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The TEAD4‑DYNLL1 axis accelerates cell 
cycle progression and augments malignant 
properties of lung adenocarcinoma cells
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Abstract 

Background  Lung adenocarcinoma (LUAD) is a major contributor to global mortality. Grounded onto bioinformatics 
insights, this study probes the functions of dynein light chain LC8-type 1 (DYNLL1) in LUAD progression.

Methods  DYNLL1 levels in LUAD and normal cells were determined using qPCR and western blotting analyses. 
Lentiviral plasmids-mediated DYNLL1 silencing was induced in LUAD cells, followed by functional assays to investigate 
DYNLL1’s impacts on proliferation, mobility, apoptosis, and cell cycle distribution. KY19382, a Wnt/β-catenin agonist, 
was employed to analyze the involvement of the Wnt/β-catenin pathway in DYNLL1’s effects. Upstream regula-
tor of DYNLL1 was queried using bioinformatics. Mouse LUAD cells LA795 were implanted into BALB/c nude mice 
to establish animal tumor models.

Results  DYNLL1 exhibited heightened expression in LUAD cells. Its artificial silencing reduced proliferation and dis-
semination of cancer cells, promoted cell apoptosis, and induced G0/G1 cell cycle arrest. DYNLL1 silencing reduced 
β-catenin levels in cancer cells, and KY19382 treatment diminished the effects induced by DYNLL1 silencing. TEA 
domain transcription factor 4 (TEAD4), upregulated in LUAD cells, binds to the DUNLL1 promoter for transcriptional 
activation. TEAD4 silencing in LUAD cells reduced DYNLL1 transcription and β-catenin levels, thus suppressing prolif-
eration while promoting apoptosis, senescence, and cell cycle arrest. In vivo, TEAD4 silencing weakened tumorigen-
esis of LA795 cells. Nevertheless, these phenomena were counteracted by the artificial DYNLL1 restoration in LUAD 
cells.

Conclusion  This investigation demonstrates a TEAD4-DYNLL1 axis that accelerates cell cycle progression and aug-
ments malignant properties of LUAD cells via the Wnt/β-catenin pathway.
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Introduction
Lung cancer ranks as the most prevalent and lethal 
malignant tumor in China and globally, with lung ade-
nocarcinoma (LUAD) representing the predominant 
form, constituting about 40% of all lung cancer diagno-
ses [1]. Currently, treatment strategies for LUAD have 
evolved from conventional methods such as surgery, 
radiation, and chemotherapy to more personalized and 
precise approaches, including targeted therapies [2]. 
For instance, mutations in the epidermal growth fac-
tor receptor gene are identified in nearly 50% of LUAD 
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cases. This has contributed to the development of tyros-
ine kinase inhibitors, which have been shown to mark-
edly enhance patient outcomes [3, 4]. Despite continual 
advancements in therapeutic strategies, the overall sur-
vival rate for LUAD patients remains dishearteningly low 
[2, 5]. The primary reason for this is that a majority of 
patients receive their diagnoses at advanced stages, lim-
iting their chances for effective interventions [6]. Alarm-
ingly, some patients may succumb to recurrent lung 
cancer even when diagnosed early and provided with 
optimal treatments [7, 8]. Thus, developing drugs that 
aim at other pathogenic genes could represent a viable 
strategy moving forward.

In our research, we conducted bioinformatics analyses, 
identifying dynein light chain LC8-type 1 (DYNLL1) as a 
promising prognostic biomarker for LUAD. The LC8 light 
chains act as central proteins that form homodimers, 
featuring dynamic binding grooves that interact with 
numerous proteins and participate in various cellular 
functions, including mitosis, microtubule stabilization, 
intracellular transport, postsynaptic density organiza-
tion, nuclear transport, apoptosis, and transcription reg-
ulation [9–11]. DYNLL1 plays a key role in regulating 
mitosis, especially in spindle assembly and chromosome 
distribution [12]. Importantly, DYNLL1 has emerged as 
a potential oncogene in various human cancers. Research 
has indicated its capacity to hasten cell cycle progression 
in hepatocellular carcinoma and contribute to resistance 
against chemotherapy [13]. Moreover, DYNLL1 has been 
implicated in facilitating the hepatocellular carcinoma 
progression by activating the Wnt/β-catenin pathway 
[14]. The canonical Wnt pathway operates by stabilizing 
β-catenin via Dishevelled-mediated mechanisms. This 
stabilization allows β-catenin to act as a transcriptional 
co-activator, leading to increased cell cycle progression, 
proliferation, differentiation, and overall growth, in addi-
tion to promoting cellular migration and influencing 
embryonic development processes [15]. Up until this 
point in our research, the specific role of DYNLL1 in 
LUAD remains unclear. We hypothesized that a similar 
DYNLL1-Wnt/β-catenin interplay could be significant in 
mediating cell cycle dynamics and the malignant trans-
formation associated with DYNLL1 in LUAD.

Further bioinformatics analyses pointed to TEA 
domain transcription factor 4 (TEAD4) as a potential 
key regulatory factor for DYNLL1. TEAD4 is recognized 
as an essential member of the TEAD family, known for 
its involvement in promoting cell survival, enhancing 
proliferation, and contributing to therapeutic resistance 
in various cancer types [16]. Given these insights, our 
study was designed to investigate the interaction between 
TEAD4 and DYNLL1, along with their respective biolog-
ical roles in LUAD progression.

Methods
Cells
Human bronchial epithelial cells BEAS-2B 
(BNCC359274) were purchased from BeNa Culture Col-
lection (Beijing, China) and maintained in DMEM-H 
(BNCC364169, BeNa). Human LUAD cell lines A549 
(CL-0016), NCI-H1395 (CL-0275), and NCI-H441 (CL-
0514), and mouse LUAD cell line LA795 (CL-0376) 
were obtained from Procell Life Science & Technology 
(Wuhan, Hubei, China). A549 cells were maintained in 
Ham’s F-12K medium, while NCI-H1395, NCI-H441, and 
LA795 cells were maintained in RPMI-1640. All media 
were filled with 10% FBS and 1% antibiotics. The culture 
conditions were maintained at 37 °C with 5% CO2.

Cell transfection and treatment
NCI-H1395, NCI-H441, and LA795 cells were plated 
into 96-well plates. Lentiviral vectors for knockdown of 
TEAD4 (KD-TEAD4), knockdown of DYNLL1 (KD-
DYNLL1), and overexpression of DYNLL1 (OE-DYNLL1) 
were obtained from VectorBuilder Inc. (Guangzhou, 
Guangdong, China). Cells were infected with the lenti-
viral vectors for 24 h, followed by medium replacement. 
Puromycin (10  μg/mL) was used to select transfected 
cells for 1  week to obtain stably transfected cell lines. 
KY19382 (1  μM, HY-131447, MedChemExpress [MCE], 
Monmouth Junction, NJ, USA), a Wnt/β-catenin agonist, 
was utilized to treat the stable transfected cells for 24 h 
before conducting subsequent assays [17].

RNA isolation and quantification
After isolating total RNA utilizing the TRIzol reagent 
(15596018CN, Thermo Fisher Scientific, Rockford, IL, 
USA), cDNA was synthesized using ABScript Neo RT 
Master Mix for qPCR (RK20432, ABclonal Biotechnol-
ogy Co., Ltd., Wuhan, Hubei, China). Afterward, qPCR 
analysis was conducted on an ABI QuantStudio 5 Real-
Time PCR System (A28569, Thermo Fisher Scientific, 
Rockford, IL, USA) utilizing Genious 2X SYBR Green 
Fast qPCR Mix (RK21204, Abclonal). With GAPDH 
served as an endogenous reference, quantitative analy-
sis was conducted using the 2−ΔΔCT method. The primer 
sequences (all 5′–3′) used included: TEAD4 (F) GAA​
GGT​CTG​CTC​TTT​CGG​CAAG, TEAD4 (R) GAG​GTG​
CTT​GAG​CTT​GTG​GATG; DYNLL1 (F) GCT​ACT​CAG​
GCG​CTG​GAG​AAAT, DYNLL1 (R) GTG​TCA​CAT​AAC​
TAC​CGA​AGT​TCC; GAPDH (F) GTC​TCC​TCT​GAC​
TTC​AAC​AGCG, GAPDH (R) ACC​ACC​CTG​TTG​CTG​
TAG​CCAA.

Colony formation assays
NCI-H1395 and NCI-H441 cells were digested and 
resuspended in RIPA-1640, counted, and approximately 
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1000 cells per well were plated into 6-well plates. The 
cells were cultured in standard conditions for 2  weeks 
with the media refreshed once every 3  days. After cul-
ture, the cells were fixed, followed by staining with 0.1% 
crystal violet for 20  min. Colonies with no less than 50 
cells were enumerated under an optical microscope (X43, 
Olympus Optical Co., Ltd, Tokyo, Japan).

Wound healing assays
NCI-H1395 and NCI-H441 cells were plated into 6-well 
plates until confluence. A 200 μL pipette tip was utilized 
to create scratches. After washing with PBS (pH 7.4) to 
discard cell debris, images were captured. After incuba-
tion in serum-free medium at 37  °C for 24 h, images of 
wound healing were taken at 0 and 24 h using the opti-
cal microscope (X43, Olympus). The wound healing 
rate was calculated as: 100% × (wound width0 h − wound 
width24  h)  /  wound width0 h to evaluate cell migration 
within 24 h.

Transwell assays
NCI-H1395 and NCI-H441 cells were collected, starved 
overnight, and plated into the apical wells of Transwell 
inserts pre-coated with Matrigel. Complete medium 
filled with 20% FBS (800 μL) was loaded to the basolat-
eral wells. After 24  h, cells that invaded the basolateral 
wells were fixed and underwent crystal violet staining. 
The number of invasive cells was enumerated under the 
microscope (X43, Olympus), and the 24-h invasion rate 
was calculated.

Apoptosis and cell cycle analysis
Apoptosis was analyzed following the guidelines of 
the Annexin V-FITC/PI kit (HY-K1073, MCE). Briefly, 
treated NCI-H1395 and NCI-H441 cells were harvested, 
washed, resuspended, and subjected to Annexin V-FITC 
and PI staining. After incubation for 20 min in the dark, 
apoptosis was analyzed utilizing a flow cytometer (FACS 
Canto, BD Biosciences, San Jose, CA, USA). To analyze 
cell cycle distribution, the cells were fixed with 70% etha-
nol for 30  min, followed by PI staining for 30  min. The 
cell cycle distribution was then analyzed on the FACS 
Canto flow cytometer.

SA‑β‑Gal (SABG) staining
Treated NCI-H1395 and NCI-H441 cells were harvested 
and fixed in β-Gal fixative (G1580, Solarbio Science 
& Technology Co., Ltd., Beijing, China) at room tem-
perature for 15 min. Subsequently, cells underwent PBS 
washes and overnight incubation at 37  °C in staining 
solution. Cells with positive staining were enumerated 
under the microscope (X43, Olympus), and the positive 
cell rate was calculated.

Immunofluorescence staining
After fixing, the NCI-H1395 and NCI-H441 cells under-
went permeabilization with 0.3% Triton X-100 and 
blocking with 10% goat serum for 2 h. Ki67 primary anti-
body (1:100, GTX20833, GeneTex Inc., San Antonio, TX, 
USA) was applied for overnight incubation at 4 °C. Sub-
sequently, the cells were probed with goat anti-rabbit IgG 
H&L (Alexa Fluor® 647) (1:200, ab150079, Abcam Inc., 
Cambridge, MA, USA) for 2 h in the dark. After nuclear 
staining using DAPI, images were taken under a fluo-
rescence microscope (Leica DMi8, Leica Microsystems, 
Solms, Germany), and fluorescence intensity was quan-
tified using Image J (version 1.53, National Institutes of 
Health, USA).

Chromatin immunoprecipitation (ChIP)‑qPCR
NCI-H1395 and NCI-H441 cells were harvested and 
crosslinked with 1% formaldehyde for 10  min at room 
temperature to capture protein-DNA interactions. 
The reaction was quenched by adding glycine to a final 
concentration of 125  mM for 5  min. Chromatin was 
fragmented by sonication using a Bioruptor (Diagen-
ode, Belgium) to achieve an average fragment size of 
200–500  bp. Cell lysates were prepared and incubated 
with TEAD4 antibody (1:30, ab308621, Abcam) over-
night at 4 °C for immunoprecipitation. Rabbit IgG (1:30, 
ab172730, Abcam) served as a negative control. After 
incubation, protein-DNA complexes were captured using 
magnetic beads (Dynabeads Protein A, Thermo Fisher). 
The beads were washed to remove nonspecific bindings 
and then eluted. To reverse crosslinking, samples were 
heated at 65 °C overnight, followed by protein digestion 
with proteinase K (Roche Ltd, Basel, Switzerland). DNA 
was purified using a QIAquick PCR purification kit (Qia-
gen GmbH, Hilden, Germany). Following this, qPCR 
analysis was conducted using primers designed for the 
DYNLL1 promoter sequences.

Luciferase assays
The DYNLL1 promoter was amplified and inserted 
into the pGL3-basic vector (E1751, Promega Corpora-
tion, Madison, WI, USA). The reporter vector was co-
transfected with the KD-TEAD4 into NCI-H1395 and 
NCI-H441 cells utilizing Lipofectamine 3000 (L3000150, 
Thermo Fisher). After 48 h, luciferase activity was deter-
mined following the protocols of the dual-luciferase 
reporter assay system (E1910, Promega).

Animal models
Female BALB/c nude mice (3–4  weeks old, 16–20  g) 
were provided by Anburui Biotechnology Co., Ltd. 
(Fujian, China) and used in guidelines approved by the 
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Institutional Animal Care and Use Committee of the First 
Affiliated Hospital of Soochow University (approval no. 
2024-HSYY-551). To establish the allograft tumor model, 
LA795 cells (5 × 106) stably transfected with KD-TEAD4, 
OE-DYNLL1 were injected into the mice subcutaneously. 
These procedures resulted in four groups: KD-NC, KD-
TEAD4, KD-TEAD4 + OE-NC, and KD-TEAD4 + OE-
DYNLL1, with six mice per group. The length and width 
of tumors were measured every 7  days using calipers, 
and tumor growth was assessed by volume calculation 
(V = L × W2 / 2). After 35 days, the mice were euthanized 
with 150 mg/kg nembutal, and the tumors were excised 
and weighed, followed by paraffin embedding for subse-
quent experiments.

Immunohistochemistry (IHC)
Prepared tumor tissue Sects.  (4  μm thick) were depar-
affinized with xylene and dehydrated in ethanol. The sec-
tions were incubated in 3% H2O2 and blocked with 10% 
(v/v) BSA (A8010, Solarbio) for 2 h. Primary antibodies 
for Ki67 (1:100, GTX20833, GeneTex), PCNA (1:100, 
GTX100539, GeneTex), Cyclin D1 (1:100, ab16663, 
Abcam), and P21 (1:500, MA5-31479, Thermo Fisher) 
were applied overnight. HRP-goat anti-mouse (1:500, 
G-21040, Thermo Fisher) or HRP-goat anti-rabbit (1:200, 
G-21234, Thermo Fisher) secondary antibodies were 
added, followed by DAB staining. After counterstaining 
with hematoxylin, the positive cell rate was quantified.

Terminal deoxynucleotidyl transferase (TdT)‑mediated 
dUTP nick end labeling (TUNEL) assays
All procedures were performed according to the instruc-
tions provided with the Biotin TUNEL Apoptosis Assay 
Kit (T2191, Solarbio). After deparaffinization and 
rehydration, the allograft tumor tissue sections were 
incubated with proteinase K for 10  min to facilitate 
permeabilization. Following washing with PBS, the sec-
tions were treated with 3% hydrogen peroxide (H2O2) for 
[insert duration here, e.g., 10 min] to block endogenous 
peroxidase activity. The TUNEL reaction solution was 
then applied and incubated in the dark at 37  °C for 1 h. 
After washing with PBS, Streptavidin-HRP was applied 
and incubated at 37 °C for 30 min. DAB (DA1010, Solar-
bio) was used for visualization, and the nuclei were coun-
terstained with hematoxylin. The TUNEL-positive rate 
was then calculated.

Western blotting (WB) analysis
Cells and tumor tissues were lysed with RIPA buffer 
(89901) for total protein extraction. Equal amounts of 
protein samples underwent 10% SDS-PAGE separa-
tion and were loaded onto PVDF membranes. Follow-
ing blocking with 5% skim milk, these membranes were 

probed with antibodies for DYNLL1 (1:1000, ab51603, 
Abcam), Cyclin D1 (1:200, ab16663, Abcam), P21 (1:1000, 
MA5-31479, Thermo Fisher), β-catenin (1:100, A11512, 
Abclonal), TEAD4 (1:1000, 12418-1-AP, Proteintech 
Group, Wuhan, Hubei, China), GAPDH (1:5000, 10494-
1-AP, Proteintech) overnight. This was followed by incu-
bation with HRP-conjugated goat anti-mouse (1:5000, 
G-21040, Thermo Fisher) or goat anti-rabbit (1:5000, 
G-21234, Thermo Fisher) IgG. Following this, protein 
bands were visualized by enhanced chemiluminescence, 
and band intensity was analyzed utilizing Image J (ver-
sion 1.53, National Institutes of Health, USA).

Statistical analysis
Data were analyzed using Prism 10.0 software (Graph-
Pad, La Jolla, CA, USA). Data were obtained from a mini-
mum of three independent replicates and are exhibited 
as the mean ± SEM. Statistical differences were assessed 
using one-way or two-way ANOVA, followed by Tukey’s 
multiple comparisons test. A p value < 0.05 was deemed 
statistically significant.

Results
DYNLL1 is abnormally upregulated in LUAD
To identify candidate prognostic biomarkers or treatment 
targets for LUAD, the top 100 Most Differential Survival 
Genes in LUAD were downloaded from the GEPIA data-
base (http://​gepia.​cancer-​pku.​cn/​index.​html), and the 
top 100 Prognostic Markers in LUAD were obtained 
from the UALCAN database (http://​ualcan.​path.​uab.​
edu/​index.​html). The intersection of these two sets of 
genes revealed 14 shared genes (Fig. 1A). A protein–pro-
tein interaction (PPI) network for the intersecting genes 
was generated, which highlighted a central interacting 
protein network consisting of ANLN, PLK1, DYNLL1, 
CCNB1, and TACC3 (Fig. 1B). Notably, DYNLL1 stands 
out as the only gene within this group whose functional 
roles in LUAD remain to be fully characterized. Exist-
ing research indicates that DYNLL1 could potentially 
expedite cell cycle progression [13] and promote tumori-
genesis in hepatocellular carcinoma through the Wnt/β-
catenin signaling [14]. The database analyses suggested 
that high expression of DYNLL1 indicates poor progno-
sis in LUAD (Fig.  1C). The UALCAN database analysis 
also showed significantly elevated DYNLL1 expression 
in LUAD (Fig.  1D). Consistent with the bioinformatics 
insights, we identified substantially elevated DYNLL1 
levels in LUAD cells (A549, NCI-1395, and NCI-H441) 
versus the normal BEAS-2B cells (Fig. 1E, F). Among the 
LUAD cell lines, NCI-H1395 and NCI-H441 cells showed 
higher DYNLL1 levels were selected for following func-
tional assays.

http://gepia.cancer-pku.cn/index.html
http://ualcan.path.uab.edu/index.html
http://ualcan.path.uab.edu/index.html
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Silencing of DYNLL1 reduces malignant phenotype 
of LUAD cells and blocks cell cycle progression
Three KD-DYNLL1 plasmids were administered into 
NCI-H1395 and NCI-H441 cells. The best-performing 
KD-DYNLL1 2# was selected for subsequent experi-
ments (Fig. 2A). The DYNLL1 knockdown impaired cell 
proliferation activity and reduced colony formation abil-
ity (Fig.  2B). Immunofluorescence analysis exhibited a 
decrease in the expression of the proliferation-related 
factor Ki67 (Fig.  2C). Flow cytometry revealed a nota-
ble increase in cell apoptosis after DYNLL1 knockdown 
(Fig. 2D). This condition also hindered cell migration and 
invasion (Fig. 2E, F). Moreover, the DYNLL1 knockdown 
resulted in G0/G1 cell cycle arrest (Fig. 2G). WB analy-
sis revealed a reduction in Cyclin D1 expression while 
an upregulation in p21 expression in cells with DYNLL1 
knockdown. Furthermore, the β-catenin levels in cells 
were reduced by KD-DYNLL1 as well (Fig. 2H).

KY19382 restores cell cycle progression in LUAD cells 
inhibited under DYNLL1 knockdown
To analyze if Wnt/β-catenin is implicated in DYNLL1-
mediated events, NCI-H1395 and NCI-H441 trans-
fected with KD-DYNLL1 were additionally treated 
with KY19382, a potent Wnt/β-catenin agonists that 
activates this signaling by inhibiting the CXXC5-DVL 
interaction and GSK3β activity. The KY19382 treatment 

significantly restored proliferation activity of the LUAD 
cell lines (Fig.  3A, B), reduced cell apoptosis (Fig.  3C), 
and reduced the cell cycle arrest (Fig.  3D). This proce-
dure also increased Cyclin D1 expression while reducing 
p21 expression levels (Fig.  3E). Furthermore, the SABG 
showed that DYNLL1 silencing induced cell senescence, 
which was negated after β-catenin activation (Fig. 3F).

TEAD4 mediates transcriptional activation of DYNLL1 
in LUAD
To figure out the causes of heightened DYNLL1 expres-
sion in LUAD, genes significantly correlated with 
DYNLL1 expression were queried from the UALCAN 
database (heatmap shows the top 25 genes) (Fig.  4A). 
Furthermore, potential transcription factors of DYNLL1 
were downloaded from the hTFtarget database (http://​
bioin​fo.​life.​hust.​edu.​cn/​hTFta​rget/#!/). The intersec-
tion of the two datasets revealed 6 common factors 
(Fig.  4B): FOXM1, TEAD4, HDAC2, E2F7, NFYB, 
ZNF143. Among these, TEAD4 that has been reported 
to promote glycolysis and cell metastasis in LUAD [18, 
19] caught our attention. Analysis of the UALCAN data-
base revealed that TEAD4 was correlated with DYNLL1 
expression (PearsonCC = 0.38) (Fig.  4C). The GEPIA 
data also showed a positive correlation between these 
two (Fig. 4D). Kaplan–Meier Plotter suggested that high 
TEAD4 expression linking to unfavorable prognosis in 

Fig. 1  DYNLL1 is abnormally upregulated in LUAD. A Venn diagram illustrating the intersection of prognostic markers identified in the GEPIA 
and UALCAN databases. B Protein–protein interaction (PPI) network of the intersecting genes from (A) generated using the STRING database. 
C Correlation of DYNLL1 expression with patient prognosis in LUAD, analyzed using the UALCAN (left) and GEPIA (right) databases, with survival 
analysis performed via Kaplan–Meier plots and p-values determined by the log-rank test. D Differential expression analysis of DYNLL1 in LUAD 
and normal lung tissues using data from the UALCAN database. E, F mRNA (E) and protein (F) expression levels of DYNLL1 in normal lung 
epithelial cells (BEAS-2B) and LUAD cell lines (A549, NCI-H1395, and NCI-H441) detected by qPCR and western blot (WB). The exact number of cells 
used for qPCR and WB are provided in the methods section. Each dot corresponds to one independent experiment. Differences were analyzed 
by one-way ANOVA (E, F). **p < 0.01, ****p < 0.0001

http://bioinfo.life.hust.edu.cn/hTFtarget/
http://bioinfo.life.hust.edu.cn/hTFtarget/
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LUAD patients (Fig. 4E). ChIP-seq analysis revealed sig-
nificant enrichment of TEAD4 at the DYNLL1 promoter, 
indicating that TEAD4 possibly mediates DYNLL1 acti-
vation in LUAD, accelerating cancer progression through 
the cell cycle regulation.

Indeed, increased TEAD4 expression was detected 
in LUAD cells versus normal BEAS-2B cells (Fig.  4F). 
TEAD4 knockdown was then induced in LUAD cells 
using three plasmids, with the most effective KD-TEAD4 
3# selected for subsequent use (Fig. 4G). Importantly, the 

Fig. 2  Silencing of DYNLL1 reduces malignant phenotype of LUAD cells and blocks cell cycle progression. Three KD-DYNLL1 plasmids (KD-DYNLL1 
1#, 2#, 3#) were transfected into NCI-H1395 and NCI-H441 cells using lentiviral vectors. A DYNLL1 mRNA levels in transfected cells were measured 
by qPCR, with KD-DYNLL1 2# exhibiting the strongest knockdown effect, selected for subsequent experiments. B Colony formation assay 
to evaluate the colony-forming ability of KD-DYNLL1-transfected cells. C Immunofluorescence staining for Ki67 to assess cell proliferation potential. 
D Flow cytometry analysis of cell apoptosis. E Wound healing assays to evaluate cell migration. F Transwell assay to assess cell invasion. G Flow 
cytometry analysis of cell cycle distribution. H Western blot analysis of protein expression levels of Cyclin D1, p21, and β-catenin in transfected cells. 
Each dot corresponds to one independent experiment. Differences were analyzed by two-way ANOVA (A–H) *p < 0.05, **p < 0.01, ****p < 0.0001
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TEAD4 knockdown substantially decreased DYNLL1 
expression (Fig.  4H). This procedure also reduced lucif-
erase activity of the reporter containing DYNLL1 pro-
moter (Fig.  4I). ChIP-qPCR analysis showed significant 
enrichment of TEAD4 at the DYNLL1 promoter (Fig. 4J).

DYNLL1 overexpression activates Wnt/β‑catenin 
and rescues malignant properties of LUAD cells suppressed 
by TEAD4 knockdown
NCI-1395 and NCI-H441 cells transfected with KD-
TEAD4 were additionally administered OE-DYNLL1, 
which effectively rescued the DYNLL1 mRNA expression 
(Fig.  5A). Functional assessments revealed that TEAD4 
knockdown inhibited LUAD cell proliferation activ-
ity (Fig. 5B, C) while promoting cell apoptosis (Fig. 5D). 
Meanwhile, the cell cycle arrest (Fig. 5E) and cell senes-
cence (Fig. 5F) were reduced by the TEAD4 knockdown, 
accompanied by reduced Cyclin D1 levels and increased 
p21 levels (Fig.  5G). These trends were reversed by 
the additional DYNLL1 overexpression in LUAD cells 
(Fig. 5B–G). Moreover, the β-catenin levels in cells were 

reduced by TEAD4 knockdown but increased after 
DYNLL1 overexpression.

TEAD4 and DYNLL1 affects tumorigenesis of LA795 cells 
in mice
To validate the functions of the TEAD4-DYNLL1 cas-
cade in LUAD progression, mouse LUAD cells (LA795) 
stably transfected with KD-TEAD4 and OE-DYNLL1 
were implanted into BALB/c mice to induce allograft 
tumors. Tumor growth analysis showed that TEAD4 
knockdown inhibited tumor growth and obstructed 
volume increase, but overexpression of DYNLL1 accel-
erated tumor growth and increased tumor weight, 
reversing the effect of TEAD4 knockdown (Fig.  6A, 
B). After isolating the tumors, WB analysis demon-
strated that β-catenin, TEAD4, and DYNLL1 lev-
els within tumors were significantly reduced upon 
TEAD4 knockdown, while β-catenin and DYNLL1 
levels were restored following DYNLL1 overexpres-
sion (Fig.  6C). IHC revealed that the positive staining 
of Ki67 and PCNA in tumor tissues was reduced after 
TEAD4 knockdown, phenomena reversed by DYNLL1 

Fig. 3  KY19382 restores cell cycle progression in LUAD cells inhibited under DYNLL1 knockdown. NCI-H1395 and NCI-H441 cells transfected 
with KD-DYNLL1 were additionally treated with KY19382. A Colony formation assays to evaluate the colony-forming ability of treated cells. B 
Immunofluorescence staining for Ki67 to assess cell proliferation. C Flow cytometry analysis for cell apoptosis. D Flow cytometry analysis of cell 
cycle distribution. E Western blot analysis of protein expression levels of Cyclin D1 and p21. F SA-β-Gal (SABG) staining for the detection of cell 
senescence. Each dot corresponds to one independent experiment. Differences were analyzed by two-way ANOVA (A–F). *p < 0.05, ****p < 0.0001
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overexpression again (Fig.  6D). Mirroring the changes 
in vitro, TEAD4 knockdown reduced Cyclin D1 expres-
sion while enhancing p21 levels in tumors, effects 
counteracted by DYNLL1 restoration (Fig. 6E). Finally, 

TUNEL assays showed that the cell apoptosis in the 
tumor tissues was induced by TEAD4 reduced allevi-
ated after DYNLL1 overexpression (Fig.  6F). These 
observations support the TEAD4-DYNLL1 axis as an 
oncogenic cascade in LUAD progression.

Fig. 4  TEAD4 mediates transcriptional activation of DYNLL1 in LUAD. A Heatmap of genes correlated with DYNLL1 expression in LUAD, obtained 
from the UALCAN database. B Intersection of genes related to DYNLL1 expression and potential transcription factors predicted to target DYNLL1, 
identified using the hTFtarget database. C Correlation between TEAD4 expression and DYNLL1 in LUAD, analyzed using the GEPIA database. D 
Kaplan–Meier plot analyzing the correlation between TEAD4 expression and patient prognosis in LUAD. E ChIP-seq analysis of TEAD4 binding 
peaks at the DYNLL1 promoter region. F TEAD4 expression in normal lung epithelial cells (BEAS-2B) and human LUAD cell lines (A549, NCI-H1395, 
and NCI-H441) measured by qPCR and Western blot (WB). Three KD-TEAD4 plasmids (KD-TEAD4 1#, 2#, 3#) were transfected into NCI-H1395 
and NCI-H441 cells using lentiviral vectors. G qPCR analysis of TEAD4 mRNA expression in transfected cells. KD-TEAD4 3# exhibited the strongest 
knockdown effect and was selected for subsequent experiments. H qPCR analysis of DYNLL1 expression after knockdown of TEAD4 in LUAD cells. 
I Dual-luciferase reporter assay to evaluate changes in luciferase activity following TEAD4 knockdown in LUAD cells. J ChIP-qPCR analysis of TEAD4 
enrichment at the DYNLL1 promoter in LUAD cells. Differences were analyzed by one-way (F) or two-way (G–J) ANOVA. Each dot corresponds 
to one independent experiment. ***p < 0.001, ****p < 0.0001
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Fig. 5  DYNLL1 overexpression activates the Wnt/β-catenin pathway and rescues malignant properties of LUAD cells suppressed by TEAD4 
knockdown. NCI-1395 and NCI-H441 cells transfected with KD-TEAD4 were additionally administered OE-DYNLL1. A DYNLL1 mRNA expression 
in cells measured by qPCR analysis. B Colony formation assays to evaluate the colony-forming ability of treated cells. C Immunofluorescence 
staining for Ki67 to assess cell proliferation. D Flow cytometry analysis of cell apoptosis. E Flow cytometry analysis of cell cycle distribution. F 
SA-β-Gal (SABG) staining to analyze cell senescence. G Western blot (WB) analysis of Cyclin D1 and p21 protein levels. Each dot corresponds to one 
independent experiment. Differences were analyzed by two-way ANOVA (A–G). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001



Page 10 of 14Li et al. European Journal of Medical Research          (2025) 30:221 

Discussion
This study explores the role of TEAD4 in regulating 
DYNLL1 transcription, which accelerates cell cycle pro-
gression and enhances the malignant characteristics of 
LUAD cells, potentially via the Wnt/β-catenin pathway 
(Fig.  7). The findings supporting this conclusion are as 
follows: (i) DYNLL1 expression is elevated in LUAD cells, 
and its silencing leads to G0/G1 phase cell cycle arrest, 
reduced cell proliferation, and impaired cell migration 
in vitro; (ii) knocking down DYNLL1 results in decreased 
β-catenin protein levels in LUAD cells; (iii) treatment 
with the Wnt agonist KY19382 rescues the malignant 
phenotype in DYNLL1-silenced LUAD cells; (iv) TEAD4 
is upregulated in LUAD cells, binding directly to the 
DYNLL1 promoter to enhance its transcription; (v) 
knocking down TEAD4 similarly reduces β-catenin lev-
els, arrests the cell cycle, and diminishes the malignancy 
of both human and mouse LUAD cells.

Researchers are actively investigating reliable prog-
nostic biomarkers and therapeutic targets in cancer to 
improve cancer treatment [20–22]. In this paper, we gen-
erated a key interaction network based on prognostic 
markers from GEPIA and UALCAN datasets. This net-
work includes several central proteins, such as ANLN, 
PLK1, DYNLL1, CCNB1, and TACC3. Among these, the 
roles of ANLN [23, 24], PLK1 [25, 26], TACC3 [27], and 
CCNB1 [28, 29] in LUAD have been investigated. There-
fore, DYNLL1 was selected for subsequent research. Our 
initial finding confirmed that DYNLL1 is overexpressed 
in LUAD cells, which aligns with bioinformatics data. 
DYNLL1, a dynein light chain protein, plays a critical role 
in DNA double-strand break repair by regulating DNA 
end resection [30, 31]. A loss of DYNLL1 has been linked 
to chemoresistance in ovarian cancer [32, 33]. However, 
its role in cancer appears context-dependent, as it has 
been associated with tumorigenesis in B-cell lymphoma 
[34] and cell survival in esophageal cancer [35]. In our 
study, silencing DYNLL1 in LUAD cells led to reduced 
cell proliferation, migration, and G0/G1 phase cell cycle 
arrest, while increasing apoptosis. These changes were 
accompanied by a reduction in Cyclin D1 and an upreg-
ulation in p21. These observations are in line with stud-
ies in hepatocellular carcinoma [13], where DYNLL1 
suppression also affected cell progression and β-catenin 

levels [14]. The Wnt/β-catenin signaling, well character-
ized for driving cancer cell malignancy, including cell 
cycle progression [36, 37], was found to be involved in 
the oncogenic effects of DYNLL1, as treatment with the 
Wnt agonist KY19382 reversed the suppression of the 
malignant phenotype caused by DYNLL1 knockdown in 
LUAD cells.

The regulation of DYNLL1 expression in cancer may 
be influenced by specific transcription factors [34]. Bio-
informatics analysis suggested TEAD4 as a potential 
transcription factor for DYNLL1. TEAD4 is known to 
possess a TEA DNA-binding domain that interacts with 
gene promoters, along with a binding domain for YAP/
TAZ, which associates with coactivators [16]. Using lucif-
erase and ChIP assays, we confirmed that TEAD4 binds 
directly to the DYNLL1 promoter. TEAD4 expression is 
often upregulated in various cancers, where it promotes 
tumorigenesis by enhancing cancer stemness, metasta-
sis, and drug resistance [38]. While its role in cell cycle 
regulation is not well understood, TEAD4 has been 
shown to facilitate glycolysis and metastasis in LUAD 
[18, 19]. Consistent with previous findings, we observed 
elevated TEAD4 expression in LUAD cells, which likely 
contributes to the aberrant upregulation of DYNLL1 in 
this context. In gastric cancer, TEAD4 has been shown 
to activate the transcription of PRIM1 and other cell 
cycle regulators, such as Cdc25, Cyclin B, and Cdc2 [39]. 
Our study extended these observations by showing that 
silencing TEAD4 in LUAD cells led to reduced β-catenin 
levels, decreased DYNLL1 expression, and triggered cell 
cycle arrest, senescence, and apoptosis. In animal mod-
els, silencing TEAD4 in LUAD cells resulted in reduced 
tumorigenicity in mice, an effect that could be reversed 
by restoring DYNLL1 expression.

Nevertheless, there are several shortcomings that 
need to be acknowledged. First, while TEAD4 has been 
identified as an upstream transcription factor regulating 
DYNLL1 transcription and contributing to LUAD pro-
gression in these experiments, other potential causative 
factors may not have been fully explored. Second, gain-
of-function experiments involving DYNLL1 or TEAD4 
were not thoroughly performed in this study. Addition-
ally, the lack of clinical samples and ethical constraints 
prevented us from providing clinical data, which may 

Fig. 6  TEAD4 and DYNLL1 affects tumorigenesis of LA795 cells in mice. Mouse LUAD cells (LA795; 5 × 106 cells per mouse) stably transfected 
with KD-TEAD4 and OE-DYNLL1 were implanted into BALB/c mice to induce allograft tumors. A Tumor volume measured over a 5-week period. B 
Representative images of tumors and tumor weight after 5 weeks of growth. C Western blot (WB) analysis for the expression of β-catenin, TEAD4, 
and DYNLL1 in tumor tissues. D Immunohistochemistry (IHC) for the positive staining of proliferation markers Ki67 and PCNA in tumor tissues. E IHC 
for the positive staining of Cyclin D1 and p21 levels in tumor tissues. F TUNEL assays to detect cell apoptosis within the tumor tissues. Differences 
were analyzed by two-way ANOVA (A–F). Each group contained six mice. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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have limited the translational value of this study. We aim 
to address these issues and offer a more comprehensive 
understanding in future investigations.

Conclusion
In conclusion, our study proves that TEAD4 regulates 
DYNLL1 transcription to activate the Wnt/β-catenin 
signaling, thus promoting cell cycle progression and 
the malignant properties of LUAD cells. The TEAD4/
DYNLL1 axis may thus represent a new therapeutic tar-
get for LUAD treatment. However, the lack of clinical 
data limits the translational implications of this study, 
and further research is needed to validate the prognostic 
value of TEAD4 and DYNLL1 in LUAD. Future studies 
will aim to fill this gap and deepen our understanding of 
these molecular interactions.
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