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Abstract
Thymic epithelial tumors (TETs) are rare tumors arising from the mediastinum. 
Among TETs, thymoma type B2, B3 and thymic carcinoma are highly malignant 
and often present invasion and dissemination. However, the biological character-
istics of TETs have not been thoroughly studied, and their mechanisms of inva-
sion and dissemination are largely unknown. α- Actinin 4 (ACTN4) is a member of 
actin- binding proteins and reportedly plays important roles in the progression of 
several cancers. In this study, we investigated the relationship between ACTN4 
and characteristics of the malignant potential of TETs, such as invasion and dis-
semination. In vitro experiments using Ty- 82 thymic carcinoma cells revealed that 
overexpression of ACTN4 enhanced the proliferative and invasive ability of Ty- 82 
cells; conversely, knockdown of ACTN4 attenuated the proliferative and invasive 
potential of Ty- 82 cells. In western blotting (WB) experiments, ACTN4 induced 
the phosphorylation of extracellular signal–regulated kinase and glycogen synthase 
kinase 3β to regulate the β- catenin/Slug pathway. Furthermore, WB analysis of 
cancer tissue–origin spheroids from patients with TETs showed results similar to 
those for Ty- 82 cells. In vivo experiments showed that the knockdown of ACTN4 
significantly suppressed the dissemination of Ty- 82 cells. A WB and immunohisto-
chemistry staining comparison of primary and disseminated lesions of TETs using 
surgical specimens showed upregulated expression of ACTN4, β- catenin, and Slug 
proteins in disseminated lesions. In summary, our study suggests ACTN4 is associ-
ated with malignant potential characteristics such as invasion and dissemination in 
TETs via the β- catenin/Slug pathway.
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1  |  INTRODUC TION

Thymic epithelial tumors are the most common malignancy aris-
ing in the mediastinum.1 TETs are rare, accounting for only 0.2%–
1.5% of malignant tumors.2 TETs include thymoma and thymic 
carcinoma. The majority of TETs are thymomas, whereas thymic 
carcinoma accounts for 10%–20% of TETs.3 Thymoma is further 
divided into types A, AB, B1, B2, and B3 according to the World 
Health Organization classification.4 TETs are broadly classified 
into two categories according to malignancy: low grade and high 
grade. Low- grade TETs include types A, AB, and B1 thymoma, and 
high- grade TETs include types B2 and B3 thymoma, as well as thy-
mic carcinoma.1,5

Surgery, chemotherapy, and radiation therapy are the standard 
treatments for TETs.6 The complete surgical resection is a favorable 
prognostic factor for TETs.7,8 Even in the cases of patients with type 
B3 thymoma or thymic carcinoma, which are highly malignant, sur-
gical complete resection is considered a favorable prognostic fac-
tor.9,10 However, some patients with invasion to adjacent organs and 
with pleural dissemination have an incomplete resection, resulting 
in high recurrence rates.11 In such cases of advanced TETs, chemo-
therapy and radiotherapy are performed preoperatively to kill tumor 
cells in areas of invasion and dissemination, thus increasing the rate 
of complete resection. As effective chemotherapies for TETs are 
limited, new therapeutic options are needed for advanced TETs. The 
development of new therapeutic options for TETs necessitates elu-
cidation of the mechanisms of invasion and dissemination. However, 
few studies have examined the malignant behavior of TETs, and one 
of the major reasons is that there are few useful cell lines and mouse 
tumor models available.

ACTN4 is a member of actin- binding proteins and plays roles in 
several processes, including cellular motility and cell adhesion.12,13 
Previous reports demonstrated ACTN4 is a poor prognostic factor 
in several cancers, including oral tongue cancer, upper urinary tract 
urothelial carcinoma, and ovarian cancer.14–16 ACTN4 also plays im-
portant roles in the proliferation, invasion, and dissemination of sev-
eral cancer cells, including prostate cancer and osteosarcoma.12,13,17 
Furthermore, ACTN4 is reportedly involved in the Wnt/β- catenin 
signaling pathway and in EMT, which involves the metastasis, inva-
sion, and dissemination of various cancers, including non- small cell 
lung cancer and pancreatic cancer.18,19 However, the function of 
ACTN4 and β- catenin in TETs has not been reported.

Slug is a transcription factor in EMT, and the β- catenin/Slug 
pathway contributes to tumor invasion in malignant tumors such as 
head and neck squamous cell carcinoma.20 Slug is also a poor prog-
nostic factor in colorectal carcinoma,21 and Slug is associated with 
poor prognosis in thymoma.22

In this study, we evaluated the correlation between ACTN4 and 
clinical malignant behavior in high- grade TETs, including prognosis, 
invasion and dissemination. We also investigated the function of 
ACTN4 in TETs using primary cultured cells established from human 
samples and a mouse TETs model of pleural dissemination.

2  |  MATERIAL S AND METHODS

2.1  |  Material

RPMI 1640 medium was purchased from Thermo Fisher Scientific 
(Waltham, MA, USA), and FBS was obtained from HyClone 
Laboratories (Logan, UT, USA). Penicillin and streptomycin were 
purchased from Invitrogen (Carlsbad, CA, USA). Antibodies against 
ACTN4 for WB and IHC staining were purchased from Abcam 
(Cambridge, UK). Anti–β- actin, extracellular signal–regulated kinase 
(ERK), phosphorylated ERK (pERK), phospho- glycogen synthase ki-
nase 3β (pGSK3β) (ser9), phospho- β- Catenin (Ser33/37/Thr41) and 
non- phospho (Active) β- Catenin (Ser33/37/Thr41) antibodies for 
WB were obtained from Cell Signaling Technology (Beverly, MA, 
USA). Anti–β- catenin and anti- Slug antibody for IHC were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

2.2  |  Cell line

Ty- 82 human thymic carcinoma cells were obtained from the 
Japanese Collection of Research Bioresources (Osaka, Japan). Ty- 
82 cells were maintained in RPMI 1640 medium supplemented with 
10% FBS and 1% penicillin/streptomycin at 37°C in a CO2 incubator.

2.3  |  Tissue samples and clinicopathologic data of 
patients with TETs

Surgical specimens were obtained from patients with TETs who un-
derwent surgery at Osaka University Hospital. Between 2015 and 
2021, 141 surgeries for TETs were performed at our institution. 
From these, high- grade TETs cases were selected and immunostain-
ing for ACTN4 was performed on 49 cases for which tissue speci-
mens were available. Formalin- fixed, paraffin- embedded sections 
of tissues were subjected to immunohistochemistry (IHC) staining 
analysis (see Supplementary Information Data S1). The experimental 
methods for PCR and WB analyses using surgical specimens are also 
described in Supplementary Information Data S1.

2.4  |  Animal studies

Ty- 82 cells with ACTN4 KD and control Ty- 82 cells were injected 
into the thoracic cavity of 4-  to 5- week- old male BALB/cAJcl- nu/nu 
mice (CLEA Japan, Tokyo, Japan). The mice were sacrificed 5 weeks 
after injection, and the thoracic cavity was observed, and lung and 
diaphragmatic tissues were collected. The collected tissues were 
formalin fixed, embedded in paraffin, and stained with hematoxylin–
eosin (HE) to evaluate dissemination.

Detailed methods for each assay and statistical analysis are avail-
able in the Supplementary Information (Data S1).
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3  |  RESULTS

3.1  |  ACTN4 expression in thymoma

First, we investigated ACTN4 gene expression levels in TETs using The 
Cancer Genome Atlas (TCGA) and GTEx databases via the GEPIA2 por-
tal. ACTN4 gene expression in thymoma was significantly higher than 
in normal areas of the thymus (p < 0.01) (Figure 1A, B). Next, we investi-
gated whether ACTN4 gene expression affected the prognosis of TETs 
patients using TCGA via the R2 Genomics Analysis and Visualization 
Platform. Thymoma patients exhibiting high ACTN4 expression had a 
significantly worse prognosis (p = 0.014) (Figure 1C). These data sug-
gest that ACTN4 would be a useful TETs prognostic marker.

Subsequently, in total, 49 surgical specimens from patients 
with high- grade TETs were evaluated by IHC staining of ACTN4. 
Patients were divided into two groups based on ACTN4 staining 
intensity. The characteristics of these eligible patients are shown in 
Table 1. Table 2 shows the characteristics of patients classified by 
ACTN4- high and ACTN4- low or ACTN4- negative. Although there 
was no difference in Masaoka stage between the two groups, the 
percentage of type B3 thymoma and thymic carcinoma, which is 
highly malignant in TETs, was significantly higher in the ACTN4 
high group (84.0% vs. 54.2%, p < 0.05). No deaths were observed in 
ACTN4- low or ACTN4- negative group, and there was no significant 
difference in overall survival between the two groups (Figure S1).

3.2  |  ACTN4 expression in sites of invasion and 
dissemination in high- grade TETs

The intensity of ACTN4 staining was compared between the center 
and invasive front of the tumor in the 25 ACTN4- high patients. A 
representative pathological image of ACTN4 IHC staining is shown in 
Figure 1D. ACTN4 staining intensity was evaluated using H- scores. 
ACTN4 staining was more intense in the frontier edge and invasion 
areas of the tumor than in the center of the tumor (p < 0.01) (Figure 1E). 
qPCR analysis was performed to compare ACTN4 mRNA levels in the 
invasion and non- invasion areas of a surgical specimen of type B3 
thymoma that invaded the lung. The expression of ACTN4 mRNA was 
higher in the lung invasion site than that in the center of the tumor 
(Figure 1F,G). ACTN4 mRNA expression was also evaluated using a 
surgical specimen of a thymic carcinoma exhibiting pleural dissemina-
tion. Compared with the primary lesion, ACTN4 mRNA expression was 
higher in the disseminated lesion (Figure 1H). The background of these 
patients is shown in Table S1. These results indicate ACTN4 could be 
associated with invasion and dissemination in high- grade TETs.

3.3  |  Effect of ACTN4 on the proliferative 
capacity of Ty- 82 cells

The effect of ACTN4 on proliferation was examined using Ty- 82 
cells overexpressing ACTN4 (ACTN4 OE) and Ty- 82 cells knocked 

down ACTN4 (ACTN4 KD). The ACTN4 mRNA level in each cell 
line was confirmed using qPCR compared to respective controls 
(Figure 2A,B). In WST- 1 assays, the proliferation of ACTN4 OE cells 
was significantly enhanced compared with control cells. Conversely, 
the proliferation of ACTN4 KD cells was significantly suppressed 
compared to control cells (Figure 2C,D).

Next, we performed colony formation assays. The number of 
colonies formed was significantly increased in ACTN4 OE Ty- 82 
cells but decreased in ACTN4 KD Ty- 82 cells (p < 0.01) (Figure 2E,F). 
These results indicated that ACTN4 enhances the proliferation of 
Ty- 82 cells.

3.4  |  Effect of ACTN4 on the migration and 
invasive capacity of Ty- 82 cells

Transwell migration assays were performed to determine the ef-
fect of ACTN4 on the migration capability of Ty- 82. The number of 
migrating ACTN4 OE cells was significantly higher compared with 
the control cells (p < 0.05) (Figure 3A). Conversely, the number of 
migrating ACTN4 KD cells was reduced compared with control cells 
(p < 0.05) (Figure 3B). The effect of ACTN4 on the invasive capac-
ity of Ty- 82 was consistent with the results of migration assays 
(Figure 3C,D). These results indicate ACTN4 enhances Ty- 82 cell 
migration and invasion.

3.5  |  Regulation of the ERK/GSK- 3β/β - catenin/
Slug signaling pathway by ACTN4

As ACTN4 has been implicated in cancer invasiveness via the β- 
catenin signaling pathway,17,26 action of related molecules in the 
β- catenin pathway was evaluated using WB. The ratio of activated 
β- catenin and Slug expression was upregulated in ACTN4 OE Ty- 
82 cells. Furthermore, phosphorylation of ERK and GSK- 3β (ser9) 
was enhanced in ACTN4 OE Ty- 82 cells compared with control 
cells. In addition, in ACTN4 OE Ty- 82 cells treated with ERK in-
hibitor PD98059, GSK- 3β phosphorylation was suppressed, the 
percentage of active β- catenin was reduced, and Slug expression 
was suppressed (Figure 4A). This result indicated that ACTN4 acti-
vates the ERK/GSK- 3β/β- catenin/Slug signaling pathway in Ty- 82. 
Conversely, activation of the ERK/GSK- 3β/β- catenin/Slug path-
way was suppressed in ACTN4 KD Ty- 82 compared with control 
cells (Figure 4B).

Using the CTOS method, primary cancer cells were established 
using samples from a patient with thymoma type B3 and with 
thymic carcinoma. The success rate of CTOS establishment was 
12.5% (1 of 8 cases) for B3 thymoma and 25% (one of four cases) 
for thymic carcinoma. The results of IHC staining of CTOS cells 
and primary tissues of the patients were identical (Figure 4C,D). 
ACTN4 OE and KD were performed in these cells using the same 
method used for Ty- 82 cells. In thymoma B3 CTOS cells, OE of 
ACTN4 activated the ERK/GSK- 3β/β- catenin/Slug pathway, 
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F I G U R E  1  Expression and significance of α- actinin4 (ACTN4) in TETs. (A, B) ACTN4 mRNA expression in thymoma was evaluated using The 
Cancer Genome Atlas (TCGA) and GTEx databases via the GEPIA2 portal. T indicates tumor tissue; N, normal tissue. (C) The overall survival rates 
associated with low and high levels of ACTN4 expression were analyzed using TCGA via the R2 Genomics Analysis and Visualization Platform. (D) 
Immunohistochemical staining of ACTN4 using surgical specimens from TETs patients. Black square indicates the center of the tumor, whereas 
red square indicates the site of lung invasion by the tumor. Scale bars indicate 1 mm and 200 μm (magnified image), respectively. (E) The intensity 
of immunohistochemical staining of ACTN4 in surgical specimens from patients with high- grade TETs (n = 25) was compared between the 
frontier and invasion areas of the tumor and the center of the tumor. (F, G) ACTN4 mRNA levels at the invasion site and center of the tumor were 
compared by qPCR using surgical specimens of thymoma type B3. Black triangles indicate lung tissue. The red square indicates the lung invasion 
site, and the black square indicates the center of the tumor. Scale bars indicate 1 cm (macro image) and 200 μm (magnified image). (H) Differences 
in ACTN4 mRNA levels in primary and disseminated lesions were evaluated by qPCR using surgical specimens of thymic carcinoma. *p < 0.01.
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and KD of ACTN4 suppressed this pathway (Figure 4E,F). The 
same results were observed in thymic carcinoma CTOS cells 
(Figure 4G,H). WB analysis using CTOS cells established from 
surgical specimens showed the same results as Ty- 82, suggesting 
that ACTN4 regulated the ERK/GSK- 3β/β- catenin/Slug pathway 
in high- grade TETs.

3.6  |  Effect of ERK inhibition on the abilities of 
proliferation, migration and invasion in ACTN4 OE 
Ty- 82 cells

The effect of ERK inhibitor on the proliferative ability and migration, 
invasive ability of ACTN4 OE Ty- 82 cells were also examined with 

TA B L E  1  Patients' characteristics.

Factor Number of patients (%)

Age (years)

<60 21 (42.9)

≥60 28 (57.1)

Sex

Male 25 (51.0)

Female 24 (49.0)

Histology

B2 15 (30.6)

B3 23 (46.9)

Sq 11 (22.5)

Masaoka stage

I 17 (34.7)

II 16 (32.6)

III 9 (18.4)

IVa 4 (8.2)

IVb 3 (6.1)

ACTN4

High 25 (51.0)

Low 24 (49.0)

Abbreviations: B2, thymoma type B2; B3, thymoma type B3; Sq, thymic 
squamous cell carcinoma.

TA B L E  2  Patients' characteristics of ACTN4 high and low 
groups.

Factor
ACTN4- high 
(n = 25)

ACTN4- low or ACTN4- 
negative (n = 24) p value

Age (years)

Mean 60.8 60.3 0.90

Range 28–84 43–81

Sex

Male 14 (56.0) 11 (45.8) 0.48

Female 11 (44.0) 13 (54.2)

Histology

B2 4 (16.0) 11 (45.8) 0.02

B3 or 
Sq

21 (84.0) 13 (54.2)

Masaoka stage

I–II 17 (68.0) 16 (66.7) 0.92

III–IV 8 (32.0) 8 (33.3)

Abbreviations: B2, thymoma type B2; B3, thymoma type B3; Sq, thymic 
squamous cell carcinoma.

F I G U R E  2  ACTN4 promotes the proliferation of Ty- 82 cells. 
(A, B) ACTN4 mRNA levels in ACTN4- overexpressing and ACTN4- 
knockdown Ty- 82 cells were compared with the respective 
controls. (C, D) The effect of ACTN4 on the proliferative capacity 
of Ty- 82 cells was evaluated using the WST- 1 assay. (E, F) The 
effect of ACTN4 on proliferative capacity was assessed using the 
colony formation assay. *p < 0.05, **p < 0.01.
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WST- 1 assay and migration assay. ACTN4 OE Ty- 82 cells treated 
with ERK inhibitor showed decreased proliferation compared with 
those treated with DMSO alone (Figure 5A). In addition, ACTN4 OE 
Ty- 82 cells treated with ERK inhibitor had reduced migratory and 
invasive ability (Figure 5B,C).

3.7  |  Effect of ACTN4 KD on dissemination of 
Ty- 82 cells in vivo

As KD of ACTN4 suppressed the β- catenin/Slug pathway in Ty- 
82, thymoma B3, and thymic cancer CTOS cells, we investigated 
the effect of ACTN4 KD in Ty- 82 cells in vivo using a dissemina-
tion model. Ty- 82 cells with ACTN4 KD and control Ty- 82 cells 
were injected into the thoracic cavity of BALB/cAJcl- nu/nu mice 
(Figure 6A). All mice (100%, 7/7) injected with control Ty- 82 cells 
exhibited dissemination. H&E staining images of Ty- 82 cells dis-
seminated on the lung surface are shown in Figure 6B. By contrast, 
only 22% (2/9) of mice injected with Ty- 82 cells with KD of ACTN4 
showed dissemination, a significantly lower rate compared with 
control (p < 0.01). A representative H&E image of lungs from mice 
injected with ACTN4 KD Ty- 82 cells is shown in Figure 6C. Mice 
injected with ACTN4 KD Ty- 82 cells also exhibited significantly 
fewer disseminated lesions per mouse than mice injected with 
control Ty- 82 cells (p < 0.01) (Figure 6D). This result suggests that 

the inhibition of ACTN4 expression suppresses the dissemina-
tion of TETs cells. We also performed the same experiment using 
ACTN4 OE Ty- 82 cells and their control cells, which showed no 
significant difference in the number of disseminated lesions be-
tween the two groups (Figure S2).

3.8  |  Comparison of ACTN4, β- catenin, and Slug 
expression between primary lesions and disseminated 
lesions using surgical specimens

As the in vitro and in vivo experiments suggested ACTN4 is involved 
in TETs invasion and dissemination via the β- catenin/Slug path-
way, we evaluated the protein expression of ACTN4, β- catenin, 
and Slug using surgical specimens. First, by WB, we compared the 
expression of ACTN4, β- catenin, and Slug in the central lesion of a 
tumor and the pericardial invasion lesion of a thymoma B3 patient 
with the pericardial invasion of tumor cells. We similarly compared 
ACTN4, β- catenin, and Slug expression in primary and dissemi-
nated lesions in thymoma type B2 and B3 cases with pleural dis-
semination. The backgrounds of the patients in these three cases 
are shown in Table S2. The WB analysis revealed the expression of 
ACTN4, active β- catenin, and Slug were all upregulated in the inva-
sion lesion compared with the tumor center in the thymoma B3 case 
(Figure 7A). Similarly, expression of ACTN4, active β- catenin, and 

F I G U R E  3  ACTN4 enhances the migration and invasion of Ty- 82 cells. (A, B) Effect of differences in ACTN4 expression on the migration 
of Ty- 82 cells, as examined using the Transwell migration assay. (C, D) Invasiveness of Ty- 82 cells expressing different levels of ACTN4, as 
examined using the invasion assay with Matrigel- coated Transwells. Scale bars indicate 100 μm. *p < 0.05.
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Slug was higher in the disseminated lesion than in the primary lesion 
in both thymoma B2 and B3 cases (Figure 7B). We then compared 
the expression of ACTN4, β- catenin, and Slug between primary and 
disseminated lesions using IHC staining of surgical specimens from 
high- grade TETs patients for which both surgical specimens of pri-
mary lesions and disseminated lesions were available. In total, 11 
specimens were available, and the backgrounds of these patients 
are shown in Table 3. The intensity of IHC staining for ACTN4, β- 
catenin, and Slug was compared using the H- score. Staining for 
ACTN4, β- catenin, and Slug was significantly more intensein the dis-
seminated lesion than in the primary lesion (p < 0.05) (Figure 7C,D). 
The results of these experiments using surgical samples indicate that 

ACTN4 and the β- catenin/Slug pathway play an important role in the 
dissemination of TETs.

4  |  DISCUSSION

In this study, we elucidated the relationship between ACTN4 and 
high- grade TETs. Our in vitro experimental results suggested that 
ACTN4 enhanced the ability of high- grade TETs cells to proliferate 
and invade other tissues. In addition, the results of our in vivo exper-
iments suggest that inhibition of ACTN4 can result in the suppres-
sion of high- grade TETs dissemination. Experiments using human 

F I G U R E  4  ACTN4 affects the expression of Slug via the ERK/GSK- 3β/β- catenin signaling pathway. (A, B) Western blotting was 
performed to evaluate the effect of ACTN4 on the expression of ERK, pGSK3- β, β- catenin, and Slug in Ty- 82 cells. (C, D) Cancer tissue–
origin spheroid (CTOS) cells established from surgical specimens from patients with thymoma type B3 and thymic carcinoma. A comparison 
of immunohistochemical staining of CTOS and primary tissue of the patient is presented. (E, F) Effect of ACTN4 on ERK, pGSK3- β, β- catenin, 
and Slug in CTOS cells of thymoma type B3 was evaluated by western blotting. (G, H) Effect of ACTN4 in CTOS cells of thymic carcinoma, as 
determined by western blotting.
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surgical specimens also suggested that ACTN4 was associated with 
the ability of invasion and disseminated in high- grade TETs. In addi-
tion, we found the β- catenin/Slug signaling pathway was involved in 
these malignant potentials of high- grade TETs.

Details regarding the biological properties of TETs remain un-
clear, including the mechanisms of invasion and dissemination. One 
of the major reasons for this lack of information is that few TETs cell 
lines are commercially available, and no cell lines of type B2 or B3 
thymoma are available. In addition, no animal models of TETs have 
been established. As a result, basic research on TETs has not pro-
gressed, and effective therapeutic targets remain largely unknown. 
To overcome this situation, experimental materials such as primary 
cultured cells derived from human samples are often used. CTOS 
cells are primary cultures established from human samples, and they 
have been used for basic research in a variety of cancers.23–25 We 
used CTOS cells derived from thymoma type B3 and thymic carci-
noma patients for WB. In addition, surgical specimens from patients 
with high- grade TETs were analyzed by qPCR, WB, and IHC. The re-
sults of our experiments with CTOS cells and surgical specimens of 
high- grade TETs indicated that ACTN4 was involved in the malignant 
potential of TETs.

Previous reports have shown that ACTN4 is a poor prognostic 
factor in several cancers.14–16 TCGA database indicates that ACTN4 
is also a poor prognostic factor in thymoma (Figure 1C). Although the 
prognosis did not differ significantly according to ACTN4 expression 

in our patients (Figure S1), this discrepancy may be because our eli-
gible patients are smaller than those in TCGA datasets (49 vs. 119). 
In addition, it should be noted that our eligible patients are only 
high- grade TETs, whereas patients in TCGA dataset could include 
low- grade and high- grade TETs. Conversely, the ACTN4- high group 
had a higher proportion of type B3 thymoma and thymic carcinoma, 
which are more malignant, compared with the ACTN4- low group 
(Table 2). Based on these results, we speculated that ACTN4 was 
involved in the malignancy of TETs.

Our in vitro experiments showed that ACTN4 enhances the 
invasive and proliferative capacity of Ty- 82 cells (Figures 2 and 
3). In other malignancies such as prostate cancer and osteosar-
coma, ACTN4 reportedly affects both tumor invasion and prolif-
eration.12,17 We speculate that ACTN4 enhances the proliferative 
and invasive capacity of TETs, which can lead to a poor prognosis. 
Notably, our experiments with surgical specimens indicated that 
ACTN4 is highly expressed in invasive lesions and disseminated 
lesions (Figures 1D–H and 7). Our report is thus important be-
cause it is the first study to demonstrate that ACTN4 regulates 
the invasiveness of TETs, as only a few basic studies have thus far 
examined this issue.

Each assay with ACTN4 OE Ty- 82 cells using ERK inhibitor and 
WB analyses of Ty- 82 cells, CTOS cells, and surgical specimens 
suggest that the enhancement of the malignant potential of high- 
grade TETs by ACTN4 is mediated by the ERK/GSK- 3β/β- catenin/

F I G U R E  5  Effects of ERK inhibition on the proliferation, migration and invasion ability of ACTN4 OE Ty- 82 cells. (A) Effect of the ERK 
inhibitor on the proliferative ability of ACTN4 OE Ty- 82 cells was evaluated using a WST- 1 assay. (B, C) ACTN4 OE Ty- 82 cells were treated 
with ERK inhibitor and changes in migration and invasion ability were assessed by Transwell assay. PD indicates ERK inhibitor PD98059. 
Scale bars indicate 100 μm. *p < 0.05, **p < 0.01.
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Slug pathway (Figures 4 and 5). Figure 8 includes an illustration 
of the putative pathway. An association between ACTN4 and the 
β- catenin pathway has been reported in various other cancers.17,26 
Activation of the ERK/GSK- 3β/β- catenin pathway is associated 
with poor outcomes in non- small cell lung cancer and plays a 
role in tumor proliferation and migration in ovarian cancer.27,28 
Slug is a transcription factor associated with EMT via β- catenin 
signaling.29,30 The β- catenin/Slug pathway contributes to tumor 
invasion and lymph node metastasis in head and neck squamous 
cell carcinoma20 and is involved in colon cancer progression and 
EMT.31 EMT reportedly affects disease- free survival in thymic car-
cinoma,32 and Slug is a poor prognostic factor in thymoma.22 Our 
study revealed an association between ACTN4 and Slug, and we 
hypothesize that ACTN4 affects the malignant potential of high- 
grade TETs via the β- catenin/Slug pathway. While KD of ACTN4 

suppressed the dissemination of Ty- 82 cells in our vivo experi-
ments (Figure 6), there was no significant difference in the number 
of dissemination lesions between ACTN4 OE Ty- 82 and control 
Ty- 82 cells (Figure S2). In pleural dissemination, multiple processes 
such as adhesion, in addition to proliferation and infiltrative me-
tastasis, are important, and it may not be sufficient to explain it 
solely by high expression of ACTN4. Notably, the results of our 
WB and IHC analyses of surgical specimens from patients with 
high- grade TETs also revealed that ACTN4 and Slug are involved 
in the dissemination of TETs (Figure 7). Patients with Masaoka 
Classification Stage IV TETs—patients with pleural dissemination 
or distant metastasis—reportedly have a poor prognosis, and dis-
semination is considered a poor prognostic factor for TETs.8 Based 
on these results, we conclude that ACTN4 is a potential therapeu-
tic target in patients with advanced high- grade TETs.

F I G U R E  6  In vivo experiments to 
confirm the effect of ACTN4 on the 
dissemination of Ty- 82 cells. (A) Schematic 
illustration of the injection of Ty- 82 cells 
into the thoracic cavity of a mouse to 
induce dissemination. Black triangles 
indicate the disseminated lesion on 
the lung surface. (B, C) Representative 
hematoxylin–eosin (H&E) findings of 
lungs from sacrificed mice. Disseminated 
lesions were observed on the surface of 
the lungs of mice injected with control Ty- 
82 cells (red arrows). Scale bars indicate 
100 μm. (D) Comparison of the number of 
disseminated lesions per mouse between 
control Ty- 82 and ACTN4 KD. *p < 0.01.



    |  3645NAGATA et al.

Recent studies have investigated both ACTN4 and related mol-
ecules. These studies revealed that Na+/H+ exchanger regulatory 
factor 1 (NHERF1) regulates ACTN4 expression,33 and Wang et al. 
reported that NHERF1 attenuates β- catenin expression in cervical 
cancer by suppressing the expression of ACTN4.34 Liu et al. showed 
that thyroid hormone receptor- interacting protein 13 plays a cancer- 
promoting role in cervical cancer through the ACTN4/β- catenin 
signaling axis.26 Furthermore, Liao et al. reported that LIM domain 
kinase 1 promotes cell motility and proliferation in colorectal can-
cer via interaction with ACTN4.35 We expect that further studies 
of ACTN4 and these related molecules could facilitate the develop-
ment of new molecularly targeted therapies for high- grade TETs.

Our study has several limitations. First, as no thymoma type B2 
or B3 cell lines exist, assays of proliferation, migration, and invasion 
were only conducted using thymic carcinoma cell lines. It should be 
emphasized, however, that WB analysis showed the same results 
with CTOS cells derived from patients with type B3 thymoma and 

F I G U R E  7  Evaluation of ACTN4, β- catenin, and Slug expression levels using surgical specimens. (A) Western blotting analysis of ACTN4, 
β- catenin, and Slug expression between the pericardial invasion site and the non- invasion site of a tumor from a thymoma type B3 patient. 
(B) Differential expression of ACTN4, β- catenin, and Slug as indicated by western blotting between disseminated and primary lesions of 
a tumor from a thymoma type B2 patient. (C, D) Comparison of ACTN4, β- catenin, and Slug expression by immunohistochemical staining 
between primary lesions and disseminated or distant metastatic lesions using surgical specimens (n = 11). Staining intensity was evaluated. 
Scale bars indicate 200 μm. *p < 0.05.

TA B L E  3  Patients' characteristics.

Case Age Sex Histology Masaoka Stage

1 49 M Sq I

2 74 M Sq IVa

3 70 M B3 I

4 62 F B2 IVa

5 54 M B3 IVa

6 72 F B3 IVb

7 64 M Sq IVb

8 52 F B3 III

9 56 F B2 I

10 65 F B2 II

11 54 F B3 IVa

Abbreviations: Age and Stage, at surgery for primary lesion; B2, 
thymoma type B2; B3, thymoma type B3; F, female; M, male; Sq, thymic 
squamous cell carcinoma.
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thymic carcinoma as with Ty- 82 cells. Second, as both thymoma and 
thymic carcinoma are rare diseases, surgical specimens from both 
primary and disseminated lesions were available for only a few cases.

In summary, our findings suggested that ACTN4 promoted the 
proliferation, migration, and invasion of high- grade TETs and played 
a role in TETs dissemination through the β- catenin/Slug pathway. 
ACTN4 is a potential therapeutic target for high- grade TETs, and our 
study may provide new insights for the development of treatments 
for advanced TETs.
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