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Viral Vector-Based Delivery of CRISPR/Cas9
and Donor DNA for Homology-Directed Repair
in an In Vitro Model for Canine Hemophilia B
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Gene therapy represents an attractive alternative to treat hemo-
philia B. Here we established three hepatocyte-derived cell lines
based on Huh7, PLC/PRF/5, and Hep3B cells stably carrying
a mutated canine FIX (cFIXmut) transgene containing a single
point mutation in the catalytic domain. Based on these in vitro
models resembling a commonly used canine large animal
model, the tetracycline-controlled transcriptional activator
(Tet-on)-inducible CRISPR/Cas9 system and an optimized
donor were used to correct mutated cFIX gene through homol-
ogy-directed repair (HDR). For efficient delivery of designer
nuclease and donor DNA, we produced a high-capacity adeno-
virus vector type 5 (HCAdV5) containing the Tet-on-inducible
cFIX-specific CRISPR/Cas9 system and a single-stranded ad-
eno-associated virus type 2 vector (ssAAV2) containing the
modified donor. Moreover, we designed a single HCAdV5
delivering all components for HDR. Our amplification-refrac-
tory mutation system based on qPCR analysis (ARMS-qPCR)
revealed that the single vector application in Huh7-cFIXmut
cells resulted in up to 5.52% HDR efficiencies, which was supe-
rior to the two-vector strategy. Furthermore the single vector
also resulted in increased phenotypic correction efficiencies as-
sayed by ELISA. We conclude that HDR in combination with
viral vector delivery holds great promise for the correction of
mutated FIX in disease models.
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INTRODUCTION
Hemophilia B, accounting for 20% of hemophilia cases, represents an
X-linked genetic blood clotting disorder due to the deficiency of factor
IX (FIX) induced by mutations in the FIX gene. Patients with func-
tional plasma levels of FIX that are less than 1% of the normal value
have a severe phenotype characterized by frequent spontaneous
bleeding episodes that result in chronic, debilitating arthropathy
and occasionally death.1 Fortunately, the increase of plasma FIX levels
above 1% of physiologic levels can ameliorate the bleeding diathesis.
Nowadays, the injection of FIX as a protein replacement strategy is
used to control and prevent bleeding in hemophilia B patients. How-
ever, treating bleeding episodes only until hemostasis is achieved may
not be sufficient to treat long-term effects, such as hemarthropathy.2

Furthermore, inhibitors and the high costs of frequent intravenous
infusions of FIX impel more feasible treatments into consideration.
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As an alternative, direct infusion of complementary FIX DNA into
hemophilia B animals and patients through viral delivery was evalu-
ated, and it has proven to be efficacious.3,4 The clinical trials by Nath-
wani and colleagues5–7 showed long-term therapeutic FIX expression
after gene transfer of an adeno-associated virus (AAV) vector based
on serotype 8 (AAV8) for the treatment of 10 patients with severe he-
mophilia B. However, the duration of expression is still under consid-
eration, as the AAV vector predominantly persists episomally in host
cells. Since hepatocytes are quiescent and renewal is very slow in the
recruited adult patients, long-term therapeutic effects are possible if
no silencing of transgene expression occurs. Even liver-derived
expression of hyperfunctional FIX-Padua reduced liver toxicity and
showed no increased risk of thrombogenicity in hemophilia B mice
and dogs,8 but the disease complexity and certain adverse events
restrict its clinical usage.9–11 Recent studies demonstrated that recom-
binant AAV-mediated site-specific integration of human FIX (hFIX)
cDNA into the albumin (Alb) locus expressed in hepatocytes success-
fully ameliorated the disease in mice, but a high vector dose might
lead to increased off-target integration.12

As an attractive alternative to gene addition-based therapeutic stra-
tegies, gene correction approaches were implemented, which rely on
nuclease-driven homology-directed repair (HDR). It was demon-
strated in a murine model of hemophilia B that zinc-finger nuclease
(ZFN)-based HDR could produce high levels of hFIX.13,14 In our
previous study, we performed HDR based on transcription acti-
vator-like effector nucleases (TALENs) and the CRISPR/Cas9
nuclease machinery to correct the mutated genomic canine FIX
(cFIX) locus in vitro. We found that the CRISPR/Cas9 construct re-
vealed higher activities than the TALEN pair15 on genomic levels,
and, therefore, we decided to pursue the CRISPR/Cas9 approach
based on the identical guide RNA (gRNA) sequences in the present
study.
Authors.
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The CRISPR/Cas9 machinery probably represents one of the most
popular genome-editing technologies, which can efficiently induce
DNA double-strand breaks (DSBs) at the desired genomic target
locus.16–18 The CRISPR/Cas9 system initiates either error-prone
non-homologous end joining (NHEJ) or error-free HDR in the pres-
ence of a repair template.19,20 Recently, non-viral and early generation
adenoviral delivery of the CRISPR/Cas9 machinery along with the
homologous donor sequence was utilized to correct mutated FIX
in a respective mouse model.21,22 In one of these studies, it was
concluded that non-viral vector delivery is superior to early genera-
tion adenoviral vector delivery of the CRISPR/Cas9 machinery.21

Here we explored advanced high-capacity adenoviral vectors based
on human adenovirus type 5 (HCAdV5), for delivery of the
CRISPR/Cas9 technology, in combination with the single-stranded
adeno-associated virus type 2 vector (ssAAV2), for delivery of the
donor DNA. HCAdV vectors show an improved toxicity profile
and are less immunogenic to early generation adenoviral vectors
deleted for one or more early adenovirus genes.23 Because of the
high similarity between the hFIX and cFIX genes and the fact that
FIX is primarily expressed in and released from liver cells, we gener-
ated three liver cell lines stably expressing mutated cFIX under the
control of the liver-specific human a1-antitrypsin (hAAT) pro-
moter. The mutated cFIX transgene corresponds to the mutation
observed in a canine model for hemophilia B carrying a single
missense mutation (G1477A on the nucleotide level), resulting in
a substitution of glutamic acid (Glu) for glycine (Gly) at position
418 in the catalytic domain of the protein.24 This mutation results
in a complete absence of circulating FIX in affected animals. This
fact makes it ideal for gene therapy, including HDR, because geno-
typic and phenotypic correction can be simply detected. Vectors and
gene correction strategies can first be explored in vitro and then
translated and explored in this large animal model, which is a
precondition to perform clinical trials. Here, we explored the two-
vector strategy, in which we used HCAdV5 and ssAAV2 vectors
as vehicles to deliver doxycycline (DOX)-induced CRISPR/Cas9
and a modified cFIX donor sequence, respectively. Moreover, we es-
tablished a single-vector strategy employing HCAdV5 to deliver all
components for HDR. The single-vector strategy for HDR of
mutated cFIX in liver cells revealed higher repair efficiencies than
the two-vector strategy.

RESULTS
Generation and Characterization of In Vitro Hemophilia B

Models for Phenotypic Correction

Based on the hemophilia B canine model, hepatocyte-derived Huh7,
PLC/PRF/5, andHep3B cells stably carrying the mutated cFIX-coding
sequence (cFIXmut) with a single missense mutation (G1477A on the
nucleotide level) were established using the phiC31 integration sys-
tem.25 The transgene for somatic integration expresses cFIXmut un-
der the control of the hepatocyte-specific hAAT promoter in plasmid
P7-cFIX (Figure 1A). At 3 weeks post-co-transfection and selection
with G418, single-cell clones were picked and cultured in 24-well
plates. Subsequently, whole genomic DNA was extracted, and stable
cell clones were checked for positive integration events of the
cFIXmut transgene via Sanger sequencing (Figure 1B). Sequencing
results of final cell lines Huh7-cFIXmut, PLC/PRF/5-cFIXmut, and
Hep3B-cFIXmut revealed integration of the mutant cFIX-encoding
transgene. To further evaluate these cell lines, we measured integrated
cFIX cDNA copy numbers in Huh7-cFIXmut, PLC/PRF/5-cFIXmut,
and Hep3B-cFIXmut cells using qPCR. Results revealed that 2.3, 1.4,
and 0.8 copies of the target sequence were integrated into the different
cell lines, respectively.

Next we tested the expression of cFIX protein in Huh7-cFIXmut,
PLC/PRF/5-cFIXmut, and Hep3B-cFIXmut cell lines by performing
an ELISA using the supernatant of cultured cells. As a positive con-
trol, parental Huh7, PLC/PRF/5, and Hep3B cells were infected
with a previously described HCAdV encoding wild-type cFIX.26 As
shown in Figure 1C, wild-type cFIX was released from cells infected
with cFIX-encoding HCAdV into the supernatant and was measur-
able by ELISA (Figure 1C). Without additional infection with the
cFIX-encoding HCAdV, cFIX protein was undetectable in the super-
natant (Figure 1C). This indicated that these cell lines (Huh-cFIXmut,
PLC/PRF/5-cFIXmut, and Hep3B-cFIXmut) can be used as an
in vitro model for phenotypic correction and that the ELISA setup
can differentiate between cFIX and hFIX.

Molecular Design of CRISPR/Cas9 and gRNA Expression

Cassettes and Donor DNA

Evans and colleagues24 identified and characterized a hemophilia B
canine model that carries a natural single missense mutation
(G1477A) (Figure 2A), resulting in the substitution of glutamic acid
for glycine-418 in the serine protease domain of the molecule and a
complete lack of cFIX protein expression. Therefore, the gene correc-
tion of Gly418Glu in the cFIX gene represents an attractive site for
exploring gene correction approaches to treat hemophilia B caused
by mutated FIX. To guarantee that the donor sequence was gRNA
resistant, we mutated three bases in the target sequence of the
gRNA recognition region (Figure 2A), which we described in detail
in our previous publication.15 An alternative solution to render the
donor DNA gRNA resistant would be mutating the PAM sequence
through synonymous substitution. However, applying this strategy
was impossible for the experimental setup used in this project,
because the PAM sequence was represented in our target sequence
in two codons, TGG and GGT. TGG was the only codon for trypto-
phan and GGT represented the codon for glycine. Glycine would be
converted to other amino acids if the first base or/and the second base
is/are mutated.

To construct a controllable HDR system, we introduced the tetracy-
cline-controlled transcriptional activator (Tet-on) 3G tetracycline-
inducible expression system to regulate CRISPR/Cas9 expression,
rendering gene editing dependent on the addition of DOX (Fig-
ure 2B). To avoid that the corrected cFIX was recognized by gRNA
and cut by CRISPR/Cas9, we recently designed a modified donor
sequence, cFIXmod, through synonymous base pair substitution,15

resulting in a DNA sequence with altered nucleotides but the identical
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Figure 1. Construction of Stable Mutated Liver Cells Using phiC31 Integrase

(A) The vector containing the attB site, neo/kanR, and themutated canine factor IX (cFIX) expression cassette and thephiC31expressionplasmidwere co-transfected into liver-

derived cell lines (Huh7 cells, PLC/PRF/5 cells, and Hep3B cells). In the presence of phiC31 integrase, an attB-containing donor can be unidirectionally integrated into a target

cell genome, resulting in an integrated transgene flanked by attL and attRR sites. After selection withG418 for 3weeks and sequence verification, the stablemutated cFIX cells

(Huh7-cFIXmut, PLC/PRF/5-cFIXmut, and Hep3B-cFIXmut) were prepared for homology-directed repair (HDR) correction experiments. hAAT, human alpha-1-antitrypsin

promoter; PA, polyadenylation signal; neo, neomycin; kanR, kanamycin resistance. (B) The cFIX fragment of stable cell clones was checked using Sanger sequencing. The

black arrow indicates the point mutation G1477A in cFIX. (C) The supernatants of cFIX stable cell clones were checked using ELISA. Data points represent SEM of three

independent experiments performed in triplicates. AdV-cFIX, supernatant of cells infected with adenovirus vector carrying a wild cFIX transgene; AdV, supernatant of cells

infected with an irrelevant adenovirus vector; Huh7-cFIXmut, PLC/PRF/5-cFIXmut, and Hep3B-cFIXmut, the supernatants of the respective cFIX stable cell clones.
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translation (Figure 2A). Based on the same study, we previously
screened two gRNA candidates for the mutated cFIX target sequence
and the more efficient one was employed in this study.15 We treated
the Huh7-cFIXmut, PLC/PRF/5-cFIXmut, and Hep3B-cFIXmut cells
with the Tet-on-inducible CRISPR/Cas9 plasmid, and we used the T7
endonuclease 1 (T7E1) assay to analyze the nuclease-cutting efficacy.
The insertion or deletion (indel) frequency was quantified with Image
Lab 5.2, and the results showed that CRISPR/Cas9 treatment resulted
in cutting of the target locus in all the three cell lines (Figure 2C).
Possible off-target sites were predicted for the cFIX gRNA using the
COSMID software,27 and the top five sites were verified with the
Off-spotter online tool28 and the Cas-OFFinder29 CRISPR/Cas9 off-
target predictive tools. Identified off-target sites were the histone de-
acetylase 7 gene (HDAC7), a DNA-packaging protein Histone H3
gene (H3K27), the centrosomal protein of 192-kDa gene (CEP192),
and the Zinc and Ring Finger 2 gene (ZNRF2). After transfection
of Huh7-cFIXmut, PLC/PRF/5-cFIXmut, and Hep3B-cFIXmut cells
366 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
with the Tet-on-inducible CRISPR/Cas9 plasmid and the gRNA
cassette, the T7E1 assay showed undetectable indels at the identified
off-target sites (Figure 2D).

To deliver the donor DNA for HDR, we pursued two strategies. In
non-viral approaches, we used a PCR product containing the
cFIXmod sequence of 208 bp in length (Figure 3A). To reduce
complexity of the system, we also designed an approach that was
based on a single molecule carrying all components for HDR (Fig-
ure 3B). This included CRISPR/Cas9, the gRNA expression cassette,
and the donor DNA. To optimize the system, we constructed three
molecular setups of single vectors that delivered all components
for HDR: plasmid 1 (P1), plasmid 2 (P2), and plasmid 3 (P3) (Fig-
ure 3B). For P1 and P2, the donor was flanked by the gRNA recog-
nition sequence to achieve release of the donor from the plasmid.
The difference between them was that the gRNA recognition se-
quences in P1 were in the opposite orientation, while the gRNA



Figure 2. Construction of Non-viral Homology-Directed System for Correcting Mutated Canine Coagulation Factor IX

(A) Schematic outline of the cFIX target locus. The top panel shows the cFIX gene, including the UTRs (black bars), introns (bright gray bars), and exons (light gray bars).

Nucleotide and amino acid sequences of wild-type cFIX (WT cFIX) and a major disease causing cFIX mutation (G1477A, mutated cFIX) are shown (white letters in dark

square). The bottom panel shows the mutated donor sequence (cFIXmod) used in this study (mutations are marked with an asterisk), which results in the identical amino acid

sequence asWT cFIX. The gray horizontal bar schematically shows the guide RNA (gRNA)-binding site used in this study (gRNA-CRISPR/Cas9). Differences in the donor and

mutated cFIX sequences are marked with stars. (B) Schematic outline of the DNA sequences contained in the Tet-on-inducible CRISPR/Cas9 for cutting the cFIX-mutated

strand and the donor DNA that was transfected as PCR product (cFIXmod). NLS, nuclear localization signal; PA, polyadenylation signal; TREG3, TRE3G promoter; EF1a,

human elongation factor-1 alpha promoter; gRNA, guide RNA; Tet-on, tetracycline-controlled transcriptional activation. (C) CRISPR/Cas9 nuclease activity measured by

T7E1 assay after transfection with the CRISPR/Cas9-encoding plasmid and the donor DNA. MW, molecular-weight size marker; NC, negative control referring to the mixture

of untreated Huh7-cFIXmut, PLC/PRF/5-cFIXmut, and Hep3B-cFIXmut cells; 1, CRISPR/Cas9-treated Huh7-cFIXmut cells; 2, CRISPR/Cas9-treated PLC/PRF/5-cFIXmut

cells; 3, CRISPR/Cas9-treated Hep3B-cFIXmut cells. (D) CRISPR/Cas9 nuclease off-target analysis of the top 5 predicted off-target sites. These were the histone de-

acetylase 7 gene (HDAC7), DNA-packaging protein Histone H3 (H3K27), the centrosomal protein of 192 kDa (CEP192), and the Zinc and Ring Finger 2 gene (ZNRF2), which

were analyzed in Huh7-cFIXmut, PLC/PRF/5-cFIXmut, and Hep3B-cFIXmut cells by T7E1 assay after transfection with the CRISPR/Cas9-encoding plasmid.
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recognition sequences of P2 flanked the donor DNA in the identical
orientation. The donor contained in P3 lacked the flanking gRNA
recognition sequence.

Genetic Correction of Mutated cFIX through Non-viral Gene

Transfer

Next we conducted HDR with the Tet-on-inducible single-plasmid
system (P1, P2, and P3) and the two-component system (CRISPR/
Cas9 plasmid and the cFIXmod PCR product) in Huh7-cFIXmut,
PLC/PRF/5-cFIXmut, and Hep3B-cFIXmut cells. At 72 h post-trans-
fection, we measured gene correction efficiencies using our previously
established amplification-refractory mutation system based on qPCR
analysis (ARMS-qPCR) approach.30 The ARMS-qPCR contains two
pairs of primers, the reference primer pair and the detection primer
pair (Figure 4A). The reference primers bind to the common region
of all samples, and, therefore, the PCR reaction is not influenced by
HDR. For the detection PCR primer pair, the forward primer binds
the common region while the reverse primer binds to the mutation
site. After transfection of different single- and two-component sys-
tems using constructs displayed in Figures 2B and 3, we observed
that HDR efficiencies in Huh7-cFIXmut, PLC/PRF/5-cFIXmut, and
Hep3B-cFIXmut cells using the P1 single-plasmid strategy showed
highest correction frequencies of 5.28%, 2.53%, and 2.21%, respec-
tively (Figures 4B–4D). The other single vectors (P2 and P3) and
the two-vector system also revealed detectable but lower HDR fre-
quencies (Figures 4B–4D).
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Figure 3. Design of Donor DNA Sequences for the Two-Vector and the Single-Vector Systems

(A) Donor DNA used for the two-vector system. A PCR product of 208 bp (cFIXmod) covering the mutated cFIX location was used. (B) Schematic diagram of single vectors

containing the Tet-on-inducible CRISPR/Cas9 for cutting the cFIX-mutated strand and the donor DNA. Three molecular setups of single vectors, which delivered all

components for HDR, were designed: plasmid 1 (P1), plasmid 2 (P2), and plasmid 3 (P3). For P1 and P2, the donor is flanked by the gRNA recognition sequence. Note that

the gRNA recognition sequences in P1 are in the opposite orientation while the gRNA recognition sequences of P2 flank the donor DNA in the identical orientation. The donor

contained in plasmid P3 lacks the gRNA recognition sequence. NLS, nuclear localization signal; PA, polyadenylation signal; TREG3, TRE3G promoter; EF1a, human

elongation factor-1 alpha promoter; gRNA, guide RNA; Tet-on, tetracycline-controlled transcriptional activator.
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To analyze possible indel formation at the uncorrected Cas9 cleavage
site where no HDR occurred in the integrated cFIX transgene and the
endogenous hFIX sequence in Huh7-cFIXmut, PLC/PRF/5-cFIXmut,
and Hep3B-cFIXmut cells, we performed further T7E1 assays. As
shown in Figure 4E and Figure S1, no indels could be detected at these
target sites.

Correction of the Mutated cFIX Gene by Viral Delivery Using

HCAdV5-Cas9 and ssAAV2-cFIX

The rapid degradation of naked DNA impedes its clinical application,
and, therefore, we moved on to investigating viral vectors for the de-
livery of CRISPR/Cas9 components and donor DNA. We intended to
deliver the donor sequence to correct mutated cFIX using ssAAV2,
which was shown to represent a potential candidate for in vivo gene
delivery to treat hemophilia4,31,32 and as donor vector for HDR.
Therefore, we inserted the modified cFIX as corrective donor tem-
plate into ssAAV2, termed ssAAV2-cFIX (Figure 5A). Since the
limited packaging capacity limits the usage of AAV vectors for
delivering the Tet-on-inducible CRISPR/Cas9 system, we explored
HCAdV for CRISPR/Cas9 delivery, which has the advantage of being
able to carry large transgene cargos.33,34

To identify the optimal adenoviral vector type for the transduction of
different hepatocyte-derived cell lines, we first measured the trans-
368 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
duction efficiencies of several different human adenovirus types
from our recently described adenovirus library,35 in which the adeno-
viral vectors expressed luciferase. At 1 day post-infection with 3,000
viral particles (vps), luciferase expression levels were measured, and
we found that adenovirus type 5 (Ad5) exhibits the highest transduc-
tion efficiencies and transgene expressions levels in analyzed Huh7
cells (Figure S2), which was in agreement with previous studies that
Ad5 displayed high liver tropism.36–38 Therefore, we inserted the
DOX-inducible CRISPR/Cas9 transgene and the gRNA transcription
unit targeting the cFIX mutation site into a helper-dependent adeno-
virus vector based on type 5, termed HCAdV5-Cas9 (Figure 5A).
Considering that P1 resulted in the most efficient correction effi-
ciencies compared to P2 and P3 using non-viral gene transfer, we in-
serted the HDR donor elements of P1 into HCAdV5-Cas9, resulting
in the single-vector HCAdV5-Cas9-donor (Figure 5A). Note that, for
further gene correction studies, we used Huh7-cFIXmut cells, because
these cells showed the highest correction efficiencies on the genome
level in non-viral approaches (Figure 4B).

To optimize the co-transfection to conduct the desired modifica-
tion with the two viral vector system, we investigated the co-trans-
duction efficiencies of HCAdV5 and a single-stranded AAV2 vec-
tor. We transduced Huh7-cFIXmut with both HCAdV5-GFP and
AAV2-mCherry concurrently, and we evaluated virus uptake using



Figure 4. Gene Correction of Mutated cFIX through Naked DNA

(A) The principle of the amplification-refractory mutation system qPCR (ARMS-qPCR) assay. Two qPCRs of each sample are performed. Primers of the reference PCR

(Re-F,-R) amplify the upstream area of the HR region. The forward detection primer (Det-F) binds the upstream area of the HR region, and the reverse primer (Det-R)

specifically binds to the HR cassette. (B–D) Naked DNA-mediated HDR events in mutated cFIX stable cell lines measured via ARMS-qPCR. Mod1%, Cas9 + donor, Cas9,

Donor, and cell-cFIXmut display controls containing 1% modified template, cells transfected with CRISPR/Cas9 and optimized donor sequence, cells transfected with

CRISPR/Cas9, cells transfected with optimized donor sequence, and cFIX stable cell lines Huh7-cFIXmut (B), PLC-PRF-5-cFIXmut (C), and Hep3B-cFICmut (D). (E) Indels

measured by T7E1 assay after transfection with the non-viral homology-directed repair plasmids at the endogenous hFIX locus and the uncorrected cFIX transgene in

Huh7-cFIXmut cells. MW, molecular weight markers; NC, negative control, PLC-cFIXmut or Hep3B-cFIXmut without treatment. P1, P2, P3, and Cas9 + donor display

cells treated with plasmid 1, plasmid 2, plasmid 3, or Cas9 + donor. Data points represent SEM of three independent experiments performed in triplicates. *p < 0.05,

**p < 0.01, ***p < 0.001.
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fluorescent microscopy. The results showed that the co-transduc-
tion was efficient when AAV2-mCherry was applied at an MOI
600 (Figure S3). We also determined transducing units for AAV
and HCAdV5 vectors in the Huh7-cFIXmut target cell line to con-
trol incoming numbers of viral vector genomes (Figure S3). After
determining the ratio of virus particle numbers to transducing
units, we found that 8.6% of purified HCAdV5-Cas9 particles,
6.4% of HCAdV5-Cas9-donor particles, and 6.51% of ssAAV2-
cFIX particles were active in transducing Huh7-cFIXmut cells
(Figure S3).

Before the conduction of HDR, we measured the activity of the
HCAdV5-Cas9 in Huh7-cFIXmut by T7E1 assay, and the results re-
vealed that HCAdV5-Cas9 showed high cutting activity at MOIs 100
and 200 of up to 20% (Figure 5B). The MOI of 100 was used for
HCAdV5-Cas9 in the following HDR experiments.

Genotypic and Phenotypic Corrections of Mutated cFIX Using

Co-infection with HCAdV5-Cas9 and ssAAV2-cFIX Vectors

To conduct HDR in Huh7-cFIXmut cells, we co-transduced Huh7-
cFIXmut cells with the two-vector system (HCAdV5-Cas9 at MOI
100 and a series of MOIs for ssAAV2-cFIX) and the single-vector
system (HCAdV5-Cas9-donor, MOI 100). Cells were harvested
72 h post-infection, and genomic DNA was extracted to quantify
gene correction efficiencies using ARMS-qPCR. The experimental
setup is displayed in Figure 6A. The ARMS-qPCR results showed
that the viral HDR efficiencies in Huh7-cFIXmut cells were 0.49%,
0.96%, and 3.95%, corresponding to the applied ssAAV2-cFIX
Molecular Therapy: Nucleic Acids Vol. 14 March 2019 369

http://www.moleculartherapy.org


Figure 5. Gene Correction of Mutated cFIX through the Viral Vectors HCAdV5-Cas9 and ssAAV2-cFIX

(A) Schematic outline of HCAdV5-Cas9 and ssAAV2-cFIX genomes. ITR, inverted terminal repeat; NLS, nuclear localization signal; PA, polyadenylation signal; TREG3,

TRE3G promoter; EF1a, human elongation factor-1 alpha promoter; CAG, cytomegalovirus (CMV) enhancer fused to the chicken beta-actin promoter; gRNA, guide RNA;

Tet-on, tetracycline-controlled transcriptional activation. (B) HCAdV5-Cas9 nuclease activity measured by T7E1 assay. MW,molecular-weight sizemarker; ND, no detection.
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MOIs of 200, 400, and 600, respectively, for the two-vector system,
and 5.52% for the HCAdV5-Cas9-donor single-vector system
(Figure 6B).

To prove that this experimental setup also results in phenotypic
correction on the protein level, we seeded Huh7-cFIXmut cells at
60%–70% confluency. The negative control cells received no treat-
ment, while the experimental groups for HDR were treated with
the single-vector system (HCAdV5-Cas9-donor) and the two-vector
system (AdV and AAV) as described above. The cell supernatant
was collected 48, 96, and 144 h post-transduction from both nega-
tive control and experimental groups. Levels of cFIX concentration
secreted from both negative control and experimental groups were
measured by ELISA (Figure 6C). Results revealed measurable cFIX
levels in the supernatant of treated Huh7-cFIXmut cells, but not in
the supernatant of untreated cells (Figure 6C). The highest cFIX
levels in the supernatant were measured for the single-vector
system.

DISCUSSION
Recent research in a hemophilia B mouse model concluded that
naked DNA surpassed human adenovirus type 5 in the delivery of
HDR components for correction of mutated mouse FIX.21,22 How-
ever, in contrast to our study, these latter studies explored early gen-
eration adenoviral vectors, which are known to induce stronger toxic
side effects due to leaky expression of adenoviral genes remaining in
the vector genome.39,40 In fact there is strong evidence that the
370 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
HCAdV vectors are superior and display an improved toxicity profile
compared to early generation adenoviral vectors.39,41–44 Furthermore,
the clinical systemic injection of naked DNA vectors is challenging,
because high-pressure injection is not feasible at this time in larger
mammals.

This research is the ongoing work of our former study for which the
donor was designed for both TALEN- and CRISPR/Cas9-mediated
gene correction. The HDR donor sequences flanking the gRNA-bind-
ing site were modified to prevent TALEN binding and cutting, as
described in detail in our previous report.15 The cFIX HDR donor
DNA used in this study comprised 208 bp and contained 15 modified
bases, which represent silent mutations that do not result in amino
acid changes.

AAV vectors are efficient vehicles for gene transfer because of their
wide host-cell range, weak immunogenicity, and the ability to target
liver cells.4 Furthermore, AAV2 is a nonpathogenic human parvo-
virus, which justifies its preferred choice to be used as cFIX donor
sequence vehicle.45–47 The ssAAV2 expressing FIX was used in
various canine studies48–50 and in the first liver-directed AAV clinical
trial for hemophilia B.31 Here we successfully explored an AAV vector
as donor template DNA, a strategy that was also used in previous
studies.51,52 One study explored two AAV vectors for the delivery
of CRISPR/Cas9, gRNA, and donor DNA,51 and another study
used AAV donor vectors in concert with CRISPR/Cas9 components,
which were co-electroporated as non-viral vectors.52



Figure 6. Genotypic and Phenotypic Corrections in Huh7-cFIXmut Cells after Co-infection with the Gene Correction Vectors HCAdV5-Cas9-cFIX or

HCAdV5-Cas9 and ssAAV2-cFIX

(A) Schematic outline of the experimental setup. Cellular genomic DNA was extracted at 72 h post-transduction for ARMS-qPCR assay, and cell media were collected at 48,

96, and 144 h post-transduction for the ELISA. (B) HCAdV5-Cas9-cFIX- or HCAdV5-Cas9- and ssAAV2-cFIX-mediated HDR events in mutated cFIX stable cells measured

via ARMS-qPCR. Mod1%, controls containing 1%modified template; single vector, Huh7-cFIXmut cells transduced with HCAdV5-Cas9-cFIX; AdV + AAV (MOI 200), AdV +

AAV (MOI 400),and AdV + AAV (MOI 600), Huh7-cFIXmut cells transduced with HCAdV5-Cas9 and ssAAV2-cFIX of different MOIs; Huh7-cFIXmut cells, mutated cFIX stable

Huh7 cells; HCAdV5-Cas9, Huh7-cFIXmut cells transduced with HCAdV5-Cas9. (C) ELISA of cFIX concentration in the supernatant of Huh7-cFIXmut cells infected with

HCAdV5-Cas9-cFIX or HCAdV-Cas9 and MOIs 200, 400, and 600 for ssAAV-cFIX. Data points represent SEM of three independent experiments performed in triplicates.

*p < 0.05, **p < 0.01, ***p < 0.001.
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Although single AAV vectors were used to deliver the CRISPR/Cas9
system based on Streptococcus pyogenes Cas9 (SpCas9) along with
gRNA transcription units,53 the system would exceed the AAV-pack-
aging size if an inducible promoter was used to control Cas9 expres-
sion, as chosen in the present study. Fortunately, human adenovirus
vectors with high packaging capacities of up to 35 kb (HCAdVs) with
reduced toxicity profiles were developed, which were shown to result
in the efficient delivery of the CRISPR/Cas9 system in vitro.54 In
future gene correction studies, the large packaging capacity of
HCAdV may even allow researchers to combine the CRISPR/Cas9
machinery and the HDR donor sequence in a single vector.

The average genetic correction level of endogenous mutated cFIX al-
leles in Huh7-cFIXmut cells was 3.95%, and respective cFIX concen-
trations in the supernatants of modified Huh7 cells suggest that these
correction levels are efficient to treat the disease. However, although
genetic correction levels using viral vectors (Figure 6B) were higher
compared to non-viral DNA-based approaches (Figure 4D), it re-
mains to be analyzed whether these levels can be further improved
by the molecular vector setup.

In the two-vector strategy, the genetic correction activity is not
consistent with the phenotypic correction efficiencies. Especially
when using an MOI 200 for the AAV donor on a molecular assay,
the measured gene correction frequency was not above background,
although it seemed to lead to significant cFIX protein production.
One possible reason for this observation could be that expression of
the cFIX gene is controlled by the strong hAAT promoter, which
may lead to higher FIX levels compared to the endogenous gene.
Another reason may be that the mutated cFIX could only be possibly
corrected when both AdV-Cas9 and AAV-donor are present in the
same Huh7-cFIXmut cell. However, in the process of transduction,
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the AdV-Cas9 and AAV-donor entered different Huh7-cFIXmut
randomly, which may have induced obvious inconsistencies.

The highest cFIX concentrations were measured for the single-vector
system (Figure 6). In Figure S4, we reanalyzed the data and calculated
the amount of secreted cFIX protein per 1 � 10e6 cells. Treatments
with the single-vector system led to secretion of up to 120 ng, possibly
sufficient to reach therapeutic levels of FIX. To achieve therapeutic
levels of hFIX in the plasma, 5% of normal levels (250 ng/mL) are
required.55 The result in our approach showed that the corrected
Huh7-cFIXmut produced up to 25 ng/mL cFIX per 5 � 10e5 cells
in 48 h measured in 200 mL cell supernatant, which would equal up
to 90 ng per 1 � 10e6 cells. We believe that, in total, this amount
can be sufficient for the treatment of hemophilia B.

It remains to be mentioned that homologous recombination effi-
ciencies in hepatocytes may not be equally efficient in vitro and in vivo
and further experiments in primary cells or in vivo experiments
should address this. However, one needs to consider that, in dividing
cells, the donor DNA and the CRISPR/Cas9 cassette delivered by
episomal vectors will get lost during cell division and that, in quies-
cent liver cells, in vivo or in vitro the episomal vector DNA is main-
tained longer, which in turn may increase correction efficiencies over
time. Another option to increase coagulation factor levels would be
sequential injections with different vector types, which may increase
the correction efficiency and FIX serum levels.

In summary, we established an in vitro FIX mutation model for
canine hemophilia B, and we detected restoration of the mutated
FIX by CRISPR/Cas9-mediated genome editing upon adenoviral de-
livery. Moreover, we showed the potential of viral vector-delivered
CRISPR/Cas9 and donor sequence to treat hemophilia B in dogs
and patients. Based on our current knowledge, the one-vector system
may be the most efficient gene correction tool, which we plan to
analyze in further in vivo studies. In the future, enhancement of the
HDR efficiency and in vivo experiments to evaluate possible side ef-
fects are interesting subjects for closer investigation.

MATERIALS AND METHODS
Generation of the Plasmid P7-cFIX for the Generation of Stable

Cell Lines

Based on a wild-type cFIX transgene,56 we introduced the mutation at
nucleotide 1,477 (G-A) to produce mutated cFIX through overlap
PCR. The bridge primers were as follows: forward primer, 50-GTT
TCT TAA CTG AGA TTA TTA GCT GGG GTG-30; and reverse
primer, 50-CAC CCC AGC TAA TAA TCT CAG TTA AGA
AAC-30. The end primers were as follows (SgrDI restriction site is
underlined): forward primer, 50-AAT CGT CGA CGA GTA GGC
TC AGA GGC ACA CAG-30; and reverse primer, 50-AAT CGT
CGA CGG CTG GTT CTT TCC GCC TCA GAA G-30.

To amplify the necessary fragments separately, the extension PCR
was performed with the bridge primers using an annealing tempera-
ture of 60�C. The PCR product was cleaned up by the my-Budget
372 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
Double Pure Kit (Bio-Budget Technologies, Krefeld, Germany) and
applied as template for the subsequent overlap PCR. The overlap
PCR ran 15 PCR cycles using an annealing temperature of 60�C
without primer, and it continued to cycle 15–20 rounds after end
primers were added. The product was gel extracted using the my-
Budget Double Pure Kit (Bio-Budget Technologies), and the complete
mutated cFIX-coding sequence was obtained.

Then the complete mutated cFIX-coding sequence was inserted into
the pJET1.2/blunt cloning vector for the construction of pJET1.2-
cFIX. After validation by Sanger sequencing, the pJET1.2-cFIX was
digested with SgrDI (Thermo Scientific, Waltham, MA, USA), and
the digested mutated cFIX-coding sequence was gel extracted. The
attB-bearing vector P7 containing neomycin resistance gene was
also digested with SgrDI before being dephosphorylated by alkaline
phosphatase (New England Biolabs, Frankfurt am Main, Germany).
Afterward, the digested mutated cFIX-coding sequence and P7 vector
were ligated using T4 DNA ligase (New England Biolabs) overnight,
generating the phiC31 donor-cloning vector P7-cFIX.

Generation of the Tet-On-Inducible CRISPR/Cas9 Plasmid

The generation of the CRISPR/Cas9 plasmid was realized following
the F. Zhang lab’s protocol.18 Briefly, the first gRNA sequence specific
for the cFIX locus was predicted based on the website tool https://zlab.
bio/guide-design-resources. The first and complementary oligonucle-
otides were synthesized, phosphorylated, and annealed. Subse-
quently, the oligonucleotides were inserted into the cloning vector
pX330-U6-chimeric_BB-CBh-hSpCas9 (Addgene, Cambridge, MA,
USA) by performing a digestion-ligation reaction. The ligation mix
was transformed into E. coli strain DH10B, and positive clones
were confirmed by restriction enzyme digestion and the Sanger
sequencing. The final vector was constructed by PCR amplifying
the gRNA expression cassette and cloning into the pShV-TRE3G-
Cas9-EF1a-Tet-ON3G plasmid via the restriction enzyme NheI-HF
(New England Biolabs). To construct the single-vector system, the
donor sequence was inserted into the latter plasmid using restriction
enzyme I-CeuI.

Generation of cFIXmut Stable Cell Lines

Huh7 cells were cultured in DMEM (PAN Biotech, Aidenbach,
Germany) supplemented with 10% fetal bovine serum (FBS) (PAN
Biotech) and 1% penicillin-streptomycin (PAN Biotech). PLC/PRF/
5 and Hep3B cells were cultured in modified Eagle’s medium
(MEM; PAN Biotech) supplemented with 10% FBS and 1% peni-
cillin-streptomycin (PAN Biotech). Cells were transfected with
phiC31 integrase vector pPhiC31 and the phiC31 donor-cloning
vector P7-cFIX using FuGENE 6 transfection reagent (Promega,
Madison, WI, USA). 3 days later, the cells were split into a serial dilu-
tion and transferred into 10-cm dishes. 24 h later, the media were re-
placed with selective media containing G418 (Carl Roth, Karlsruhe,
Germany), using the following concentrations: Huh7-cFIXmut,
550 mg/mL; PLC/PRF/5-cFIXmut, 500 mg/mL; and Hep3B-cFIXmut,
300 mg/mL. The selection was maintained for 3 weeks with media
changes performed every 3 days to eliminate dead cells. The mutated
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cFIX stable cell genome was extracted, and the mutated cFIX frag-
ment was PCR amplified and sequenced.
Correction of Mutated cFIX via HDR with Naked DNA

For HDR experiments, Huh7-cFIXmut, PLC/PRF/5-cFIXmut, and
Hep3B-cFIXmut cells were seeded in 24-well plates and transfected
at approximately 75% confluency using the FuGENE 6 transfection
reagent. Briefly, 800 ng Tet-on-inducible CRISPR/Cas9 plasmid
and/or optimized donor sequence (PCR amplicon) was transfected
per well, according to the manufacturer’s protocol. For HDR ap-
proaches, the molar ratio for Tet-on-inducible CRISPR/Cas9 plasmid
to the donor sequence was 1:21. For the single-vector system, 800 ng
P1, P2, and P3 were transfected. The cells transfected with the Tet-on-
inducible CRISPR/Cas9 plasmid were also treated with 100 ng/mL
DOX. Cells were harvested 72 h post-transfection, and gDNA was
isolated and purified for the measurement of genetic correction effi-
ciencies with the ARMS-qPCR approach.
HCAdV5-Cas9 Production

The procedure was described in detail before.33,34 Briefly, 116 cells
were cultured in MEM supplemented with 10% FBS, 1% penicillin-
streptomycin, and 40 mg/mL hygromycin B (PAN Biotech, Aiden-
bach, Germany). The 116-cell media contained no hygromycin B
during HCAdV5-Cas9 and HCAdV5-Cas9-donor vector amplifica-
tion. Before transfection, the HCAdV5-Cas9 and HCAdV5-Cas9-
donor plasmids were linearized by the restriction enzyme NotI-HF
(New England Biolabs) digestion. Then the linearized HCAdV5-
Cas9 and HCAdV5-Cas9-donor constructs were transfected into
116 producer cells. At 16–18 h post-transfection, the 116 cells were
infected with helper virus. After viral amplification for 18–24 days
until passage 6, the viruses were purified using cesium chloride
(CsCl) density gradient centrifugation. The total particles, helper
virus contamination, and infectious units of the purified HCAdV5-
Cas9 and HCAdV5-Cas9-donor viruses were measured by qPCR.
ssAAV2-cFIX Production

HEK293 cells were cultured in DMEM supplemented with 10% FBS
and 1% penicillin-streptomycin. The pAAV-RC, pHelper, and pZAC-
T2B constructs were co-transfected into HEK293 cells using calcium
phosphate transfection. The media were changed the second day. Af-
ter 72 h, all media and cells were harvested, and ssAAV2-cFIX vectors
were purified using ViraBind AAV Purification Kit (Cell Biolabs, San
Diego, CA, USA). The total particles and infectious units of the puri-
fied ssAAV2-cFIX vectors were measured by qPCR.
Co-transduction of HCAdV5-GFP and ssAAV2-Cherry into Huh7-

cFIXmut

To analyze the co-transduction of HCAdV5 and ssAAV2 into Huh7-
cFIXmut in the two viral vector strategy, we seeded Huh7-cFIXmut in
24-well plates with medium containing 10% FBS. The cells were
transduced with HCAdV5-GFP (MOI 100) and/or ssAAV2-mCherry
(MOIs 200, 400, and 600) on the second day. Ar 3 days after co-trans-
duction, the fluorescence in transduced Huh7-cFIXmut cells was
measured using fluorescence microscopy and analyzed with ImageJ
software.

T7E1 Assay

TheT7E1 assaywas employed to determine theCRISPR/Cas9 nuclease
efficacy and off-target effects. Briefly, a 25-mL PCR reaction using Phu-
sionHigh-Fidelity DNAPolymerase (NewEngland Biolabs) was set up
to amplify the target locus with primers cFIX long fwd6 (50-CGATCG
GCT TCA ATT CTT CA-30) and cFIX long rev4 (50-CCT AAA
CGT GTC AAC CTT GGA-30). To measure off-target effects, the
following primer pairs were used: hFIX: cFIX-OFF-F9F, 50-TGG
ATCTGGCTATGTAAGTGGCTG-30 and cFIX-OFF-F9R, 50-GGA
AGATGGAATGCTGCTAAGGAG-30; HDAC7: cFIX-OFF-2F,
50- TTCCTCCCATTCCTCTCCCTC-30 and cFIX-OFF-2R, 50-TA
CAATGGTGGCGCCTCACG-30; H3K27AC: cFIX-OFF-3F, 50-CTT
GCTGTGATATACCCATCACCC-30 and cFIX-OFF-3R, 50-TGC
ACGTCTGCTGTCTCAGG-30; CEP192: cFIX-OFF-4F, 50-AGAT
TGTCTTCCCCTGCTAAACCC-30 and cFIX-OFF-4R, 50-TTATA
CACAGCTGCCTGCCCTC-30; ZNRF2: cFIX-OFF-5F, 50-AGCC
ATGTGAGCTGTACCCAAG-30 and cFIX-OFF-5R, 50-CACAG
CTTCTTACCCGACACTAAC-30.

The PCR program was as follows: 98�C, 30 s; 30 cycles � (98�C 10 s,
60�C 30 s, and 72�C 7 s); and 72�C, 10 min. For heteroduplex forma-
tion, the PCR amplification was purified via ethanol precipitation and
dissolved in 17.5 mL double-distilled water. The purified PCR product
was mixed with 2 mL NEB2 buffer (New England Biolabs), and the
mixture was transferred into a PCR machine using the following pro-
tocol: 95�C, 5min; 95�Cdecrease to 85�C (�2�C/s); and 85�Cdecrease
to 25�C (�0.1�C/s). Then 0.5 mL T7E1 (New England Biolabs) was
added to the annealed PCR products, and the reaction was incubated
for 20 min at 37�C. The reaction was stopped by adding loading dye
(New England Biolabs) and subsequently loaded on a 2% agarose gel.
The band strengthswere analyzedwith theBio-RadGelDoc EZ Imager
and the Image Lab 5.2 software (Bio-Rad, Munich, Germany). The
nuclease efficacy was estimated using the following formula: fractional
modification = (1 � (1 � (fraction of cleaved bands))1/2).57

Genetic Correction of Mutated cFIX via HDR Using the Viral

Vectors HCAdV5-Cas9 and ssAAV2-cFIX

To analyze HDR mediated by virus-delivered nucleases and donor in
the context of hemophilia B, Huh7-cFIXmut cells were seeded in
24-well plates with medium containing 10% FBS. On the second
day, the cells were transduced with HCAdV5-Cas9 (MOI 100) and/or
ssAAV2-cFIX (MOIs 200, 400, and 600). The cells transduced with
HCAdV5-Cas9 were also treated with 100 ng/mL DOX. For the
ARMS-qPCR assay, cells were harvested and total cellular genomic
DNA was isolated at 72 h post-transduction. For the ELISA, cell me-
dia were collected at 48, 72, and 96 h post-transduction. Newmedium
was added at 48 and 72 h post-transduction.

ARMS-qPCR

For the detection of HDR efficiency, a modified version of established
ARMS-qPCRwas employed as previously described.30 The outer PCR
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primer pair sequences amplifying the identical region of all samples
were as follows: forward primer, 50-GTT CCA CTT GTT GAC
CGA GC-30; and reverse primer, 50-CCT AAA CGT GTC AAC
CTT GGA-30. The detection PCR primer pair specific for cFIX donor
sequences was as follows (the underlined bases match donor, but not
mutated cFIX): forward primer, 50-CGA TCG GCT TCA ATT CTT
CA-30; and reverse primer, 50-CAG GAA ATA ATC CCA GTC
AAG-30. Plasmid mixtures of mutated cFIX and cFIX donor sequence
contain 1% and 100% of the cFIX donor sequence. As described in our
previous report,15 MOD1% represents the adjusted sample contain-
ing 1% of modified cFIX plasmid mixed with mutated cFIX plasmid
to a final molar ratio of 1:99, respectively.

Both detection PCR and outer PCR were performed separately
in a total volume of 10 mL containing 5 mL DNA sample, 2 mL
5� EvaGreen-qPCR-Mix-II (Bio-Budget, Krefeld, Germany),
200 nmol/L of each primer, and 0.5 mL DMSO. qPCR was performed
as follows: initial incubation 95�C for 15 min and 40 cycles � (95�C
for 15 s, 60�C for 20 s, and 72�C for 20 s). The Pfaffl method was
used to calculate the HDR efficiency (percentage of modification)
and the formula was as follows: Percentage of modification =
(EdetPCR)

DC
T
, detPCR (calibrator-test)/(EoutPCR)

DC
T
, outPCR (calibrator-test)

(EdetPCR and EoutPCR are amplification efficiencies of detPCR and
outPCR, respectively). Furthermore, the following samples were
analyzed: calibrator = 100% of the cFIX donor sequence; test =
analyzed samples; DCT detPCR (calibrator-test) = CT of the detPCR
in the calibrator minus the CT of the detPCR in the analyzed sample;
DCT outPCR (calibrator-test) = CT of the outPCR in the calibrator
minus the CT of the outPCR in the analyzed sample; and CT = Cycle
number.

ELISA

The capture monoclonal antibody (Affinity Biologicals, Ancaster,
ON, Canada) specific for cFIX was coated onto polystyrene microti-
ter ELISA plates (Greiner Bio-One, Kremsmünster, Austria) at 4�C
overnight, and the remaining protein-binding sites in the coated
wells were blocked by Tris-buffered saline with Tween 20 (TBST)
with 5% BSA. Then the samples were incubated with horseradish
peroxidase (HRP)-conjugated second antibody (Affinity Biologicals,
Ancaster, ON, Canada). Afterward the addition of substrate solution
resulted in a color reaction, and the absorbance was measured
at 490 nm using BioPhotometer Plus (Eppendorf, Hamburg,
Germany).

Statistical Analyses

All experiments were performed using at least triplicates. Statistical
significance was determined by unpaired Student’s t test. All data
are reported as mean ± SEM. Statistical comparison was performed
using the two-tailed Student’s t test, and a value of p < 0.05 was
considered to be relevant compared to the respective control group.
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