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Abstract. Tanshinone IIA (TSIIA) exerts antitumor effects. 
The present study aimed to explore the pharmacological 
effect of TSIIA on lung cancer development and assess the 
potential underlying mechanism of action. Cell viability and 
proliferation were assessed using Cell Counting Kit‑8 and 
5‑ethynyl‑20‑deoxyuridine assays, respectively. Transwell 
assays were performed to determine cell migration and 
invasion. Histone H3 lysine 18 acetylation (H3K18ac) and 
histone H4 lysine 8 acetylation (H4K8ac) enrichment in the 
RING finger protein 123 (RNF123) promoter and the interac‑
tion between lysine acetyltransferase 2B (KAT2B) and the 
RNF123 promoter were analyzed by chromatin immuno‑
precipitation assays. The results indicated that RNF123 was 
weakly expressed in lung cancer cells, and its upregulation 
decreased lung cancer cell viability, proliferation, migration, 
invasion and epithelial‑mesenchymal transition. Sodium 
TSIIA sulfate (STS) treatment inhibited the non‑small cell 
lung cancer (NSCLC) cell malignant phenotypes, which were 
reversed by the knockdown of RNF123. Mechanistically, 
TSIIA promoted KAT2B‑mediated H3K18ac modification at 
the promoter region of the RNF123 gene, leading to upregu‑
lated RNF123 expression in NSCLC cells. Additionally, 
KAT2B knockdown prevented the STS‑induced inhibition of 

NSCLC cell malignant phenotypes. Furthermore, RNF123 
upregulation restored the effect of KAT2B knockdown on 
STS‑treated NSCLC phenotypes. In conclusion, TSIIA inhib‑
ited the NSCLC cell malignant phenotypes via the epigenetic 
modification of RNF123.

Introduction

Lung cancer is the most frequently diagnosed malignant 
tumor and a major cause of cancer‑related death globally (1). 
Non‑small cell lung cancer (NSCLC) constitutes >85% of 
all lung cancer cases, which can be further classified as lung 
adenocarcinoma (LUAD), large cell carcinoma and lung squa‑
mous cell carcinoma (LUSC) (2,3). In recent years, surgery, 
chemotherapy and medication have been the main treatment 
strategies for lung cancer, but the prognosis for patients with 
this disease remains poor (3). To improve patient survival, the 
development of new anticancer drugs with lower toxicity and 
fewer side effects are required for the treatment of lung cancer.

Tanshinone IIA (TSIIA) is a natural extract derived from 
Danshen (Salviae miltiorrhizae Bunge). Sodium TSIIA sulfate 
(STS) is an aqueous solution of TSIIA after sulfonation and 
is the sodium sulfate salt form of TSIIA. Compared with the 
lipophilic properties of TSIIA, the introduction of the sulfate 
group in STS enhances its solubility in aqueous media, which 
improves its absorption and distribution within the body. 
Despite the structural differences between the molecules, 
STS, as a derivative of TSIIA, retains certain pharmacological 
activities of TSIIA, such as anti‑inflammatory, antioxidant 
and antitumor effects  (4). As previously reported, TSIIA 
exerts antitumor effects on various malignant tumors, such 
as esophageal, colorectal, prostate and gastric cancer (4,5). 
Notably, the therapeutic effects of TSIIA on lung cancer have 
been reported, and TSIIA markedly decreases NSCLC cell 
viability and colony formation (6). In addition, STS treatment 
has been shown to reduce LUAD cell malignant behaviors (7). 
However, the precise mechanism by which TSIIA functions in 
lung cancer remains unclear.

Histone acetylation is a specific type of modification in 
which the lysine residue at the tail of a histone is acetylated and 
deacetylated by histone acetyltransferase (HAT) and histone 
deacetylase (HDAC), respectively (8). Alterations in histone 
acetylation are closely related to cancer progression (9). For 
instance, upregulation of histone H3 lysine 18 acetylation 
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(H3K18ac) inhibits lung cancer cell viability, colony formation 
and migration (10). Additionally, celestrol inhibits lung cancer 
growth by inducing histone acetylation and synergistically 
acting with a HDAC inhibitor (11). As previously reported, 
TSIIA protects against cerebral ischemia reperfusion injury 
by upregulating H3K18ac and H4K8ac (12). Therefore, it could 
be suggested that TSIIA may inhibit lung cancer development 
by upregulating H3K18ac and H4K8ac.

RING finger protein 123 (RNF123), also known as KPC1, is 
an E3 ubiquitin ligase component of the ubiquitin‑proteasome 
system that controls certain important cancer pathways and 
processes (13). The tumor suppressor functions of RNF123 
have been previously reported (13). RNF123 is expressed at 
low levels in glioblastoma tumors and its low expression is a 
predictive factor for poor overall survival (14). Nevertheless, at 
present, the role of RNF123 in lung cancer is not well under‑
stood. To address this gap, the present study aimed to identify a 
possible novel therapy for lung cancer and elucidate its mecha‑
nism of action by investigating RNF123 expression in LUAD 
and LUSC and assessing the potential role of promoter histone 
acetylation (H3K18ac, H4K8ac and H3K27ac) in regulating its 
transcription using bioinformatic methods.

Materials and methods

Cell culture and treatment. The A549, H1975, H1299, H460 
and PC‑9 lung cancer cell lines and the BEAS‑2B normal 
human bronchial epithelial cell line were obtained from 
ATCC. All cells were cultured in RPMI 1640 (Gibco; Thermo 
Fisher Scientific, Inc.) comprising 10% FBS (Gibco Fisher 
Scientific, Inc.) with 5% CO2 at 37˚C. For STS treatment, 
A549 and H1975 cells were incubated with 0, 5, 10, 20, 40 and 
80 µM STS (Sigma‑Aldrich; Merck KGaA) for 24 h.

Cell transfection. The short hairpin RNAs [shRNAs; sh‑negative 
control (NC) sense, 5'‑GTT​CTC​CGA​ACG​TGT​CAC​GT‑3' and 
antisense, 5'‑ACG​TGA​CAC​GTT​CGG​AGA​AC‑3'; sh‑RNF123 
sense, 5'‑CCC​TCA​AAG​ATG​ACC​TTG​CTT‑3' and antisense, 
5'‑AAG​CAA​GGT​CAT​CTT​TGA​GGG‑3'; and sh‑lysine acet‑
yltransferase 2B (KAT2B) sense, 5'‑GCT​GGG​ACA​ATT​TCA​
TAC​AA‑3' and antisense, 5'‑TTG​TAT​GAA​ATT​GTC​CCA​
GC‑3'], the overexpression (oe) plasmids (oe‑RNF123 and 
oe‑KAT2B), pCDNA3.1‑CMV‑RNF123 (human)‑GFP‑Neo 
and pCDNA3.1‑CMV‑KAT2B (human)‑GFP‑Neo, and 
their respective negative controls (empty pCDNA3.1 vector) 
were purchased from Shanghai GenePharma Co., Ltd. The 
overexpression vectors and shRNAs were transfected into 
cells using Lipofectamine 3000 (Invitrogen; Thermo Fisher 
Scientific, Inc.). Briefly, 2.5 µg of nucleic acid was used per 
well of a 6‑well plate. Transfection complexes were formed at 
room temperature for 15 min and then added to cells, which 
were incubated at 37˚C with 5% CO2. Cells were incubated 
for 48 h post‑transfection before subsequent experimentation. 
In addition to sh‑NC and oe‑NC controls, mock‑transfected 
control cells (cultured in parallel with transfection reagent 
only, without nucleic acid) were included in all assays to serve 
as the baseline control group.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from A549 and H1975 cells using TRIzol 

(Invitrogen; Thermo Fisher Scientific, Inc.). cDNA synthesis 
was carried out using the SuperScript™ IV First‑Strand 
Synthesis System (Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. qPCR was performed using 
the PowerUp™ SYBR™ Green Master Mix (Thermo Fisher 
Scientific, Inc.) on a QuantStudio™ 3 Real‑Time PCR System 
with the following thermocycling conditions: Initial denatur‑
ation at 95˚C for 2 min, followed by 40 cycles of 95˚C for 15 sec 
and 60˚C for 1 min, with a final melting curve analysis from 
65˚C to 95˚C.GAPDH was employed as the reference gene. The 
data were analyzed using the 2‑ΔΔCq method (15). The primers 
used in the present study were as follows: RNF123 forward 
(F), 5'‑TCT​TTC​TCC​CGC​AAG​AGC​TAT‑3' and reverse (R), 
5'‑AAC​TGG​TCC​AAA​TGT​TCT​GGC‑3'; KAT2B F, 5'‑CGA​
ATC​GCC​GTG​AAG​AAA​GC‑3' and R, 5'‑CTT​GCAG​GCG​
GAG​TAC​ACT‑3'; and GAPDH F, 5'‑AGG​TCG​GAG​TCA​ACG​
GAT​TT‑3' and R, 5'‑TGA​CGG​TGC​CAT​GGA​ATT​TG‑3'.

Western blotting. For nuclear extraction, cells were lysed in 
hypotonic buffer (10 mM HEPES pH 7.9, 10 mM KCl, 1.5 mM 
MgCl2, 0.1% NP‑40, protease inhibitors) on ice for 15 min, nuclei 
were pelleted at 3,000 x g for 5 min at 4˚C, washed once with 
hypotonic buffer without NP‑40 and then extracted with high‑salt 
buffer (20 mM HEPES pH 7.9, 420 mM NaCl, 1.5 mM MgCl2, 
0.2 mM EDTA, 25% glycerol, protease inhibitors) for 30 min 
at 4˚C with rotation. A BCA kit (Thermo Fisher Scientific, Inc.) 
was used to measure the proteins after they had been isolated 
using RIPA (Beyotime Institute of Biotechnology). The total 
protein (10 µg per lane) was separated by 10% SDS‑PAGE 
and transferred to a PVDF membrane (MilliporeSigma). The 
membranes were blocked with 5% non‑fat milk (Amresco, 
LLC; cat. no. GRM1254‑500G) in TBST (0.1% Tween‑20) for 
1 h at room temperature, then incubated overnight at 4˚C with 
primary antibodies purchased from Abcam against RNF123 
(cat. no. ab221877; 1:1,000), H3 (cat. no. ab1791; 1:10,000), H4 
(cat. no. ab31830; 1:5,000), H3K18ac (cat. no. ab40888; 1:500), 
H4K8ac (cat. no. ab45166; 1:500), H3K27ac (cat. no. ab4729; 
1:1,000), KAT2B (cat. no. ab96510; 1:1,000), E‑cadherin (cat. 
no. ab227639; 1:2,000), Vimentin (cat. no. ab92547; 1:1,000) 
and GAPDH (cat. no. ab9485; 1:5,000). The membranes were 
then incubated with the horseradish peroxidase‑conjugated 
anti‑rabbit secondary antibody (cat. no. ab7090; Abcam; 1:5,000) 
and anti‑mouse secondary antibody (cat. no. ab97023; Abcam; 
1:5,000) for 60 min at room temperature. The protein bands were 
visualized using ECL (cat. no. P10060; NCM Biotech; Suzhou 
Xinsaimei Biotechnology Co., Ltd.) and semi‑quantified using 
ImageJ software (version 1.80; National Institutes of Health). For 
normalization, the ratio of the grayscale value of the target protein 
to that of the loading control was calculated for each sample. The 
relative expression level of the target protein was determined 
using the following formula: Relative expression (%)=(target 
protein grayscale value/loading control grayscale value) x100.

Cell Counting Kit‑8 (CCK‑8) assay. Cells were cultured in 
24‑well plates (1x104 cells/well) for 24 h. Cells were then treated 
for 3 h with 10 µl CCK‑8 solution (Yeason Biotechnology). 
Subsequently, the absorbance at 450 nm was measured.

5‑ethynyl‑20‑deoxyuridine (EdU) assay. Cells were seeded into 
confocal plates (1x106 cells/well) and incubated with 50 µM 
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EdU buffer for 2 h (Guangzhou RiboBio Co., Ltd.). Cells were 
then fixed with 4% paraformaldehyde in PBS for 15 min at room 
temperature and permeabilized with 0.5% Triton X‑100 in PBS 
for 20 min at room temperature. After adding EdU solution to 
the culture, the nuclei were stained with Hoechst for 15 min at 
room temperature in the dark. The samples were imaged using 
an Olympus fluorescence microscope. EdU‑positive cells were 
quantified using ImageJ software.

Transwell assay. DMEM (cat. no. 11965092; Thermo Fisher 
Scientific, Inc.) containing 1x104 cells (500 µl) was added to the 
upper chamber of a Transwell plate precoated with Matrigel 
(1:8 ratio; Corning, Inc.) at 37˚C for 4 h for invasion assays. 
Migration assays were performed using uncoated Transwell 
plates. Complete DMEM (1,000 µl) was added to the lower 
chamber. Cells in the upper chamber were removed after 
incubation at 37˚C for 12 h, while cells in the lower chamber 
were fixed with 4% paraformaldehyde for 20 min at room 
temperature and stained with 0.5% crystal violet for 20 min at 
room temperature. An Olympus light microscope was used to 
image the cells. DMEM was selected instead of RPMI 1640 as 
A549 and H1975 cells exhibited optimal growth and migration 
in DMEM based on preliminary optimization.

Chromatin immunoprecipitation (ChIP) assay. Using a 
pre‑prepared confluent 10 cm dish (~107 cells), the cells were 
fixed with 1% formaldehyde for 5 min at room temperature 
to induce DNA‑protein cross‑linking. Cell lysate was then 
sonicated on ice for 15 min (30 sec on/30 sec off cycles at 20% 
amplitude) to produce chromatin fragments and incubated 
overnight with anti‑H3K18ac (cat. no. ab40888; 1:500; Abcam), 
anti‑H4K8ac (cat. no. ab45166; 1:200; Abcam), anti‑KAT2B 
(cat. no. ab96510; 1:100; Abcam) or anti‑IgG (cat. no. ab172730; 
1:100; Abcam) antibodies. Pierce protein A/G magnetic beads 
(Thermo Fisher Scientific, Inc.; 30 µl bead slurry per reaction) 
were incubated with the chromatin‑antibody mixture for 4 h 
at 4˚C with rotation. Beads were collected on a magnetic rack 
and washed sequentially at 4˚C with 1 ml each of low‑salt 
buffer (20 mM Tris‑HCl pH 8.0, 150 mM NaCl, 2 mM EDTA, 
1% Triton X‑100), high‑salt buffer (20 mM Tris‑HCl pH 8.0, 
500 mM NaCl, 2 mM EDTA, 1% Triton X‑100), LiCl buffer 
(10 mM Tris‑HCl pH 8.0, 250 mM LiCl, 1 mM EDTA, 1% 
NP‑40, 1% sodium deoxycholate) and TE buffer (10  mM 
Tris‑HCl pH 8.0, 1 mM EDTA). Each wash step included rota‑
tion for 5 min at 4˚C followed by centrifugation at 1,000 x g for 
1 min at 4˚C. The chromatin‑antibody complexes were eluted 
by incubating the beads in 200 µl elution buffer (1% SDS, 
100 mM NaHCO3) at 65˚C for 30 min with frequent vortexing. 
DNA was purified using the QIAquick PCR Purification Kit 
(cat. no. 28106; Qiagen Diagnostics) according to the manufac‑
turer's instructions and analyzed using RT‑qPCR with primers 
specific for the RNF123 promoter region (forward: 5'‑GCA​
TCT​GTG​TGG​TCC​TGA​CA‑3'; and reverse: 5'‑TCT​TGA​GCA​
CAG​CTG​GGA​AG‑3').

Data retrieval and statistical analysis. The StarBase database 
(http://starbase.sysu.edu.cn/) was used to retrieve and analyze 
the expression levels of RNF123 and KAT2B in LUAD and 
LUSC. The method used was as follows: i) Select the pan‑cancer 
option, then click on the Gene Differential Expression option 

and finally search for the target gene in the search box; 
ii) select the chart type, box plot; iii) select the data scale 
method, log2(FPKM + 0.01); and iv) select the cancer name on 
the pan‑cancer table to browse the corresponding differential 
profile. It should be noted that the StarBase database does not 
provide patient demographic data, which is a limitation of the 
present study. All data was obtained from three separate trials. 
The enrichment of histone acetylation marks on H3K18ac, 
H4K8ac and H3K27ac within gene promoter regions was 
analyzed using the UCSC Genome Browser (https://genome.
ucsc.edu/) and the human genome assembly GRCh38/hg38 
(GSE16256) (16). The promoter region was defined as 2 kb 
upstream to 500 bp downstream of the transcription start site 
for each gene of interest.

The statistical data, which were reported as the mean ± SD, 
were examined using GraphPad Prism (version 7.0; Dotmatics). 
The differences between two groups were investigated using 
paired and unpaired Student's t‑tests. One‑way ANOVA 
was performed to compare differences between >2 groups, 
followed by Tukey's Honestly Significant Difference test to 
determine which specific group means were significantly 
different from each other. P<0.05 was considered to indicate a 
statistically significant difference.

Results

RNF123 is a critical mediator of NSCLC cell proliferation. 
The starBase database projected that RNF123 was 
weakly expressed in LUAD and LUSC samples (Fig. 1A). 
Concurrently, it was observed that RNF123 was significantly 
downregulated in lung cancer cells compared with BEAS‑2B 
cells (Fig. 1B and C). Among the lung cancer cell lines, the 
RNF123 expression levels exhibited the most pronounced 
changes in A549 and H1975 cells, hence these two cell 
lines were chosen for subsequent investigation. To elucidate 
the role of RNF123 in controlling lung cancer cell malig‑
nant behaviors, RNF123 overexpression and knockdown 
were induced in A549 and H1975 cells. oe‑RNF123 and 
sh‑RNF123 transfection significantly elevated and reduced 
RNF123 expression in both A549 and H1975 cells, respec‑
tively (Fig. 1D and E). Functional experiments showed that 
RNF123 overexpression markedly inhibited A549 and H1975 
cell viability (Fig. 1F), proliferation (Figs.  1G and S1A), 
migration (Figs. 1H and S1B) and invasion (Figs. 1I and S1C), 
while RNF123 knockdown had the inverse effects. 
Epithelial‑mesenchymal transition (EMT) is a process linked 
to cancer metastasis (17). During EMT, the reciprocal loss 
of E‑cadherin (an adhesion molecule maintaining epithelial 
integrity via cell‑cell junctions) and gain of Vimentin (a 
mesenchymal cytoskeletal protein promoting motility and 
invasive morphology) creates an inverse profile that serves 
as a hallmark of EMT and a key biomarker for tumor 
metastasis (18). RNF123 upregulation decreased Vimentin 
expression levels and elevated E‑cadherin expression levels 
in lung cancer cells, while RNF123 downregulation had the 
opposite effect (Fig. 1J). Collectively, RNF123 upregulation 
suppressed lung cancer cell malignant behaviors.

RNF123 knockdown reverses the inhibitory effects of STS 
on NSCLC cells. STS, a water‑soluble derivative of TSIIA 

https://www.spandidos-publications.com/10.3892/ol.2025.15422
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Figure 1. RNF123 is a critical mediator of non‑small cell lung cancer cell proliferation, migration and invasion. (A) RNF123 expression in LUAD and LUSC 
was predicted using the starBase database. The mRNA and protein expression levels of RNF123 in lung cancer cells (A549, H1975, H1299, H460 and PC‑9 
cells) and the normal human bronchial epithelial cell line (BEAS‑2B cells) were detected by (B) RT‑qPCR and (C) western blotting, respectively. A549 and 
H1975 cells were transfected with oe‑RNF123/sh‑RNF123 or oe‑NC/sh‑NC. The mRNA and protein expression levels of RNF123 in cells were detected by 
(D) RT‑qPCR and (E) western blotting, respectively. (F) Cell viability was examined using the Cell Counting Kit‑8 assay. (G) The EdU assay was performed 
to determine cell proliferation. Cell (H) migration and (I) invasion were assessed using the Transwell assay in cells with RNF123 knockdown (sh‑RNF123) or 
overexpression (oe‑RNF123). Results are expressed as percentages relative to the control group (set as 100%). (J) E‑cadherin and Vimentin protein expression 
levels in cells were measured by western blotting. Data are expressed as mean ± SD (n=3). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. RNF123, RING finger 
protein 123; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; RT‑qPCR, reverse transcription‑quantitative PCR; oe, overexpression; sh, 
short hairpin RNA; NC, negative control; EdU, 5‑ethynyl‑20‑deoxyuridine.



ONCOLOGY LETTERS  31:  69,  2026 5

with a relative molecular mass of 396.39, dose‑dependently 
reduced lung cancer cell viability, as determined using the 
CCK‑8 assay (Fig. 2A). Additionally, STS elevated RNF123 
expression levels in lung cancer cells in a dose‑dependent 
manner (Fig. 2B). A concentration 40 µM STS was chosen 
for use in subsequent experiments due to its ability to reduce 
cell viability by ~50%. STS significantly upregulated RNF123 
expression levels in A549 and H1975 cells; however, this effect 
was abrogated by sh‑RNF123 transfection (Fig. 2C and D). In 
addition, STS treatment significantly reduced A549 and H1975 
cell viability (Fig. 2E), proliferation (Figs. 2F and S2A), migra‑
tion (Figs. 2G and S2B) and invasion (Figs. 2H and S2C), 
while RNF123 knockdown reversed these effects. Moreover, 
STS reduced Vimentin protein expression levels and elevated 
E‑cadherin protein expression levels in A549 and H1975 cells. 
These changes in protein expression levels were reversed by 
RNF123 knockdown (Fig. 2I). Collectively, STS inhibited lung 
cancer cell malignant phenotypes potentially by upregulating 
RNF123 expression.

STS promotes H3K18ac modification of RNF123 in NSCLC 
cells. Histone acetylation alterations are linked to cancer 
progression (9). H3K18ac and H4K8ac expression levels were 
significantly reduced and H3K27ac expression levels were 
elevated in A549 and H1975 cells compared with BEAS‑2B 
cells (Fig. 3A). As predicted by the UCSC database, H3K18ac, 
H4K8ac and H3K27ac were enriched in the RNF123 promoter 
region (Fig. S3). Given the pivotal role of histone acetylation 
in promoting gene transcription and the synchronous down‑
regulation of RNF123, H3K18ac and H4K8ac expression 
levels in lung cancer cells, it was hypothesized that RNF123 
may be modified by H3K18ac and H4K8ac. ChIP assay results 
demonstrated that H3K18ac was enriched in the RNF123 
promoter, whereas enrichment of H4K8ac was not detected 
(Fig.  3B). Moreover, STS treatment significantly elevated 
H3K18ac and H4K8ac expression levels in A549 and H1975 
cells (Fig. 3C). As confirmed by the ChIP assay results, STS 
promoted H3K18ac enrichment in the RNF123 promoter 
region but did not facilitate H4K8ac enrichment in the RNF123 
promoter region (Fig. 3D). These results suggested that STS 
may increase the transcriptional activity of RNF123 through 
promoting H4K8ac enrichment in the RNF123 promoter.

STS promotes the H3K18ac modification and expression of 
RNF123 by upregulating the expression of KAT2B. KAT2B, 
an essential HAT epigenetic factor, serves as a biomarker 
for predicting prognosis in NSCLC (19,20). Herein, it was 
demonstrated that KAT2B was expressed at low levels in 
LUAD and LUSC using the starBase database (Fig.  4A). 
KAT2B expression levels were lower in A549 and H1975 
cells compared with BEAS‑2B cells (Fig. 4B and C). Notably, 
KAT2B expression in lung cancer cells was significantly 
increased by STS treatment (Fig. 4D and E). Furthermore, it 
was demonstrated that KAT2B was enriched in the RNF123 
promoter region (Fig. 4F). Next, A549 and H1975 cells were 
transfected with oe‑NC or oe‑KAT2B, and the subsequent 
RT‑qPCR and western blotting results showed that oe‑KAT2B 
transfection significantly elevated the KAT2B expression 
levels (Fig. 4G and H). Additionally, KAT2B overexpression 
facilitated H3K18ac enrichment in the RNF123 promoter 

region (Fig. 4I). Moreover, KAT2B overexpression signifi‑
cantly elevated RNF123 expression levels in lung cancer cells 
(Fig. 4J and K). In conclusion, STS promoted RNF123 expres‑
sion in lung cancer cells potentially by increasing the H3K18ac 
enrichment in the RNF123 promoter through upregulating 
KAT2B.

KAT2B knockdown reverses the inhibitory effects of STS 
on the malignant phenotypes of NSCLC cells. A549 and 
H1975 cells were subjected to STS treatment combined with 
sh‑KAT2B or sh‑NC transfection to elucidate the role of 
KAT2B in the STS‑mediated anticancer effects. Initially, it 
was demonstrated that sh‑KAT2B transfection significantly 
downregulated the KAT2B expression levels in A549 and 
H1975 cells (Fig. 5A and B). KAT2B expression levels in 
lung cancer cells were also significantly increased by STS 
administration and this upregulation was reversed by KAT2B 
knockdown (Fig.  5C‑E). Furthermore, the knockdown of 
KAT2B counteracted the inhibitory effects of STS on cell 
viability (Fig. 5F), proliferation (Figs. 5G and S4A), migra‑
tion (Figs. 5H and S4B) and invasion (Figs. 5I and S4C). It 
was also demonstrated that the promoting effect of STS on 
E‑cadherin expression levels and the inhibitory effect on 
Vimentin expression levels in lung cancer cells were abolished 
following KAT2B knockdown (Fig. 5J). In summary, KAT2B 
knockdown neutralized the inhibitory effects of STS on the 
malignant phenotypes of lung cancer cells.

RNF123 overexpression reverses the effects of KAT2B knock‑
down on the STS‑treated NSCLC cell malignant phenotypes. 
To investigate the interaction between KAT2B and RNF123 
in the STS‑mediated anticancer effects, A549 and H1975 cells 
treated with STS were co‑transfected with RNF123 overex‑
pression and KAT2B knockdown constructs. Co‑transfection 
with oe‑RNF123 rescued the suppressive effect of KAT2B 
knockdown on RNF123 expression levels in STS‑treated A549 
and H1975 cells (Fig. 6A and B). Additionally, RNF123 over‑
expression mitigated the sh‑KAT2B‑induced enhancement 
of the viability (Fig. 6C), proliferation (Figs. 6D and S5A), 
migration (Figs. 6E and S5B) and invasion (Figs. 6F and S5C) 
of STS‑treated A549 and H1975 cells. Moreover, KAT2B 
knockdown reduced E‑cadherin protein expression levels 
and elevated Vimentin expression levels in STS‑treated A549 
and H1975 cells, whereas RNF123 upregulation restored 
these effects (Fig.  6G). In conclusion, STS inhibited the 
lung cancer cell malignant phenotypes via modulating the 
KAT2B/RNF123 axis.

Discussion

Lung cancer is a major challenge to global health. According 
to global cancer statistics, there were 2.481 million new cases 
of lung cancer in 2022, accounting for 12.4% of all new cancer 
cases globally (1). Historically, the prognosis for patients with 
lung cancer has been poor (9). Over the past decade, significant 
advancements have been made in the field of lung cancer treat‑
ment, particularly in the areas of molecular targeted therapy 
and immunotherapy. For instance, targeted therapy against 
ROS proto‑oncogene 1, receptor tyrosine kinase (ROS1) gene 
fusions have provided a new option for precision treatment for 
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Figure 2. RNF123 knockdown reverses the inhibitory effects of STS on non‑small cell lung cancer cells. A549 and H1975 cells were treated with 5, 10, 20, 40 
and 80 µM STS for 24 h. (A) CCK‑8 assay was employed to detect cell viability. (B) RT‑qPCR was conducted to examined RNF123 mRNA expression level 
in cells. A549 and H1975 cells were treated with 40 µM STS for 24 h combined with sh‑NC or sh‑RNF123 transfection. The mRNA and protein expression 
levels of RNF123 in cells were detected by (C) RT‑qPCR and (D) western blotting, respectively. (E) Cell viability was measured by CCK‑8 assay. (F) EdU assay 
was performed to determine cell proliferation. Cell (G) migration and (H) invasion were detected by Transwell assay. Results are expressed as percentages 
relative to the control group (set as 100%). (I) Western blotting was performed to examine E‑cadherin and Vimentin protein expression levels in cells. Data are 
expressed as mean ± SD (n=3). *P<0.05, **P<0.01, ***P<0.001. RNF123, RING finger protein 123; STS, sodium tanshinone IIA sulfate; CCK‑8, Cell Counting 
Kit‑8; RT‑qPCR, reverse transcription‑quantitative PCR; sh, short hairpin RNA; NC, negative control; EdU, 5‑ethynyl‑20‑deoxyuridine.
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patients with advanced NSCLC. ROS1‑positive patients tend 
to be younger (median onset ~50 years) and are frequently 
non‑smoking women with adenocarcinoma  (3). However, 
despite these advancements, lung cancer remains the leading 
cause of cancer‑related mortality (21). As a result, the discovery 
of novel therapeutic options to improve the survival of patients 

with lung cancer is required. The findings of the present study 
indicate that TSIIA suppresses lung cancer cell malignant 
phenotypes in vitro by increasing RNF123 expression levels 
through promoting KAT2B‑mediated H3K18ac modification.

TSIIA, the predominant diterpenoid quinone derived 
from Salvia  miltiorrhiza, has been utilized in China for 

Figure 3. STS promotes H3K18ac modification of chromatin at the RNF123 locus in non‑small cell lung cancer cells. (A) H3K18ac, H4K8ac and H3K27ac 
levels in A549, H1975 and BEAS‑2B cells were assessed using western blotting. (B) The enrichment of H3K18ac and H4K8ac in the RNF123 promoter was 
analyzed by ChIP assay. A549 and H1975 cells were treated with 40 µM STS for 24 h. (C) H3K18ac and H4K8ac protein expression levels in cells were exam‑
ined using western blotting and (D) semi‑quantified. Histone acetylation signals were normalized to total histone H3 or H4 levels, respectively. (E) H3K18ac 
and H4K8ac enrichment in the RNF123 promoter was analyzed by ChIP assay. Data are expressed as mean ± SD (n=3). *P<0.05, **P<0.01, ***P<0.001. STS, 
sodium tanshinone IIA sulfate; RNF123, RING finger protein 123; H3K18ac, histone H3 lysine 18 acetylation; H4K8ac, histone H4 lysine 8 acetylation; 
H3K127ac, histone H3 lysine 27 acetylation; ChIP, chromatin immunoprecipitation.
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Figure 4. STS promotes the H3K18ac modification and expression of RNF123 by upregulating the expression of KAT2B. (A) KAT2B expression in LUAD and 
LUSC was predicted using the starBase database. The mRNA and protein expression levels of KAT2B in A549, H1975 and BEAS‑2B cells were detected by 
(B) RT‑qPCR and (C) western blotting, respectively. The mRNA and protein expression levels of KAT2B in A549 and H1975 cells after STS treatment were 
detected by (D) RT‑qPCR and (E) western blotting, respectively. (F) The interaction between KAT2B and RNF123 promoter was analyzed by ChIP assay. A549 
and H1975 cells were transfected with oe‑NC or oe‑KAT2B. The mRNA and protein expression levels of KAT2B in cells were detected by (G) RT‑qPCR and 
(H) western blotting, respectively. (I) H3K18ac enrichment in the RNF123 promoter was analyzed by ChIP assay. The mRNA and protein levels of RNF123 
in cells were detected by (J) RT‑qPCR and (K) western blotting, respectively. Data are expressed as mean ± SD (n=3). **P<0.01, ***P<0.001, ****P<0.0001. STS, 
sodium tanshinone IIA sulfate; RNF123, RING finger protein 123; H3K18ac, histone H3 lysine 18 acetylation; KAT2B, lysine acetyltransferase 2B; LUAD, 
lung adenocarcinoma; LUSC, lung squamous cell carcinoma; RT‑qPCR, reverse transcription‑quantitative PCR; ChIP, chromatin immunoprecipitation; oe, 
overexpression; NC, negative control.
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Figure 5. KAT2B knockdown reverses the inhibitory effects of STS on the malignant phenotypes of non‑small cell lung cancer cells. KAT2B knockdown 
was induced in STS‑treated A549 and H1975 cells. The mRNA and protein expression levels of KAT2B in A549 and H1975 cells after sh‑NC or sh‑KAT2B 
transfection were detected by (A) RT‑qPCR and (B) western blotting, respectively. A549 and H1975 cells were treated with 40 µM STS for 24 h combined with 
sh‑NC or sh‑KAT2B transfection. The mRNA expression levels of (C) KAT2B and (D) RNF123 in cells were detected by RT‑qPCR. (E) Cell viability was 
measured by Cell Counting Kit‑8 assay. (F) The protein expression levels of RNF123 and KAT2B in cells were detected by western blotting. (G) EdU assay was 
performed to determine cell proliferation. Cell (H) migration and (I) invasion were detected by Transwell assay. Results are expressed as percentages relative 
to the control group (set as 100%). (J) E‑cadherin and Vimentin protein levels in cells were examined by western blotting. Data are expressed as mean ± SD 
(n=3). *P<0.05, **P<0.01, ***P<0.001. KAT2B, lysine acetyltransferase 2B; STS, sodium tanshinone IIA sulfate; sh, short hairpin RNA; RT‑qPCR, reverse 
transcription‑quantitative PCR; NC, negative control; RNF123, RING finger protein 123; EdU, 5‑ethynyl‑20‑deoxyuridine.
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Figure 6. RNF123 overexpression reverses the effects of KAT2B knockdown on the malignant phenotypes of non‑small cell lung cancer cells treated with STS. 
Both RNF123 overexpression and KAT2B knockdown were induced in STS‑treated A549 and H1975 cells. The mRNA and protein expression levels of RNF123 
in cells were detected by (A) RT‑qPCR and (B) western blotting, respectively. (C) Cell viability was examined using Cell Counting Kit‑8 assay. (D) EdU assay 
was performed to determine cell proliferation. Cell (E) migration and (F) invasion were assessed using Transwell assay. Results are expressed as percentages 
relative to the control group (set as 100%). (G) E‑cadherin and Vimentin protein levels in cells were measured by western blotting. Data were expressed as 
mean ± SD (n=3). *P<0.05, **P<0.01, ***P< 0.001. STS, sodium tanshinone IIA sulfate; RNF123, RING finger protein 123; KAT2B, lysine acetyltransferase 2B; 
RT‑qPCR, reverse transcription‑quantitative PCR; NC, negative control; sh, short hairpin RNA; oe, overexpression; EdU, 5‑ethynyl‑20‑deoxyuridine.
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>2,000 years to treat cardiovascular disorders (22). In the past 
decade, research interest in the protective effects of TSIIA on 
cancer has increased. TSIIA suppresses EMT and migration 
in colorectal and gastric cancer cells (23,24), inhibits NSCLC 
proliferation through VEGF/VEGFR2 downregulation (25) 
and triggers SCLC apoptosis by upregulating Bax/Bcl‑2 
and reducing mitochondrial membrane potential (26). It has 
been previously shown that STS has potential in anticancer 
research as STS can effectively inhibit the cell viability and 
colony formation of NSCLC cells  (6,7). Furthermore, STS 
has been reported to exert antitumor effects in the treatment 
of colorectal cancer (5). By targeting specific proteins and 
signaling pathways, STS may inhibit tumor proliferation and 
metastasis  (25,27). However, the role of STS or TSIIA in 
controlling lung cancer migration, invasion and EMT is not 
well understood. The findings of the present study showed that 
STS treatment significantly inhibited lung cancer cell viability, 
proliferation, migration, invasion and EMT. TSIIA, a drug 
with multiple pharmacological effects, has a high efficiency, 
low toxicity and a natural source compared with chemotherapy 
drugs, and has significant potential clinical value (27). These 
findings provide a further foundation for TSIIA as a potential 
anti‑lung cancer drug.

EMT is a critical process by which cancer cells acquire 
invasive and metastatic capabilities  (17,18). In the present 
study, it was observed that treatment with STS significantly 
reduced the expression of the EMT marker, Vimentin, and 
increased the expression of E‑cadherin in NSCLC cells. This 
suggests that STS may inhibit the invasiveness and metastatic 
potential of NSCLC cells by suppressing the EMT process. 
In recent years, EMT has been increasingly recognized not 
only as a biological process but also as a potential ‘ecological 
process’. According to the nasopharyngeal carcinoma ecology 
theory proposed by Luo (28), cancer can be viewed as a multi‑
dimensional spatiotemporal ‘unity of ecology and evolution’ 
pathological ecosystem. Within this ecosystem, cancer cells 
interact dynamically with the tumor microenvironment and 
these interactions not only influence the biological behavior 
of cancer cells but may also shape tumor heterogeneity and 
invasiveness through ecological selection and evolutionary 
processes. During EMT, cancer cells exhibit mesenchymal 
characteristics, such as increased migratory and invasive 
abilities, which enable them to better adapt and survive in the 
competitive and resource‑limited tumor microenvironment. 
This adaptive change can be seen as an ecological strategy that 
helps cancer cells gain a survival advantage (28). Moreover, 
EMT‑associated cancer cells may interact dynamically 
with surrounding stromal cells (such as cancer‑associated 
fibroblasts and immune cells) through the secretion of cyto‑
kines and exosomes, thereby further promoting tumor 
progression (17,28).

Ubiquitin E3 ligases serve a key role in normal human 
cells by regulating protein ubiquitination and degradation, 
which is a necessary metabolic activity for life  (29). The 
E3‑ligase, RNF123, has been reported to act as a tumor 
suppressor  (13). Iida et al  (30) demonstrated that RNF123 
reduces melanoma proliferation by processing NF‑κB1 p105 
into p50. Furthermore, RNF123 is downregulated in aggres‑
sive glioblastoma and its downregulation is associated with a 
poor prognosis (14). However, to the best of our knowledge, 

the potential mechanism of action of RNF123 in lung cancer 
has not been previously reported. The results of the present 
study showed that RNF123 was expressed at low levels in 
lung cancer cells and its overexpression inhibited the lung 
cancer cell malignant phenotypes. Notably, it was also demon‑
strated that STS increased the RNF123 expression levels 
in lung cancer cells and RNF123 knockdown abolished the 
STS‑induced inhibition of lung cancer cell malignant pheno‑
types. Collectively, the results suggested that STS inhibited 
lung cancer cell malignant phenotypes by increasing RNF123 
expression levels.

Histone acetylation is an important component of transcrip‑
tional regulation, which depends on the balance of HAT and 
HDAC activities (31). The dysregulation of histone acetylation 
modifications promotes the development of human malignant 
tumors (9). The findings of the present study demonstrated that 
the H3K18ac and H4K8ac expression levels were significantly 
reduced and the H3K27ac expression levels were elevated 
in lung cancer cells. Moreover, H3K18ac and H4K8ac were 
enriched in the RNF123 promoter. As previously reported, 
TSIIA prevents cerebral ischemia reperfusion injury by regu‑
lating H3K18ac and H4K8ac (12). In the present study, STS 
increased the H3K18ac and H4K8ac expression levels in lung 
cancer cells. Additionally, STS facilitated H3K18ac enrichment 
in the RNF123 promoter. Collectively, the results of the present 
study indicated that STS increased RNF123 expression levels 
in lung cancer cells by promoting H3K18ac enrichment in the 
RNF123 promoter. KAT2B is a HAT that acetylates specific 
lysine residues in histones and therefore primarily serves 
a role in regulating chromatin remodeling, which is a key 
regulatory factor in signal transduction during the occurrence 
of numerous diseases, including cancer (32). KAT2B is an 
immune infiltration‑associated biomarker that predicts prog‑
nosis in patients with NSCLC (20). The findings of the present 
study showed that KAT2B was expressed at low levels in lung 
cancer and STS increased KAT2B expression levels in lung 
cancer cells. Notably, KAT2B increased RNF123 expression 
levels in lung cancer cells by increasing the H3K18ac modifica‑
tion in chromatin at the RNF123 locus. Furthermore, KAT2B 
knockdown reversed the STS‑induced inhibition of lung cancer 
cell malignant phenotypes. Moreover, RNF123 upregulation 
abrogated the effects of KAT2B knockdown on STS‑treated 
lung cancer cell malignant phenotypes. These findings may 
be significant for NSCLC treatment as RNF123 was shown to 
suppress NSCLC proliferation and cellular activity in A549 
and H1975 NSCLC cell lines, potentially emerging as a new 
target for treatment. STS inhibited NSCLC by upregulating 
RNF123 expression through the KAT2B/H3K18ac pathway, 
presenting a potential new treatment strategy. The low toxicity 
and lack of side effects of STS make it a promising therapy, 
potentially improving patient outcomes (27). The present study 
may offer valuable insights and highlight the clinical potential 
of this treatment against NSCLC.

However, there are a number of limitations of the present 
study. At present, the hypothesis that Tanshinone IIA targets 
RNF123 to inhibit NSCLC cell proliferation, migration and 
invasion via KAT2B‑mediated H3K18ac modification has only 
been preliminarily verified at the cellular level and further confir‑
mation requires animal and clinical experiments. Additionally, 
it was demonstrated that STS has effects on the H3K18ac 
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acetylation modification level; however, whether it also affects 
other acetylation modification levels and whether it is regulated 
by other acetylases requires further investigation. Although the 
present study preliminarily revealed that STS inhibits EMT 
by regulating RNF123 expression through KAT2B‑mediated 
H3K18ac modification, the detailed molecular mechanisms still 
need further investigation. Specifically, whether TSIIA regulates 
other epigenetic modifications or signaling pathways to influ‑
ence the EMT process should be explored. Moreover, the lack 
of patient demographic data from StarBase is a limitation of the 
present study, as it restricts the comprehensive understanding of 
the clinical relevance of RNF123 and KAT2B in lung cancer. 
By integrating the tumor ecology theory proposed by Luo (28), 
future studies could employ multidimensional approaches 
(such as single‑cell sequencing and spatial transcriptomics) to 
comprehensively analyze the spatiotemporal dynamics of the 
EMT process within the tumor ecosystem. This will help us 
better understand the complexity of tumors and provide new 
insights for developing precision medicine strategies.

Taken together, the results of the present study demon‑
strated that STS inhibited the lung cancer cell malignant 
phenotypes by upregulating RNF123 through promoting 
KAT2B‑mediated H3K18ac modification of chromatin at the 
RNF123 locus. TSIIA may have potential for the treatment 
of lung cancer in the future and RNF123 may serve as an 
important target for the anticancer actions of TSIIA.
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