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Abstract: Hypotrichosis simplex (HS) and woolly hair (WH) are rare and monogenic disorders of
hair loss. HS, characterized by a diffuse loss of hair, usually begins in early childhood and progresses
into adulthood. WH displays strong coiled hair involving a localized area of the scalp or covering
the entire side. Mutations in the keratin K71(KRT71) gene have been reported to underlie HS and
WH. Here, we report the generation of a mouse model of HS and WH by the co—injection of Cas9
mRNA and sgRNA, targeting exon6 into mouse zygotes. The Krt71—knockout (KO) mice displayed
the typical phenotypes, including Krt71 protein expression deletion and curly hair in their full
body. Moreover, we found that mice in 3-5 weeks showed a new phenomenon of the complete
shedding of hair, which was similar to nude mice. However, we discovered that the mice exhibited
no immune deficiency, which was a typical feature of nude mice. To our knowledge, this novel mouse
model generated by the CRISPR/Cas9 system mimicked woolly hair and could be valuable for hair
disorder studies.
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1. Introduction

Hair disorders in children are associated with the expression of several genetic, cuta-
neous, and systemic disorders. The mammalian hair follicle (HF) has an important organic
structure that produces hair with several distinct cell layers [1], including the inner root
sheath (IRS), the companion layer, and the outer root sheath. The IRS is composed of three
layers: the IRS cuticle, the Huxley layer, and the Henle layer. Hair anomalies may exhibit
changes in color, density, length, and structure in the hair shaft [2].

Woolly hair (WH) and Hypotrichosis simplex (HS) comprise a group of rare, mono-
genic disorders regarding hair loss. WH is an autosomal—dominant WH (ADWH) or
autosomal—recessive WH (ARWH) that is characterized by the presence of less than the
normal amount of hair and abnormal hair follicles and shafts that are thin and atrophic,
which is considered to be a hair growth deficiency [3]. Recent advances in molecular
genetics have led to the identification of numerous genes that are expressed in the WH,
including LPARS6 [4], LIPH [5], KRT71 [6], and KRT74 [7].

HS is inherited in an autosomal—dominant or recessive manner [8], which is char-
acterized by diffuse hairless [9]. Mutations in five of these genes—CDSN (MIM 602593),
APCDD1 (MIM 607479), SNRPE (MIM 128260), KRT71 (MIM 608245), and KRT74 (MIM
608248)—are associated with autosomal dominant forms. In addition, mutations in these
genes have been identified as the pathogenic reason in less than 20 HR cases/families, thus
accounting for only a small proportion of all HS cases.

Keratins play an important role in the structural component of the HF and form
keratin intermediate filaments (KIFs) through heterodimerization between type I (acidic)
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and type II (basic to neutral) keratins [10,11]. The KRT71 gene has been mapped on
the human chromosome 12q13, and the precise expression patterns of IRS have been
characterized in detail [12].

At present, the curly coat type is a relatively common trait in animals, including
mice [13,14], dogs [15], rats [16], and cats [17], and is linked to a wavy—coat phenotype.
Krt71 mutant mice display a wavy pelage and curvy vibrissae, which are inherited in an
autosomal dominant manner [13]. Portuguese water dogs, carrying a particular allele of
Krt71, exhibit curly versus straight hair15. Rex rats also display curly hair with a Krt71
mutation [16]. Sphynx and Devon Rex cats carrying Krt71 mutations are responsible for the
curly/wavy phenotypes [17]. However, the etiology of many WH and HS cases remains
unexplained.

In this study, we established a novel Krt71 mouse model through the cytoplasm
microinjection of Cas9 mRNA and a single guide RNA (sgRNA). These clustered regularly
interspaced short palindromic repeats of (CRISPR)/Cas9 knockout (KO) mice showed curly
hair and nudity in 3-5 weeks. This novel Krt71—-KO mouse model could be a valuable
resource for mechanism studies on the control of hair growth and differentiation.

2. Materials and Methods
2.1. Animals and Ethics Statement

The ICR mice used in this study were maintained at the Laboratory Animal Center of
Jilin University. All experiments involving mice in this study were performed in accordance
with the guide of the Animal Care and Use Committee of Jilin University.

2.2. CRISPR/Cas9 sgRNA Preparation, Embryo Microinjection and Embryo Transfer

The CRISPR/Cas9 sgRNA preparation, embryo microinjection, and embryo transfer
were performed as previously described [18]. Briefly, mixtures of sgRNA (25 ng/uL) and
Cas9 (100 ng/uL) were injected into embryos and were followed by their transfer into the
oviduct of the recipient mother.

2.3. Mutation Detection in Mice by PCR and Sequencing

The genomic DNA from Krt71-KO and WT mice were extracted from a small
piece of the toe by the TITANamp Genomic DNA Kit (TIANGEN, Beijing, China) ac-
cording to the manufacturer’s instructions. The sgRNA target site was amplified by
a PCR using the primer (Forward, 5-GTATGAGGAGATTGCCCTGAAG-3'; Reverse,
5'-AGAGTGAGTAGAGAGGGAAGTG-3'). The PCR products were gel purified and
cloned into the pGM—T vector (Tiangen, Beijing, China). The clones were sequenced
and analyzed by Snapgene2.3.2 (Boston, MA, USA).

2.4. RNA Extraction and Quantitative RT-PCR

The total RNA was extracted from the skin of Krt71-KO and WT mice via the TRNzol-
A+ reagent (Tiangen, Beijing, China), and the first-strand cDNA was synthesized using the
cDNA first-strand synthesis kit (Tiangen, Beijing, China) according to the manufacturer’s
instruction as previously described [19]. The cDNA was used to examine the expression
of the Krt71 gene. The primers were used for RT-PCR in Table S1. The qRT-PCR was
performed by an SYBR Green I Real-Time PCR Kit (Tiangen, Beijing, China), and the
2-AACT formula was used to determine and analyze gene expression while GAPDH was
used for normalization. All experiments were repeated three times for each gene, and the
data were expressed as the mean 4= SEM.

2.5. Body Weight and Survival Curve

The body weight and survival of age-matched Krt71-KO and WT mice were recorded
for each week. All data were expressed as the mean =+ ¢, and at least 6 individuals had
used determinations in all experiments.
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2.6. Flow Cytometry

Approximately 1 mL of peripheral blood was collected from WT and Krt71-KO mice
into an EDTA—coated tube. The red blood cells were lysed using a Red Blood Cell Lysis
Buffer (C3702, Beyotime, Shanghai, China) as instructed by the manufacturer, and antibody
incubation was performed as described in previous work [20]. Briefly, single cells were
stained with a premixed FITC Rat Anti-Mouse CD4 antibody (553046, BD Biosciences,
Shanghai, China) and PE Rat Anti-Mouse CD8a antibody (553032, BD Biosciences), which
used a Facs buffer for 30 min at 4 °C, avoiding direct light, and was then washed with
500 uL of a cold Facs buffer for 5 min. After being washed again, the red blood cells
were resuspended in 200 uL of a Facs buffer. The suspended cells were analyzed by
flow cytometry using a MoFlo Astrios cell sorter (BD Biosciences, Shanghai, China). The
fluorescence-activated cell sorting data were analyzed using the Flow]Jo_V10_CL software.

2.7. Western Blotting

Western blot analysis was performed on protein lysates purified from mouse skin.
Briefly, the skins were homogenized in a PBS buffer with the protease inhibitor cocktail.
Protein concentrations were determined using a BCA protein quantification kit (Beyotime
Biotechnology, Shanghai, China). In total, 30 ng of the total protein was suspended in the
SDS sample buffer. The primary antibodies against Krt71 (1:1000, Genetex, Irvine, CA, USA)
and GAPDH (1:2000, proteintech, Wuhan, China) were used. These were then incubated
with the appropriate HRP-conjugated antibody (1:2000, Beyotime Biotechnology, Shanghai,
China), which was used as an internal control. Protein bands were visualized by an ECL
reagent (Meilunbio, Dalian, China).

2.8. Histology Analysis

Haematoxylin and eosin (HE) staining was performed as previously described [21].
The skin tissues were collected from Krt71-KO and WT mice (3 months of age). Then,
these tissues were fixed in 4% paraformaldehyde, embedded in paraffin wax, sectioned,
and mounted on slides. The 5-pum sections were cut for H&E and imaged with a Nikon
TS100 microscope.

2.9. Scanning Electron Microscopy

Scanning electron microscopy was performed as previously described [22]. Briefly,
hair from the beard of Krt71-KO and WT mice was attached to specimen stubs using stick
conductive tabs, which were sputter-coated with gold and imaged by an S-3400N scanning
electron microscope (Hitachi, Tokyo, Japan).

2.10. Statistical Analysis

The data are presented as the mean + SEM. Data from multiple-groups were deter-
mined by unpaired Student’s t-test for two—group comparisons and one-way ANOVA
with Bonferroni’s post—tests for multiple group comparisons. A p-value less than 0.05 was
considered significant. Statistical analyses were performed using Prism 8 (GraphPad 8).

3. Results
3.1. Generation of Krt71 Mice the CRISPR/Cas9 System

1. To disrupt the function of Krt71, we designed a sgRNA targeting exon 6 for the mouse
Krt71 gene (Figure 1A). The target site is shown in Figure 1A. Then, 126 injected
zygotes were transferred into the oviducts of two surrogate mice. All surrogates were
pregnant to term and gave birth to six live pups. The genomic DNA from each pup
was extracted and tested for Krt71 mutations via a PCR, which was then analyzed by
Sanger sequencing (Figure 1B). In total, five of the six (83.3%) newborn pups carried a
Krt71 mutation (Figure 1C).

2. To examine off-target effects in Krt71-KO mice, we predicted sequences similar to
sgRNAs through an online website and selected the five most likely potential off-
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target sites (POTs) before these sites were detected by a PCR and Sanger sequencing.
There were no off-target mutations at potential off-target sites (POTs) in Krt71 mutant
mice (Supplementary Figure S1A,B). These results demonstrated that mutations in
Krt71 could be achieved via the CRISPR/Cas9 system with high efficiency in mice.

3. Additionally, no significant differences in body weight were found between newborn
Krt71-KO mice and WT mice (Figure 1D). In addition, the survival rate of Krt71-KO
mice was consistent with that of the WT mice (Figure 1E).
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Figure 1. Generation of Krt71-KO mice by the CRISPR/Cas9 system. (A) Schematic diagram of
sgRNA target site located in exon 6 of the mouse Krt71 locus. (B) Mutation detection by PCR in
pubs 1-6; M, D2000. (C) Mutation detection by T-cloning and Sanger sequencing. PAM sites are
highlighted in green; the target sequence is shown in red; deletions (—) of T—cloning sequence;
WT, wild-type control. (D) Body-weight comparison of Krt71-KO and WT mice from newborn to
12 weeks. (E) Survival curves for male Krt71-KO mice.

3.2. Phenotype Analysis of Krt71 Knockout Mice

Previous studies have reported that three affected members of a three-generation
Japanese family segregated autosomal dominant woolly hair/hypotrichosis [6]. As ex-
pected, the 4-week-old Krt71-KO mice exhibited a visibly curly fur phenotype, including
a beard, in comparison with age-matched WT mice (Figure 2A). Subsequently, we detected
the mRINA expression level of Krt71 in knockout mice. The Krt71 mRNA expression level
displayed a significant decrease in both the back and the abdomen of the Krt71-KO mice
by qPCR (Figure 2C). In addition, we also further confirmed this by RT-PCR (Figure 2B).
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These results were also confirmed by Western blotting in both the back and the abdomen
at the protein level (Figure 2D). In addition, the predicted 3D models showed a disrupted
GADD45G protein structure (Figure 2E). These results suggested that the reduced ex-
pression mediated by NMD (nonsense-mediated mRNA decay, NMD) contributed to the
generation of woolly hair/hypotrichosis in Krt71-KO mice. Therefore, we successfully
constructed Krt71-KO mice models by CRISPR/Cas9.
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Figure 2. Phenotype characterization of Krt71-KO mice. (A) The gross performance of 12-week-old
F1 Krt71-KO mice by photo. (B) The gene expression of Krt71 determined by RT-PCR. WT, WT
control; KO, Krt71 gene knockout mice. (C) The gene expression of Krt71 determined by qRT-PCR
in the back and abdomen. WT, WT control; KO, Krt71 gene knockout mice. (KO, n = 3; WT, n = 3).
(D) Western blot analysis of Krt71 expression. (E) Computer modeling of the 3D structure of the
Krt71 protein between WT and Krt71-KO (n = 3, ** p < 0.01, *** p < 0.001).

Krt71 plays a central role in hair formation, which is an essential component of keratin
intermediate filaments in the inner root sheath (IRS) of the hair follicle. In addition, some
paralog genes Krt25, Krt27, Krt72, Krt75, and Krt85, which also participate in the formation
of keratin intermediate filaments in the IRS, could be related to Woolly Hair, Autosomal
Recessive 3, and Hypotrichosis 8, which were significantly decreased in Krt71-KO mice
(Figure 3A-E). Krt25 and Krt27, located on the human chromosome 17q12 and encoding
the members of the type I (acidic) keratin family, led to the formation of a keratin inter-
mediate filament (KIF) network by forming a heterodimer with type II keratins. Thus, we
guessed that the knockdown of the Krt71 expression influenced the expression of these
corresponding molecular chaperones. For the same reason that Krt72, Krt75, and Krt85
were mapped on human chromosome 12q13 as Krt71, we considered that the destruction
of the Krt71 gene loci in Krt71-KO mice impaired the expression of other genes since these
two enhancers were found to exist in the KRT71 gene in human [23]. Previous studies have
shown that MZF1, as a transcription factor, negatively regulates Krt71 gene expression
by identifying the fragment of the Krt71 promoter [24]. We found that MZF1 expression
increased by nearly —30 fold (Figure 3F). We speculated that the Krt71 mRNA fragment
involved in NMD could further activate the expression of MZF1. More than that, LPAR6
is highly expressed in hair follicles, especially IRS, thus indicating the crucial role it plays
in hair follicle development and hair growth and its association with Hypotrichosis 8 and
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Familial Woolly Hair Syndrome [25]. As shown in Figure 3G, the expression of LPAR6
mRNA was significantly improved in Krt71-KO mice. Furthermore, we found that TGF-o
also increased dramatically to ~6-fold in Krt71-KO mice (Figure 3H). In terms of the above
results, Krt71-KO mice not only reduced the expression of mRNA in keratin family genes
but also increased the expression of other genes, which were all related to hair follicle
development and influenced hair growth. We conjectured that an unknown compensation
mechanism was inevitable in the process of hair development.
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Figure 3. Expression level detection of different paralog genes and controlling genes in Krt71-KO
mice. (A-H) The expressions of different genes were determined by qRT-PCR. WT, WT control; KO,
Krt71 gene knockout mice (n = 3, ** p < 0.01, *** p < 0.001).

To further characterize the phenotype of Krt71-KO mice, we performed H&E staining
of the back and abdominal skin sections in three different genotypes of KO mice. As shown
in Figure 4A,B, H&E staining indicated that, compared with the WT mice, Krt71-KO mice
exhibited hairy roots that were curved in all different genotypes of mice. These results
indicate that Krt71-KO mice demonstrated significantly woolly hair.

Abdomen

KO-2 -

KO-13 =

Figure 4. Skin and hair follicle changes in Krt71-KO mice. (A,B) H&E-staining of the skins from WT
and Krt71-KO mice, showing hair bending (black arrows) in Krt71-KO mice.
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3.3. Structural Changes of Beards in Krt71-KO Mice

Previous studies have demonstrated the occurrence of hair shafts that have been dam-
aged in Krt71 mutations individuals. To determine the hair shafts of beards in Krt71-KO
mice, we selected 6-week—old mice for scanning electron microscope analyses. As shown
in Figure 5A, the Krt71-KO mice exhibited an apparent beard bend and were shorter than
WT mice. The scanning electron microscope analyses showed that the beard hair shaft was
altered, rough, and broken, and the texture change was unclear in Krt71-KO mice when
compared with WT mice (Figure 5B).

WT KO(-13)

Em A length>15cm
Bl B length<15cm

Total=15 Total=15

©

Figure 5. Structural changes in beards of Krt71-KO mice. (A) Schematic diagram of beard comparison
of 12-week-old F1 Krt71-KO mice by photo. (B) SEM observation of beards from WT and Krt71-KO
mice. SEM, scanning electron microscopy. Bars = 50 um, 100 um, 200 pm. (C) Statistical comparison
of the length of beards in Krt71-KO mice and WT controls (n = 10, * p < 0.05). (D) Proportion of the
length < 15 cm or >15 cm of the beards. The percent of the length < 15 cm is marked in red; the other
percent of the length > 15 cm is marked in dark blue.

In addition, to further determine the effect of Krt71 knockout on beard growth, we
counted the beard length and amount. We found that the average whisker length in
Krt71-KO mice was much shorter than that in WT mice (Figure 5C). We measured the
whisker length on one side of the mice and found that approximately 86.7% of whiskers



Cells 2023,12, 1781

8of 11

CD8 PE

C

et
137

«

in Krt71-KO mice were <15 cm in length, while 60% in WT mice had whiskers >15 cm in
length (Figure 5D).

3.4. Nude Appearance of Krt71-KO Mice

Regardless of the mutation type, Krt71-KO mice showed the nude phenotype at
34 weeks old (Figure S2A), and the mice gradually regained their hair as they became
older. In addition, we also found that Krt71-KO mice restored their normal hair density in
development with age (Figure S2C). The hair growth in Krt71-KO mice exhibited a cyclic
pattern, which was similar to NuRabbits [26]. Therefore, to test whether Krt71-KO mice
were similar to NuRabbits that were immunodeficient, we collected peripheral blood from
the central ocular veins of mice who were 6 weeks old and analyzed these for populations
of circulating lymphocytes. By flow cytometry, there was an apparent decrease in the per-
centage of T lymphocytes in Krt71-KO mice compared with WT mice (Figures S2B and 6A).
With regards to the T cell subsets, populations of CD8-positive cells declined, whereas they
had no significant differences, and CD4—positive T cells dramatically decreased from 20%
to 13.9% (Figure 6A,B). However, on a postmortem examination, there were no marked
reductions or absences in the thymus of Krt71 and WT mice (Figure S2C). In Krt71-KO
mice, body weights and thymus weights were both not significantly lower than that of WT
mice (Figure 6D,E). We detected T cell subsets of the thymus and found that there were no
differences between WT and Krt71-KO mice (Figure S2D,E). Interestingly, previous studies
have found that nude-mice exhibit the prominent up-regulation of keratin (Krt23, —73,
—82, —16, —17) [27]. Furthermore, a significantly reduced Foxnl mRNA expression was
observed in the Krt71-KO mice compared with the WT mice (Figure 6F). Thus, our results
indicate that Foxnl may have a negative correlation with Krt71 and other keratins in mice.
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Figure 6. Inmune level verification in Krt71-KO mice. (A) Representative flow cytometry results
of peripheral blood lymphocytes in WT and Krt71-KO mice. (B) Summary of T cell populations in pe-
ripheral blood from three Krt71-KO mice in comparison with that from three WT mice. (C) Summary
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of body weight comparison between Krt71-KO and WT mice;(n = 3). (D) Summary of thymus weight
comparison between Krt71-KO and WT mice; (1 = 3). (E) Summary of body weight to thymus weight
ratio for Krt71-KO and WT mice; (n = 3). (F) Gene expression of Foxnl was determined by gRT-PCR
in WT and Krt71-KO mice. (NS, no significance, * p < 0.05, ** p < 0.01, *** p < 0.001).

4. Discussion

Keratin 71, encoded by the Krt71 gene, plays a central role in hair formation, which
is an essential component of keratin intermediate filaments in the inner root sheath (IRS)
of the hair follicle. In this study, we generated a novel mouse model for WH and HS via
the zygote injection of Cas9 mRNA and a sgRNA targeting exon 6 of the Krt71 gene and
demonstrated that Krt71-KO mice almost exhibited the woolly hair observed in human
beings, including curly hair and a bent beard. To the best of our knowledge, this is the first
report of a Krt71 gene mutant model that develops both woolly hair and hairless that also
mimics the phenotype of hypotrichosis found in human ADWH [6].

Furthermore, our data showed that the significantly decreased expression of Krt71
caused the nude phenotype at 3—4 weeks old in Krt71-KO mice, which is a new character-
istic in the models of mice. However, previous studies have found that Krt71 mutants only
display wavy hair and curved whiskers, which are typical characters in whole knock—out
models [13]. However, Krt71-KO mice still carried the more severe nude phenotype at
3—4 weeks old than other Krt71 mutants. We conjecture that the reason for this phenomenon
was due to the different knockout results, which only deleted the asparagine codon at
139 or 140 in the Krt71Ca—9] mice and destructed the protein by the NMD mechanism
in the -KO mice by CRISPR/Cas9. The hair phenotype was similar to Hypotrichosis 13
(HYPT13) with woolly hair in pedigree families [6]. Based on the report of one Japanese
family, the symptoms improved with age, resulting in woolly hair that had an almost
normal hair density, which was consistent with the Krt71-KO mice (Figure S2C). Although
the results showed that the expression of Foxn1 in the Krt71-KO mice was dramatically
decreased compared to wild—type mice, we found that no apparent differences in thymus
development and T cell subsets in the thymus were detected by flow cytometry.

In view of this, we inferred that the nude phenotype of Krt71-KO mice in the early
stage was due to the knockout of the Krt71 gene, which resulted in generating a reduced
density of hairs and the influence of the decreased expression of Foxnl. Thus, we con-
structed the Krt71-KO mice model using CRISPR/Cas9 technology which possessed a
similar phenotype with HYPT13 and ADWH in humans. Therefore, the HYPT13 and
ADWH models are valuable for studying hair development and disease treatment for eluci-
dating the mechanisms underlying the normal process of hair development in humans.

Taken together, the Krt71-KO mouse model had a close resemblance to its human
counterpart. This model could facilitate basic research to provide an ideal animal model
and understand the mechanism of hair disorders.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cells12131781/s1, Figure S1: Off-target analysis of Krt71 in Krt71-KO mice
by sanger sequencing; Figure S2: Thymic development analysis in Krt71-KO mice; Table S1: sgRNA
sequences and primers of identifying genotype used in this study for the construct of Krt71-KO mice;
Table S2: primers of off-target sites; Table S3: RT-PCR and gRT-PCR primers used in the study.

Author Contributions: Conceptualization, T.Z. and T.S.; methodology, H.Y. and H.W.; software,
T.Z.; validation, T.Z. and T.S.; formal analysis, T.Z; investigation, H.Y.; resources, T.Z.; data curation,
T.Z.; writing—original draft preparation, T.Z.; writing—review and editing, T.S.; visualization, T.Z;
supervision, T.S.; project administration, T.S.; funding acquisition, T.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Young Elite Scientist Sponsorship Program by CAST
(No. YESS20210189).


https://www.mdpi.com/article/10.3390/cells12131781/s1
https://www.mdpi.com/article/10.3390/cells12131781/s1

Cells 2023,12, 1781 10 of 11

Institutional Review Board Statement: The animal study protocol was approved by the Ethics and
Use Committee of Jilin University (SY202106030).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank Peiran Hu and Nannan Li at the Embryo Engineering Center
for critical technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.
2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Orentreich, N. Disorders of the hair and scalp in childhood. Pediatr. Clin. N. Am. 1971, 18, 953-974. [CrossRef] [PubMed]

Itin, PH.; Fistarol, S.K. Hair shaft abnormalities—clues to diagnosis and treatment. Dermatology 2005, 211, 63-71. [CrossRef]
[PubMed]

Chien, A.].; Valentine, M.C.; Sybert, V.P. Hereditary woolly hair and keratosis pilaris. . Am. Acad. Dermatol. 2006, 54, S35-S39.
[CrossRef] [PubMed]

Pasternack, S.M.; von Kugelgen, I.; Al Aboud, K.; Lee, Y.A.; Ruschendorf, F.; Voss, K.; Hillmer, A.M.; Molderings, G.J.; Franz, T.;
Ramirez, A.; et al. G protein—coupled receptor P2Y5 and its ligand LPA are involved in maintenance of human hair growth.
Nat. Genet. 2008, 40, 329-334. [CrossRef] [PubMed]

Kazantseva, A.; Goltsov, A.; Zinchenko, R.; Grigorenko, A.P.; Abrukova, A.V.; Moliaka, YK; Kirillov, A.G.; Guo, Z.R;; Lyle, S.;
Ginter, E.K. Human hair growth deficiency is linked to a genetic defect in the phospholipase gene LIPH. Science 2006, 314, 982-985.
[CrossRef]

Fujimoto, A.; Farooq, M.; Fujikawa, H.; Inoue, A.; Ohyama, M.; Ehama, R.; Nakanishi, J.; Hagihara, M.; Iwabuchi, T.; Aoki, J.; et al.
A Missense Mutation within the Helix Initiation Motif of the Keratin K71 Gene Underlies Autosomal Dominant Woolly
Hair/Hypotrichosis. J. Investig. Dermatol. 2012, 132, 2342-2349. [CrossRef]

Shimomura, Y.; Wajid, M.; Petukhova, L.; Kurban, M.; Christiano, A.M. Autosomal-Dominant Woolly Hair Resulting from
Disruption of Keratin 74 (KRT74), a Potential Determinant of Human Hair Texture. Am. ]. Hum. Genet. 2010, 86, 632-638.
[CrossRef]

Betz, R.C.; Cabral, R.M.; Christiano, A.M.; Sprecher, E. Unveiling the Roots of Monogenic Genodermatoses: Genotrichoses as a
Paradigm. |. Investig. Dermatol. 2012, 132, 906-914. [CrossRef]

Romano, M.T.; Tafazzoli, A.; Mattern, M.; Sivalingam, S.; Wolf, S.; Rupp, A.; Thiele, H.; Altmuller, J.; Nurnberg, P,;
Ellwanger, J.; et al. Bi—allelic Mutations in LSS, Encoding Lanosterol Synthase, Cause Autosomal-Recessive Hypotrichosis
Simplex. Am. ]. Hum. Genet. 2018, 103, 777-785. [CrossRef]

Coulombe, P.A.; Omary, M.B. ‘Hard” and ‘soft” principles defining the structure, function and regulation of keratin intermediate
filaments. Curr. Opin. Cell Biol. 2002, 14, 110-122. [CrossRef]

Moll, R.; Divo, M.; Langbein, L. The human keratins: Biology and pathology. Histochem. Cell Biol. 2008, 129, 705-733. [CrossRef]
[PubMed]

Langbein, L.; Rogers, M.A.; Praetzel, S.; Winter, H.; Schweizer, J. K6irs1, Kéirs2, K6irs3, and Ké6irs4 represent the inner-root—
sheath—specific type II epithelial keratins of the human hair follicle. |. Investig. Dermatol. 2003, 120, 512-522. [CrossRef]
[PubMed]

Kikkawa, Y.; Oyama, A.; Ishii, R.; Miura, I.; Amano, T.; Ishii, Y.; Yoshikawa, Y.; Masuya, H.; Wakana, S.; Shiroishi, T.; et al. A small
deletion hotspot in the type II keratin gene mK6irs1/Krt2-6g on mouse chromosome 15, a candidate for causing the wavy hair of
the caracul (Ca) mutation. Genetics 2003, 165, 721-733. [CrossRef]

Runkel, E; Klaften, M.; Koch, K.; Bohnert, V.; Bussow, H.; Fuchs, H.; Franz, T.; de Angelis, M.H. Morphologic and molecular
characterization of two novel Krt71 (Krt2-6g) mutations: Krt71(rco12) and Krt71(rcol3). Mamm. Genome 2006, 17, 1172-1182.
[CrossRef]

Cadieu, E.; Neff, M.W.; Quignon, P.; Walsh, K.; Chase, K.; Parker, H.G.; VonHoldt, B.M.; Rhue, A.; Boyko, A.; Byers, A.; et al. Coat
Variation in the Domestic Dog Is Governed by Variants in Three Genes. Science 2009, 326, 150-153. [CrossRef] [PubMed]
Kuramoto, T.; Hirano, R.; Kuwamura, M.; Serikawa, T. Identification of the Rat Rex Mutation as a 7-bp Deletion at Splicing
Acceptor Site of the Krt71 Gene. |. Vet. Med. Sci. 2010, 72, 909-912. [CrossRef]

Gandolfi, B.; Outerbridge, C.A.; Beresford, L.G.; Myers, ].A.; Pimentel, M.; Alhaddad, H.; Grahn, J.C.; Grahn, R.A.; Lyons, L.A.
The naked truth: Sphynx and Devon Rex cat breed mutations in KRT71. Mamm. Genome 2010, 21, 509-515. [CrossRef]

Sui, T.T.; Yuan, L.; Liu, H.; Chen, M.; Deng, ].C.; Wang, Y.; Li, Z.].; Lai, L.X. CRISPR/Cas9-mediated mutation of PHEX in rabbit
recapitulates human X-linked hypophosphatemia (XLH). Hum. Mol. Genet. 2016, 25, 2661-2671. [CrossRef]

Sui, T.T.; Lau, Y.S,; Liu, D,; Liu, T.J.; Xu, L.; Gao, Y.D.; Lai, L.X.; Li, Z.].; Han, R.Z. A novel rabbit model of Duchenne muscular
dystrophy generated by CRISPR/Cas9. Dis. Model. Mech. 2018, 11, dmm032201. [CrossRef]

Song, J.; Yang, D.S,; Ruan, ] X.; Zhang, J.F.; Chen, Y.E.; Xu, J. Production of immunodeficient rabbits by multiplex embryo transfer
and multiplex gene targeting. Sci. Rep. 2017, 7, 12202. [CrossRef]


https://doi.org/10.1016/S0031-3955(16)32602-5
https://www.ncbi.nlm.nih.gov/pubmed/5569747
https://doi.org/10.1159/000085582
https://www.ncbi.nlm.nih.gov/pubmed/15983439
https://doi.org/10.1016/j.jaad.2005.01.092
https://www.ncbi.nlm.nih.gov/pubmed/16427989
https://doi.org/10.1038/ng.84
https://www.ncbi.nlm.nih.gov/pubmed/18297070
https://doi.org/10.1126/science.1133276
https://doi.org/10.1038/jid.2012.154
https://doi.org/10.1016/j.ajhg.2010.02.025
https://doi.org/10.1038/jid.2011.408
https://doi.org/10.1016/j.ajhg.2018.09.011
https://doi.org/10.1016/S0955-0674(01)00301-5
https://doi.org/10.1007/s00418-008-0435-6
https://www.ncbi.nlm.nih.gov/pubmed/18461349
https://doi.org/10.1046/j.1523-1747.2003.12087.x
https://www.ncbi.nlm.nih.gov/pubmed/12648212
https://doi.org/10.1093/genetics/165.2.721
https://doi.org/10.1007/s00335-006-0084-9
https://doi.org/10.1126/science.1177808
https://www.ncbi.nlm.nih.gov/pubmed/19713490
https://doi.org/10.1292/jvms.09-0554
https://doi.org/10.1007/s00335-010-9290-6
https://doi.org/10.1093/hmg/ddw125
https://doi.org/10.1242/dmm.032201
https://doi.org/10.1038/s41598-017-12201-0

Cells 2023,12, 1781 11 of 11

21.

22.

23.

24.

25.

26.

27.

Deng, J.C.; Chen, M,; Liu, Z.Q.; Song, Y.N.; Sui, T.T.; Lai, L.X;; Li, Z.]J. The disrupted balance between hair follicles and sebaceous
glands in Hoxc13-ablated rabbits. FASEB J. 2019, 33, 1226-1234. [CrossRef] [PubMed]

Combalia, A.; Brugues, A.; Garcia-Veigas, EJ.; Ferrando, J. Scanning Electron Microscopy and X-ray Microanalysis of Reconstruc-
tive Hair Fibers. Int. . Trichology 2017, 9, 54-57. [PubMed]

Barakat, T.S.; Halbritter, F.; Zhang, M.; Rendeiro, A.F.; Perenthaler, E.; Bock, C.; Chambers, I. Functional Dissection of the Enhancer
Repertoire in Human Embryonic Stem Cells. Cell Stem Cell 2018, 23, 276-288.e8. [CrossRef] [PubMed]

Kang, X.L.; Liu, Y.F; Zhang, ].B.; Xu, Q.Q.; Liu, C.K,; Fang, M.Y. Characteristics and Expression Profile of KRT71 Screened by
Suppression Subtractive Hybridization cDNA Library in Curly Fleece Chinese Tan Sheep. DNA Cell Biol. 2017, 36, 552-564.
[CrossRef] [PubMed]

He, J.; Meng, M.; Wang, H. A Novel Prognostic Biomarker LPAR6 in Hepatocellular Carcinoma via Associating with Immune
Infiltrates. J. Clin. Transl. Hepatol. 2022, 10, 90-103. [CrossRef] [PubMed]

Song, J.; Hoenerhoff, M.; Yang, D.S.; Yang, Y.; Deng, C.; Wen, L.A.; Ma, L.Y,; Pallas, B.; Zhao, C.Z.; Koike, Y.; et al. Development of
the Nude Rabbit Model. Stem Cell Rep. 2021, 16, 656-665. [CrossRef]

Kur-Piotrowska, A.; Kopcewicz, M.; Kozak, L.P.; Sachadyn, P.; Grabowska, A.; Gawronska-Kozak, B. Neotenic phenomenon in
gene expression in the skin of Foxnl-deficient (nude) mice—A projection for regenerative skin wound healing. BMC Genom.
2017, 18, 56. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1096/fj.201800928RR
https://www.ncbi.nlm.nih.gov/pubmed/30125135
https://www.ncbi.nlm.nih.gov/pubmed/28839387
https://doi.org/10.1016/j.stem.2018.06.014
https://www.ncbi.nlm.nih.gov/pubmed/30033119
https://doi.org/10.1089/dna.2017.3718
https://www.ncbi.nlm.nih.gov/pubmed/28509589
https://doi.org/10.14218/JCTH.2021.00047
https://www.ncbi.nlm.nih.gov/pubmed/35233377
https://doi.org/10.1016/j.stemcr.2021.01.010
https://doi.org/10.1186/s12864-016-3401-z

	Introduction 
	Materials and Methods 
	Animals and Ethics Statement 
	CRISPR/Cas9 sgRNA Preparation, Embryo Microinjection and Embryo Transfer 
	Mutation Detection in Mice by PCR and Sequencing 
	RNA Extraction and Quantitative RT–PCR 
	Body Weight and Survival Curve 
	Flow Cytometry 
	Western Blotting 
	Histology Analysis 
	Scanning Electron Microscopy 
	Statistical Analysis 

	Results 
	Generation of Krt71 Mice the CRISPR/Cas9 System 
	Phenotype Analysis of Krt71 Knockout Mice 
	Structural Changes of Beards in Krt71–KO Mice 
	Nude Appearance of Krt71–KO Mice 

	Discussion 
	References

