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Background: ACTL6A, a regulatory subunit of ATP-dependent chromatin-remodeling 
complexes SWI/SNF, has been identified as a central oncogenic driver in many tumor types.
Materials and Methods: We used immunohistochemistry (IHC) to detect ACTL6A 
expression in esophageal squamous cell carcinoma (ESCC) tissues. Then, the effect of 
ACTL6A on proliferation and DNA synthesis was explored by using cell counting kit 8 
(CCK8) and EdU retention assays. The potential oncogenic mechanism of ACTL6A in 
ESCC cells was also analyzed by flow cytometry and Western blotting. We further estab-
lished an ESCC xenograft mouse model to validate the in vitro results.
Results: ACTL6A expression, localized in cancer cell nuclei, was markedly higher in ESCC 
tissues than in the corresponding noncancerous tissues (P<0.001) and was positively asso-
ciated with tumor size, histological differentiation, T stage and tumor-node-metastasis 
(TNM) stage. Kaplan–Meier analysis revealed that high ACTL6A expression was signifi-
cantly associated with poor overall survival (OS) (P = 0.008, HR= 2.562, 95% CI: 1.241–-
5.289), and decision curve analysis (DCA) demonstrated that ACTL6A could increase the 
clinical prognostic efficiency of the original clinical prediction model. Further in vitro 
experiments showed that ACTL6A knockdown led to inhibition of cell proliferation and 
DNA synthesis in ESCC cell lines, while overexpression of ACTL6A had the opposite 
effects. ACTL6A knockdown resulted in G1 phase arrest, with downregulation of cyclin D1, 
CDK2 and S6K1/pS6 pathway proteins and upregulation of p21 and p27, while overexpres-
sion of ACTL6A facilitated the entry of more cells into S phase with upregulated cyclin D1, 
CDK2 and S6K1/pS6 pathway proteins and downregulated p21 and p27. Finally, a xenograft 
mouse model of ESCC cells validated the results in vitro.
Conclusion: ACTL6A expression may affect the proliferation and DNA synthesis of ESCC 
cells by facilitating ESCC cell cycle redistribution via the S6K1/pS6 pathway. Therefore, 
ACTL6A may potentially become an alternative therapeutic target for ESCC.
Keywords: ACTL6A, esophageal squamous cell carcinoma, cell cycle, proliferation, pS6

Introduction
Esophageal squamous cell carcinoma (ESCC) remains the most prominent subtype 
of esophageal cancer, accounting for 335,080 new cases and 300,878 deaths in East 
Asia in 2018.1,2 ESCC is thought to have obvious exposure-driven causality, driven 
by factors such as tobacco consumption, hot beverage drinking and poor nutrition.3 

Exposure of the squamous epithelium of esophageal tract to these carcinogenic 
compounds is likely to change the genetic and epigenetic makeup of squamous 
epithelium cells, thereby facilitating neoplastic transformation.3 The prognosis of 
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ESCC is poor because patients often present with distant 
metastasis to the liver, lung and lymph nodes.4 Despite 
advances in treatment, including tumor resection, che-
motherapy, radiotherapy and immunotherapy, the 5-year 
survival rate of ESCC patients is still quite low, ranging 
from 15% to 25%5 underscoring the strong demand for 
deeper insight into the molecular mechanism behind the 
tumorigenicity and development of ESCC, identification 
of downstream targets of related signaling pathways as 
new therapeutic targets and the establishment of 
a clinical prediction model with high efficiency.

Actin-like protein 6A (ACTL6A), a regulatory subunit 
of the ATP-dependent SWI/SNF chromatin-remodeling 
complexes, is known as a central oncogenic driver and is 
commonly subject to genomic amplification and overex-
pression in a variety of tumors.6–13 In general, the SWI/ 
SNF complex acts as a tumor suppressor; however, protein 
subunits of this complex are frequently mutated or lost in 
tumors, creating circumstances that are permissive for 
cancer development.14,15 ACTL6A was initially found to 
cooperate with β-actin to maintain maximal Brg1 ATPase 
activity.16,17 Deficiency of Brg1 was previously shown to 
induce cell cycle arrest through an RB-dependent mechan-
ism, and Brg1 is preferentially recruited by p53 to a subset 
of p53-dependent promoters, including the p21 promoter, 
in melanoma.18 Thus, ACTL6A may function to regulate 
proliferation and the cell cycle indirectly by affecting the 
stability of Brg1 and SWI/SNF chromatin-remodeling 
complexes. Nevertheless, ACTL6A can also act indepen-
dently of the SWI/SNF complex to promote cancer 
progression.19–22 ACTL6A expression leads to cell cycle 
arrest in head and neck squamous cell carcinoma 
(HNSCC) and epidermal squamous cell carcinoma (SCC) 
by interacting with the p21 promoter directly.7,10 

Additionally, ACTL6A can cooperate with c-myc to main-
tain cancer stem cell self-renewal capacity and is asso-
ciated with cancer cell motility.8,11,23–25 Moreover, 
ACTL6A has significant prognostic value in various 
tumor types.7,8,11 However, the exact oncogenic function 
of ACTL6A is largely unknown in ESCC.

A recent bioinformatics study performed KEGG ana-
lysis and gene set enrichment analysis (GSEA) via Gene 
Expression Profiling Interactive Analysis (GEPIA) based 
on The Cancer Genome Atlas (TCGA) datasets and 
demonstrated that ACTL6A significantly affects riboso-
mal pathways.26 Since S6 kinase (S6K1) is a key mem-
ber of the pathway, that participates in translational 
control, and the S6 kinase (S6K1)-S6 signaling pathway 

is critical for regulating proliferation and survival in 
response to growth factors, we focused on S6K1 as 
a downstream target of ACTL6A.27–29 S6K1 always 
phosphorylates S6 protein at Ser235, Ser236, Ser240, 
Ser244, and Ser247.29 Aberrant upregulation of S6 
phosphorylation and increased S6K activity are fre-
quently present in various tumors including ESCC.30–32 

Although phosphorylated-ribosomal protein S6 (p-S6) is 
considered to be a potential target in ESCC in vitro and 
S6 phosphorylation has prognostic significance in 
ESCC, the relationship between S6 and ACTL6A 
remains unclear.30

Here, we assessed the clinical relevance of ACTL6A 
and its prognostic impact on the survival of patients with 
ESCC by measuring the levels of ACTL6A in ESCC 
tissues and evaluating the relationship of these parameters 
with clinical outcome. Additionally, we also performed 
decision curve analysis (DCA) to investigate the practical 
clinical prognostic value of ACTL6A. We further exam-
ined the functional role of ACTL6A in ESCC cell prolif-
eration in vitro and in vivo.

Materials and Methods
Patients and Tissue Samples
Formalin-fixed, paraffin-embedded ESCC tissue samples 
and corresponding adjacent normal mucosa epithelium of 
128 ESCC patients, with histopathologically confirmed 
ESCC according to the World Health Organization cri-
teria, were obtained from the Department of Pathology 
of the First Affiliated Hospital of Zhengzhou University 
(Zhengzhou, China) between January 2013 and 
December 2013. None of the enrolled patients received 
chemotherapy or radiotherapy prior to esophagectomy. 
The clinicopathological characteristics of the 128 ESCC 
patients are shown in Table 1. This retrospective study 
passed the review of the ethics committee of the First 
Affiliated Hospital of Zhengzhou University, and 
informed consent for the use of surgical specimens for 
research purposes was obtained from all the patients. The 
patients were followed up from the date of surgical resec-
tion, with an average follow-up of 41.0±2.1 months. 
Overall survival (OS) was defined as the period between 
the date of initial surgery and death or the last follow-up. 
The work has been carried out in accordance with The 
Code of Ethics of the World Medical Association 
(Declaration of Helsinki).
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Immunohistochemistry and the 
Evaluation of the Results
Immunohistochemistry was performed using rabbit anti- 
human ACTL6A primary antibody (1:200, Novus 
Biologicals, USA). A commercial biotin-streptavidin sys-
tem (ZSGB-BIO, SP-9000) was used to detect the expres-
sion of ACTL6A. Two pathologists independently scored 
each of the sections. The staining was scored in terms of 
positive cell proportion (0, 0–10%; 1, 11%≤30%; 2, 

30–70%; 3, >70%) and intensity (0, none; 1, weak; 2, 
moderate; 3, strong). The proportion and intensity scores 
were then multiplied to obtain a total score, with a range of 
0 to 9. Patients with a final score of ≤1 were classified as 
the negative group and those with scores >1 were classi-
fied as the positive group. The pathologists discussed any 
cases showing a discrepancy in scores until a consensus 
was reached.

Construction of Lentivirus
shRNA-1 (5′-TCCAAGTATGCGGTTGAAA-3′) and 
shRNA-2 (5′-GTACTTCAAGTGTCAG ATT-3′) con-
structed to target ACTL6A were inserted into a super 
silencing vector (pHU6/EGFP + puromycin) provided by 
GenePharma (Shanghai, China). A nonsilencing control 
shRNA (5′-TTCTCCGAACGTGTCACGT-3′) was also 
used. Full-length ACTL6A cDNA (GenBank accession 
number NM_178042) was cloned into the LV5- 
expression vector (GenePharma). A specific sequence 
was used as a control. The above five kinds of plasmids 
were added with PSPAX2 and PMD2G plasmids into the 
supernatant of revived 293T cell culture. Growth medium 
was removed after 24 hours of incubation, and fresh 
DMEM-high glucose (Sigma, USA) with 10% FBS 
(Dakewe, New Zealand) was added. Then, 293T cells 
were cultured for another 48 hours. The corresponding 
lentiviruses (Lv-shACTL6A-1, Lv-shACTL6A-2, Lv- 
shNC, LV-ACTL6A and LV-CON) were obtained after 
ultracentrifugation of the collected supernatant for 4 hours.

Cell Culture, Reagents and Treatment
Human esophageal squamous carcinoma EC1, EC109, 
EC9706, TE7 and 293T cell lines were purchased from 
the Tumor Research Institute of the Chinese Academy of 
Sciences and KYSE450, KYSE510 and KYSE150 cell 
lines were obtained from the American Type Culture 
Collection (Manassas, VA, USA). All the cell lines were 
routinely cultured.

EC1 cells were transfected with virus cloned with stable 
ACTL6A knockdown sequence and TE7 cells were trans-
fected with virus cloned with full-length ACTL6A sequence. 
The above cells were then purified with puromycin (Solarbio) 
for 2 weeks. The concentration of puromycin for EC1 and TE7 
was 1.5 ug/mL and 3 ug/mL respectively. Real-time quantita-
tive PCR TRIzol (Solarbio) was used to extract total RNA 
from each cell line according to a traditional protocol. 
Genomic DNA was removed and cDNA was synthesized by 
using the PrimescriptTM RT Reagent Kit with gDNA Eraser 

Table 1 Correlations of ACTL6A Expression and 
Clinicopathological Parameters in ESCC Patients

Characteristics Total ACTL6A 
Expression

Negative (0–4) 
Positive (5–9)

P-value

Normal mucosa 128 103 25 <0.001***

ESCC tissues 128 39 89

Gender 0.623
Male 86 25 61

Female 42 14 28

Age (years) 0.898

<62 57 19 38

≥62 71 20 51

Tumor size (cm) <0.001***

<3 59 20 39
≥3 69 19 50

Histological differentiation <0.001***
Good 37 21 16

Moderate 64 14 50
Poor 27 4 23

T stage 0.008**
Tis-T1 23 13 10

T2-T3 105 26 79

Lymph node metastasis 0.163

Absent 102 34 68

Present 26 5 21

TNM stage 0.02*

0-I 24 13 11
II–IV 104 26 78

Tumor site 0.044*
Upper Esophagus 26 5 21

Median Esophagus 64 26 38

Lower Esophagus 38 8 30

Notes: *P<0.05; **P<0.01; ***P<0.001. Pearson’s chi-square test was used for 
categorical variables. 
Abbreviation: ESCC, esophageal squamous cell carcinoma.
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(perfect real time) (Takara, Japan). Real-time quantitative PCR 
was then conducted by using the following specific primers: 
5ʹ-GCTGAACGGGAAGCTCACTG and 5ʹ-GTGCTCAGT 
GTAGCCCAGGA-3ʹ for GAPDH and 5ʹ-TCAGAG 
GCACCGTGGAATACTAG-3ʹ and 5ʹ-AGGACATAGCC 
ATCGTGGACTG-3ʹ for ACTL6A. Fluorescent quantitation 
was accomplished by using the SYBR-Green I method 
(CWBio, China).

Western Blot Analysis
Cells were collected in RIPA buffer (Solarbio, China) with 
phenylmethylsulfonylfluoride (PMSF) and phosphatase 
cocktails (Thermo Scientific). The concentration of the 
total protein of the above lysates was detected using the 
BCA Protein Assay Kit (Solabio, China). Total protein 
(20–30μg) was added to each mini pool of SDS-PAGE 
gels, separated at 80 V for 2 hours and transferred to 
a polyvinylidene difluoride membrane (Millipore, USA) 
at 200 mA for 2 hours.

Primary antibodies used in the whole experiment are 
listed below: ACTL6A (NB100-61628) from Novus 
Biologicals (USA); p21 (#2946), CDK2 (#18048), S6 
(#2217) and pS6 (#5364) from Cell Signaling 
Technology (USA); S6K1 (sc-8418) from Santa Cruz; 
GAPDH (10494-1-AP), cyclinD1 (26939-1-AP) and p27 
(25614-1-AP) from Proteintech (Wuhan, China).

Cell Viability Assay
Cells were seeded in triplicate into 96-well plates at 
a density of 4×103 cells per well. Cell Counting Kit 8 
(Dojindo, Japan) was used to detect the proliferation 
speed of cells in the following 4 days according to the 
manufacturer’s instructions. The absorbance values at spe-
cific time points were used to plot cell viability curves.

Edu Assay
Cells (2–4×104) were seeded into each well of a 12-well 
plate and cultured for 24 hours in an incubator at 37°C and 
5% CO2. The kFluor647 Click-iT EdU imaging detection 
kit (Keygentec, China) was used to evaluate the prolifera-
tion speed of cells of different treatments. Cells were 
incubated with 50 µM EdU for 3 hours, and Triton 
X-100 was used to increase the permeability of the cells. 
Cells reacted with an Apollo reaction cocktail, containing 
kFluor647-azide for 30 minutes and then with Hoechst 
33342 for another 30 minutes.

Cell Cycle Analysis
ESCC Cells (2×105) were collected into clean Eppendorf 
(EP) tubes after digestion with 0.25% trypsin digestive solu-
tion without EDTA and washed with PBS buffer 3 times. 
Then, 70% ethanol was used to fix the cells at 4°C for 2 
hours. After washing 3 times with PBS buffer, the cells were 
incubated with working solution of propidium iodide (PI)/ 
RNase A (Keygentec, China) at a rate of 9:1 and shielded 
from light for 30 minutes. Fluorescence-activated cells were 
sorted to determine the distribution in different cell cycle 
stages by using a NovoCyte Advanteon (ACEA 
Biosciences, USA), and the result was analyzed by 
NovoExpress software (ACEA Biosciences, USA).

Cell Apoptosis Analysis
ESCC cells were digested using the same methods for cell 
cycle detection. The experiment was performed according to 
the manufacturer’s instructions for the Annexin V-PE/ 
7-AAD Apoptosis Detection Kit (Keygentec, China). Cells 
were incubated with 50 μL binding buffer, containing 5 μL 
7-AAD dye, shielded from light for 15 minutes and then with 
450 μL binding buffer, containing 1 μL annexin V-PE, 
shielded from light for another 15 minutes. Apoptosis was 
analyzed by NovoCyte Advanteon (ACEA Biosciences, 
USA), and the result was processed by FlowJo vX.0.7.

In vivo Xenograft Study
ESCC cells (5×106) from each group, stably transfected 
with Lv-shNC, Lv-shACTL6A-1, Lv-CON and Lv- 
ACTL6A, were injected with the flanks of male BALB/C 
nude mice, which were purchased from Charles River 
(Beijing, China). Subsequently, the volume of each tumor 
was measured every 3 days. After 22–25 days in total, 
mice were euthanized and tumors were collected and ana-
lyzed by Western blot and immunohistochemistry. Tumors 
were weighed and tissues were processed for H&E stain-
ing and immunohistochemistry. All animal experiments 
were conducted according to the requirements of the 
National Institutes of Health guide for the care and use 
of Laboratory animals (NIH Publications No. 8023, 
revised 1978) and were approved by the Laboratory 
Animal Management Committee of the First Affiliated 
Hospital of Zhengzhou University.

Statistical Analysis
Student’s t test was used to analyze continuous variables 
and Pearson’s chi-square test was used to analyze 
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categorical variables. The cumulative OS rates were cal-
culated using the Kaplan-Meier method, and differences 
were compared using a Log-rank test. Cox univariate and 
multivariate analyses were also conducted to determine 
independent prognostic factors. All statistical analyses 
were performed by using IBM SPSS statistics 21. Kaplan- 
Meier curves were plotted by using PRISM 7 software. 
R studio software was also used to conduct DCA. P<0.05 
was considered to indicate a statistically significant result.

Results
ACTL6A Expression in Human ESCC 
Tissues
We examined the expression of ACTL6A in ESCC tissues 
and corresponding adjacent noncancerous tissues (≥5 cm 
from the tumor lesion boundary) from 128 ESCC patients. 
The results demonstrated that ACTL6A localized in the 
cancer cell nuclei of ESCC tissues and was either not 
expressed or was weakly expressed in the basal cells of 
adjacent noncancerous tissues. In immunohistochemical 
staining of ESCC tissues, ACTL6A immunoreactivity 
was negative in 39 ESCC tissues (30%), with scores of 0 
and 1 in 5 (4%) and 34 (26%), respectively, whereas 
positive expression (scores 2–9) of ACTL6A in the pri-
mary tumor was present in 89 of the 128 samples; this rate 
was significantly higher than that observed in the corre-
sponding noncancerous tissues (24 of 128 positivity, 19%; 
P<0.001; Table 1, Figure 1A–F).

To assess the significance of ACTL6A expression in 
ESCC, the associations between ACTL6A expression and 
the clinicopathological features of 128 ESCC patients 
were analyzed. As shown in Table 1, positive ACTL6A 
expression showed no association with patient sex 
(P=0.623), age (P=0.898), lymph node status (P=0.163) 
or tumor site (P=0.044). However, positive ACTL6A 
expression had a positive relationship with tumor size 
(P<0.001), histological differentiation (P<0.001), tumor 
status (P=0.008) and TNM stage (P=0.02). Overall, the 
results above indicated that high ACTL6A expression 
endowed ESCC cells with aggressive behaviors.

High ACTL6A Expression Has Clinical 
Prognostic Value and Indicates Poor 
Outcomes of ESCC Patients
To accomplish a prognostic evaluation, we performed 
Kaplan–Meier survival analysis of the 128 ESCC patients 
according to ACTL6A expression level and clinical 

follow-up time. Our results revealed that positive 
ACTL6A expression was significantly associated with 
worse OS (P =0.008) than negative ACTL6A expression 
(P = 0.008, HR= 2.540, 95% CI: 1.235–5.223; Figure 1G). 
We also divided ESCC patients into four groups based on 
the expression of ACTL6A in primary ESCC tissues and 
corresponding noncancerous tissues. The OS prognosis of 
the group with positive ACTL6A expression in both ESCC 
tissues and corresponding noncancerous tissues was the 
worst among all four groups (P=0.009, Figure 1H).

In addition, univariate and multivariate Cox regression 
analysis showed that positive ACTL6A expression was 
a significant and independent prognostic marker of the 
OS of ESCC patients (Table 2). To conduct further clinical 
prognostic evaluation, DCA was also performed to depict 
the net clinical benefit of the original clinical record with 
and without the data of ACTL6A expression level at 
certain threshold probabilities (Figure 1I). The results 
demonstrated that the ACTL6A expression level is nega-
tively associated with the OS of ESCC patients. That is, 
ACTL6A is a tumor promoter and prognostic biomarker of 
ESCC.

ACTL6A Promotes ESCC-Cell 
Proliferation in vitro
To analyze the proliferation stimulation effect of ACTL6A 
on ESCC, we used seven ESCC cell lines: TE7, KYSE510, 
KYSE150, KYSE450, EC1, EC9706 and EC109. Under 
normal circumstances, we detected the transcription and 
expression levels of ACTL6A in the above seven cell 
lines by using RT-PCR and Western blotting. The trend of 
the mRNA level in the cell lines was consistent with that of 
the protein level (Figure 2A). According to transcription 
and expression level of ACTL6A, TE7 cell line with the 
lowest ACTL6A expression was used to knockdown and 
EC1 with the highest ACTL6A expression was used to 
overexpress. After validating gain or loss-of-function of 
ACTL6A in TE7 and EC1 cell lines, we assayed the growth 
stimulating activity of ACTL6A using TE7 cells transduced 
with Lv-ACTL6A to overexpress ACTL6A and with an 
empty vector as control (Figure 2B). To detect the effects 
of knockdown of ACTL6A, EC1 cells were transduced with 
Lv-shACTL6A-1 and Lv-shACTL6A-2 that targeted 
ACTL6A mRNA for constant degradation. The effect of 
changed ACTL6A expression on proliferation was tested by 
CCK8 assay. We found that cell growth was inhibited in 
cells transduced with Lv-shACTL6A-1 and Lv-shACTL6A 
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-2 in comparison to mock-transduced cells (P<0.05; Figure 
2C). However, overexpression of ACTL6A accelerated cell 
growth in TE7 cells (P<0.05; Figure 2C). The EdU retention 
assay also validated the proliferation stimulation of 
ACTL6A in ESCC cells. The percentage of EdU-positive 
TE7 cells overexpressing ACTL6A was significantly 
increased compared with that of the control cells (P<0.05, 
Figure 2D and 2E), while compared with mock-transduced 
cells, EC1 cells with downregulated ACTL6A displayed 
a decreased percentage of EdU-positive cells (P<0.05, 
Figure 2D and E). Thus, ACTL6A functions in the prolif-
eration of human ESCC cells in vitro.

Underlying Mechanisms of ACTL6A 
Growth Stimulating Activity in ESCC Cell 
Lines
To determine the mechanism by which ACTL6A stimulates 
the growth of ESCC cells, we detected the effect of ACTL6A 
on cell division and apoptosis. Flow cytometry was per-
formed to assess apoptosis and cell cycle distribution with 
annexin V-PE/7-AAD and PI, respectively. These results 
demonstrated that the proportion of cells in G1 phase sig-
nificantly increased in EC1 cells transduced with Lv- 
shACTL6A compared with mock-transduced EC1 cells, 

Figure 1 IHC analysis of ACTL6A in human ESCC and the clinical significance of its expression level. (A–F) ACTL6A staining in ESCC: (A) Negative noncancerous esophageal 
tissue; (B) Positive noncancerous esophageal tissue and (C–F) ESCC (C) non-staining (score: 0), (D) weak (score: 1), (E) moderate (score: 6), and (F) strong staining (score: 8) 
patterns. Scale bars, 50 μm. (G) Kaplan-Meier survival curve of ESCC patients based on ACTL6A expression level in ESCC tissue. (H) Kaplan-Meier survival curve of ESCC 
patients based on ACTL6A expression level in ESCC tissue and corresponding noncancerous esophageal tissue. (I) DCA to show the comparison of performance. The 
horizontal black solid line represents the assumption that no patient should take the necessary measures, while the green solid line represents the assumption that all patients 
should take the necessary measures. The y-axis represents the net benefit, which was calculated by adding points associated with benefits and subtracting those associated with 
harms. Based on the threshold probabilities obtained, our findings indicated that the clinicopathological model involving the ACTL6A expression level provided a greater net 
benefit than that without the ACTL6A expression level. Based on the threshold probabilities obtained, our findings indicated that the clinicopathological model involving the 
ACTL6A expression level (blue solid line) provided a greater net benefit than that without the ACTL6A expression level. (red solid line).
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while the proportion of cells in S phase significantly 
increased in TE7 cells transduced with Lv-ACTL6A com-
pared with TE7 cells transduced with empty vector (Figure 
3A). Given that cell cycle proteins are essential to regulate 
cell viability, we then determined whether ACTL6A has an 
effect on the expression of cell cycle regulators in the G1/S 
phase transition. Western blotting was used to detect the 
expression levels of not only cyclin D1 and CDK2, but also 
p21 and p27, cyclin-dependent kinase 4/6 inhibitors, in 
ESCC cells. As shown in Figure 3B, suppression of 
ACTL6A in EC1 cells caused G1 arrest with downregulation 
of cyclin D1 and CDK2 and upregulation of the negative cell 
cycle regulators p27 and p21, while overexpression of 
ACTL6A in TE7 led to upregulation of cyclin D1 and 
CDK2 and downregulation of p27 and p21. However, the 
level of ACTL6A expression had no effect on the apoptosis 
of ESCC cells (Figure 3C).

The S6K1/pS6 pathway is critical in regulating cell 
viability, and pS6 expression is significantly associated 
with cell cycle protein expressions.30 We also determined 
whether ACTL6A affects the S6K1/pS6 pathway. 
ACTL6A expression resulted in upregulated S6K1 and 
pS6, while ACTL6A knockdown downregulated these 
proteins; the expression level of S6 remained the same, 
indicating that ACTL6A regulates the S6K1/pS6 pathway 
by affecting pS6 phosphorylation in TE7 and EC1 cells 
(Figure 3C).

Effect of ACTL6A Expression on ESCC 
Cell Growth in Xenograft Mice
To validate the effect of ACTL6A on ESCC cells in vivo, 
we subcutaneously injected TE7 cells transduced with Lv- 

ACTL6A or Lv-CON and EC1 cells transduced with Lv- 
shACTL6A-1 or Lv-shCON into the flank region of 
5-week-old nude mice to establish a mouse xenograft 
model. As shown in Figure 4A–C, stable shRNA- 
mediated downregulation of ACTL6A markedly decreased 
tumor growth in the xenograft mouse model of EC1 cells 
compared with the control model, whereas stable upregu-
lation of ACTL6A significantly accelerated tumor growth 
in the xenograft mouse model of TE7 cells compared with 
the control group. We found that ACTL6A affected the 
expression of cyclinD1, CDK2 and pS6 by using Western 
blotting in vivo, which is consistent with the results 
in vitro (Figure 4D). Immunohistochemical analysis also 
showed that Ki67, S6K1 and pS6 expression was signifi-
cantly higher in xenograft mouse model tissues with 
ACTL6A overexpression than in control tissues and was 
markedly lower in xenograft mouse model tissues with 
suppressed ACTL6A than in mock-transduced vector tis-
sues, which indicated that the expression of ACTL6A 
played a vital role in the proliferation of ESCC cells 
in vivo (Figure 4E).

Discussion
Despite advances achieved in therapeutic approaches, the 
5-year survival rate of ESCC is still poor, indicating the 
demand for identifying new biomarkers for the early 
screening of high-risk ESCC patients.4 In this research, 
we demonstrated that patients with positive ACTL6A 
expression had obviously shortened OS compared with 
those with negative ACTL6A expression. Additionally, 
we found that ACTL6A was an independent prognostic 
factor of ESCC patients. Additionally, our study showed 
that ACTL6A was overexpressed in ESCC tissues 

Table 2 Cox Univariate and Multivariate Regression Analysis of Prognostic Factors for Overall Survival in 128 ESCC Patients

Variables Cox Univariate Analysis (OS) Cox Multivariate Analysis (OS)

HR (95% CI) P-value HR (95% CI) P-value

Gender (female/male) 0.566 (0.296–1.082) 0.085 - -

Age (<62/≥62 years) 3.013 (1.603–5.661) 0.071 - -
Tumor size (<3cm/≥3cm) 2.003 (1.118–3.587) 0.020 1.787 (0.991–3.222) 0.054

Histological differentiation (good/moderate/poor) 1.441 (0.977–2.126) 0.065 - -

T stage (Tis-T1/T2-T3) 3.501 (1.090–11.246) 0.035 2.484 (0.764–8.078) 0.130
Lymph node metastasis (absent/present) 1.492 (0.794–2.802) 0.214 - -

TNM stage (0-I/II–IV) 3.459 (1.077–11.110) 0.037 - -

Tumor site (upper/median/lower) 0.776 (0.518–1.162) 0.218 - -
ACTL6A expression (low/high) 2.540 (1.235–5.223) 0.008 2.562 (1.241–5.289) 0.011

Note: P < 0.05 was considered statistically significant. 
Abbreviations: ESCC, esophageal squamous cell carcinoma. OS, overall survival.
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compared to that in corresponding noncancerous mucosal 
tissue and was significantly associated with tumor differ-
entiation grade, TNM stage, tumor size and T stage. DCA 
depicted that the clinical model involving ACTL6A pro-
vided a greater net benefit than the clinical model without 

ACTL6A, underscoring that the former possessed better 
clinical prognostic efficacy. These results are in line with 
a previous study showing that ACTL6A is upregulated in 
a variety of cancer types and has a relationship with poor 
outcome in osteosarcoma and glioma, which indicates that 

Figure 2 ACTL6A expression affects the proliferation of ESCC cell lines. (A) ACTL6A mRNA and protein levels in seven ESCC cell lines were detected by using real-time 
quantitative PCR and Western blotting. (B) Gain or loss-of-function of ACTL6A in TE7 and EC1 cell lines. (C) Effect of ACTL6A on the cell proliferation rate in TE7 and 
EC1 cells, which was determined by CCK8 assay at the indicated time points (*P<0.05, **P<0.01, ***P<0.001). Values are the mean±SD (n=3). (D and E) EdU retention 
assay of ACTL6A overexpression TE7 cells and ACTL6A knockdown EC1 cells. Number of EdU-positive cells is shown in the bar chart (*P<0.05). Values are the mean±SD. 
Scale bars, 50 μm.
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ACTL6A plays an essential role in ESCC 
progression.8,9,11,22,25,33

Our subsequent mechanistic research demonstrated the 
tumor promoting effects of ACTL6A upregulation and the 
antitumor effects of ACTL6A knockdown in ESCC cells 

in vitro and in vivo. Overexpression of ACTL6A signifi-
cantly stimulated cell proliferation, while ACTL6A down-
regulation dramatically inhibited it. Further study 
indicated that the expression of ACTL6A has 
a significant effect on the distribution of the cell cycle in 

Figure 3 Effect of ACTL6A expression on the cell cycle and apoptosis in ESCC cells. (A) Knockdown of ACTL6A resulted in cell cycle arrest in G1 phase of TE7 cells and 
overexpression of ACTL6A caused more EC1 cells to enter S phase (*P<0.05, **P<0.01). Values are the mean±SD (n=3). (B) ACTL6A expression level barely affected the 
apoptosis of ESCC cells. The statistical analysis showed that these changes were not significant (not shown, n=3). (C) Cell lysates were analyzed by Western blotting using 
the indicated antibodies.
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ESCC cells, which is in accord with previous research 
showing that cell cycle dysregulation is associated with 
sustained proliferative signaling.34 Our flow cytometry 
results showed that ACTL6A knockdown led to G1 
phase arrest, whereas ACTL6A upregulation caused cells 

to accumulate in S phase in ESCC cells upon PI labeling. 
To reveal the underlying molecular mechanisms, Western 
blotting was conducted to assess the expression of key 
proteins shown to regulate the G1 checkpoint in many 
previous studies.30,35 We found that suppression of 

Figure 4 ACTL6A expression level plays a role in ESCC tumor growth in vivo. (A–C) Images of nude mice implanted with either ACTL6A-knockdown or ACTL6A 
overexpressing ESCC cells. Graphs show tumor growth and average tumor weights. *P<0.05, **P<0.01, ***P<0.001 based on Student’s t-test. (D) Western blotting of 
samples from xenograft mice transplanted with ESCC cells with differential ACTL6A expression levels probed with the indicated antibodies. (E) Representative H&E and 
IHC staining for Ki67, ACTL6A, S6K1 and pS6 in sections of xenograft mouse masses. Scale bars, 50 μm.
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ACTL6A inhibited the expression of cyclin D1 and CDK2 
and induced the expression of p27 and p21, which are 
negative cell cycle regulators, while overexpression of 
ACTL6A promoted the expression of cyclinD1 and 
CDK2 and downregulated the expression of p27 and p21. 
These results are in line with the discovery for laryngeal 
squamous cell carcinoma cells that ACTL6A cooperates 
with p63 to inhibit p21, a cell-cycle-regulatory gene, and 
epidermal growth factor (EGF) family ligand NRG1, and 
the loss of endogenous ACTL6A results in the accumula-
tion of cells in G1/G07. However, our results demonstrated 
that upregulation of ACTL6A also led to an increase in the 
number of cells in G2/M phase. It is probable that the 
increase in S phase cells was large and resulted in more 
cells entering G2/M phase. Since the proliferation of 
ACTL6A overexpressing ESCC cells was enhanced, the 
possibility that G2/M arrest led to more cells in G2/M 
phase can almost be excluded. However, to elucidate the 
exact mechanism, more research related to cell cycle pro-
gression should be conducted. We also detected the effect 
of the ACTL6A expression level on the apoptosis of 
ESCC cells, and no relationship was found, which further 
demonstrated that ACTL6A affects the proliferation of 
ESCC cells mainly by the redistribution of the cell cycle 
rather than the regulation of apoptosis, in line with 
a previous study.7

The results of EdU assays demonstrated that overexpres-
sion of ACTL6A accelerated DNA synthesis in ESCC cells, 
which is in line with the detection of cell cycle distribution 
that upregulated ACTL6A led to more cells entering S phase. 
Several previous studies may explain this phenomenon: 
Naoki et al found that the ACTL6A protein itself may play 
a crucial role in Brg1 complex assembly and maintenance of 
the complex stability that affects transcription by RNA poly-
merase I, II and III and regulates cell growth of HeLa cells by 
regulating a series of genes as transcription factors.17 Bao 
et al discovered that during differentiation, ACTL6A down-
regulation facilitates activation of KLF4 and SWI/SNF chro-
matin modeling complexes to bind to promotors of 
differentiation genes.23 Ji et al revealed that ACTL6A over-
expression promotes cellular proliferation in vitro and in vivo 
possibly through the direct interaction and stabilization of the 
transcriptional regulator YAP/TAZ.33 Additionally, our 
immunohistochemistry detection of human cancer xenografts 
in nude mice showed that the expression level of Ki67 was 
consistent with that of ACTL6A. Overall, the above results 
indicate that ACTL6A possibly contributes to the 

progression of ESCC cells in vitro and in vivo by increasing 
DNA synthesis which is completed in S phase.

We also detected the regulatory relationship between 
ACTL6A and the S6K1/pS6 pathway in vitro and in vivo. 
Our results showed that knockdown of ACTL6A led to 
suppression of cell cycle progression by inhibiting the 
expression of cyclin D1 and CDK2, while changes in the 
expression of S6K1 and pS6 had the same tendency. Kim 
et al demonstrated that knockdown of S6K1 and pS6 hin-
dered cell cycle progression by inhibiting the expression of 
cyclin D and CDK2 in ESCC.30 Thus, it is reasonable to 
speculate that deletion of ACTL6A leads to suppression of 
the S6K1/pS6 pathway, resulting in a delay in entry into 
S phase in ESCC. Additionally, S6K1/pS6 is downstream of 
the AKT/mTOR pathway, which contributes to the prolif-
eration of esophageal cancer cells, supporting the role of 
S6K1 in cancer cell proliferation.36 In addition, liver-specific 
S6 knockout in mice led to severe cell cycle arrest, indicat-
ing the critical role of S6 in cell cycle progression.37 At 
present, the direct regulatory mechanism by which ACTL6A 
regulates the phosphorylation of S6 to control cell cycle 
regulators remains unclear.

In conclusion, the present study indicates that a clinical 
model including the ACTL6A expression level may predict 
patient outcome more efficiently than a model that does not 
include ACTL6A expression, and mechanistic studies 
demonstrated that ACTL6A may function to promote onco-
genesis and growth in vitro and in vivo via phosphorylation 
of S6. Our study, therefore, provides new insight into the 
mechanisms governing the redistribution of ESCC cells in 
the cell cycle and the level of DNA synthesis in S phase and 
possibly indicates an alternative therapeutic target for ESCC.
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