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Abstract. Esophageal squamous cell carcinoma (ESCC) is a 
highly aggressive cancer with poor clinical outcomes, high‑
lighting the need for enhanced understanding of its molecular 
drivers. The present study investigated the functional role 
of long non‑coding RNA LINC00184 in ESCC progression. 
Using overexpression experiments in KYSE‑150 and TE‑1 
cell lines, the present study demonstrated that LINC00184 
significantly enhances ESCC cell proliferation and migration 
while inhibiting apoptosis. Mechanistic studies revealed that 
LINC00184 recruits DNA methyltransferase 1 (DNMT1) to 
the promoter of the tumor suppressor gene N‑Myc downstream 
regulated gene 2 (NDRG2), thereby catalyzing CpG island 
hypermethylation and transcriptional silencing of NDRG2. 
The subsequent downregulation of NDRG2 results in activa‑
tion of the oncogenic PI3K/AKT signaling pathway. Notably, 
treatment with the DNMT1 inhibitor 5‑azacytidine reverses 
LINC00184‑induced NDRG2 promoter methylation, restores 
NDRG2 expression and attenuates PI3K/AKT pathway 
activation. The present study findings identified a novel 
LINC00184/DNMT1/NDRG2/PI3K‑AKT regulatory axis in 
ESCC and suggested that targeting this epigenetic pathway 
may represent a promising therapeutic strategy in the future.

Introduction

Esophageal squamous cell carcinoma (ESCC) continues 
to impose a disproportionate global disease burden, with 
incidence‑to‑mortality ratios approaching unity and 5‑year 
survival rates remaining <20% (1). Contemporary therapeutic 
advances, including neoadjuvant chemoradiotherapy and 
immune‑checkpoint blockade, have not markedly improved 
long‑term outcomes. This is largely due to late‑stage presen‑
tation, early micrometastatic dissemination and primary 
or acquired therapeutic refractoriness (2). At the molecular 
level, ESCC exhibits a complex landscape dominated by 
tumor protein 53 mutations, cell‑cycle dysregulation and 
extensive epigenetic rewiring that collectively orchestrate 
initiation, invasion and metastatic colonization (3,4). Within 
this epigenetic circuitry, dysregulation of long non‑coding 
RNAs (lncRNAs) has emerged as a key driver that modu‑
lates chromatin architecture, transcriptional programs and 
post‑transcriptional networks, thereby offering tractable 
biomarkers and therapeutic vulnerabilities for precision 
oncology (5).

lncRNAs are >200 nucleotides in length and lack canonical 
open reading frames, yet they exert pleiotropic regulatory 
functions by sculpting chromatin topology, orchestrating tran‑
scription factor assemblies and modulating mRNA stability 
and translation efficiency  (6‑8). Among these transcripts, 
LINC00184 has been repeatedly implicated in oncogenesis, 
serving as an independent predictor of poor prognosis in breast 
cancer (9) and associating with aggressive disease courses in 
gastric cancer through its ability to accelerate G1/S transition 
and metastatic dissemination (10). Nevertheless, its functional 
contribution to ESCC and the molecular circuits it governs 
remain to be elucidated.

CpG dinucleotide methylation, installed and maintained 
by DNA methyltransferases (DNMT), constitutes a principal 
epigenetic switch that silences gene expression through the 
addition of methyl moieties to promoter‑rich CpG islands (11). 
Hypermethylation of tumor‑suppressor loci is a universal 
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hallmark of malignancy (12). As the principal maintenance 
DNA methyltransferase, DNA methyltransferase 1 (DNMT1) 
perpetuates pre‑existing methylation marks through succes‑
sive cell divisions, thereby locking tumor‑suppressor genes in a 
long‑term silent state. Consistent with this function, DNMT1 is 
frequently upregulated across diverse cancer types, including 
prostate, pancreatic and gastric cancer, and serves a key role in 
extinguishing anti‑oncogenic transcriptional programs (13‑15). 
This epigenetic silencing mechanism is exemplified in ESCC 
by the tumor suppressor N‑Myc downstream regulated gene 2 
(NDRG2). While NDRG2 is established to inhibit prolifera‑
tion and promote apoptosis in various cancer types, including 
lung, liver and pancreatic cancer  (16‑18), its expression is 
consistently downregulated in ESCC, a phenomenon strongly 
associated with promoter hypermethylation (19,20). Notably, 
NDRG2 functions as a key upstream inhibitor of the oncogenic 
PI3K/AKT pathway; NDRG2 can suppress pathway activity by 
enhancing PTEN or recruiting protein phosphatase 2A (PP2A) 
to facilitate AKT dephosphorylation, thereby curbing tumor 
growth (21). Since hyperactivation of the PI3K/AKT axis is a 
major driver of ESCC progression (22), the epigenetic silencing 
of NDRG2 presents a plausible mechanism for its constitutive 
activation. lncRNAs have emerged as key regulators that can 
guide epigenetic modifiers like DNMT1 to specific genomic 
loci (23). Building on this paradigm and the aforementioned 
established associations, the present study hypothesized that 
the lncRNA LINC00184 functions as an oncogenic driver 
in ESCC by recruiting DNMT1 to the NDRG2 promoter, 
inducing its hypermethylation and transcriptional silencing. 
The consequent loss of NDRG2 would then relieve the brake 
on the PI3K/AKT pathway, leading to its sustained activation 
and ultimately promoting tumor cell proliferation and survival.

The present study systematically dissected the oncogenic 
circuitry of LINC00184 in ESCC by integrating gain‑ and 
loss‑of‑function analyses with pharmacological inhibition 
of DNMT1. Specifically, the present study investigated how 
LINC00184‑directed, DNMT1‑dependent hypermethylation 
of the NDRG2 promoter governs proliferative capacity, apop‑
totic threshold and migratory potential of esophageal squamous 
carcinoma cells. Furthermore, the present study employed 
5‑azacytidine (5‑AZA), a clinically approved DNMT1 
inhibitor‑to evaluate the reversibility of LINC00184‑evoked 
epigenetic silencing and to validate the therapeutic tracta‑
bility of the LINC00184‑DNMT1‑NDRG2 axis. These data 
will not only refine current mechanistic understanding of 
ESCC biology but will also provide pre‑clinical evidence for 
repositioning DNMT1 inhibitors in precision oncology of 
esophageal cancer.

Materials and methods

Cell lines and cell culture. ESCC lines KYSE‑150 and 
TE‑1 were obtained from the Cell Bank of the Chinese 
Academy of Sciences. KYSE‑150 is one of the most classic 
and extensively used cell lines in ESCC research, with a 
well‑defined ESCC origin and characteristics. TE‑1 is 
another well‑characterized and commonly utilized ESCC 
cell line. KYSE‑150 cultures were maintained in a 1:1 
mixture of RPMI‑1640 and Ham's F‑12 basal media supple‑
mented with 10% (v/v) fetal bovine serum (FBS) and 1% 

(v/v) penicillin‑streptomycin. TE‑1 cultures were grown 
in RPMI‑1640 containing identical supplements. Cells 
were incubated at 37˚C under a humidified atmosphere 
containing 5% CO2 and routinely tested for mycoplasma 
contamination (negative).

Plasmid construction and transfection. For ectopic 
expression, the full‑length LINC00184 sequence (gene 
ID, 100302691; National Center for Biotechnology 
Information) was gene‑synthesized and inserted into the 
pLVX‑mCMV‑ZsGreen‑IRES‑Puro lentiviral backbone 
(Wuhan Viraltherapy Technologies, Co., Ltd.) using conven‑
tional restriction‑enzyme‑based cloning. Nucleic acid 
constructs were used at a standardized concentration of 2 µg 
per well for 6‑well plate transfection. For transient transfection, 
logarithmically growing cells were plated at 4x105 cells per well 
in 6‑well plates and transfected with either OE‑LINC00184 
or empty vector controls (OE‑NC) using Lipofectamine® 
3000 (Thermo Fisher Scientific, Inc.) according to the manu‑
facturer's protocol. Transfection was performed at 37˚C for 
a continuous incubation duration of 48 h under routine cell 
culture conditions. Total RNA was isolated 48 h post‑transfec‑
tion and LINC00184 overexpression was verified by reverse 
transcription‑quantitative PCR (RT‑qPCR) using the primers 
detailed in Table  I. Specifically, total RNA was extracted 
from transfected cell samples using RNAiso Plus (Takara 
Bio) as the RNA extraction reagent. Reverse transcription was 
performed with the PrimeScript™ RT Reagent Kit (Takara 
Bio), following the manufacturer's recommended temperature 
protocols. The cDNA acquired from reverse‑transcribed 
total RNA served as the DNA template for subsequent qPCR 
analysis. qPCR was conducted using BeyoFast™ SYBR Green 
qPCR Mix (Beyotime Biotechnology). GAPDH was applied as 
the internal reference gene. Standard thermocycling conditions 
were set as initial denaturation at 95˚C for 30 sec followed by 
40 cycles of 95˚C for 5 sec and 60˚C for 30 sec. Relative gene 
expression levels were calculated using the 2‑ΔΔCq method (24). 
For ectopic expression of NDRG2, the full‑length human 
NDRG2 coding sequence (gene ID, 57447) was synthesized 
and cloned into the identical lentiviral backbone, generating the 
overexpression plasmid designated OE‑NDRG2. For transient 
rescue experiments, cells were co‑transfected with the speci‑
fied combinations of OE‑LINC00184, OE‑NDRG2 or their 
respective OE‑NC using Lipofectamine® 3000. Successful 
ectopic expression of NDRG2 was validated at translational 
levels by western blotting analysis.

Knockdown of LINC00184 and DNMT1 by small interfering 
RNA (siRNA) transfection. In total, three siRNA duplexes 
targeting distinct regions of LINC00184 (sequences listed 
in Table II) were chemically synthesized by Sangon Biotech 
Co., Ltd. KYSE‑150 and TE‑1 cells were transfected in 6‑well 
plates using Lipofectamine® RNAiMAX (Thermo Fisher 
Scientific, Inc.). All siRNA transfections were performed at 
37˚C following the manufacturer's standard protocol, with a 
final siRNA concentration of 50 nM. The random non‑coding 
siRNA sequence described below served as the negative 
control for mouse DNMT1 siRNA interference. Gene silencing 
efficiency was detected 48 h after transfection, and all subse‑
quent functional experiments were performed at the same 
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48 h post‑transfection time point. The detection of knockdown 
efficiency by RT‑qPCR adopted the identical reagent system, 
thermal cycling parameters and calculation method as afore‑
mentioned in the RT‑qPCR section. siRNA #2, which produced 
the highest knock‑down (>70% reduction) was selected for all 
subsequent loss‑of‑function assays. siRNA duplexes specifi‑
cally targeting mouse DNMT1 transcript: Sense (S), 5'‑GCU​
GGG​AGA​UGG​CGU​CAU​A‑3'; antisense (AS), 5'‑CAG​GGA​
GAU​ACC​GCA​GUA​U‑3'; or a random non‑coding mRNA 
sequence: S, 5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3'; AS, 
5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3' were synthesized 
and reconstituted in 1X siRNA buffer (Sangon Biotech Co., 
Ltd.). The results of the knock‑down efficiency are shown in 
Fig. S1.

Cell Counting Kit‑8 (CCK‑8) assay. For viability assessment, 
KYSE‑150 and TE‑1 cells were seeded at 5x103 cells per well 
in 96‑well plates, allowed to attach overnight (37˚C and 5% 
CO2) and then subjected to plasmid transfection or 5‑AZA 
treatment for 48 h. Subsequently, 10 µl of CCK‑8 reagent 
(Dojindo Laboratories, Inc.) were added per well, incubated 
for 2 h at 37˚C, and absorbance at 450 nm was recorded on 
a SpectraMax® i3x microplate reader (Molecular Devices, 
LLC). To determine a functional and non‑cytotoxic concen‑
tration, the present study performed a dose‑optimization 
experiment using CCK‑8 assays across a range of concentra‑
tions (0, 0.2, 2, 5, 10 and 20 µM). Based on these results 
(Fig. S2), the present study selected 2 µM for subsequent 
functional rescue experiments, as it effectively modulated 
the phenotype while keeping non‑specific cytotoxicity low 
(cell viability reduction <15%).

Transwell migration assay. KYSE‑150 and TE‑1 cells were 
seeded at 5x105 cells per well in 6‑well plates and allowed 
to attach overnight (37˚C and 5% CO2). Following plasmid 
transfection or 5‑AZA exposure (48 h), cells were trypsin‑
ized, washed twice with PBS and resuspended in serum‑free 
RPMI‑1640 to a density of 3x105 cells/ml. A 200 µl aliquot was 
plated into the upper compartment of 8.0 µm pore Transwell® 
inserts (Corning, Inc.); the lower compartment contained 
600 µl complete medium (10% FBS) serving as chemoattrac‑
tant. After 24 h incubation (37˚C and 5% CO2), non‑invading 
cells on the upper surface were gently removed with cotton 
swabs. Migratory cells on the underside were fixed in 4% para‑
formaldehyde for 15 min, stained with 0.5% (w/v) crystal violet 
for 20 min at room temperature, washed three times with PBS 
and captured under a phase‑contrast microscope. Five random 
fields per insert were counted by two blinded investigators.

Apoptosis assay. After 48 h post‑transfection or 5‑AZA expo‑
sure, KYSE‑150 and TE‑1 cells were collected, washed three 
times with PBS and centrifuged. Apoptosis was then quantified 
using the Annexin V‑FITC/propidium iodide (PI) Apoptosis 
Detection Kit (cat. no. C1062S; Beyotime Biotechnology). 
Briefly, cells were resuspended in 1X binding buffer and 
stained with 5 µl of FITC‑conjugated Annexin V and 10 µl 
of PI for 15 min in the dark at room temperature, followed by 
the addition of 2 ml PBS. Apoptosis was evaluated using flow 
cytometry with a FACScan instrument (BD Biosciences) and 
analyzed using CellQuest™ software (version number 5.2.1; 
BD Biosciences). Unstained control and single‑color compen‑
sation controls (FITC single‑stained and PI single‑stained 
cells) were applied to define negative thresholds and adjust 
spectral compensation. Firstly, intact single‑cell populations 
were gated according to forward scatter and side scatter param‑
eters to exclude cellular debris and aggregates. Subsequently, 
quadrant gating was performed on the Annexin V‑FITC vs. PI 
dot plot to distinguish viable cells, early apoptotic cells, late 
apoptotic cells and necrotic cells for statistical analysis.

Methylation‑specific PCR (MSP). To evaluate the methylation 
status of the NDRG2 promoter, the EpiTect Plus DNA Bisulfite 
Kit (cat. no. 59124; Qiagen GmbH) was employed. Genomic 
DNA was extracted from KYSE‑150 and TE‑1 cells using a 
conventional DNA isolation method (DP‑34; Tiangen Biotech 
Co., Ltd.). The concentration and purity of extracted genomic 
DNA were determined via a Nanodrop spectrophotometer. 
After quantifying the DNA concentration, 1 µg of genomic 
DNA was subjected to bisulfite treatment following the 

Table I. Primer sequences.

Gene	 Primer sequence (5'‑3')	 Size, bp

Homo GAPDH	 F: TCAAGAAGGTGGTGAAGCAGG	 115
	 R: TCAAAGGTGGAGGAGTGGGT	
Homo LINC00184	 F: CCAATGAGCAGGGACTATGAT	 145
	 R: GCAGAGAGGCAGGAAGGTTTA	

F, forward; R, reverse.

Table II. Sequences of siRNA for LINC00184.

siRNA	 Sequences (5'‑3')

siLINC00184‑1	 S: GCAAGGCAUCACACAGAAUTT
	 AS: AUUCUGUGUGAUGCCUUGCTT
siLINC00184‑2	 S: GGAAGAGACAUAAGGAGAATT
	 AS: UUCUCCUUAUGUCUCUUCCTT
siLINC00184‑3	 S: GCCGUCAUCUACAAAGGAATT
	 AS: UUCCUUUGUAGAUGACGGCTT

S, sense; AS, antisense; si/siRNA, small interfering RNA.
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manufacturer's protocol. Subsequently, the bisulfite‑treated 
DNA was used as a template for PCR amplification, utilizing 
the primers provided in Table III. The PCR was performed 
under the following conditions: Initial denaturation at 95˚C 
for 10 min, followed by 35 cycles consisting of denaturation 
at 95˚C for 30 sec, annealing at 60˚C for 30 sec and exten‑
sion at 72˚C for 10 sec, with a final extension step at 72˚C 
for 10 min. The PCR products were analyzed via agarose gel 
electrophoresis and visualized using an image analysis system. 
The PCR amplicons were then analyzed by 1% agarose gel 
electrophoresis and visualized using a Bio‑Rad ChemiDoc 
Imaging System (Bio‑Rad Laboratories, Inc.) to assess the 
methylation status.

Chromatin immunoprecipitation (ChIP). When the KYSE‑150 
cells reached 70‑80% confluence, the ChIP assay was 
performed using a commercial ChIP Kit (cat. no.  P2078; 
Beyotime Biotechnology). The cells were fixed with 1% 
formaldehyde for 10 min at ambient temperature to cross‑link 
the DNA‑protein complexes. Subsequently, the chromatin 
was fragmented by sonication to generate DNA fragments 
of 200‑1,000 base pairs. The sheared chromatin was then 
subjected to immunoprecipitation overnight at 4˚C using 
specific antibodies: Mouse anti‑DNMT1 (cat. no. ab13537; 
1:100; Abcam) and a negative control mouse anti‑IgG (cat. 
no. ab109489; 1:100; Abcam). Protein A/G agarose beads were 
employed to capture the antibody‑bound chromatin complexes. 
After extensive washing to remove non‑specific binding, 
the cross‑links were reversed by incubating the samples at 
65˚C overnight. The DNA was subsequently purified using 
phenol/chloroform extraction and ethanol precipitation. To 
verify the binding of DNMT1 to the NDRG2 promoter, PCR 
amplification was performed using primers specific to the 
NDRG2 promoter region. The sequences of these primers 
are detailed in Table IV. Fluorescent quantitative PCR was 
performed with the 2‑ΔΔCq calculation. The presence of PCR 
products indicated the successful enrichment of the NDRG2 
promoter region in the immunoprecipitated samples, thereby 
confirming the interaction between DNMT1 and the NDRG2 
promoter.

RNA‑binding protein immunoprecipitation (RIP) assay. To 
elucidate the interaction between LINC00184 and DNMT1, 
RIP assay was performed in the present study using the RIP 
kit from EMD Millipore, following the manufacturer's instruc‑
tions. KYSE‑150 cells were disrupted with RIPA lysis buffer 
(cat. no. P0013B; Beyotime Biotechnology) for 5 min at 4˚C. 

After lysis, the cell lysate was centrifuged at 12,000 x g for 
10 min at 4˚C to remove cell debris and insoluble impurities. 
A volume of 100 µl of the lysate was incubated with 50 µl 
protein A/G magnetic beads (MedChemExpress) conjugated 
with anti‑DNMT1 antibody (cat. no. ab13537; 1:100; Abcam) 
or control IgG (cat. no.  ab109489; 1:100; Abcam) for an 
extended period at 4˚C. The magnetic bead‑protein complexes 
were subsequently isolated using a magnetic separator. The 
complexes were then treated with proteinase K to release 
the associated RNA. The purified RNA was analyzed via 
RT‑qPCR. Total RNA extracted from the RIP samples was 
reverse‑transcribed into cDNA using a reverse transcription kit, 
which was then used as the template for qPCR amplification. 
The qPCR system included BeyoFast™ SYBR Green qPCR 
Mix, specific primers targeting the target genes and cDNA 
template. The thermal cycling conditions were as follows: 
Pre‑denaturation at 95˚C for 30 sec, followed by 40 cycles of 
denaturation at 95˚C for 5 sec and annealing/extension at 60˚C 
for 30 sec. Relative gene expression levels were calculated 
using the 2‑ΔΔCq method. The specific primers utilized in this 
experiment are detailed in Table I.

Western blotting. Protein lysates were obtained from 
KYSE‑150 and TE‑1 cells using a cell lysis buffer (cat. 
no. P0013; Beyotime Biotechnology). Protein concentrations 
were determined using the Bradford method and subsequently 
normalized. Equivalent quantities ranging from 20‑40 µg of 
protein were resolved on 12‑15% gels using SDS‑PAGE and 
electrotransferred to PVDF membranes (MilliporeSigma). 
After blocking with 5% BSA for 1 h at ambient temperature, 

Table IV. NDRG2 promoter‑specific primers.

NDRG2‑		  Size,
promoter	 Primer sequences (5'‑3')	 bp

1	 F: CAGACAGACCCCCAGTGTTC	 204
	 R: CGTTTCCTGTGGCTGAGACT	
2	 F: AGTCTCAGCCACAGGAAACG	 173
	 R: GGAGGCTGGAGGAAAAAGAA	
3	 F: CCAGAGACGGGACATTCAGT	 197
	 R: GCTGCTCAAGCCCTAGCTC	

NDRG2, N‑Myc downstream regulated gene 2; F, forward; R, reverse.

Table III. Primer sequences for NDRG2 promoter.

Promoter	 Primer sequences (5'‑3')	 Size, bp

Homo NDRG2 M	 F: AAGTTTATAGTGGTAAATTTATTCGG	 103
	 R: ATAAAAAACCAACTCAAACCCG	
Homo NDRG2 U	 F: TGTGTAAAGTTTATAGTGGTAAATTTATTT	 109
	 R: ATAAAAAACCAACTCAAACCCACT	

NDRG2, N‑Myc downstream regulated gene 2; F, forward; R, reverse; M, methylated; U, unmethylated. 
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the membranes were probed with primary antibodies over‑
night at 4˚C. The primary antibodies utilized were: Mouse 
anti‑GAPDH (cat. no.  60004‑1‑Ig; 1:1,000; Proteintech 
Group, Inc.), rabbit anti‑NDRG2 (cat. no. Ab174850; 1:1,000; 
Abcam), mouse anti‑AKT (cat. no.  60203‑2‑Ig; 1:1,000; 
Proteintech Group, Inc.), rabbit anti‑phosphorylated (p)‑AKT 
(cat. no.  80455‑1‑RR; 1:1,000; Proteintech Group, Inc.), 
rabbit anti‑PI3K (cat. no.  4292; 1:1,000; CST), and rabbit 
anti‑p‑PI3K (cat. no. 17366; 1:1,000; CST), anti‑DNMT1 (cat. 
no. 5032; 1:1,000; CST). The blots were washed with TBST 
containing 0.1% Tween‑20 at room temperature three times 
for 15 min per wash. The membranes were then incubated 
with HRP‑conjugated secondary antibodies, goat anti‑rabbit 
IgG (cat. no. A0208; 1:5,000; Proteintech Group, Inc.) and 
goat anti‑mouse IgG (cat. no. SA00001‑1; 1:5,000; Proteintech 
Group, Inc.) for 1 h at room temperature. Protein bands were 
detected using a Clarity™ Western ECL Substrate (Bio‑Rad 
Laboratories, Inc.) and their relative intensities were assessed 
by Quantity One analysis tool (Bio‑Rad Laboratories, Inc.).

Statistical analysis. Statistical analyses were conducted using 
GraphPad Prism software (version 5; Dotmatics). For pairwise 
comparisons, an unpaired Student's t‑test was employed. In 
cases involving multiple treatment groups, one‑way ANOVA 
was performed, followed by Tukey's post hoc test for multiple 
comparisons. All experiments in this study were performed 
with no fewer than three independent biological replicates 
and the number of experimental repeats varied appropri‑
ately according to different experimental designs. Data are 
presented as mean ± SEM. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Overexpression of LINC00184 promotes proliferation and 
migration while inhibiting apoptosis in ESCC cells. In order 
to explore the role of LINC00184 in ESCC cell proliferation, 
migration and apoptosis, KYSE‑150 and TE‑1 cells were 
transfected with the OE‑LINC00184 plasmid to overexpress 
LINC00184. The expression level of LINC00184 in KYSE‑150 
and TE‑1 cells following transfection was verified using 
RT‑qPCR. The results demonstrated that the expression level 
of LINC00184 was significantly increased after transfection 
with the OE‑LINC00184 plasmid in KYSE‑150 (Fig.  1A) 
and TE‑1 cells (Fig. 1B). In addition, the biological behaviors 
of cells were assessed using CCK‑8 staining, Transwell and 
apoptosis assays. As presented in Fig. 1C and D, overexpres‑
sion of LINC00184 markedly enhanced the cell viability 
of these two cells. The Transwell assay results revealed the 
increased number of migrated cells in the OE‑LINC00184 
groups compared with the control groups which means that 
overexpression of LINC00184 significantly promoted the 
migration of KYSE‑150 cells (Fig. 1E and F) and TE‑1 cells 
(Fig. 1G and H). Additionally, flow cytometry analysis of apop‑
tosis indicated that the apoptotic rates in the OE‑LINC00184 
groups were significantly lower compared with those in 
the control groups which means that overexpression of 
LINC00184 reduced the apoptosis rate in both KYSE‑150 cells 
(Fig. 1I and J) and TE‑1 cells (Fig. 1K and L). In summary, 
these findings suggested that overexpression of LINC00184 

serves a key role in promoting the proliferation, migration, and 
inhibiting apoptosis of ESCC cells.

LINC00184 negatively regulates NDRG2 and activates the 
PI3K/AKT pathway in ESCC cells. To elucidate the molecular 
mechanisms underlying the effects of LINC00184 in ESCC 
cells, the present study focused on its impact on NDRG2 
expression and the PI3K/AKT signaling pathway. NDRG2 
is a tumor suppressor protein that inhibits cell proliferation 
and promotes apoptosis in various cancer types, including 
lung, liver and pancreatic cancer (16‑18). NDRG2 can inhibit 
the PI3K/AKT pathway by acting as a bridge between PP2A 
and PTEN, leading to the dephosphorylation of phospha‑
tidylinositol‑3,4,5‑triphosphate and subsequent inhibition 
of AKT activity  (21). Due to this background, the present 
study hypothesized that LINC00184 might influence ESCC 
cell behavior by regulating NDRG2, thereby affecting the 
PI3K/AKT pathway. Western blotting analysis in KYSE‑150 
and TE‑1 cells revealed that overexpression of LINC00184 
significantly decreased NDRG2 protein levels (Fig. 2A, B, 
F and G). Consistent with this, RT‑qPCR analysis confirmed 
that LINC00184 overexpression also led to a significant reduc‑
tion in NDRG2 mRNA levels in both cell lines (Fig. 2E and J), 
demonstrating transcriptional downregulation. Concurrently, 
the overexpression increased the phosphorylation of AKT 
(Fig. 2A, C, F and H) and PI3K (Fig. 2A, D, F and I), indica‑
tive of PI3K/AKT pathway activation. These results suggested 
that LINC00184 may promote ESCC cell proliferation and 
survival by transcriptionally repressing NDRG2 and leading 
to reduced NDRG2 protein expression, thereby influencing the 
PI3K/AKT pathway.

Restoration of NDRG2 attenuates LINC00184‑induced 
oncogenic phenotypes. To directly establish the causal 
role of NDRG2 downregulation in mediating the effects of 
LINC00184, the present study performed a rescue experiment 
by re‑expressing NDRG2 in TE‑1 cells stably overexpressing 
LINC00184. Western blotting analysis confirmed the successful 
restoration of NDRG2 protein (Figs. 3A and S3A). Notably, 
this restoration significantly reversed the LINC00184‑induced 
hyperphosphorylation of AKT (Figs. 3A and S3B), indicating 
that NDRG2 reconstitution effectively suppressed the activa‑
tion of the PI3K/AKT pathway. Correspondingly, functional 
assays demonstrated that re‑expression of NDRG2 signifi‑
cantly attenuated the enhanced cell viability promoted by 
LINC00184 overexpression (Fig. 3B). Collectively, these data 
provided direct genetic evidence that the downregulation 
of NDRG2 is a pivotal and causative event through which 
LINC00184 activates the PI3K/AKT pathway and drives 
proliferative advantage in ESCC cells.

LINC00184 regulates NDRG2 expression through 
DNMT1‑mediated methylation of the NDRG2 promoter. 
To elucidate the regulatory mechanisms of LINC00184 on 
NDRG2 expression in ESCC cells, the present study first 
validated the effects of both LINC00184 overexpression 
and knockdown using siRNA (Fig. 4A and B). The present 
study identified that overexpression of LINC00184 markedly 
increased the methylation level of the NDRG2 promoter, as 
confirmed by MSP assay (Fig. 4C and D). By contrast, silencing 
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Figure 1. Overexpression of LINC00184 promotes proliferation and migration while inhibiting apoptosis in esophageal squamous cell carcinoma cells. 
(A) Expression level of LINC00184 in KYSE‑150 cells following transfection with OE‑NC and OE‑LINC00184 plasmids. (B) Expression level of LINC00184 in 
TE‑1 cells following transfection with OE‑NC and OE‑LINC00184 plasmids. (C) Relative cell viability in KYSE‑150 cells following transfection with OE‑NC 
and OE‑LINC00184 plasmids. (D) Relative cell viability in TE‑1 cells following transfection with OE‑NC and OE‑LINC00184 plasmids. (E) Representative 
images of migrated KYSE‑150 cells after transfection with OE‑NC and OE‑LINC00184 (magnification, x200). (F) Quantitative analysis of migrated cell 
numbers corresponding to (E). (G) Representative images of migrated TE‑1 cells after transfection with OE‑NC and OE‑LINC00184 (magnification, x200). 
(H) Quantitative analysis of migrated cell numbers corresponding to (G). (I) Flow cytometry dot plots showing the apoptosis rate of KYSE‑150 cells in the 
OE‑NC and OE‑LINC00184 groups. (J) Quantitative analysis of apoptosis rates corresponding to (I). (K) Flow cytometry dot plots showing the apoptosis rate 
of TE‑1 cells in the OE‑NC and OE‑LINC00184 groups. (L) Quantitative analysis of apoptosis rates corresponding to (K). Data are presented as mean ± SEM 
(n=3). Comparisons between two groups were performed using the unpaired Student's t‑test. Statistical significance is indicated as **P<0.01 and ***P<0.001. 
OE, overexpression; NC, negative control.
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LINC00184 using siRNA markedly reduced the methylation 
level of the NDRG2 promoter (Fig. 4C and D). These initial 
findings prompted further investigation into the role of DNA 
methylation in LINC00184‑mediated NDRG2 regulation. 
DNMT1 is a key enzyme responsible for maintaining DNA 
methylation patterns, particularly during DNA replication (13). 
Due to its key function in epigenetic regulation, the present 
study hypothesized that LINC00184 might influence NDRG2 
expression through DNMT1‑mediated methylation of the 
NDRG2 promoter. To investigate this hypothesis, the present 
study conducted ChIP assays to examine the enrichment of 
DNMT1 at the NDRG2 promoter region. The results indi‑
cated that overexpression of LINC00184 led to significantly 
increased enrichment of DNMT1 at the NDRG2 promoter 
(Fig. 4E), suggesting that LINC00184 recruits DNMT1 to the 
NDRG2 promoter. By contrast, silencing LINC00184 using 
siRNA significantly decreased the enrichment of DNMT1 at 
the NDRG2 promoter (Fig. 4E), further supporting the role 
of LINC00184 in DNMT1 recruitment. To confirm the direct 
interaction between LINC00184 and DNMT1, the present 
study performed RIP assays. The results revealed that overex‑
pression of LINC00184 significantly increased the enrichment 
of LINC00184 by DNMT1 (Fig. 4F and G), indicating a direct 
interaction between LINC00184 and DNMT1. By contrast, 
silencing LINC00184 significantly decreased this enrichment 

Figure 2. LINC00184 negatively regulates NDRG2 and activate the PI3K/AKT pathway in esophageal squamous cell carcinoma cells. (A) Western blot‑
ting analysis reveals the protein expression levels of NDRG2, p‑AKT (Ser473), AKT, p‑PI3K (Tyr458) and PI3K in KYSE‑150 transfected with OE‑NC or 
OE‑LINC00184 plasmid. (B) Quantitative analysis of immunoblots of NDRG2 presented in (A). (C) Quantitative analysis of immunoblots of pAKT/AKT 
presented in (A). (D) Quantitative analysis of immunoblots of pPI3K/PI3K presented in (A). (E) RT‑qPCR analysis of NDRG2 mRNA levels in KYSE‑150 cells 
under control conditions and following overexpression of LINC00184. (F) Western blotting analysis demonstrating the protein expression levels of NDRG2, 
p‑AKT (Ser473), AKT, p‑PI3K (Tyr458) and PI3K in KYSE‑150 and TE‑1 cells transfected with OE‑NC or OE‑LINC00184 plasmid. (G) Quantitative analysis 
of immunoblots of NDRG2 presented in (F). (H) Quantitative analysis of immunoblots of pAKT/AKT presented in (F). (I) Quantitative analysis of immunob‑
lots of pPI3K/PI3K presented in (F). (J) RT‑qPCR analysis of NDRG2 mRNA levels in TE‑1 cells under control conditions and following overexpression of 
LINC00184. Data are presented as mean ± SEM (n=3). Comparisons between two groups were performed using the Student's t‑test. Statistical significance is 
indicated as *P<0.05, **P<0.01 and ***P<0.001. OE, overexpression; NC, negative control; RT‑qPCR, reverse transcription‑quantitative PCR; NDRG2, N‑Myc 
downstream regulated gene.

Figure 3. Restoration of NDRG2 rescues LINC00184‑driven PI3K/AKT 
activation and proliferation in esophageal squamous cell carcinoma cells. 
(A) Western blotting analysis of NDRG2 and phosphorylated AKT (p‑AKT) 
protein levels in TE‑1 cells under the following conditions: Control, overex‑
pression of LINC00184 alone (OE‑LINC00184), and co‑overexpression of 
LINC00184 and NDRG2. GAPDH serves as the loading control. (B) Cell 
viability measured by Cell Counting Kit‑8 assay in TE‑1 cells under the same 
treatment conditions as in (A). Data in (B) are presented as mean ± SEM 
(n=6). Comparisons among multiple groups were analyzed by one‑way 
analysis of variance. ***P<0.001. OE, overexpression; NC, negative control; 
NDRG2, N‑Myc downstream regulated gene.
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Figure 4. LINC00184 regulates NDRG2 expression through DNMT1‑mediated methylation of the NDRG2 promoter. (A) Expression level of LINC00184 
in KYSE‑150 cells following treatment with siRNA targeting LINC00184 (n=3). (B) Expression level of LINC00184 in TE‑1 cells following treatment 
with siRNA targeting LINC00184 (n=3). (C) Methylation level of the NDRG2 promoter in KYSE‑150 cells detected via MSP assay after overexpression or 
silencing of LINC00184. (D) Methylation level of the NDRG2 promoter in TE‑1 cells detected via MSP assay after overexpression or silencing of LINC00184. 
(E) Enrichment of DNMT1 at the NDRG2 promoter region detected by chromatin immunoprecipitation assay and quantified using RT‑qPCR in KYSE‑150 
cells with overexpression or silencing of LINC00184 (n=3). (F) Enrichment of LINC00184 bound to DNMT1 detected by RNA immunoprecipitation assay and 
quantified using RT‑qPCR in KYSE‑150 cells after overexpression or silencing of LINC00184 (n=3). (G) Enrichment of LINC00184 bound to DNMT1 detected 
by RNA immunoprecipitation assay and quantified using RT‑qPCR in TE‑1 cells after overexpression or silencing of LINC00184 (n=3). (H) Methylation level 
of the NDRG2 promoter in KYSE‑150 cells measured by MSP assay following LINC00184 overexpression combined with 5‑AZA treatment. (I) Methylation 
level of the NDRG2 promoter in TE‑1 cells measured by MSP assay following LINC00184 overexpression combined with 5‑AZA treatment. (J) Western blot‑
ting analysis of NDRG2 protein expression in KYSE‑150 cells after LINC00184 overexpression and 5‑AZA intervention. (K) Quantitative analysis of NDRG2 
protein grayscale values obtained from the western blotting results in (J) (n=3). (L) Western blotting analysis of NDRG2 protein expression in TE‑150 cells after 
LINC00184 overexpression and 5‑AZA intervention. (M) Quantitative analysis of NDRG2 protein grayscale values obtained from the western blotting results 
in (L) (n=3). (N) Western blotting detection of NDRG2 protein levels under control conditions, single overexpression of LINC00184, and combined treatment 
with OE‑LINC00184 + si‑DNMT1. (O) RT‑qPCR detection of relative DNMT1 mRNA levels in control cells and LINC00184‑overexpressing cells (n=6). 
(P) Western blotting analysis of total DNMT1 protein levels in control cells and LINC00184‑overexpressing cells; GAPDH was used as the loading control (n=3). 
Data are presented as mean ± SEM (n=3). Comparisons between two groups were performed using the unpaired Student's t‑test. Comparisons among multiple 
groups were analyzed by one‑way analysis of variance. Statistical significance is indicated as *P<0.05 and ***P<0.001. OE, overexpression; NC, negative control; 
NDRG2, N‑Myc downstream regulated gene; RT‑qPCR, reverse transcription‑quantitative PCR; DNMT1, DNA methyltransferase 1; si/siRNA, small interfering 
RNA; lnc/lncRNA, long non‑coding RNA; 5‑AZA, 5‑azacytidine; MSP, methylation‑specific PCR. M, methylation; U, unmethylation.
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(Fig. 4F and G), reinforcing the notion that LINC00184 directly 
interacts with DNMT1. To further confirm the role of DNMT1 
in LINC00184‑mediated NDRG2 suppression, ESCC cells 
overexpressing LINC00184 were treated with the DNMT1 
inhibitor 5‑AZA. The results demonstrated that 5‑AZA treat‑
ment effectively reversed the LINC00184‑induced methylation 
of the NDRG2 promoter (Fig. 4H and I) and restored NDRG2 
expression (Fig.  4J‑M). This indicated that the methyla‑
tion changes induced by LINC00184 are reversible and that 
DNMT1 activity is a key factor in this process. To establish 
a more specific causal association between DNMT1 activity 
and this regulatory axis, the present study employed siRNA to 
directly knock down DNMT1 in LINC00184‑overexpressing 
cells. This genetic intervention successfully reversed the 
LINC00184‑induced downregulation of NDRG2 protein 
(Figs. 4N and S4A), mirroring the effect observed with the 
pharmacological inhibitor 5‑AZA. Notably, to definitively 
rule out the alternative possibility that LINC00184 suppresses 
NDRG2 by first upregulating DNMT1 expression, the 
present study assessed DNMT1 levels following LINC00184 
manipulation. Neither DNMT1 mRNA (Fig. 4O) nor total 
protein levels (Figs. 4P and S4B) were significantly altered 
by LINC00184 overexpression. This key control experiment 
confirmed that LINC00184 does not affect DNMT1 abundance 
but instead acts by modulating the functional recruitment and 
activity of pre‑existing DNMT1 to epigenetically silence the 
NDRG2 promoter. Therefore, the convergent evidence from 
pharmacological (5‑AZA) and genetic (siDNMT1) inhibi‑
tion, coupled with the unchanged DNMT1 expression profile, 
solidifies DNMT1 as the key epigenetic effector downstream 
of LINC00184.

Inhibition of DNMT1 abrogates LINC00184‑induced 
PI3K/AKT pathway activation. Having established that 
LINC00184 recruits DNMT1 to silence NDRG2, the present 
study then investigated whether this epigenetic mechanism 
is responsible for the downstream activation of the onco‑
genic PI3K/AKT pathway. The present study first confirmed 
that pharmacological inhibition of DNMT1 with 5‑AZA in 
LINC00184‑overexpressing cells effectively reversed the 
hyperphosphorylation of both PI3K and AKT (Fig. 5A‑F). 
To establish a specific genetic association, siRNA‑mediated 
knockdown of DNMT1 was performed. Consistent with the 
pharmacological data, siDNMT1 significantly attenuated 
the LINC00184‑induced increase in AKT phosphorylation 
(Fig. 5G and H). This convergence of evidence from inde‑
pendent inhibitory strategies definitively confirmed that the 
DNMT1‑mediated epigenetic silencing of NDRG2 is the key 
mechanistic event through which LINC00184 activates the 
PI3K/AKT pathway in ESCC cells.

DNMT1 inhibition reverses LINC00184‑induced malig‑
nant phenotypes in ESCC cells. To determine whether the 
DNMT1‑mediated epigenetic axis is functionally required 
for the oncogenic phenotypes driven by LINC00184, 
the present study inhibited DNMT1 activity using both 
pharmacological and genetic approaches. Treatment of 
LINC00184‑overexpressing cells with the DNMT1 inhibitor 
5‑AZA significantly reversed the pro‑tumorigenic pheno‑
types: It significantly reduced cell viability (Fig. 6A and F), 

significantly attenuated enhanced cell migration (Fig. 6B, 
D, G and  I) and significantly increased the apoptotic rate 
(Fig. 6C, E, H and J) back towards control levels. To provide 
specific genetic confirmation, siRNA‑mediated knockdown 
of DNMT1 (siDNMT1) was performed in the same context. 
Consistent with the pharmacological inhibition, genetic deple‑
tion of DNMT1 also significantly reduced the enhanced cell 
viability induced by LINC00184 overexpression (Fig. 6K).

Collectively, these results demonstrated that DNMT1 
activity is key to executing the full spectrum of the oncogenic 
functions of LINC00184, including promoting prolifera‑
tion, migration and suppressing apoptosis. The concordance 
between chemical and genetic inhibition solidifies DNMT1 as 
a key downstream effector and a potential therapeutic target 
within this pathway.

Discussion

The present study revealed the significant role of LINC00184 in 
ESCC progression, highlighting its oncogenic function through 
DNMT1‑mediated methylation of the NDRG2 promoter and 
subsequent activation of the PI3K/AKT signaling pathway. 
The present study results indicated that LINC00184 promotes 
ESCC cell proliferation and migration while inhibiting apop‑
tosis by recruiting DNMT1 to the NDRG2 promoter, causing 
hypermethylation and silencing of NDRG2. This epigenetic 
modification activates the PI3K/AKT pathway, driving the 
malignant phenotype of ESCC cells. Notably, treatment 
with the DNMT1 inhibitor 5‑AZA effectively reversed these 
effects, suggesting potential therapeutic strategies targeting 
the LINC00184/DNMT1/NDRG2 axis in ESCC.

Beyond the classical competing endogeneous RNA 
(ceRNA) network, LINC00184 orchestrates oncogenic 
signaling through multiple, context‑dependent modalities. 
In ovarian carcinoma, it sequesters miR‑1305 to relieve 
contactin‑1 suppression and enhance tumor cell fitness (25); 
in gastric cancer, it competes with miR‑145 for ANGPT2 
mRNA, thereby driving angiogenesis and metastasis  (9). 
Prostate cancer studies revealed that LINC00184 reduces 
miR‑105‑5p activity, leading to PD‑L1 upregulation and 
docetaxel refractoriness (26), whereas in cholangiocarcinoma 
it suppresses miR‑23b‑3p to elevate ANXA2 and accelerate 
proliferation (27). In non‑small cell lung cancer, the lncRNA 
enhances aggressiveness via the miR‑524‑5p/high‑mobility 
group box 2 axis (28). The present study expands the known 
functional repertoire of LINC00184 by demonstrating its 
capacity to directly recruit the epigenetic regulator DNMT1 
and facilitate DNA methylation, thereby revealing a previ‑
ously unrecognized chromatin‑based mechanism of action in 
ESCC, to the best of our knowledge.

To the best of our knowledge, the present study identified 
NDRG2 as a previously unrecognized downstream target whose 
expression is stringently controlled by LINC00184‑mediated 
epigenetic rewriting. Although NDRG2 has been reported 
to be transcriptionally repressed by Myc (29), silenced by 
specific miRNAs (30) or modified post‑translationally (31) 
in various malignancies. While previous studies have 
established the importance of NDRG2 in inhibiting tumor 
progression in lung (32), liver (33) and breast cancer (34), the 
regulatory mechanisms controlling its expression in ESCC 
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Figure 5. Inhibition of DNMT1 abrogates LINC00184‑induced PI3K/AKT pathway activation and functional phenotypes. (A) Western blotting analysis 
showing the protein expression level of pAKT, AKT, pPI3K and PI3K in KYSE‑150 cells following overexpression of LINC00184 and treatment with 5‑AZA. 
(B) Quantitative analysis of the pAKT/AKT protein expression level derived from the immunoblots in (A). (C) Quantitative analysis of the pPI3K/PI3K 
protein expression level derived from the immunoblots in (A). (D) Western blotting analysis showing the protein expression level of pAKT, AKT, pPI3K and 
PI3K in TE‑1 cells following overexpression of LINC00184 and treatment with 5‑AZA. (E) Quantitative analysis of the pAKT/AKT protein expression level 
derived from the immunoblots in (D). (F) Quantitative analysis of the pPI3K/PI3K protein expression level derived from the immunoblots in (D). (G) Western 
blotting analysis of p‑AKT and total AKT levels in esophageal squamous cell carcinoma cells under the following conditions: Control, OE‑LINC00184 and 
OE‑LINC00184 + si‑DNMT1. (H) Quantitative analysis of the pAKT/AKT protein expression level corresponding to the immunoblots presented in (G). 
Data are presented as mean ± SEM (n=3). Comparisons among multiple groups were analyzed by one‑way analysis of variance. Statistical significance is 
indicated as *P<0.05, **P<0.01 and ***P<0.001. OE, overexpression; NC, negative control; NDRG2, N‑Myc downstream regulated gene; RT‑qPCR, reverse 
transcription‑quantitative PCR; DNMT1, DNA methyltransferase 1; si/siRNA, small interfering RNA; 5‑AZA, 5‑azacytidine.
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remain to be elucidated. The present study findings revealed 
that LINC00184 recruits DNMT1 to install CpG island 
hypermethylation on the NDRG2 promoter, functionally 
extinguishing this tumor suppressor in esophageal squamous 

cells. Reversal of this silencing by 5‑AZA not only validates 
the methylation‑dependent mechanism but also highlights a 
clinically actionable route to reactivate NDRG2 in patients 
with ESCC.

Figure 6. DNMT1 inhibition reverses LINC00184‑induced malignant phenotypes in ESCC cells. (A) Cell viability of KYSE‑150 cells following LINC00184 
overexpression and treatment with 5‑AZA (n=3). (B) Representative images of migrated KYSE‑150 cells following LINC00184 overexpression and treatment 
with 5‑AZA. (C) Representative flow cytometry dot plots showing the apoptosis rate of KYSE‑150 cells following LINC00184 overexpression and treatment 
with 5‑AZA. (D) Statistical counting of migrated KYSE‑150 cells corresponding to (B) (n=3). (E) Quantitative analysis of the apoptosis rate of KYSE‑150 cells 
corresponding to (C) (n=3). (F) Cell viability of TE‑1 cells following LINC00184 overexpression and treatment with 5‑AZA (n=3). (G) Representative images 
of migrated TE‑1 cells following LINC00184 overexpression and treatment with 5‑AZA. (H) Representative flow cytometry dot plots showing the apoptosis 
rate of TE‑1 cells following LINC00184 overexpression and treatment with 5‑AZA. (I) Statistical counting of migrated TE‑1 cells corresponding to (G) (n=3). 
(J) Quantitative analysis of the apoptosis rate of TE‑1 cells corresponding to (H) (n=3). (K) Cell viability detected via Cell Counting Kit‑8 assay in ESCC cells 
under the conditions of control, OE‑LINC00184 and OE‑LINC00184 + si‑DNMT1. Data are presented as mean ± SEM (n=3), Comparisons among multiple 
groups were analyzed by one‑way analysis of variance. Statistical significance is indicated as *P<0.05, **P<0.01 and ***P<0.001. OE, overexpression; NC, 
negative control; DNMT1, DNA methyltransferase 1; si/siRNA, small interfering RNA; 5‑AZA, 5‑azacytidine; ESCC, esophageal squamous cell carcinoma.
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Beyond chromatin‑level regulation, the present study 
revealed a functional crosstalk between LINC00184 and the 
PI3K/AKT cascade. NDRG2 loss‑of‑function triggered by 
LINC00184‑directed methylation relieves the brake on PI3K 
and AKT phosphorylation, thereby amplifying pro‑survival 
signaling in ESCC cells. Due to the well‑documented role of 
hyperactive PI3K/AKT in driving esophageal tumorigenesis 
and chemoresistance (22,35,36), pharmacological restoration 
of NDRG2 via DNMT1 blockade offers a rational strategy 
to dampen this oncogenic axis. The observed attenuation of 
PI3K and AKT phosphorylation following 5‑AZA treatment 
substantiates DNMT1 as a tractable target to counteract 
LINC00184‑mediated pathway hyperactivation.

The functional reversal achieved with 5‑AZA underscores 
the therapeutic value of intercepting the LINC00184‑DNMT1 
interface. While DNMT1 inhibitors have demonstrated clinical 
efficacy in myeloid neoplasms (37), the present study pre‑clin‑
ical data now extend their utility to solid tumors, specifically 
ESCC. Beyond classical DNMT1 blockade, rational design of 
AS oligonucleotides or small‑molecule disruptors that specifi‑
cally interfere with LINC00184‑DNMT1 complex formation 
could provide a precision‑medicine avenue in reactivating the 
NDRG2‑PI3K/AKT brake in ESCC.

Despite these advances, the present study had certain 
limitations. The experiments were conducted primarily in cell 
lines, and further validation in primary cells, animal models 
and clinical samples is warranted to confirm the relevance of 
the present study findings in vivo. Furthermore, the precise 
molecular mechanisms by which LINC00184 recruits DNMT1 
to the NDRG2 promoter remain to be fully elucidated. Future 
studies are warranted to explore the broader network inter‑
actions of LINC00184 with other known tumor suppressors 
or oncogenic pathways, which will help to contextualize its 
role in cancer beyond the NDRG2 axis. Future studies could 
also explore whether other epigenetic modifiers or co‑factors 
are involved in the LINC00184‑DNMT1‑NDRG2 regulatory 
axis. Additionally, while the CCK‑8 and Transwell assays 
were performed with three independent biological replicates 
at standardized time points to confirm the qualitative effect 
of LINC00184 on ESCC cell proliferation and migration, 
performing multi‑time‑point kinetics would offer further 
insights into the dynamics of these processes and thus, repre‑
sent a beneficial direction for future studies. Notably, the lack 
of formal power calculations prior to conducting statistical 
analyses with Student's t‑test and ANOVA also represents a 
limitation of the present study. Furthermore, the present study 
utilized MSP to assess the methylation status of the NDRG2 
promoter CpG islands, a standard approach in detecting 
promoter hypermethylation; however, the absence of bisulfite 
sequencing constitutes a limitation of the present study, as 
this method would have provided single‑base resolution to 
characterize the methylation landscape in further detail. This 
higher‑resolution analysis represents a valuable avenue for 
follow‑up research to refine current understanding of NDRG2 
promoter methylation patterns.

In conclusion, the present study revealed a novel oncogenic 
function of LINC00184 in ESCC: LINC00184 acts as a molecular 
guide that recruits DNMT1 to epigenetically silence the tumor 
suppressor NDRG2. This specific silencing event, distinct from 
the known ceRNA role of LINC00184 in other cancer types, 

subsequently relieves the brake on the PI3K/AKT pathway, a key 
driver of ESCC progression. Thus, to the best of our knowledge, 
the LINC00184/DNMT1/NDRG2 axis represents a previously 
unrecognized epigenetic circuit integral to ESCC pathogenesis, 
offering both mechanistic insight and a potential therapeutic 
target for this aggressive cancer in the future.
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