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The recent advancements in CRISPR/Cas9 engineering have
resulted in the development of more targeted and potentially
safer gene therapies. The challenge in the cancer setting is
knowing the driver oncogenes responsible, and the transla-
tion of these therapies is hindered by effective and safe
delivery methods to target organs with minimal systemic tox-
icities, on-target specificity of gene editing, and demon-
strated lack of long-term adverse events. Using a model sys-
tem based on cervical cancer, which is driven by the ongoing
expression of the human papillomavirus E6 and E7 proteins,
we show that CRISPR/Cas9 delivered systemically in vivo us-
ing PEGylated liposomes results in tumor elimination and
complete survival in treated animals. We compared treat-
ment and editing efficiency of two Cas9 variants, wild-type
(WT) Cas9 and the highly specific FokI-dCas9, and showed
that the latter was not effective. We also explored high-fidel-
ity repair but found that repair was inefficient, occurring in
6%-8% of cells, whereas non-homologous end joining
(NHEJ) was highly efficient, occurring in ~80% of the cells.
Finally, we explored the post gene-editing events in tumors
and showed that cell death is induced by apoptosis. Overall,
our work demonstrates that in vivo CRISPR/Cas editing
treatment of preexisting tumors is completely effective
despite the large payloads.

INTRODUCTION

CRISPR/Cas editing represents a new means to treat a range of dis-
eases either by repair of faulty genes via homology-directed repair
(HDR), the removal of genes driving disease via non-homologous
end joining (NHEJ), or the activation of genes via CRISPRa." In the
cancer setting, all these modalities are possible with the disease driven
by the overexpression of key oncogenes and the removal by mutation,
methylation, or deletion, of tumor-suppressor genes. The challenge is
identifying these events because they can differ both between and
within patients and tumors. However, key to showing the utility of
CRISPR/Cas editing in the cancer setting is the use of in vivo model
system such as human papillomavirus (HPV)-driven cancers, which
are addicted to the ongoing expression of the HPV oncogenes, E6
and E7. Moreover, translation of these therapies is hindered by several
factors including effective and safe delivery methods with minimal
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systemic toxicities, on-target specificity of gene editing, and demon-
strated lack of long-term adverse events.

Persistent infection with high-risk HPV, especially type 16 and 18,
is responsible for 99.7% of cervical cancer cases.> After infection,
HPV over-expression of the E6 and E7 oncogenes drive and sus-
tain cervical cancer.”® Indeed, silencing the expression of either
E6 or E7 genes with short interfering RNAs (siRNAs) resulted
in tumor growth suppression and cancer cell death.””” The same
effect was shown when E6 or E7 genes were knocked out with
CRISPR/Cas9 system.®'' Interrogating the mechanism of action
showed the reactivation of p53 tumor suppressor pathway when
targeting E6 oncogene, or the restoration of the tumor suppressor
retinoblastoma protein (Rb) pathway when targeting the E7
oncogene,'’ which in part explained the cell-cycle arrest and cell
death.”

Despite the success in targeting these E6/E7 with CRISPR/Cas9, pre-
vious efforts failed to address a range of issues and no systemic deliv-
ery has been demonstrated. The delivery of the treatment to target or-
gans has proven challenging owing to the large size of the Cas9/guide
RNA (gRNA)-expressing genes, which limits its packaging potential
for in vivo delivery. Systemic clearance of treatment by mononuclear
phagocytes system (MPS) and the immunogenicity of the delivery
vehicle are also known issues. Various delivery systems have previ-
ously been described with their pros and cons.'>'"? Despite their
high efficiency, adenovirus-associated vectors (AAV) suffer from
their limited packaging capacity, being ~4.5-5 kb of genetic payload,
which may not be suitable for CRISPR/Cas9 delivery.'* On the other
hand, adenovirus (AdV)- or lentivirus (LV)-based delivery been have
shown to elicit strong immune response and systemic toxicity.">"°
Although safe and less immunogenic, liposomes are limited by its sys-
temic elimination by MPS and short shelf-life in vivo.'” However,
shielding liposomes with a polyethylene-glycol (PEG) layer, a linear
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polyether diol, which is soluble in aqueous media, non-toxic, and
non-immunogenic,'® has shown an increased systemic stability,
significantly improved shelf-life, and decreased drug clearance and
toxicity.'” We have previously shown that PEGylated liposomes
were effective systemic delivery vehicles for siRNA-based therapies.'”
However, its potential for delivering CRISPR/Cas9 is yet to be
explored.

The commonly used wild-type (WT) Cas9 is highly promiscuous and
may bind elsewhere in the genome;™” therefore, concerns have been
raised about the potential for generating off-target mutations.”’
More target-specific variants of Cas9 enzyme have been engineered
by modifying its cutting capacity and editing strategy;** for example,
mutant Cas9 nickase that requires two targets instead of one to
generate double-stranded breaks (DSBs), or the recently described
inactivated Cas9 (dCas9) fused to the FokI cleavage domain, (FokI-
dCas9), which relies on the dimerization-dependent Fokl domain
to generate indels.”” The latter variant requires stringent binding,
spacing, and protospacer adjacent motif (PAM) site orientation to
edit genes, and thus increased the targeting specificity by at least
140-fold compared to WT Cas9.** After the target genes are cut by
Cas9 endonuclease, the DNA repair mostly utilizes the error-prone
NHE] repair mechanism, which generates random indels at the target
sites.”> Although such indels should suffice to disrupt the reading
frame of target genes, this is not always the case and one cannot pre-
cisely profile the type of indels being introduced.

To address these issues, here we tested the feasibility of employing a
more specific Cas9 variant, FokI-dCas9, to knock out HPV E6 and E7
genes. To avoid random mutagenesis generated by NHE], we also
aimed to assess whether it is possible to promote the more precise
HDR pathway, another possible repair mechanism for cut DNA
that requires a DNA template to guide the process and insert pre-de-
signed modifications.”® Finally, we aimed to assess whether it is
possible to package Cas9/gRNAs plasmids in PEGylated liposomes
for in vivo systemic delivery and explore treatment efficacy and the
mechanism of cell death.

RESULTS

Fokl-dCas9 Is Not Effective as a Gene-Editing Strategy against
Cervical Cancer

To determine whether the expression of WT Cas9 or FokI-dCas9 en-
donucleases with 16E6-, 16E7-, 18E6-, or 18E7-specific gRNAs can
cause cell death, and whether these Cas9 variants might correlate
with the effect, we transfected various HPV-positive cervical carci-
noma cell lines with either FokI-dCas9- or WT Cas9-expressing plas-
mids and gene-specific gRNAs at a 1:2 molar ratio, respectively.
Generally, both WT Cas9 and FokI-dCas9 treatments significantly in-
hibited cell proliferation, as measured by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Figure 1B). The
targeting of either the E6 or E7 oncogene had a similar effect. We
noted that WT Cas9 was much more effective at reducing cell growth
compared to FokI-dCas9, suggesting that WT Cas9 was more efficient
than the FoKi-dCas9 endonuclease (Figure 1B). Finally, we observed
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that treatment with either WT Cas9 or Fok1-dCas9 alone resulted in a
small but consistent reduction in cell proliferation. Whether this was
due to a nonspecific toxic effect of DNA transfection, as reported else-
where,”” or endonuclease expression itself is unknown.

To examine the long-term effect of editing on cell viability, we per-
formed colony-forming assays (CFAs) (Figure 1C). The results
mirrored those of the proliferation assays where both WT Cas9 and
FokI-dCas9 significantly reduced the number of colonies when tar-
geting either E6 or E7 genes. WT Cas9 was once again superior to
FokI-dCas9 treatment, and transfection of the nucleases alone had
a small but measurable effect on colony formation.

HPV E6 and E7 target p53 and pRb, respectively, for destruction and
their loss should result in the restoration of expression. To ascertain
whether editing E6 or E7 resulted in these changes, we examined the
effect of treatment on protein expression by western blotting.
Following treatment with either WT Cas9 or FokI-dCas9 targeting
16E6, 16E7, 18E6, or 18E7 genes, we observed specific re-activation
of p53 and its downstream effector, the cyclin-dependent kinase in-
hibitor p21 (Figure 1D). Targeting 16E7 or 18E7 genes with either
WT Cas9 or FokI-dCas9 restored Rb protein expression. Consistent
with the proliferation and CFAs, western blot analysis shows that
the restoration of p53, p21, and Rb protein expression was more
robust in WT Cas9-treated cells compared to those treated with
FokI-dCas9. Interestingly, targeting these genes with either a single
gRNA or two guides to the same gene (at 1:1 ratio) showed a similar
effect, except for 18E6 gRNA1, which showed a more significant effect
on the expression of p53 and p21 proteins. To directly show that the
expression of E7 target gene was disrupted by editing, we measured
the level of a FLAG-tagged 16E7 protein expressed in HeLa cells (Fig-
ure 1E). The use of WT Cas9 with 16E7 short gRNA (sgRNA) was su-
perior at reducing its expression compared to FoKi-dCas9, which had
a modest effect. This is consistent with the effects observed on cells
and in part explains the inferior performance of Fokl-dCas9
treatment.

DSBs Are Mostly Repaired by NHEJ Pathway

To determine the overall efficiency of our gene therapy, we performed
T7E1 assays. In conjunction with this study, we also examined the
ability of HDR to introduce stop sites in the HPV oncogenes as an
alternative treatment. To assess HDR, we designed a repair template
to insert a unique restriction site (Asel) into the 16E6 or 16E7 genes
and measured the level of digestion on the resulting PCR amplicons
(Figure 2A). Our data showed that the WT Cas9 generated random
indels in 68%-83% of the cells across different E6 and E7 treatments
(Figure 2B). The level of HDR was modest, with only 6%-8% of the
total population showing editing with either gene target. For this
reason, we did not test the efficiency of HDR editing in HPV-18-pos-
itive cell lines. To examine whether the HDR repair was additive or
substitutive to the NHE], we treated cells in the presence or absence
of the repair template, and then digested them by Asel (measuring
HDR), T7E1 (measuring NHE]), or both. The results suggest that
HDR editing was additive to NHE], with the total efficiency
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Figure 1. CRISPR/Cas Editing of the HPV E6 and E7
Genes Reduces Cell Viability and Induces Key
Growth Control Proteins

(A) The design strategy and the binding sites for gRNAs
against HPV E6 and E7 genes for both dCas9-Fokl and
WT Cas9 variants. (B) Cells (CasKi, HPV16 positive; Hel a,
HPV18 positive) were treated with target-specific gRNAs
(16E6, 16E7, 18E6, or 18E7) or control gRNA (non-spe-
cific), co-transfected with either the WT Cas9 or Fokl-
dCas9 for 72 h before cell viability was determined using
MTT assay. Viability was expressed as a percentage
relative to the untreated group (data not shown). (C) Cells
(CasKi, HPV16 positive; Hela, HPV18 positive) were
treated with target-specific or control gRNAs with either
WT Cas9 or Fokl-dCas9, and then allowed to form col-
onies over 2 weeks before the number of colonies was
counted. (D) CasKi (HPV16 positive) or HelLa (HPV18
positive) cells were treated with target-specific or control
gRNAs and either WT Cas9 (WT) or Fokl-dCas9 (Foki) for
72 h before protein expression of various growth control
proteins (p53 and p21 for E6 targeting, Rb for E7 targeting)
was determined by western blot analysis. The effect of WT
Cas9 with target-specific gRNA 1 (WT 1) or gRNA 2 (WT 2)
or both (WT 1 and 2, 1:1 ratio) was tested (Table S1 for the
list of gRNAs). The relative density (RD) of bands was
quantified using ImageJ software. Jurkat and HEK293
lysates were used as positive control for Rb and p53,
respectively. (E) HeLa Flag16E7Myc cells were treated
with 16E7 gRNAs and WT Cas9 or Fokl-dCas9 before
protein expression of FLAG-tagged E7 was quantified by
western blotting. Hela cell lysate was used as a negative
control. All data are presented as mean + SD. Statistical
difference was assessed by ANOVA with post hoc anal-
ysis, *p < 0.05, **p < 0.01, **p < 0.001.
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improving from 68% to 78% with 16E6 targeting. However, the 16E7
editing did not benefit from HDR repair at all (80% for NHE] repair
versus 81% for total NHEJ+HDR repair).

PEGylated Lipoplexes Are an Efficient Systemic Delivery Vehicle
for CRISPR/Cas9-Based Therapies

A major challenge for new CRISPR/Cas9 therapies is the develop-
ment of effective in vivo delivery platforms. We have previously devel-
oped hydration of freeze-dried matrix (HFDM) liposomes to success-
fully deliver siRNA to treat a range of cancers in vivo and therefore
have utilized the same platform here for CRISPR/Cas delivery.”* >

100 096 0.89

various N/P and PEGylation/lipid ratios (data
not shown). WT Cas9 and gRNAs were pack-
aged in PEGylated lipoplexes and validated by
Zeta-sizer (N/P ratio = 16:1, average particle
diameter = 210 nm + 10.79, average PDI =
0.41 * 0.09, zeta-potential = +45 * 2.71 mV).
The liposomes protected the payload plasmid
DNA and sgRNAs against serum nucleases for
up to 6 h, but by 8 h the plasmids had transi-
tioned from a supercoiled to a relaxed state,
with some degradation (Figure S1). In terms of the presence of pack-
aged DNA following injection into the bloodstream, no DNA was
detectable 4 h post-injection (Figure S1). Together, these data indicate
that HFDM liposomes were able to effectively protect and deliver
DNA out of the bloodstream.

098 007

Systemic Delivery of Lipoplexed CRISPR/Cas9 Therapies
Effectively Cleared Established Tumors

To test the efficacy of lipoplex-delivered CRISPR/Cas targeting the
HPV 16E7 oncogene, we tested treatment in a cervical cancer xeno-
graft mouse model. Tumors were established in immune-deficient
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Figure 2. CRISPR/Cas9 Editing Is Mostly Repaired through the NHEJ
Pathway

(A) A scheme of the DNA repair mechanism and editing efficiency screening stra-
tegies. After Cas9 binding to target site, the DSB will either be repaired through the
HDR pathway; thus introducing unique restriction site, Asel, which was used for
screening, or the NHEJ pathway, generating random indels that would fail to re-
anneal, and thus would be recognized and digested by T7E1 enzyme. (B) Cells
(CasKi, HPV16 positive or HelL.a, HPV18 positive) were treated with target-specific
(16E6, 16E7, 18E6, or 18E7) gRNAs, WT Cas9, and repair template (for Asel and
Asel + T7E1 groups) for 72 h, before the efficiency of NHEJ or HDR pathways was
determined by T7E1/Asel digestion assays.

mice using HPV 16-positive CasKi cells before intravenous injection
with lipoplexes (10 pg plasmid DNA/dose at days 8, 12, and 16)
commenced once they reached 20 mm”. The targeting of the 16E7
gene with WT Cas9-16E7 halted the growth of CasKi tumors, and
by day 77, 4/5 mice had no tumors present (Figure 3A), with a signif-
icant survival advantage (Figure 3C). To assess the mechanism of cell
death, we gave four mice with established tumors a single injection of
WT Cas9/16E7 containing lipoplexes, or controls and harvested tu-
mors 72 h later. Immunohistochemistry (IHC) staining showed
significantly increased expression of cleaved caspase-3 protein, a
marker of apoptosis,”’ in the treated mice compared to controls
(PBS or WT Cas9 with a non-specific sgRNA) (Figures 3B and 3D).
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As CasKi cells were slow growing in our animal model, we further
tested our treatment using a more aggressive xenograft model,
HeLa cells, which are positive for HPV18. Once tumors were estab-
lished, mice were injected as above at days 8, 10, and 12. Tumor
growth in this setting was significantly slowed but ultimately escaped,
and by day 42, all mice had reached the experimental endpoint of
1,000 mm? (Figures 4A and 4B). A second treatment arm was under-
taken with injections continued at days 16, 20, 24, and 28. In this arm,
tumor growth was inhibited until the endpoint of the experiment
(Figure 4A). At this time, small residual nodules of 25-50 mm’
were found, but these did not contain HPV as they stained negative
for pl6, a well-established marker of HPV-positive tumors (Fig-
ure 4E). H&E staining revealed a markedly reduced number of viable
cells and extensive necrotic regions in 18E7 sgRNA-treated tumors,
compared to controls (Figure 4D). Staining for cleaved caspase-3
(Figure 4D) showed a 5-fold increase in apoptosis compared to PBS
or control groups (Figure 4C). The treatment with 3 doses signifi-
cantly prolonged cancer-free survival by 12 days (39.6 versus
27.6 days for 18E7 #1 versus control, respectively, p < 0.001), while
treatment with seven doses eliminated cancer entirely (46 versus
27.6 days for 18E7 #2 versus control, respectively, p < 0.001)
(Figure 4B).

DISCUSSION

The recent advancement in genome editing with the characterization
of CRISPR/Cas9 systems has made it possible to edit any gene of in-
terest with high efficiency and at low cost. However, the development
of CRISPR/Cas9 therapeutics remains hindered by the on-target spec-
ificity of treatment, and its delivery with minimal systemic toxicity.
Herein, we assessed the feasibility of employing two Cas9 variants,
WT and FokI-dCas9, to knock out E6 and E7 oncogenes, and
explored the potential of PEG-coated liposomes as a systemic delivery
method for CRISPR/Cas9-based therapies in a cancer model where
the driver oncogenes are absolutely known.

In this study, the targeting of E6 or E7 genes significantly reduced the
cell viability and progeny-forming capacity as shown by MTT assay
and CFA. The WT Cas9 treatment was superior at reducing the
viability of the cells compared to FokI-dCas9. This was likely because
the FokI-dCas9 was less potent at reducing the output of the E7 gene
and did not induce p53, p21, or Rb to the same extent, compared to
WT Cas9. This could be attributed to the dose given, as previously
shown that Cas9 editing efficiency is dose-dependent and, therefore,
increasing the concentration of the treatment might improve the ef-
fect.”*** Hypothetically, two copies of Fokl-dCas9 endonucleases
are required to edit genes, unlike the WT Cas9, which can generate
DSB with a single endonuclease; thus, the amount of FokI-dCas9
would be double that of WT Cas9 to achieve a similar editing effi-
ciency. However, we were not able to increase the concentration of
FokI-dCas9 beyond 800 ng/well (24-well plate) due to toxicity. In
addition, the design of FokI-dCas9 treatment is stringent in terms of
spacing, orientation, and pairing of gRNAs.**** Given the short length
of E6 and E7 genes (approximately 500 bp and 300 bp, respectively), it
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Figure 3. Systemic Administration of 16E7 gRNAs and WT Cas9 Packaged in Stealth Liposomes Effectively Clears Established Tumors via Apoptosis

(A) CasKi cells were subcutaneously inoculated in Rag1 mice and allowed to establish (20 mm?), before mice were injected via the tail vein (a total of 10 ug/dose of plasmid
DNA expressing 16E7 or control gRNAs + WT Cas9, packaged in stealth liposomes). Tumor volume was monitored over a 3-month period. The arrows represent the days of
treatment. (B) Immunohistochemical staining of tumor tissues with H&E or anti-cleaved caspase-3 antibody. (C) The survival analysis of established CasKi xenografts in Rag1
mice after 16E7 targeted treatment, control (nonspecific gRNA + WT Cas9), or untreated (PBS only) in days (D) The apoptotic cell count in anti-caspase-3-stained tumor
tissues. Data are presented as mean + SD. Statistical significance was assessed by ANOVA with post hoc analysis. *p < 0.05, **p < 0.01, ***p < 0.001.

was challenging to select gRNAs with minimal potential off-targets
and meet the criteria for an effective FokI-dCas9 treatment.

Interestingly, targeting E6 or E7 genes with the WT Cas9 with either
gRNA 1 or 2 instead of both gRNAs (1:1 ratio) showed that a single
gRNA was more efficient at editing target sites compared to paired
gRNAs (Figure 1D). This is contrary to previous reports that showed
that the delivery of multiple gRNAs resulted in a substantially higher
editing effect, presumably via the activator/repressor synergy
phenomenon.”>*°

In our experiment, the WT Cas9 preferred the NHE] pathway over
HDR, despite the fact that the designed repair templates were approx-
imately 120 nt in length and complementary to the non-target strand,
which is known to significantly improve HDR editing efficiency.”””®
Surprisingly, the addition of a repair template seemed to influence the
repair mechanism in different ways based on the type of gene being
targeted. When targeting the 16E6 gene, the HDR pathway seemed
to have an additive effect to the overall editing efficiency. In contrast,
editing 16E7 with HDR seems to substitute the NHE]. Because both
repair templates share similar characteristics, one would expect a
more consistent effect in the same cell line. However this may be

dependent on the gene locus because the HDR/NHE] ratio is highly
dependent on genome location.™

When administered intravenously, PEGylated liposomes protected
plasmid DNA expressing CRISR/Cas9 against serum-mediated
degradation for up to 6 h. Indeed, one major limitation of using
liposomes had been the nonspecific interaction of cationic lipids
(DOTAP, DOPE, and Cholesterol) with serum or extracellular ma-
trix, with the release of the encapsulated payload into plasma, leading
to cytotoxicity and reduced cellular internalization of the cargo.'”
Shielding liposomes with PEGylation was shown to block the binding
of plasma opsonins to the liposome surface, and thus the interaction
with MPS macrophages is inhibited.'” As a result, circulating lipo-
somes can escape MPS uptake and accumulate in other organs via
“passive targeting” phenomenon, particularly in tumor tissues under-
going angiogenesis via enhanced permeation and retention effect.’
Therefore, our delivery method solved several problems related to
the systemic delivery of CRISPR/Cas9 system: the cytotoxicity, stabil-
ity in serum, retention of treatment in the target organ, and cellular
internalization of the cargo. To the best of our knowledge, this is
the first report on utilizing stealth liposomes for the systemic delivery
of CRISPR/Cas9 therapies against established cervical xenografts.

Molecular Therapy Vol. 27 No 12 December 2019 2095


http://www.moleculartherapy.org

18E7

A -~ Untreated (PBS)
-~ Control (non-specific)
1500 —— 18E7 #1
¥ 18ET #2
_— —» Treatment time
£ 1000
E
c
Q
£ 500
2
o
>
04
RN R D G ¥ o oP o © ¥ o (Days)
- 18ET18E7 1887 Cul cul cul
—— 18E7 18E7 18E7 18E7 18E7 18E7
.25
X
_ 100 ik — PBS =
[ ks — Control 5 G S
H — 18E7 #1 8
5 — 18ET#2 O 15
2 z
S o 10
g ]
a | g s
0 T T T T 1 <
0 10 20 30 40 50 o PBS  Control
ontrol
Time (days)
D Non-specific gRNA 18E7 18E7
w ; 2 %
o3
= S
0 .
v '
9 - : (s
© 3
Q
w
©
(9]
T * .
[
2
©
9 ..
(&)
T ot i W : % o
E Non-specific gRNA Non-specific gRNA 18E7
< 3
w s
w .
I

2096 Molecular Therapy Vol. 27 No 12 December 2019

o, 3 00,

oo,

Molecular Therapy

Figure 4. Systemic Administration of 18E7 gRNAs +WT
Cas9 Packaged in Stealth Liposomes Effectively
Eliminated HeLa Xenografts and Prolonged Survival
(A) Hela cells were subcutaneously inoculated in Rag1 mice
and allowed to grow to 50 mm?® before being treated with a
total of 10 pg/dose of plasmid DNA coated in stealth lipo-
somes (18E7 sgRNA* WT Cas9 plasmids [treatment],
nonspecific gRNA + WT Cas9 [control], or PBS [untreated]).
Tumor volume was monitored for 46 days (experiment
endpoint, tumor size = 1,000 mm3). The arrows represent the
days of treatment injection. The legend illustrates whether
18E7 or control treatments were injected to treatment arms
(#1 and #2). Data are presented as mean + SD. (B) The
survival analysis of established HelLa xenografts in Rag1 mice
after 18E7 targeted treatment, control (nonspecific gRNA +
WT Cas9), or untreated (PBS only) in days. (C) The apoptotic
cell count in anti-caspase-3-stained tumor tissues in 18E7,
control, and untreated tumor sections. (D) Immunohisto-
chemical staining of tumor tissues with H&E or anti-cleaved
caspase-3 antibody in 18E7 or control treated tumor speci-
mens. (E) Immunohistochemical staining of tumor tissues
after seven doses of treatment (treatment #2 group) with
18E7 sgRNA + WT Cas9, with H&E or p16 antibody. Statis-
tical significance was assessed by ANOVA with post hoc
analysis. *p < 0.05, **p < 0.01, **p < 0.001.
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Because FoKi-dCas9 treatments had a modest effect in vitro, we only
tested the efficacy of WT Cas9 treatment in vivo. Treating CasKi
xenografts with WT Cas9 16E7 effectively suppressed tumor growth
via apoptosis, as confirmed by IHC staining against cleaved caspase-
3 protein. This finding suggests PEGylated lipoplexes were effective
as a systemic delivery vehicle for larger plasmids expressing Cas9
protein and that the delivery of three doses of treatment (a total of
30 pg DNA) was effective to halt CasKi tumor growth and clear can-
cer. Indeed, tumor growth suppression was noticeable after the
administration of the third dose of treatment, after which growth
plateaued, possibly as more cells were exiting the cell cycle via
apoptosis and tumor cells cleared, because the density of viable
tumor cells was not enough to sustain tumor growth. On the other
hand, HeLa xenografts required seven treatments to be eliminated.
When three doses were injected, tumor growth was temporarily
halted, only to resume growth afterward. It was previously shown
that the inoculated cell density is a critical determinant of a success-
ful tumor establishment in mice,*' with a cell-line-specific minimal
cell density required for tumors to grow. To effectively clear a tumor
at a given point, the viable tumor cells should be below the minimal
cell density cut-off. This is relevant to our experiment because we
were not able to package more than 10 pg of plasmid DNA per
dose to maintain an acceptable nanoparticle size and charge to evade
MPS uptake;*>** thus more doses were required. At the end of the
experiment, small nodules (=25 mm?) persisted with no further
growth. THC staining with p16 antibody showed that the remnants
were not HPV positive and a likely tissue stroma. To our knowledge
this is the first reported example of complete tumour clearance using
CRISPR/Cas9 treatment.

In conclusion, owing to the limitations regarding its transfectionability
and the design criteria, our data suggest that the use of FokI-dCas9 is
not feasible as a treatment strategy for cervical cancer. Although double
nicking with the mutant Cas9 nickase requires less stringent design
criteria, it would possibly be hindered by the short length of the target
genes as well. Therefore, the WT Cas9 is promising as an effective gene
therapy for cervical cancer. However, given its promiscuous nature, the
off-target effects should be precisely profiled and deemed acceptable. In
addition, our data support the use of PEGylated lipoplexes for the sys-
temic delivery of plasmid-based CRISPR/Cas9 therapies. However,
treatment safety and cytotoxicity need to be assessed in immunocom-
petent animal models, which is ongoing at present.

MATERIALS AND METHODS

Cell Culture and Transfection

HeLa (HPV-18 positive), CasKi (HPV-16 positive), HEK293T, Jurkat
cell lines (from American Type Culture Collection), and HeLa-
FLAG16E7MYC** were cultured in DMEM (Invitrogen) supple-
mented with 10% heat-inactivated fetal bovine serum (Sigma), and
1% antibiotic mixture of penicillin G, streptomycin sulfate, and
L-Glutamine (GIBCO-Invitrogen). The cells were transfected at
70% confluency. Lipofectamine 3000 reagent (Thermo Fisher Scien-
tific) was used according to the manufacturer’s instructions. A total
amount of 600 ng of total DNA was transfected per well, in a 24-

well plate. Two different Lipofectamine concentrations were tested,
and the optimal concentration was decided according to the transfec-
tion efficiency and toxicity assessment.

Plasmids

Generic gRNA expressing plasmid (pcDNA.H1sgRNA) was kindly
provided by Kevin Morris Laboratory.** Two target sites were selected
within each of the HPV-16 E6 (16E6) and E7 (16E7) and HPV-18 E6
(18E6) and E7 (18E7) genes by utilizing CRISPRDirect online tool
(Table S1).*° The distance and orientation of each couple of gRNAs
were decided according to a recently published protocol (Figure 14).**
Two single-stranded Oligos per target site were ordered (Sigma) and
cloned into gRNA-expressing plasmid (Supplemental Information).
The FokI-dCas9- and WT Cas9-expressing plasmids were purchased
from Addgene (Plasmid#52970 and Px330S-2, respectively).

Cell Viability Assay

The MTT tetrazolium reduction assay was used to assess the effect of
treatment on cell proliferation. CasKi or HeLa cells were seeded at
15,000 cells or 7,000 cells per well, respectively, in a 24-well plate.
24 h later and when the cells were at approximately 70% confluency,
cells were transfected. The experiment involved untreated, Lipofect-
amine, gRNA, Cas9, Cas9 and nonspecific gRNA, and Cas9 and
target-specific gRNA-treated cells in triplicates. Three days post-
transfection, 50 uL of MTT (12 mM) was added to a fresh 450 pL
of DMEM per well, and the cells were incubated at 37°C for 4 h.
The development of the blue formazan because of the MTT meta-
bolism by viable cells was quantified by measuring its optical density
at a wavelength of 544 nm.

Colony-Forming Assay

To assess the effect of treatment on the colony-forming capacity of the
cells, CFA was performed. Briefly, 1,200 cells of pretreated CasKi cells
or 800 pretreated HeLa cells were seeded in six-well plates. Like cell
viability assay, these experiments had similar controls. After 2 weeks,
the media were removed, and cells were fixed with 2% formaldehyde
solution for 30 min at room temperature. Next, the cells were stained
with 1% crystal violet (in 20% ethanol) for 30 minutes at room tem-
perature, and then washed with tap water and left to dry overnight.
Colonies were counted the next day.

T7 Endonuclease | Assay

The gene-editing efficiency was assessed by T7E1 assay as described
elsewhere.”” Briefly, 3 days after treatment, genomic DNA was
isolated using Purelink genomic DNA kit (Invitrogen, #K182001).
The target genes, 16E6, 16E7, 18E6, and 18E7, were amplified by
PCR. The amplicons were purified by PCR purification kit
(QIAquick PCR purification kit, #28104). The purified DNA was
then denatured by heating and allowed to reanneal, then treated
with 20 units of T7E1 (New England Biolabs) per 500 ng for
15 minutes at 37°C. The final product was analyzed by 2% agarose
gel electrophoresis (at 50 V, for 3 h at room temperature). The
intensity of the cleaved and non-cleaved bands was quantified by
Image] software (NIH, USA).
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Detection of Knockin Efficiency

To assess the efficiency of HDR repair mechanism, we designed repair
templates to insert a premature stop codon (nonsense mutation) to
knock out the reading frames (four reading frames would be knocked
out because of frameshift) and introduce a unique restriction site,
Asel, for efficiency screening purpose (Supplemental Information).
Like the T7E1 assay, the target genes were amplified, purified, dena-
tured, and allowed to reanneal to form heteroduplex DNA, and then
treated with Asel restriction enzyme (New England Biolabs,
#R05268S). After digestion, the amplicons were electrophoresed using
2% agarose gels, and the bands’ intensity was quantified.

Western Blot Analysis

The effect of CRISPR/Cas9 treatment on gene expression was as-
sessed by quantifying the level of Rb (E7 gene-editing), p53 and
p21 (E6 gene-editing), and FLAG-tagged 16E7 protein. Caski,
HeLa, and HeLa-FLAGI6E7MYC cells were seeded in T25 flasks
and co-transfected with Cas9/gRNA-expressing plasmids. At 60 h
post-transfection, cells were treated with MG132 (20 uM) for 12 h.
Cells were harvested 72 h after transfection and then lysed with radio-
immunoprecipitation assay (RIPA) buffer and Halt protease inhibi-
tor. The samples were run using 12% SDS-PAGE gel or 16% Tri-
cine-SDS-PAGE for FLAG-tagged 16E7 protein for 3 h (at 120 V,
4°C). Once transferred, the membranes were blocked with 5% skim
milk in Tris-buffered Saline-Tween 20 for 1 h with agitation, and
then probed with primary antibody overnight with agitation at 4°C.
The primary antibodies were as follows: Rb protein (BD Sciences,
#610261), p53 (Cell Signaling, #9282), p21 (Cell Signaling, #2947),
and FLAG (Cell Signaling, #2368). Jurkat and HEK293T cell lysates
were used as a positive control for Rb and p53 antibodies, respectively.

In Vivo Testing

To test the effect of treatment in vivo, we subcutaneously inoculated
5 x 10° CasKi cells or 1 x 10° of HeLa in Ragl mice. The 16E7 or
18E7 gRNAs and WT Cas9 plasmids were packaged in PEGylated lip-
oplexes using the HFDM.”® The particle size and the PEGylation ratio
were optimized using procedures described previously in Wu et al.”®
The liposomes stability was assessed by incubating packaged plasmids
in mouse serum at 37°C over a period of 8 h, and then DNA was ex-
tracted and analyzed by agarose electrophoresis. Ten micrograms of
either treatment (WT Cas9 + 16E7 or 18E7) or control (nonspecific
gRNA + WT Cas9) or PBS were injected via tail vein at multiple
time-points. To define the time frame of systemic uptake of lipo-
somes, we collected blood samples retro-orbitally at different time
points after injection and the DNA was extracted and analyzed on
agarose gel. Ongoing tumor volume assessment was done by digital
caliper. To optimize dosing regimen, we tested two treatment groups
with either the standard three-doses protocol (group 1) or more
(group 2) depending on in vivo response. After the third dose, group
1 mice were subsequently injected with non-specific (control) treat-
ments. Tumors were harvested and processed for immunohistochem-
istry staining. Cleaved caspase-3 Rabbit monoclonal antibody (Cell
Signaling, #9664) was used to assess apoptosis according to manufac-
turer’s instructions. P16 mouse monoclonal antibody (MAB 4133)
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was used to characterize HeLa tumor specimens after treatment.
This project has been approved by Griffith University Ethics Com-
mittee (project number MSC/04/17).

Statistical Analyses

Data were expressed as mean + SD. Independent samples t test and
one-way ANOVA with post hoc analysis (at p < 0.05) were used to
determine statistically significant differences. All analyses were
done by using GraphPad Prism software (version 7).
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