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Targeting the ZMIZ1-Notchl
signaling axis for the treatment
of tongue squamous cell carcinoma

Yunging Pang3*, Yunjie Sun35, Yuyan Wu'3%, Jiamin Li%3, Pingchuan Qin'3,
Shanchuan Guo'3, Wenlian Zhou*, Jian Chen?** & Jing Wang-3**

Zinc finger MIZ-type containing 1 (ZMIZ1) is a transcriptional coactivator related to the protein
inhibitors of activated STATs (PIAS) family. Mounting evidence suggests that ZMIZ1 plays a crucial
role in the occurrence and development of cancers. The function of ZMIZ1 in tongue squamous cell
carcinoma (TSCC) and the mechanisms underpinning its role in this disease have not been fully
clarified. We performed qualitative ZMIZ1 protein expression analyses using immunohistochemistry
in 20 patient-derived, paraffin-embedded TSCC tissue sections. We used RNAi to knock down

ZMIZ1 expression in the CAL-27 TSCC cell line and quantified the impact of ZMIZ1 knock down on
proliferation, migration and apoptosis via CCK-8, scratch assay and flow cytometry, respectively.

We used qRT-PCR and western blotting to investigate the role of ZMIZ1 in this cell line. Finally, we
established a model of lung metastasis in nude mice to replicate the in vitro results. ZMIZ1 protein was
significantly more abundant in TSCC case tissue samples. ZMIZ1 knockdown reduced the invasion and
metastases of TSCC tumor cells and promoted apoptosis. ZMIZ1 knockdown was associated with the
down-regulation of Notch signaling pathway related factors Jaggedl and Notchl, and invasion and
metastasis related factors MKP-1, SSBP2 and MMP?7 in vitro and in vivo, at the mRNA level. In vitro
and in vivo data suggest that knock down of ZMIZ1 may inhibit TSCC invasion and metastasis by
modulating Notch signaling. ZMIZ1 inhibition may therefore represent a new therapeutic target for
TSCC.
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Tongue squamous cell carcinoma (TSCC) is an oral squamous cell carcinoma, characterized by high risk of
recurrence, metastatic, and poor prognosis!. TSCC predominantly manifests as moderately to well-differentiated
squamous cell carcinoma originating from epithelial cells. It commonly occurs at the margin of the tongue and
is associated with smoking, alcohol abuse, betel nut chewing and oral inflammation®. Presently, the primary
treatment approach is surgical resection supplemented by a comprehensive sequential therapy combining radio-
therapy, chemotherapy, and other targeted treatments®*. Despite this treatment regime, TSCC exhibits early
lymph node metastasis, high rates of malignancy, rapid growth, lack of early specific biomarkers, and difficult
diagnosis, leading to a 5-year survival rate of only 30-50%°. Thus, urgent investigation of TSCC pathogenesis
and metastasis is required at the molecular level with the aim of developing novel therapeutics.

We previously reported that ZMIZ1 and Notch1 expression were associated with the anti-proliferative agent
evodiamine (EVO) treatment in CAL-27 cells by gene-chip analysis’. These findings suggested that Notch1 and
ZMIZ1 may represent therapeutic targets for treatment of TSCC.

Notchl, a member of the Notch family, is closely associated with various types of cancers including breast®,
leukemia’, colorectal '°, and head and neck squamous cell cancers!!. Deng et al.'> used TCGA and METABRIC
gene expression data to report a positive correlation between elevated Notch1 expression and the incidence of
triple-negative breast cancer (TNBC). Notch1 activation compensated for BRCA1 deficiency, promoting TNBC
formation and epithelial-mesenchymal transition (EMT), thereby driving TNBC metastasis and progression.
Furthermore, cancers in which Notchl is overexpressed display increased likelihood of lymph node metastasis,
higher TNM staging, and significantly reduced overall patient survival rates'*!*. Notably, in human tongue cancer,
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Notchl exhibited elevated expression and promotes TSCC invasion and metastasis by modulating the expression
of matrix metalloproteinases (MMPs) and epithelial-mesenchymal transition'*. Moreover, Notch1 expression
can be used as a primary biomarker to aid early diagnosis of TSCC as well as providing prognostic value'®.

ZMIZ1 (Zinc finger MIZ-type containing 1), also known as ZIMP10 or RAI17, is a transcriptional coactivator
associated with the protein inhibitors of activated STATs (PIAS) family. ZMIZ1 expression is elevated in various
tumors and is linked to clinical characteristics such as age of onset, progression, malignancy, prognosis, and
chemotherapy resistance'®!”. ZMIZ1 was reported to regulate Notch1 expression, targeting the Hes1 and Myc
genes to modulate precursor T-cell development'®. Furthermore, ZMIZ1 is involved in transcriptional activation
of Notch1 target genes 7. Through direct interaction with Notch1l, ZMIZ1 was commonly co-expressed with
activated Notch1 in T-cell acute lymphoblastic leukemia (T-ALL) '8. Knockout of ZMIZ1 inhibited the occurrence
of Notch1-induced leukemia, and it was proposed that targeting ZMIZ1 could treat lymphocytic leukemia'*%.
Together, these studies suggest that ZMIZ1 might act as a direct transcriptional co-factor for Notchl, and dis-
rupting the Notch1-ZMIZ1 interaction may impact upon tumorigenesis, proliferation and metastasis in various
cancers.

In this study, we aimed to explore the ZMIZ1-Notchl axis as a potential therapeutic strategy in TSCC. We
clarified the role of ZMIZ1 in the occurrence and development of TSCC. We knocked down ZMIZ1 in TSCC
tumor cells and investigated the impact on TSCC invasion and metastasis in vitro and in vivo. Then, we detected
the expression of invasion and metastasis related factors to explore the molecular mechanisms linking ZMIZ1
and Notchl, include mitogen-activated protein kinase phosphatase-1 (MKP-1), single-stranded DNA binding
protein 2 (SSBP2) and matrix metalloproteinase 7 (MMP7).

Materials and methods

Patients and clinical specimens

Twenty specimens of human TSCC embedded in paraffin were used. The specimens were collected from the first
and second hospitals of Lanzhou University (Gansu, China). The basic clinical information of TSCC patients
is shown in Supplementary Table 1. The informed consent forms were duly signed by and collected from all
patients. This study was approved by the Medical Ethics Committee of Lanzhou University School of Stomatol-
ogy (Gansu, China). And all authors confirmed that methods used were carried out in accordance with relevant
guidelines and regulations.

Reagents

LV-ZMIZ1-RNAi was designed by Shanghai Genechem Co., LTD. (Shanghai, China). Antibodies against ZMIZ1,
Jagged1, Notchl, MKP-1, SSBP2 and MMP7 were procured from Abcam (MA, USA). Antibodies against GAPDH
were purchased from ImmunoWay (Texas, USA). Secondary antibody was purchased from Wuhan Boster Com-
pany (Wuhan, China). All other reagents and compounds were of analytical grade and purchased from local
chemical suppliers in China.

Cell culture and transfection

Human TSCC cell line CAL-27 was purchased from ATCC (https://www.atcc.org/products/all/CRL-2095.aspx).
STR analysis was performed in this cell line to ensure the authentication of human cell lines, and was cultured
in a humidified CO, incubator at 37 °C. Cells were maintained in Dulbecco’s modified Eagle medium (DMEM)
containing 10% fetal bovine serum (FBS) and 100 U/mL penicillin and 100 U/mL streptomycin. According to
the manufacturer’s protocol, LV-ZMIZ1-RNAi was used for cell transfection. CAL-27 cells were seeded into
a six-well plate (3-5 x 10* cells per well), and cultured in 2 mL complete medium until cells were 60% to 80%
confluent. Then, the medium was changed to 1.8 mL complete medium and 200 uL LV-ZMIZ1-RNAi complex
(containing 2 pl polybrene), and the transfection was confirmed under fluorescence microscope after 72 h selec-
tion with puromycin.

RNA extraction and quantitative real-time polymerase chain reaction (QRT-PCR)

According to the reagent instructions, total RNA in cells and tissues was extracted using TRIzol reagent (Invit-
rogen). RNA was reverse-transcribed into cDNA using Takara Reverse Transcription Kit (Takara Bio Inc.), and
qRT-PCR was performed using SYBR Premix Ex Taq II (Takara Bio Inc.). The relative gene expression level was
calculated according to the 2"22CT method, and the relative expression level of mRNA was standardized using
GAPDH. Table 1 listed all primers and related sequences used in the experiment.

CCK-8 assay

TSCC cell proliferation was detected by CCK-8 analysis. TSCC cells were inoculated into 96-well plates at 2000
cells/well, and 10 uL. CCK-8 solution was added to each well after 24, 48, 72, 96 and 120 h as per the manufac-
turer’s instructions (Dojindo China CO., Ltd, Shanghai, China). The absorbance value was measured at 450 nm
after culturing at 37 °C for 2 h.

Wound healing assay

CAL-27 cells were inoculated in a six-well plate with DMEM containing 10% FBS until confluent. The cells
were scraped with a sterile 200 uL pipette head to form an artificial wound. Three random images in each field
were obtained with inverted microscope at 0, 24, 48, and 72 h after injury to assess wound healing. The average
migration rate of cells of each group was calculated using Image] software.
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Gene name | Sequence (5'-3) Tm | Amplicon length(bp)
IMIZ1 F: CTGGAGGTGGATCAGTACATGTGG | 65 24
R: GACATTGGGCATGATCATCTGG 64.8 |22
F: AACGGTGCCCAGTGCTACAA 59.9 |20
Jeggedl R: GCCACTGTGCAGCTGTCAATC 59.8 |21
F: AATGTGGATGCCGCAGTTG 63.1 |19
Noteht R: ATCCGTGATGTCCCGGTTG 64.1 |19
F: GGACATTCTGGAAATGACAGTGA | 54.6 |23
Hes-1 R: AGCACACTTGGGTCTGTGCTC 60.5 |21
GAPDH F: GCACCGTCAAGGCTGAGAAC 63.3 |20
R: TGGTGAAGACGCCAGTGGA 64 19

Table 1. The primer sequences used in this study.

Annexin V-APC apoptosis detection

Annexin V-APC Cell Apoptosis Detection Kit (Biolab Technology Co., Ltd., Beijing, China) was used to deter-
mine the proportion of apoptotic cells in each group. The measurements were made according to the manufac-
turer’s instructions. Cells were digested with EDTA-free trypsin. The collected cells were placed in a centrifuge
tube, centrifuged and washed twice in pre-cooled PBS, and suspended in 500 pL 1x binding buffer, then incu-
bated with 5 uL of Annexin V-APC. Cells were protected from light at room temperature for 10 min. Apoptotic
cells were detected by FACsCalibur (BD Bioscience, San Jose, CA, USA).

Western blots

CAL-27 cells were cultured for 48 h following transfection, and whole protein was extracted using RIPA lysis
buffer (Thermo Fisher Scientific) and quantified with the BCA kit (Beyotime Biotechnology). The sample (10 pg)
was collected, separated by 10% SDS-PAGE, and transferred to PVDF membrane. Then, under gentle agita-
tion, the membrane was blocked at 37 °C for 2 h. After that, primary antibody was added to incubate at 4 °C
overnight, and secondary antibody was added to incubate at 37 °C for 2 h. Chemiluminescence was detected by
ultra-sensitive chemiluminescence fluid (Millipore), and then processed and analyzed by a chemiluminescence
imaging system. GAPDH was used as an internal reference protein. The antibodies and concentrations used in
this experiment were as follows: ZMIZ1 (1:500; Abcam); Jagged1 (1:1000; Abcam); Notch1 (1:1000; Abcam);
MKP-1 (1:1000; Abcam); SSBP2 (1:1000; Abcam); MMP7 (1:1000; Abcam); GAPDH (1:5000; ImmunoWay) and
HRP-conjugated secondary antibody (1:10,000; Boster). The band density was analyzed using Image]J software.
All fold changes of band density were normalized to the control group.

In vivo metastasis assay

For experimental purposes, all nude mice experiments were conducted in accordance with the “Guidelines for
Animal Care and Use” (NIH), the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines, and
were approved by the Medical Ethics Committee of Lanzhou University School of Stomatology. Male thymus free
BALB/C nude mice (nu/nu) aged 4-6 weeks were purchased from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. (Beijing, China). Mice were raised in a laminar flow cabinet free of specific pathogens, and had
free access to food and high-pressure water with a dark/light cycle every 12 h. Nude mice were randomly divided
into two groups (NC control group, LV-ZMIZ1 group). For the LV-ZMIZ1 group, 200 uL of 1 x 107/mL CAL-27
cell suspension was injected through the tail vein (n=8 animals in each group). Food, water consumption and
body weight were measured every three days. At the 8th week after tail vein injection, mice were sacrificed, lung
tissues were dissected and photographed, lung histopathological sections were used for hematoxylin—eosin stain-
ing (HE) staining and immunohistochemistry (IHC), and the numbers of lung tumor metastases were counted.

Hematoxylin—eosin (HE) staining

Lung samples were extracted from control and LV-ZMIZ1 lung metastasis models for HE staining. The lung
tissue was fixed in 10% formalin for 24 h, embedded in paraffin, cut to 4 pm thickness, stained with HE, dehy-
drated, transparent, dry, and sealed with neutral gum. Each section was observed under the microscope (Leica
Microsystems).

Immunohistochemistry (IHC)

In brief, the sections from the specimens of human TSCC and the lung samples of nude mice were dewaxed
and dehydrated. Endogenous peroxidase activity was blocked with 3% methanol hydrogen peroxide solution
for 20 min, and non-specific immune-reactivity was eliminated by 10% normal goat serum for 30 min. Then,
the tissue sections were incubated with the primary antibody. Antibodies were anti-ZMIZ1 (1:100, Abcam),
anti-Jaggedl (1:200, Abcam), anti-Notchl (1:200, Abcam), anti-MKP-1 (1:200, Abcam), anti-SSBP2 (1:200,
Abcam), anti-MMP7 (1:200, Abcam). For the negative control, the primary antibody was replaced by PBS. The
specimens were washed 3 times with PBS, and incubated with the goat anti-rabbit secondary antibody (ZSGB-
Bio) labeled with peroxidase polymer at room temperature until positive brown staining appeared. Samples were
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then incubated with diaminobenzidine, counterstained with hematoxylin, dehydrated and covered with glass
slides. Sections were observed under the microscope. IHC was quantitatively analyzed using Image J software,
with average optical density (AOD) serving as the intensity of staining. The “Integrated density” and “Area” tools
were used. AOD =Integrated density/Area. The detailed information has been added in our article.

Statistical analysis

All the experiments were repeated at least three times. The data are expressed as mean + standard deviation (SD).
Statistical comparisons were performed by student T test or one-way ANOVA as implemented in the GraphPad
Prism software (version 6.0, GraphPad). P values <0.05 was considered statistically significant.

Results
ZMIZ1 expression is elevated in TSCC tissue
We first aimed to characterize ZMIZ1 protein expression in samples derived from TSCC patients. The protein
abundance levels of ZMIZ1 were assessed through IHC in 20 paraffin-embedded TSCC tissue sections. ZMIZ1
demonstrated positive expression in both the cell membrane and cytoplasm. ZMIZ1 protein expression appeared
to be abundant within the TSCC tumor tissue, but weakly expressed in adjacent non-tumor tissue (Fig. 1A and
Fig. S1).

Having confirmed expression of ZMIZ1 protein in TSCC samples, we investigated the specific role of ZMIZ1
in TSCC. We established CAL-27 cell lines transfected with LV-ZMIZ1-RNAi (experimental group) and LV-
Ctrl-RNAI (control group). Lentiviral vectors were used to construct LV-ZMIZ1-RNAi and LV-Ctrl-RNAi, then
transfected into CAL-27 cells. An immunofluorescence assay confirmed that the efficiency of lentivirus transfec-
tion into CAL-27 cells exceeded 80% (Fig. 1B). The expression of ZMIZ1 was then detected by qRT-PCR and
western blotting. ZMIZ1 mRNA and protein levels were significantly decreased (mRNA knockdown to 56%,
P<0.01; protein knockdown to 22%, P<0.01) in the LV-ZMIZ1-RNAi samples compared to controls (Fig. 1C-E).

Knockdown of ZMIZ1 inhibits proliferation and migration, and promotes apoptosis in CAL-27
cells

Having established a ZMIZ1-knockdown model in CAL-27 cells, we aimed to verify the role of ZMIZ1 in
proliferation, apoptosis, and migration in CAL-27 cells. The CCK-8 assay was used to assess the proliferation
ability of CAL-27 cells after ZMIZ1 was knocked down. The proliferation of the ZIMZ1 knockdown group was
significantly inhibited compared with the control group (Fig. 2A; P<0.05).

The proportion of apoptotic cells in each group was measured by flow cytometry (Annexin V-APC single
staining), and the peak value of apoptosis and the percentage of apoptotic cells were obtained. The proportion of
apoptotic cells was increased in the ZMIZ1 knockdown cells, linking ZMIZ1 to apoptosis in these cells (P < 0.05;
Fig. 2B,C).

To investigate the role of ZMIZ1 in migration in CAL-27 cells we performed a wound healing assay. The
results suggested that the scratch healing rate of ZMIZ1 knockdown cells was significantly lower than the control
cells at 48 h (P<0.05), and was more even pronounced at 72 h. This indicated that the migration ability of CAL-
27 cells was inhibited after ZMIZ1 was knocked down (Fig. 2D,E).

ZMIZ1 regulates Notch1l signalling to control CAL-27 cell invasion, metastasis and apoptosis
Having shown that ZMIZ1 knockdown impaired the proliferation and migration of CAL-27 cells, and increased
apoptosis, we investigated the mechanisms governing this behavior. Studies have shown that ZMIZ1 is an active
cofactor of Notchl, and that ZMIZ1 may promote the invasion and metastasis of tumors by regulating the Notch1
signaling pathway'®?°. We therefore investigated the expression of Notch1 signaling pathway proteins, and vari-
ous markers of invasion and metastasis by IHC analysis of TSCC patient tissue sections. Our results indicated
that expression of Notchl protein and its ligand Jagged1 were significantly higher in tumor tissue compared to
normal surrounding tissue (Fig. 3A and Fig. S2). Expression of invasion and metastasis-related proteins MKP-
1, MMP-7, and SSBP2 were also significantly increased in TSCC tumor tissues, consistent with a propensity of
tumor cells to metastasize (Fig. 3A and Fig. S2).

Having confirmed the involvement of Notch1 and metastatic factors in the patient TSCC samples, we aimed
to elucidate the specific molecular mechanisms underlying the involvement of ZMIZ1 in TSCC. We employed
qRT-PCR and western blot analyses to assess the expression levels of Notch1, Jagged1, MKP-1, SSBP2, and MMP7
following ZMIZ1 knockdown in the CAL-27 cell line model. The results confirmed that mRNA and protein
expression levels of Notchl, Jaggedl, MKP-1, SSBP2, and MMP7 were significantly decreased in the ZMIZ1
knockdown cells (Fig. 3B-D). These results suggest that that ZMIZ1 knockdown can reduce the invasion and
migration potential of TSCC tumor cells by modulation of the Notch1 signaling pathway and several invasion
and metastasis markers.

ZMIZ1 regulates invasion and metastasis through the Notchl signaling pathway in TSCC
in vivo

Following the in vitro experiments which demonstrated that the proliferation and migration of CAL-27 cells
were inhibited by ZMIZ1 knockdown, we investigated the role of ZMIZ1 in TSCC metastasis in vivo. CAL-27
cells were transfected with LV-Ctrl-RNAi or LV-ZMIZ1-RNAi and were injected into the tail veins of nude mice
to establish a lung metastasis model. We found no significant difference in the body weight of the mice between
those inoculated with LV-Ctrl-RNAi and those with LV-ZMIZ1-RNAi (P> 0.05; Fig. 4A). After 50 days, the
nude mice were sacrificed and lung tissues were isolated to observe metastases under the microscope. Count-
ing, photography and HE staining were performed. The results revealed that there were fewer lung metastases

Scientific Reports |

(2024) 14:13577 | https://doi.org/10.1038/s41598-024-59882-y nature portfolio



www.nature.com/scientificreports/

ZMIZ1

LV-Ctrl

LV-ZMiz1

Non-tumor tissues Tumor tissues

1.5

1.0

*%

0.5+

relative mRNA level
(ZMIZ1/GAPDH)

0.0-

DIC GFP

1.5

ZMIZ1 - 1.0

GAPDH | WD S

0.5+

(ZMIZ1/GAPDH)

relative protein expression

0.0-

Q N
o &
¥ N
V o

&

Figure 1. The expression of ZMIZ1 in TSCC tissues and establishment of TSCC cell lines with ZMIZ1 stable
knockdown. (A) The expression of ZMIZ1 in TSCC tissues and adjacent non-tumor tissues were detected by
IHC. (B) Fluorescence microscopy was used to detect the transfection efficiency of lentivirus with GFP in CAL-
27 cells. (C) gRT-PCR was used to detect the expression of ZMIZ1 mRNA in CAL-27 cells after knockdown of
ZMIZ1 mRNA. (D, E) Western blot was used to detect the expression of ZMIZ1 protein in CAL-27 cells after
ZMIZ1 knockdown. The data shown represent the mean + SD. *P<0.05, **P<0.01, **P<0.001.

in the mice inoculated with LV-ZMIZ1-RNAi CAL-27 cells compared to the control group, and the volume of
metastases was larger in the control group (P < 0.05; Fig. 4B). Microscopic observation of lung metastatic tumors
showed tightly arranged tumor cells with large and deep nuclei, infiltrated nuclear membranes, and distinct
nucleoli in the control group. In contrast, tumors from mice with the LV-ZMIZ-RNAi CAL-27 cells displayed
diffuse arrangements, appearing in streaks and clusters, accompanied by bleeding and necrosis in metastatic
lesions (thickness =4 pum, P <0.05; Fig. 4C,D). Expression levels of Jaggedl, MKP-1, MMP7, Notch1, SSBP2,
and ZMIZ1 in tumor tissues of LV-ZMIZ1-RNAi CAL-27 mice were decreased compared to the control group
(P<0.05; Fig. 4E-H and Fig. S3). These results suggest that targeted inhibition of the ZMIZ1-Notch1 signaling
pathway may reduce the expression of invasion and metastasis-related factors (MKP-1, SSBP2, and MMP?7),
thereby suppressing the invasion and metastasis potential of TSCC tumor cells.

Discussion

TSCC is an oral and maxillofacial squamous cell carcinoma with high morbidity and mortality rates. Due to
its location of origin, its prognosis and survival rate are poor. At present, gene-targeted therapy has become a
treatment option due to its unique advantages®!. However, it has not been utilized in the treatment of TSCC. In
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Figure 2. The effect of LV-ZMIZ1-RNAi on proliferation, apoptosis and migration of CAL-27 cells in vitro.

(A) CCK-8 was used to quantify the effect of LV-ZMIZ1-RNAi on the proliferation ability of CAL-27 cells

in vitro. NC=control, KD = ZMIZ1 knockdown. (B) Flow cytometry was used to detect the effect of LV-ZMIZ1-
RNAi on the apoptosis of CAL-27 cells in vitro. (C) Quantitative analysis of the apoptosis of CAL-27 cells. (D)
Wound healing assay showed the migration ability of cells in the two groups at 0, 24, 48 and 72 h, respectively.
(E) Quantitative analysis of cell migration width in wound healing experiment. The data shown represent the
mean +SD. *P<0.05, *P<0.01.

this study, we found that ZMIZ1 and Notch1 expression of human TSCC were significantly elevated. Knocking
down ZMIZ1 in CAL-27 cells markedly reduced Notch1 expression, diminished cell proliferation and promoted
apoptosis. Hence, we speculated that ZMIZ1 gene may play a regulatory role in the occurrence, development,
invasion and metastasis of TSCC, and this function may be achieved by regulating the Notch1 signaling pathway.
Notchl, the first Notch receptor discovered in mammals, exhibits heightened expression in various tumors,
closely associated with increased cancer stem cells, tumor invasion, metastasis, and drug resistance?. In head and
neck squamous cell carcinoma, Notch1 is the second most commonly mutated gene after TP53, where inactivating
mutations exert tumor-suppressive effects, and activating mutations or upregulation of expression contribute to
carcinogenesis®’. The expression of Notch1 is reportedly up-regulated in oral squamous cell carcinoma, correlat-
ing with T-stage and clinical staging'®. Additionally, membranous Notch1 expression serves as a robust independ-
ent prognostic factor for improved outcomes in head and neck squamous cell carcinoma?!. Our investigations
show that Notch1 expression was elevated in TSCC patient tumor tissues compared to non-tumor tissues, which
may be driving carcinogenesis. Consistent with our findings, Notchl expression was upregulated in tongue
cancer tissues, and inhibition of Notch1 reduced proliferation, invasion, and migration of tongue cancer cells®.

Targeting of Notchl as a therapeutic strategy has undergone extensive investigation, utilizing various methods
for its inhibition in cancer treatment, including Notch1 monoclonal antibodies, Notch1 siRNA, and y-secretase
inhibitors®. In adenoid cystic carcinoma (ACC), mutations in the Notchl gene which impair function correlate
with higher metastatic rates and shorter survival periods. Treatment with the Notchl monoclonal antibody
bronticuzumab could delay ACC progression and contribute to partial reduction of tumor volume?”*. siRNA
targeting Notch1 significantly reduces Notch1 expression, thereby inhibiting tumor cell proliferation and migra-
tion, inducing cell apoptosis, and exhibiting anticancer effects?**’. Among these approaches, research has focused
on y-secretase inhibitors (GSIs), which exert promising anticancer effects when used alone or in combination
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Figure 3. The potential mechanism of ZMIZ1 regulation of invasion and metastasis in CAL-27 cells. (A) IHC
was used to detect the protein expression of Notchl, Jagged1l, MKP-1, SSBP2, MMP7 in TSCC tissues and
adjacent non-tumor tissues. (B) qRT-PCR was used to detect the mRNA expression of Notch1, Jagged1, MKP-1,
SSBP2 and MMP7 in CAL-27 cells. (C, D) Western Blot were used to detect the protein expression of Notchl,
Jaggedl, MKP-1, SSBP2 and MMP7 in CAL-27 cells. The data shown represent the mean+ SD. *P< (.05,
*P<0.01, **P<0.001.
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Figure 4. The effect of knocking down ZMIZ1 on the metastasis of TSCC in the nude mouse lung metastasis
model. (A) After tumor cells were injected into the caudal vein, the weight change curves of nude mice were
measured every 3 days. (B) Comparison of lung tissues of nude mice in control and the ZMIZ1 knockdown
model. (C, D) HE sections and the number of lung metastases in nude mice. (E) Protein expression of Jagged1,
MKP-1, MMP7, Notch1, SSBP2 and ZMIZ1 in the tissues of lung metastatic tumors in nude mice. (F-G) qRT-
PCR and western blot were used to detect mRNA and protein expression of Notchl, Jaggedl, MKP-1, SSBP2,
MMP7 and ZMIZ1 in tumor tissues of nude mice. The data shown represent the mean +SD. *P<0.05, **P<0.01.
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with other anticancer drugs®. However, anti-tumor strategies targeting Notch1 all have side effects to varying
degrees. Therefore, a balanced approach is necessary where there is a continual need to explore safer approaches
for targeted Notchl inhibition in anticancer strategies.

Previous research has confirmed that ZMIZ1 may be a direct and selective co-factor of Notch1'*2. ZMIZ1
collaborates with Notch1 to activate c-Myc transcription and promotes M2 polarization in Kupffer cells, thereby
enhancing hepatocellular carcinoma transformation®’. However, knockdown of ZMIZ1 in Kupffer cells inhibited
M2 polarization, which consequently restrained hepatocellular carcinoma progression. Similarly, in leukemia,
the interaction between ZMIZ1 and Notch1 enhances C-MYC transcription and activity, facilitating leukemia
initiation and progression, while ZMIZ1 inhibition attenuates leukemia progression®. Crucially, ZMIZ1 plays a
minor role in intestinal homeostasis or bone marrow suppression. Hence, targeting ZMIZ1 can avoid the associ-
ated toxicities related to direct Notch1 targeting®.

Our study demonstrated that knocking down ZMIZ1 significantly suppressed the expression of Notchl and
its ligand Jagged1, confirming the correlation between ZMIZ1 and Notchl. Simultaneously, the suppression of
ZMIZ1 expression inhibited the proliferation and migration of CAL-27 cells while promoting apoptosis. These
findings indicated that ZMIZ1 may be a potential therapeutic target for the treatment of TSCC.

Our investigation further explored the specific mechanisms underpinning the ZMIZ1 influence on the inva-
sion and metastasis of TSCC. Studies have shown that the expression of MMP7 was increased in tumor patients
and was related to the depth of tumor invasion, size and number of lymph node metastases. MMP7 plays an
important role in the malignant biological behavior of tumors*. Therefore, MMP7 can be used as a related
effector of invasion and metastasis. Similarly, MKP-1 is overexpressed in several cancer types, associated with
cancer progression, and may be a potential prognostic marker®. In T-ALL cell lines, cells with MKP-1 deficiency
exhibited compromised tumorigenicity, which was regulated by Notch3%. SSBP2 is widely studied as a tumor
suppressor, and downregulation of SSBP2 expression inhibited tumor cell growth and increased susceptibility of
malignant tumors®”*. However, some studies have indicated that overexpression of SSBP2 can exert oncogenic
effects which correlated with adverse clinical outcomes in hepatocellular carcinoma and glioblastoma**°. Qur
research observed increased expression of MMP-7, MKP-1, and SSBP2 in TSCC tissue, suggesting that the inva-
sion and metastasis of TSCC may be related to the expression of these genes. Furthermore, our results found
that knockdown of ZMIZ1 correlated with decreased expression of MMP-7, MKP-1, and SSBP2, indicating that
ZMIZ1 may influence the invasion and metastasis of TSCC by regulating the expression of MMP-7, MKP-1,
and SSBP2.

In summary, ZMIZ1 knockdown significantly inhibits the proliferation and migration of CAL-27 cells. This
mechanism potentially involves ZMIZ1 as an oncogene that activates the Notch1 signaling pathway, thereby
promoting the invasion and migration of TSCC. Thus, ZMIZ1 may be a potential treatment target for TSCC.

Conclusion

In conclusion, our investigation about the role of TSCC sheds light on its significance as a potential therapeutic
target. Through a series of experiments involving ZMIZ1 knockdown, we observed a substantial inhibition in
the proliferation and migration of CAL-27 cells. This suggests a pivotal role for ZMIZ1 as an oncogenic driver,
possibly operating by activating the Notch1 signaling pathway, thereby facilitating TSCC invasion and migration.
Additionally, our findings highlighted the association of ZMIZ1 with key factors involved in tumor progression,
such as MMP7, MKP-1, and SSBP2, underscoring its multifaceted impact on TSCC biology. The identification
of ZMIZ1 as a probable regulator of these invasive and metastatic factors emphasizes its potential as a promising
therapeutic target for TSCC. The molecular mechanism of ZMIZ1 influencing the progression of TSCC needs
to be further studied to provide new ideas for the targeted therapy of TSCC.
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The full data used to support the findings of this study are available from the corresponding author upon request.

Received: 6 January 2024; Accepted: 16 April 2024
Published online: 12 June 2024

References
1. Zhuang, X. M. & Zhou, B. CXCR4 enhances cisplatin resistance of human tongue squamous cell carcinoma. J. Oral Pathol. Med.
48(2), 122-128 (2019).
2. Matsuo, K. et al. Expression and significance of laminin receptor in squamous cell carcinoma of the tongue. J. Oral Pathol. Med.
51(3), 263-271 (2021).
3. Best, D. L. et al. Squamous cell carcinoma of the tongue in young patients: A case series and literature review. J. Oral Maxillofac.
Surg. 79(6), 1270-1286 (2021).
4. Feng, Z. et al. A pilot study of modified resection for anterior floor of the mouth squamous cell carcinoma without infiltration of
the mandible. J. Cranio-Maxillofac. Surg. 47(3), 516-522 (2023).
5. Da Silva Souto, A. C. et al. Epidemiology of tongue squamous cell carcinoma: a retrospective cohort study. Oral Dis 29(2), 402-410
(2021).
6. Albuquerque, R. P. P. & Richards, A. Squamous-cell carcinoma of the tongue. N. Engl. J. Med. 374(25), €32 (2016).
7. Wu, Y. et al. Gene regulation analysis of the effects of evodiamine on tongue squamous cell carcinoma. J. Cell. Biochem. 120(9),
15933-15940 (2019).
8. Jiang, H. et al. Jagged1-Notch1-deployed tumor perivascular niche promotes breast cancer stem cell phenotype through Zebl.
Nat. Commun. 11(1), 5129 (2020).
9. Edelmann, ]. NOTCHI1 signalling: A key pathway for the development of high-risk chronic lymphocytic leukaemia. Front. Oncol.
12,1019730 (2022).
10. Tyagi, A., Sharma, A. K. & Damodaran, C. A review on notch signaling and colorectal cancer. Cells 9(6), 1549 (2020).
11. Shah, P. A. et al. NOTCHLI signaling in head and neck squamous cell carcinoma. Cells 9(12), 2677 (2020).

Scientific Reports |

(2024) 14:13577 | https://doi.org/10.1038/s41598-024-59882-y nature portfolio



www.nature.com/scientificreports/

12. Miao, K. et al. NOTCH1 activation compensates BRCA1 deficiency and promotes triple-negative breast cancer formation. Nat.
Commun. 11(1), 3256 (2020).

13. Yoshida, R. et al. The pathological significance of Notch1 in oral squamous cell carcinoma. Lab. Investig. 93(10), 1068-1081 (2013).

14. Li, J.-Y. et al. Numb inhibits epithelial-mesenchymal transition via RBP-Jk-dependent Notch1/PTEN/FAK signaling pathway in
tongue cancer. BMC Cancer 19, 1-10 (2019).

15. Hussein, A. A. et al. A review of the most promising biomarkers for early diagnosis and prognosis prediction of tongue squamous
cell carcinoma. Br. J. Cancer 119(6), 724-736 (2018).

16. Gao, L., Yuan, K., Ding, W. & Lin, M. Notch signaling: A potential therapeutic target for hematologic malignancies. Crit. Rev.
Eukaryot. Gene Expr. 26(3), 239-246 (2016).

17. Lomeli, H. ZMIZ proteins: Partners in transcriptional regulation and risk factors for human disease. . Mol. Med. 100(7), 973-983
(2022).

18. Wang, Q. et al. Stage-specific roles for Zmizl in Notch-dependent steps of early T-cell development. Blood 132(12), 1279-1292
(2018).

19. Pinnell, N. et al. The PIAS-like coactivator Zmiz1 is a direct and selective cofactor of Notch1 in T cell development and leukemiacy5.
Immunity 43(5), 870-883 (2015).

20. Rakowski, L. A. et al. Convergence of the ZMIZ1 and NOTCH1 Pathways at C-MYC in acute T lymphoblastic leukemias. Cancer
Res. 73(2), 930941 (2013).

21. Singh, V., Khan, N. & Jayandharan, G. R. Vector engineering, strategies and targets in cancer gene therapy. Cancer Gene Ther.
29(5), 402-417 (2022).

22. Gharaibeh, L. et al. Notchl in cancer therapy: Possible clinical implications and challenges. Mol. Pharmacol. 98(5), 559-576 (2020).

23. Majumder, S. et al. Targeting Notch in oncology: The path forward. Nat. Rev. Drug Discov. 20(2), 125-144 (2020).

24. Grilli, G. et al. Impact of notch signaling on the prognosis of patients with head and neck squamous cell carcinoma. Oral Oncol.
110, 105003 (2020).

25. Gan, R.-H. et al. Notch1 regulates tongue cancer cells proliferation, apoptosis and invasion. Cell Cycle 17(2), 216-224 (2018).

26. Fukusumi, T. & Califano, J. A. The NOTCH pathway in head and neck squamous cell carcinoma. J. Dent. Res. 97(6), 645-653
(2018).

27. Miller, L. E. et al. A contemporary review of molecular therapeutic targets for adenoid cystic carcinoma. Cancers 14(4), 992 (2022).

28. di Villeneuve, L. et al. Salivary gland carcinoma: Novel targets to overcome treatment resistance in advanced disease. Front. Oncol.
10, 590141 (2020).

29. Mirzaei, S. et al. siRNA and targeted delivery systems in breast cancer therapy. Clin. Transl. Oncol. 25(5), 1167-1188 (2022).

30. Mancarella, S. et al. CD90 is regulated by notch1 and hallmarks a more aggressive intrahepatic cholangiocarcinoma phenotype.
J. Exp. Clin. Cancer Res. 41(1), 65 (2022).

31. Lopez-Nieva, P. et al. More insights on the use of y-secretase inhibitors in cancer treatment. Oncologist 26(2), e298-¢305 (2021).

32. Wang, T. et al. Cellular heterogeneity and transcriptomic profiles during intrahepatic cholangiocarcinoma initiation and progres-
sion. Hepatology 76(5), 1302-1317 (2022).

33. Liu, J., Sun, T. & Yin, L. ZMIZ1 upregulation of TET3-mediated hydroxymethylation induces M2 polarization of Kupffer cells in
hepatocellular carcinogenesis by mediating Notch1/c-Myc signaling. Lab. Investig. 103(12), 100264 (2023).

34. Wu, Y. et al. The prognostic value of matrix metalloproteinase-7 and matrix metalloproteinase-15 in acute myeloid leukemia. J.
Cell. Biochem. 120(6), 10613-10624 (2019).

35. Lei, S. et al. MKP-1 overexpression is associated with chemoresistance in bladder cancer via the MAPK pathway. Oncol. Lett. 20(2),
1743-1751 (2020).

36. Masiero, M. et al. Notch3-mediated regulation of MKP-1 levels promotes survival of T acute lymphoblastic leukemia cells. Leukemia
25(4), 588-598 (2011).

37. Chung, Y. et al. Nuclear expression loss of SSBP2 is associated with poor prognostic factors in colorectal adenocarcinoma. Diag-
nostics 10(12), 1097 (2020).

38. deRe, V. et al. The loss of nuclear expression of single-stranded DNA binding protein 2 of gastric adenocarcinoma and its prognostic
role: Analysis of molecular subtype. Plos ONE 15(8), 0236896 (2020).

39. Kim, H. et al. Single-stranded DNA binding protein 2 expression is associated with patient survival in hepatocellular carcinoma.
BMC Cancer 18, 1-8 (2018).

40. Xiao, Y. et al. SSBP2 variants are associated with survival in glioblastoma patients. Clin. Cancer Res. 18(11), 3154-3162 (2012).

Acknowledgements

This study was supported by the National Natural Science Foundation of China(81773942) , the Scientific and
Technological Foundation of Gansu Province (21JR1RA112, 20JR10FA670), and the School/Hospital of Stoma-
tology Lanzhou University (Izukqky-2022-p04, 1zukqky-2022-t09).

Author contributions

Y.P, Y.S. and Y.W. conceived and designed the study, performed statistical analyses, interpreted the data, and
drafted the manuscript. J.L. partly contributed to the revision of articles and the supplementation of data during
the revision stage. P.Q., and S.G. performed some experiments. W.Z. drafted the manuscript and contributed to
the language polishing of manuscript. J.W. and J.C. contributed to conception, study design, and interpretation
of the data, and drafted the manuscript. All authors critically revised the manuscript, gave final approval, and
agreed to be accountable for all aspects of this study.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-59882-y.

Correspondence and requests for materials should be addressed to J.C. or J.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:13577 | https://doi.org/10.1038/s41598-024-59882-y nature portfolio


https://doi.org/10.1038/s41598-024-59882-y
https://doi.org/10.1038/s41598-024-59882-y
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, 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 changes were made. 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://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024, corrected publication 2024

Scientific Reports |  (2024) 14:13577 | https://doi.org/10.1038/s41598-024-59882-y nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Targeting the ZMIZ1-Notch1 signaling axis for the treatment of tongue squamous cell carcinoma
	Materials and methods
	Patients and clinical specimens
	Reagents
	Cell culture and transfection
	RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR)
	CCK-8 assay
	Wound healing assay
	Annexin V-APC apoptosis detection
	Western blots
	In vivo metastasis assay
	Hematoxylin–eosin (HE) staining
	Immunohistochemistry (IHC)
	Statistical analysis

	Results
	ZMIZ1 expression is elevated in TSCC tissue
	Knockdown of ZMIZ1 inhibits proliferation and migration, and promotes apoptosis in CAL-27 cells
	ZMIZ1 regulates Notch1 signalling to control CAL-27 cell invasion, metastasis and apoptosis
	ZMIZ1 regulates invasion and metastasis through the Notch1 signaling pathway in TSCC in vivo

	Discussion
	Conclusion
	References
	Acknowledgements


