chapter we have reported data showing that Cas9-mediated cleavage of
HIV-1 proviral DNA can occur both prior to, and after, integration and that cleaved
unintegrated proviral DNA can be repaired through NHE]. Much of the work involved
in using CRISPR/Cas to target HIV-1 has been done within the context of an intact
provirus present within a latently infected cell [86,89,128,129]. While it has been shown
that Cas9 is capable of inactivating or even excising an existing integrated provirus, it is
also true that Cas9 serves as a useful tool for inhibiting a de novo HIV-1 infection[86,88].
This is particularly relevant as any potential HIV-1 therapeutic involving CRISPR/Cas
would likely involve the use of a lentiviral vector in order to deliver the Cas9 and
sgRNA to target cells. In this context, in which there is integration and permanent
expression of Cas9 and the cognate sgRNA, inhibition of incoming HIV-1 virus
generated from productively infected cells becomes a relevant factor in preventing the
spread of infection.

We also reported in this chapter that targeting TAR with CRISPR/Cas can
prevent HIV-1 breakthrough replication. However, given our result with SupT1 cells
expressing the TAR2 sgRNA failing to prevent breakthrough replication, choosing
specific regions of TAR to target seems to be of critical importance. It is important to
note that, as can be seen in the diagram in Fig. 3A, the TAR1 sgRNA1 targets the loop
structure of TAR, consisting of the of a small base paired region as well as the loop itself,

while the TAR2 sgRNA is expected to disrupt the bulge region. Thus, given this
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observation as well as the data presented in Fig. 8, targeting the loop structure of TAR
appears to be a more viable option to permanently repressing HIV-1 replication via
CRISPR/Cas targeting. These data are consistent with previous work showing that while
deleting the entire UCU bulge is deleterious to Tat mediated trans-activation, deleting
either the central C or 3’ U residues does not abrogate trans-activation[54]. In contrast, it
has previously been shown that both the loop and base paired region between the bulge
and loop are highly intolerant to mutation. Indeed, single nucleotide substitutions
within the loop and destabilizing mutations within the base paired region were shown
to inhibit Tat mediated trans-activation [40,53,55]. Interestingly, these results could
explain why we did not observe breakthrough replication in the TAR1 sample. Taken
together, these data should inform future work regarding target selection during sgRNA

design against HIV-1.

62



3. Expression of CRISPR/Cas single guide RNAs using
small tRNA promoters

This chapter is based on a research article published by Adam L. Mefferd et al., in RNA

in 2015 [130].

3.1 Introduction

The prospect that CRISPR/Cas mediated in vivo genome editing might emerge as
a feasible treatment for a 7nnmmmjmfrcvrange of human diseases has been the focus of
considerable recent interest, yet many problems remain to be resolved before genome

editing can become clinically useful [131].

Current CRISPR/Cas vectors generally rely on the SpCas9 protein, which is
encoded by an ~4.2-kb gene [65][76][132]. However, as discussed previously by
ourselves and others [131][127], effective delivery of both the Cas9 gene and cognate
sgRNAs into tissues in vivo will likely require the development of adeno-associated
virus (AAV)-based vectors, as only AAV can be readily produced at titers sufficient to
transduce enough cells in vivo to exert the desired phenotypic effect [133]. However,
AAV vectors have a DNA packaging limit of ~4.7 kb of which ~290 bp must be
dedicated to the two invariant AAV inverted terminal repeats (ITRs), leaving only ~4.4
kb as the payload capacity. To circumvent this problem, previous work generated an
AAV vector expressing the ~4.2-kb SpCas9 gene using a minimal promoter element and
then used a second AAV to express a cognate sgRNA [134]. This approach requires

cotransduction by each of these two AAVs in order to induce genome editing, which
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would clearly be less efficient in an in vivo setting. For this reason, there has been
considerable interest in identifying highly active smaller Cas9 proteins, encoded by
other bacterial species. For example, both the Neisseria meningitidis (Nm) and
Staphylococcus aureus (Sa) Cas9 genes are only ~3.2 kb in size [135][105][108]. However,
this would still leave only ~1.2 kb of space for the RNA polymerase II (Pol II) promoter
and poly(A) addition site required for Cas9 expression as well as a nuclear localization
signal (NLS) required for Cas9 nuclear import, the sgRNA, and the RNA polymerase III
(Pol IT) promoter required for sgRNA transcription. In many cases, two or more
sgRNAs would be desirable, for example, to allow versions of Cas9 mutated to cleave
only one strand of a target DNA sequence, so-called Cas9 nickases, to induce DNA
cleavage by nicking two closely adjacent sites on opposite strands of the DNA duplex

[65][74][136].

Previous work has focused on using the U6 Pol III promoter to drive sgRNA
transcription [65][76][127]. The U6 promoter, while very effective, is ~254 bp long and
two U6 promoters would therefore require more than 10% of the entire packaging
capacity of an AAV vector. Moreover, the U6 promoter requires transcribed sgRNA
sequences to initiate with a “G” residue, which either restricts the number of available
targets or introduces a single base mismatch to the DNA target. It is therefore desirable
to identify equally effective Pol III-dependent promoters that are both smaller than U6
and lack this sequence requirement. In this chapter, we report that tRNA promoters, of

human or viral origin, can be used to express high levels of sgRNAs specific for a wide
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range of DNA targets and bacterial Cas9 proteins.

3.2 Materials and Methods
3.3.1 CRISPR/Cas constructs, tRNA, and sgRNA design

Human tRNA sequences were obtained from the Genomic tRNA database
(http://gtrnadb.ucsc.edu) and the MHV68 tRNA M1-7 sequence was obtained from
previous work [119]. To generate tRNA-sgRNA expression constructs, overlapping

oligonucleotides were assembled to create a tRNA fused to an sgRNA scaffold and a Pol

I termination signal (5 -AAAAA-3). Between the tRNA and the sgRNA scaffold,
BsmBI, Bbsl, or Bsal restriction enzyme sites were incorporated to allow for the facile
insertion of targeting sequences. tRNA-sgRNA cassettes were then cloned into the Cas9
expression vectors pCMVSau, pCMVNme, or pX330 (Addgene, plasmid #42230) [65].
pCMVSau expresses human codon optimized SaCas9, linked to a FLAG epitope tag and
an NLS, under the control of human cytomegalovirus immediate early (CMV-IE)
promoter/enhancer. pPCMVNme is identical to pCMVSau except that the SaCas9 open

reading frame was ex- changed for a human codon optimized NmCas9 gene [135][105].

5'to this expression cassette, an sgRNA linked to either a U6 promoter or tRNA was
inserted. In the case of SpCas9 expression vector pX330 [65], the U6 promoter was

exchanged for the tRNA-sgRNA cassette.
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Table 4: tRNA Sequences

tRNA-99 (GIn)

5-GGTTCCATGGTGTAATGGTTAGCACTCTGGACTCTGAATCCAGCG
ATCCGAGTTCAAATCTCGGTGGAACCT-3’

tRNA-128 (Gly)

5-GCATTGGTGGTTCAGTGGTAGAATTCTCGCCTGCCACGCGGGAGG
CCCGGGTTCGATTCCCGGCCAATGCA-3’

tRNA-115 (Asn)

5-TGTCTCTGTGGCGCAATCGGTTAGCGCGTTCGGCTGTTAACTGAA
AGGTTAGTGGTTCGAGCCCACCCGGGGACG-3’

tRNA-7 (His)

5’-GCCGTGATCGTATAGTGGTTAGTACTCTGCGTTGTGGCCGCAGCA
ACCTCGGTTCGAATCCGAGTCACGGCA-3’

tRNA-49 (GIn-2)

5’-GGTTCCATGGTGTAATGGTTAGCACTCTGGACTCTGAATCCAGCG
ATCCGAGTTCAAATCTCGGTGGAACCT-3’

tRNA-87 (Glu)

5’-TCCCTGGTGGTCTAGTGGTTAGGATTCGGCGCTCTCACCGCCGCG
GCCCGGGTTCGATTCCCGGTCAGGGAA-3’

tRNA-2 (Pro)

5-GGCTCGTTGGTCTAGGGGTATGATTCTCGCTTAGGGTGCGAGAGG
TCCCGGGTTCAAATCCCGGACGAGCCC-3’

tRNA-25 (Cys)

5’-GGGGGTATAGCTCAGGGGTAGAGCATTTGACTGCAGATCAAGAG
GtCCCCAGTTCAAATCTGGGTGCCCCCT-3’

tRNA-5 (Tyr)

5’-GTCAGTGTTGCACAACGGTTAAGTGAAGAGGCTGTAAACCCAGA
CTGGATGGGTTCAATTCCCATCTCTGCCG-3’

MHV M1-7

5’-GCCAGGGTAGCTCAATTGGTAGAGCATCAGGCTAGTATCCTGTCG
GTTCCGGTTCAAGTCCGGGCCCTGGTT-3’
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Table 5: Full sequences used for Sp, Nm, and Sa sgRNAs. Restriction enzyme sites are
underlined and italicized. The Sp sgRNA utilizes two BbslI sites, the Nm sgRNA utilizes a
Bbsl site and a Bsal site, and the Sa sgRNA utilizes two BsmBI sites.

Sp sgRNA 5-GGGTCTTCGAGAAGACCTGTTTTAGAGCTAGAAATAGCAAGTTAAAATA

AGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTT-

31

Nm sgRNA 5-GGGTCTTCGAGGTCTCAGTTGTAGCTCCCAAACGAAATGAGAACCGTTG

CTACAATAAGGCCGTCTGAAAAGATGTGCCGCAACGCTCTGCCCCTTAAAG

CTTCTGCTTTAAGGGGCATCGTTTATTTTT-3’

Sa sgRNA 5’-GGAGACGGACGTCTCCGTTTTAGTACTCTGGAAACAGAATCTACTAAAA

CAAGGCAAAATGCCGTGTTTATCTCGTCAACTTGTTGGCGAGATTTTT-3’
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Table 6: sgRNA Targeting Sequences. The initial “G” residue in each targeting
sequence, indicated by a lower case letter, was included to facilitate transcription from
the U6 promoter and does not necessarily match the DNA target sequence selected. This
residue was retained in the tRNA-based sgRNA expression vectors to facilitate
functional comparisons with U6-based sgRNA expression vectors even though this
residue is not required in the former case.

E6 (Sp) 5'-gGCGCTTTGAGGATCCAACA-3’

E7 (Sp) 5'-gGAGCAATTAAGCGACTCAG-3’

P9 (Nm) 5'-gACATCCTCAGATTTAGTATTCAGA-3’
P25 (Nm) 5'-gTCATGCGCGGCGCATTACCTTTAC-3’
ICP4 (Nm) 5'-gCGGTGGCCGGCCGCGACGCCACG-3’
GFP (Nm) 5'-gTCACGAGGGTGGGCCAGGGCACG-3’
G6P (Nm) 5'-gATCTGGTTCCATCTTAAAGAGACT-3’
ICPO (Sa) 5'-gGTCCGTGCTGTCCGCCTCGGAGG-3’
ICP4 (Sa) 5’-gCCCCGCTCGTCGCGGTCTGGGCT-3’
SA (Sa) 5-gGCTGAACATGGAGAACATCACAT-3’
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3.3.2 Cell Culture

293T cells were grown in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum, 2 mM antibiotic—antimycotic (Gibco Cell

Culture), and 50 pg/mL gentamicin (Life Technologies) at 37°C.

3.3.3 Reporter Assays

293T cells were plated at 1.25 x 10° cells per well in 12-well plates and transfected
using the calcium phosphate method [137] with 1 pg of the Cas9/sgRNA expression
plasmid, 250 ng of an FLuc-based indicator plasmid, and 10 ng of an RLuc-based control
plasmid. Transfected cells were harvested 72h post-transfection in Passive Lysis Buffer
(Promega) and assayed for FLuc and RLuc activity (Promega Dual-Luciferase Reporter
Assay System). For the Sp and Nm reporter assays, both a nonspecific sgRNA and an
sgRNA specific for the indicator plasmid was included for each tRNA and U6 promoter.
Reporter assays for 293T cells stably transduced with lentiviral vectors expressing Cas9
and an sgRNA from either a U6 or tRNA promoter were performed similarly except that
cells were only transfected with 50 ng of the FLuc-based indicator plasmid, and 10 ng of

an RLuc-based internal control plasmid.

3.3.4 Northern Blot Assays

293T cells were plated at 5.25 x 100 cells in 10-cm dishes and transfected with 20
ug of a Cas9/sgRNA expression plasmid using polyethylenimine. Cells were harvested

72-h post-transfection in TRIzol (Life Technologies). Total RNA was isolated and
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fractionated on a 10% TBE-Urea Gel (Bio-Rad) and then transferred to HyBond-N

membrane (Amersham) and UV crosslinked (Stratalinker, Stratagene). Membranes were

prehybridized in ExpressHyb (Clontech) and then incubated at 37°C with a 32p_end
labeled oligonucleotide. Membranes were washed with 2X SSC/0.1% SDS at 37°C and

subjected to autoradiography.

3.3.5 Surveyor Assays

293T cells were plated at 1.25 x 10° cells per well in 12-well plates and transfected
using calcium phosphate, as described above. Total DNA was extracted at 72 h post-
transfection using a DNeasy kit (Qiagen), according to the manufacturer’s protocol, and
digested with Dpnl at 37°C for 1 h to remove input plasmid DNA. The region
surrounding the target site on the indicator plasmid was then PCR amplified using the

GoTaq cocktail (catalog no. 9PIM300, Promega). Primers used for amplification were as
follows: forward primer (5, -CCAGCTACAGTCGGAAACCATC-3 ), reverse primer

5 GAGGTAGATGAGATGTGACGAAC-3' )- PCR products were then denatured and
reannealed to enable DNA heteroduplex formation as follows: 95°C for 10 min, 95°C-
85°C with ramping at —1°C/sec, 85°C-25°C with ramping at -0.25°C/sec, and a hold at
25°C for 1 min. After reannealing, products were treated with Surveyor nuclease and
Surveyor enhancer S (Integrated DNA Technologies), according to the manufacturer’s

protocol, and analyzed on a 2% agarose gel.
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3.3.6 Cell Transductions

The Sp Cas9/sgRNA-expressing lentiviral vectors used were based on
lentiCRISPR v2 ([124]) (Addgene, plasmid #52961), except that the U6 promoter was

replaced with a glutamine tRNA. An sgRNA targeting the HPV-18 E6 gene was inserted

3’ to the U6 promoter or the glutamine tRNA. 293T cells (2 x 105) were transduced with
these lentiviral vectors and then selected with puromycin at 1 ug/mL for 72 h after
transduction. The resultant polyclonal cell lines were then maintained in media

containing puromycin.

3.3.7 Deep-sequencing analysis

Total RNA present in the transduced 293T cells was harvested and small RNAs
(<250 nt) isolated using a mirVana miRNA isolation kit (Ambion). Small RNAs between
~50 and 120 nt were further isolated by size fractionating after polyacrylamide gel

electrophoresis using 10% Tris-borate-EDTA (TBE)-urea gels (Bio-Rad) followed by

electroelution. To ensure the presence of a single 5 phosphate, the isolated RNAs were
dephosphorylated using recombinant shrimp alkaline phosphatase (NEB) in NEB
cutsmart buffer. The reaction was heated at 65°C for 5 min and then the RN A molecules
were phosphorylated using T4 polynucleotide kinase (NEB) in NEB Ligase Buffer. The
reaction was then incubated at 65°C for 20 min. The isolated small RNAs were then
processed using a TruSeq small RNA sample preparation kit (Illumina). cDNA was
generated as previously described [138]. Briefly, adapter-ligated RNA was reverse
transcribed using SuperScript III (Life Technologies) and amplified using GoTaq green
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PCR master mix (Promega) with TruSeq 3’ indices. cDNA molecules corresponding to a
length of ~170-240 bp were then isolated by gel electrophoresis and sequenced on an

[Mumina HiSeq 2000 using a 50-bp single end protocol.

Bioinformatic analyses were completed as follows. Reads were first processed
with the FASTX-Toolkit and Bowtie as described previously [138]. Briefly, reads >15 nt
were collapsed into FASTA format with the FASTX-Toolkit (http://hannonlab.cshl.edu/
fastx_toolkit/index.html) using the following pipeline: fastq_quality_filter -Q 33 |

fastq_to_fasta —Q 33 | fastx_clipper -a TruSeq- Index# -115 | fastx_collapser. Note that

reads with and without the 3 adapter were retained. All reads were then subject to
alignment using Bowtie v.0.12.7 [139] with the following options: -k 1 (default) —v 1 -
best —strata —m 25. The reads were sequentially aligned and filtered to adapter
sequences, miRBase v. 20 annotations of miRNA hairpins [140], and finally the human
functional RNA database version 3.4 [141]. Reads aligning to the fRNAdb were further
filtered with in-house Perl scripts. All reads >25 nt aligning to all tRNAs in the fRNAdb
were assigned unambiguously to an amino acid group and then summed. These read
totals were then normalized both to total reads aligning to the fRNAdD to assess tRNA

pool sizes and internally to assess relative pool stoichiometry. As a scaling factor, it was

assumed there are 2 x 106 tRNA molecules per cell [142].
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3.3.8 Data Deposition

The raw sequencing data obtained from small RNA deep sequencing have been
submitted to the NCBI Gene Expression Omnibus (GEO)

(http://www .ncbi.nlm.nih.gov/geo/) under accession number GSE69720.

3.3 Results

3.3.1 Streptococcus pyogenes sgRNAs can be expressed at similar
levels using tRNA or U6 promoters

We have previously demonstrated that mouse y-herpesvirus 68 (MHV68)

encodes several ~60-nt long premicroRNA (pre-miRNA) molecules that are initially
transcribed as a fusion transcript consisting of a 5 viral tRNA moiety fused to a 3 pre-
miRNA hairpin [119]. These precursor RNAs are then precisely separated into a 5 tRNA

and a3 pre-miRNA upon cleavage by cellular tRNase Z, which functions to define the 3
end of cellular tRNAs. We have also demonstrated that human tRNAs, when fused to a
pre-miRNA hairpin, give rise to both the pre-miRNA intermediate and a functional
mature miRNA and that this again requires processing by endogenous tRNase Z. We
therefore wondered whether human tRNAs could also be used to generate sgRNAs via a
precursor tRNA fusion intermediate, as schematically shown in Figure 12A. When
compared with previously described tRNA:pre-miRNA fusion transcripts, this
tRNA:sgRNA fusion differs in that the sgRNA is both significantly larger (~101 vs. ~60

nt) and folded into a more complex secondary structure.
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Figure 12: Streptococcus pyogenes sgRNAs can be expressed at similar levels using
tRNA or U6 promoters.

(A) Schematic of a human glutamine tRNA-sgRNA fusion with the predicted
tRNase Z cleavage site indicated. The “N” residues represent the variable sgRNA
targeting sequence. (B) Relative luciferase activity in 293T cells cotransfected with
plasmids expressing the SpCas9 protein and sgRNAs specific for the HPV-18 E6 or
E7 genes or a negative control sgRNA (Neg), and their cognate indicator plasmids.
sgRNAs were expressed from either the U6 promoter or the indicated tRNA.
Average of three experiments with SD indicated. (C) Northern blot of Sp sgRNAs
recovered from 293T cells transfected with a plasmid expressing SpCas9 and
sgRNAs specific for the HPV-18 E7 gene expressed from either a U6 or tRNA
promoter. Endogenous cellular U6 RNA served as a loading control.
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Initially, we generated fusion transcripts consisting of a human glutamine or
histidine tRNA, or an MHV68 tRNA (M1-7), linked to previously described SpCas9

sgRNAs specific for the human papillomavirus serotype 18 (HPV-18) E6 or E7 gene
[127]. Indicator plasmids consisting of these viral DNA target sequences inserted 3toa

translation initiation codon and 5 to the tirefly luciferase (FLuc) gene, constructed as
previously described [127] [143], were then cotransfected into 293T cells along with a
plasmid encoding SpCas9 and an sgRNA linked to either a tRNA or U6 promoter as
well as a Renilla luciferase (RLuc)-based internal control plasmid. Cells were harvested
at 72 h post-transfection and FLuc and RLuc levels determined. As shown in Figure 12B,
we observed effective and comparable knockdown of both the E6- and E7-based
indicator constructs by not only the U6 promoter-based sgRNA expression vector but

also by the vectors based on the tRNA_,  and tRNA,,, - promoters, while the tRNA

vector appeared slightly less effective. Analysis of the predicted Cas9 cleavage site in the
indicator plasmid, using the Surveyor endonuclease to detect introduced insertion or
deletion (indel) mutations, detected such mutations in DNA recovered from the cultures
cotransfected with all four sgRNA expression plasmids but not in the control culture, as

expected (Fig. 13).

We next analyzed the expression level of the E7-specific sgRNA in the
transfected 293T cells using a Sp sgRNA scaffold-specific probe. As shown in Figure
10C, we saw comparable levels of the mature E7-specific sgRNA produced by the U6,

tRNA,  and tRNA,, , based vectors but far less from the tRNA ,; based vector. The fact
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that the tRNA,, s based vector nevertheless gave rise to a significant repression of a

cognate indicator plasmid (Fig. 12B) demonstrates that even low levels of a functional
Cas9/sgRNA complex are able to exert a significant phenotypic effect in this cell-based
assay. While we did not observe detectable levels of the predicted ~175-nt tRNA:sgRNA

fusion transcript in the cultures transfected with the tRNA_,  or tRNA,  based vectors,

a trace amount was observed in the culture transfected with the tRNA,,, ,based vector

M1-7
(Fig. 12C, lane 4).
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Figure 13: SpCas9 induces indel formation in target DNA when programmed by
sgRNAs transcribed either by the U6 or tRNA-derived pol III promoters.

293T cells were cotransfected with a plasmid expressing SpCas9 and an sgRNA
specific for the HPV-18 gene, or no sgRNA (Neg), as well as an indicator plasmid
containing the HPV-18 E7 target site. Following transfection, total DNA was recovered
and subjected to PCR using probes that amplified a fragment encompassing the
predicted DNA cleavage site. sgRNAs were expressed from the U6 promoter or one of
the indicated tRNA promoters. The upper panel shows the reannealed PCR product
prior to Surveyor nuclease treatment while the lower panel shows the same PCR
product after Surveyor treatment. The arrows indicate the predicted sizes of the bands
expected if indels have been introduced at the expected SpCas9 cleavage site.
Numbers at left indicate DNA size markers.
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3.3.2 Neisseria meningitidis sgRNAs can be expressed using tRNA-
derived promoters

To extend these studies to a distinct smaller Cas9 protein with a different sgRNA
scaffold, we next analyzed the expression and function of NmCas9 sgRNAs transcribed
using the U6 or tRNA promoters [135] [105]. The Nm sgRNA scaffold is entirely
different in sequence from the Sp sgRNA scaffold and also somewhat larger in size. We
again analyzed Cas9 activity against two different DNA targets, each of which consists

of a bacterially derived, natural protospacer sequence called protospacer 9 (P9) or P25

[104]. The NmCas9 protospacer adjacent motif (PAM) used here was 5I-NNNNGATT-3,,

as previously reported [105].

As shown in Figure 14A, we again observed the specific knockdown of the
cognate FLuc-based indicator plasmids in cotransfected cells, though this was less
extensive than observed with SpCas9 (Fig. 12B). Northern analysis of sgRNA expression,
using a probe specific for the Nm sgRNA scaffold, showed closely comparable levels of

the P25-specific sgRNA in cells transfected with the U6, tRNA,,, and tRNA,, - based

vectors and again far lower levels with the tRNA,,,; promoter (Fig. 14B).

To extend these studies, and to test whether different sgRNA variable regions
might interfere with tRNase Z-mediated processing of the tRNA:sgRNA fusion
transcript, we next analyzed the expression of a wide range of Nm sgRNAs bearing
either 25-nt (P25, P9, G6P) or 24-nt (ICP4, GFP) variable regions using either the U6 or

tRNA_, , promoter. As may be observed (Fig. 14C), we saw generally closely comparable
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levels of sgRNA expression in all cases. In the case of the ICP4-specific tRNAcLn:sgRNA
vector, we again noticed a trace amount of a larger transcript migrating at the predicted

~200-nt size of the initial tRNA:sgRNA fusion transcript (Fig. 14C, lane 6).
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Figure 14: Neisseria meningitidis sgRNA expression using tRNA-derived promoters.
(A) Relative luciferase activity detected in 293T cells cotransfected with plasmids
expressing NmCas9 and sgRNAs specific for protospacer 9 (P9) or 25 (P25) or a
negative control sgRNA (Neg), and their cognate indicator plasmids. sgRNAs were
expressed from either the U6 promoter or the indicated tRNA. Average of three
experiments with SD indicated. (B) Northern blot of Nm sgRNAs recovered from 293T
cells transfected with a plasmid expressing NmCas9 and sgRNAs specific for the P25
sequence expressed using U6 or the indicated tRNA. Endogenous cellular U6 RNA
served as a loading control. (C) Same as B except that expression of a variety of distinct
sgRNA guide sequences, specific for the indicated gene sequence, was analyzed. (P25)
protospacer 25; (P9) protospacer 9; (ICP4) HSV-1 infected cell protein 4; (GFP) green
fluorescent protein; (G6P) glucose-6-phosphatase.

3.3.3 Various human tRNAs can be used to express S. aureus Cas9-
specific sgRNAs

The SaCas9 gene shares the small ~3.2 kb size of the NmCas9 gene and SaCas9 is

highly active when presented with DNA targets that contain its cognate PAM sequence

5,- NNGRRT-3’, where “R” represents a purine residue [108]. Therefore, S. aureus

encodes a promising Cas9 gene for potential use in AAV vectors. To analyze whether we
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could also produce active Sa sgRNAs using tRNA promoters, we expressed the identical
Sa sgRNA, specific for a target within the HSV-1 ICP0 gene, using a wide range of
human tRNAs. By indicator assay, we observed strong knockdown when using human

tRNA tRNA tRNA_,, tRNA_ , or tRNA,, to drive sgRNA expression and

GLN1/ GLN2/ GLY” GLU”

readily detectable knockdown when using tRNA ., or tRNA_, but little or no
detectable knockdown when using tRNA [, (Fig. 15A). Northern analysis, using a probe

specific for the Sa sgRNA scaffold, showed high-level expression of the mature sgRNA

with the tRNA tRNA s tRNA ,, tRNA, , and especially tRNA,;, promoters.

GLNV/ GLY/ GLU/

Expression of the mature sgRNA was more modest with the tRNA_,, tRNA_,,, and

GLY/ CcYsy

tRNA o promoters, while the tRNA |, ; promoter did not give rise to a detectable signal.

Interestingly, and in contrast to what was observed with the Sp and Nm sgRNA vectors,
we observed a substantial level of the unprocessed ~175-nt tRNA:sgRNA precursor

fusion transcript in all cases.

It seemed possible that the relatively inefficient processing observed with these
tRNA:sgRNA expression vectors was due either to the shared variable region of the
sgRNA present in all these constructs, which is specific for the HSV-1 ICP0 gene, or
represented a more general problem of incompatibility of the scaffold region of SaCas9-
specific sgRNAs with this RNA processing pathway. To determine if either of these
hypotheses was correct, we tested two additional tRNA:sgRNA expression constructs in

which the ICPO-specific sequence was replaced with variable regions specific for the
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HSV-1 ICP4 gene or the surface antigen gene of hepatitis B virus (HBV). As may be
observed in Figure 15C, both of these Sa-specific sgRNAs were efficiently released from

the tRNA, \, moiety by tRNase Z cleavage, and we therefore conclude that it is the

GLN1
ICPO-specific variable region that caused the processing problem seen in Fig 15B. We
note that the HSV-1 ICP0-specific variable region used here is very G:C rich (75% G + C),
and this could certainly inhibit tRNase Z processing by inducing misfolding of the
tRNA: sgRNA fusion transcript. The HSV-1 ICP4-specific variable regions used in Figure
12C, lane 6, and Figure 13C, lane 3, are also quite G:C rich (88% and 79% G + C,
respectively) and we again saw a detectable level of the unprocessed tRNA:sgRNA
precursor in both cases. In contrast, the other sgRNA variable regions tested generally
had lower total levels of G + C and were processed efficiently. Therefore, it appears that
high (>70%) G+C levels should be avoided in the sgRNA variable regions of

tRNA:sgRNA fusion transcript expression vectors.

The readily detectable level of the ICP0-specific tRNA: sgRNA fusion transcript
noted in Figure 15B,C prompted us to consider that this longer transcript might, in fact,
be loaded into the SaCas9 protein and thereby stabilized. In fact, sgRNAs transcribed by
the U6 promoter in the absence of Cas9 are highly labile and cannot be detected by
Northern blot (Fig. 15D, lanes 1 and 2). As expected, the identical ICP0-specific sgRNA,

when transcribed by tRNA was also rapidly degraded in the absence of the cognate

GLN1
SaCas9 protein (Fig. 15D, lanes 3 and 4). Interestingly, instability in the absence of Cas9

was also observed for the longer tRNA:sgRNA precursor transcript, thus demonstrating
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that SaCas9 is able to bind an sgRNA with a long 5 extension formed by the tRNA
moiety. However, we do not presently know whether Cas9 proteins loaded with such an

elongated sgRNA are functional.

We also wanted to confirm that cleavage by this endonuclease was occurring at

the predicted site located 5 to the SaCas9 PAM sequence 5-NNGAGT-3 used in this
plasmid, and that cleavage resulted in the predicted indel mutations after repair by error
prone nonhomologous end joining. For this purpose, we used the Surveyor ssDNA-
specific nuclease to detect indels in plasmid DNA that was recovered from cells
transfected as described in Figure 15A. This DNA was subjected to PCR amplification
using primers that generated a 778 bp DNA fragment that encompasses the predicted
SaCas9 cleavage site. As shown in Figure 16, we observed readily detectable levels of the
predicted DNA fragments of ~548 and ~230 bp upon Surveyor treatment of DNA
recovered from cultures cotransfected with the SaCas9/sgRNA expression vector, but

not from the control cultures.
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Figure 15: Various human tRNAs can be used to express S. aureus Cas9-specific
sgRNAs.

(A) Relative luciferase activity from 293T cells cotransfected with plasmids expressing
the SaCas9 protein and sgRNAs specific for the HSV-1 ICP0 gene or a no sgRNA control
(Neg), and a cognate ICP0-based indicator plasmid. sgRNAs were expressed using the
various human tRNAs indicated. Average of three experiments with SD indicated. (B)
Northern blot of Sa sgRNAs recovered from 293T cells transfected with a plasmid
expressing SaCas9 and an sgRNA specific for HSV-1 ICP0. The sgRNAs were expressed
using the indicated human tRNAs. Endogenous cellular U6 RNA served as a loading
control. The arrow indicates the predicted location of the mature sgRNA, while the
asterisk indicates the unprocessed tRNA:sgRNA fusion transcript. The latter varies in
size depending on the size of the tRNA used. (C) Similar to B, except that this Northern
analyzes the expression of sgRNAs transcribed using human tRNAgn; that are specific
for the HSV-1 ICPO or ICP4 genes or the HBV surface antigen (SA) gene. (D) Northern
blot analysis of Sa sgRNAs recovered from 293T cells cotransfected with a plasmid
expressing an sgRNA targeting HSV-1 ICPO from either a U6 or tRNAg n; promoter and
a plasmid expressing SaCas9 or an empty vector control. Endogenous cellular U6 RNA
served as a loading control.
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Figure 16: SaCas9 can induce indel formation using sgRNAs expressed from tRNA
promoters. 293T cells were co-transfected with a plasmid expressing SaCas9 and an
sgRNA specific for the HSV-1 ICPO0 gene, or no sgRNA (Neg), as well as an indicator
plasmid containing the ICPO target site. Following transfection, the Surveyor assay
was performed on a PCR product obtained from a region of the indicator plasmid
encompassing the predicted Cas9 target site. sgRNAs were expressed using the
various human tRNAs indicated. The upper panel shows the reannealed PCR
product prior to Surveyor nuclease treatment, while the lower panel shows the
reannealed PCR product treated with Surveyor nuclease. The predicted sizes of the
Surveyor cleavage bands are indicated by arrows. Numbers on the left indicate the

sizes of the DNA markers in base pairs.
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3.3.4 Using a tRNA promoter to express an sgRNA does not perturb
endogenous tRNA expression levels

One potential concern with the expression of tRNA: sgRNA fusion transcripts,
that are then processed by tRNase Z to liberate the sgRNA, is that this could result in
substantially changed tRNA expression levels, either overexpression of the tRNA used
in the expression vector or reduced expression if the level of tRNase Z available in the
cell was saturated. To address this potential concern, we generated lentiviral expression
vectors encoding SpCas9 and a puromycin resistance gene as well as an sgRNA

transcribed from either the U6 or tRNA , promoter. The sgRNA used was specific for

GLN1
the HPV18 E6 gene, as described in Figure 12. After packaging, we transduced 293T cells
with each of these lentiviral vectors and selected for puromycin resistance. The resultant
polyclonal cell lines were expanded and then transiently transfected with the cognate E6
indicator plasmid to confirm that the sgRNA was expressed at a functional level. As
shown in Figure 17A, we indeed observed a specific and comparable reduction in the
level of FLuc expression, when compared with the RLuc internal control, in both of the
transduced cell lines when compared with control 293T cells. Next, we isolated total
small RNA from the two transduced cell lines and used deep sequencing to determine
the level of expression of all tRNA species in these cells. The resultant data are presented

in Figure 17B as tRNA copies per cell for each of the 20 tRNA families specific for each

amino acid, under the assumption that there are a total of ~2 x 106 tRNAs per cell [142].
As may be observed, we did not detect a significant difference in the expression level of

any tRNA, including the glutamine tRNA used to express the sgRNA.
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Figure 17: Using a tRNA promoter to express an sgRNA does not perturb
endogenous tRNA expression levels.

(A) Relative FLuc expression in wild-type 293T cells or transduced 293T cells
expressing SpCas9 and an sgRNA targeting HPV-18 E6 from either the U6 or
tRNAgini promoter after transfection with an indicator plasmid containing a cognate
HPV-18 E6 target sequence. An RLuc expression vector was also cotransfected as an
internal control. Average of three independent experiments with SD indicated. (B)
Scatterplot of endogenous tRNA expression levels measured by deep sequencing
from cells stably transduced with a lentiviral vector expressing SpCas9 as well as an
sgRNA from either the U6 or tRNAg 1 promoter. tRNAs are grouped by families
specific for a particular amino acid. Lines represent a twofold change and the arrow
points to the red dot representing the tRN Ay population. For illustrative purposes,
this plot assumed there are 2 x 10° tRN A molecules per cell [142].
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3.4.4 Discussion

A key current roadblock to the application of CRISPR/Cas-based DNA editing
technology to the treatment of human disease is the effective and specific delivery of
vectors expressing Cas9 and the appropriate sgRNA(s) to the appropriate diseased
tissue. While delivery using nanoparticles or other chemical approaches might prove
feasible in the future, the only approaches available currently rely on the use of viral
vectors. While a number of these exist, AAV stands out as the vector of choice due to its
safety and due to the very high titers that can be achieved [133]. However, the small
~4.4-kb packaging capacity for exogenous DNA represents a major limitation, especially
given the large size of both the prototypic SpCas9 protein and of the promoters
currently used to drive Cas9 and sgRNA expression. Moreover, given the increasing
evidence that wild-type Cas9 can cleave a significant number of off-target DNA
sequences in human cells [144][145][146], it appears likely that the clinical use of Cas9
will require the use of a Cas9 nickase programmed by two sgRNAs that direct Cas9 to
two closely adjacent targets on opposite strands of the genome, as this approach doubles

the target specificity of Cas9 and can totally suppress off-target cleavages [76][136][144].

Here, we report that the very short, ~70-bp Pol III promoters present in several
wild-type human tRNAs are able to express high levels of functional sgRNAs specific
for not only a range of DNA targets but also for not only the SpCas9 protein but also the
smaller Cas9 proteins encoded by N. meningitidis and S. aureus, which are only ~3.2 kb in
size. Therefore, using tRNA promoters, it is possible to express two full-length sgRNAs
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using only ~350 bp of coding space, leaving >800 bp of available space for the Pol II-
dependent promoter, NLS, and poly(A) addition site required for Cas9 transcription and
function. We therefore believe that, while the larger U6 promoter is fully adequate for
the expression of sgRNAs when using plasmids or larger viral vectors, tRNA-derived
promoters have the potential to prove invaluable in ongoing efforts to deliver fully
active Cas9/sgRNA combinations to cells in vivo using AAV-based vectors. We note that
Xie et al. has described the use of the two tRNA processing enzymes RNase P and
tRNase Z to facilitate the expression of multiplexed sgRNAs in plant cells. However, this

proposed technique does not use tRNA promoters to drive sgRNA transcription and

requires two complete tRNAs to define both the 5 and the 3 end of each sgRNA, rather

than only one tRNA as reported here [147].
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4. Conclusions and Future Directions

The CRISPR/Cas system has emerged as a powerful genome editing tool that has
many applications both in therapeutics and basic research . In particular, there has been
a large interest in using this system as a means to target viral DNA within infected cells.
In chapter 2 we demonstrated the effectiveness and utility of using CRISPR/Cas to
inhibit a de novo HIV-1 infection. Not only did we determine that Cas9 cleavage of
proviral DNA can occur both before and after integration, but we also identified a
specific region of TAR, namely the loop structure, that when targeted, prevents HIV-1
breakthrough replication. Furthermore, in chapter 3 we identified a new strategy for the
expression of sgRNAs using tRNAs as promoters. Using this strategy we are able to
substantially reduce the size of the expression cassette necessary for sgRNA expression,
thus facilitating the construction of AAV expression vectors, which have strict
packaging limits.

4.1 Identification of Other Highly Conserved HIV-1 Targets for
Cleavage by Cas9.

The research presented in chapter 2 of this dissertation as well as the work of
other groups has demonstrated the effectiveness of the CRISPR/Cas system to inhibit
HIV-1 [86][88][89][87]. Indeed, we as well as others are able to observe an almost
complete ablation of viral gene expression through Cas9-mediated cleavage of proviral
DNA. However, multiple groups have identified that this repression is transient and
that replication competent virus is able to overcome Cas9-mediated repression within a

matter of days[90-93]. We have also observed this pattern when using CRISPR/Cas to
88



target the ORF of gag and the bulge region of TAR. To overcome this barrier, multiple
groups have proposed using multiple sgRNAs simultaneously in order to limit the
probability of replication competent mutant virus being produced [95,96]. Here, we have
demonstrated an alternative strategy for preventing breakthrough replication; using
CRISPR/Cas to target the highly conserved TAR element of HIV-1, particularly the loop
structure.

Our data reveals that Cas9-mediated targeting of the loop structure of TAR, but
not the bulge, can effectively prevent the generation of replication competent
breakthrough HIV-1. This result poses an interesting question. Are there other highly
conserved regions of HIV-1, that when targeted by CRISPR/Cas, prevent breakthrough
replication? Other highly conserved potential targets within HIV-1 are the primer
binding site (pbs) and the rev-response element (RRE). The HIV-1 pbs serves as the
binding site for tRN A3 primer and is critical for the initiation of reverse
transcription[29]. Therefore, disruption of this sequence would have deleterious effects
on ability of HIV-1 to reverse transcribe its genome and undergo a successful infection
cycle. Unfortunately, designing an sgRNA to effectively disrupt the pbs is difficult as
any design would likely also result in the cleavage of cellular DNA encoding the
tRNAYs3 gene and could have deleterious consequences for the host cell. Similar to
TAR, the RRE is a highly structured RNA that is critical for successful HIV-1
replication[18]. The RRE is located within env and binds to the HIV-1 accessory protein

Rev in order to facilitate the nuclear export of incompletely spliced and unspliced HIV-1
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transcripts[18]. The RRE can be divided into 5 RNA subdomains with the stem-loop II
subdomain responsible for the binding of Rev[148,149]. Thus, sgRNAs that are designed
to disrupt the stem-loop II region may also be able to prevent HIV-1 breakthrough
replication, similar to our result with targeting the loop structure of TAR. In conclusion,
combining the targeting of highly conserved regions of HIV-1, as well as expressing
multiple sgRNAs to target these regions simultaneously, could potentially serve as the
ideal strategy for preventing breakthrough replication when using CRISPR/Cas to target

HIV-1.

4.2 In Vivo Studies Investigating the Use of CRISPR/Cas to
Target HIV-1

Most of the research involving the use of CRISPR/Cas to disrupt or inhibit HIV-1
replication, including the data presented in chapter 2, has been performed in vitro.
Indeed, there are comparatively few studies looking at the ability of CRISPR/Cas to
inhibit HIV-1 in vivo. However, both Kaminski et al. and Yin et al. have published reports
using the Tg26 mouse model system to test the efficacy of disrupting HIV-1 using
CRISPR/Cas in vivo [89,111]. Tg26 mice contain an integrated provirus within the
germline containing a large deletion within gag and pol [150]. Consequently, no
infectious virus is produced and only a low level of viral transcripts are detectable.
There are, however, some observable features of a clinical HIV-1 infection within the
Tg26 line such as HIV-1-associated nephropathy[150]. Through AAV vector delivery of
SaCas9 and sgRNAs targeting various regions of the HIV-1 provirus, both groups were

able to observe both cleavage and excision of HIV-1 proviral DNA within spleen, liver,
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heart, lung, and kidney tissue as well as reduction in viral gene expression in these same
tissues. Furthermore, Yin et al. were able to demonstrate the excision of a region of HIV-
1 proviral DNA from various solid tissues in HIV-1 infected humanized bone
marrow/liver/thymus (BLT) mice, a more relevant mouse model for HIV infection,
through the same AAV vector delivery strategy [151].

While these studies certainly serve as useful proof-of-principle investigations,
more work needs to be done in vivo using more relevant experimental systems that
better recapitulate infection within HIV-1 infected individuals. For example, AAV vector
usage is likely not the ideal strategy for delivery of the Cas9 and sgRNA to target cells.
AAV vectors are incredibly potent at transducing solid tissue, and depending on the
capsid serotype utilized, can transduce a wide variety of tissue types[98]. However,
AAV vectors are not ideal for targeting CD4+ T-lymphocytes where much of the latent
HIV-1 infection occurs [152]. Similarly, HIV-1 latently infected cells are not localized to
any particular region of the body and are systemic [79]. Therefore, a more appropriate
approach would likely involve the use of a lentiviral vector to deliver the CRISPR/Cas
components into autologous cells harvested from infected individuals followed by re-
transplantation. The Cas9 and sgRNA would disrupt any integrated provirus as well as,
given the results presented in chapter 2 and the work of other groups, render these same
cells refractory to de novo HIV-1 infection [86,88]. The data presented in chapter 2 should

also inform future sgRNA target strategies to ensure the permanent repression of HIV-1
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in vivo. Thus, it is critical to continue pursuing in vivo studies using more relevant model

systems, such as latently infected BLT mice, and lentiviral vector delivery methods.

4.3 AAV Vector Delivery of Cas9 and sgRNAs to Inhibit DNA
Viruses

In addition to HIV-1, our group has demonstrated the effectiveness of using
CRISPR/Cas to target other DNA viruses, in particular human papilloma virus (HPV)
and hepatitis B virus (HBV) [127,143]. Cervical carcinomas arise as a result of infection
by human papillomavirus (HPV), most commonly high-risk HPV serotype HPV-16 or
HPV-18[153]. Tumorigenesis results primarily from the deregulated expression of two
viral oncoproteins, termed E6 and E7, which induce the degradation of the host cell
tumor suppressors p53 and retinoblastoma protein, respectively [154-156]. Our group
was able to demonstrate that SpCas9/sgRNA combinations are able to efficiently
mutationally inactivate HPV E6 and E7 protein function in both HPV-16- and HPV-18-
transformed cervical carcinoma cells, resulting in cell cycle arrest and tumor cell death

[127].

Despite an available vaccine, Hepatitis B virus (HBV) remains a major human
pathogen, with over 240 million individuals suffering from chronic HBV infections,
leading to both cirrhosis and hepatocellular carcinoma [157]. The infection can persist
for decades due to the lack of therapies that can effectively target the stable viral
covalently closed circular (ccc)DNA molecules present in infected hepatocytes

[158]. Therefore, in order to effectively clear an HBV infection and produce full
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remission, the viral cccDNA intermediates need to be destroyed. Our group has
demonstrated that SpCas9/sgRNA combinations targeted to the HBV reverse
transcriptase, surface antigen or core protein genes are all able to effectively repress viral
DNA production, including cccDNA accumulation, in chronically HBV infected cells

and also inhibit de novo HBV infection in vitro [143].

We have demonstrated the effectiveness of using CRISPR/Cas to target HPV and
HBV in vitro. The next step is to advance these studies from cell culture into an in vivo
setting. Therefore, the development of an effective delivery strategy for Cas9 and
sgRNAs is of critical importance. While AAV vectors may not be ideal for targeting HIV-
1 infected cells, they serve as the ideal delivery system for investigations involving the
CRISPR/Cas targeting of both HPV and HBV DNA in vivo. This is due to both HBV and
HPV infected cells being localized to the liver and solid tumor tissue, respectively. The
ability of AAV to be produced at exceptionally high titers (>10° virus particles/mL) and
their ability to transduce discrete tissue types with a high degree of efficiency further
supports their utility as a gene therapy vector for in vivo investigations of HBV and HPV
infected cells [98]. Unfortunately, AAV vectors have a strict packaging limit of ~4.7 kb
and so any in vivo investigations using CRISPR/Cas and AAV delivery must take this
into account [103]. As discussed in chapter 1 as well as in chapter 3 of this dissertation,
our group as well as others have focused on developing smaller Cas9 proteins in order
to circumvent the use of the large ~4.2 kb SpCas9 gene [105,108,109]. The research

presented in chapter 3 not only affirms the effectiveness of the smaller NmCas9 and
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SaCas9 proteins but also identifies a novel and more compact method of using tRNAs to
express sgRNAs. Using this method we are able to effectively express an sgRNA from a
cassette size of about ~170 bp as opposed to the traditional U6 expression cassette of
about ~350 bp. This technology allows for greater multiplexing of sgRNAs within a
single AAV vector and should greatly facilitate the effectiveness of CRISPR/Cas

technology for in vivo investigations with both HPV and HBV.
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