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Genome-editing strategies, especially CRISPR-Cas9 systems,
have substantially increased the efficiency of innovative thera-
peutic approaches for monogenic diseases such as primary
hyperoxalurias (PHs). We have previously demonstrated that
inhibition of glycolate oxidase using CRISPR-Cas9 systems
represents a promising therapeutic option for PH type I
(PH1). Here, we extended our work evaluating the efficacy of
liver-specific inhibition of lactate dehydrogenase (LDH), a
key enzyme responsible for converting glyoxylate to oxalate;
this strategy would not be limited to PH1, being applicable to
other PH subtypes. In this work, we demonstrate a liver-specific
inhibition of LDH that resulted in a drastic reduction of LDH
levels in the liver of PH1 and PH3 mice after a single-dose de-
livery of AAV8 vectors expressing the CRISPR-Cas9 system, re-
sulting in reduced urine oxalate levels and kidney damage
without signs of toxicity. Deep sequencing analysis revealed
that this approach was safe and specific, with no off-targets de-
tected in the liver of treated animals and no on-target/off-tissue
events. Altogether, our data provide evidence that in vivo
genome editing using CRISPR-Cas9 systems would represent
a valuable tool for improved therapeutic approaches for PH.

INTRODUCTION
Primary hyperoxalurias (PH) are a group of autosomal recessive
metabolic disorders caused by oxalate overproduction as a result of
genetic defects in enzymes involved in glyoxylate metabolism.1,2 In
PH patients, overproduction of oxalate, an end-product of glyoxylate
metabolism, causes precipitation of calcium oxalate (CaOx) crystals
in the kidney that results in urolithiasis, nephrocalcinosis, and pro-
gression to end-stage renal disease and renal failure.1,2 There are three
forms of PH (PH type I [PH1], PH2, and PH3), which are caused by
mutations in alanine-glyoxylate aminotransferase (AGT), glyoxylate
reductase/hydroxypyruvate reductase (GRHPR), and 4-hydroxy-2-
oxoglutarate aldolase 1 (HOGA1), respectively,3–5 with PH1 being
themost common and severe subtype (around 70%–80% of all PH pa-
tients). Glyoxylate is converted into glycine, glycolate, or oxalate
by AGT, GRHPR, or lactate dehydrogenase (LDH), respectively.
Thus, reduced activity of AGT and/or GRHPR leads to increased
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accumulation of glyoxylate and subsequent overproduction of oxalate
(Figure S1).1,2

Existing treatments aim to preserve renal function as long as possible
by increasing fluid intake, dialysis, or administration of oxalate crystal
inhibitors.6 However, these treatments are insufficient and once renal
function is compromised, combined kidney and liver transplantation
is the only lifesaving option.7 Currently, several molecular approaches
are under investigation, including oxalate-degrading enzymes, AGT
mistargeting correction (applicable only to patients with specific mu-
tations), as well as gene and cell therapies.8–11 Small interfering RNA
(siRNA)-mediated silencing of specific enzymes of the glyoxylate
metabolism are attractive strategies that have demonstrated reduction
of oxalate excretion in animal models of PH1,12,13 as well as in clinical
trials (ILLUMINATE studies),14 leading to the approval of lumasiran
for the treatment of PH1. Another interesting target is LDH, an
enzyme that plays a critical role in hepatic oxalate production in
PH.15 LDH is tetrameric protein composed by combinations of M
and H subunits (encoded by LDHA and LDHB, respectively), with
LDH5 (4M subunits) being the major isozyme of the liver.16 The
absence of any compromised liver function in LDHA-deficient pa-
tients (reviewed in Ariceta et al.17) makes LDHA an ideal target.
RNAi-mediated liver-specific knockdown of LDHA has been
reported18 in several animal models of PH, providing evidence of
oxalate reduction with no apparent adverse effects in non-hepatic
tissues. Moreover, the recently completed clinical trial PHYOX1
(ClinicalTrials.gov: NCT03392896) evaluating Nedosiran, an investi-
gational RNAi therapy targeting LDHA, demonstrated some evidence
of pharmacodynamic effect, in both PH1 and PH2 subpopulations,
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with acceptable safety.19 However, siRNAs or small molecules have
several limitations, such as the requirement of multiple administra-
tions for long-term effect or the incomplete inhibition of the target
enzyme.

The latest advances in CRISPR-Cas9 systems20–22 provide useful tools
for the development of improved therapies, with some of them
already under evaluation in human trials.23–25 The CRISPR-Cas9 sys-
tem, composed by the Cas9 nuclease and a programmable guide
RNA, can be exploited for efficient gene inactivation. In a previous
work, we showed that targeting the Hao1 gene, coding for glycolate
oxidase (GO), using AAV-based CRISPR-Cas9 systems in a mouse
model of PH1 resulted in long-term specific inhibition of hepatic
GO, leading to the reduction of urine oxalate excretion to normal
levels and preventing nephrocalcinosis with an absence of toxic
effects.26 We hypothesize that in vivo CRISPR-Cas9 strategies could
be applicable to other PH forms, and in this work, we explored its use-
fulness evaluating the efficacy of targeting the liver Ldha gene in pre-
clinical models of PH1 and PH3. Our results showed that a single
administration of the therapeutic vector resulted in liver-specific
long-term LDH inhibition, reduced urine oxalate levels, and pre-
vented kidney damage without signs of toxicity in both animal
models.

RESULTS
Efficient in vivo inhibition of hepatic LDH using CRISPR-Cas9

systems in Agxt1–/– mice

In order to evaluate CRISPR-Cas9-mediated LDH inhibition as a
treatment of PH1, we designed and selected four different single guide
RNAs (sgRNAs) targeting the murine Ldha gene (exonic regions)
based on their location and the predicted on-target/off-target effi-
ciency (Table S1). Cleavage efficiency was evaluated in vitro by
TIDE27 after transfection of Staphylococcus aureus Cas9 (SaCas9)
and sgRNA ribonucleoprotein (RNP) complexes in AML12 and
Hepa1-6 cell lines, selecting mLdha.ex5.sgRNA2 for further studies
(Figure S1). For in vivo LDH inhibition, the selected Ldha-targeting
sgRNA was delivered to the liver of Agxt1�/� (PH1) mice using a sin-
gle AAV8 vector expressing the sgRNA under a U6 promoter and
SaCas9 under the liver-specific thyroxine binding globulin (TBG)
promoter28 in order to restrict genome editing to hepatocytes. In vivo
cleavage efficiency was evaluated in 10- to 14-week-old PH1 male
mice29 after intravenous administration of AAV8-SaCas9-Ldha-
sgRNA (sgRNA) at a dose of 5 � 1012 vg/kg. Groups of animals
receiving the same dose of AAV8-SaCas9 without sgRNA (Cas9)
and PBS, as well as wild-type (WT) animals, were used as controls.
Mice were sacrificed 8 weeks (short term) and 6 months (long
term) after treatment. We evaluated vector genome copies and
expression of SaCas9 in different organs, observing a predominant
hepatic viral transduction with a restricted Cas9 expression to the
liver (Figure S1). Cleavage efficacy and indel frequencies were
measured by TIDE, detecting an average of 41.81% (short term)
and 47.98% (long term) of indels only in the livers of PH1 animals
that received the gRNA vector (Figure 1A). Moreover, we observed
reduced Ldha transcription levels in these animals receiving the
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therapeutic vector (Figure 1B). In accordance, a dramatic reduction
of LDH protein expression was observed in the liver of treated ani-
mals after western blot analysis (with >95% of reduction)
(Figures 1C and S1), being almost below the level of detection.
Furthermore, only a reduced and isolated number of LDHA-positive
cells were detected in sgRNA-treated animals by immunohistochem-
ical analysis, while control animals had a homogeneous staining of the
hepatocytes (Figure 1D).

To further characterize the efficiency of genome editing and the
variant distribution in the liver of treated animals, we amplified the
Ldha-targeted locus by PCR and analyzed it by next-generation
sequencing (NGS). Indel averages of 52.96% (short term) and
58.17% (long term) were observed in the liver of treated animals (Ta-
ble 1; Figure S2), results that confirmed previous observations with
TIDE. The most common mutations were small deletions <10 bp
(>70% deletions < 3 bp), targeting coding or splice-site regions,
with >80% of indels occurring around positions +1 or +2 relative to
the cleavage site (Figures 2 and S2). More importantly, these modifi-
cations introduced frameshift mutations in both PH models (Fig-
ure 2B), which explained the reduction observed at protein levels
(Figures 1C and 1D).

CRISPR-Cas9-mediated LDH inhibition induces a long-term

therapeutic effect

We further evaluated both short-term and long-term therapeutic ef-
ficacy of CRISPR-Cas9-mediated LDH inhibition as treatment for
PH1. Thus, PH1 male mice were treated with therapeutic vector
(and controls) as described above. No significant differences were
observed in urine oxalate and glycolate levels measured at different
time points after AAV administration between sgRNA-treated
animals and control groups (Cas9 and PBS) (Figures 3A and S3).
To induce oxaluria, we overload the glyoxylate pathway using
ethylene glycol (EG), a precursor of glyoxylate that increases oxalate
production.9 Then therapeutic efficacy was analyzed in PH1 animals
challenged during 7 consecutive days with 0.5% EG in drinking water.
In both experimental conditions (short and long term), urine oxalate
levels were significantly lower at day 7 after challenge in the animals
that received treatment with sgRNA compared with control groups
(Cas9 and PBS) and, more interestingly, presented similar levels to
that observed in WT animals (Figure 3B), indicating the therapeutic
efficacy of CRISPR-Cas9-mediated LDH inhibition. As expected, gly-
colate levels increased after EG challenge, especially in the group of
animals treated with sgRNA targeting Ldha, although no statistical
differences were observed between groups at day 3 or 7 of continuous
EG challenge (Figure S3). No difference in water intake or urine vol-
ume was observed, indicating a homogeneous EG challenge
(Figure S3).

Previous studies have shown that glyoxylate pathway overload is well
tolerated without any apparent toxic effect in WT animals, while an
increased weight loss is observed in PH animals.26 Interestingly,
reduction in body weight loss was observed during the challenge, in
animals treated with the therapeutic vector, indicating that
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Figure 1. Efficient in vivo inhibition of hepatic LDH using CRISPR-Cas9 systems in Agxt1–/– mice

Groups of 10- to 14-week-old PH1 animals were treated with PBS (n = 6), Cas9 (n = 4/5), and sgRNA (n = 6) and analyzed 8 weeks (short term) or 6 months (long term) after

the administration of the treatment. A group of WT animals (n = 6) was included as control. (A) Editing efficiency measured by TIDE. (B) Quantification of Ldha mRNA

expression by quantitative real-time PCR. (C) Western blot (WB) analysis of LDH protein levels in representative animals treated with PBS, Cas9, and sgRNA. Actin was used

as control. (D) Representative immunohistochemistry (IHC) images of the liver stained for LDHA of WT and PH1 animals treated with PBS, Cas9, and sgRNA. Scale bar:

100 mm. Kruskal-Wallis statistical test was used to evaluate differences between groups. *p < 0.05.
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CRISPR-Cas9-mediated LDH inhibition also ameliorates this detri-
mental effect (Figure 3C). Agxt1�/� mice, challenged with EG,29

develop variable degrees of kidney CaOx deposits. Thus, we also
analyzed the capacity of our treatment to prevent kidney damage.
Groups of PH1 animals were treated as described above with the ther-
apeutic vector, including PBS, Cas9, and WT groups as control, and
challenged with EG for a longer period of time (15 days). Then, kid-
ney histology was analyzed 8 weeks (short term) or 6 months (long
term) after AAV administration.We observed a high degree of kidney
damage in control animals (PBS and Cas9), while animals treated
with the therapeutic vector displayed a normal histology similar to
the WT group (Figures 3D and S3). Moreover, control animals
Molecul
showed a high degree of CaOx deposits in their kidneys, an effect
that was prevented in most of the PH1 mice treated with the thera-
peutic vectors, with only some residual CaOx deposits (Figure 3E).
These results clearly indicate that our therapeutic strategy was able
to reduce urine oxalate levels and also to protect from kidney damage
and CaOx deposits caused by prolonged hyperoxaluria in a PH1
mouse model.

Higher doses of therapeutic vector do not improve therapeutic

efficacy

In order to evaluate whether the therapeutic efficacy was improved by
increasing the dose of the AAV8 vector, we intravenously treated
ar Therapy: Methods & Clinical Development Vol. 25 June 2022 139
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Table 1. Variants (%) in on-target and off-target sites

Experiment Group ONT OFT #1 OFT #2 OFT #3 OFT #4 OFT #5

Short term
PBS (n = 1) 0.05 0.12 0.05 0.07 0.12 0.07

sgRNA (n = 6) 52.96 0.10 0.09 0.09 0.09 0.07

Long term
PBS (n = 1) 0.15 0.10 0.12 0.09 0.11 0.13

sgRNA (n = 6) 58.17 0.08 0.09 0.10 0.10 0.07

High dose
PBS (n = 1) 0.09 0.12 0.14 0.11 0.18 0.08

sgRNA (n = 6) 57.44 0.10 0.09 0.12 0.12 0.06

PH3
PBS (n = 1) 0.15 0.11 0.11 0.17 0.14 0.06

sgRNA (n = 8) 53.20 0.11 0.08 0.10 0.11 0.07

OFT, off-target; ONT, on-target.
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groups of 10- to 14-week-old PH1 male mice with 1014 vg/kg AAV8-
SaCas9-Ldha-sgRNA (sgRNA). Animals receiving the same dose of
vector without sgRNA (Cas9), as well as PBS-treated and WT ani-
mals, were used as controls. Compared with previous experiments
(short or long term), a similar genome-editing efficiency and variant
distribution was observed in the liver of treated animals 8 weeks after
vector administration (Figure S4). Increasing the dose, we observed a
slightly higher frequency of indel generation (51.76%) that resulted
again in a strong reduction of Ldha transcription levels and LDH pro-
tein expression. However, the effect of LDH inhibition with higher
doses of therapeutic vector on urine oxalate levels after 7-day EG chal-
lenge was not dramatically improved, with significant lower levels
compared with control only at day 7, as observed previously (Fig-
ure S4). Looking at the body weight loss, we observed a slightly better
performance of treated animals, with significantly lower reduction of
the weight compared with controls (PBS and Cas9) and being closer
to WT (Figure S4). In summary, these results indicate that increasing
the dose of the AAV therapeutic product does not significantly in-
crease the efficacy.
Therapeutic efficacy of CRISPR-Cas9-mediated LDH inhibition

in Hoga1–/– mice

In order to evaluate our CRISPR-Cas9-mediated LDH inhibition
strategy as treatment of other PH subtypes, we evaluated the long-
term therapeutic efficacy in Hoga1�/� mice, a model of PH3.30

Thus, groups of 10- to 14-week-old PH3 male mice were treated as
described above (sgRNA, Cas9, PBS, and a group of WT mice as con-
trol). For this long-term experiment, mice were sacrificed 20 weeks
after treatment, and again vector genome copies and SaCas9 expres-
sion were analyzed, showing a predominant hepatic transduction
with restricted Cas9 expression to the liver (Figure S5). Compared
with long-term experiment in PH1, cleavage efficacy and indel fre-
quencies in the livers of PH3 animals that received the gRNA vector
were reduced (average of 39.04%) (Figure 4A). Nevertheless, variant
distribution was similar to previously observed in PH1 with small de-
letions <10 bp at positions +1/+2 of the cleavage site, indicating that
these characteristics are intrinsic to sgRNA (Figure S5). Importantly,
despite this slightly reduced cleavage efficacy, Ldha transcription
levels and LDH protein expression were significantly reduced
140 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
(Figures 4B and 4C), indicating proper inhibition of LDH in the liver.
To evaluate the therapeutic efficacy of CRISPR-Cas9-mediated LDH
inhibition in the PH3 model, we challenged treated animals 20 weeks
after AAV administration for 7 consecutive days. For PH3 mice, the
challenge was performed with 0.25 M hydroxyproline (HP) in drink-
ing water, a condition that showed more reproducible oxalate induc-
tion in male mice (Figure S6). Oxalate production was moderately
reduced in PH3 animals compared with EG induction in PH1, prob-
ably because of a lower water intake during the challenge, although no
differences in water intake or urine volume were observed between
the groups, indicating a homogeneous challenge (Figure S7). The
quantification of urine oxalate after HP challenge showed signifi-
cantly lower levels at day 7 in the animals that received the treatment,
being similar to that observed inWT animals (Figure 4D). Finally, we
observed a reduction in body weight loss in these animals treated with
the therapeutic vector (Figure 4E), indicating that our CRISPR-Cas9-
based therapeutic approach was also effective in PH3. In contrast with
the results observed in the PH1 model, no kidney damage was
observed in any of the groups of PH3 mice (not even controls) chal-
lenged during 15 days with HP, probably because of the lower
frequency of oxalate stones and systemic oxalosis observed in PH3
patients.31 Together, our data suggest that inhibition of LDH with
CRISPR-Cas9 systems could be considered an efficient therapy for
different types of PH.
Safety of CRISPR-Cas9-mediated LDH inhibition

One of the potential issues associated to CRISPR-Cas9 therapies
would be the genotoxicity caused by non-specific cleavage of the
genome. Thus, we evaluated cleavage specificity performing deep
sequencing of the on-target site together with the top 5 off-target
regions (Table S2) for the selected sgRNAs in all the experimental
conditions evaluated (short-term, long-term, high-dose, and PH3
experiments). Our results showed that frequencies at the off-target
regions (OFT1–5) were similar to those observed in control ani-
mals (usually <0.1%) (Table 1; Figure S8). The on-target site was
also analyzed in different tissues of PH1 animals from the long-
term experiment (on-target/off-tissue effect). Again, the fre-
quencies observed were similar to the ones observed in control
mice (Table S3; Figure S8), corroborating the hepato-specificity
022



Figure 2. Characterization of CRISPR-Cas9-mediated LDH editing in Agxt–/– mice

Analysis performed in 10- to 14-week-old PH1 animals treated with PBS (n = 6), Cas9 (n = 4/5), and sgRNA (n = 6) and in WT animals (n = 6) at 8 weeks (short term) or

6 months (long term) after administration of the treatment. (A) Frequency distribution of indel size (up) and distance from cleavage site (bottom) in animals treated with sgRNA.

(B) Indel characterization according to their localization, type, size, and frameshift potential in animals treated with sgRNA.
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of our vector. Another safety issue recently described for this type
of therapy is the possible AAV integration into the sgRNA targeted
site.32 Despite that most common mutations of our selected sgRNA
were small deletions under 10 bp, we further analyzed AAV inte-
gration events into the Ldha-targeted region. We observed that
>50% of the insertions >10 bp included AAV sequences corre-
sponding to the ITR regions (Figure S8; Table S4). The AAV-inte-
grated sequences increased up to 73.83% of the insertions >10 bp
when high AAV doses were used, suggesting a correlation between
the AAV dose and the integration events. However, in total, these
AAV insertions represented only 2%–5% of total indels (Table S4),
suggesting that our therapeutic approach targeting Ldha would be
safe and tissue specific with no significant off-target effect in vivo.
Furthermore, we performed histopathology analysis of liver sec-
tions and measured serum transaminase levels to evaluate the
potential hepatotoxicity of the treatment. We observed a normal
histology in the liver of animals treated with the therapeutic vector,
as well as normal levels of aspartate aminotransferase (AST) and
alanine aminotransaminase (ALT) (Figure 5). Having in mind
that a patient’s safety cannot be fully predicted, our data suggest
that the specific inhibition of LDH in the liver, using CRISPR-
Cas9 therapeutic approaches, would be a safe option to treat PH.

DISCUSSION
Advances in CRISPR-Cas9 technology have boosted the develop-
ment of innovative approaches for many inherited disorders, as
well as other pathological conditions, showing promising outcomes
in animal models.33–38 More importantly, recent studies in human
trials have shown very positive and optimistic results of CRISPR-
Cas9-based approaches.23–25 In this study, we have extended our
previous work based on CRISPR-Cas9-mediated gene editing as
Molecul
treatment for PH1, for the development of improved therapeutic
strategies that would be applicable for other PH subtypes. For
that purpose, we have redirected the CRISPR-Cas9 system against
the hepatic isoform of LDH, a key enzyme responsible for convert-
ing glyoxylate to oxalate. Several studies indicate that LDH inhibi-
tion is a promising therapy for several subtypes of PH using
siRNAs or even CRISPR-Cas9 strategies,18,39 and recent results
from the PHYOX1 trial evaluating Nedosiran showed positive re-
sults at least for PH1. However, our therapeutic strategy to inhibit
LHD would help to overcome some of the limitations observed
with siRNA approaches. In particular, our approach would avoid
the requirement of multiple administrations for long-term
effect,14,18,19 because of the transient effect of siRNAs, which would
represent a clear benefit in the quality of life of patients and their
families.

We have demonstrated that a single dose of an AAV8 vector car-
rying the SaCas9 and a sgRNA targeting LDH, administered into
the livers of Agxt1�/� and Hoga1�/� mice, models of PH1 and
PH3, respectively, efficiently and specifically induced indels in
the target gene (Ldha), resulting in a sustained and highly signifi-
cant reduction of LDH protein. TIDE and NGS analysis of the liver
of treated animals revealed an average of 40%–50% of indels, while
the LHD protein remained almost undetectable. This apparent
discrepancy between indel frequency and protein disappearance
has been previously observed, and it is due to the specific and
restricted SaCas9 expression to the hepatocytes.26,28 Because indel
analysis is performed using whole liver samples, the non-edited
DNA, from other cell types, masks the cleavage efficiency that is
increased when measured in purified hepatocytes, a fact already
demonstrated by our group.26
ar Therapy: Methods & Clinical Development Vol. 25 June 2022 141
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Figure 3. Therapeutic efficacy of CRISPR-Cas9-mediated LDH inhibition in Agxt1–/– mice

Analysis performed in 10- to 14-week-old PH1 animals treated with PBS (n = 6), Cas9 (n = 4/5), and sgRNA (n = 6) and in WT animals (n = 6) at 8 weeks (short term) or

6months (long term) after administration of the treatment. (A) Quantification of basal urine levels of oxalate (mmol/24 h) in the different groups of treatment. (B) Quantification of

urine oxalate levels (mmol/24 h) before and on days 3 and 7 of EG challenge in the different groups of treatment. (C) Weight change of the animals after 1 week of EG challenge

in the different groups of treatment. (D) Histological analysis of renal damage in representative kidneys of animals from control or treatment groups after 15 days of EG

challenge. Scale bar: 100 mm. (E) Analysis of CaOx accumulation in representative kidneys of animals from control or treatment groups after 15 days of EG challenge. Scale

bar: 200 mm. Kruskal-Wallis statistical test was used to compare the groups in each day. *p < 0.05. ns, not significant.
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The high reduction of LDH protein is translated into an outstanding
long-term therapeutic effect in both PH1 and PH3 animal models, in
line with previous results observed with siRNAs targeting LDH.18

Our results clearly showed that urine oxalate levels and oxalate crystal
formation were significantly reduced, with a clear improvement in
additional indicators of the disease, like the reduced weight loss caused
by renal failure inducedby theoxalate overproduction. These results are
further substantiated by the fact that treated animals were fully pro-
tected against metabolic challenge with oxalate precursors (EG and
HP). Moreover, as previously observed for GO,26 the efficacy of
CRIPSR/Cas9-mediated LDH inhibition can be observed as soon as
8 weeks after vector administration, although in general, more robust
and homogeneous results were observed at longer times, including
higher indel frequencies, reduced Ldha mRNA expression and urine
oxalate levels after challenge, and lower weight loss. Interestingly, the
increase of vector dose (up to 1014 vg/kg) does not provide significant
improvements in the therapeutic efficacy. This is probably related to
the high efficiency of liver transduction achieved with AAV8, as
supported by the fact that doses of 5 � 1012 vg/kg infect >95% of the
hepatocytes.9 Again, similar to our observations inhibiting GO,26 our
therapeutic approach targeting LDH was safe, because treated animals
presented normal liver histology without elevation of liver
transaminases.

An important consideration, in contrast with siRNA-based therapies,
is that CRISPR-Cas9 approaches, based on AAV vectors, will contin-
142 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
uously express Cas9, increasing the probability of non-specific mod-
ifications of the genome. Improved delivery approaches with more
translational potential, like the use of nanoparticles for the delivery
of RNP or mRNA/sgRNA complexes,40,41 which are currently under
development, would contribute to reduce these risks. However,
several studies have shown that mutations in non-target regions
attributable to Cas9 are rare.42,43 In our study, we did not observe
cleavage in predicted off-target regions after deep sequencing in ani-
mals treated for at least 6 months, while on-target site was efficiently
edited only in the liver. Moreover, insertions of AAV vector into
sgRNA-targeted regions, although detectable, were low compared
with recent publications,32 suggesting that these events may be highly
dependent on the sgRNA design and/or the targeted locus. Results
regarding unspecific cleavage are in accordance with our previous
studies targeting GO,26 as well as with other studies using CRISPR-
Cas9 systems in the liver and in other tissues like the muscle.44–46

Even in the case of nonspecific cleavage events, several alternatives
have been proposed to decrease off-target modifications, including
improved sgRNA design algorithms that allow the selection of guides
with reduced off-target potential.47

In summary, in this work we have demonstrated that targeting LDH
using CRISPR-Cas9 systems delivered by AAV vectors results in an
extraordinary therapeutic effect in both PH1 and PH3mice. Together
with our previous results targeting GO,26 our data provide evidence
for the use of CRIPSR/Cas9 approaches as a promising efficient and
022



Figure 4. Therapeutic efficacy of CRISPR-Cas9-

mediated LDH inhibition in Hoga1–/– mice

Analysis performed in 10- to 14-week-old PH3 animals

6 months after treatment with PBS (n = 7), Cas9 (n = 8),

and sgRNA (n = 8) and in WT animals (n = 6). (A) Editing

efficiency measured by TIDE. (B) Quantification of Ldha

mRNA expression by quantitative real-time PCR. (C) WB

analysis of LDH protein levels in representative WT and

PH3 animals treated with PBS, Cas9, and sgRNA. Actin

was used as loading control. (D) Quantification of urine

oxalate levels (mmol/24 h) before and on days 3 and 7 of

HP challenge in the different groups of treatment. (E)

Weight change of the animals after 1 week of HP

challenge in the different groups of treatment. Kruskal-

Wallis statistical test was used to compare the groups in

each day. *p < 0.05, ***p < 0.001.
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safe therapeutic strategy for PH patients, which should be further
corroborated in more clinically relevant approaches and disease
models. These results also support the use of CRISPR-Cas9-based
strategies for the inhibition of specific genes in the liver in other in-
herited metabolic diseases.48,49

MATERIALS AND METHODS
gRNA design and in vitro evaluation

sgRNAs targeting the Ldha gene were designed and selected as
described previsouly26 using Benchling software (https://www.
benchling.com). The sgRNAs are shown in Table S1. In vitro cleavage
efficiency was evaluated using RNP complex in Hepa1–6 (ATCC
CRL-1830) and AML12 (ATCC CRL-2254) mouse hepatic cell lines.
SaCas9 protein was purchased from ABM (#K144) and combined
with in-vitro-transcribed (IVT) sgRNAs generated using
Molecular Therapy: Methods
Genecraft-R classic CRISPR sgRNA synthesis
kit (ABM) according to the manufacturers’ in-
structions. Cell lines were electroporated with
21 mg of RNP (9 mg of SaCas9 and 12 mg of IVT
sgRNA) using the SF Cell Line 4D-Nucleofector
X Kit and the CM-138 program on a 4D-Nucleo-
fector System (Lonza). Hepa1–6 cells were
cultured in DMEM supplemented with 10%
FBS, 2 mM L-glutamine, and 100 UI/mL P/S.
AML12 cells were cultured in DMEM:F12 sup-
plemented with 10% FBS, 10 mg/mL insulin,
5.5 mg/mL transferrin, 5 ng/mL selenium,
40 ng/mL dexamethasone, 2 mM L-glutamine,
and 100 UI/mL P/S. All cell culture reagents
were purchased form Gibco.

CRISPR-Cas9 vectors and AAV8 vector

production

The plasmid pX602-AAV-TBG:NLS-SaCas9-
NLS-HA-OLLAS-bGHpA; U6:BsaI-sgRNA con-
taining SaCas9 under TBG promoter, the U6
promoter to express the sgRNA and ITR
sequences for AAV production, was a gift from Feng Zhang (plasmid
#61593; Addgene).50 sgRNAs were cloned, and serotype 8 AAV
vectors were produced as described previously.26 AAV titration was
performed using viral DNA isolated using the High Pure Viral
Nucleic Acid kit (Roche Applied Science). Viral titers (vg/mL) were
determined by quantitative real-time PCR (Applied Biosystems)
using SaCas9-specific primers (Table S5).

Animal experiments

All procedures involving animal experimentation were approved
by the Ethics Committee of the University of Navarra according
to European Guidelines. Agxt1�/� mice (B6.129SvAgxttm1Ull) and
Hoga1�/� (B6.129X1-Hoga1tm2e(KOMP)Wtsi) mice were bred
and maintained in a pathogen-free facility with free access to stan-
dard chow and water. Agxt1�/� and Hoga1�/� mice were
& Clinical Development Vol. 25 June 2022 143
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Figure 5. Safety of CRISPR-Cas9-mediated LDH inhibition

(A) Representative hematoxylin and eosin staining of liver sections from 10- to 14-week-old PH1 and PH3 animals sacrificed 8 weeks (short term and high dose) or 6 months

(long term and PH3) after treatment. (B) Serum ALT (U/L) levels in the different groups of treatment. (C) Serum AST (U/L) levels in the different groups of treatment. Kruskal-

Wallis test revealed no significant differences between groups. Scale bar: 200 mm.
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genotyped as described previously,29 using specific primers
(Table S5). Age-matched C57BL/6J mice (Harlan laboratories)
were used as control animals. AAV vectors (5 � 1012 vg/kg)
were intravenously administered to 10- to 14-week-old Agxt1�/�

or Hoga1�/� male animals. For high-dose experiments, animals
were administered 1014 vg/kg by the same route. For challenge
studies, Agxt1�/� animals were given free access to drinking water
containing 0.5% (v/v) EG. Hoga1�/� animals were subjected to HP
feeding by either free access to a custom animal diet containing 1%
HP, free access to drinking water containing 0.25 M HP, or a
single gavage feeding with 0.5 M HP. Collection of 24-h urine
samples and monitorization of water intake during the challenge
were performed in mice individualized in metabolic cages. Urine,
serum, and tissue samples (liver, heart, kidney, lung, and spleen)
were collected as described previously.26

Extraction of gDNA and quantification of indels

The NucleoSpin Tissue DNA extraction kit (Macherey-Nagel) was
used for genomic DNA extraction from tissue sections according to
the manufacturer’s instructions. Indel percentage was calculated
using TIDE webtool (https://tide.nki.nl).27

Analysis of the on-target and off-target cleavage

Prediction of top 5 off-target candidates for the selected sgRNA was
determined using Benchling software (https://www.benchling.com)
(Table S2). NGS analysis was performed as described previously.26

Briefly, gDNA was amplified using specific primers (Table S5) to
generate Illumina amplicons with specific barcodes for each
sample by nested PCR. The final library was sequenced on Illumina
MiSeq (2 � 250 bp paired end) at >25,000� coverage. Reads were
144 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
aligned to the reference genome (GRCm38/mm10) using Burrows-
Wheeler Aligner (BWA), and indels were determined using
CrispRVariants R-based toolkit51 as described previously.26 To
analyze insertions containing AAV sequences, we aligned reads to
the reference genome containing the AAV vector sequence as
described previously.32

Viral genome copies and gene expression

Viral genome copies were quantified by quantitative real-time PCR
from gDNA using SaCas9-specific primers (Table S5) as described
previously.26 RNA was isolated using TRIzol (Life Technology) and
Ldha, and SaCas9 gene expression was analyzed by quantitative
real-time PCR as described previously.26 Data were normalized to
GAPDH levels.

Western blot and immunohistochemistry

Western blot for LDH detection was performed as described
previously26 using a rabbit anti-LDH antibody (ab47010; Abcam) at
a 1:5,000 dilution. Immunohistochemical detection of LDHA was
performed in paraffin liver sections as described previously18 using
a rabbit polyclonal anti-LDHA antibody (1:50 dilution; Cell Signaling
Technology, Danvers, MA, USA).

Urine oxalate/glycolate measurement and serum biochemistry

Urine oxalate levels were measured using the Oxalate kit (Trinity
Biotech) according to the manufacturer’s instructions. Glycolate con-
centration was measured in a colorimetric assay using recombinant
GO enzyme as described previously.26 Peripheral blood samples
were collected at the indicated time points, and serum ALT and
AST levels were quantified as described previously.26
022
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Histological analysis of kidney and hematoxylin and eosin

staining

Hematoxylin and eosin staining was performed in paraffin liver and
kidney sections as described previously.26 Kidney sections were
analyzed under dark field to count oxalate deposits in three cortical
areas using a microscope (Leica DMLB) fitted with polarization
filters.
Statistics

Results are presented as mean ± standard error of the mean (SEM)
of at least four mice per group at each time point to ensure repro-
ducibility. Sample sizes are noted in the figure legends. Graphs and
statistical analyses were performed using GraphPad Prism 9.0.0.
Kruskal-Wallis test with Dunn’s post-test or Friedman test was
used to analyze differences between groups. Mann-Whitney test
was used for individual comparisons. The p values <0.05 were
considered significant.
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