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Abstract

Purpose To investigate the role of Actin like 6 A (ACTL6A) in cancer and explore the potential mechanism of its function.
Methods Differential expression of ACTL6A was analyzed using Oncomine and TIMER database. Then, we downloaded
data sets from TCGA database. The correlation between ACTL6A expression and survival in pan-cancer were analyzed
by “survival’, “survminer” R package and PrognoScan database. STRING (v 11.0) and stringAPP for Cytoscape v3.7.2 were
used to predict ACTL6A associated genes. Copy number and methylation alterations of ACTL6A were analyzed using
cBioPortal and GSCALite. Transcription factors were downloaded from The Human Transcription Factors Database and
analyzed using “limma” R package, JASPAR and PROMO database. Correlations analysis between ACTL6A and immune
cells were performed using TIMER and GEPIA database.

Results In our studies, we found that ACTL6A was widely upregulated in cancers, which might be attributed to its gene
amplifications. Moreover, ACTL6A might regulated by transcription factors (TFs), including E2F1, YY1, CDX2 and HOXD10.
In addition, high ACTL6A expression was associated with poor prognosis in most cancers. Meanwhile, ACTL6A was asso-
ciated with the infiltration of immune cells, especially in liver hepatocellular carcinoma and brain lower grade glioma.
Conclusion Amplification of ACTL6A is correlated with poor prognosis and contribute to immune cells infiltration in LIHC
and LGG, which may provide immune-related therapeutic targets to guide clinical strategies.
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1 Introduction

Actin-like 6 A (ACTL6A), also known as BAF53A, is a family member of actin-related proteins (ARPs). It encodes a 53-kDa
subunit protein of the BAF complex which is functionally related to SWI/SNF complex. In addition, it is also involved in
transcriptional regulation, chromatin remodeling and nuclear migration. Recently, ACTL6A was thought to participate in
the progress of neural progenitor proliferation, differentiation, and migration during gastrulation [1, 2]. Studies suggested
that ACTL6A was highly expressed in long-term repopulating stem cell and contributed to maintaining homeostasis of
adults hemopoiesis [3]. Moreover, ACTL6A was proved to be related with poor prognosis of hepatocellular carcinoma
(HCC) through promoting epithelia-mesenchymal transition [4]. It also promoted head and neck squamous cell carcinoma
(HNSC) by activating YAP signaling pathway [5]. In addition, ACTL6A was found to prevent SWI/SNF complex binding
to promoters of KLF4 and other differentiation genes [6]. Another studies found that SWI/SNF might function as tumor
suppressor and have effects on immune system [7-9]. Inactivation of SWI/SNF complex was proved to be related with
tumor sensitivity to immune checkpoint blockade therapies in solid tumors [10]. However, the role of ACTL6A in pan-
cancer and its relationship with immune infiltrating cells have not been illuminated clearly.

Cancers sustained growth, invasion and metastasis in complex tissue environment. There were lots of studies suggest-
ing that the interaction between tumor and the microenvironment was related with tumorigenesis in most cancers. It
is known that different tumor microenvironment (TME) forming in each progression step of cancer, has diverse abilities
to induce both adverse and beneficial consequences for development of cancers. Recent researches have showed that
various types of infiltrating immune cells in TME played multifunctional roles in development of various tumors [11, 12].
Unlike conventional cognize, some of infiltrating immune cells assist tumor cells in surviving from immune system. For
example, tumor-associated-macrophages (TAMs) can promote immune escape, tumor angiogenesis and metastasis
[13-15]. Tumor-associated neutrophils (TANs) in inflammatory environments recruit macrophages and accelerate progress
of tumors [16]. Moreover, infiltrating immune cells, including natural killer cells (NK cells), B cells, CD8+T cells, CD4+T cells,
dendritic cells (DC), take part in progression step of tumorigenesis [17]. Immune-related mechanisms indicates potential
strategies of immunotherapy for reliable clinical responses [18]. Drugs that target checkpoints, including cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4), programmed cell death protein-1 (PD-1) and programmed cell death ligand
1 (PD-L1) have provided survival benefit for many cancer patients [19]. Immunotherapy showed better antitumor effects
than chemotherapy in PD-L1 positive non-small-cell lung carcinoma (NSCLC) [20]. Anti-PD-1 antibody combined with
locoregional therapy or other molecular targeted agents have been proved to be effective for hepatocellular carcinoma
(HCQ) [21]. Ipilimumab which blocks CTLA-4 improved overall survival in patients with metastatic melanoma [22]. Thus,
there is great significance for discoveries of novel immune-related therapeutic targets to guide clinical strategies.

In this study, we comprehensively analyzed the expression and the prognostic landscape of ACTL6A in pan-cancer
using database, including Oncomine, TCGA, PrognoScan, STRING, cBioPortal, JASPAR, PROMO, GSCALite and The Human
Transcription Factors Database. The potential relationship between ACTL6A and immune infiltration levels was discovered
using TIMER. We found that high expression of ACTL6A in tumor might be driven by its amplifications. Moreover, it was
also regulated by transcription factors (TFs), including E2F1, YY1, CDX2 and HOXD10. In addition, it requlated immune
cells infiltration and the expression of immune marker sets, which resulted in poorer prognosis in liver hepatocellular
carcinoma (LIHC) and brain lower grade glioma (LGG).

2 Methods
2.1 Oncomine database analysis

The mRNA expression of ACTL6A in diverse type cancers was investigated in Oncomine database (https://www.oncomine.
org/resource/login.html) [23]. The threshold was adjusted to P value <0.0001, fold change =2, and gene rank of top 5%.

2.2 Survival analysis in TCGA and PrognoScan database

The correlation between ACTL6A mRNA expression and survival in different types of cancer was analyzed by “survival’,
“survminer” R package and PrognoScan database (http://www.abren.net/PrognoScan/) [24]. We downloaded data sets
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from TCGA database and excluded those data sets (CHOL, DLBC, KICH, UCS) with too few cases. The rest data sets contain
29 types of cancer with 9955 patients’ cases. Prognosis of the patients including overall survival (OS), relapse-free survival
(RFS), distant metastasis-free survival (DMFS) and distant recurrence free survival (DRFS) were analyzed in PrognoScan
database with the threshold adjusted to a Cox P value < 0.05.

2.3 Identification of ACTL6A associated genes

Search Tool for the Retrieval of Interacting Genes (STRING) (http://string-db.org/), was used to predict interactive proteins
while ACTL6A was input as a query. STRING (v 11.0) is a comprehensive tool providing a profile of all the known and pre-
dicted interactions and associations among proteins [25]. The output showed the correlation between different genes,
where nodes represent genes and links represent networks with confidence level of 0.90. This result was visualized with
stringAPP, a plugin for Cytoscape v3.7.2 (http://www.cytoscape.org/) [26, 27]. Pathway analysis, differential expression
analysis and prognostic risk analysis of ACTL6A and associated genes were performed across 33 cancer types using
GSCALite database at http://bioinfo.life.hust.edu.cn/web/GSCALite/ [28].

2.4 Complex genomic exploration of ACTL6A

cBioPortal is an open-access resource for investigating genomics data [29]. The database substantially provide high-
quality access to molecular view and their clinical attributes, showing accessible interpretation of rich datasets into bio-
logic progress and clinical application. An comprehensive analysis of ACTL6A and clinical features was performed using
cBioPortal for Cancer Genomics (http://www.cbioportal.org/index.do). Alterations of the ACTL6A gene was analyzed
across available samples (n=10967) in 32 studies. The search parameters contained alterations from GISTIC, including
amplifications, deep deletions and missense mutations.

2.5 Copy number variation and methylation analysis

GSCALite is a comprehensive analysis tool for gene set cancer analysis (http://bioinfo.life.hust.edu.cn/web/GSCALite/)
[28]. The alterations on DNA or RNA of interested genes may contribute to the cancer initiation, progress, diagnosis,
prognosis and therapy [28]. The copy number variation (CNV) and methylation analysis of ACTL6A and associated genes
were performed in all 33 cancer types. CNV analysis contained statistics of deletion or amplification of CNV, which was
displayed in the form of dots map. Heterozygous and homozygous CNV profile showed percentage of heterozygous
CNV, including amplification and deletion percentage of heterozygous CNV about each gene in selected cancers. Only
genes with > 5% CNV in cancers will be shown on the figure. The correlation between paired mRNA expression and CNV
percent samples was explored, which was based on Person’s product moment correlation coefficient, and followed a t
distribution. P-value was adjusted by FDR. Differential methylation was performed using a student T test to define the
methylation difference between tumor tissues and normal tissues. P value was adjusted by FDR, FDR < =0.05 will be
considered as significant. Association between paired mRNA expression and methylation was tested, based on Person’s
product moment correlation coefficient, and follows a t distribution. P-value was adjusted by FDR and genes with
FDR <=0.05 will be displayed on the figure. Methylation data and clinical overall survival data was analyzed together.
Methylation level of gene was divided into 2 groups by middle level of methylation. Cox regression was performed to
estimate the hazards ratio. When Cox coef > 0, the high methylation group shows a poorer survival. The hyper worse was
defined as high, otherwise defined as low. Log rank test was also carried out to compare the difference of two groups,
P value <0.05 was considered as significant.

2.6 Transcription and analysis

JASPAR (http://jaspar.genereg.net/) is an open-access database of curated, non-redundant transcription factor (TF) bind-
ing profiles stored as position frequency matrices (PFMs) and TF flexible models (TFFMs) for TFs [30]. PROMO (http://
alggen.Isi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3) is a virtual laboratory for the exploration of
potential transcription factors binding sites (TFBS) in DNA sequences from one species or groups of species [31, 32]. All
human transcription factors (TFs) were download from The Human Transcription Factors Database (http://humantfs.
ccbr.utoronto.ca/index.php) [33]. Then, co-expression analysis between ACTL6A and TFs was performed using “limma”
R package across 33 TGCA cancer types. Based on this result, 901 TFs were obtained with the threshold adjusted to P
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value <0.05 and cor < — 0.5 or > 0.5 in at least a cancer type. JASPAR and PROMO database were used to predict potential
TFs that probably bind to 2 kb upstream or 200 bp downstream of ACTL6A promotor. The intersection of these three
groups of TFs, which contained E2F1, YY1, CDX2 and HOXD10, was selected for further analysis. Pathway analysis, dif-
ferential expression analysis and prognostic risk analysis of ACTL6A and predicted TFs were performed across 33 cancer
types using GSCALite database at http://bioinfo.life.hust.edu.cn/web/GSCALite/ [28].

2.7 Correlations analysis between ACTL6A and immune cell in TIMER and GEPIA database

TIMER is a frequently used resource for comprehensive analysis of immune infiltration various type of cancer types
(https://cistrome.shinyapps.io/timer/) [34, 35]. The TIMER database containing 10,897 samples across 32 cancer types
from The Cancer Genome Atlas (TCGA) is aimed to evaluate the profile of immune cells infiltration. We explored the cor-
relation between ACTL6A expression in diverse types of cancer and the abundance of immune cells infiltration, such
as B cells, CD4+T cells, CD8+T cells, neutrophils, macrophages and dendritic cells. The relationship between ACTL6A
expression levels and tumor purity was also analyzed in the database. Moreover, correlations between ACTL6A expression
and immune markers of tumor-infiltrating immune cells were investigated by correlation modules. The gene markers
of tumor-infiltrating immune cells included markers of T cells (general), B cells, monocytes, TAMs, M1 macrophages, M2
macrophages, neutrophils, natural killer (NK) cells, dendritic cells (DCs), T-helper 1 (Th1) cells, T-helper 2 (Th2) cells, fol-
licular helper T (Tfh) cells, T-helper 17 (Th17) cells, Tregs, and exhausted T cells, were obtained from the website of R&D
Systems (https://www.rndsystems.com/cn/resources/cell-markers/immune-cells) and previous researches [36-38]. The
expression scatter plots were generated by the correlation module with the Spearman’s correlation and the estimated
statistical significance. The gene expression level was displayed with log2 RSEM. ACTL6A was plotted on x-axis, while
marker genes were plotted on y-axis. In addition, correlation analysis of gene expression in GEPIA was performed using
TCGA data. The Spearman method was used to identify the correlation coefficient. ACTL6A was plotted on x-axis. Other
genes of interest were plotted on y-axis.

2.8 Statistical analysis

Survival curves were generated by the “survival”, “survminer” R package and PrognoScan database. The results of Pro-
gnoScan and GEPIA are displayed with HR and P or Cox P-values from a log-rank test. The correlation of gene expression
was estimated by Spearman’s correlation with statistical significance. P <0.05 was considered statistically significant, if
not specially noted.

3 Result
3.1 ACTL6A is highly expressed in mRNA level among most human cancers

To explore the mRNA level of ACTL6A in pan-cancer, we analyzed it between tumor and normal tissues using Oncomine
in different type of cancers. The result suggested that ACTL6A mRNA was upregulated in tumor tissues compared with
adjacent normal tissues in most cancers, including lung cancer, head and neck cancer, brain and CNS cancer, sarcoma,
cervical cancer, liver cancer and so on (Fig. TA). But there was lower expression of ACTL6A in one leukemia dataset and
one lymphoma dataset. The detailed results are shown in Supplementary Table 1.

To further reveal the expression of ACTL6A over a cancer-wide range, mRNA sequencing data of ACTL6A in TCGA was
analyzed using TIMER. We found that ACTL6A was significantly higher in tumor tissues in digestive system tumors, such
as esophageal carcinoma (ESCA), stomach adenocarcinoma (STAD), cholangiocarcinoma (CHOL), liver hepatocellular
carcinoma (LIHC), colon adenocarcinoma (COAD), rectum adenocarcinoma (READ), as well as urogenital tumors, such as
kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), bladder urothelial carcinoma (BLCA),
breast invasive carcinoma (BRCA), prostate adenocarcinoma (PRAD), uterine corpus endometrial carcinoma (UCEC), and
other tumors, including, head and neck squamous cell carcinoma (HNSC), lung adenocarcinoma (LUAD), lung squamous
cell carcinoma (LUSC) (Fig. 1B). In addition, the expression of ACTL6A was higher in tumor tissue of HNSC patients with
HPV infection than that without HPV infection. In skin cutaneous melanoma (SKCM), ACTL6A expression was higher in
tissues of patients with metastasis. But, in kidney chromophobe (KICH), ACTL6A was lower expressed in tumor tissues.
In addition, Immunohistochemistry analyses (https://www.proteinatlas.org) showed that the protein levels of ACTL6A
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Fig. 1 mRNA expression level of ACTL6A in human cancers. A Differential expression of ACTL6A in human cancer data sets compared with
normal tissues in Oncomine database. B Differential expression of ACTL6A compared with normal tissues were analyzed by TIMER. The
data was obtained from TCGA database. C Representative IHC staining images of ACTL6A in liver, brain, lung, LIHC, LGG and LUAD tissues
obtained from THE HUMAN PROTEIN ATLAS. *P<0.05, **P<0.01, ***P < 0.001

were increased in LIHC, LGG and LUAD, compared to normal tissues respectively (Fig. 1C). These results indicated that
the expression of ACTL6A was highly expressed in main solid tumor tissues.

3.2 The association of ACTL6A with prognosis in cancers

To investigate whether ACTL6A was correlated with prognosis in diverse cancers patients, we downloaded data sets
from TCGA database and excluded those data sets containing too few cases. We investigated the rest of 29 cancer
types and found that the expression of ACTL6A had effects on prognosis among 12 type cancers by using “survival”
and “survminer” R package. High expression of ACTL6A showed significantly poorer overall survival (OS) in 5 type can-
cers, including ACC (HR=2.553,95% CI 1.419 to 4.594, P=0.002), LGG (HR=2.310, 95% Cl 1.576 to 2.878, P <0.001), LIHC
(HR=1.604, 95% Cl 1.246 to 2.064, P<0.001), MESO (HR=1.782, 95% C10.988 to 3.215, P=0.055) and PAAD (HR=3.741,
95% C12.080 to 6.793, P<0.001) (Fig. 2A-E and M), but better OS in THCA (HR=0.693, 95% C10.197 to 2.439, P=0.568) and
THYM (HR=0.577,95% C11.019 to 1.768, P=0.164) (Fig. 2F-G and M). In addition, high expression of ACTL6A indicated
poorer progression-free survival (PFS) in 5 type cancers, including ACC (HR=2.118, 95% Cl 1.296 to 3.462, P=0.003), LGG
(HR=2.104, 95% Cl1.572 t0 2.818, P<0.001), LIHC (HR=1.354, 95% Cl 1.117 to 1.640, P=0.002), PAAD (HR=2.796, 95%
Cl1.614 to 4.845, P<0.001) and SARC (HR=1.615,95% Cl 1.226 to 2.129, P<0.001) (Fig. 2H-L and N).

To further explore the potential role of ACTL6A in different cancers’ prognosis, we used PrognoScan database to
estimate the prognostic value of ACTL6A. The detailed results are shown in Supplementary Table 2. High ACTL6A
expression suggested poor prognosis for OS in brain cancer (GSE4271-GPL96, HR=3.09, 95% CI 1.84 to 5.17,
P<0.001) (Fig. 3A; Table 1). Three cohorts (GSE12276, GSE12093, GSE2034) included 204 samples, 136 samples
and 286 samples of breast cancer indicated that high expression of ACTL6A was associated with poorer prognosis
(GSE12276, RFS, HR=1.92,95% Cl 1.32 to 2.80, P <0.001; GSE12093, DMFS, HR=13.33,95% Cl3.16 to 56.11, P < 0.001;
GSE2034, HR=2.73,95% Cl 1.71 to 4.38, P<0.001) (Fig. 3B-D; Table 1). In addition, high expression of ACTL6A was
also correlated with poor prognosis for lung cancer (GSE13213, HR=2.58,95% Cl 1.53 to 4.33, P < 0.001), skin cancer
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Fig.2 Prognosis analysis comparing high and low expression of ACTL6A in TCGA cancer types. A-E High expression of ACTL6A was cor-
related with poorer prognosis for OS in ACC, LGG, LIHC, MESO, PAAD, F, G but better prognosis in THCA and THYM. H-L High expression of
ACTL6A was correlated with poorer prognosis for PFS in ACC, LGG, LIHC, PAAD, SARC. M, N Correlation of ACTL6A mRNA expression with OS
and PFS in pan-cancer. Red squares represent hazard ratio. OS: overall survival. PFS: progression free survival

(GSE19234, HR=6.28, 95% Cl 1.81 to 21.84, P=0.004), soft tissue cancer (GSE30929, HR=2.58, 95% Cl 1.43 to 4.65,
P=0.002) (Fig. 3E-G; Table 1), but with better prognosis for eye cancer (GSE30929, HR=0.70, 95% CI 0.50 to 0.98,
P=0.035) (Fig. 3H; Table 1).

In summary, these results have suggested that high ACTL6A expression mainly had correlation with poor prog-
nosis in different type cancers.
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Fig.3 Kaplan-Meier survival curves comparing the high and low expression of ACTL6A in different types of cancer in PrognoScan. A Sur-
vival curves of OS in brain cancer cohort [GSE4271-GPL96 (n=77)]. B-D Survival curves of RFS, DMFS in three breast cancer cohorts
[GSE12276 (n=204), GSE12093 (n=136) and GSE2034 (n=286)]. E Survival curve of OS in lung cancer cohort [GSE13213 (n=117)]. F Survival
curve of OS in skin cancer cohort [GSE19234 (n=38)]. G Survival curve of DRFS in soft tissue cancer cohort [GSE30929 (n=140)]. H Survival
curve of DMFS in eye cancer cohort [GSE22138 (n=63)]. OS: overall survival; RFS: relapse-free survival; DMFS: distant metastasis-free sur-
vival; DRFS: distant recurrence free survival

Table 1 Correlation of ACTL6A expression and survival in brain, breast, lung, skin, soft tissue cancer in PrognoScan database

Cancer type Dataset Endpoint N Hazard ratio (95%Cl) CoxP

Brain cancer GSE4271-GPL96 Overall Survival 77 3.09[1.84-5.17] 1.85576E-05
Breast cancer GSE12276 Relapse Free Survival 204 1.92[1.32-2.80] 0.000672035
Breast cancer GSE12093 Distant Metastasis Free Survival 136 13.33[3.16-56.11] 0.000414414
Breast cancer GSE2034 Distant Metastasis Free Survival 286 2.73[1.71-4.38] 2.81555E-05
Lung cancer GSE13213 Overall Survival 117 2.58[1.53-4.33] 0.000345857
Skin cancer GSE19234 Overall Survival 38 6.28 [1.81-21.84] 0.00385013
Soft tissue cancer GSE30929 Distant Recurrence Free Survival 140 2.58[1.43-4.65] 0.00156948

3.3 Protein-protein interaction network analysis of ACTL6A

ACTL6A is involved in many biological progresses, such as cell proliferation, migration, apoptosis. The analysis of pro-
tein—protein interaction (PPI) network is significant to reveal the function of ACTL6A in these progression. Cytoscape
stringAPP plugin was used to explore the protein—protein interaction of ACTL6A. Information for PPl prediction
was based on curated database, experiment, text-mining, and co-expression/co-occurrence. We found 10 predicted
genes correlated with ACTL6A, including transformation/transcription domain associated protein (TRRAP), RuvB
like AAA ATPase 1 (RUVBL1), SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily
a, member 2 (SMARCA?2), SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a,
member 4 (SMARCA4), SWI/SNF related, matrix associated, actin dependent regulator of chromatin subfamily c mem-
ber 2 (SMARCC2), SWI/SNF related, matrix associated, actin dependent regulator of chromatin subfamily c member
1 (SMARCC1), SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily d, member 1
(SMARCD1), SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily d, member 2
(SMARCD2), SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily b, member 1
(SMARCB1), and SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily e, member
1 (SMARCET1) (Fig. 4A). GSCALite was used to analyze the function of these proteins in cancer pathways. The results
showed that most of these predicted genes was related to activation of apoptosis, cell cycle, DNA damage response,
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Fig.4 Genes associated with ACTL6A had effects on different cancers in TCGA. A Protein—protein interaction network generated by
Cytoscape stringAPP plugin. B Heatmap shows indicated genes that have function (activation or inhibition) in at least 7 cancer types. Red
suggests activation of the indicated pathway. Blue suggests inhibition of the indicated pathway. C Bubble map of the differential expres-
sion of ACTL6A and predicted genes between tumor and adjacent tissues. Red dots represent up-regulation in tumor tissues. Blue dots
represent down-regulation in tumor tissues, with the deeper the color, the greater the difference. The size of the point represents statistical
significance, where the larger the size, the greater the significance. D Differential survival of high and low expression of indicated genes in
pan-cancer. Genes with p value <0.05 are shown on the diagram. Red dots indicate worse survival of high expression in tumors, and blue
dots indicate the opposite. The sizes of the points represent the statistical significance, where the larger the size, the greater the significance

hormone AR and inhibition of hormone ER, RAS/MAPK, RTK signaling pathway. In addition, ACTL6A and RUVBL1 was
associated with activation of cell cycle, DNA damage response and apoptosis in at least 7 cancer types. However,
SMARCA2 mainly exhibited inhibition of apoptosis, cell cycle, DNA damage response and activation of RAS/MAPK
signaling pathway (Fig. 4B). Then, the differential expression of predicted genes was identified between tumor tissues
and adjacent tissues in 33 cancer types. We found that ACTL6A, RUVBL1 and SMARCD1 was upregulated in BLCA,
LUSC, COAD, LIHC, ESCA and HNSC. However, SMARCA2 was downregulated in LUAD, BRCA, ESCA, HNSC, KIRP, KIRC
and THCA (Fig. 4C). Survival analysis using the Kaplan—Meier method indicated that high expression of predicted
genes had higher survival risk in most cancers, specially KIRC, LIHC, LGG and ACC (Fig. 4D). These results confirmed
that ACTL6A and associated genes were upregulated and predicted poorer prognosis in LIHC and LGG.

3.4 Overexpression of ACTL6A is associated with amplification in pan-cancer

To find out the mechanisms increasing the expression of ACTL6A and associated genes, we performed genetic
alteration analysis using data with 10,967 patients’ information from cBioPortal website (www.cbioportal.org/) [29,
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Fig.5 ACTL6A amplification correlated with the mRNA expression in TCGA pan-cancer. A ACTL6A amplification and mutation frequency
in TCGA cancer types as determined by GISTIC. B Correlation between copy number alteration and mRNA expression of indicated genes
in TCGA cancers. Only genes whose mRNA expression significantly (FDR <=0.05) correlate with CNV were shown on the figure. Red dots
represent that copy number positively correlated with mRNA expression in TCGA cancers. The deeper the color, the higher the correlation.
The size of the point represents statistical significance, where the larger the size, the greater the significance. C Percentage of heterozygous
copy number alteration about indicated genes in each cancer. Only genes with > 5% copy number alteration in cancers are shown. Red dots
represent heterozygous amplification. Blue dots represent heterozygous deletion. D Percentage of homozygous copy number alteration
about indicated genes in each cancer. Only genes with >5% copy number alteration in cancers are shown. Red dots represent homozygous
amplification. Blue dots represent homozygous deletion

39]. We identified the frequency of all 11 genes mutation and copy number alteration in 32 cancer types from TCGA
(Fig. 5A). High frequency (> 40%) of genetic alteration is observed in LUSC, ESCA, STAD, MESO and uterine cancer.
Moreover, we found that amplification was the most common genetic alteration across cancers, especially in OV,
LUSC and ESCA. To investigate if all 11 genes copy number was related with their expression, we compared copy
number alteration of all 11 genes with their mRNA level in 32 TCGA cancer types. The results indicated a strongly
positive correlation between the copy number alteration and mRNA expression in digestive system tumors (ESCA,
STAD, CHOL, LIHC, COAD, READ, PAAD), urogenital tumors (KIRP, KIRC, BLCA, PRAD, OV, UCS, CESC, BRCA, UCEC,
UVM, TGCT), central nervous system tumors (LGG, GBM) and other tumors (SARC, MESO, LUSC, HNSC, LUAD, SKCM,
ACC, PCPG, DLBC) (Fig. 5B). Then, we further explored the amplification and deletion of all 11 genes in pan-cancer.
Heterozygous amplification of ACTL6A, RUVBL1, TRRAP had higher ratio compared to heterozygous deletion in in
digestive system tumors (CHOL, LIHC, ESCA, PAAD, READ, COAD, STAD), urogenital tumors (BLCA, KICH, KIRC, KIRP,
BRCA, CESC, OV, UCEC, UCS, PRAD) and other tumors (ACC, DLBC, GBM, HNSC, LUAD, LUSC, MESO, SARC, SKCM, TGCT)
(Fig. 5C). In addition, homozygous amplification of these genes was observed in several cancer types, such as OV,
LUSC, ESCA, HNSC, CESC and so on. Homozygous deletion of SMARCC1 was found in DLBC and KIRC (Fig. 5D). These
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results confirmed that overexpression of ACTL6A and associated genes was related with amplification in digestive
system tumors, urogenital tumors, central nervous system tumors and others.

3.5 Methylation status of ACTL6A in pan-cancer

Methylation of ACTL6A and associated genes were analyzed across 33 TCGA cancer types using GSCALite. We found
co-methylation patterns of ACTL6A and associated genes significantly down-regulated in PRAD, BLCA and LUSC
(Fig. 6A). However, there was only a little difference of ACTL6A methylation between tumor tissues and adjacent
tissues in LUSC, PAAD and HNSC. In addition, the mRNA expression of these genes were negatively correlated with
methylation in most TCGA cancer types (Fig. 6B). OS survival analysis was performed to study the difference of survival
risk between hypermethylation and hypomethylation. Then, we found that hypermethylation of ACTL6A and associ-
ated genes had better prognosis in BRCA, LGG, LIHC, SKCM, UCEC and CESC (Fig. 6C). In addition, hypermethylation
of SMARCC1 predicted worse prognosis in GBM, HNSC, LAML, ACC and UVM. These results mentioned above implied
limited effects of ACTL6A methylation on the progress of different cancers.
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Fig. 6 Methylation and survival analysis of ACTL6A in TCGA cancers. A Differential methylation of ACTL6A and associated genes between
TCGA cancer and normal samples in pan-cancer. Blue dots represent hypomethylation in tumors, and red dots represent hypermethylation
in tumors, with the deeper the color, the greater the difference. The size of the point represents statistical significance, where the larger the
size, the greater the significance. B Correlation between mRNA expression and methylation of ACTL6A and associated genes in TCGA cancer.
Blue dots indicates gene methylation is negatively correlated with mRNA expression. Red dots indicate the opposite. C Survival difference
between indicated genes’ high and low-methylation. Red dots indicate worse survival of high expression in tumors, and blue dots indicate
the opposite. The sizes of the points represent the statistical significance, where the larger the size, the greater the significance
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3.6 Transcriptional analysis of ACTL6A in pan-cancer

We downloaded all human transcription factors (TFs) in The Human Transcription Factors Database (http://human
tfs.ccbr.utoronto.ca/index.php). Then, we obtained 901 TFs significantly (P value < 0.05, cor < — 0.5 or >0.5) corre-
lated with ACTL6A expression. 126 TFs and 419 TFs were predicted to bound to ACTL6A within 2 kb upstream or 200
downstream of its promoter, using JASPAR and PROMO. Finally, we obtained 4 TFs meeting all requirement above,
including E2F1, YY1, CDX2 and HOXD10 (Fig. 7A). E2F1 was suggested to be an oncogene in many cancers, such as
gastric cancer [40], BRCA [41, 42], BLCA [43], PRAD [44], LIHC [45] and so on. We found that E2F1 was obviously co-
expressed with ACTL6A in LUSC, HNSC, BRCA, LIHC, BLCA, COAD, ESCA, LUAD and STAD (Fig. 7B). Moreover, all these
4 TFs expression were correlated with ACTL6A in LUSC, which probably implied their acceleration of LUSC. Survival
analysis of ACTL6A and TFs indicated that both of E2F1 and ACTL6A high expression led to a poorer prognosis in
LGG, MESO, KICH and CESC (Fig. 7C). Then, we analyzed the function of ACTL6A and TFs in cancer pathways. ACLT6A
and E2F1 expression contributed to activation of apoptosis, cell cycle, DNA damage response pathways, and inhibi-
tion of hormone ER, RAS/MAPK, RTK pathways (Fig. 7D), which is similar to the effects of ACTL6A-associated genes
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Fig. 7 Co-expression of ACTL6A and TFs in pan-cancer. A Venn diagram of the predicted TFs relationship between The Human Transcription
Factors Database, JASPAR and PROMO database. B Correlation between ACTL6A and predicted TFs in TCGA cancer. The dot was filtered by
the fold change (FC > 2) and significance (FDR < 0.05). C Differential survival of high and low expression of ACTL6A and predicted TFs in pan-
cancer. Genes with p value <0.05 are shown on the diagram. Red dots indicate worse survival of high expression in tumors, and blue dots
indicate the opposite. The sizes of the points represent the statistical significance, where the larger the size, the greater the significance.
D Heatmap shows ACTL6A and predicted TFs that have function (activation or inhibition) in pan-cancer. Red suggests activation of the indi-
cated pathway. Blue suggests inhibition of the indicated pathway
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on signaling pathways (Fig. 4B). Thus, E2F1 might increase the expression of ACTL6A and associated genes to affect
these common pathways, which promote the progress of cancers.

3.7 The expression of ACTL6A is related with immune infiltration level in pan-cancer

SWI/SNF was reported to be tumor suppressor through influencing immune system [8]. Meanwhile, ACTL6A inhibited
SWI/SNF binding to promoter of KLF4. Thus, we explored if ACTL6A affected immune infiltration in progress of cancers.
Correlations of ACTL6A expression with immune infiltration levels were analyzed in 39 cancer types using TIMER. We
found that the expression of ACTL6A had significant correlations with tumor purity in 20 cancer types, B cells infiltration
levels in 24 cancer types, macrophages infiltration levels in 20 cancer types, neutrophils infiltration levels in 27 cancer
types and dendritic cells (DCs) in 20 cancer types. Moreover, expression of ACTL6A was significantly related to CD8+T
cells infiltration in 24 cancer types and CD4+T cells infiltration in 18 cancer types (Fig. 8 and Supplementary Fig. 1).

ACTL6A expression had different effects on infiltration level of diverse cancers. In LIHC, expression of ACTL6A positively
correlated with immune infiltration levels of B cells (cor=0.441, P=9.01e-18), CD8+T cells (cor=0.297, P=2.18e-08),
CD4+T cells (cor=0.483, P=1.65e—21), macrophages (cor=0.521, P=3.83e-25), neutrophils (cor=0.479, P=3.25e-21),
DCs (cor=0.457, P=5.65e—19) (Fig. 8A). In LGG, expression of ACTL6A positively correlated with immune infiltration lev-
els of B cells (cor=0.414, P=3.46e—21), CD8 +T cells (cor=0.323, P=4.80e—13), CD4+T cells (cor=0.333, P=8.14e-14),
macrophages (cor=0.429, P=1.49e-22), neutrophils (cor=0.298, P=3.51e—11), DCs (cor=0.422, P=4.98e-22) (Fig. 8B).
Then, we noticed that ACTL6A high expression indicated poorer prognosis in LIHC for OS (HR=1.604, P<0.001) and PFS
(HR=1.354, P=0.002) (Fig. 2C), in LGG for OS (HR=2.130, P<0.001) and PFS (HR=2.104, P<0.001) (Fig. 2B). Thus, ACTL6A
probably affected prognosis by influencing immune infiltration level. These results indicated that ACTL6A played impor-
tant role in immune infiltration in LIHC and LGG.

To further explore the relationship between ACTL6A and immune infiltration, we analyzed immune marker sets of
diverse immune cells, including M1 macrophages, M2 macrophages, tumor-associated macrophages (TAMs) and mono-
cytes in LIHC and LGG using TIMER and GEPIA databases. Moreover, the markers of B cells, NK cells, neutrophils, DCs, Th1
cells, Th2 cells, Tfh cells, Th17 cells, Tregs and exhausted T cells were also investigated. After adjusted by tumor purity,
the results indicated that ACTL6A expression was significantly related with most immune markers of different immune
cells in LIHC and LGG by TIMER database (Supplementary Table 3).To be specific, most markers of monocytes, TAMs, M2
macrophages, including FCGR3A, CD86, CSF1R, CD68, IL10, CD80, CD163, VSIG4 and MS4A4A, were found to be strongly
correlated with ACTL6A expression in LIHC (Fig. 8C, D, F) and LGG (Fig. 8G, H, J), which were further confirmed by GEPIA
database (Table 2). The expression of ACTL6A was weakly correlated with marker sets of M1 macrophages, such as NOS2,
ROS1 (Fig. 8E, |; Table 2 and Supplementary Table 3). Thus, we speculated ACTL6A had significantly correlation with mac-
rophage polarization in LIHC and LGG.

In addition, ACTL6A positively correlated to DCs infiltration level in LIHC and LGG. Moreover, DC markers, such as
HLA-DQB1, HLA-DRA, CD1C, NRP1, ITGAX and THBD, had correlation with the expression of ACTL6A (Supplementary
Table 3). Also, Treg cell markers showed similar relation with ACTL6A. Expression of ACTL6A was strongly related with the
expression of CCR8, STAT5B, TGFB1 and IL2RA. Moreover, the marker sets of T cell exhaustion, including PD-1 (PDCD1),
LAG3, HAVCR2, was proved to be correlated with ACTL6A expression. All these results could help to explain how ACTL6A
influenced immune cells infiltration and prognosis of cancers.

4 Discussion

ACTL6A is a family member of actin-related proteins (ARPs). Previous studies have revealed the oncogene role of ACTL6A
in different cancers [4, 5]. In our study, we found ACTL6A was upregulated in digestive system tumors, such as ESCA, STAD,
CHOL, LIHC, COAD, READ, as well as urogenital tumors, such as KIRC, KIRP, BLCA, BRCA, PRAD, UCEC, and other tumors,
such as HNSC, LUAD and LUSC (Fig. 1B). To reveal the mechanism of ACTL6A upregulation in tumor tissues, we further
explored its genetic and epigenetic variation. In addition, copy number variation (CNV) of ACTL6A has significant cor-
relation with its mRNA expression in digestive system tumors (ESCA, STAD, CHOL, LIHC, COAD, READ, PAAD), urogenital
tumors (KIRP, KIRC, BLCA, PRAD, OV, UCS, CESC, BRCA, UCEC, UVM, TGCT), central nervous system tumors (LGG, GBM)
and other tumors (SARC, MESO, LUSC, HNSC, LUAD, SKCM, ACC, PCPG, DLBC) (Fig. 5B). Heterozygous amplification of
ACTL6A was observed in digestive system tumors (CHOL, LIHC, ESCA, PAAD, READ, COAD, STAD), urogenital tumors
(BLCA, KICH, KIRC, KIRP, BRCA, CESC, OV, UCEC, UCS, PRAD) and other tumors (ACC, DLBC, GBM, HNSC, LUAD, LUSC,
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Fig.8 ACTL6A mRNA expression had positive correlation with infiltration levels in LIHC and LGG. ACTL6A was positive correlated with
tumor purity and significantly positive correlated with B cell, CD8+T cell, CD4+T cell, macrophage, neutrophil and dendritic cell A in LIHC
and B in LGG. Markers include FCGR3A, CD86 and CSF1R of monocyte, CD68, IL10 and CD80 of TAM, NOS2 and ROS1 of M1 macrophage,
CD163, VSIG4 and MS4A4A of M2 macrophage. C-F Scatterplots of correlations between ACTL6A expression and gene markers of mono-
cytes (C), TAMs (D), and M1 (E) and M2 macrophages (F) in LIHC. G-J Scatterplots of correlations between ACTL6A expression and gene
markers of monocytes (G), TAMs (H), and M1 (I) and M2 macrophages (J) in LGG. LIHC: liver hepatocellular carcinoma; LGG: brain lower grade
glioma. P<0.05 is considered as significant
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Table 2 .Correlation of ACTL6A Cell type LIHC LGG
expression and gene markers
of immune cells in GEPIA Tumor Normal Tumor
R P R P R P
Monocyte FCGR3A 0.25 *rE 0.35 0.014 0.25 wrE
CD86 0.38 *rE 0.47 ** 0.17 FrE
CSF1R 0.28 *rE 0.41 * 0.057 0.2
TAM CD68 0.2 *rE 0.48 ** 0.17 **
IL10 0.36 *rE 0.32 0.022 0.13 *
CD80 0.18 ** 0.21 0.15 0.16 **
M1 Macrophage NOS2 0.0015 0.98 0.038 0.79 0.13 *
ROS1 0.13 0.014 0.12 0.4 -0.26 *rE
M2 Macrophage CD163 0.24 Fxx 0.37 * 0.18 Fx*
VSIG4 0.25 wrx 0.35 0.013 0.13 *
MS4A4A 0.24 FxE 0.44 * 0.14 *

LIHC: Liver hepatocellular carcinoma; LGG: Brain Lower Grade Glioma; TAM: Tumor-associated mac-
rophages. Tumor, co-expression analysis in tumor tissue of TCGA. Normal, co-expression analysis in normal
tissue of TCGA. *P<0.01; **P<0.001; ***P < 0.0001

MESO, SARC, SKCM, TGCT) (Fig. 5C). Homozygous amplification was also found in CESC, ESCA, LUSC, MESO, OV, STAD,
UCEC and UCS (Fig. 5D). Then, we found that methylation of ACTL6A had little differential variation between tumor and
normal tissues. Meanwhile, ACTL6A was regulated by several transcription factors (TFs), including E2F1, YY1, CDX2 and
HOXD10 (Fig. 7), specially E2F1 which was significantly correlated with ACTL6A mRNA expression in LUSC, HNSC, BRCA,
KIRP, BLCA, COAD, ESCA, KICH, KIRC, LUAD, STAD and THCA (Fig. 7). Thus, ACTL6A high expression in tumor might be a
result from amplification and was regulated by E2F1.

Previous studies identified the function of ACTL6A in proliferation, invasion and migration [46], suggesting ACTL6A
contributed to the progress of cancers. For example, ACTL6A regulated differentiation in acute promyelocytic leukemia
cell lines through the Sox2/Notch1 signaling pathway [47]. ACTL6A promotes glioma progression by stabilizing tran-
scriptional regulators YAP/TAZ [48]. In this study, we examined the expression of ACTL6A and prognosis in pan-cancer.
We identified ACTL6A was highly expressed in most cancer types, including lung cancer, head and neck cancer, brain
and CNS cancer, sarcoma, cervical cancer, liver cancer and so on, using independent datasets in Oncomine and 33 cancer
types of TCGA data (Fig. 1A, B). Analysis of TCGA database suggested that high expression of ACTL6A was correlated
with poorer prognosis in ACC, LGG, LIHC, MESO, PAAD for OS and PFS (Fig. 2). Moreover, increased ACTL6A expression
correlated with high hazard (HR) for poor overall survival (OS) and progress free survival (PFS) of ACC, LGG, LIHC, PAAD,
PRAD (Fig. 2M, N). Furthermore, survival analysis of PrognoScan indicated that high level of ACTL6A expression repre-
sented poorer prognosis in brain cancer, breast cancer, lung cancer, skin cancer and soft tissue cancer (Fig. 3A-G). These
findings indicate that ACTL6A is a biomarker for prognosis in pan-cancer.

Previous studies has shown that ACTL6A prevented SWI/SNF complex from binding to promoters of KLF4 and other
differentiation genes [6]. Moreover, SWI/SNF might suppress tumorigenesis and have effects on immune system [7-9].
Inactivation of SWI/SNF complex was correlated with tumor sensitivity to immune checkpoint blockade therapies [10,
49, 50]. So, we continue to explore the role of ACTL6A in immune system during progression of cancer. We found that
ACTL6A expression was related with the levels of immune infiltrating cells in cancers. ACTL6A had positive correlation
with infiltration levels of B cells, CD8+T cells, CD4+T cells, macrophages, neutrophils and DCs in most cancers, specially
LIHC and LGG (Fig. 8A, B and Supplementary Fig. 1). As is reported, CD8+T cells with effective anti-tumor immunity [51]
might be suppressed by Tregs, a subset of CD4+T cells [52]. Furthermore, the expression of ACTL6A was significantly
correlated with immune cell marker sets expression. We identified ACTL6A was weakly correlated with marker sets of
M1 macrophages, such as NOS2, ROS1. Nevertheless, it had strong correlation with marker sets of M2 macrophages,
such as CD163, VSIG4, MS4A4A, and marker sets of TAMs, such as CD68, IL10, CD80, in LIHC and LGG (Fig. 8C-J; Table 2
and Supplementary Table 3). These findings have indicated that ACLT6A might play an important role in polarization of
tumor-associated macrophages (TAMs), leading to increased M2 macrophages and suppression of anti-tumor immunity
[53]. Previous studies has confirmed that dendritic cells (DCs) contributed to tumor metastasis via increasing Treg cells
and reducing CD8+T cell cytotoxicity [54]. ACTL6A was related with DCs infiltration and positive correlated marker sets

@ Discover



Discover Oncology (2024) 15:503 | https://doi.org/10.1007/512672-024-01388-0 Analysis

of infiltrating DCs (Supplementary Table 3). In addition, we also found strong correlation between ACTL6A and Treg
and T cell exhaustion marker sets, such as CCR8, STAT5B, TGFB1, IL2RA, PDCD1, LAG3, HAVCR2 (Supplementary Table 3).
Besides, monocyte and neutrophils in specific TME were also thought to facilitate formation of the immunosuppressive
tumor microenvironment [55, 56]. The positive correlation between ACTL6A and monocyte and neutrophils indicated
the progression of tumor. All these results suggested that ACTL6A might promote immune escape, which led to poor
prognosis in LIHC and LGG.

Tumor tissues consist of tumor cells, as well as tumor-associated normal epithelial and stromal cells, immune cells
and vascular cells. Thus, tumor purity is used to heterogeneity of solid tumor. Previous studied revealed that strong
immune cells infiltration always showed low tumor purity [57]. In our study, ACTL6A mainly had positive correlation
with tumor purity in various cancers (Fig. 8A, B and Supplementary Fig. 1). Meanwhile, the positive correlation between
ACTL6A expression and the infiltration of different immune cells was obvious (Fig. 8 and Supplementary Fig. 1). Then, we
noticed lots of studies had revealed that ACTL6A could promote tumor cells proliferation in diverse cancers, including
hepatocellular carcinoma (HCC) [4], glioma [58], squamous cell carcinoma [5], ovarian cancer (OV) [59]. We speculated
that ACTL6A promoted the proliferation of tumor cells, which increased the level of tumor purity. Thus, we observed
positive correlation between ACTL6A expression and tumor purity.

5 Limitations

This study has several limitations. Firstly, most of the information in this study were from microarray or sequencing data,
thus there may be a systemic bias introduced during the analysis of immune cell markers at the cellular level. Secondly,
this study only focused on bioinformatics analysis of ACTL6A expression and patient prognosis across different data-
bases without validated in vivo/in vitro experiments. Thirdly, we observed the association between ACTL6A expression
and immune cell infiltration in tumors, whereas we did not demonstrate a causal relationship in our study. Fourthly, we
identified potential heterogeneity of ACTL6A in different tumor tissues, and also found differences in the ways it affects
tumor immune infiltration. However, we currently lack the technical means and databases to fully explain this heteroge-
neity. Fifthly, Although this paper has made a large number of databases to predict the role of ACTL6A in cancer, there
is no verification in cell experiments or animal experiments. Prospective studies investigating ACTL6A expression and
immune infiltration in tumor patients, and in vitro or in vivo validation experiments may provide more precise answers
regarding their relationship in the future.

6 Conclusion

In summary, ACTL6A was upregulated in tumor tissues of most cancers, which probably attributed to its amplification
in tumor. In addition, the expression of ACTL6A was also regulated by E2F1, YY1, CDX2 and HOXD10. High expression of
ACTL6A correlated with poor prognosis in various cancers. Furthermore, we found ACTL6A might promote infiltration
of immune cell, such as B cells, CD8+T cells, CD4+T cells, macrophages, neutrophils, DCs, and correlated with increased
immune marker sets, including markers of B cells, NK cells, neutrophils, DCs, Th1 cells, Th2 cells, Tfh cells, Th17 cells,
Tregs and exhausted T cells. These results indicated the role of ACTL6A in immune cell infiltration and as a biomarker in
pan-cancet.
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