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Site-specific integration of exogenous gene through genome editing is a promising
strategy for gene therapy. However, homology-directed repair (HDR) only occurring in
proliferating cells is inefficient especially in vivo. To investigate the efficacy of Cas9-
induced homology-independent targeted integration (HITI) strategy for gene therapy, a
rat hemophilia B mode was generated and employed. Through HITI, a DNA sequence
encoding the last exon of rat Albumin (rAlb) gene fused with a high-specific-activity
Factor IX variant (R338L) using T2A, was inserted into the last intron of rAlb via
recombinant adeno-associated viral (rAAV). The knock-in efficiency reached up to 3.66%
determined by ddPCR. The clotting time was reduced to normal level 4 weeks after
treatment, and the circulating FI X level was gradually increased up to 52% of normal
during 9 months even after partial hepatectomy, demonstrating the amelioration of
hemophilia. Through PEM-seq, no significant off-targeting effect was detected.

M oreover, this study provides a promising therapeutic approach for hereditary diseases.

Keywords: Hemophilia B, Gene therapy, CRIPSR/Cas9, HITI,ukitin, PEM-seq.

Gene therapy based on recombinant adeno-assocrates] (rAAV) vectors provides a
promising therapeutic approach. Recently, it hankshown promising treatment effects in
clinical trials for variant diseases, such as iitedrretinal dystrophy, spinal muscular
atrophy, hemophilid * and so on However, preclinical studies have shown that higrt-
term effects have been observed when rAAV vectos delivered to target proliferating
tissues in infant animal mod&ls. Moreover, a 3-year follow-up of clinical trial rfo
hemophilia A showed a continuous decline of FVBWéls over time in adult patiefits
indicating that rAAV-mediated gene replacement dbgr may exist problem with
the durability of treatment, because rAAV vectomsdominantly form episomes which would
lose during cell proliferatich

CRISPR/Cas9 system is a widely used genome edgictgnology which induces site-

specific double-stranded break (DSB) with the gngdaof single-guide RNA (sgRNA). DSB
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is repaired either through an error-prone nonhogmis end joining (NHEJ) pathway or a
precise HDR pathway in the presence of exogenou#\ Dimplate¥. CRISPR/Cas9-
mediated HDR strategy has been successfully usedntdiorate genetic disorders through
correction of disease-causing genetic mutatiornsugeted integration of exogenous DNA at
a target site, including hemophiffa'® *3 phenylketonurid and ornithine transcarbamylase
deficiency (OTCDY ' However, although HDR is highly accurate, itsaiicy is limited
even delivered through rAAV vector whose singlesstted DNA genome is considered to
induce a higher HDR ratée

Since NHEJ is active throughout the cell cytleNHEJ-mediated targeted integration
strategy provides an alternative approach to iresergenous DNA in adults. In addition, this
strategy is independent of homologous arm to inseldtively larger DNA fragments
especially using an rAAV vector whose maxima caydsiabout 4.7kb<(5 kb)"®. Recently, a
CRISPR/Cas9-mediated homology independent targetedjration (HITI) strategy was
developed to efficiently targeted knock-in exogesxganes in dividing and non-dividing cells.
Importantly, through an innovative design of insert of CRISPR/Cas9 recognition
sequences within donor templates, the preferredntaiion of inserted DNA could be
determined with a high probability through HITI. ibg this strategy, retinitis pigmentosa
retina was partially rescued in a rat model, suyggghat HITI is also functional in non-
dividing cellsin vivo®.

To investigate the potential of HITI to treat dises in target organs besides retina, we
generated a hemophilia B (HB) model via CRISPR/CGatiiedF9 gene in rats, since Factor
IX (F7) expresses mainly in hepatocyte which is a veiticat cell type for gene therapy not
only to treat diseases caused by hepatocyte dysfanbut also for the production of
therapeutic secreting factors. Hemophilia B is @eal candidate to test novel strategies for
gene therapy targeting hepatocytes, as our prestudy has demonstrated that moderate
correction efficiency (>0.56%) would significantmeliorate disease symptoms in mice
Moreover, F is a secreting protein which is a typical factepresenting the enzyme

replacement therapy. In this study, we tested dhseibility of HITI strategy to treat
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hemophilia B through targeted insertion of a higkafic-activity B variant £9 Padua,
R338L) into the last intron of rafAlb (rAlb) gene locus. Through rAAV8 delivered
Cas9/sgRNA and template RO deficient adult animals, the circulating FIX lewels
increased up to 52% of normal level during 9 montihservation, demonstrating the

amelioration of hemophilia B.
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Results

Generation of F9"*3%1%0 5t strains.

The previously reported mouse model of hemophilienighics thrombin dysfunction well,
but does not show a phenotype similar to human tapeous bleedif Compared with
mice, rats are larger in size and their physiolisggloser to that of humafis Since the rat
hemophilia B model has not been reported, we fyeterated a rat HB model through
injection of Cas9 mRNA and two sgRNAs targeting rex® and intron 2 ofF9 gene
respectively into zygotes (Fig. 1a). The sgRNA ssges and primers are shown in
Supplementary Table 1. Sanger sequencing resuliseofienomic DNA (gDNA) validated
the successful generation B9 KO rats with 130bp deletion which produced a premea
stop codon at the end of exon 2 BBrgene (hereafter called the strainFs™"*®) (Fig.
1b). Compared with wild-type (WT) rats (n=59"*"** rats did not detect arfy9 mRNA
expression in liver by RT-PCR (Fig. 1c). The averagtivated partial thromboplastin time
(@PTT) of 8-week-old WT rats was 20.12 + 1.217sjciwtwas significantly prolonged to
68.04 + 5.739s ifr9’ %% rats. No significant difference in average prothibin time (PT)
was observed between these two groups (Fig. 1dséllnats were subjected to a tail-clip
challenge for further confirmation of the coagudatifunction. The bleeding volumes of
F9'1%041%0 rats within 6 minutes after the tail-clip were mdhan 2.8 times over that of WT
rats (Fig. 1e). AIF9"*%“*0 rats died within 48 hours after tail-clip withdméatment, but no
death was observed in WT rats. In addition, inttecalar bleeding and swelling were
observed in 20% df9’**%** rats within 2 to 3 months of age (Fig. 1f). It isline with the
symptom of human hemophilia arthritis which has been observed in HB mite These
results indicate the successful generation of HB madel which is more closely

recapitulating human HB symptoms than mouse model.

Construction of CRI SPR/Cas9-mediated r AAV-HITI vector.
Since Albumin is the most abundant protein secrbietiepatocytes, we decided to insert a

hyperactive human FIX-R338L mutation (also callé® Padua variant,F9p) cDNAZ into
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the Alb locus. Some previous reports have shoMin locus is suitable, but their strategy
disrupted endogenoudlb expression when the alleles were inserted by géimerest®
As the last exon oAlb is very short (39bp), we decided to insert a DI#fgment following a
splicing acceptor sequence through HITI stratedye @onor template was constructed in
order as this: a splice acceptor (SA) sequerd®, exon 14, T2A sequence encoding self-
cleaving peptide, FOp cDNA and bovine growth hormone (bGH)-polyA seqeeenMore
importantly, the donor template was flanked by tramonymous Cas9/sgRNA recognition
sequences which were reversely orientated to emdogeCas9/sgRNA recognition sequence
in rAlb intron (Fig. 2a). This design is very importaniriorease the chance of insertion with
correct orientatioff. As shown in Supplementary Fig. 1, the principieH6T| strategy is to
use the Cas9/sgRNA to simultaneously cleave tlgetaites of genome and donor vector,
and the linearized donor sequence inserted inebigat! orientation prevented the secondary
cleavage of Cas9 due to the damage of target sitéke the insertion of donor DNA in the
undesired orientation would reassemble the compdeget sites, which lead to the secondary
cleavage to remove the inserted sequence and enttiaachance for desired donor DNA
insertion. Therefore, HITI mainly inserts the fapei DNA sequences in the desired
orientation.

To screen for highly efficient sgRNAs within lasition of Alb gene, six sgRNAs

predicted by Benchling's website wwWw.benchling.cojm were tested in

rat pheochromocytoma PC12 cells (SupplementaryZ&yy. Though both T7 endonuclease |

(T7EI) assay and ICE analysis€.synthego.com/§#bf Sanger sequencing chromatograms of

the PCR products, we chose the most efficient sgAilith 89.3% of indels for further

studies (Fig. 2b and Supplementary Fig. 2b, c).ofding to the design of HITI, we next
constructed a double-cut donor plasmid contairtiegdonor template (hereafter called HITI-
donor) and a pSpCas9(BB)-2A-GFP (PX458) expressireg Cas9 protein and sgAlb7,

respectively (Supplementary Fig. 3a). All plasmashstructs were verified by sequencing.

Evaluation of HITI-mediated hF9p integration in PC12 cells.
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We first evaluate the feasibility of HITI-mediate&9p cDNA targeting in theAlb intron 13

by transiently transfecting rat PC12 cells with B84and HITI-donor plasmide vitro
following FACS sorting of GFP positive cellBig. 2c¢), which induced an average indel rate
of 27.3% by tagged sequencing and achieved a argkted integration efficiency (7.68%)

in the directed orientation as determined by drogigital PCR (ddPCR, Supplementary Fig.
3b and Supplementary Fig. 9a). We further usedeggquencing to verify the fidelity of
HITI invitro. The result showed that the majority of forwardedied splicing sequences at 5
and 3 junction sites were precise (81.35% fojumction site and 67.98% for Binction site,
respectively). Only a small amount of impreciseegmation was observed, including
fragment deletions, insertions, and point mutatibf@vever, this imprecise splicing at target
site was mainly located in the non-coding regiorihef donor sequence, which thus did not
disrupt the coding ofAlb and H9p proteins (Supplementary Fig. 2c¢). The above tesul
indicate that HITI strategy can efficiently and gisely target R9p cDNA into intron 13 of

rAlb genein vitro.

HITI-mediated high levels of hFIX protein via rAAV8 ddivery to ameliorate
hemophilia B in vivo.

Encouraged by the above results, we further exgltdne feasibility of this strategy for the
treatment of hemophilia Bn vivo. As our previous study showed that AAV8 transduced
efficiently in neonatal rat hepatocyt€swe also confirmed in this study that 1*1genome
copies (gc) of rAAV8-CMV-EGFP could infect and egps very well in 8-week-old
rats via tail vein injection (Supplementary Fig. #hen, we generated a dual rAAV8s system:
a vector codingStreptococcus pyogenes Cas9 (spCas9) protein with the LP1 promoter
(hereafter called rAAV8-LP1-spCas®prnd another containing the double-cut template and
U6-sgAlb7 expression cassette (hereafter calledV8AKMITI-donor) (Fig. 2c¢). Five different
groups had been set up: in low-HITI grow®'**"* rats received 2E +11 gc/rat rAAVS-
LP1-spCas9 and 4E +11 gc/rat rAAV8-HITI-donor; hghTl group, F9"*1*¥ rats received

2E +12 gc/rat GC rAAV8-LP1-spCas9 and 4E +12 gc& rAAV8-HITI-donor; donor
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group, F9"*%1% rats received 4E +12 gc/rat rAAV8-HITI-donor; uretted group and WT

1301130 rats and WT rats receiving 800 pL PBS only, respeist

group made up df9’

After rAAV injection, we collected plasma to measuhe activity and levels of hFIX
protein. Activated partial thromboplastin time (d9Tassay was employed to monitor the
function of plasma hFIX protein. Four weeks afteAY injection, the APPTs of low-HITI
group and high-HITI group were reduced to 35.6 %s8(n=3) and 25.9 = 4.4s (n=3)
respectively, which were significantly shorter tlthnse of the donor group (63.28 £ 0.725 s,
n=3) and the untreated group (66.02 = 5.111 s, ,re¢s) tended to that of WT group (23.50 *
1.208 s, n=5) from 12 weeks after the injectiorildhneé end (Fig. 3b).

To further investigate the actual hFIX protein lewe treated rats, enzyme-linked
immunosorbent assay (ELISA) was leveraged. Then@asFIX level of both the low-HITI
and high-HITI groups increased dramatically fromvdek and reached plateau at 32-week
and kept the high level to the end of the experiméRig. 3c). Interestingly, both the low-
HITI and high-HITI groups reached over 50% (51%62% 632.4 ng/mL in low dose group;
53%, 2647 + 205.5 ng/mL in high dose group), alttothe high-HITI group exhibited a
sharper increase rate (Fig. 3c). As expected, tmordand untreated groups, plasma hFIX
levels were barely detectable (~20 ng/ml). Adddibyy partial hepatectomy (PHx) showed
no impact on the stable activities and evaluatedlseof hFIX protein in the plasma of all
treated rats, indicating stable gene integratidg. @b, c). Liver samples from PHx of all
groups were analyzed for hFIX expression by immiwwoéscence (Fig.3d) and
immunohistochemistry (Supplementary Fig. 5a). Threselts showed that significant hFIX-
positive hepatocytes were presented in both lowe @osl high dose treated HB rats in a dose-
dependent manner which was further confirmed bytavasblotting via hFIX antibody
(Supplementary Fig. 5b, c). At 36 weeks after trestt, a tail-clip challenge was performed
to further confirm the therapeutic effect. Simil@aMWT group (n=6), all treated rats (n=6) lost
3-fold fewer blood volumes than rats from the uatieel group (n=5) (Supplementary Fig. 6a).
All rats from the untreated group (5 out of 5) a@nhe donor group (3 out of 3) died within 48

hours after tail clip, while no deaths occurredilintreated rats and WT rats (Supplementary
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Fig. 6b). These results demonstrate that HITI efyatcould effectively and persistently
restore the expression and activity of hFIX prateamd significantly ameliorate the

coagulation function in adult HB rats.

Genomic analysis of rAAV-based hF9p cDNA knock-in at rAlb intron 13 via HITI in
Vivo

To evaluate the cleavage activity of CRISPR/Cas%ivo, we analyzed on-target indel
frequency in gDNA of liver tissue from treated r8tsveeks after rAAV injection via tagged
sequencing. The indel frequencies were 3.2%-5.3%wrHITI group and 10.3%-16.7% in
high-HITI group respectively, whereas no indelseveetected in untreated and donor groups
(Fig. 4a). In addition, we harvested the gDNAs tifev 4 organs except for the livers from
untreated and high-HITI treated rats 36 weeks afi@V injection and did not observe any
detectable indels (Supplementary Fig. 7). The tesdemonstrated that Cas9/sgAlb7
delivered by rAAV8 can induce efficient and tisspecific cleavage at the target sitevivo.

To further detect the HITI-mediated targeted indign at the target site, we designed 2 pairs
of primers (P-L-F/R and P-R-F/R, Supplementary @abl to amplify the 5and 3 junctions

by PCR (Fig. 2a). Gel electrophoresis showed theecb integration bands '(junction:
529bp and 3junction: 1300bp) in livers gDNAs of all treateats (Supplementary Fig. 8a).
Furthermore, we performed ddPCR to quantitate Hi€Hiated targeted integration
efficiency 8 weeks after rAAV injection (Supplemant Fig. 9). The efficiencies of low-HITI
group and high-HITI group were 0.52%-1.14% and %3&8.66%, respectively (Fig. 4a).

To comprehensively map all possible genome-editigcomes with an unbiased
approach, we applied a high-throughput method dallerimer-extension-mediated
sequencing (PEM-sefj) About 20 pg fragmentated liver gDNA was usedeach PEM-seq
library, and the bait primer was placed within 20from the target sittSupplementary Fig.
10a; see Materials and methods for details). Thm@ependent biological replicates for each
treatment were generated and combined for transocgunctional hotspots analysis. We

analyzed the mapped reads and defined the rati@aafs containing the expecte&9%
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sequence and total mapped reads as HITI-mediatgetea integration efficiency. Compared
with ddPCR, PEM-seq data showed relatively lowéciehcy with 0.43%-0.64% (low-HITI
group) and 0.94%-1.66% (high-HITI group) (Suppletaen Fig. 10b). Additionally, a more
detailed analysis of PEM-seq data showed diffetargeted integration events at the target
site, including the forward and reverse insertiohsF9p cDNA and rAAV backbone. Among
them, the insertion efficiency oFBp cDNA in the desired orientation is 7.5-fold higtigan
that in the reverse orientation (Fig. 4b), which densistent with a previous repOrt
Additionally, we also evaluated the fidelity of Hiediated targeted integratiom vivo via
PEM-seq. Consistent with the restritvitro, the majority of the integration off8p cDNA
was the seamless integration with very high rafi®&86%-78.87% at'5unction site and
50.10%-70.28% at'3unction site (Fig. 4c and Supplementary Fig. 8).further confirm
whether HITI-mediated targeted integration affehtscorrect splicing ofAlb and H9p gene,
we extracted mRNA of livers from all groups 8 weelfer rAAV injection and performed
RT-PCR to detect theAlb-T2A-hF9p fusion transcriptional products. Consistent witie
results of PEM-seq, gel electrophoresis result gubthie correct bands indicating the donor
integration in all treated rats (Fig. 4d). The levef the Alb-T2A-hF9p fusion mMRNA in all
treated rats were approximately 4.4%-33.3%FR¥ mRNA levels present in WT rats (Fig.
4e). Sanger sequencing further verified the cospliting of Alb exon13 and exonl14-T2A-
hF9p (Supplementary Fig. 11). The above results shotied H9p cDNA could be
efficiently and precisely inserted into thdlls intron 13 through rAAV-delivered HITI

strategyin vivo, which generated the correct fusion transcripts.

Safety evaluation of genome editing therapy for hemophilia B viarAAV-CRI SPR.
CRISPR/Cas9-induced off-target activity is a majafety concern for gene editing therapy
vivo. To examine then vivo off-target effects of the CRISPR/Cas9 system, alecsed 11
predicted high-activity off-target sites of sgAlbging Benchling's website (Supplementary
Table 3). 8 weeks after rAAV injection, we ampldiehe liver gDNAs from the untreated and

high-HITI groups. Tagged Sequencing of the top tddigted off-target sites showed no


https://doi.org/10.1101/2021.03.18.435908
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.18.435908; this version posted March 19, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

significant increase in off-target cutting in akated rats compared to the untreated rats (Fig.
5a and Supplementary Table 4). To further deteztdfifitarget effects at the genome-wide
level,we used PEM-seq to capture the off-target sitegydib7. Except for the translocation
between the target site and donor sequence, weodidbserve translocation at any off-target
site including the predicted ones (Fig. 5b). Thessailts suggested that sgAlb7 possessed a
high specificity for its expected target site. Roer¢ reports have suggested a risk of immune
response and/or genomic toxicity induced by rAAteg’. Hence, we evaluated liver
toxicity of rAAV-mediated gene therapy in hemophiB rats. Further studies demonstrated
no significant difference in plasma aspartate tarinase (AST), alanine transaminase (ALT)
and Albumin (ALB) levels (Fig. 5b) and the trangtion of inflammatory factors (Fig. 5c)
between the treated and untreated rats, suggekengpod tolerance of rAAV vectors, which
was confirmed by histology analysis 8 weeks afeek injection (Fig. 5d). In conclusion,
the HITI strategy delivered by rAAV did not indusevere off-target effects and liver toxicity

in hemophilia B rats.
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Discussion

Site-specific integration of therapeutic gene pidegi an ideal gene therapy method for
patients with mutations elsewhere in disease-cguggme. Howevein vivo HDR-mediated
targeted integration is still infeasible due to lediting efficiency, especially in adults. To
overcome the limit, the NHEJ-based HITI strategy been proven to be capable of targeted
integration of exogenous genes in desired oriemtati both dividing and non-dividing cells.
In this work, we generated a novel hemophilia Brmatdel £9'%*%**%) with spontaneous
bleeding and hemophilia arthritis. Using HITI sérgy via rAAV delivery, we successfully
restored hemostasis in the adult rats with hemiapBil suggesting HITI-mediated knock-in
of therapeutic gene aflb intron 13 might be a favorable gene therapy sisafer various
inherited metabolic disorders.

The establishment of disease animal models similathe pathological features of
human genetic disorders is of great significance the assessment of clinical
effectiveness and safety. Previous hemophilia deaepy studies mainly used the mouse
modelg™ ?* 28 22 which were difficult to collect sufficient bloodnd tissue samples for
analysis. Rats are at least 10 times larger thae,rand repeated blood sampling is possible,
which can thus set up a smaller number of anithdts physiological and pathological terms,
rats are more analogous to humans than hiBesides severe coagulation dysfunction, our
F9'13941%0 rat model showed the symptom of intra-articulaebing and swelling similar to
human patients two months after birth, which was$ reported in HB mouse model.
Therefore, th&9"*%**¥ rat strain is a perfect model to imitate humaeate.

Recent studies have successfully used site-spdeifgeted integration strategies to
restore hemostasis in HB mouse modelSite-specific integration diF9 cDNA has been
achieved through nuclease dependent or indeperstestiegies, such as rAAV donor
mediated HDR, ZFN or CRISPR/Cas9 stimulated HDRiated insertion to ameliorate
hemophilia B in mouse modefs ** 2 However, these studies showed a lower HDR
efficiency in the adult liver compared with that mewborns. Recently NHEJ-based target

integration strategies have been reported, sudbiiGaté®, PITCH*, HMEJF®, HITI?® and
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SATI*®, which provide alternative tools for the targetatbgration of exogenous DNA in
nondividing cells. However, the design of ObliGaecomplex; PITCH cannot preclude
NHEJ-mediated integration in a random direction; EHMexists the repeated insertion of
homologous arm mediated by NHEJ; SATI showed l|efisient in the liver (~2%).
Compared with these strategies, NHEJ-based HI&l msore precise knock-in strategy in a
desired orientation in non-dividing cells. In odudy, we used HITI strategy to targeEh
cDNA to rAlb intron 13 in an adult rat HB model, siné¢b locus exhibited very high
transcriptional activity. To minimize the impact thle ALB expression, we addeédb exon
14 (only 39bp) to the N-terminal oFBp cDNA, which achieved the co-expression Alfor
and H9p through T2A fusion. As a result, we observeddbeect fusion transcript ofAtb-
T2A-hF9p and no significant change in serum ALB levels.

So far, there is no effective quantitative methoddetect the targeted integration
efficiency of large fragments. Traditional PCR ifficult to quantitate targeted integration
efficiency because unbiased amplification cannotabkieved. Recently, based on linear-
amplification mediated PCR (LAM-PCR), some groupsealoped novel methods to measure
HDR-mediated targeted integration efficielity® such as ligation-mediated PCR (LMU-
PCR). However, the strategies apply restrictionysmes to digest DNA, which is not
applicable to analyze the editing events withowt tlestriction enzyme sites, such as
translocation between target site and genome-widerA#®V backbones, the reverse
integration. Hence, the integration efficiency igsgible to be over-estimated. ddPCR is
another highly sensitive assay for the quantifamatof DNA and RNA targets, which has
been used to quantitate NHEJ-targeted integratfiiiziemcy in vivo®’. However, individual
assays are required for each integration eventparitplexing can be difficult. PEM-seq is a
high-throughput sequencing method to comprehensieshluate the editing events of
genome editing.

By employing a large amount of sonicated DNA (0o26rug for each sample), one-
round of linear amplification, and ligation with igne molecular barcode, PEM-seq can

precisely quantify almost all the translocationrgeon target site, simultaneously, including


https://doi.org/10.1101/2021.03.18.435908
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.18.435908; this version posted March 19, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

on-target and off-target events. In our study, B#M-seq assay achieved a lower targeted
integration efficiency than ddPCR, which may beseamuby limited copy humber assays and
missing other translocation events of ddPCR indgdhe insertion events oFBp cDNA in
reverse orientation and rAAV backbone. In additiarrecent study’ reported that NHEJ-
mediated targeted integration B8 BDD cDNA at theAlb locus resulted in the forward
and/or reverse insertion 88 BDD cDNA and rAAV backbone with equal efficiency the
target site. However, our PEM-seq analysis shovned the integration efficiency of the
donor sequences in the desired orientation wadoki5higher than that in the reverse
orientation (Fig. 4b), indicating that HITlI can finer improve the forward insertion
efficiency of donor sequences compared to NHEJ. eldhr, besides the sequences
corresponding to parental genomic DNA and HITI-na¢elil insertion of FOp cDNAS,
partial rAAV backbone sequences were found to kerted into the target sites. Given that
rAAV ITRs promote vector integration at DSBswe also observed parts of ITR-flanking
hF9p cDNAs inserted into the target sites (Supplemgnitgg. 10c). Hence, we speculated
that part of the therapeutic effects might be latted to the integration of rAAV vector
bearing T2A-F9p cDNAs. These results indicate that PEM-seq campcehensively
evaluate genome editing effects such as on- otaofet insertion efficiency, insertion
orientation as well as vector backbone integratidowever, some large deletions are not
capable to be captured by PEM-seq due to lossimiepibinding sites. Additionally, rAAVs
have been proved to be inefficient to transfectpaoanchymal cells accounting for nearly
half of hepatocyted” “° As we used total liver tissues to quantify taggeintegration, hence
the true frequencies of gene editing were likelgenastimated.

In conclusion, our results demonstrate that itsafe and effective gene therapy strategy
to treat hemophilia B through integration df9p cDNAs into the Alb intron 13 in rat
hepatocytes via Cas9 mediated HITI strategy whisb has the potential to cross-correct
other genetic diseases currently treated througknea replacement therapeutics. Moreover,
this strategy would be also critical to treat dés=awhich demand efficient site-specific gene

integration in non-dividing cells.
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Methods

Plasmid Construction and r AAV Vector Production.

The plasmid PX458 (pSpCas9(BB)-2A-GFP, Addgenenpiks#48138) encoding SpCas9
was a gift from Feng Zhang. Six 20-nt target seqasrpreceding aBGG protospacer-
adjacent motif (PAM) sequence located in the intfdh of rAlb gene. The protospacer
sequence was synthesized from Sunnybio (ShanghmialCand inserted into PX458 through
Thermo Scientific Bpil (Bbsl). The sgRNA sequencasd primers are shown in
Supplementary Table 5. rAAV8 vectors containing 8@Cas9 and either sgRNA, CMV
promoter and EGFP, or the donor template, wereymexd as previously described using
a PEI (polyethylenimine, Polysciences, 24765-2)gfection protocol followed by iodixanol
gradient purification. Vectors were titrated by gtittive real-time PCR as descriédand
the primers to measure the genome titer of rAAV8tees are listed in Supplementary Table

6.

Cell Cultureand Transfection.

HEK293T cell lines (ATCC CRL-3216) weremaintained in Dulbecco's Modified
Eagle Media (DMEM, Gibco) supplemented with 10%afétovine serum (FBS, Gibco), 100
U/mL penicillin, and 100 mg/mL streptomycin at'3and 5% CQ rAAV8 capsid (8 ug),
AAV helper (12 pg), and AAV vector (10 pg) in prepon were co-transfected into
HEK293T at 80% confluency ih00 mm dishes (Corning, 430167) using PEI followihg
manufacturer's recommended protocol. PC12 cellslimere maintained in Roswell Park
Memorial Institute (RPMI) 1640 Medium (Thermo-Gihddl835030) supplemented with 10%
FBS, 100 U/mL penicillin, and 100 mg/mL streptomyeit 37°C and 5% COCells were
seeded into 6-well plates (Corning, 3516) and feanted at 80% confluence using PEI. For
PX458-sgRNA transfection, 800 ng of PX458-sgRNAspial was used. For HITI
transfection, 400 ng of PX458-sgRNA and 400 ngA#V8-HITI-donor plasmids were co-

transfected. Transfected cells were performed bprekscence-activated cell sorting (FACS)
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72 h after transfection to enrich transfected cells

Animal Experiments.

Sprague-Dawley (SD) strain rats purchased from @t@nLaboratory Animal Center were
housed in standard cages in a specific pathogerfdo#léy on a 12-hour light—dark cycle
with sufficient food (irradiated) and water (autoetd). As previously report& Fg'30/11%0
rats were generated via CRISPR/Cas9 system usenggRNA targeting rat9 gene. For
systematic rAAV delivery, 8-weekld male rats received ailtavein injection of rAAV
vectors at a volume of 800 pL per rat. Plasma sesrjoir hFIX assays were collected from
the orbital vein 4 weeks after rAAV injection, aedery 4 weeks afterward. As previously

9dl3O/A 130 rats 8

described’, a two-thirds partial hepatectomy was performeda@ubset oF
weeks after rAAV injection and liver tissues wesr\rested as samples for following analysis.
Rats were sacrificed 36 weeks post-injection. Adt experiments conformed to the
regulations drafted by the Association for Assesdrmend Accreditation of Laboratory

Animal Care in Shanghai and were approved by ttst €Ehina Normal University Center for

Animal Research.

hFI X Antigen and Activity.

Plasma hFIX levels were quantified by an VisuLizé®¥ctor 1X Antigen Kit (FIX-AG;
Affinity Biologicals) and are shown as a percentagfenormal level according to the
manufacturer’s protocol. hFIX activity was measulsdaPTT assay using a coagulation
analyzer (BJ MDC, MC-4000) according to the manwfea’s protocol. 30 pL plasma
sample was mixed with 30 uL APTT reagent (BJ MDG2@MC) followed by a 3-min
incubation at 37°C. The reaction was initiatedratite addition of 30 pL of 25 mM calcium
chloride (BJ MDC, 03311). Time of clot formation sveecorded by the coagulation analyzer.

Human plasma was used as a calibration sample.

gPCR.
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Liver tissue was homogenized in liquid nitrogen ahd total RNA was isolated using
RNAiso Plus (Takara, catalog no. 9109). cDNA pragudrom a Hifair™ [ 1st Strand
cDNA Synthesis Kit (YEASEN, Shanghai, China) senasla template for gPCR assays
(YEASEN, Shanghai, China) to measuref8f IL6, 1L10, TNF-£1, hF9 and Alb-T2A-hF9
MRNA. Data were normalized @ actin mRNA levels. All primers for gPCR are listed in

Supplementary Table 6.

Western Blot, I F, IHC, and Histology.

Western blot analyses were performed on liver 8sas described previoulyhFIX protein
was detected by a goat-anti-hFIX antibody (1:208jnity Biologicals, GAFIX-AP).
Mouse-antiB-actin antibody (1:5000; Sigma, A544) was usedetiedp-actin protein. For IF,
liver tissues were fixed in 4% paraformaldehydeAPEigma), dehydrated in increasing
concentrations of sucrose and embedded in OCT 4|.€i4020108926). 5 pm-thick serial
sections were collected on slides using a cryaa@nog machine (Danaher-Leica, CM1950).
Liver slides were incubated with goat-anti-hFIX2Q00; Affinity Biologicals, GAFIX-AP)
antibody overnight at 4°C, and then incubated WifRC-anti-goat IgG secondary antibody
(1:100; Boster, BA1110) for 2 h at room temperat@ides mounted with’,6-diamidino-2-
phenylindole (DAPI, Sigma, D9542) were imaged undbe fluorescent microscope
(OLYPUS, BX53F). For IHC, liver tissues were fixed4% paraformaldehyde (PFA, Sigma),
embedded in paraplast (Leica Biosystems, 39601888)sectioned at 5 pm. Liver slides
were stained with goat-anti-hFIX antibody (1:2008ffinity Biologicals, GAFIX-AP).
Subsequently, the slides were rinsed and incubattbdBiotin conjugated AffiniPure rabbit
anti-goat IgG antibody (1:200; BOSTER, BA1006) ahd3 -diaminobenzidine substrate
(Vector Labs #SK-4100, Burlingame, CA) accordingnanufacturer recommendations. For
HE staining, liver slides were stained with hemgtiox (Solarbio, G1140) and eosin
(Solarbio, G1100) according to standard protocais] finally sealed using resin. Sections

were analyzed for any abnormalities compared tbvats from untreated group.
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Droplet digital polymerase chain reaction (ddPCR).

The general protocol of ddPCR is described accgrdinprevious repoft gDNAs from
PC12 cells and rat livers weextracted using the TIANantgood DNA kt, according to the
manufacturer’s instructions. ddPCR reaction liqind probes, primers, product-specific
probes from Sunnybio were mixed into 35 pL reastidArobe and primer sequences were
listed in Supplementary Table 7. 30 pL oil phasgtane contained 22.5 pL oil phase A and
7.5 pL oil phase B. The ddPCR reaction liquid dreldil phase mixture were vortexed for 30
s and transiently centrifuged to remove bubblesdies S100 automatic sample processing
system (Turtle Technology, Shanghai, China) was ts@enerate droplets and load samples
into a chip. The condition of ddPCR reactions wafodows: 1 cycle, 50°C for 10 min, 95°C
for 10 min; 45 cycles, 95°C for 20 s, 56°C for 4Chsld at 4°C; The ramp is 2.5°C/s for
every step. PCR reaction was performed using Bitdigycler S100 PCR amplification
instrument. The proportion of inserts and targegsewdetermined using Imager S100 Biochip
Reader (Turtle Technology). Data analyses were wtted using the Imager Software

version 2.2.0.1. Insertion frequency calculatednigerts/ (inserts + targets).

PEM -seq assay.

The gDNAs from the even-agé®'**“*% rat livers without any treatment were used for the
control library. 20 pg sonicated gDNAs and biotinmers (Sangon, Shanghai) were
repeatedly annealed and denatured as follows: 4%@in; 95°C 2 min, Ta (annealing
temperature) 3 min, 5 cycles; Ta 3 min. Bst polyaser3.0 (NEB) was added to perform for
primer extension: 65°C 10 min, 80°C 5 min. AxyPidpg PCR Clean-Up beads (Axygen,
US) were used to remove excess biotin primers. pthidied products were heated to 95°C
for 5 min and then rapidly cooled on ice for 5 fon DNA denaturation. Biotinylated PCR
products were enriched with Dynabeads ™MyOne™ Sixggin C1 (Thermo Fisher Science,
Australia). PCR products on Streptavidin C1 beadsewvashed with 400 pL 1 x B&W
buffer (1 M NaCl, 5 mM Tris-HCI (pH=7.4), and 1 mEDTA (pH=8.0)), then washed with

400 pL distilled water (dpD), and resuspended with 42.4 uL of,@H The bridge adapter
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ligation reaction was progressed with 15% PEG8@&Ignga) and T4 DNA ligase (Thermo
Fisher Science, Australia) at room temperature.lifa¢ion products were washed twice with
400 pL 1 x B&W buffer, 400 pL d#D, and then resuspended with 80 pLL@HThe primers

of 15 and I7 sequences were used for on-beadsth®I® (Taq, Transgen Biotech, China)
for 16 cycles. PCR products were then recovereatgusize-selection beads (Axygen, USA)
and underwent tagged PCR (Fastpfu, Transgen Biotebma) with lllumina P5 and P7
sequences. The sequences of primers were listedpplementary Table 8. 2 x 150 bp HiSeq
was used to sequence all the PEM-seq librariesegHisads were processed according to

previously reported meth&t

Analysis of on-tar get and off-tar get indels.

PC12 cell or rat liver gDNAs was isolated using THANamp blood DNA kit (TIANGEN
Biotech, DP304-02) following the manufacturer’s tiostions. Forin vitro on-target
validation, gDNA targets were amplified through P@®R Sanger sequencing, and ICE
analysis was used to analyze CRISPR gene editfimjeaty as previously describ&dFor

in vivo on-target and off-target validation, on-target aoifitarget sites predicted by
Benchling were amplified through nested PCR, whigre performed as described in Hi-
TOM kits (Novogene) for targeted tagged Sequenciimg sequences of primers were listed
in Supplementary Table 2. The mixture of PCR prtglweas sequenced on the lllumina
HiSeq platform as previously descriB&dAll predicted potential off-target sites (OT1-11)
and primer sequences used to detect indels weted lim Supplementary Table 3, 4,

respectively.

Serum biochemical analysis.

For serum isolation, 1 mL whole blood was collectenn the orbital vein per rat. Samples
were centrifuged at 12000 rpm for 10 min at 4°Cderum collecting. The serum samples
were measured for ALB, AST and ALT levels (ShangA&ICON Clinical Laboratory,

China).
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Tail-clip challenge.

After anesthesia, rats were performed for a tgil-absay as described previodsI§? Briefly,
the distal part of the rat tail at 1.5 mm diametes cut and allowed to record the bleeding
volume. The blood sample within 6 min was collectadd the total blood volume was
measured. After holding firm pressure on the tail I min, the survival rate of rats was

monitored within 48 hours after clipping.

Statistical analyses.

GraphPad Prism 8.0 was used for all statisticalyara. The mean + standard deviation (SD)
was determined for each group. We used the twedailnpaired t-test to determine the
significances between the treatment and contraigrdn all tests, P-values of < 0.05 were

considered to be statistically significant.

Data Availability.

Targeted amplicon sequencing data and PEM-seq hdata been deposited in the NCBI
Sequence Read Archive database under accessios EBI&A198802 and PRINA707234.
Sequencing data associated figures: Fig.4 b-c;5Fa:b; Supplementary Fig.3 b-c;
Supplementary Fig.7; Supplementary Fig.8 b; Supplgary Fig.9 b-c. There are no
restrictions on data availability. Additional infoation and materials will be made available

upon request.
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Figure legends

Fig.1 Generation of hemophilia B rats.

a Schematic diagram &9 gene knock-out mediated by CRISPR/Cas9 in SDstatsvs the
design of target sites (SQRNA sequences are iretiday the red line and the PAM sequence

is labeled in blue) and the mutant sitegaf" "%

rat strains are represented with dash lines.
The reading frames of the WT and mutBfitsequences are shown and the 130-bp deletion in
F9 gene results in an early STOP codon.

91300 yats. Asterisk in red

b Sanger sequencing of the targetedl sites of WT and~
represents stop codon.

c Expression of9 mRNA in the liver tissues of wild type (WT) af@'****¥® rats (n=5) by
RT-PCR.

d Blood coagulation assessed by activated partiabntbhoplastin time (@PTT) and
prothrombin time (PT) were measured in WT &9d"%*®rats (n=5).

9130410 rats at 8 weeks of

e Measurement of bleeding volume after tail clippingVT andF
age (n=5).

f Hemarthrosis caused by spontaneous bleedingFai"“*** rats. Representative
photographs of WT (left) anB9' 2% rats (right) are shown. Intra-articular bleedingl an
swelling were observed in 20% B9'**"** rats within 2 to 3 months of age.

(Values and error bars reflect the means and SOivefindependent experiments. P value
was determined by two-tailed Student’s t-test. ms,significant difference by two-tailed
Student's t test.)

Fig.2 Vector design and genome editing of rAlb locusviaHITI.

a Schematic illustration of the site-specific intggon in the Alb intron 13 using
CRISPR/Cas9-mediated HITI. The double-cut donortore¢rAAV8-HITI-donor) which
contains a single-guide RNA with PAM sequences adgglose to the '5ITR, a splice
acceptor (SA) sequence, a T2A sequeniid, eéxon 14 (39bp) located between T2A sequence

and SA sequence, a codon-optimizéed IDNA (CDS) sequence that carries a hyperactive

Padua mutation (R338L) and the bovine growth hoempalyA (bGH-polyA) flanked by
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T2A sequence and a same-orientation guide RNA retiog sites with PAM sequences, and
a U6-sgAlb7 cassette placed close to thé€TR. The fused mRNA ofAlb and 9 genes
were co-expressed byAlb promoter and the fusion protein is split by thé-skeavage of
T2A peptide. 5and 3 junctions indicate the splicing sites of donorwsstce atAlb locus.
Blake pentagon, Cas9/gRNA target sequence.

b The frequencies of CRISPR/Cas9-induced indels agRNA sites were analyzed by
Synthego website. Error bars represent means +SPfan each group.

¢ Schematic representation of rAAV plasmids usedtfeatmentin vivo. The rAAV8-LP1-
spCas9 expressing humanized spCas9 by using aspeeific promoter (LP1). rAAV8-
HITI-donor, the double-cut donor template and sgRtdA&yeting the Alb intron 13 was
inserted into an rAAV vector.

Fig.3 Efficient, sustained expression and activity of hFI X protein in HITI-treated rats.

a Schematic diagram of the experimental designA@¥rinjection and analysis. PHX, partial
hepatectomy.

b, ¢ hFIX protein activity and levels in the plasma wessayed by aPTT and ELISA,
respectively. The measurements were performed #oim 36 weeks after rAAV injection
with subsequent PHx. hFIX levels were shown agp#reentage of normal hFIX levels in the
plasma. Error bars represent means +SD. WT grotfs, untreated group, n=5; donor group,
n=3; low-HITI group, n=3; high-HITI group, n=3.

d Immunofluorescence staining with antibodies agamdX (green) and with DAPI (blue)
on rat liver sections collected from PHx 8 weekerafAAV injection. Scale bars, 20@m
(top), 100um (bottom).

Fig4 Indel and HITI-mediated gene integration efficiency and specificity of hF9
expression.

a The indel frequency of sgAlb7 and=9p transgene knock-in efficiency (KI%) at the
targetedAlb locus as determined by tagged sequencing and ddi@Rsis, respectively.
Error bars represent SD from n = 3 replicates.

b Quantitation of copy numbers for integration typpé$iF9p cDNA and rAAV backbone in
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forward and reverse orientation il target site by PEM-seq. F9-F, insertion BBp cDNA

in the forward orientation; F9-R, insertion df%p cDNA in the reverse orientation; BB-F,
insertion of rAAV backbone in the forward orientatj BB-R, insertion of rAAV backbone in
the reverse orientation; Error bars represent SB,far HITI-treated group.

¢ Frequency of the fidelity at &nd 3 junction sites of R9p knock-in by HITI.

d PCR analysis showing a successful fusionfdh mand 9p mRNAs 8 weeks after rAAV
injection. The cDNA produced by reverse transaviptivas served as a template for
amplification of the fusion transcript oflib-T2A-hF9p.

e Quantitative RT-PCR of liver total RNA from HITidated rats. Aib-T2A-hF9 Pauda
MRNA levels are relative to endogenouB9MmRNA levels of WT rats. RNA samples were
analyzed in duplicate.

Fig.5 Safety evaluation of gene targeting therapy for hemophilia B viarAAV8.HITI.

a Off-target analysis by tagged sequencing in ligBiNAs. A list of on- and off-target
analysis using gDNA isolated from the rat liverstagged sequencing. The nucleotide letters
shown in red are the individual mismatches in prtedi off-target sites.

b Universal bait detection of off-targets for sgAlbZircos plot (circos.ca) on custom log
scale showing the genome-wide profile of Cag9b fjunctions. The bin size is 5 Mb, and
8,751 unique junctions are shown from two indepahddraries. Chromosomes were
showed with centromere to telomere in a clockwisentation. Red arrow indicated the Cas9:
rAlb cleavage site. For the accuracy of PEM-seq arsalys artificially placed the complete
donor DNA sequence into the front of chromosomef JAlb as reference. Colored lines
showed the hotspot between the genomic on-tarngeasd the donor DNA sequence.

¢ Quantification of spCas9 vector genome in therlisg gPCR. Error bars represent SD,
n=6.Serum markers of liver toxicity, such as té&taB, ALT and AST levels were determined
32 weeks after rAAV injection. No significant difences were observed among all groups.
Error bars represent means +SD. untreated group, low-HITI group, n=3; high-HITI
group, n=3.

d mRNA levels of inflammatory cytokines from liveo HITI-treated rats were determined
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by RT-PCR. Error bars represent means +SD. unttegiteup, n=5; low-HITI group, n=3;

high-HITI group, n=3.

e Histological analysis by hematoxylin and eosin (H&aining of liver sections from

untreated group (n=5), donor group (n=5), low-Hiifbup (n=3) and high-HITI (n=3) group
8 weeks after rAAV injection. The images represthet liver section of one rat from each
group. Liver tissues showed no histological abradities in either HITI-treated groups as

compared to untreated and donor groups’ rats.
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