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ABSTRACT

Background & Aims: TUBA1A belongs to the tubulin superfamily, and its role in gastric cancer (GC) 
remains unclear. This study assessed the expression and effect of TUBA1A in GC, as well as its association 
with survival and clinicopathological features. Gene set enrichment analysis (GSEA) results revealed that 
high TUBA1A expression was associated with multiple pathways, including those that contributed to the 
infiltration of macrophages in the tumor microenvironment. Since increased infiltration of macrophages can 
lead to oxaliplatin resistance, we analyzed the association between TUBA1A, the infiltration of macrophages 
to the tumor microenvironment, and the inhibitory concentration 50% (IC50) of oxaliplatin. In addition, we 
analyzed the possible epigenetic regulation mechanism. 
Methods: A total of 1,881 samples, including 1,618 patients with GC and 263 normal samples, were examined. 
The associations between clinicopathological features and TUBA1A were assessed by chi-square test, survival 
was assessed by Kaplan-Meier analysis, and gene set enrichment analysis (GSEA) was performed to explore 
the potential mechanisms. The associations between TUBA1A and immune infiltration of M0-, M1-, and M2-
polarized macrophages were examined by applying deconvolution’s quantification and Pearson’s correlation 
analysis. The association of TUBA1A with the IC50 of oxaliplatin was analyzed by Pearson correlation test. The 
mechanisms of TUBA1A dysregulation were studied by analyzing methylation data. A single-cell TUBA1A 
mRNA expression map of the stomach was drawn from the analysis of stomach single-cell RNA sequencing 
data that included more than 13,000 single cells of 17 stomach cell types.
Results: TUBA1A expression was elevated in GC (p<0.01) and indicated poorer overall survival (p<0.001), 
first progression survival (p<0.001), and post-progression survival (p<0.01). High TUBA1A expression was 
significantly correlated with more aggressive clinicopathological features of GC patients (p<0.001). Elevated 
TUBA1A contributes to the infiltration of macrophages to the tumor microenvironment (p<0.001) and 
increased the IC50 of oxaliplatin in vitro (p<0.05), while hypomethylation was shown to contribute to the 
upregulation of TUBA1A (p<0.05). 
Conclusions: TUBA1A might be a potential prognostic marker and therapeutic target in GC. TUBA1A is 
significantly associated with the infiltration of M2-polarized macrophages in GC, and the IC50 of oxaliplatin. 
Hypomethylation contributes to the upregulation of TUBA1A in GC.

Key words: tumor biomarkers – poor prognosis – TUBA1A – gastric carcinoma – tumor immune 
microenvironment.

Abbreviations: CSF-1: colony stimulating factor 1;  CCL2: C-C motif chemokine ligand 2; Cor: Pearson’s 
correlation coefficient; CXCL12: C-X-C motif chemokine ligand 12; CX3CL1: C-X3-C motif chemokine ligand 
1; ES: enrichment score; FDA: false discovery rates; FTO: the fat mass- and obesity-associated protein; GC: 
gastric cancer; GDSC: Genomics of Drug Sensitivity in Cancer; GEO: Gene Expression Omnibus; GEPIA: 
the Gene Expression Profiling Interactive Analysis; GSE: Gene Expression Omnibus Series; GSEA: gene 
set enrichment analysis; GSK3: glycogen synthase kinase3; GSVA: Gene Set Variation Analysis; GTEx: the 
Genotype-Tissue Expression; HDAC: histone deacetylase; HPA: the Human Protein Atlas; IC50: inhibitory 
concentration 50%; IHC: immunohistochemical; KM: Kaplan Meier; LM22: 22 leukocyte subsets; MCA: the 
Mouse Cell Atlas; mTOR: mammalian target of rapamycin; STAD: stomach adenocarcinoma; TAMs: tumor-
associated macrophages; ssGSEA: single sample gene set enrichment analysis; TCGA: the Cancer Genome 
Atlas; UICC: Union for International Cancer Control; VEGFC: vascular endothelial growth factor C.
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INTRODUCTION

Gastric cancer (GC) is the second leading cause of cancer-
related mortality worldwide, and the most common malignant 
tumor in the digestive system; however, the pathogenesis of 
GC remains unclear. TUBA1A, which encodes the tubulin 
alpha-1A chain, was the first tubulin gene to be associated with 
brain malformations [1, 2]. TUBA1A belongs to the tubulin 
superfamily, and participates in numerous cellular processes, 
including intracellular transport, cell division, cell movement, 
and neuronal migration [3-5]. Recently, TUBA1A was found to 
be upregulated in breast cancer tissues [6]. The role of TUBA1A 
in GC is unknown. 

The tumor immune microenvironment plays a critical role in 
tumor pathological processes [7]. In tumor microenvironment, 
macrophages can be phenotypically polarized by the 
microenvironment to M1 macrophages (classically activated 
macrophages) or M2 macrophages (alternatively activated 
macrophages); unactivated macrophages is defined as M0 
macrophages. In malignant tumors, M2-polarized tumor-
associated macrophages (TAMs) are important tumor-
infiltrating immune cells that have tumor-promoting functions 
[8-10]. In recent study, histone deacetylase (HDAC) pathway, 
glycogen synthase kinase3 (GSK3) pathway, mammalian 
target of rapamycin (mTOR) pathway, and P38MAPK pathway 
are known to contribute to macrophage polarization and 
infiltration of M2-polarized TAMs [11-14]. However, no 
study has examined the association between TUBA1A and 
the infiltration of M2-polarized TAMs in the gastric tumor 
microenvironment. 

Oxaliplatin is a common treatment in GC [15-17]; however, 
its efficacy is limited due to resistance, which is mediated by 
changes in the tumor immune microenvironment [18, 19]. 

We performed a comprehensive analysis of the expression 
of TUBA1A in GC and evaluated its association with survival 
and clinicopathological features. We also aimed to determine 
the possible epigenetic regulation mechanism underlying the 
dysregulation of TUBA1A. We investigated the influence of 
TUBA1A on oxaliplatin by analyzing the correlation between 
TUBA1A expression in a gastric tumor cell line and the 
inhibitory concentration 50% (IC50) of oxaliplatin in vitro.

METHODS

mRNA expression data and patient demographic 
Raw expression data and clinical information of patients 

were downloaded from multi-institutional real world public 
datasets, including the Gene Expression Omnibus (GEO) 
dataset (http://www.ncbi.nlm.nih.gov/geo/) [20], the Cancer 
Genome Atlas (TCGA; https://cancergenome.nih.gov/) [21], 
and the Gene Expression Profiling Interactive Analysis (GEPIA; 
http://gepia.cancer-pku.cn/) [22]. In our study, “Gastric cancer 
vs. Normal Analysis” and “Differential Analysis” were the 
primary filtering criteria. The following datasets were included 
in this research: GSE13911 [23], GSE15459 [24], and GSE54129 
[25]. The RNA-seq datasets which included TUBA1A were 
used: TCGA [21] and GEPIA [22]. Finally, a total of 1,881 
samples, including 1,618 patients with GC and 263 normal 
samples, were examined.

Immunohistochemical (IHC) staining data of TUBA1A 
protein expression

Protein expression levels of TUBA1A were compared 
between normal and GC tissues using immunohistochemical 
(IHC) staining data provided by the Human Protein Atlas 
(HPA; http://www.proteinatlas.org/) [26]. For the acquisition 
of experimental samples and immunohistochemical methods, 
specific text instructions and video presentations are provided 
on the HPA website [26]. 

IC50 data of oxaliplatin in vitro
Primary data of TUBA1A in a gastric tumor cell line, 

and the IC50 of oxaliplatin in vitro were downloaded from 
Genomics of Drug Sensitivity in Cancer (GDSC, https://www.
cancerrxgene.org/) [27]. Data pre-processing and statistical 
analyses were executed with R software 3.5.2.

Single-cell RNA sequencing data
Single-cell RNA sequencing data and results were 

downloaded from the Mouse Cell Atlas (MCA; http://bis.
zju.edu.cn/MCA/index.html) [28]. We investigated TUBA1A 
mRNA expression in different stomach cell types, including 
more than 13,000 single cells of 17 stomach cell types, by 
analyzing single-cell RNA sequencing data of the adult mouse 
stomach. Plots of single-cell TUBA1A mRNA expression were 
drawn using R software 3.5.2.

Gastric cancer methylation data
The possible epigenetic regulation mechanism underlying 

the dysregulated expression of TUBA1A was examined by 
evaluating methylation data downloaded from the TCGA 
(TCGA-STAD), including Illumina Human Methylation data. 
Data pre-processing and statistical analyses were performed 
with R software 3.5.2.

Data quantification of M0-, M1-, and M2-polarized TAM 
infiltration in the gastric tumor microenvironment

CIBERSORT [29] was used to calculate the infiltration 
of M0-, M1-, and M2-polarized TAMs in the gastric tumor 
immune microenvironment. CIBERSORT is based on the 
principle of linear support vector regression to deconvolute 
the expression matrix of human leucocyte subsets [29]; in the 
current study, the method is based on the known reference 
set and the gene expression feature set of 22 leukocyte 
subsets (LM22), including M0-, M1-, and M2-polarized 
macrophages (LM22 Signature genes file and LM22 Reference 
sample file, https://cibersort.stanford.edu/download.php). 
CIBERSORT performed better than other methods and was 
verified by flow cytometry [29]. We set 100 permutations, 
using primary data from GSE15459, GSE54129, and TCGA-
STAD. Correlations between the expression of TUBA1A 
and the infiltration of M0-, M1-, and M2-polarized TAMs 
were examined by Pearson correlation test, performed with 
R software 3.5.2.

Data pre-processing and representation 
All samples were defined as either cancer or normal, and the 

RMA algorithm [30] implemented in R software was applied 
to normalize datasets, including GSE13911, GSE15459, and 
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GSE54129. The expression values of TUBA1A were the means 
of all probe sets that included TUBA1A. The median value of 
TUBA1A expression was set to a cut-off for high- and low- 
expression groups.

Statistical analysis
Differences in expression between cancer and normal 

groups were analyzed by R software using paired and unpaired 
t-tests with primary data from GSE13911 and GSE54129, 
respectively. The differences in expression between the cancer 
and normal groups were analyzed by GEPIA [22] using 
unpaired t-tests and data from TCGA and the Genotype-
Tissue Expression (GTEx, https://gtexportal.org). Correlations 
between clinicopathological characteristics and TUBA1A 
expression were assessed using chi-squared test with primary 
data from TCGA and GSE15459. In the current study, the 7th 
UICC (Union for International Cancer Control) classification 
of malignant tumors, including stages I–IV, was applied [31]. 
A stage I tumor, which includes stage IA and stage IB in this 
system, is considered as early GC [32], whereas tumors of other 
stages were considered as advanced stages. Higher histologic 
grade including G3 (grade 3) indicates poorly differentiated 
carcinoma with poor survival [31].The overall survival, post-
progression survival (survival time following progressive 
disease), and initial progression were assessed using the R 
package, Kaplan Meier (KM) analysis with log-rank test or 
the KM plotter (www.kmplot.com) [33]. In addition, unpaired 
t-tests were applied to analyze differences in expression and 
methylation between the two groups. The correlation between 
the expression and methylation of TUBA1A was analyzed using 
Pearson’s correlation analysis. A p value < 0.05 was considered 
statistically significant.

Gene set enrichment analysis
Gene set enrichment analysis (GSEA) was performed to 

assess whether the discovered sets of genes demonstrated 
meaningful molecular roles between two biological states 
[34, 35]. To illuminate the biological roles of TUBA1A in 
GC, we performed enrichment analysis applying the GSEA 
3.0, in which gene set permutations were used 1,000 times, 
and a false discovery rate (FDR) <0.30 and nominal p<0.05 
were applied.

In order to avoid the tendentious influence of high TUBA1A 
expression on analysis, we further conducted single sample 
gene set enrichment analysis (ssGSEA) using a blind method, 
in which the expression level of TUBA1A in each single sample 
was unknown. ssGSEA can calculate the activity of the specified 
pathways [36], and in order to analyze the activity of the HDAC 
pathway, GSK3 pathway, mTOR pathway, and P38MAPK 
pathway in a single sample, the ssGSEA score was used to 
quantify the pathway activities using R package GSVA[37] 
and GSEABase[38]. The stronger the activity of these four 
pathways, the higher the scores. The ssGSEA scores were 
normalized by transforming each attribute (the four pathway 
gene sets) value (ssGSEA score) χi into χi’ by the equation χi’ 
= (χi − χmin)/( χmax − χmin), where χmin and χmax represent the 
minimum and maximum of the ssGSEA scores for the gene set 
across all samples[36], respectively. We hierarchically clustered 
samples (primary data from GSE15459) on the basis of the 

normalized ssGSEA scores of the four pathway gene sets, using 
R package sparcl [39].

RESULTS

TUBA1A expression in gastric cancer compared to 
normal gastric tissues

Using data from GSE13911, the expression of TUBA1A 
was found to be markedly higher in GC than normal samples 
(Fig. 1A: 31 GC vs. 31 normal, paired t-tests, p=0.0001). In 
order to validate these findings and provide further supporting 
evidence, the GSE54129, TCGA, and GTEx datasets were 
analyzed. The expression analysis of TUBA1A validated the 
above findings, in that TUBA1A expression was markedly 
higher in GC than in normal samples (Fig. 1B: 111 GC vs. 21 
normal, unpaired t-tests, p<0.0001). Furthermore, using data 
from TCGA and GTEx, the expression of TUBA1A was also 
markedly higher in GC than normal samples (Fig. 1C: 408 GC 
vs. 211 normal, p<0.01, unpaired t-tests, analyzed by GEPIA).

Clinical IHC staining of TUBA1A protein expression was 
compared between normal and GC tissues using IHC staining 
data provided by the HPA, including 6 normal human samples 
and 12 GC patients. No staining of TUBA1A was detected 
with anti-TUBA1A antibody (CAB008686) in normal gastric 
tissues (Figs. 1H and 1I), whereas GC tissues mostly exhibited 
medium intensity of TUBA1A staining with the same anti-
TUBA1A antibody (Figs. 1J and 1K). Statistical analysis was 
not performed due to the small sample size.

Correlations between expression on TUBA1A and overall 
survival

The expression of TUBA1A (n=96 low TUBA1A vs. n=96 
high TUBA1A, primary data from GSE15459) in GC patients 
was markedly correlated with poor overall survival (log-rank 
test, χ2=15.25, p<0.0001; Fig. 1D). The expression levels of 
TUBA1A (n=438 low TUBA1A vs. n=438 high TUBA1A) 
in GC patients were markedly correlated with poor overall 
survival (log-rank test, χ2=15.82, p<0.0001, by KM plotter; Fig. 
1E). In addition, the levels of TUBA1A (n=320 low TUBA1A 
vs. n=321 high TUBA1A) in GC patients were significantly 
correlated with first progression (from diagnosed with cancer 
until first objective cancer progression) (log-rank test, χ2=14.03, 
p=0.0002, by KM plotter t; Fig. 1F). The levels of TUBA1A 
(n=250 low TUBA1A vs. n=249 high TUBA1A) in GC patients 
were significantly correlated with post-progression survival 
(log-rank test, χ2=8.638, p=0.0033, by KM plotter; Fig. 1G). 
Post-progression survival is survival after progression of 
cancer. These findings demonstrate that elevated TUBA1A is 
an indicator of poor prognosis in GC.

Correlations between expression on TUBA1A and 
clinicopathological features of gastric cancer patients

Table I summarizes the marked associations between 
TUBA1A expression and the clinicopathological features 
of GC patients (primary data from GSE15459 and TCGA). 
TUBA1A expression was significantly higher in advanced 
GC than in early GC. Furthermore, increased TUBA1A was 
markedly correlated with more aggressive pathological subtypes, 
including invasive subtypes, compared to other subtypes. TUBA1A 
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Fig. 1. Expression of TUBA1A, and its correlation with prognosis in gastric cancer and the IC50 (inhibitory concentration 
50%) of oxaliplatin in vitro. A and B) Expression of TUBA1A was upregulated in gastric cancer (data from GSE13911, 
based on paired t-tests; and from GSE54129, based on unpaired t-tests). C) Expression of TUBA1A was upregulated in 
gastric cancer (data from the Cancer Genome Atlas and Genotype-Tissue Expression, based on unpaired t-tests, and 
analyzed by http://gepia.cancer-pku.cn). The correlation was investigated via Kaplan-Meier analysis and log-rank tests. 
D) Overall survival of patients with gastric cancer (data from GSE15459). E) Overall survival, F) first progression, and G) 
post-progression survival of patients with gastric cancer (data from KM plotter, and analyzed by KM plotter) *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001. H and I) Representative images of IHC TUBA1A staining with anti-TUBA1A 
antibody (CAB008686) in normal gastric tissues. J and K) Representative images of IHC TUBA1A staining with anti-
TUBA1A antibody (CAB008686) in gastric cancer tissues. Data were obtained from the Human Protein Atlas (https://
www.proteinatlas.org/ENSG00000167552-TUBA1A/pathology/stomach+cancer#ihc).
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expression was significantly elevated in the diffuse type (Lauren 
classification), compared to its expression in other subtypes of GC.

In addition, elevated TUBA1A was significantly correlated 
with higher histologic grade, including G3 (grade 3). 

GSEA results of gastric cancer tissues with high TUBA1A 
expression

To identify TUBA1A-related signaling pathways activated 
in GC, we conducted GSEA between low and high TUBA1A 
expression data sets. Significant differences (FDR<0.30, nominal 
p-value<0.05) were found, and Fig. 2 show the results of GSEA 
for GC with high TUBA1A expression: HDACPATHWAY 
[p=0.0039, FDR=0.2251, enrichment score (ES)=0.6460; Fig. 
2A); GSK3PATHWAY (p=0.0019, FDR=0.2759, ES=0.6675; 
Fig. 2B); MTORPATHWAY (p=0.0327, FDR=0.1702, 
ES=0.5399; Fig. 2C); and P38MAPKPATHWAY (p=0.004, 
FDR=0.1443, ES=0.5880; Fig. 2D). These findings showed 

that TUBA1A regulated genes related to histone deacetylase 
(HDAC) pathway, glycogen synthase kinase3 (GSK3) pathway, 
mammalian target of rapamycin (mTOR) pathway, and 
P38MAPK pathway in TUBA1A-related GC.

Association between pathway activities and TUBA1A 
expression by single sample GSEA analysis

The clustering results showed three subtypes; the 
heatmap of the three subtypes was plotted (Fig. 2E), 
and the three clusters were defined as follows: Pathway 
Activity High (Pathway_Activity_H), Pathway Activity 
Medium (Pathway_Activity_M), and Pathway Activity Low 
(Pathway_Activity_L). The expression of TUBA1A was 
analyzed in the three subtypes, and Pathway_Activity_H was 
found to have the highest TUBA1A expression levels, while 
Pathway_Activity_L had the lowest TUBA1A expression levels 
(ANOVA test, p < 0.001) (Fig. 2F). These findings suggested 

Table I. Correlations between TUBA1A expression and clinicopathological features of patients with gastric cancer 
(primary data from GSE15459 and TCGA)

Source of 
primary data 

Characteristic Cases TUBA1A expression χ2 p

High Low

GSE15459 Age (years)

≤ 65 87 49 38 2.5432 0.1108

> 65 105 47 58

Gender

Male 125 61 64 0.2063 0.6497

Female 67 35 32

Early vs. advanced GC

Early GC 31 10 21 4.6548 0.031*

Advanced GC 29 86 75

Pathological subtype

Invasive 51 50 1 72.969 9.871E-16****

Proliferative 70 21 49

Metabolic 40 8 32

Unstable 31 17 14

Lauren classification

Diffuse 75 53 22 22.52 1.288E-05****

Mixed 18 9 9

Intestinal 99 34 65

TCGA Age (years)

≤ 65 164 88 76 1.4599 0.2269

> 65 207 98 109

Gender

Male 241 119 122 0.15408 0.6947

Female 134 69 65

Early vs. advanced GC

Early GC 53 15 38 11.7504 0.0006***

Advance GC 299 161 138

Histologic grade

G1 10 5 5 15.5758 0.0004***

G2 137 50 87

G3 219 127 92

Data analyzed by Chi-square tests. *p<0.05; ***p<0.001; ****p<0.0001; GC: gastric cancer
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that the higher TUBA1A expression samples positively 
correlate with polarization of macrophages to a greater extent 
than the lower TUBA1A expression samples, since Pathway 

Activity_H (highest activity of four pathway) was shown to 
contribute to the polarization of macrophages and enhance 
the infiltration of M2-polarized TAMs.Taken together, 

Fig. 2. Gene set enrichment analysis results for gastric cancer tissues with high expression of TUBA1A, and association 
between pathway activity and TUBA1A expression by single sample GSEA analysis (data from GSE15459). Gene set 
enrichment analysis (GSEA) showed that the enriched gene sets were associated with the (A) HDACPATHWAY, (B) 
GSK3PATHWAY, (C) MTORPATHWAY, and (D) P38MAPKPATHWAY. (E) Heatmap of clustering based on the activity of 
specified pathways, including the HDAC pathway, GSK3 pathway, mTOR pathway, and the P38MAPK pathway. The three 
clusters were as follows: Pathway Activity High (Pathway_Activity_H), Pathway Activity Medium (Pathway_Activity_M), 
and Pathway Activity Low (Pathway_Activity_L). (F) Pathway_Activity_H had the highest TUBA1A expression levels, 
and Pathway_Activity_L had the lowest TUBA1A expression levels (ANOVA test, p < 0.001).
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Figs. 2A–D and Figs. 2E–F demonstrate that TUBA1A was 
correlated with macrophage polarization. 

Correlation between the expression of TUBA1A and the 
infiltration of tumor-associated macrophages in the gastric 
tumor immune microenvironment

GSEA revealed that high TUBA1A was associated with 
multiple pathways shown to contribute to the infiltration of M2 
TAMs (Fig. 3). Therefore, we analyzed the association between 
TUBA1A expression and infiltration of TAMs, including M0-, 
M1-, and M2-polarized TAMs, in gastric tumor immune 
microenvironment, using primary data from GSE15459, 
GSE54129, and TCGA-STAD. The analyzed results of these 
datasets are the similarity and mutual verification, which 
confirmed that the increased infiltration of M2-polarized 
TAMs was significantly associated with a high expression of 
TUBA1A (Figs. 3D–F, p < 0.05, unpaired t-tests). Moreover, 
a significant positive correlation was found between the level 
of M2-polarized TAM infiltration and expression of TUBA1A 
using Pearson’s correlation analysis (Figs. 3A–C, p < 0.05). 
Furthermore, the infiltration of M1- and M0-polarized TAMs 
were not significantly associated with TUBA1A by unpaired 
t-tests (Figs. 3J–L and 3P-R, p > 0.05), nor was the correlation 
between the infiltration of M1- and M0-polarized TAMs and 
the expression of TUBA1A by Pearson’s correlation (Figs. 3G–I, 
and 3M–O, p > 0.05).

These findings demonstrate that elevated TUBA1A 
contributes to the enhanced infiltration of M2-polarized TAMs 
in the GC immune microenvironment.

Relationship between TUBA1A expression and cytokines 
involved in TAMs recruitment

In order to confirm the correlation between TUBA1A 
expression and infiltration level of TAMs, we analyzed the 
relationship between TUBA1A expression and cytokines 
associated with TAM recruitment in GC (primary data from 
GSE54129 and TCGA-STAD). These cytokines have been 
implicated in the recruitment of TAMs and M2-macrophages 
polarization, which include a colony stimulating factor 1 
(CSF-1), C-C motif chemokine ligand 2 (CCL2), C-X-C motif 
chemokine ligand 12(CXCL12), C-X3-C motif chemokine 
ligand 1 (CX3CL1), and a vascular endothelial growth factor 
C (VEGFC). The results showed similarity across datasets, in 
that increased TUBA1A expression was found to be significantly 
associated with high expression levels of CSF-1, CCL2, CXCL12, 
CX3CL1, and VEGFC (Figure 4A, C, E, G, I, K, M, O, Q, and S, 
P < 0.0001–0.001, unpaired t-tests), and significantly positively 
correlated with a high expression of CSF-1, CCL2, CXCL12, 
CX3CL1, and VEGFC by Pearson’s correlation test (Figs. 4B, D, 
F, H, J, L, N, P, R, and T, p < 0.0001). As these cytokines promote 
the recruitment of TAMs and M2-macrophages polarization, 
these findings further confirm the correlation between TUBA1A 
expression and the infiltration of TAMs.

Elevated expression of TUBA1A enhances the IC50 
(inhibitory concentration 50%) of oxaliplatin in vitro

As TUBA1A plays a role in the gastric tumor immune 
microenvironment, which is continually changing, and M2-
polarized TAMs lead to oxaliplatin resistance, we investigated 
the influence of TUBA1A on oxaliplatin by analyzing the 

correlation between the expression of TUBA1A and the IC50 
of oxaliplatin in vitro (primary data downloaded from https://
www.cancerrxgene.org/ and analyzed by R statistic software). 
We found that elevated TUBA1A can affect the IC50 of 
oxaliplatin in vitro, in that an increased IC50 of oxaliplatin 
was significantly associated with high expression of TUBA1A 
(Fig. 5A, p < 0.05, unpaired t-tests). Furthermore, a significant 
positive correlation was found between the IC50 of oxaliplatin 
and TUBA1A expression by Pearson’s correlation analysis (Fig. 
5B, p < 0.05). A higher IC50 indicates lower inhibitory effects of 
the drug on tumor cells; thus, the above findings indicate that 
elevated TUBA1A can reduce the inhibitory effect of oxaliplatin 
on gastric tumor cells.

The expression of TUBA1A mRNA in different stomach 
cell types by analyzing single-cell RNA sequencing data

We further investigated TUBA1A mRNA expression in 
different stomach cell types, including more than 13,000 single 
cells of 17 stomach cell types, by analyzing single-cell RNA 
sequencing data of the adult mouse stomach. The results showed 
that the expression of TUBA1A was higher in stomach basal cells, 
fibroblast cells, and G cells than other stomach cell types (Fig. 
5C). Single-cell RNA sequencing data and analysis results were 
downloaded from the MCA, and plots of single-cell TUBA1A 
mRNA expression were drawn using R software version 3.5.2.

Regulation of TUBA1A expression in gastric cancer by 
methylation 

We further investigated the mechanisms underlying the 
dysregulation of TUBA1A by comparing TUBA1A expression 
and methylation levels of methylated sites (primary data from 
TCGA-STAD). We observed that low methylation levels of 
methylated sites (cg12441358, cg15367082, cg05692837, 
and cg21962603) were significantly associated with a high 
expression of TUBA1A by unpaired t-tests (Figs. 6A, C, E, 
and G, p<0.05). A significant correlation was found between 
TUBA1A expression and the methylation level of methylated 
sites by Pearson’s correlation test (Figs. 6B, D, F, and H, p<0.05). 
As fat mass and obesity-associated protein (FTO) has been 
identified as an important demethylase that can downregulate 
methylation, we compared the expression of TUBA1A and FTO 
(data from GSE15459, GSE54129, and TCGA-STAD). The three 
datasets showed similar results, in that increased TUBA1A 
expression was significantly associated with high expression 
levels of FTO (Figs. 6I, K, and M, p<0.0001, unpaired t-tests), 
and significantly positively correlated with a high expression of 
FTO by Pearson’s correlation test (Figs. 6J, L, and N, p<0.0001).

Overall, the above findings confirmed that hypomethylation 
contributed to the upregulation of TUBA1A in stomach cancer.

DISCUSSION

The present study demonstrated that TUBA1A was 
significantly elevated in GC compared to normal gastric 
tissue. GSEA results revealed that high TUBA1A expression 
was correlated with mTOR and P38MAPK pathways, which 
mediate changes in cellular signals to control cell proliferation, 
growth, and survival in tumor cells [40, 41]. An aggressive 
pathological subtype and poor survival are important 
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Fig. 3. Correlation between the expression of TUBA1A and the infiltration level of M0-, M1-, and M2-polarized 
macrophages in the gastric tumor microenvironment. (A–C) A significant positive correlation was observed between the 
infiltration level of M2-polarized TAMs and the expression of TUBA1A using Pearson’s correlation test. (D–F) Increased 
infiltration levels of M2-polarized TAMs were significantly associated with high TUBA1A expression by unpaired t-tests. 
(G–I and M–O) No significant correlations were found between the infiltration levels of M0- and M1-polarized TAMs 
and TUBA1A expression by Pearson’s correlation test. (J–L and P–R) Infiltration levels of M0- and M1-polarized TAMs 
were not significantly associated with the expression of TUBA1A by unpaired t-tests. (D–F, J–L, and P–R) Patients were 
divided into high and low groups based on the median value of TUBA1A expression at each infiltration level of M2-, 
M1-, and M0-polarized TAMs. TCGA: The Cancer Genome Atlas, Cor: Pearson’s correlation coefficient, TAMs: Tumor-
associated macrophages. ****p < 0.0001.
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Fig. 4. Relationship between TUBA1A expression and cytokines associated with TAM recruitment. (A, C, E, G, I, K, M, O, Q, and 
S) Increased TUBA1A expression was significantly associated with high expression of CSF-1, CCL2, CXCL12, CX3CL1, and VEGFC 
by unpaired t-tests (***p < 0.001, ****p < 0.0001). Patients were divided into high and low groups based on the median value of 
TUBA1A expression. (B, D, F, H, J, L, N, P, R, and T) Increased TUBA1A expression was significantly positively correlated with high 
expression of CSF-1, CCL2, CXCL12, CX3CL1, and VEGFC by Pearson’s correlation test (p < 0.0001). TCGA: The Cancer Genome 
Atlas, Cor: Pearson’s correlation coefficient, TAMs: Tumor-associated macrophages. ****p < 0.0001.



518� Wang et al.

J Gastrointestin Liver Dis, December 2020 Vol. 29 No 4: 509-522

indicators of poor prognosis [32, 42]. In our study, elevated 
TUBA1A expression significantly correlated with poor overall 
survival, first progression, and post-progression survival.

TUBA1A expression was also markedly increased in 
invasive pathological subtypes, G3, and advanced GC.

GSEA results revealed that enriched gene sets correlated 
with HDAC, GSK3, P38MAPK, and mTOR pathways. 
HDACs can influence the infiltration of pro-tumorigenic 

M2-macrophages [11], while synergistic activation of the 
GSK3 and p38MAPK pathways induces M2 polarization of 
TAMs [43, 44]. M2 polarization of TAMs has been shown to 
be regulated through the EGFR/PI3K/AKT/mTOR pathway 
[12]. Targeting M2-polarized TAMs is a novel strategy for 
cancer treatment [45-47]. As these pathways contribute 
to the infiltration of M2 tumor-associated macrophages, 
we hypothesized that TUBA1A would also increase the 

Fig. 5. Correlation between TUBA1A expression and the IC50 (inhibitory concentration 50%) of oxaliplatin in vitro, and the single-cell Tuba1a 
mRNA expression map of adult mouse stomach. (A) An increased IC50 of oxaliplatin was significantly associated with a high expression of 
TUBA1A by unpaired t-tests *p < 0.05. (B) A significant positive correlation was found between the IC50 of oxaliplatin and TUBA1A expression 
by Pearson’s correlation analysis. The expression of TUBA1A were dichotomized into low- and high-expression groups using the median value 
as a cu-toff. (C) By analyzing single-cell RNA sequencing data of the adult mouse stomach, which included more than 13000 single cells of 17 
stomach cell types, the expression of Tuba1a was higher in stomach basal cells, fibroblast cells, and G cells (cluster16, cluster15, cluster13, and 
cluster12) than other cell types. Plots of single-cell Tuba1a mRNA expression were drawn using GraphPad Prism 8 and R software version 3.5.2.
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infiltration of M2-polarized macrophages. This was confirmed 
in our study, as an increased infiltration of M2-polarized 
TAMs was significantly associated with a high expression of 
TUBA1A (Figs. 3D–F), with a significant positive correlation 
found between the infiltration level of M2-polarized TAMs 
and TUBA1A expression (Figs. 3A–C). Some cytokines 
have been implicated in the recruitment of TAMs and M2-
macrophages polarization, including CSF-1 [48, 49], CCL2 

[50, 51], CXCL12 [52], CX3CL1 [53], and VEGFC [54, 55]. 
Our results showed that increased TUBA1A expression was 
significantly positively correlated with a high expression of 
CSF-1, CCL2, CXCL12, CX3CL1, and VEGFC. These findings 
further confirm the correlation between TUBA1A expression 
and the infiltration of TAMs. These results were generated 
from three real-world datasets, which showed similarity and 
mutual verification.

Fig. 6. Expression of TUBA1A is regulated by methylation in gastric cancer. (A, C, E, and G) Low methylation levels of methylated 
sites (cg12441358, cg15367082, cg05692837, and cg21962603) were significantly associated with high expression levels of TUBA1A 
by unpaired t-test (data from TCGA). Patients were divided into high and low methylation groups based on the median value for each 
methylated site probe (cg12441358, cg15367082, cg05692837, and cg21962603) (data from TCGA). (B, D, F, and H) A significantly 
negative correlation was found between TUBA1A expression and the methylation level of methylated sites (cg12441358, cg15367082, 
cg05692837, and cg21962603) by Pearson’s correlation test (data from TCGA). (I, K, and M) Increased expression of TUBA1A was 
significantly associated with high expression of FTO by the unpaired t-test. Patients were divided into high and low methylation 
groups based on the median value of FTO expression. (J, L, and N) Increased expression of TUBA1A was significantly positively 
associated with high expression levels of FTO by Pearson’s correlation test. TCGA: The Cancer Genome Atlas, Cor: Pearson’s correlation 
coefficient. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Oxaliplatin is used in the treatment of GC [15-17]; 
however, changes in tumor microenvironment, especially 
related to TAMs, could lead to fa ailure of oxaliplatin therapy 
[9, 18, 19]. We examined the influence of TUBA1A on 
oxaliplatin by analyzing the correlation between TUBA1A 
expression and IC50 of oxaliplatin in vitro. Higher IC50 
indicates lower inhibitory effects of the drug on tumor cells, 
and we found that high TUBA1A expression significantly 
increased IC50 of oxaliplatin in vitro, which suggests elevated 
TUBA1A can reduce the inhibitory effect of oxaliplatin on 
gastric tumor cells. 

Single-cell RNA sequencing data, which included more 
than 13,000 single cells, demonstrated that TUBA1A was 
higher in stomach fibroblast cells, basal cells, and G cells than 
other stomach cell types. Tumor cell/fibroblast co-culture can 
induce M2-polarization of TAMs [56]. Fibroblast-induced 
M2-polarized macrophages have been shown to significantly 
increase cancer cell growth, invasion, and migration [57]. Our 
results indicated that TUBA1A might enhance M2-polarized 
macrophage infiltration by influencing fibroblasts, G cells that 
synthesize gastrin, as well as in basal cells [58]. These findings 
provide new clues to the synthesis of gastrin and function of 
basal cells.

Epigenetic regulation, including histone modifications and 
methylation, is a vital mechanism of dysregulated genes in 
cancer, with lower methylation exhibiting significantly higher 
gene expression [59, 60]. We found that lower DNA methylation 
exhibited significantly higher TUBA1A expression, indicating 
that epigenetic alterations contribute to the upregulation of 
TUBA1A. Furthermore, elevated TUBA1A expression was 
positively associated with high levels of FTO, which can 
downregulate methylation as an important demethylase [61]. 
These findings indicate that hypomethylation contributes to 
the upregulation of TUBA1A in GC.

CONCLUSIONS

The present study revealed that the expression of TUBA1A 
was higher in GC and was an indicator of poor prognosis. 
High TUBA1A might contribute to tumorigenesis and enhance 
the infiltration level of M2-polarized macrophages in the 
gastric tumor immune microenvironment. Furthermore, high 
TUBA1A expression increased the IC50 of oxaliplatin in vitro, 
and the increase in TUBA1A was shown to be mediated by 
hypomethylation.
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