
Liu et al. Molecular Cancer          (2024) 23:104  
https://doi.org/10.1186/s12943-024-01993-1

RESEARCH

DNMT1‑targeting remodeling global 
DNA hypomethylation for enhanced tumor 
suppression and circumvented toxicity in oral 
squamous cell carcinoma
Yangfan Liu1†, Yu Sun1,2†, Jin Yang1†, Deyang Wu1, Shuang Yu1, Junjiang Liu1, Tao Hu1, Jingjing Luo1* and 
Hongmei Zhou1* 

Abstract 

Background  The faithful maintenance of DNA methylation homeostasis indispensably requires DNA methyltrans-
ferase 1 (DNMT1) in cancer progression. We previously identified DNMT1 as a potential candidate target for oral squa-
mous cell carcinoma (OSCC). However, how the DNMT1- associated global DNA methylation is exploited to regulate 
OSCC remains unclear.

Methods  The shRNA-specific DNMT1 knockdown was employed to target DNMT1 on oral cancer cells in vitro, 
as was the use of DNMT1 inhibitors. A xenografted OSCC mouse model was established to determine the effect 
on tumor suppression. High-throughput microarrays of DNA methylation, bulk and single-cell RNA sequencing 
analysis, multiplex immunohistochemistry, functional sphere formation and protein immunoblotting were utilized 
to explore the molecular mechanism involved. Analysis of human samples revealed associations between DNMT1 
expression, global DNA methylation and collaborative molecular signaling with oral malignant transformation.

Results  We investigated DNMT1 expression boosted steadily during oral malignant transformation in human sam-
ples, and its inhibition considerably minimized the tumorigenicity in vitro and in a xenografted OSCC model. DNMT1 
overexpression was accompanied by the accumulation of cancer-specific DNA hypomethylation during oral carcino-
genesis; conversely, DNMT1 knockdown caused atypically extensive genome-wide DNA hypomethylation in cancer 
cells and xenografted tumors. This novel DNMT1-remodeled DNA hypomethylation pattern hampered the dual acti-
vation of PI3K-AKT and CDK2-Rb and inactivated GSK3β collaboratively. When treating OSCC mice, targeting DNMT1 
achieved greater anticancer efficacy than the PI3K inhibitor, and reduced the toxicity of blood glucose changes 
caused by the PI3K inhibitor or combination of PI3K and CDK inhibitors as well as adverse insulin feedback.

Conclusions  Targeting DNMT1 remodels a novel global DNA hypomethylation pattern to facilitate anticancer 
efficacy and minimize potential toxic effects via balanced signaling synergia. Our study suggests DNMT1 is a crucial 
gatekeeper regarding OSCC destiny and treatment outcome.
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Background
Oral squamous cell carcinoma (OSCC), a heterogene-
ous malignant tumor originating from oral epithelial 
cells [1], represents a prototypical form of cancer that 
undergoes an intricate process of multistage carcinogen-
esis, encompassing epithelial hyperplasia, dysplasia and 
carcinoma in situ [2]. Due to its tendency for recurrence 
and metastasis following treatment, OSCC patients, 
especially those in advanced stages, exhibit a low sur-
vival rate [3]. To improve the survival outcome of OSCC 
patients, novel therapeutic approaches have been devised 
to increase the survival time of OSCC patients by selec-
tively targeting aberrant signaling molecules or proteins 
in cancerous cells, such as EGFR and PD-L1 [4–6]. Nev-
ertheless, the efficacy of these targeted therapies is often 
hindered by the emergence of agent resistance in can-
cer cells, which is attributed to various factors includ-
ing genomic instability, dysregulation of signal cascades 
or pharmacological toxicity [7, 8]. Thus, it’s imperative 
to gain a comprehensive understanding of the underly-
ing mechanism that governs epithelial carcinogenesis 
and tumor growth, with the aim of identifying potential 
therapeutic targets for the prevention and treatment of 
OSCC.

DNA methylation, a prevalent epigenetic modification 
that governs gene expression patterns, cell type-specific 
genome stability and embryonic development in eukary-
otes [9], has been closely linked to oral cancer progres-
sion [10, 11]. Changes in DNA methylation patterns 
associated with carcinogenesis progress gradually with 
cell proliferation. Notably, cancer cells possess a genome-
wide DNA hypomethylation landscape, contributing to 
cancer cell instability and tumor heterogeneity [12]. DNA 
methyltransferase 1 (DNMT1), the most prevalent DNA 
methyltransferase, is crucial for maintaining DNA meth-
ylation homeostasis during DNA replication [13]. Any 
alteration in DNMT1 stability and activity can result in 
extensive changes of DNA methylation [14–17]. Our ear-
lier study predicted DNMT1 as a potential target associ-
ated with OSCC progression [18]. Previous studies have 
shown that DNMT1 inhibition has positive anticancer 
effects on various types of squamous cancers [19–21]. 
However, the mechanism by which DNMT1 regulates 
OSCC initiation and progression via DNA methylation 
and signal transduction remains largely unknown.

Several DNA demethylating agents have undergone 
clinical trials to treat malignant tumors including head 
and neck cancers, yet individual treatment outcomes are 

variable and are being investigated further [22]. Cancers 
harbor intricate signaling networks that regulate numer-
ous cellular processes, including proliferation, cell death 
and metabolism; these internal factors influence targeted 
agents. This aforementioned interactive network is of 
paramount importance in facilitating the indefinite pro-
liferation and sustained viability of cancer cells [23–25]. 
Thus, deliberate interference with essential signaling 
pathways that result in cell growth arrest or death, such 
as PI3K and CDK inhibitors, is widely regarded as a sig-
nificant approach for preventing neoplastic transforma-
tion and eradicating cancer cells [26–28], although some 
of the aforementioned limitations remain. Considering 
that DNA methylation is viewed as an upstream regulator 
of signal transduction modifications [29], DNMT1, which 
plays an indispensable role in maintaining genome-wide 
DNA methylation status, could act as a gatekeeper to 
maintain the equilibrium of dynamic signal transduction.

In this study, our objective was to elucidate the regu-
latory role of the DNMT1- dependent global DNA 
hypomethylation pattern in controlling OSCC develop-
ment. To achieve this goal, we integrated multilayered 
experimental data from clinical human samples, xeno-
graft mouse models, and independent high-throughput 
microarray analysis of DNA methylation alongside bulk 
and single-cell transcriptome analysis. We demonstrated 
that DNMT1-knockdown remodels sheer genome-
wide DNA hypomethylation in OSCC cells. This novel 
DNMTI-specific DNA hypomethylation pattern triggers 
dual inhibition of PI3K-AKT and CDK2-Rb and inacti-
vation of GSK3β, leading to enhanced tumor regression 
in comparison to that of a PI3K inhibitor. GSK3β deac-
tivation also counteracts the adverse pharmacological 
toxicity of hyperglycemia and insulin feedback caused by 
PI3K inhibition. These combined effects create a syner-
gistic function of signal transduction, ultimately result-
ing in enhanced efficacy and reduced toxicity in treating 
OSCC. Our research suggested that DNMT1 can serve as 
an essential gatekeeper of multiple signals, rendering it a 
promising target for controlling oral neoplastic transfor-
mation and improving OSCC treatment.

Materials and methods
Patient tissue samples
Human OSCC tissues (n = 22) were obtained from 
resected primary tumors without recurrence, and with-
out prior chemotherapy or radiotherapy. Human hyper-
plasia tissues (n = 6) and dysplasia tissues (n = 7) were 
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collected from bioptic oral leukoplakia lesions without 
any prior treatment. Normal human tissues (n = 15) were 
procured from healthy oral mucosa during orthognathic 
surgery or wisdom tooth extraction. All tissue harvest-
ing procedures were performed at West China Hospi-
tal of Stomatology, Sichuan University, and approved by 
the Human Research Ethics Committee of West China 
Hospital of Stomatology, Sichuan University (No. WCH-
SIRB-D-2021–548). The tissue samples were fixed in 10% 
neutral formalin for 24 h, transferred to 75% alcohol and 
embedded in paraffin. Pathological examination con-
firmed the identity of all the samples.

Cell culture and cell lines
The Cal27 and FaDu cell lines were obtained from the 
ATCC (United States); the HSC-3 cell line was obtained 
from the JCRB Cell Bank (Japanese); the SCC4 cell 
line was purchased from the BeNa Culture Collection 
(BNCC, China); and the UM-SCC1 and human normal 
oral keratinocyte (NOK) cell lines were obtained from 
the State Key Laboratory of Oral Diseases. All cancer 
cell lines were authenticated by STR analysis. Cal27, 
FaDu, SCC4, UM-SCC1 and HSC-3 cells were cultured 
in DMEM (Gibco, Grand Island, NY, USA) supplemented 
with 10% fetal bovine serum, while NOK cells were cul-
tured in defined keratinocyte SFM (Gibco, Grand Island, 
NY, USA) with corresponding growth supplement. All 
cells were maintained at 37  °C in a humidified atmos-
phere with 5% CO2. For cellular intervention involving 
inhibitors or activators, all reagents were applied at spe-
cific final concentrations, which were diluted with dime-
thyl sulfoxide (DMSO). An equivalent volume of DMSO 
was added as a negative control. The final concentrations 
are indicated as described in the figure legends.

Antibodies and reagents
Antibodies against DNMT1 (EM1901-83), BrdU 
(RT1081), mTOR (ET1608-5), GSK3β (ET1607-71), 
p-GSK3β (Ser9, ET1607-60) and PKM2 (ER1802-70) were 
obtained from HuaBio. Antibodies against Ki67 (9449 T, 
for immunostaining), PI3K (4249 T), p-mTOR (Ser2448, 
5536 T), AKT (4691 T), p-AKT (Ser473, 4060 T), cleaved 
caspase-3 (CC3, 9664S) and p-Rb (Ser807/811, 8516S) 
were obtained from Cell Signaling Technology. Anti-Ki67 
antibody (ab16667, for  immunoblotting), anti-CDK1 
(phospho T161) + CDK2/CDK3 (phospho T160) anti-
body (ab201008) and anti-phosphofructokinase antibody 
(PFK, ab154804) were obtained from Abcam, while an 
antibody against 5-mC (A-1014) from Epigentek. All the 
inhibitors and activators used were from MCE, includ-
ing BEZ235 (HY-50673) for PI3K inhibition, 740Y-P 
(HY-P0175) for PI3K activation, AT7519 (HY-50943) for 

CDK2 inhibition, and GSK-3484862 (HY-135146) and 
GSK-3685032 (HY-139664) for DNMT1 inhibition.

Immunoblotting
Total cell proteins were extracted in lysis buffer (SAB 
signalway antibody, USA). After gel electrophoresis, the 
proteins were transferred to PVDF membranes (BioRad, 
Hercules, CA, USA) and blocked with 5% BSA solu-
tion. The blots were incubated with primary antibodies 
(as described above) at 4℃ overnight, with GAPDH or 
β-Tubulin serving as the control. Then, the membranes 
were incubated with the appropriate secondary antibod-
ies (SAB signalway antibody, USA) for 1 h at room tem-
perature, and signal detection was then performed using 
an Easy ECL protein blotting reagent kit (TransGen Bio-
tech, China), and image scanning was performed using a 
Chemidoc XRS imaging system (BioRad, Hercules, CA, 
USA). Blotting images are representative from 3 repeats 
at least.

Lentiviral construction and cell transfection
DNMT1 was silenced by short-hairpin RNA using the 
targeting sequences 5’ACT​ACA​TCA​AAG​GCA​GCA​A-3’ 
(sh-DNMT1-1) and 5’GGA​TGA​GTC​CAT​CAA​GGA​
AGA-3’ (sh-DNMT1-2). A scrambled control sequence 
was used as a control (sh-NC). All recombinant lentivi-
ral viruses were purchased from Shanghai Genechem 
Co., Ltd. (https://​www.​genec​hem.​com.​cn/), and gener-
ated using the hU6-MCS-CBh-gcGFP-IRES-puromy-
cin vector and GV493 packaging cells. Then, Cal27 and 
FaDu cells were transfected following the manufacturer’s 
instructions, and harvested after 72  h of transfection 
after selection with puromycin.

Cellular immunofluorescence
Immunofluorescence staining of cells was performed as 
previously described [30]. Briefly, cells were fixed with 
10% neutralized formalin followed by permeabilization 
with 0.3% Triton X-100. For anti-BrdU staining, cells 
were first incubated with 10  µM BrdU-labeled culture 
medium for 6 h before cell fixation, followed by antigen 
retrieval with 1 M HCl. After washing with PBS, the cells 
were blocked with 10% goat serum for 30  min. Then, 
primary antibodies (as deacribed above) were applied, 
followed by incubation with the appropriate secondary 
antibodies and nuclear DAPI staining. Images were cap-
tured using an inverted fluorescence microscope (Leica, 
Germany).

Sphere formation assay
The medium for the sphere formation assay was prepared 
by adding 1 × B27 (Corning), 20 ng/ml EGF (PeproTech) 
and 10  ng/ml bFGF (PeproTech) to DMEM/F12. The 

https://www.genechem.com.cn/
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cancer cells were resuspended in the above medium at an 
adjusted density of 2000 cells/ml and then inoculated on 
ultralow adhesion 24-well plates with 500 μl of cell sus-
pension per well. A volume of 200  μl of fresh medium 
was added to each well every 2  days. Images were cap-
tured 10 days after cell seeding using an inverted fluores-
cence microscope (Leica, Germany).

OSCC xenograft model and animal administration
All animal experiments were reviewed and approved 
by the Animal Care and Use Ethics Committee of West 
China Hospital of Stomatology, Sichuan University 
(No. WCHSIRB-D-2021–628). Six- to eight-week-old 
female BALB/c nude mice (Beijing Vital River Labora-
tory Animal Technology Co., Ltd., China) were used as 
tumor recipients. As described previously [31], a total of 
3 ~ 5 × 106 viable Cal27 cells WT, sh-NC and sh-DNMT1 
cells with 50% Matrigel (Corning, USA) were subcuta-
neously transplanted into the right flank of anesthetized 
mice. All viable cells were confirmed and quantified using 
an automatic Cell Counter (Countess3, Invitrogen) with 
Trypan blue staining. When the tumor started to grow, 
the tumor volume was measured every other day and cal-
culated using the formula 0.50 × long axis × short axis2. 
Beginning at the second or third week (depending on the 
cell density of the primary injection), after transplanta-
tion, when the xenografted tumor reached to at least 200 
mm3, the mice were rearranged according to body weight 
and tumor volume, and the intervention started.

For PI3K inhibitor treatment, mice were treated with 
BEZ235 (Dactolisib, 10 mg/kg/day) by oral gavage or an 
equal volume of vehicle (10% 1-Methyl-2-pyrrolidinone 
and 90% Poly) daily for 7–14 consecutive days before 
being sacrificed, after which the tumors were harvested. 
For PI3K activator or CDK inhibitor administration, mice 
were treated with 740Y-P (20 mg/kg/day) or AT7519 (15 
mg/kg/day) by intraperitoneal injection (i.p.) or an equal 
volume of vehicle (2% DMSO + 30% PEG 300 + 2% Tween 
80 + ddH2O) daily for 7 or 14 days respectively according 
to the same treatment cycle of PI3K inhibitor treatment. 
For combined intervention, a CDK inhibitor was applied 
to mice 30  min after PI3K inhibition. BrdU (100  mg/
kg) was administered i.p. 2  h before the tumors were 
harvested.

Histopathology, immunohistochemistry (IHC), 
immunofluorescence (IF), terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) assay, 
and periodic acid‑Schiff (PAS) staining
Human tissues, and subcutaneous tumors harvested at 
the endpoint of the study were paraffin-embedded, sec-
tioned, and stained with hematoxylin and eosin (H&E) for 
histopathological diagnosis. Then, IHC and IF staining 

were performed as previously described [32]. Briefly, 
after dehydration, rehydration and antigen retrieval, par-
affin-embedded sections (pretreated with 3% H2O2 for 
IHC) were blocked with 15% normal goat serum (NGS) 
at room temperature for 1 h and then incubated with pri-
mary antibodies at 4  °C overnight. For IHC, secondary 
antibodies conjugated to HPR were used following the 
addition of brown DAB substrate for target staining and 
hematoxylin for nuclear staining. For IF, secondary anti-
bodies conjugated to Alexa Fluor 594 (red) or 488 (green) 
were used (1:500 for all; Cell Signaling Technology), fol-
lowed by DAPI (Beyotime, China) for nuclear staining. 
Terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) staining was performed with a TMR 
(red) TUNEL Cell Apoptosis Detection Kit (Solarbio, 
China) according to the manufacturer’s directions to 
detect apoptotic cells. PAS staining was performed with 
an AB-PAS Stain Kit with hematoxylin (Solarbio, China) 
to detect glycogen according to the manufacturer’s direc-
tions. All slides were mounted with coverslips using 
Fluoromount-G (Southern Biotech).

Bioinformatics analysis
The differential pancancer mRNA expression of DNMT1 
was analyzed by the Sangerbox platform [33]. The bulk 
analysis was performed with the GSE30784 dataset, 
which includes 45 normal tissue, 17 dysplasia, and 167 
OSCC tissues, as well as the DNMT1 RNA-seq datasets 
of OSCC, which include OSCC tissues (n = 350) and nor-
mal tissues (n = 15) adjacent to cancer, and pancancer 
analysis in The Cancer Genome Atlas (TCGA) database.

The global DNA methylation data, normalized as total 
β values log2, were downloaded from GSE204943. This 
dataset comprised samples from normal tissues (n = 22), 
oral leukoplakia (OLK) tissues (n = 22), typical oral pre-
cancerous lesions with hyperplasia or dysplasia, and 
OSCC tissues (n = 74), detected using 850  k Infinium 
Methylation EPIC BeadChips (850 k chip). Additionally, 
OSCC data from the TCGA database were utilized. For 
the GSE204943 dataset, we applied the ChAMP pack-
age to, filter the data, perform quality control, normal-
ize the data and perform differential methylation site 
(DMS) analysis. We depicted the distribution of normal-
ized β values and conducted principal component analy-
sis (PCA) to visualize the sample distribution across the 
three groups. To determine the quality of the methyla-
tion data among the three groups, we sorted the variance 
of each row in the matrix from smallest to largest, and 
selected the top 1000 rows. The multidimensional scal-
ing (MDS) graph and heatmap were then used to display 
these 1000 most variable positions.

For both DNMT1 RNA-seq data and global DNA 
methylation data (normalized as total β values log2) 
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downloaded from the TCGA database, by using 
Empower (R) software, a smooth curve fitting was car-
ried out respectively based on the clinicopathologi-
cal data in TCGA database, omitting patients who had 
radiotherapy and chemotherapy, and adding the follow-
up time. Then, data processing and analysis of Kaplan–
Meier and univariate/multivariable Cox-regression were 
performed using R version 4.3.0 (2023–04-21), along 
with Storm Statistical Platform (www.​medsta.​cn/​softw​
are) and GraphPad Prism 9.4. The R4.2.2 package was 
used for restricted cubic spline analysis of hazard ratio in 
overall survival and ggplot2 for visualization.

High‑throughput DNA methylation microarray
To detect the global DNA methylation level of cells, we 
used an 850  k chip by Shanghai Biotechnology Corpo-
ration. Cell pellets of NOK and Cal27 cells, including 
nontransfected (referred to as WT), sh-NC, and sh-
DNMT1 cells, were collected at a density of 1 × 107 cells 
per group with at least  three independent replicates for 
each cell line. After DNA extraction, the Qubit Fluo-
rometer method was used to quantify the DNA samples, 
while agarose gel electrophoresis and bisulfite conversion 
were used for quality inspection. Then, whole-genome 
amplification (WGA), fragmentation, alkaline denatura-
tion, chip hybridization, washing, extension, imaging, 
and scanning were conducted to obtain the raw data of 
the chip. All the raw Illumina methylation microarray 
data were converted to methylation values (beta values, 
β) and then normalized within-array using the subset-
quantile within array normalization (SWAN) algorithm. 
DMSs between groups were calculated based on β val-
ues, using the pool.t-test method, setting the threshold as 
P < 0.05, |beta. difference|> 0.1. Information on the differ-
entially methylated sites included the P value, adjusted P 
value (FDR), and beta value. Differences and annotation 
information. A clustering heatmap of the differentially 
methylated sites was generated with Sangerbox (http://​
vip.​sange​rbox.​com/​login.​html). ChAMP was used for the 
DMS analysis of key genes (R package ChAMP v2.30.0 
and DMP.GUI function). All the original EPIC microar-
ray data have been deposited in GEO with the accession 
ID GSE262310.

RNA extraction and sequencing
Total RNA was extracted using TRIzol reagent (R411-C3, 
Vazyme, China) following the manufacturer’s protocol. 
Three replicates of RNA samples from each cell type 
were used for cDNA library construction. RNA purity 
and quantification were determined using a NanoDrop 
2000 spectrophotometer (Thermo Scientific, USA), while 
RNA integrity was assessed using an Agilent 2100 Bio-
analyzer (Agilent Technologies, Santa Clara, CA, USA). 

Transcriptome libraries were then constructed follow-
ing the instructions provided with the VAHTS Universal 
V5 RNA-seq Library Prep Kit. Finally, the RNA libraries 
were sequenced with an Illumina NovaSeq 6000 system 
by OE Biotech Co., Ltd. (Shanghai, China). All the origi-
nal RNA-seq data have been deposited in GEO with the 
accession ID GSE262505.

Screening of key functional genes downstream 
of DNMT1‑DNA methylation
Four available DNA methylation datasets (GSE123781, 
GSE87053, GSE75537, and GSE136704) were ultimately 
obtained from the Gene Expression Omnibus (GEO). 
These datasets met specific criteria including patho-
logical confirmation for OSCC, DNA methylation data 
from the same detection platform, normal oral tissues 
as controls, and patients who had not received chemo-/
radiotherapy or medical therapy. The four available meth-
ylation GEO datasets and the TCGA methylation data-
set above were combined. The combined datasets were 
standardized using the minfi package. Then, differentially 
expressed CpG sites were screened using the R packet 
ChAMP. To identify consistency across datasets, the 
Meta R package was further used for the aforementioned 
differential CpGs. With a single CpG |logFC|> 0.1 and a 
false discovery rate (FDR) < 0.05 as the thresholds, all the 
meta- P values were further corrected by the Benjamini–
Hochberg method to identify the final differential CpGs 
and their differential DNA methylation genes (DMGs).

Moreover, after normalizing the original TCGA RNA-
seq data, the genes coexpressed with DNMT1 were 
obtained by Pearson correlation analysis (r), with correla-
tion coefficients of r ≥ 0.3 and P < 0.05 as filtering condi-
tions. Next, using Cor ≥ 0.4 and P < 0.05 as the threshold, 
differential expression genes (DEGs) that interact with 
DNMT1 were identified. Subsequently, we overlapped 
these DEGs with the identified DMGs above, and the 
DMGs associated with the top 20,000 differential CpG 
sites from sh-DNMT1 vs sh-NC OSCC cells, obtained 
from our DNA methylation high-throughput microar-
ray analysis. This intersection yielded 152 genes that 
exhibited dual correlations with both DNMT1 and DNA 
methylation. Next, we conducted PPI network analy-
sis using the String website, and visualized the network 
using Cytoscape 3.6.0. Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analysis was performed to 
identify potential functional pathways.

Moreover, FunRich3.1.3 was used to construct a 
PPI network filter for these 152 screened genes. With 
Nodes ≥ 100 as the standard, the 5 key node genes 
closely associated with DNMT1-DNA methylation 
were screened. Finally, based on the TCGA data and 
considering that the RNA expression of these genes 

http://www.medsta.cn/software
http://www.medsta.cn/software
http://vip.sangerbox.com/login.html
http://vip.sangerbox.com/login.html
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was significantly different from that in normal tissues, 
we identified the key functional genes downstream of 
DNMT1-DNA methylation (P < 0.05).

Gene function enrichment analysis
All the differentially methylated sites located in CpG 
islands were sorted in descending order based on |beta. 
Difference|, and the corresponding genes were extracted. 
After removing all blank values and duplicates, the top 
3000 genes were selected for subsequent gene function 
enrichment analysis.

For Gene Ontology (GO) biological process enrich-
ment analysis, the subset (c5.go.bp.v7.4.symbols.gmt) 
was downloaded from the Molecular Signatures Data-
base (http://​www.​gsea-​msigdb.​org/​gsea/​downl​oads.​jsp) 
[34], as the background gene set to map genes. For KEGG 
enrichment analysis, the most recent gene annotations 
were obtained from the KEGG REST API (https://​www.​
kegg.​jp/​kegg/​rest/​kegga​pi.​html), as the background gene 
set to map genes. Next, the R software package clus-
terProfiler (v3.14.3) was used for both GO and KEGG 
enrichment analysis, with a threshold setting of 5 to 5000 
for the gene set, P < 0.05 and FDR < 0.1.

Multiplex immunohistochemistry (mIHC) staining
For the mIHC staining in this study, a multicolor-kit 
(Absin, China) was used as previously described [35]. We 
used the Opal 520 channel [fluorescein isothiocyanate 
(FITC), a green fluorescence stain], the Opal 570 chan-
nel [cyanine 3 (Cy3), an orange fluorescence stain], and 
the Opal 670 channel [cyanine 5 (Cy5), a red fluorescence 
stain] to locate different proteins (as detailed in the fig-
ure legends). DAPI was used for nuclear staining. All 
the slides were observed and imaged with an Olympus 
FV1200 confocal microscope (Tokyo, Japan).

Glucose and insulin measurement
For xenografted mice treated with vehicle, BEZ235 and/
or AT7519, peripheral blood was collected from the tail 
of mice every 60 min and subjected to glucose measure-
ment with a Rapid Blood Glucose Monitor (Sinocare, 
China). Blood insulin was measured 5  h after mouse 
administration with an Ultra Sensitive Mouse Insulin 
ELISA Kit (Crystal Chem).

Single‑cell transcriptome analysis
The single-cell RNA sequencing (scRNA-seq) dataset 
GSE181919 was downloaded [36], and included 9 nor-
mal tissue samples, 4 precancerous leukoplakia sam-
ples and 20 primary HNSCC samples. The QC process 
was performed using Seurat (v4.3.0.1) in R version 
4.3.1. The Seurat anchor-based integration method was 

used to correct the batch and merge 33 samples. Low-
quality cells with fewer than 200 or more than 7000 
unique molecular identifiers (UMIs) or more than 30% 
mitochondrion-derived UMI counts were filtered out. 
From these, we obtained a final dataset of 45,754 sin-
gle-cell transcriptomes, following normalization using 
the NormalizeData and ScaleData functions. The top 20 
principal components along with the top 2000 variable 
genes were used in this process. Dimensionality reduc-
tion through principal component analysis reduced 
variables and finally clustered the cells. The main cell 
clusters were identified using the FindNeighbors and 
FindClusters functions (dims = 40, resolutio n = 0.1) 
of Seurat and visualized using t-distributed stochastic 
neighbor embedding (tSNE). Cell-type annotation was 
performed by the R package SingleR (v2.3.5), alongside 
manual comparison of marker gene expression across 
different clusters by the FindAllMarkers function. A 
particular set of marker genes was projected into dot 
plots for cell type identification. To accurately distin-
guish cancer cells from epithelial cell clusters, the R 
package CopyKAT v1.1.0 was used to classify epithe-
lial cells as either aneuploid (to represent malignant 
cells) or diploid [37]. Finally, 5258 single epithelial cells, 
including 1562 aneuploid cells and 3696 diploid cells, 
were subjected to pseudotime trajectory analysis.

To reveal the changes in epithelial cells during the 
multistage carcinogenesis process, we used Monocle 
2 (v2.29.0) [38]. The following parameters were set as 
mean expression ≥ 0.1 and qval < 0.01 via the differen-
tial GeneTest function. The trajectories were visualized 
by the plot_pseudotime_heatmap and plot_complex_
cell_trajectory functions, as well as the geom_density 
function in the R package ggplot2 v3.4.2. To calculate 
pathway activity for each epithelial cell, the R package 
AUCell (v1.23.0) and AddModuleScore_UCell function 
were utilized to calculate the hallmark gene set score, 
and ggplot2 was subsequently used for visualization.

Statistical analyses
The normality of the group datasets was assessed using 
the Shapiro–Wilk normality test. Statistical differ-
ences between two groups were analyzed using either 
an unpaired Student’s t test or a nonparametric Mann–
Whitney exact test, depending on the data distribution. 
For comparisons involving more than two groups, one-
way ANOVA with Tukey’s multiple comparison test 
was used. All the statistical analyses were conducted 
using GraphPad Prism version 9 (GraphPad Software, 
San Diego, CA, United States). Individual data points 
represent values obtained from technical or biological 
replicates.

http://www.gsea-msigdb.org/gsea/downloads.jsp
https://www.kegg.jp/kegg/rest/keggapi.html
https://www.kegg.jp/kegg/rest/keggapi.html
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Results
DNMT1 overexpression gradually increases during oral 
neoplastic transformation and is linked to tumor growth 
in OSCC
To evaluate the expression of DNMT1 during OSCC 
development, we examined human samples ranging 
from oral normal tissue to hyperplastic and dysplas-
tic lesions, and ultimately to OSCC tissues. The results 
revealed a progressive increase in DNMT1 expression 
with the process of oral neoplastic transformation, peak-
ing in OSCC tissues (Fig. 1A). A series of OSCC cell lines 
were utilized and initially confirmed to have markedly 
higher DNMT1 expression than NOK cells (Fig.  S1A). 
Representative Cal27 and FaDu cells were then used to 
generate DNMT1-knockdown cell lines (sh-DNMT1-1 
and sh-DNMT1-2) (Fig. S1B and C). Given the more pro-
nounced gene silencing effect of sh-DNMT1-1, it was 
selected for subsequent investigations. DNMT1 silenc-
ing led to a considerable reduction in cell proliferation, 
as evidenced by decreases in BrdU and Ki67 expression 
(Fig.  1B) and in the sphere-forming capacity of OSCC 
cells (Fig. 1C) in vitro. Furthermore, an OSCC xenograft 
mouse model was generated (Fig. 1D). sh-DNMT1-trans-
fected cancer cells exhibited a notably reduced tumo-
rigenic ability, as indicated by decreased tumor growth, 
reduced cell proliferation and augmented cell apoptosis 
(Fig. 1, E–G; Fig. S1D).

Utilizing the RNA-seq data of the GSE30784 data-
set (Fig.  S2, A-C), we observed a gradual increase in 
DNMT1 expression during oral neoplastic transforma-
tion (Fig. 1H). Subsequently, we procured primary OSCC 
and normal tissues from the TCGA database, and con-
ducted further analysis on a larger patient cohort with 
matched clinicopathological and follow-up records. 
DNMT1 was overexpressed in OSCC tissues compared 
to adjacent normal tissues (Fig. 1I). Smoothing curve fit-
ting using clinicopathological and follow-up data from 
patients revealed a nonlinear and dynamic associa-
tion between DNMT1 expression and the risk of OSCC 
mortality, although the difference was not significant 
(Fig.  1J). Briefly, there was a general upward trend in 
mortality risk with increasing DNMT1 expression before 
the infection point at 2.92; thereafter, the potential rela-
tionship reversed. In addition to linear analyses such as 
multivariate Cox regression or Kaplan ‒ Meier analy-
sis (Fig.  S1E and F), we opted to assess their nonlinear 
relationship using restricted cubic spline analysis. This 
analysis demonstrated a fluctuating relationship between 
DNMT1 expression and the hazard ratio of overall sur-
vival (Fig. 1K). Notably, a significant decrease in DNMT1 
expression in cancer correlated with a notable reduction 
in mortality and the hazard ratio for overall survival. Pan-
cancer analysis confirmed DNMT1 overexpression in 

various cancer types, including head and neck cancers 
(Fig. S2D), indirectly suggesting that DNMT1 is a poten-
tial target. Our findings indicate that DNMT1 overex-
pression contributes to the initiation of oral malignant 
transformation and facilitates the malignant behavior of 
cancer cells, resulting in the growth of OSCC tumors.

To further validate the potential of DNMT1 to tar-
get OSCC, we selected established DNMT1 inhibitors, 
namely, GSK-3484862 and GSK-3685032 [39, 40], for 
parallel experiments to determine the role of DNMT1 
inhibition in the biological behaviors of OSCC cells, pri-
marily proliferation and apoptosis. After one week of 
uninterrupted intervention, both inhibitors consistently 
reduced DNMT1 expression in OSCC cells (Fig. 2A). At 
various concentrations, both inhibitors decreased the 
expression of the proliferation marker Ki67 and increased 
the expression of the apoptosis marker cleaved caspase 
3 (CC3) in OSCC cells, consistent with the effects of 
DNMT1 silencing (Fig. 2 A-C). Functionally, both inhibi-
tors effectively suppressed the self-renewal capacity of 
OSCC cells (Fig. 2 D and E). These results further rein-
force the notion that DNMT1 is a promising target for 
inhibiting the malignant behaviors of OSCC cells.

Genome‑wide DNA hypomethylation occurs 
during oral carcinogenesis and is stably maintained 
as a cancer‑specific homeostasis in OSCC
DNMT1 alteration directly induces changes in genome-
wide DNA methylation [41]. Thus, we examined DNA 
methylation in a set of freshly collected human samples 
comprising oral normal tissue, hyperplastic and dysplas-
tic lesions, and OSCC tissues, by detecting 5-methyl-
cytosine (5-mC), a covalent methylation at the fifth 
carbon atom of cytosine that is acknowledged as a spe-
cific marker of global DNA methylation [42]. Notably, 
both dysplastic and OSCC tissues showed significantly 
lower 5-mC expression than normal tissues, while there 
was no significant difference between normal and hyper-
plastic tissues (Fig. 3A).

To delve deeper into genome-wide DNA hypometh-
ylation, we employed 850 k chip to determine the global 
DNA methylation status of OSCC cells (Fig. S 3, A and B). 
Compared to normal cells, OSCC cells exhibited promi-
nently differential DNA hypomethylation sites, with 
an approximately 2.16-fold count of hypermethylated 
sites (Fig.  3B). The distribution of differential CpG sites 
between these two cell types mirrored that of the Infin-
ium probe distribution on the 850  k microarray (Fig.  3, 
C and D; Fig. S  3, C and D). Most DMSs were located 
within CpG islands rather than in the adjacent island 
shores, the region within 2 kb of the islands (Fig. 3C; Fig. 
S 3D). When employing gene region probes, the majority 
of DMSs were placed within the gene body region rather 
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Fig. 1  DNMT1 expression increases along with oral neoplastic transformation and its overexpression is correlated with tumor growth. A 
Representative IHC images and analysis of DNMT1 in oral human samples including normal (n = 15), hyperplastic (n = 6), dysplastic (n = 7) and OSCC 
tissues (n = 22). Scale bars, 100 μm. B Immunofluorescence of BrdU and Ki67 in OSCC cell lines. The data are presented as the means ± SDs of three 
independent experiments. Scale bars, 100 μm. C Sphere formation assay and statistical quantification of OSCC cell lines. Scale bars, 100 μm. D 
Schematic showing the xenografted OSCC mouse model. n = 5 mice in each group. E Tumor growth curve. F Presentation of OSCC xenografted 
tumors and tumor volume statistics at the endpoint of the study. G Immunofluorescence and analysis of BrdU and TUNEL in OSCC xenografted 
tumors. Scale bars, 100 μm. H The mRNA expression of DNMT1 in multiple stages of carcinogenesis, including normal (n = 45), oral dysplasia 
(n = 17), and OSCC (n = 167) (data provided by GSE30784). I The mRNA expression of DNMT1 in OSCC (n = 350) compared to that in oral normal 
tissues (n = 15) (data from TCGA). J Smooth curve fitting showing the correlation between DNMT1 expression and mortality risk in OSCC patients. K 
Restricted cubic spline analysis indicating the correlation of DNMT1 expression with the hazard ratio of overall survival in OSCC patients. The values 
of DNMT1 RNA expression were 2.64 and 3.54, respectively, when HR = 1. *P < 0.05, **P < 0.01, and ***P < 0.001 according to unpaired Student’s t test 
or one-way ANOVA with Tukey’s multiple comparison test
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Fig. 2  DNMT1 inhibitors consistently significantly inhibited proliferation and promoted of apoptosis in OSCC cells. A Western blot analysis 
of DNMT1, Ki67, and CC3 in OSCC cells. GSK-3484862 and GSK-3685032 were diluted in DMSO at different concentrations. The data are shown 
as the mean ± SEM. B and C Immunofluorescence and statistical quantification of Ki67 and CC3 in OSCC cells. Scale bars, 100 μm. D and E Sphere 
formation assay and statistical quantification of OSCC cells. Scale bars, 100 μm. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by one-way 
ANOVA with Tukey’s multiple comparison test
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than the promoter (Fig. 3D; Fig. S 3D). Analysis of the β 
values of the top 3000 significant DMSs revealed greater 
hypomethylation than in NOK cells (Fig.  3E). Analysis 
of the top 1000 significant DMSs indicated that a small 
portion of significant hypermethylation sites occurred 
in OSCC cells, with most of them located within CpG 
islands (Fig.  3F). Together, these DNA methylation 
microarray data indicated a cancer- specific hypomethyl-
ation status in OSCC cells. This internal hypomethylated 
homeostasis may be related to the maintenance of cancer 
cell survival, as evidenced by the enrichment of biological 
processes, including cell–cell signaling, cell population 
proliferation and regulation of transport and cell differ-
entiation through GO analysis (Fig.  3G; Fig. S  3E), and 
the involvement of signal transduction pathways, such as 
the PI3K-AKT, MAKP, and Rap1 signaling pathways (Fig. 
S 3E), according to KEGG classification.

To better figure out the potential functions of these 
DMGs, additional RNA-seq of Cal27 and NOK cells 
was performed (Fig. S  3F), revealing 979 upregulated 
genes and 629 downregulated genes with |logFC|≥ 1 
and FDR < 0.05 (Fig. S  3G). When overlapping these 
DMGs from 850k chip, DEGs from both cell RNA-seq 
and TCGA database, the hallmark gene set enrichment 
analysis identified pathways closely linked to epithelial 
malignancy and cancer progression, including Hedgehog, 
Hypoxia, PI3K-AKT-mTOR, P53 and epithelial- mesen-
chymal- transition (Fig. 3H).

In addition, we analyzed global DNA methylation using 
the GSE204943 dataset, encompassing data from nor-
mal tissues, OLK lesions and OSCC tissues (Fig. S  4). 
While DNA methylation levels in OLK lesions did not 
decrease compared to those in normal samples, a signifi-
cant reduction was observed in OSCC tissues (Fig.  3I). 
This could be because the OLK lesions in this dataset 
were not pathologically subclassified as hyperplasia or 

dysplasia. Further analysis of the TCGA database con-
firmed lower global DNA methylation in OSCC tissues 
than in adjacent normal tissues (Fig.  3J). Also, smooth-
ing curve fitting revealed a nonlinear and dynamic asso-
ciation between global DNA methylation and mortality 
risk, with a single inflection point at 17.56 (normalized 
by log2), corresponding to a total β value of 193,145.44. 
A higher level of DNA methylation was associated with 
a lower mortality risk in OSCC patients (Fig. 3K). A non-
linear association between the hazard ratio and global 
DNA methylation was observed, with a decrease in the 
hazard ratio with a substantial alteration in overall DNA 
methylation, either through a significant decrease or 
increase, leading to an improved survival rate (Fig. 3L).

Taken together, these findings strongly suggest that 
the progressive genome-wide hypomethylation observed 
during oral malignant transformation represents a depar-
ture from the typical methylation patterns observed 
in healthy cells. However, cancer cells seem capable of 
maintaining unique methylation homeostasis specific to 
their malignant phenotype, which could contribute to 
their unchecked growth. Targeting this cancer-specific 
methylation homeostasis may represent a potential inter-
vention to alter the proliferation of cancer cells.

DNMT1 knockdown remodels a highly disrupted and sheer 
genome‑wide DNA hypomethylation pattern in OSCC
As described above, OSCC tissues and cell lines exhibit 
DNMT1 overexpression alongside global DNA hypo-
methylation. Furthermore, silencing DNMT1 effectively 
inhibited tumor growth. Subsequent 5-mC detection 
in the shrunken OSCC tumors derived from DNMT1 
knockdown mice revealed a substantial decrease in 5-mC 
expression (Fig.  4A). This finding suggested that the 
hypomethylated status, contingent on DNMT1, is associ-
ated with tumor suppression.

(See figure on next page.)
Fig. 3  Global DNA hypomethylation occurs during oral carcinogenesis and is relatively stable in cancer cells and is associated with OSCC prognosis. 
A Representative IHC images and analysis of 5-mC in oral human samples, including normal (n = 15), hyperplastic (n = 6), dysplastic (n = 7) and OSCC 
(n = 22) tissue samples. Scale bars, 100 μm. B Volcano plots from the DNA methylation 850 k chip showing significantly differential CpG sites in Cal27 
cells compared to NOK cells. C and D Nightingale rose chart showing the number of all significant DMSs with a CpG island probe distribution (C) 
and a gene probe distribution (D), respectively. E Ridge plot showing the β value distribution of the top 3000 significant differential sites in Cal27 
cells and NOK cells. F Heatmap showing the top 1000 differential CpG sites with the absolute differences in β values. The class of CpGs (in relation 
to CpG islands) is shown on the right of the heatmap. G Bubble chart showing GO biological process enrichment of genes related to differential 
DNA methylation sites. The differential DNA methylation sites distributed on CpG islands were sorted by β value, and the top 3000 related genes 
were selected for enrichment analysis. H Heatmap showing the top 500 upregulated genes and 500 downregulated genes in Cal27 and NOK 
cells according to RNA-seq. UpSetR visualized overlapping genes among the DMGs and DEGs of Cal27 and NOK, as well as DEGs from the TCGA 
database. The bottom circle graph shows the hallmark gene set enrichment of the 175 overlapping genes. I Global DNA methylation (normalized 
as total β values log2) in OSCC (n = 74) compared with that in OLK tissues (typical oral precancerous lesion, n = 22) and normal oral tissues (n = 22) 
based on GSE204943 dataset. J Global DNA methylation (normalized as total β values log2) in OSCC (n = 350) compared with that in normal oral 
tissues (n = 15) based on TCGA data. K Smooth curve fitting showing the correlation between global DNA methylation and mortality risk in OSCC 
patients. L Restricted cubic spline analysis indicating the correlation of global DNA methylation with the hazard ratio of overall survival in OSCC 
patients. *P < 0.05, **P < 0.01, and ***P < 0.001 by unpaired Student’s t test or one-way ANOVA with Tukey’s multiple comparison test
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Fig. 3  (See legend on previous page.)
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To further figure out how DNMT1 remodeled global 
DNA hypomethylation in OSCC, we compared sh-
DNMT1 cancer cells to sh-NC cells using a DNA meth-
ylation 850  k chip. Strikingly, sh-DNMT1 cancer cells 
exhibited extensive and nearly complete genome-wide 
DNA hypomethylation. This was evident from the iden-
tification of 358,933 differentially hypomethylated sites, 
accounting for approximately 61.02 times of differen-
tially hypermethylated sites in comparison to sh-NC 
cancer cells (Fig. 4B). The distribution of β values for the 
top 3000 significant DMSs resulted in the near-complete 
elimination of DNA methylation in OSCC cells (Fig. 4C). 
These findings provide further evidence that DNMT1 
is an essential enzyme that regulates DNA methyla-
tion; any alteration or interruption in DNMT1 activity 
is strongly associated with changes in DNA methylation 
[14, 42]. However, the significant DNA hypomethyla-
tion observed in cancer cells following DNMT1 knock-
down seems to contradict the prevailing notion that 
DNA hypomethylation may be linked to cancer initiation 
[43]. Actually, when revisiting the previously mentioned 
correlation analysis between DNA methylation and 
patient survival, it was observed that either a substantial 
decrease or increase in overall DNA methylation leads to 
an improved survival rate in the context of global DNA 
hypomethylation among OSCC patients. Our observa-
tion somewhat aligns with the hypothesis that extensive 
alterations in the DNMT1-mediated DNA hypomethyla-
tion pattern are linked to a tumor-suppressive effect.

To ascertain the potential underlying cause in greater 
detail, we proceeded to deduce the blueprint of the 
global DNA hypomethylation pattern of DNMT1 remod-
eling. The majority of differential hypomethylation sites 
caused by DNMT1 targeting were located at CpG island 
shores rather than CpG islands (Fig. 4D; Fig. S 5A). The 
observed differences in the distributions of the primary 
probes (Fig. S 3C) and the DMSs between OSCC cells and 
NOK cells were notable (Fig. S 5B). When the top 1000 

DMSs were assessed, sh-DNMT1 cancer cells exhibited 
complete DNA hypomethylation, and a few DMSs were 
distributed at CpG islands but at island shores (Fig. 4E). 
Analysis of the distribution of functional gene regions 
revealed that DMSs were predominantly situated within 
the gene body (Fig. 4F; Fig. S 5A), whereas the top 3000 
DMSs were primarily found within the gene body, fol-
lowed by the transcription start site 1500 (TSS1500) 
region (Fig. S 5B). Compared to NOK cells, sh-DNMT1 
cancer cells also exhibited more pronounced hypometh-
ylation than sh-NC cells; the majority of these differen-
tial hypomethylation sites were at CpG island shores and 
gene bodies (Fig. S 5B).

Based on these results presented, it can be concluded 
that the downregulation of DNMT1 widely disrupted 
the homeostasis of global DNA methylation and led 
to a direct and persistent decrease in OSCC cells; this 
hypomethylation was characterized by a highly dis-
persed pattern of distribution transformation. Due to 
these extraordinary alterations, cancer cells may strug-
gle to maintain proliferation. KEGG enrichment analysis 
and GO biological process analysis provided additional 
support for this finding. Both sets of DMGs were asso-
ciated with various biological processes, including cell 
population proliferation, apoptotic processes, and spe-
cific signal transduction, with PI3K-AKT being the 
most prominent (Fig. 4G; Fig. S 5C). We then examined 
the methylation alterations in the PI3K-AKT pathway, 
and found that while the associated DMSs were slightly 
hypomethylated in cancer cells compared with those in 
NOK cells (Fig.  4H), DNMT1 knockdown resulted in 
extensive hypomethylation of critical genes (Fig.  4I). 
Key genes implicated in the activation of the PI3K-AKT 
signaling pathway, such as PIK3CD, PIK3R1 and AKT1, 
showed dynamic hypomethylation; conversely, the inhib-
itory gene PTEN exhibited a pattern consistent with 
that observed in NOK cells (Fig.  4J; Fig. S  6A). Collec-
tively, the aforementioned findings suggest that DNMT1 

Fig. 4  DNMT1 targeting remodeled an extensive and sheer genome-wide DNA hypomethylation pattern in OSCC. A Representative IHC images 
and analysis of DNMT1 and 5-mC in xenografted OSCC tumors. n = 5 mice in each group. Scale bars, 50 μm. B Volcano plots from DNA methylation 
850 k chip showing significantly differential DNA methylation sites in sh-DNMT1 cells compared to sh-NC Cal27 cells. C Ridge plot showing 
the β value distribution of the top 3000 significantly differential sites in sh-DNMT1 and sh-NC Cal27 cells. D Nightingale rose chart showing 
the distribution of all DMSs with CpG island probes. E Heatmap showing the top 1000 differential CpG sites with the absolute differences in β 
values. The class of CpGs (in relation to CpG islands) is shown on the right of the heatmap. F Nightingale rose chart showing the proportion 
of all significant DMSs with gene probe distribution. G Bubble chart showing KEGG enrichment of DEGs related to DNA methylation sites. The 
differentially methylated sites distributed on CpG islands were sorted by β value difference, and the top 3000 related genes were selected 
for enrichment analysis. H and I Heatmap showing the mean methylation levels at differentially methylated sites of genes in the PI3K-AKT pathway 
between Cal27 and NOK cells, and between sh-DNMT1 and sh-NC cancer cells. J All significantly DMSs were enriched in the genes PIK3CD, PIK3R1, 
AKT1 and PTEN, which are representative key genes in the PI3K-AKT pathway. Solid lines, the mean β values of each cell line; dotted lines, the β 
values loess of each cell lines. *P < 0.05, **P < 0.01, and ***P < 0.001 by unpaired Student’s t test or one-way ANOVA with Tukey’s multiple comparison 
test

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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knockdown can directly remodel the global DNA hypo-
methylation in OSCC cells, leading to a pervasive dis-
order but sheer genome-wide DNA hypomethylation 
pattern subsequent to PI3K-AKT signaling alteration.

DNMT1‑remodeled global DNA hypomethylation 
mediates PI3K‑AKT inhibition and enhances tumor growth 
suppression
Through KEGG classification analysis, we identified the 
PI3K-AKT signaling pathway as an essential pathway 
associated with the DNMT1-specific DNA methylation 
pattern. This finding was further supported by the over-
lap of the top 3000 DMGs between Cal27 cells and NOK 
cells, and between sh-DNMT1 cells and sh-NC Cal27 
cells (Fig.  5A; Fig. S5D). Considering the DMSs associ-
ated with the PI3K-AKT signaling pathway, all of these 
DMSs were hypomethylated following DNMT1 knock-
down, and the majority were located at CpG island shores 
and within gene bodies, especially AKT-related DMSs 
(Fig. S 6B). This finding suggested that the activation of 
PI3K-AKT may be inhibited, as the methylation levels 
within gene bodies and methylations specific to tumors 
that occur at CpG island shores are often positively cor-
related with gene expression [44, 45].

The expression levels of total and phosphorylated pro-
teins were then assessed, revealing a significant reduction 
in phosphorylated AKT and mTOR in sh-DNMT1 can-
cer cells, although the overall protein expression levels 
of PI3K and AKT did not exhibit substantial alterations 
(Fig. 5B). This implies that the activation of PI3K-AKT is 
significantly hindered due to DNMT1-remodeled DNA 
hypomethylation. A rescue experiment was performed by 
using a PI3K agonist (740 Y-P) in sh-DNMT1 cells. These 
results indicated that 740 Y-P was able to partially restore 
the phosphorylation levels of mTOR in sh-DNMT1 cells 
(Fig.  5B). This finding provided evidence that DNMT1 
regulates PI3K-AKT signal transduction and suggested 
the possible involvement of other mechanisms modu-
lated by DNMT1.

PI3K inhibitors have been verified to restrain tumor 
growth in several SCCs [46, 47]. Then, we performed 
in  vivo investigations utilizing a xenografted OSCC 
mouse model in which PI3K was inhibited with BEZ235 
(Fig.  5C). A reduction in tumor growth was observed 
after both DNMT1 and PI3K inhibition (Fig.  5D). 
Intriguingly, the suppressive effect on tumor shrinkage 
was more prominent in cases of DNMT1 knockdown 
compared to PI3K inhibitor treatment. When PI3K ago-
nists were applied to DNMT1-silenced mice, only a mod-
est increase in tumor growth was observed (Fig.  5D). 
The observed reduction in the number of proliferative 
cells and increase in the number of apoptotic cells within 
the sh-DNMT1 group provided evidence of a significant 

tumor-suppressing effect (Fig.  5E). Moreover, DNMT1 
knockdown effectively blocked the PI3K-AKT signal-
ing pathway in subcutaneous tumors, as indicated by the 
reduced phosphorylation of AKT and mTOR (p-AKT 
and p-mTOR). PI3K-AKT signal transduction was par-
tially restored upon treatment with PI3K agonists, but 
was suppressed compared to that in the sh-NC group 
(Fig.  5E). This discovery provides additional evidence 
for the existence of other mechanisms that inhibit tumor 
growth as a result of DNMT1-specific DNA hypometh-
ylation. Additionally, we examined the colocalization of 
DNMT1 or 5-mC and p-AKT in human samples, encom-
passing normal, dysplastic and OSCC tissues. During 
oral carcinogenesis, an increase in p-AKT was observed, 
followed by the overexpression of DNMT1 and the loss of 
5-mC expression (Fig. 5F).

DNMT1 targeting results in greater tumor suppression 
through the additional inhibition of the CDK2‑Rb pathway
To determine the additional molecular mechanisms that 
underlie DNMT1 inhibition and resulting alterations in 
DNA methylation, we conducted an intersectional meta-
analysis using the TCGA database and 4 GEO datasets, 
and then overlapped with the DEGs linked to DNMT1 
from our 850  k chip profile. This analysis identified a 
total of 152 DEGs connected to both DNMT1 and global 
DNA methylation (Fig. S  7A). These DEGs were subse-
quently validated to be associated with DNA replication, 
cell cycle, base excision repair and apoptosis pathways 
by KEGG enrichment analysis (Fig. S  7B). By employ-
ing PPI analysis and implementing a network filter, we 
identified a set of five distinct node molecules, namely, 
CDK2, GSK3B, ABL1, NFKB1, and CREBBP (Fig. S 7C). 
Only the mRNA expression of CDK2 and GSK3B was 
significantly greater in the OSCC samples from the 
TCGA database, as compared to the normal tissues (Fig. 
S 7D). Both exhibited a positive correlation with DNMT1 
expression in OSCC (Fig. S 7E).

CDK2 plays a critical role in cancer progression by 
regulating the cell cycle and phosphorylating retinoblas-
toma protein (Rb), particularly during the G1–S phase 
transition [48]. A reduction in the phosphorylation levels 
of CDK1/2/3 and Rb was observed in sh-DNMT1 can-
cer cells compared to sh-NC cells (Fig.  6A), confirming 
the additional inhibition of CDK2-Rb signal transduc-
tion. Furthermore, a PI3K inhibitor was shown to func-
tion in the deactivation of CDK2-Rb, and the combined 
use of PI3K and CDK2 inhibitors (BEZ235 and AT7519) 
had the most pronounced inhibitory effect, indicating 
a potential interplay between PI3K-AKT and CDK2-
Rb signaling pathways [49]. However, the PI3K agonist 
did not fully restore the activation of CDK2-Rb, imply-
ing that DNMT1-mediated repression of CDK2-Rb and 
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Fig. 5  The PI3K-AKT pathway is involved in DNMT1-remodeled DNA hypomethylation pattern to regulate oral neoplastic transformation and tumor 
growth. A Bubble chart showing KEGG enrichment of the top 3000 overlapping genes related to differential DNA methylation sites between Cal27 
and NOK and between sh-DNMT1 and sh-NC cells. B Western blot analysis of the indicated proteins in Cal27 and FaDu cells under the different 
conditions shown in the graph. Cells were treated with 1 µM BEZ235 or 25 µg/ml 740 Y-P for 24 h. GAPDH was used as an internal control. 
Upper panel: representative blots; lower panel: The densitometry quantification of the means ± SDs of three independent experiments. C 
Schematic showing the xenografted OSCC model. n = 5 mice in the WT, sh-NC, sh-DNMT1 and sh-DNMT1 + 740 Y-P groups, and n = 3 mice 
in the sh-NC + BEZ235 group. D Tumor growth curve. E Representative staining images and quantification of Ki67, TUNEL, p-AKT and p-mTOR 
staining in xenografted OSCC tumors. Scale bars, 100 μm. F Representative mIHC images of three channels, namely, DAPI, DNMT1 or 5-mC, 
and p-AKT in oral human samples including normal, dysplastic and OSCC tissues. Scale bars, 50 μm. *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way 
ANOVA with Tukey’s multiple comparison test
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Fig. 6  Restraining the CDK2-Rb signaling pathway contributed to the enhanced tumor-suppression caused by DNMT1-remodeled global DNA 
hypomethylation. A Western blot analysis of the indicated proteins in Cal27 and FaDu cells under different conditions is shown in the graph. Cells 
were treated with 1 µM BEZ235 or 25 µg/ml 740 Y-P for 24 h or with 1 µM AT7519 for 8 h. β-Tubulin was used as an internal control. Upper panel:: 
representative blots; lower panel: The densitometry quantification of the means ± SDs of three independent experiments. B Representative mIHC 
images of three channels, namely, DAPI, DNMT1 or 5-mC and p-Rb in oral human samples including normal, dysplastic and OSCC tissues. Scale bars, 
50 μm. C Tumor growth curve. n = 5 mice for the sh-NC + BEZ235 and sh-NC BEZ235 + 740 Y-P groups, and n = 4 mice for the sh-NC and sh-DNMT1 
groups. #P < 0.05 by unpaired Student’s t test. D and E Presentation of gross xenograft tumors (d) and tumor volume statistics (e) at the endpoint 
of the study. F Representative IHC images and analysis of Ki67, cleaved caspase 3 (CC3) and p-Rb in xenograft OSCC tumors. Scale bars, 50 μm. 
*P < 0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA with Tukey’s multiple comparison test
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PI3K-AKT may occur in parallel. Also, we observed a 
consistent increase in the p-Rb level during neoplastic 
transformation, along with elevated DNMT1 expression 
and attenuated 5-mC (Fig.  6B), confirming the regula-
tory effect of the DNMT1-DNA methylation pattern on 
CDK2-Rb pathway.

We further conducted concurrent treatment in xeno-
grafted mice with BEZ235 and AT7519, targeting the 
dual suppression of the PI3K-AKT and CDK2-Rb path-
ways, as a positive control. Mice treated with combina-
tion inhibitors exhibited comparable suppression of 
tumor growth to mice bearing sh-DNMT1 tumors. Com-
pared to mice that received a single PI3K inhibitor, mice 
in which DNMT1 was silenced also exhibited the slow-
est tumorigenesis and superior control of tumor growth 
in the earlier intervention (Fig.  6C). At the endpoint of 
the study, all three groups of tumor-bearing mice sub-
jected to the intervention exhibited significant shrink-
age in tumor volume compared to those bearing sh-NC 
tumors. However, the sh-DNMT1 group did not exhibit 
superior tumor suppression compared to the other two 
groups treated with inhibitors (Fig.  6, D and E). This 
lack of superiority may be attributed to the reversible 
nature of DNMT1, which could counteract the effects of 
DNMT1 gene silencing. Nevertheless, we did observe a 
decrease in cell proliferation and an increase in cell apop-
tosis among these three experimental groups, providing 
compelling evidence for the anticancer effectiveness of 
these interventions. The proportion of Ki67-positive cells 
in sh-DNMT1 tumor-bearing mice was found to be miti-
gated, offering further evidence for the enhanced anti-
cancer efficacy of DNMT1 silencing (Fig. 6F). Moreover, 
the phosphorylation of the Rb protein decreased in the 
sh-DNMT1 group (Fig. 6F), further supporting our dis-
covery that DNMT1-remodeled DNA hypomethylation 
can inhibit tumor growth by concurrently suppressing 
the PI3K-AKT and CDK2-Rb signaling pathways.

DNMT1 knockdown further induces GSK3β inactivation 
to facilitate cell apoptosis and to antagonize PI3K 
inhibition‑induced insulin feedback
Regarding GSK3B, the other gene candidate strongly 
associated with DNMT1-mediated DNA hypometh-
ylation, our observations revealed significant changes 
in GSK3β phosphorylation at Ser9 (p-GSK3β) in xeno-
grafted tumors. When either DNMT1 was knocked 
down or a combination of PI3K and CDK2 inhibitors was 
applied, there was a notable increase in p-GSK3β. Con-
versely, PI3K inhibition resulted in a noticeable decrease 
in p-GSK3β (Fig.  7A). GSK3β serves as an important 
regulatory enzyme in maintaining cell metabolic balance, 
especially in processes such as glycogen synthesis and 
glycolysis in cancer cells [50, 51]. Its inactivation occurs 

through the phosphorylation of Ser9, facilitating glucose 
synthesis [52]. We subsequently examined increased gly-
cogen clustering in sh-DNMT1 tumor tissues, similar to 
those treated with combined inhibitors, but notably more 
than in tumors treated in solely with PI3K inhibitors or 
vehicle. Besides, PI3K inhibitor-treated tumors exhibited 
very little glycogen accumulation (Fig. 7A). Both DNMT1 
knockdown and combined PI3K and CDK inhibition led 
to increased levels of glycolysis in tumor tissues, as indi-
cated by increased numbers of PFK- and PKM2- positive 
cells. These cells were highly located in regions with large 
glycogen deposits (Fig.  7, A and B). Interestingly, these 
cells showing glycogen clustering and heightened glyco-
lysis were predominantly found near the apoptotic tumor 
area and far from the proliferative region (Fig. 7B). Taken 
together, these results implied that the DNMT1-induced 
GSK3β inactivation promotes cancer cell death through 
abnormal glycogen metabolism.

While GSK3β is typically regulated by AKT signaling 
[53], our in  vitro experiments showed that both target-
ing DNMT1 and combined inhibition of PI3K and CDK2 
reversed the increase in p-GSK3β expression in OSCC 
cells when compared to that resulting from single PI3K 
inhibition. Interestingly, only DNMT1 knockdown con-
tinuously suppressed PI3K-AKT activation (Fig.  7C). In 
contrast, a single CDK2 inhibitor had a stimulating effect 
on AKT phosphorylation, and combined CDK2 inhibi-
tors showed no effect on PI3K-AKT activation. These 
findings additionally imply that DNMT1 silencing could 
restore the signaling equilibrium by simultaneously inac-
tivating PI3K-AKT, CDK2-Rb and GSK3β. Moreover, in 
human oral multicarcinogenesis samples, we observed 
the extensive changes in the expression of p-GSK3β 
along with changes in p-AKT, and DNMT1 expression 
and DNA methylation changing (Fig.  7D). This finding 
provides further evidence supporting the involvement of 
the internal PI3K-AKT-GSK3β signaling pathway of in 
OSCC.

Systemic glucose disruption secondary to PI3K inhibi-
tors has been evident from their use in animal cancer 
models and clinical trials. This disruption can limit the 
effectiveness of anticancer therapies [54, 55]. In our 
OSCC mouse model, we carried out experiments to 
observe alterations in blood glucose levels (Fig. 8A). The 
administration of a PI3K inhibitor gradually induced 
hyperglycemia. Conversely, when PI3K inhibitors were 
used in combination with CDK2 inhibitors, there was a 
rapid and notable decrease in blood glucose levels (Fig. 8, 
B-D). At the 5-h time point after treatment, the serum 
insulin level in mice treated with BEZ235 remained con-
sistently elevated, while a dramatic fall was observed in 
mice treated with combined inhibitors (Fig. 8E). Moreo-
ver, tumor-bearing mice in which DNMT1 was targeted 
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Fig. 7  The GSK3β inactivation by DNMT1 knockdown leads to excessive glycogen clustering and apoptosis in tumors. A Representative IF images 
for p-GSK3β and PAS/IHC images for glycogen, PFK and PKM2 in xenografted OSCC tumors. Below are the corresponding statistical analysis results. 
Scale bars, 50 μm. B As shown in the schematic, DNMT1 knockdown prevents GSK3β activation downstream of PI3K inhibition by upregulating 
p-GSK3β, leading to excessive glycogen clustering in the tumor (AB-PAS staining), which is located around apoptosis and far from proliferation 
(IHC staining). C Western blot analysis of the indicated proteins in Cal27 and FaDu cells under the different conditions shown in the graph. Cells 
were treated with 1 µM BEZ235 for 24 h and 1 µM AT7519 for 8 h. GAPDH was used as an internal control. Upper panel: representative blots; lower 
panel: densitometry quantification of the means ± SDs of at least three independent experiments. D Representative mIHC images showing DAPI, 
DNMT1 or 5-mC, p-AKT and p-GSK3β in oral human samples, including normal, dysplastic and OSCC tissues. Scale bars, 50 μm. *P < 0.05, **P < 0.01, 
and ***P < 0.001 by one-way ANOVA with Tukey’s multiple comparison test
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Fig. 8  The GSK3β inactivation by DNMT1 knockdown antagonizes the insulin feedback resulting from PI3K inhibition. A Experimental schematic 
of blood glucose and serum insulin detection in tumor-bearing mice. n = 4 mice for each group. B Line chart of blood glucose within 3 h 
after administration. C and D Blood glucose of mice at 2 h (C) and 3 h (D) after administration respectively. e Serum insulin levels of the mice at 5 h 
after administration. F–H Representative PAS/IHC images (f ) and analysis (g, h) of glycogen/p-GSK3β in mouse livers 5 h after administration. Scale 
bars, 50 μm. I As shown in the schematic, a PI3K inhibitor activates GSK3β through dephosphorylation, hindering glycogen synthesis and causing 
detrimental hyperglycemic effects. Elevated blood glucose levels can induce insulin feedback, culminating in hepatic glycogen accumulation. 
DNMT1 silencing can block this process by promoting GSK3β phosphorylation. *P < 0.05, **P < 0.01, and ***P < 0.001 by a one-way ANOVA 
with Tukey’s multiple comparison test
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exhibited a notable stability in both blood glucose and 
serum insulin levels.

As evidenced in prior research, the transient hypergly-
cemia caused by PI3K inhibition often remains within 
a few hours, as insulin feedback mechanisms kick in to 
restore normal glucose homeostasis [54]. Thus, we exam-
ined the glycogen synthesis conditions in the liver and 
found that only tumor-bearing mice treated with a PI3K 
inhibitor exhibited significantly high glycogen levels 
(Fig. 8, F and G), accompanied by elevated expression of 
p-GSK3β (Fig.  8, F and H). Conversely, mice experienc-
ing hypoglycemia due to combined inhibitor treatment 
exhibited reduced liver glycogen storage and lower lev-
els of p-GSK3β, further suggesting that liver glycogen-
olysis contributed to the recovery of normal blood sugar. 
However, sh-DNMT1 tumor-bearing mice exhibited a 
slightly greater level of p-GSK3β than nontreated xeno-
grafted mice, suggesting that glycogen depredation in 
sh-DNMT1 tumors themselves may also trigger com-
pensatory liver glycogen metabolism to a certain extent. 
Together, these findings suggest that a suppressive inter-
vention targeting DNMT1 is most likely to reduce the 
adverse toxicity to maintain normal glucose balance 
in the context of PI3K inhibition-induced hyperglyce-
mia, further enhancing the effectiveness of anticancer 
treatments.

The DNMT1‑mediated signaling synergia pattern 
and mechanism schematic in oral carcinogenesis 
and anti‑cancer efficacy
Based on the results above, it appears that there are syn-
ergetic signal transduction pathways involving PI3K-
AKT, CDK2-Rb, and GSK3β during oral neoplastic 
transformation and in treating OSCC, influenced by the 
DNMT1-DNA methylation pattern. OSCC, a heteroge-
neous solid tumor, progresses through multiple steps of 
carcinogenesis from normal to precancerous to cancer-
ous lesions. To further validate this synergistic signaling 
synergy pattern in oral malignant transformation, we 
performed the single-cell transcriptome analysis using 
the GSE181919 dataset, to better understand the genetic 
variation of tumor heterogeneity at the single-cell level.

We first separated epithelial cells from normal, OLK 
and HNSCC tissues (Fig. S 8A-E), respectively. Consid-
ering the presence of cell heterogeneity in the epithelial 
cell population, we reclassified diploid and aneuploid 
cells (Fig. S  8F) since the latter can completely repre-
sent the malignant populations. Pseudotime trajec-
tory analysis revealed two progressive branches from 
normal epithelial cells, one leading to a precancerous 
state and the other to a cancerous state, with aneuploid 
cells prominently located in the latter (Fig.  9A; Fig. 
S  8, G-I). Collaborative signaling pathways, including 

PI3K-AKT, mTOR, CDK-Rb-E2F and Glycolysis were 
activated as the epithelial cells progressed toward a 
cancerous state (Fig.  9B, Top). Comparing the trend 
towards the precancerous state, all involved signal 
transduction pathways involved in the malignant pro-
cess showed persistent activation (Fig.  9B, bottom). 
Furthermore, pseudotime trajectory analysis of indi-
vidual key genes regulating this signaling synergia 
pattern confirmed increased expression of DNMT1, 
AKT1, CDK2 and GSK3B during epithelial carcino-
genesis, while the expression of the negative regulatory 
gene PTEN decreased (Fig. 9D). Thus, the results from 
single-cell transcriptome analysis further confirmed the 
critical role of signal synergistic function pattern in oral 
carcinogenesis.

In the xenografted tumors, we also utilized multiplex 
immunohistochemical technique to determine the colo-
calization of the core regulatory markers at the protein 
functional level (Fig. 9D). In actively proliferative OSCC 
tumors, cancer cells exhibit high levels of p-AKT, p-Rb, 
and p-GSK3β. Most cancer cells showed frequent colo-
calization of these three markers, regardless of whether 
they were either highly or weakly expressed (Fig. 9D, top). 
Upon DNMT1 targeting, the xenografted tumors bared 
smaller cancerous lesions scattered, with reduced expres-
sion of p-AKT and p-Rb but still extensive expression of 
p-GSK3β. In particular, the alterations in both p-Rb and 
p-GSK3β were independent of the changes in AKT phos-
phorylation (Fig. 9D, bottom). These findings reaffirmed 
the potent regulatory role of DNMT1 in coordinating the 
multiple signals transduction.

After compiling the aforementioned findings, we pre-
sent a schematic elucidating the role of DNMT1 in oral 
malignant transformation and in controlling tumor 
growth. As illustrated (Fig.  9E), DNMT1 expression 
gradually rises increases in tandem with genome-wide 
DNA hypomethylation, which triggers the multistage 
carcinogenesis of OSCC. Targeting DNMT1 leads to the 
formation of an aberrant and widespread DNA hypo-
methylation state, inducing a specific signaling synergia. 
These pathways involve the dual inhibition of PI3K-AKT 
and CDK2-Rb, along with the inactivation of GSK3β, 
which regulates reduced cell proliferation and increased 
cell apoptosis, thus impeding tumor growth. Additionally, 
targeting DNMT1 potentially counteracts the pharma-
cological toxicity of hyperglycemia and insulin feedback 
stemming from PI3K inhibition. This process is activated 
by inducing supererogatory GSK3β inactivation, leading 
to sustained blockade of PI3K-AKT activation. All these 
processes represent a signaling synergy orchestrated by 
DNMT1, acting as a gatekeeper to effectively restrain 
tumor growth through enhancing efficiency and reducing 
toxicity.
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Fig. 9  The DNMT1-mediated signaling synergy pattern and schematic in oral carcinogenesis and anticancer efficacy. A Pseudotime trajectory 
of epithelial cells, with each color coded for pseudotime (left), groups (middle), and copykat.pred (right) B Pseudotime trajectory analysis 
of the AUCell score of PI3K-AKT, mTOR, CDK-Rb-E2F and glycolysis signaling pathways. C Pseudotime trajectory analysis of the expression of DNMT1, 
PTEN, AKT1, CDK2 and GSK3B. D Representative mIHC staining images of DAPI, p-AKT, p-Rb and p-GSK3β in xenografted OSCC tumors. Scale 
bars, 20 μm. E Schematic indicating that the DNMT1- dependent global DNA methylation pattern functions in oral carcinogenesis and treatment 
of OSCC, as well as the collaborative signal transduction involved. Red arrows represent the effects of sh-DNMT1; black arrows represent natural 
biological processes. This schematic image was created by BioRender
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Discussion
Oral squamous cell carcinoma (OSCC) represents a 
highly heterogeneous and aggressive cancer type that 
undergoes a multistage neoplastic transformation pro-
cess. This process encompasses genomic instability and 
epigenetic aberrations, leading to intricate alterations in 
gene expression, anomalies in signaling pathways, and 
changes in physiological functions [2, 56]. Global DNA 
hypomethylation, a prominent feature of malignan-
cies, is largely dependent on the stable maintenance by 
DNMT1 [17, 57, 58]. Building upon our precious predic-
tion of DNMT1 as a potential marker of OSCC progres-
sion, this present study proposed that DNMT1 regulates 
oral carcinogenesis and OSCC growth through a novel 
mechanism involving the remodeling of specific global 
DNA methylation patterns to initiate multiple signal-
ing collaborations. Our findings revealed that targeting 
DNMT1 in oral cancer cells resulted in near-complete 
genome-wide DNA hypomethylation, triggering the dual 
attenuation of PI3K-AKT and CDK2-Rb and collabora-
tive phosphorylation of GSK3β. This cascade eventually 
produces a remarkable anticancer effect-enhancing and 
toxicity-reducing.

DNMT1 is commonly overexpressed in various can-
cers and is often linked to poor patient prognosis, as 
indicated by previous studies [59–62]. In our study, we 
have demonstrated a new discovery regarding DNMT1 
expression, which progressively increased throughout 
epithelial multistage carcinogenesis. While OSCC tissues 
exhibited significantly increased DNMT1 expression, 
we observed a dynamic correlation between DNMT1 
expression, mortality risk, and survival hazard ratio, 
taking into account complex clinical variables. Notably, 
relatively lower DNMT1 expression was associated with 
a more favorable prognosis in OSCC individuals. When 
DNMT1 was silenced or targeted with inhibitors, OSCC 
cells displayed quite hysteretic tumorigenic capacity and 
restricted tumor growth. These results provide compel-
ling evidence that DNMT1 represents a potent target for 
controlling OSCC progression.

Host cells possess a specific mechanism known as 
global DNA methylation homeostasis to maintain 
the stability of their cellular genome, a process heav-
ily dependent on the accurate maintenance carried 
out by DNMT1 [63]. In cancer cells, the phenomenon 
of genome-wide hypomethylation generally persists 
throughout biological processes but has a limited effi-
cacy in maintenance, leading to a selective and imbal-
anced DNA methylation status during cell division 
[9, 63]. Our findings confirmed that the progression 
of oral epithelial carcinogenesis is accompanied by 
a gradual decrease in DNA methylation, ultimately 
resulting in the genome-wide hypomethylation pattern 

observed in OSCC. Additionally, we investigated a 
undulatory link between global DNA hypomethylation 
and OSCC prognosis. A significant alteration in over-
all DNA methylation, either a substantial decrease or 
increase, may correlate with an improved survival rate. 
Unexpectedly, we observed a nearly complete hypo-
methylation pattern, remodeled by DNMT1 silencing, 
alongside effective suppression of cancer. This obser-
vation underscores the crucial role of DNMT1 in pre-
serving the preexisting methylation pattern [15, 63] 
and highlights that its inactivation can directly trigger 
dysregulation of global DNA methylation in OSCC. 
We also observed that the genome-wide methylation 
remodeling pattern specific to DNMT1 may not follow 
a restorative trajectory towards normal cells. Instead, 
it has the potential to significantly disrupt DNA meth-
ylation homeostasis during DNA replication, ultimately 
impeding the proliferation of cancer cells or inducing 
cell death. Besides, the coexistence of DNMT1 over-
expression and genome-wide hypomethylation in oral 
cancer cells may reflect that, given the low maintenance 
efficacy of DNA methylation [63], the upregulation of 
DNMT1 functions as a self-compensatory mechanism 
to maintain DNA methylation equilibrium.

In addition to a sheer decline in genome-wide DNA 
methylation level, we observed a striking expansion 
in the distribution of hypomethylated CpG sites, par-
ticularly at CpG island shores and within gene body 
regions. These regions are crucial functional compo-
nents involved in gene expression regulation [44]. Some 
scholars have noted that most tissue-specific or cancer-
associated DNA methylation changes tend to occur at 
CpG island shores [64], although the precise mechanism 
underlying these changes has yet to be fully elucidated. 
On the other hand, the disruption of global DNA meth-
ylation caused by DNMT1 alteration triggered a series of 
biological processes and changes in signal transduction, 
which were sufficient to change the malignant behavior 
of OSCC cells. In this scenario, the PI3K-AKT signal-
ing pathway is strongly activated. Our study confirmed 
the promotion of its activation in conjunction with epi-
thelial carcinogenesis, as well as its inhibition following 
DNMT1 knockdown, resulting in decreased phosphoryl-
ation of AKT and mTOR. This finding aligns with reports 
suggesting that DNMT1 overexpression could activate 
the PI3K-AKT signaling pathway to promote melanoma 
development [65, 66]. However, it’s noteworthy that 
the total protein expression of PI3K, AKT and mTOR 
remained unaltered despite the reconstructed DNA 
methylation pattern. This observation is reminiscent of 
findings in Arabidopsis, where ectopic DNA methylation 
mediated by the bacterial SssI methyltransferase had lit-
tle effect on transcription, despite the hypothesized link 
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between modified DNA methylation at the gene body 
and gene expression [67].

The current study unveils an intriguing discovery indi-
cating that DNMT1 knockdown more strongly inhibits 
tumor growth than does inhibition of the PI3K-AKT path-
way alone. This finding implies that DNMT1 play a role in 
regulating other signaling pathways associated with onco-
genes or cancer suppressor genes. CDK2, known for its 
crucial involvement in the cell cycle process, has emerged 
as a promising therapeutic target for treating cancer [68]. 
In this research, the concurrent suppression of the CDK2-
Rb signaling pathway was confirmed following DNMT1 
knockdown. This was evidenced by the reduction in phos-
phorylation levels of CDK1/2/3 and Rb proteins in sh-
DNMT1 cancer cells. Activation of this pathway, indicated 
by increased p-Rb, was observed as tissues progressed 
from normal to dysplastic and OSCC tissues, highlight-
ing its function in oral carcinogenesis. Furthermore, our 
research elucidated the tumor-promoting function of 
PI3K-AKT and CDK2-Rb activation, both of which can 
be suppressed by DNMT1-specific DNA hypomethyla-
tion. The interaction between PI3K-AKT and CDK2-Rb 
is indisputably advantageous for cancer cell growth. For 
instance, activated AKT can phosphorylate CDK inhibi-
tors such as p21 [69] and p27 [70] to further activate Rb 
transcription, thus facilitating cell proliferation. In the con-
text of DNMT1-mediated global DNA hypomethylation, 
our study put forth a proposal that the concurrent inhibi-
tion of these two pathways is partially independent. This is 
supported by the finding that the administration of a PI3K 
agonist did not fully restore CDK2-Rb activation. The 
observation of nonoverlapping patterns for immunofluo-
rescent p-AKT and p-Rb in DNMT1-knockdown tissues 
provides additional evidence supporting this perspective.

Moreover, in xenografted OSCC tumors, both dual 
inhibition of PI3K and CDK2, as well as DNMT1 knock-
down, resulted in an extra elevation of p-GSK3β ser9, 
leading to the blockade of GSK3β activation and pro-
moting more glycogen storage [51, 52]. While increased 
glycogen synthesis and glycogenolysis in cancer cells 
are typically associated with cancer progression [71], 
this study revealed unique findings regarding DNMT1-
mediated glycogen deposition. Interestingly, DNMT1-
mediated glycogen deposition was abnormally located in 
apoptotic cells around necrotic tumor areas, accompa-
nied by enhanced glycolysis. These results demonstrate 
an exceptional mechanism by which glucotoxicity that 
promotes apoptosis, which is closely linked to DNMT1-
induced GSK3β inactivation. Notably, under certain 
tumor-treating conditions, inhibited glycogen clustering 
has been shown to attenuate the anticancer effect [72]. 
Additionally, proliferating cancer cells generally do not 
exhibit PKM2-mediated glycolysis [73]. These findings 

provide some indirect support for the results obtained in 
this study but remain to be explored further.

PI3K inhibitors used in cancer treatment often induce 
hyperglycemia, triggering insulin feedback mechanisms 
that diminish their efficacy in treating cancer [54, 55]. 
GSK3β, a key regulator in the insulin receptor signaling 
pathway for the regulation of blood glucose levels, plays 
a crucial role in this process [74]. We observed that mice 
orally administered with a PI3K inhibitor exhibited ele-
vated blood glucose levels accompanied by a correspond-
ing increase in serum insulin levels as a feedback response. 
This finding is likely due to a biochemical mechanism 
whereby the inactivation of AKT inhibits the phosphoryla-
tion of GSK3β ser9 [75]. In the context of biological insu-
lin feedback derived from hyperglycemia, liver glycogen 
synthesis increases through elevated phosphorylation of 
GSK3β, contributing to the recovery of normal glycemic 
homeostasis. Remarkably, we found that DNMT1 silenc-
ing led to a compensatory increase in p-GSK3β levels, as 
did the sustained suppression of PI3K-AKT activation. 
This combination may contribute to the maintenance of 
stable blood glucose levels. Conversely, additional inhibi-
tion of CDK2-Rb partially reactivated PI3K-AKT signaling, 
leading to an excessive reduction in blood glucose. These 
cumulative results suggest that DNMT1 has the capacity 
to concurrently and accurately modulate the signal trans-
duction of PI3K-AKT, CDK2-Rb, and GSK3β- mediated 
glycogen metabolism. This mechanism contributes to the 
establishment of signaling synergia and an inherent bal-
ance governing cancer behavior, thereby improving anti-
cancer effects and preventing adverse effects resulting 
from intercommunication between these pathways.

In summary, our study provides comprehensive data 
demonstrating that precise DNMT1-targeting disrupts 
global DNA methylation, forming as a vital approach to 
facilitate anticancer efficacy while minimizing poten-
tial toxic effects arising from signal crosstalk in targeted 
therapy. Mechanistically, we propose a functional model 
wherein DNMT1-remodeled genome-wide DNA hypo-
methylation patterns regulate oral malignant transfor-
mation and tumor growth, through signal collaborations 
involving PI3K-AKT, CDK2-Rb and GSK3β-mediated 
glycogen metabolism. Our findings suggest that targeted 
intervention against DNMT1 using compounds, bioma-
terials or nanomedicines holds promise as an alternative 
approach for OSCC therapy, regarding its pivotal role as 
a signal gatekeeper. Further investigations are warranted 
to discover how DNMT1 remodels specific DNA hypo-
methylation patterns, which will contribute to a deeper 
understanding of the underlying epigenetic mechanism 
driving OSCC progression. This research direction holds 
potential for identifying novel therapeutic targets and 
improving treatment outcomes in OSCC patients.
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Conclusions
In this study, we precisely simulated DNMT1-targeted 
interventions in cancer cells and validated their potent 
efficacy in suppressing tumor growth in an OSCC mouse 
model. Mechanistically, DNMT1 inhibition led to a 
reshaping of the genome-wide DNA hypomethylation 
pattern, which hindered the dual activation of PI3K-
AKT and CDK2-Rb while inducing GSK3β inactivation. 
Compared to PI3K inhibitors, DNMT1 targeting dem-
onstrated superior in vivo tumor suppression, mitigat-
ing the toxic effects of blood glucose variation caused by 
PI3K and PI3K-CDK inhibitor combinations. Analysis 
of human samples revealed a correlation between oral 
malignant transformation, elevated DNMT1 expression, 
and accumulating cancer-specific DNA hypomethyla-
tion. This was associated with collaborative signal trans-
duction involving the PI3K-AKT, CDK2-Rb, and GSK3β 
pathways. DNMT1 targeting not only remodels the 
genome-wide DNA hypomethylation pattern, but also 
achieves enhanced anticancer efficacy and reduced tox-
icity by equilibrating signaling synergia. Our research 
highlights DNMT1 as a gatekeeper in determining OSCC 
destiny and treatment outcome, confirming its potential 
as a useful therapeutic target for OSCC. These findings 
contribute to a deeper understanding of the molecular 
mechanisms underlying OSCC progression and provide a 
basis for the development of more effective and targeted 
therapeutic strategies against this malignancy.
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