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Background: Oculocutaneous albinism (OCA) is a group of autosomal recessive disorders characterized by re-
duced melanin that are caused by mutations in the gene encoding tyrosinase (TYR), which is the rate-limiting
enzyme in the production of the pigmentmelanin.Many studies ormeta-analyses have suggested an association
between the TYR T373K SNP and OCA1, but there is limited biochemical and genetic evidence to support this as-
sociation.
Methods:Weoverexpressed TYR-WTand TYR-T373Kmutants onHK293T cells and tested the changes ofmelanin
production and tyrosinase activity. Then we generated TYR-K373T knock-in (KI) rabbits by microinjection of
ssDNA and synthesized RNAs targeting C1118A using CRISPR/Cas9-HDR to observe the formation of melanin.
Findings:We demonstrated that the T373Kmutation in TYR can reduce tyrosinase activity, leading to an absence
of melanin synthesis at the cell-level. The gene-edited TYR-K373T rabbits exhibited rescuedmelanin production
in hair follicles and irises, as inferred from the evident decrease in pigmentation in TYR-T373K rabbits, thus pro-
viding functional validation of the albinism-associated T373K SNP at the animal level.
Interpretation: Our study provides the first animal-level functional validation of the albinism-associated TYR
K373T SNP in rabbits, and these results will facilitate gene therapy of OCA1 in pre-clinical settings in the future.
Fund: The National Key Research and Development Program of China Stem Cell and Translational Research, the
Strategic Priority Research Program of the Chinese Academy of Sciences, the Guangdong Province Science and
Technology Plan Project, and the Program for JLU Science and Technology Innovative Research Team.

© 2018 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Oculocutaneous albinism (OCA) is a group of autosomal recessive
disorders characterized by hypopigmented hair, skin and eyes [1,2]. Dis-
tinctive ocular changes occur in all types of OCA, including nystagmus
and reduced pigmentation of the iris and retina [3]. The prevalence of
OCA is often estimated as being 0.05–1% of the population, and OCA is
the most common cause of depigmentation worldwide [4]. Moreover,
all individuals with OCA are at greater risk of developing squamous
cell carcinoma of sun-exposed skin than the general population [5]. No-
tably, there is no suitable and effective clinical treatment for OCA cur-
rently [2].OCA type 1 (OCA1) is the most severe and common form of
OCA, characterized by complete absence of pigment in the skin, hair,
and eyes,which is caused bymutations in the tyrosinase gene (TYR) [6].
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Tyrosinase is a copper-containing enzyme that catalyses the
first two steps of themelanin biosynthesis pathway, converting tyrosine
to L-dihydroxy-phenylalanine (DOPA) and subsequently to DOPA-
quinone [1,6]. According to the human gene mutation database
(HGMD) (http://www.hgmd.org/) [7], 249 missense/nonsense muta-
tions affecting 177 amino acids in TYR are associated with OCA1 [8], in-
cluding the frequent human albino substitution (c. C1118A; p.
Thr373Lys) in codon 373, which leads to a putative amino acid change
from threonine (ACA) to lysine (AAA) in exon 3 of the TYR gene. Previ-
ous research has shown that the T373K mutation influenced melano-
genesis in vitro experiment [9]. Tyrosinase has two conserved
sequence motifs to bind two copper ions, termed CuA and CuB, and
also has six N-glycosylation sequences sites. Interestingly, the T373K
mutation was located on CuB and interfered the sixth potential N-
glycosylation site (Fig. 1A). Previous study has confirmed that the CuA
and CuB domains of human tyrosinase are important for copper-
binding and catalytic activity [10–13], and mutations at glycosylation
sites critical to the operation of the quality control mechanism lead to
a reduction in the activity of the expressed protein [14–17]. However,
information regarding the molecular mechanisms underlying the
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Oculocutaneous albinism (OCA) is a group of autosomal recessive
disorders characterized by hypopigmented hair, skin and eyes. Ac-
cording to the human gene mutation database (HGMD), 249 mis-
sense/nonsense mutations affecting 177 amino acids in TYR are
associated with OCA1. Many studies or meta-analysis suggested
the association between theTYRT373KSNP and oculocutaneous
albinism. However, information regarding the molecular mecha-
nisms underlying the frequent T373K mutation is limited. In this
study, we providing functional validation of the albinism-
associated T373K SNP at the cell and animal level and explored
the possibility that T373K SNP (C1118A) is response for the re-
duced pigment in OCA1 patients.

Added value of this study

The prevalence of OCA is often estimated as being 0.05–1% of
the population, and OCA is themost common cause of depigmen-
tation worldwide. Notably, there is no suitable and effective clini-
cal treatment for OCA currently. We are the first group to explore
functional validation of the albinism-associated T373K SNP at an-
imal level. More importantly, new trends in disease research show
that gene therapy has emerging clinical potential in cancer ther-
apy. But the biochemical function and genetic evidence to support
this association of T373K SNP and oculocutaneous albinism is
lacking. Hence, findings in the presents study could provide
novel insights into clinical treatment of OCA.

Implications of all the available evidence

Here, we identified functional validation of the albinism-
associated TYR K373T SNP in rabbits, which could be the targets
for gene therapy of OCA1 in pre-clinical settings in the future. Fur-
thermore, decreased tyrosinase activity has been targeted for the
prevention of skin hyperpigmentation, such as melasma and age
spots. Therefore, the T373K locus could be a potential therapeutic
target for further research, and restoration of tyrosinase produc-
tion and inhibition of tyrosinase could be used to treat skin
disorders.

518 Y. Song et al. / EBioMedicine 36 (2018) 517–525
frequent T373 K mutation is limited. Thus, biochemical functional as-
says and elucidation of the genetic mechanism at the animal level are
required to confirm the association between the T373K SNP and OCA1.

To date, most of the preliminary functional validation of albinism-
associated tyrosinase mutations has been carried out in albino mice,
which are widely used animal models for pathogenesis and pre-
clinical studies [18–21]. However, mice with the TYR (C85S) mutation
have been frequently used for albinism studies, and no genetic evidence
for the T373K mutation has been reported to date. Interestingly, the
identical mutation (T373K) was identified in both albino rabbits and
humans OCA1 [22]. Furthermore, rabbits are phylogenetically closer to
primates than mice and are physically large enough to permit non-
lethal monitoring of physiological changes.

The CRISPR/Cas9 system has been shown to be an efficient gene-
targeting technology in mammalian cells [23,24] and animals
[21,25–27]. In addition, the combination of CRISPR/Cas9 with single-
stranded DNA (ssDNA) donors has been developed as an efficient ge-
nome engineering tool to introduce site-directed point mutations [28].
To date, several gene knockout (KO) rabbitmodels have been generated
using the CRISPR/Cas9 system to study human hereditary diseases
[27,29,30]; however, the rate of site-directed point mutation using
CRISPR/Cas9-mediated homology-directed repair (HDR) remains to be
further improved [31].

In this study, we analysed themolecularmechanisms underlying the
effects of T373K, a frequent SNP associated with OCA1, demonstrating
that reduction of tyrosinase activity by the T373K mutation is responsi-
ble for reduced pigmentation and inhibits melanogenesis in OCA1.
Moreover, we achieved base replacement (A-C) by microinjecting
synthesized RNAs with ssODN donors, leading to rescued melanin pro-
duction in the skin and irises of TYR-K373T rabbits.

2. Materials and methods

2.1. Ethics statement

The New Zealand white rabbits and Lianshan black rabbits used in
this studywere obtained from the Laboratory Animal Center of Jilin Uni-
versity. All animal studies were conducted according to experimental
practices and standards approved by the Animal Welfare and Research
Ethics Committee at Jilin University.

2.2. Vectors construction and cell culture

The coding sequences (CDSs) of TYR-WT and TYR-T373K were am-
plified by RT-PCR from the Lianshan black rabbit and New Zealand
white rabbit cDNAs, respectively. The purified PCR products were cut
with EcoR I and Nhe I and then cloned into the backbone of the PIRES-
CMV vector to obtain the PIRES-TYR-WT and PIRES-TYR-T373K
vectors, which were verified by Sanger sequencing. The primers used
are listed in Table S1.

Human kidney epithelial cells (HEK293T) were cultured in
Dulbecco's modified Eagle's medium (DMEM) supplemented with 10%
foetal bovine serum (HyClone), 2 mM GlutaMAX (Life Technologies),
100 U/ml penicillin, and 100 mg/ml streptomycin and incubated at 37
°C in an atmosphere containing 5% CO2. The cells were seeded into
6-well plates at a density of 120,000 per well and transfected using
Turbofect TM in vitro transfection reagent (Fermentas) according to
the manufacturer's instructions. The PIRES-TYR-T373K and the PIRES-
TYR-WT vectors were transiently transfected into the HEK293T cells,
and melanin formation was determined by fluorescence microscopy
(NikonTS100, Tokyo, Japan).

2.3. Melanin content determination

Transfected cells were seeded at a density of 2 × 105 in 60-mm
dishes. After overnight incubation, the cells were cultured in the pres-
ence or absence of arenarol for 72 h. The cells were washed twice
with phosphate-buffered saline (PBS) and harvested by treatment
with 0.05% trypsin/0.02% EDTA. Then, the cell pellets were dissolved in
1 N NaOH, followed by incubation at 60 °C for 2 h. The amount of mel-
anin in the solution was determined by measuring the absorbance at
405 nm. The melanin content was expressed as delta absorbance
(405 nm)/lg protein.

2.4. mRNA stability assay

For the mRNA stability assay, HEK293T cells were transfected with
the PIRES-TYR-WT and PIRES-TYR-T373K vectors in 6-cm dishes.
Twenty-four hours after transfection, actinomycin D (ActD; 10 mg/ml)
was added to the culture medium to block mRNA transcription, and
then, the cells were harvested at selected time points. Total RNAwas ex-
tracted using TRIzol.

Total RNA concentrations for theWT andmutant were quantified by
spectrophotometry. The cDNAs were obtained by reverse transcription
with the PrimeScriptTM RT Reagent Kit (TaKaRa, Japan) from 500 ng
of total RNA. Total mRNA levels were normalized to GAPDH expression.
All samples were analysed in triplicate, and each mRNA quantification



Fig. 1.Reducedmelanin synthesis in TYR-T373Kmutant cells. (A) Schematic representation of the sequence of human tyrosinase CYS-rich, regions rich in conserved cysteine residues; CuA
and CuB, proposed binding sites for the two copper atoms based on sequence comparisonswith other copper-binding proteins. (B) Overexpression of theWT-TYR and TYR-T373Kmutant
genes in HEK293T cells. (C) The colours of the transfected cell pellets were compared between the WT-TYR- and TYR-T373K-transfected cells. (D) mRNA half-lives were compared be-
tween WT-TYR and TYR-T373K. (E) Gene mRNA expression was compared between WT-TYR and TYR-T373K. (F) Melanin content was compared between the WT-TYR- and TYR-
T373K-transfected cells. (G) Tyrosinase activity was compared between WT-TYR and TYR-T373K. Mock, negative control. ***, p b .001.

519Y. Song et al. / EBioMedicine 36 (2018) 517–525
represents an average of at least three measurements. All the data are
expressed as the mean ± SEM.

2.5. Intracellular tyrosinase activity

Intracellular tyrosinase activity was determined as previously de-
scribed [32]. Briefly, the cells were washed twice with PBS and homog-
enized with 50 mM PBS (pH 7.5) containing 1.0% Triton X-100 and
0.1 mM phenylmethyl-sulfonyl fluoride (PMSF). Cellular extracts (100
μl) were mixed with freshly prepared L-DOPA solution (5.0 mM in
50 mM PBS, pH 6.8) and incubated at 37 °C for 30 min. The absorbance
at 490 nm was measured with a Gen5™ microplate reader (BioTek In-
struments, Winooski, VT, USA) to measure the production of
dopachrome.

2.6. DNA constructs and microinjection

The method for the design of targeted sgRNAs has been described
previously (http://crispr.mit.edu/) [25]. The sgRNAs were transcribed
using the T7 RNA Synthesis Kit (Ambion) and purified using the
miRNeasy Mini Kit (Qiagen) according to the manufacturers' instruc-
tions. The concentration and quality of the synthesizedmRNAswere de-
termined by a NanoDrop 2000 and agarose gel electrophoresis,
respectively. The Cas9 expression construct, namely, 3xFLAG-NLS-
SpCas9-NLS, was synthesized and cloned into the pCS2-vector. The
construct was linearized with NotI and transcribed in vitro using the
mMESSAGE mMACHINE SP6 Kit (Ambion, USA) and the RNeasy Mini
Kit (Qiagen).

The protocol for microinjection of pronuclear-stage rabbit zygotes
has been described in detail in our previous publication [33]. Briefly,
mixtures of in vitro-transcribed mRNA derived from the gRNAs
(25 ng/μl), Cas9 (100 ng/μl) and ssODN (5 ng/μl) were injected into
the cytoplasm of pronuclear stage embryos. Then, the injected embryos
were transferred to embryo culturemedium for 30–60min, followed by
transfer into the oviduct of the recipient mother (approximately 30–50
embryos).
2.7. Mutation detection in blastocysts and pups by PCR

Each injected zygote was collected at the blastocyst stage and incu-
bated in embryo lysis buffer at 50 °C for 20 min and 90 °C for 5 min in
a Bio-Rad PCRmachine. Genomic DNA from themutant andWT rabbits
was isolated using the TIANamp Genomic DNA Kit (TIANGEN, Beijing,
China) according to the manufacturer's instructions. The PCR primers
used for mutation detection are listed in Table S1. The PCR conditions
were as follows: 98 °C for 3 min; 35 cycles of 98 °C for 10 s, 60 °C for
20 s, and 72 °C for 10 s; and extension at 72 °C for 5 min, after which
the reaction was held at 12 °C. The PCR products were gel purified and
cloned into the pGM-T vector (Tiangen, Beijing, China). Ten positive

http://crispr.mit.edu


Fig. 2. Editing of the TYR gene via the Cas9/gRNA system in zygotes. (A) Schematic diagramdepicting the TYR-K373T SNP in albino rabbits andmice. TheK373T SNP is shown in the red box
and is indicated by the arrows to bepresent in rabbits but notmice. (B) Diagramof the sgRNA and donor ssODNs used in this study. The sgRNA ismarked in green, and the pointmutation is
shown in red. The baseCwas replacedwith T, producing a single precision pointmutation, resulting inK373T (AAG-ACG). Two synonymousmutations near theprotospacer adjacentmotif
(PAM)were introduced in the PAM sequence (red). The long sequence shown at the bottom is that of an ssODNwith the desiredmutations, synonymousmutations and homologous arms
(45 bp to the left and right). (C) Genome editing of the TYR gene in blastocysts by PCR. B1–B14 represent the different blastocysts used in this study,M, DNAmarker D2000. (D) Editing of
the TYR gene in KI blastocysts was verified by T-cloning and Sanger sequencing. TheWT sequence is shown above the target sequence. The sgRNA sequence is marked in green, and the
PAM sequences are marked in red and underlined. WT, wild type; deletion, “−”; insertion, “+”.
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plasmid clones were sequenced, and DNAman was used for sequence
analysis.

2.8. Histology and western blotting

Haematoxylin and eosin (HE) staining was performed as previously
described [33]. Briefly, the skin and irises fromWT and T373K knock-in
(KI) rabbits were fixed with 4% paraformaldehyde for 48 h, embedded
in paraffin wax, sectioned, mounted on slides, stained with HE and
analysed by microscopy (Nikon ts100).

Silver staining was performed as previously described [34]. The skin
was fixed in 10% buffered formaldehyde and routinely processed. Paraf-
fin sections (4 μm)were stained with potassium permanganate and sil-
ver solutions and analysed by microscopy (Nikon ts100).

For western blotting, the skin from WT and T373K mutant rabbits
were homogenized in 150ml of lysis buffer, and protein concentrations
were measured using the BCA Protein Assay Kit (Beyotime). Anti-TYR
polyclonal antibody (1:2000; Abcam) was used as the primary anti-
body, and anti-GAPDH monoclonal antibody (1:2000; Beyotime) was
used as an internal control. The image was quantified using ImageJ soft-
ware (NIH), and all the data are expressed as the mean ± SEM.

2.9. Off-target site assay

Potential off-target sites (POTSs) of the sgRNAswere predicted using
the CRISPR online design tool (http://tools.genomeengineering.org).
The top 10 POTSs that were most likely to produce off-target mutations
were selected and subjected to PCR and sequence analysis. Vector NTI
Table 1
Generation of genetically targeted rabbits using CRISPR/Cas9.

Recipient gRNA/Cas9
(ng/μl)/ssDND
(mM)

Embryos
injected

Embryos transferred (%
microinjected)

Pregnan

1 25/100/50 50 42 (84%) Yes
2 25/100/50 45 40 (89%) Yes
3 25/100/50 48 40 (83.3%) Yes
4 25/100/50 45 36 (80%) Yes
and DNAman were used for sequence analysis. The primers used are
shown in Table S2.

2.10. T7 endonuclease I (T7EI) assay

A T7 endonuclease I (T7EI) assay was performed as described previ-
ously [28]. Briefly, the genomic DNA of each Cas9/gRNA-injected blasto-
cyst and new-born pups was extracted as described above. The PCR
products were denatured and annealed under the following conditions:
95 °C for 5 min, 95 °C for 5 min, 95 to 85 °C at −2 °C/s, 85 to 25 °C at
−0.1 °C/s, hold at 4 °C. The annealed samples were digested with T7EI
(NEB M0302 L), separated and measured on an ethidium bromide-
stained 10% polyacrylamide TAE gel.

3. Statistical analyses

Data are expressed as the mean ± SD, with at least three individual
measurements in all experiments. The data were analysed with one-
way ANOVA using GraphPad Prism 6.0 software. A probability of p b

.05 was considered statistically significant.

4. Results

4.1. Reduced melanin synthesis in TYR-T373K mutated cells

A previous study showed that the T373K SNP is associated with
OCA1 and is one of the most frequently observed mutations in the clin-
ical [8]. To elucidate the effect of the TYR-T373K SNP on melanin
t Pups obtained (%
transferred)

Pups with mutations
(% pups)

Pups with K373T
(% pups)

Pups with
phenotype

7 (19.5%) 5 (71.4%) 2 (28.6%) 2
5 (12.5%) 4 (80.0%) 1 (20.0%) 1
7 (17.5%) 5 (71.4%) 1 (14.3%) 1
3 (8.33%) 3 (66.6%) 1 (33.3%) 1

http://tools.genomeengineering.org


Fig. 3. Generation of TYR-K373T mutant rabbits by CRISPR/Cas9. (A, B) Mutation detection in founder rabbits by PCR and the T7E1 assay. M, DNAmarker D2000. 101–403 represent the
different pups used in this study. (C, D) Mutation detection in founder rabbits by T-cloning and Sanger sequencing. The PAM sites are underlined and highlighted in red; the target
sequences are shown in green; deletions (−) and insertions (+) are indicated. WT, wild type. (E) GUIDE-seq results for sgRNA-targeted genomic sites in TYR-K373T mutant rabbits.
Chromatogram sequence analysis of sgRNA-targeted genomic sites. The red arrows represent the mutation sites, and the numbers represent the sgRNA base position from the 5′ end.
The percentage of sequencing reads harbouring the mutation relative to the total reads is shown. The numbers represent the sgRNA base position from the 5′ end. Values and error
bars reflect the means and SDs of n = 3 biologically independent samples.
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Fig. 4. Increased melanin production in TYR-K373T rabbits. (A) Black hair and eyes in TYR-K373T rabbits. (B) Pathological analysis of the skin and irises fromWT-T373K and TYR-K373T
rabbits. (C) Gene expression levels of TYR were determined by qRT-PCR. (D) Tyrosinase protein levels were determined by western blotting. (E) Grey-scale analysis of the tyrosinase
protein by ImageJ software. All data are expressed as the mean ± SEM. K373T-Hom, homozygous mutation of K373T; K373T-Chi, chimaeric mutation of K373T; WT-T373K, New
Zealand white rabbit with a natural T373K mutation.

522 Y. Song et al. / EBioMedicine 36 (2018) 517–525
formation, the TYR-WT and TYR-T373K vectors were transiently
transfected into HEK293T cells. After 48 h, amarked increase inmelanin
production was observed in the TYR-WT-transfected cells but not in the
MOCK- and TYR-T373K-transfected cells (Fig. 1B). Functional integrity
was confirmed by comparison of the colours of the collected cell pellets
(Fig. 1C). To determine whether the reduced melanin levels due to the
T373K SNP was caused by variations in mRNA stability, the transfected
cells were treated with ActD and subjected to an mRNA stability assay.
Unexpectedly, no significant difference in mRNA stability was observed
between the TYR-WT- and TYR-T373K-transfected cells (Fig. 1D), which
was also confirmed by qRT-PCR (Fig. 1E).

Absence of tyrosinase activity is associatedwith OCA in clinical stud-
ies [2]. We next examined whether the genetic mutations affected ty-
rosinase activity. The melanin content (Fig. 1F) and tyrosinase activity
(Fig. 1G) were determined. In contrast to the high activity of the TYR-
WT-transfected cells, the TYR-T373K-transfected cells exhibited signifi-
cantly low melanin content and tyrosinase activity, similar to the
MOCK-transfected cells. Thus, these results showed that the T373 Kmu-
tation could reduce tyrosinase activity, leading to OCA1 in humans,
which is characterized by inactive tyrosinase and the total absence of
pigmentation.

4.2. Generation of TYR-K373T rabbits by the CRISPR/CAS9 system

In previous studies and our cell-based experiments, the TYR muta-
tion virtually abolished tyrosinase activity and melanin production [5],
so we asked whether repair of the mutation site could restore melanin
production. Next, we tested our hypothesis regarding the association
of the T373K mutation with OCA1 at the animal level. While no T373K
mutation was found in the natural black and white mice, as confirmed
by Sanger Sequence analysis (Fig. 2A), we verified the genotype-to
-phenotype model using New Zealand white rabbits, which have an in-
herent T373K SNP and albinism phenotype (white hair and red eyes).
Hence, C1118A (K373T) rabbits were generated by ssDNA- and
CRISPR/Cas9-mediated homologous recombination (HDR).

To explore the feasibility of generating pointmutants of TYR C1118A
(K373 T), a 90-nt ssDNAdonorwith nucleotide C instead of A at position
1118 (K373 T) was designed for HDR-mediated genome mutation
(Fig. 2B). To reduce the possibility of cutting the sequences successfully
knocked-in by the redundant sgRNA, two synonymous nucleotide
changes near the protospacer adjacent motif (PAM) were added to the
ssDNA donor. A pair of primers was designed and used for the detection
of mutations via PCR (Table S1). A mixture of 200 ng/μl Cas9 RNA,
20 ng/μl sgRNA and 50 mM ssODN was co-microinjected into rabbit
pronuclear-stage zygotes. Out of 18 injected embryos, 14 developed to
the blastocyst stage and were then sequenced to determine mutation
efficiency. As shown in Fig. 2C–D and S1, TYR mutations were found in
all the blastocysts, and 3 of the 14 blastocysts carried the desired TYR-
K373T mutation (B5, B8 and B11), demonstrating that the TYR-K373T
mutation can be achieved via this method in zygotes.

To generate TYR-K373T mutant rabbits, 158 injected rabbit zygotes
were transferred into four pseudo-pregnant recipient females, who
gave birth to 22 live pups (Table 1). As expected, the gene mutation
was detected in 20 rabbits (91%) (Fig. S2), and 5 of the rabbits had the
base substitution (K373T), as determined by the T7E1 assay and Sanger
sequencing, with efficiencies of 20% (Fig. 3A–D). Notably, one of the
K373T rabbits was a homozygous mutant (#403, K373T-Hom), and
the other were monoallelic mutants (#204 and #307, K373 T-Het). In-
terestingly, chimaeric mutations were found in two K373T rabbits
with multiple genotypes (#104 and #106, K373T-Chi), indicating that
K373T mutations of the TYR gene can be achieved via the CRISPR/
Cas9-mediated HDR system with high efficiency in rabbits. GUIDE-seq
results confirmed the complexity of base change or mutation on the
ssODN-targeted site in TYR-K373T mutant rabbits (Figs. 3E and S3).

Furthermore, Sanger sequencing and the T7E1 assay showed that no
off-target mutations were present at these potential sites in the TYR-



Fig. 5. Heritability of the TYR-K373T mutation in rabbits. (A) A male K373T-Het rabbit (#307) was mated with female wild-type white rabbits (WT-T373K), and F1 pups with black skin
colourwere obtained. (B) Amale K373T-Chi rabbit (#106)wasmatedwith femaleWT-T373Kwhite rabbits, and F1pupswith black skin colourwere obtained. T-cloning sequence analysis
of the F1 rabbits. The PAM sites are highlighted in blue; the target sequences are shown in green; the point mutation sequences are shown in red. Deletions (−) and insertions (+) are
indicated. (C)HE staining of the skin and irises fromWT-T373K and K373T- F1 rabbits. K373T-Het, heterozygousmutation of K373T; K373T-Chi, chimaericmutation of K373T;WT-T373K,
New Zealand white rabbit with a natural T373 K mutation.
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K373T rabbits, indicating that the sgRNAs used in this study were locus
specific (Fig. S4).

4.3. Increased melanin production in TYR-K373T rabbits

To verify the effect of the K373T mutation on melanogenesis, mela-
nin deposition in the skin and iris was monitored. As shown in Fig. 4A,
the K373T rabbits, including the K373T-Hom and K373T-Het rabbits,
exhibited completely black hair and eyes, in contrast to the typical
symptoms of albinism observed in WT-T373K rabbits. Interestingly,
mosaic coat pigmentation (black and white) was observed in two
K373T-Chi rabbits with dark eyes. Furthermore, histological HE and sil-
ver staining confirmed a significant increase inmelanin levels in thehair
follicles and irises of K373T-Hom and K373T-Chi rabbits (Fig. 4B), indi-
cating the occurrence of melanogenesis in K373T rabbits.

We further examined whether the gene mutations caused an in-
crease in gene expression. Consistent with the results of the cell-based
study, no significant difference in gene expression in the back skin of
the WT-T373K and K373T rabbits was observed by RT-PCR (Fig. 4C)
and western blotting (Fig. 4D–E). Thus, the results showed the first
functional validation of the albinism-associated tyrosinase T373K SNP
in rabbits, suggesting that the K373T mutation can rescue melanin pro-
duction in albinism.
4.4. Heritability of the K373T precision mutation

To determine whether the genotype and phenotype of the K373T
precision mutation could be stably transmitted to offspring, male
K373T-Het rabbits (#307) were mated with female New Zealand
white rabbits, which carried a natural T373K mutation (WT-T373K).
One F1 rabbit exhibited typical dark pigmentation of the skin and eyes
(Fig. 5A). T-cloning and PCR sequencing results confirmed that the
K373Tmutation of TYRwaspresent in pup#01. Furthermore, similar re-
sults were also observed in the offspring of K373T-Chi (#106) rabbits
mated with WT-T373K rabbits, and the K373T mutation was detected
in pup #05.

In addition, histological HE staining showed an increase in melanin
levels in the hair follicles and irises of K373T-F1 rabbits but not the
WT-T373K littermates (Fig. 5C), demonstrating that the K373T muta-
tion andmelanogenesis phenotype are heritable and that genomemod-
ifications induced by CRISPR/Cas9 are transmitted to the germ line.
5. Discussion

Pigmentation is critically dependent on the functional integrity of ty-
rosinase, the rate-limiting enzyme in melanin synthesis. The genotype-
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to-phenotype association between OCA1 and TYR mutations, including
mutation of the CDS, 3′UTR and 5′ region, was reported in a recent
study [35–37]; however, studies on point mutations, which are the
most frequently reported mutations in OCA1 patients, have been lim-
ited [8]. Here, we propose a strategy to functionally validate the associ-
ation between T373K and OCA1. The data show that reduced melanin
synthesis in TYR-T373K -mutated cells rescued melanin production in
TYR-K373T rabbits. To the best of our knowledge, this is the first study
to investigate the biochemical function of the albinism-associated TYR
SNP (T373K) at both the cell and animal levels.

Recently, CRISPR-based editing systems that directly perform nucle-
otide conversion without the introduction of double-stranded breaks
(DSBs) have been developed; these systems, named cytosine base edi-
tors (CBEs) and adenine base editors (ABEs), enable C·G to T·A or A·T
to G·C base pair conversion in organisms with high efficiency [38,39].
However, neither CBEs nor ABEs are suitable for editing bases outside
the narrow range, and these systems are limited to inducing base
transversion (purine-pyrimidine and pyrimidine-purine) mutations.
Therefore, although targeted mutation by BEs is highly efficient, these
systems were not suitable for our study (A1118C). Therefore, ssDNA
and CRISPR/Cas9-mediatedHDRwas used in this study. Inmice, high ef-
ficiency of HDR has been reported with ssODN donors and the CRISPR/
Cas9 system [31,40,41]. It has been suggested that the larger a DNA frag-
ment is, the more difficult it is to integrate the fragment into target sites
via HDR, although the exact repair mechanisms remain unknown [42].

In this study, 90-bp ssODN donors with substitutionmutationswere
identified, suggesting that CRISPR/Cas system-mediated HDR could be
used for SNP exchange and site-specific insertion with high efficiency
in rabbits. Interestingly, two chimaeric TYR-KI rabbits with mosaic
coat patterns (black and white) were generated in this study,
confirming that the CRISPR/Cas9-mediated zygote gene mutation
could result in genetically mosaic individuals [21,26], as observed in
zebrafish [43], mice [44] and Drosophila [45]. Thus, microinjection of
the Cas9 protein instead of RNA may reduce mosaicism and the fre-
quency of undesired mutagenic repair in future studies [21,44].

Tyrosinase is a copper-containing enzyme that catalyses several re-
actions in the biosynthesis ofmelanin pigments and is absent in patients
with OCA1 [4,5]. tyrosinase is thought to bind two copper ions, one at
each of two conserved sequence motifs, termed CuA and CuB
(Fig. 1A), each containing three histidine residues that coordinate the
binding of Cu(II) ions and are structurally juxtaposed to form the
binuclear Cu catalytic site [4,46,47]. Moreover, the tyrosinase enzyme
also has six N-glycosylation sites, which are conserved in human and
mouse tyrosinases, suggesting that glycosylation may be functionally
relevant [48]. A previous study showed that mutations at glycosylation
sites that are critical for the quality controlmechanism lead to reduction
in the activity of the expressed protein [14–17]. Notably, the T373Kmu-
tation, which occurs at a conserved glutamate residue near CuB
(Fig. 1A), also leads to elimination of the sixth potential N-
glycosylation site [48]. In our study, tyrosinase activity andmelanin pro-
duction were found to have been virtually abolished in TYR-T373K-
transfected cells. Therefore, we hypothesize that the destruction of the
sixth potential N-glycosylation site by the T373K mutation virtually
abolishes the ability of tyrosinase to bind copper and similarly destroys
the catalytic activity of tyrosinase. Furthermore, decreased tyrosinase
activity has been targeted for the prevention of skin hyperpigmentation,
such as melasma and age spots [4,6,49]. Therefore, the T373K locus
could be a potential therapeutic target for further research, and restora-
tion of tyrosinase production and inhibition of tyrosinase could be used
to treat skin disorders.

In summary, this study provides the first genotype-to-phenotype
model of the biochemical function of the albinism-associated tyrosi-
nase T373K SNP. Moreover, functional analysis of T373K, in both
cell and animal models, provided insights into the mechanisms of al-
binism pathogenesis as well as strategies for diagnosis or pre-clinical
treatment.
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