
Yan et al. 
European Journal of Medical Research          (2024) 29:622  
https://doi.org/10.1186/s40001-024-02225-4

RESEARCH Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by- nc- nd/4. 0/.

European Journal
of Medical Research

Expression of nicastrin, NICD1, and Hes1 
in NCSTN knockout mice: implications 
for hidradenitis suppurativa, Alzheimer’s, 
and liver cancer
Lu Yan1,2†, Yin-Sen Song2†, Jian Zhou3, Lin Zhu2, Tian-Wei Shi1,2*, Hui-Qian Yu1*, Zi-Qing Dong4, Wei Wang2, 
Ting Long2, Hao-Ying Liu2, Zhe-Ye Shi2 and Jian-Guo Li1* 

Abstract 

Background Nicastrin, a subunit of the γ-secretase complex, is encoded by the NCSTN gene and regulates notch 
signaling, it is involved in the pathogenesis of hidradenitis suppurativa (HS), Alzheimer disease (AD), and liver cancer. 
However, the animal models for studying HS are relatively scarce.

Methods CRISPR/Cas-mediated genetic engineering was used to generate targeted knockout offspring mice 
(C57BL/6J). Different doses (10 mg/kg, 20 mg/kg, and 30 mg/kg) and injection methods (subcutaneous/intraperito-
neal/gavage injection) of tamoxifen were used to induce the construction of NCSTN knockout mice (mice model). 
The expressions of nicastrin, NICD1, hes1 in skin, brain, and liver tissue in mice model and wild-type (WT) mice were 
measured by qRT-PCR and IHC.

Results The construction of mice model was successfully induced by tamoxifen, knockout efficiency was 93%, there 
was no difference in knockout efficiency among three doses, injection methods, genders (P > 0.05). HS-like lesions 
appeared on the skin of NCSTN knockout mice after 1 month of treatment with tamoxifen, male mice had a higher 
number of skin lesions compared to female mice (male vs female = 76.5% vs 41.7%, P = 0.027). Compared with WT 
mice, the expressions of nicastrin (skin P = 0.0009, brain P = 0.0194, liver P = 0.0066), NICD1 (skin P = 0.0115, brain 
P = 0.0307, liver P = 0.008), hes1 (skin P = 0.0476, brain P = 0.0143, liver P = 0.0003) in mice model all decreased.

Conclusions The NCSTN knockout mouse might be employed as HS animal model; Reducing nicastrin may affect 
the expression of notch1–hes1 pathway molecules in skin, brain, and liver tissues; low dose (10 mg/kg/d) tamoxifen 
could be used to induce the deletion of the target gene in mice.
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Introduction
Nicastrin is a transmembrane glycoprotein that consists 
of a large lobe, a lobule, and a single transmembrane 
domain(TM), forming the γ-secretase complex with pre-
senilin (PSEN), anterior pharyngeal deficient protein 1 
(APH-1), and presenilin enhanced protein 2 (PEN-2) [1–
3]. Nicastrin can maintain the stability of other subunits 
of the γ-secretase complex, present substrates, and act as 
its gatekeeper to prevent other substrates from binding 
to the active site [4–6].

Nicastrin is involved in the pathogenesis of hidradenitis 
suppurativa (HS), Alzheimer disease (AD), hepatocellular 
carcinoma (HCC), breast cancer, tyrosinase-dependent 
decolorization, and skin inflammation and is essential for 
the development of marginal zone and B-1 B cells, which 
is linked to notch signaling [7–10]. The notch pathway is 
involved in various stages of the growth and development 
of organisms, and the notch–hes1 pathway mediates the 
pathogenesis of many diseases [11–13]. Activating notch 
signaling pathway requires γ-secretase involvement in 
the final cutting, and nicastrin is genetically required for 
signaling from membrane-anchored activated notch [14], 
as an upstream factor in notch–hes1 signaling, nicastrin 
can be studied to find new therapeutic targets for notch–
hes1 pathway related diseases.

The Cre-loxp system is a technique that controls the 
expression of a gene in specific tissues and at specific 
times, in which tamoxifen induces the Cre recombinase 
to recognize the loxp site and knock out a target gene 
[15]. Tamoxifen is an antiestrogen drug and is widely 
used to induce gene knockouts [16, 17]. Nevertheless, 
the dose of tamoxifen that are used in Cre-loxp systems 
vary widely, and excessive tamoxifen concentration can 
be toxic, > 25 mg/kg tamoxifen can damage gastric pari-
etal cells [18]. Thus, we aimed to determine the appro-
priate dose of tamoxifen to reduce the incidence of side 
effects in mice while ensuring successful knockout of tar-
get genes. It was reported that different routes of admin-
istration may affect the efficiency of drug absorption, and 
the recombination efficiency of oral tamoxifen was lower 
than that of intraperitoneal injection [19], intraperitoneal 
injection of tamoxifen can inhibit the proliferation of hip-
pocampal nerve cells in mice. Therefore, subcutaneous 
injection, intraperitoneal injection, and gavage injection 
methods were used in this study, providing preferred 
injection methods for future studies.

Single gene mutation of NCSTN can cause partial 
occurrence of HS [20], and 20 NCSTN gene mutations 
have been found in the HS patient cohort [21], in patients 
with HS, NCSTN has the highest proportion of muta-
tions among genes in the γ-secretase [2], NCSTN mutant 
mice experience abnormal skin changes [22]. Moreo-
ver, mice in which notch1 has been genetically modified 

experience hair loss and curl, and in hes1 knockout mice, 
hair retardation and hair stem length is reduced [23]. The 
quality of life of patients with HS is seriously impaired, 
and the impact is not limited to including the sever-
ity of HS, comorbidities, and work [24]. It is reported 
in up to 2% of western populations and with increas-
ing  incidence  in children and adults, nearly one-third 
of  HS  cases occur in pediatric patients and nearly half 
of patients endorse initial symptoms in childhood [25]. 
Therefore, it is very necessary to study HS, we examine 
whether NCSTN gene knockout mice develop related 
skin lesions to assess their value as a mouse model of HS, 
and provide an animal model for the study of the patho-
genesis of HS and future drug research.

Additionally, NCSTN gene also has been studied in 
brain and liver disease. Study [8] found that nicastrin is 
involved in AD, affecting the assembly and stability of 
GSEC-Aβn and regulating the length of Aβn. In liver dis-
ease, NCSTN promote the growth and metastasis of liver 
cancer cells, the expression of NCSTN is higher in liver 
cancer patients [9]. So we inspected the expression of 
NCSTN gene-related molecules in liver and brain tissues, 
thereby providing a novel orientation for researching the 
NCSTN gene and related diseases of the brain and liver.

Materials and methods
Mice were kept in the a warm specific pathogen-free con-
ditions animal room, given normal Co60-irradiated feed 
and purified water, and exposed to light for 12  h every 
day. All animal experiments were performed in accord-
ance with the Guide for the Care and Use of Laboratory 
Animals and approved by our Institutional Review Board.

Construction of NCSTN (flox/+) mice
To create a NCSTN conditional knockout mouse model 
(C57BL/6J) by CRISPR/Cas-mediated genome engi-
neering. The NCSTN gene (NCBI Reference Sequence: 
NM_021607; Ensembl: ENSMUSG00000003458) is 
located on mouse chromosome 1, 17 exons are identified, 
with the ATG start codon in exon 1 and the TGA stop 
codon in exon 17 (Transcript: ENSMUST00000003550), 
exon 3–5 will be selected as conditional knockout region 
(cKO region), deletion of this region should result in the 
loss of function of the mouse NCSTN gene. To engineer 
the targeting vector, homologous arms and cKO region 
will be generated by PCR using BAC clone RP23-244J9 
and RP23-476N19 from the C57BL/6 library as template. 
The gRNA to mouse NCSTN gene, the donor vector 
containing loxP sites, and Cas9 mRNA were co-injected 
into fertilized mouse eggs to generate targeted knockout 
offspring(F0). The F0 founder animals were identified by 
PCR followed by sequence analysis, which were bred to 
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wildtype mice to test germline transmission and F1 ani-
mal generation.

gRNA target sequence:
gRNA1 (matching reverse strand of gene): GAT GGC 

CTT TTA CTA GAC GCTGG.
gRNA2 (matching reverse strand of gene): ACA TGA 

TCG AGG GAA ACG TCAGG.
PCR Primers 1 (Annealing Temperature 60.0 ºC):
5ʹarm forward primer: 5ʹ-ATA GAC AGA CCT TTC 

CAG ACC CTT -3ʹ.
3ʹloxP reverse primer: 5ʹ-GTG GAT TCG GAC CAG TCT 

GA-3ʹ.
PCR Primers 2 (Annealing Temperature 60.0 ºC):
5ʹloxP forward primer: 5ʹ-GGA CGT AAA CGG CCA 

CAA GTTCG-3ʹ.
3ʹarm reverse primer: 5ʹ-GAA GAG CTG CAT AGC ACA 

CAATG-3ʹ.
Sequencing Primer for PCR product 1:
5ʹSequence primer: 5ʹ-CCA AGA AAG ATT AAG GCC 

ACGG-3ʹ.
Sequencing Primer for PCR product 2:
3ʹSequence primer: 5ʹ-CGA AAC CAA GGT CAT CAA 

GCAG-3ʹ.

Construction of NCSTN(flox/+), CAGGCre‑ERTM mice
F0 founder animals were bred to wild-type mice to 
test germline transmission and F1 animal generation, 
inter-cross heterozygous targeted mice (F1) to generate 
homozygous targeted NCSTN (flox/flox) mice, breed a 
homozygous targeted mouse with a tissue-specific Cre 
delete mouse to generate mice that are heterozygous 
for a targeted allele and a hemizygous/heterozygous for 
the Cre transgene, breed heterozygous, Cre + mice with 
homozygous mice. Approximately 25% of the prog-
eny from this mating will be homozygous for the tar-
geted allele and hemizygous/heterozygous for the Cre 
transgene. The pups and the tissue-specific gene deletion 
can be confirmed by PCR.

The reaction was 25 μL, comprising mouse genomic 
DNA (1.5 μL), forward primer (10  μM, 1.0 μL), reverse 
primer (10 μM, 1.0 μL), premixed Taq polymerase (12.5 
μL), and ddH2O (9.0 μL). The cycling conditions were set 
as follows: initial denaturation at 94 ℃ for 3 min; dena-
turation at 94 ℃for 30 s, annealing at 60 ℃ for 35 s, and 
extension at 72 ℃for 35  s for a total of 35 cycles; addi-
tional extension at 72 ℃ for 5  min. The expected PCR 
product was one band at 178 bp for wild type, one band at 
252 bp for homozygous, 2 bands at 252 bp and 178 bp for 
heterozygous and one band at 180 bp for Cre amplicon.

Primers (Annealing Temperature 60.0 ºC):
Forward primer: 5ʹ-TAG GTA AGT GTT GGA ATT 

GGGCA-3ʹ.

Reverse primer: 5ʹ-CCC AAG TGG ATT CAT TAG AGG 
TCC -3ʹ.

Cre transgene (Annealing Temperature 60.0 ºC):
Forward: 5ʹ-GCT AAC CAT GTT CAT GCC TTC-3ʹ.
Reverse: 5ʹ-AGG CAA ATT TTG GTG TAC GG-3ʹ.

Tamoxifen injection
The study employed three distinct doses of tamox-
ifen (10  mg/kg/d, 20  mg/kg/d, and 30  mg/kg/d) and 
three different administration approaches (intraperi-
toneal injection, subcutaneous injection, and gavage 
injection) to induce the deletion of the NCSTN gene 
in NCSTN(flox/+), CAGGCre-ERTM mice. The body 
weight of mice was measured 3 times and averaged as the 
final value. Tamoxifen (Sigma-Aldrich, USA, T5648-1G) 
was dissolved in corn oil (Aladdin, C116023-500mL, 
China), and ultrasonic vibration was performed for 
20  min to doses of 10 mg/kg, 20  mg/kg, and 30 mg/kg. 
The mice with the genotype NCSTN (flox/+), CAGGCre-
ERTM were divided randomly into nine groups, as shown 
in Table 1. Injections were scheduled once per day for a 
total of 6 injections. Then, 21 days after injection, ear tis-
sue of mice was harvested for genotyping by PCR. The 
reaction was 25  μL, comprising mouse genomic DNA 
(1.0 μL), forward primer (10 μM, 1.0 μL), reverse primer 
(10  μM, 1.0  μL), dNTPs (2.5  mM, 3  μL), 5× LongAmp 
Taq Reaction 5 μL, LongAmp Taq DNA Polymerase 1 μL, 
 ddH2O 13  μL. The cycling conditions were set as fol-
lows: initial denaturation at 94 ℃ for 3 min; denaturation 
at 94 ℃ for 30 s, annealing at 60 ℃ for 30 s, and exten-
sion at 65 ℃for 50 s/kb for a total of 33 cycles; additional 
extension at 65  ℃ for 10  min. The expected product 
was 251 bp for the KO allele. Ultimately, the number of 
NCSTN knockout mice in each group was enumerated.

PCR for constitutive KO allele (annealing temperature 
60.0 ºC):

Forward primer: (F5): 5ʹ-TAG GTA AGT GTT GGA ATT 
GGGCA-3ʹ;

Reverse primer: (R6): 5ʹ-ATA TTC TCC TTC CAC GTA 
CTT CTG A-3ʹ.

Table 1 Number of mice in nine groups injected with tamoxifen

Columns A, B, and C indicate subcutaneous injection, intraperitoneal injection, 
and intragastric injection, respectively. 1, 2 and 3 indicate low dose (10 mg/kg), 
medium dose (20 mg/kg), and high dose (30 mg/kg), respectively. The numbers 
in brackets in the table represent the number of mice in each group

Dose Injection method

subcutaneous Intraperitoneal Intragastric

Low (10 mg/kg) A1 (5) B1 (5) C1 (5)

Medium (20 mg/kg) A2 (5) B2 (6) C2 (5)

High (30 mg/kg) A3 (6) B3 (5) C3 (5)
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Tissue specimens
Separately retain the skin, brain, liver tissues of NCSTN 
gene knockout mice or wild-type mice were placed 
immediately in liquid nitrogen and stored at –  80 ℃for 
qRT-PCR. The other specimens were fixed in formalin 
and embedded in paraffin for HE staining and IHC.

Hematoxylin–eosin (HE) staining 
and immunohistochemistry (IHC)
Paraffin-embedded tissues were sectioned contigu-
ously at a thickness of 3  μm on a microtome (LEICA 
RM2245). The slices from the skin, brain, liver tissues of 
NCSTN gene knockout mice and wild-type mice were 
placed into an automatic stainer for HE staining (Tissue-
Tek  Prisma® Plus Automated Slide Stainer). IHC was 
performed using avidin–biotin–peroxidase. Briefly, the 
paraffin sections were dewaxed in xylene, subjected to 
antigen recovery with citric acid antigen repair buffer, 
incubated with 3%  H2O2 to block endogenous peroxi-
dase, and incubated for 60 min at room temperature with 
anti-nicastrin (abs135762; absin), anti-cleaved notch1 
(Val1744) (AF5307; Affinity), and anti-hes1 (D6P2U; Cell 
Signaling Technology). After a wash with PBS, second-
ary antibody was added at room temperature for 30 min, 
and signals were visualized with DAB, with hematoxylin 
counterstaining. The slices were dehydrated with gradi-
ent ethanol and xylene and sealed with neutral gum. The 
expression of nicastrin, NICD1 and hes1 protein were 
visualized under a microscope (Leica, Germany).

Total RNA extraction and qRT‑PCR
Total RNA was extracted from skin, brain, liver tissues of 
NCSTN gene knockout mice and wild-type mice using 
the TRIzol reagent (#15596026, Invitrogen, USA) fol-
lowing the manufacturer’s protocol. For complementary 
DNA (cDNA) synthesis, the reverse transcription reac-
tion was performed using the  NovoScript®Plus All-in-
one 1st Strand cDNA Synthesis SuperMix (gDNA Purge) 
(novoprotein, China) kit. Quantitative PCR (qPCR) 
assays were prepared using the  NovoStart® SYBR qPCR 
SuperMix Plus kit (novoprotein, China) and were con-
ducted on 7500 Fast Real-Time PCR System (Applied 
Biosystems, USA).

For qRT-PCR, the reaction mixture consisted of 10 μL 
of 2 × NovoStartRSYBR qPCR SuperMix Plus, 0.4  μL of 
ROX, 1  μL of cDNA, ensure that the concentrations of 
the forward and reverse primers are within 0.5 μM, and 
finally add RNase Free Water up to 20 μL. This mixture 
was processed in a 7500 Fast Real-Time PCR System 
(Applied Biosystems, Thermo Fisher Scientific, USA). 
The thermal cycling conditions were set as follows: pre-
denaturation at 95 ℃ for 1 min; denaturation at 95 ℃ for 

20  s; annealing at 60 ℃ for 20  s; and extension at 72 ℃ 
for 30 s for a total of 40 cycles. GAPDH served as a load-
ing control for mRNA. The relative gene expression levels 
were obtained using the 2 − ΔΔCt method. The primer 
sequences are listed in Table 2.

Statistical analysis
All statistical analyses were performed using the SPSS 
21.0 and GraphPad Prism 8.3 software. The qualitative 
data were performed with Chi-square test or the Fisher’s 
precision probability test, and the quantitative data were 
expressed as mean ± SD. P < 0.05 was considered statisti-
cally significant.

Results
Generation of NCSTN (flox/+), CAGGCre–ERTM mice
NCSTN conditional knockout mouse model were 
obtained by CRISPR/Cas-mediated genome engineer-
ing, and the overview of the targeting strategy is shown 
in Fig. 1.

The genotyping strategy is shown in Fig. 2a. The results 
of F1–R1/F2–R2 PCR screening in Fig.  2a are, respec-
tively, presented in Fig.  2b1/b2. F1 animals were iden-
tified positive by PCR screening, Fig.  2c displays the 
positive sequencing results of mice from the F1 genera-
tion, with the loxp site indicated by red bases. Crossing 
NCSTN (flox/ +) mice resulted in two bands at 252  bp 
and 178 bp, as depicted in Fig. 3a. The CAGGCre–ERTM 
mice was demonstrated by a band around 180 bp shown 
in Fig. 3b. The NCSTN (flox/+), CAGGCre–ERTM mice 
were generated by crossing NCSTN (flox/+) mice with 
CAGGCre–ERTM mice. As shown in Fig.  4a, the same 
mouse showed positive bands near 252 bp and/or 178 bp 
(F: flox) and 180 bp(C: Cre), PCR analysis confirmed that 
NCSTN (flox/+), CAGGCre–ERTM mice were success-
fully obtained.

Effects of tamoxifen dose, injection method, and gender 
on knockout
21 day post-completion of the tamoxifen injection exper-
iment, the knockout effect of tamoxifen was detected 

Table 2 qRT-PCR primer sequences

Gene name Primer name Primer sequence

Mus-nicastrin Mus-nicastrin-F CTG GGC AAC GGC TTG GCT TATG 

Mus-nicastrin-R CAC AAT GGG AAG CTT GGT GCAG 

Mus-NICD Mus-NICD-F CCA CTG TGA ACT GCC CTA TGT GCC 

Mus-NICD-R CAC ATT TTC TTC ACA GTT CTG TCC 

Mus-hes1 Mus-hes1-F GGA AAT GAC TGT GAA GCA CCTCC 

Mus-hes1-R GAA GCG GGT CAC CTC GTT CATG 
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using PCR. All three doses and injection methods were 
found to be successful in inducing the target gene knock-
out. As shown in Fig. 4b, successful knockout of the tar-
get gene resulted in a band at approximately 180 bp.

Of the 44 mice in this experiment, NCSTN gene was 
successfully deleted in 41 mice, the knockout efficiency of 
tamoxifen was 93%. As shown in Fig. 4c1/c2, the effects 
of different doses or injection methods on gene knock-
out efficiency were found to be statistically insignificant 
(dose: low–medium, OR (95% CI) = 1.00(0.057, 17.621), 
P = 1.0; low–high/medium–high, OR (95% CI) = 1.077 
(0.061, 19.046), P = 0.96. injection: subcutaneous-perito-
neal, OR (95% CI) = 1.00 (0.057, 17.621), P = 1.0; subcu-
taneous-gavage/peritoneal-gavage, OR (95%CI) = 1.077 
(0.061, 19.046), P = 0.96). As shown in Fig. 4c3, the effect 
of gender on gene knockout efficiency was found to be 
statistically insignificant (OR (95% CI) = 0.320 (0.027, 
3.825), P = 0.347). These results suggest that the sex, dose, 
and application method of tamoxifen do not influence 
the knockout of the NCSTN.

Pathological features of NCSTN conditional knockout mice
As shown in Fig. 5a1–4, in the construction of success-
ful NCSTN gene knockout mice, some mice began to 
develop skin lesions and shed their hair after 1  month, 

over time, the number of mice with these symptoms and 
the degree of skin lesion also increased (Fig. 5b2–4). The 
lesions were concentrated mainly on the posterior neck, 
back, groin, axilla, mouth, and nose (Fig.  5a1–4, b2–4). 
HE staining of skin lesions in NCSTN gene knockout 
mice showed epidermal thickening or reduction, hair fol-
licle keratinization, and increased inflammatory cell infil-
tration (Fig. 5d1–6). We found that male mice developed 
symptoms more frequently, among the 17 male mice, 13 
had skin lesions, and among the 24 females, 10 had skin 
lesions, analyzing the relationship between gender and 
lesions, the results indicate that gender may be involved 
in the occurrence of skin lesions (OR (95%CI) = 4.550 
(1.141, 18.151), P = 0.027, Fig. 5c).

Expression of nicastrin/NICD/hes1 in NCSTN conditional 
knockout mice
To investigate the expression of related molecules in 
several organs of NCSTN knockout mice, we detected 
the expression of nicastrin/NICD1/hes1 in wild-type 
mice and NCSTN knockout mice in skin, brain, and 
liver tissues using IHC and qRT-PCR. The expression of 
nicastrin/NICD1/hes1 in NCSTN knockout mice skin 
(Fig. 6a①–②, b①–②, c①–②) was consistent with our 
previous studies [22], compared to wild-type mice, the 

Fig. 1 Creation of NCSTN conditional knockout mice
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NCSTN gene knockout mice showed a decreased stain-
ing of nicastrin/NICD1/hes1 in skin tissue (Fig.  6a③–
④, b③–④, c③–④). In brain, nicastrin was expressed 
primarily in neuronal cells and glial nuclear plasma; 
NICD1 was mainly expressed in glial nuclear plasma 

and less in nerve cells; and hes1 was expressed in neu-
ronal cells, and less in glial nuclear plasma (Fig. 6d①–②, 
e①–②, f①–②). In liver, nicastrin/NICD1/hes1 was 
expressed in the nucleus of hepatic sinusoidal endothe-
lial cells (Fig.  6g①–②, h①–②, j①–②). Compared 

Fig. 2 Genotyping strategy and identification results for F0 founder animals. a F0 founder animals’ genotyping strategy. b1/b2 b1 Shows the target 
fragments from F1 to R1 (3.7 kb) and b2 shows the target segment F2 to R2 (3.2 kb) in knockout offspring. c Sequencing results of loxp locus 
between the 5’arm and 3’arms of the target fragment in knockout offspring; the red bases in c are the loxp sites region
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with wild-type mice, in the brain and liver tissues, 
NCSTN gene knockout mice showed lower expres-
sion of nicastrin/NICD1/hes1 (Fig.  6d③–④, e③–④, 
f③–④, g③–④, h③–④, j③–④). We also assessed the 

expression levels of nicastrin/NICD1/hes1 mRNA, the 
results showed that compared with WT mice, the expres-
sions of nicastrin (skin P = 0.0009, brain P = 0.0194, liver 
P = 0.0066), NICD1 (skin P = 0.0115, brain P = 0.0307, 

Fig. 3 PCR target fragment size: WT (wild type): one band at 178 bp. Heterozygous (flox/ +): 2 bands at 252 bp and 178 bp. Homozygous (flox/flox): 
1 band at 252 bp. Cre amplicon: 180 bp. a PCR results: NCSTN(flox/ +) mice successfully obtainhad that it had 2 bands at 252 bp and 178 bp. b PCR 
results: CAGGCre–ERTM mice was verified that it had 1 band at 180 bp
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Fig. 4 a PCR results in NCSTN(flox/ +),CAGGCre–ERTM mice; F + express F-positive and C + express C-positive bands (F: flox–−252 bp + 178 bp; C: 
cre–−180 bp). b PCR results of successful deletion of NCSTN in mice injected with tamoxifen. In figure b, all mice showed 1 band at around 251 bp. 
c1/c2/c3 c1, c2 and c3 show the relationship between tamoxifen dose, application method, sex, and knockout efficiency, respectively; statistical 
analysis using chi-square test, P > 0.05 express ns. Low dose: 10 mg/kg/day; medium dose: 20 mg/kg/day; high dose: 30 mg/kg/day
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Fig. 5 Phenotypic changes in skin of NCSTN gene knockout mice; the skin lesions include shedding hair, recurrent inflammatory papules, 
plaques, pustules, cysts, ulcer, and scars. The above skin lesions are mainly concentrated in the posterior neck (a1), back (a2, a3, a4), groin (b2–b4), 
axilla (b4), and mouth and nose (a2) (as shown by yellow arrows). b1–b4 show the changes in skin phenotypes over time in the same NCSTN 
gene knockout mice without tamoxifen (b1) and after tamoxifen injection (b2–b4). The observation time of the skin phenotype was recorded 
after induction of NCSTN gene knockout mice with tamoxifen (b2 > 6 weeks, b3 > 10 weeks, b4 > 6 months) (as shown by the yellow arrow). c1–d6: 
Microscopic features of skin in wild type and NCSTN gene knockout mice; c1 and c2 are pathological manifestations of skin in wild-type mice 
(c1 × 100; c2 × 400). Compared with the microstructure of skin tissue in wild-type mice, NCSTN gene knockout mice show epidermal thickening 
(d2 × 100, d3 × 100), increased inflammatory cells (d2 × 100, d3 × 100), keratosis of hair follicles (d2 × 100, d4 × 100, d5 × 400), fewer hair follicles 
(d1 × 100, d2 × 100), and full-layer loss of epidermis in severe cases (d1 × 100, d6 × 400). These skin manifestations are shown by yellow arrows. 
e Relationship between sex (male VS female) and skin lesion phenotype in NCSTN gene knockout mice by Fisher’s exact test, P < 0.05. This result 
shows that the sex of mice correlates with skin lesion (+ : skin lesions; −: normal)
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liver P = 0.008), hes1 (skin P = 0.0476, brain P = 0.0143, 
liver P = 0.0003) in mice model all decreased (P < 0.05, 
Fig. 7a–c), and the result is statistically significant.

Discussion
Nicastrin is a subunit of the γ-secretase that cleaves inte-
gral membrane proteins, including notch receptors and 
beta-amyloid precursor protein, and may be a stabilizing 
cofactor that is required for γ-secretase assembly [1]. The 
γ-secretase is involved in the third step of notch cleavage, 
converting inactive notch into active NICD, which then 
enters the nucleus and binds downstream signaling mol-
ecules. Notch protein is widely expressed in a variety of 
species and primarily transmits signals from cell to cell, 
ultimately determining cell fate and influencing organ 
formation and morphogenesis. Studies [11] shown that 
nicastrin is closely related to the notch pathway.

In this study, NCSTN (flox/+), CAGGCre–ERTM 
mice were induced by tamoxifen, tamoxifen is an estro-
gen receptor ligand that is widely used in inducible gene 
knockout models. However, tamoxifen is toxic over a 
certain dose, and its concentration correlates positively 
with drug toxicity [26]. In the construction of knock-
out mice, the dose of tamoxifen affects the growth of 
normal bone tissue, and doses over 25 mg/kg can dam-
age gastric cells [18, 27]. Thus, the appropriate dose of 
tamoxifen can reduce its toxic and side effects on mice 
and prevent abnormal lesions from forming in NCSTN 
conditional knockout mice. We used 3 low dosages of 
tamoxifen (10 mg/kg/day, 20 mg/kg/day, and 30 mg/kg/
day) for 6 days in the induction phase, all of which suc-
cessfully deleted the target gene. On the other hand, the 
knockout efficiency in different route of administration 
was consistent in this experiment. Induction by tamox-
ifen has been reported [28] to be more readily absorbed 
by gavage, thus, gavage injection and low dose adminis-
tration should be prioritized to increase drug absorption 
and reduce the side effects of tamoxifen.

As a notch classical pathway, notch–hes1 signaling 
[29–31] has been studied widely in diseases that involve 
the blood, digestive, respiratory, reproductive, skeletal, 

and nervous systems, and the activity of the γ-secretase 
complex and notch signaling is affected when nicas-
trin is inhibited [32]. The study showed that the expres-
sion of NICD1 and hes1 in the skin tissue of HS patients 
was decreased compared with that of normal skin [33], 
one cell experiments [34] showed that after treatment of 
hair follicle stem cells with DAPT, a γ-secretase inhibi-
tor, NICD and hes1 were downregulated. In the pre-
sent experiment, we found that the protein and mRNA 
expression of nicastrin, NICD1 and hes1 decreased in 
the skin, brain, and liver of the NCSTN gene knockout 
mice, this results supports that knockout NCSTN gene 
can down-regulate notch1 and hes1 expression, and the 
NCSTN gene knockout mice model may study diseases 
that involve the nicastrin–notch1–hes1 pathway. Mean-
while, there are few study report the role of hes1 in HS, 
NCSTN conditional knockout mice may be used to study 
the role of notch1–hes1 in HS in the future.

Approximately 4  weeks after injection, some NCSTN 
gene knockout mice showed pathological changes in the 
skin, such as recurrent inflammatory papules, plaques, 
pustules, cysts, ulcer, and scars on the posterior neck, 
back, groin, axilla, mouth, and nose, with time increas-
ing, more mice developed skin lesions and shed their 
hair, and the skin was thick and hard around the scar-
like lesions. These abnormal skin changes were similar to 
those that have been reported in in patients with HS [35]. 
By HE staining, the skin lesions showed thickening of the 
epidermis, fewer hair follicles, and keratinization of hair 
follicles, consistent with the pathological results of clini-
cal patients with HS [36]. One case report [36] showed 
that in HS patients, notch1 and NCSTN mRNA expres-
sion decreased in the lesion skin, this result suggested 
that the low expression of nicastrin may be related to the 
occurrence of HS. Combined with the similar lesions in 
experiment mouse, this result support the NCSTN con-
ditional knockout mice may be as animal model to study 
the HS. Furthermore, one report suggests that a patient 
taking a GSC inhibitor exhibited skin changes similar to 
those of HS, and the patient explicitly affirmed that the 
GSC inhibitor was associated with the skin lesion [37]. 

Fig. 6 Immunohistochemistry of skin, brain, and liver specimens of wild-type mice (a①–j① × 100; a②–j② × 400) and NCSTN gene knockout 
mice (a③–j③ × 100; a④–j④ × 400). Staining for nicastrin (WT-a①/a② and NCSTN gene knockout mice-a③/a④), NICD1 (WT-b①/b② 
and NCSTN gene knockout mice-b③/b④), and hes1(WT-c①/c② and NCSTN gene knockout mice-c③/c④) in skin tissues mainly in epidermis 
and hair follicles; in brain tissues, staining for nicastrin (WT-d①/d② and NCSTN gene knockout mice-d③/d④) mainly in neuronal cells and glial 
nuclear plasma. NICD1 (WT-e①/e② and NCSTN gene knockout mice-e③/e④) mainly expressed in glial nuclear plasma, with a small amount 
in nerve cells, and hes1(WT-f①/f② and NCSTN gene knockout mice-f③/f④) expressed in neuronal cells, with a small amount in glial nuclear 
plasma. In liver tissues, staining for nicastrin (WT-g①/g② and NCSTN gene knockout mice-g③/g④), NICD1 (WT-h①/h② and NCSTN gene 
knockout mice-h③/h④), and hes1(WT-j①/j② and NCSTN gene knockout mice-j③/j④) mainly in the nucleus of hepatic sinusoidal endothelial 
cells. Compared with wild-type mice (a①–j①, a②–j②), the expression of these proteins in skin, brain and liver tissue was lower in NCSTN gene 
knockout mice (a③–j③, a④–j④)

(See figure on next page.)
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In our study, NCSTN gene-knockout mouse models pre-
sented skin lesions similar to those of HS, we hypothesize 
that the downregulation of NCSTN might be related to 

the skin lesions, perhaps increasing the expression of 
NCSTN in HS patients could be beneficial, and the next 
step might be to attempt to increase NCSTN expression 

Fig. 6 (See legend on previous page.)
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and observe changes in skin lesions to offer a promising 
direction for HS diseases.

In this mouse model, which developed skin lesions, we 
found that males developed symptoms earlier and more 
severely than females, and in our statistical analysis, 
sex correlated with skin lesions. According to research 
reports, In Western countries, women are more likely to 
develop hidradenitis suppurativa than men, but in East-
ern countries, the ratio is reversed [38]. Males predomi-
nance in Asian populations, and male is associated with 
greater involvement in the buttocks, perianal and pos-
terior neck [39]. In this study, we also observed a higher 
distribution of skin lesions in the neck in male mice, but 
the number of experimental mice is small and needs to 
be further expanded. A meta-analysis included 10 stud-
ies with a total of 30,125 patients with HS, the male-to-
female ratio of East and Southeast Asian HS patients 
was 0.66, Subgroup analysis by country found the pooled 
proportion of male HS patients to be 0.72 in Japan, 0.67 
in Malaysia, and 0.66 in South Korea [40]. HS predomi-
nantly affects males in Japan [35]. In lineages of familial 
HS, there are more male patients [35, 41, 42], and Nishi-
mori et  al. [42] have reported that women have fewer 
symptoms than men. Our findings are consistent with 
these studies and support that gender is involved in HS.

Currently, there have been a few studies report-
ing that NCSTN may be involved in the development 
of brain and liver diseases. Research shows Nicastrin 

can act as a gatekeeper in AD, preventing inappropri-
ate protein cleavage, having a unique advantage of its 
large size [43], inhibiting the Musashi1/Notch1/Hes1 
signal may play a crucial role in learning and memory 
deficits, neural plasticity function disorders, and astro-
cyte hyperplasia[44]. Notch1/hes1 signaling was found 
to play a key role in the pathogenesis of liver injury 
[45], and the abnormally activated notch1–hes1 signal-
ing pathway may be related to the formation of biliary 
cysts in polycystic liver [29]. Maintaining hes1 at a rea-
sonable level plays a related role in liver fibrosis [46]. 
Some studies [9] also found that NCSTN can promote 
the growth and metastasis of hepatocellular carcinoma 
cells, and a notch inhibitor that is based on nicastrin 
can reduce liver fibrosis [47]. In our research result, the 
expression of nicastrin, NICD1, and hes1 in the brain 
and liver tissue of NCSTN gene knockout mice were 
downregulation. Consequently, the results might be 
utilized as an interesting direction to investigate the 
brain and liver diseases associated with notch1–hes1 
signaling pathway.

Due to the small number of experimental animals, it 
is necessary to expand the cohort to verify the occur-
rence of the phenomena above and study the mecha-
nisms of these results. In this study, only HS-like 
lesions were observed through pathology, and relevant 
inflammatory factors were not further studied, the rele-
vant mechanisms of this aspect will be further explored 
in the later stage.

Fig. 7 Nicastrin, NICD1, and hes1 mRNA in skin (a), brain (b), and liver (c) of wild-type and NCSTN gene knockout mice. Relative mRNA expression 
level of nicastrin, NICD1, and hes1 in wild-type mice (n = 3) and NCSTN gene knockout mice (n = 3), by qRT-PCR, using the 2−◮◮CT method 
and student’s t test. Compared wild-type mice, mRNA levels of nicastrin, NICD1, and hes1 in skin (a), brain (b), and liver (c) of NCSTN gene knockout 
mice were all decrease(*P < 0.05; **P < 0.01; ***P < 0.001)
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Conclusion
Ultimately, we generated NCSTN gene knockout mice 
through genetic engineering and administer tamoxifen 
injection, and found that low dosages (10  mg/kg) and 
gavage injections maybe applied preferentially to knock 
out the target gene. In NCSTN gene knockout mice, we 
thought that the lesion bears resemblance to HS, and 
they have the potential to be employed as an HS animal 
model for related research which including pathogenic 
mechanism and therapeutic drugs. Additionally, the 
downregulation of nicastrin expression in skin, brain 
and liver tissues can exert an influence on the expres-
sion of NICD1 and hes1, and future research may delve 
into the manner in which the NCSTN–notch signal-
ing pathway affects skin, brain and liver-related disor-
ders, providing a novel research orientation for related 
diseases.
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