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Abstract 

Aims: Activin A receptor type 2A (ACVR2A) is a membrane receptor in the transforming growth factor- 
beta (TGF-β signaling pathway, which is involved in the regulation of cell proliferation, migration, and 
apoptosis. The aim of this study was to examine the expression profiles and biological functions of 
ACVR2A in colon cancer.  
Methods: ACVR2A expression was investigated using the GSE39582 database and two validation 
cohorts. An in vitro study of cell proliferation and migration of human colon cell lines was also performed.  
Results: In the GSE39582 database (n= 497), expression of ACVR2A mRNA was identified as a prognostic 
factor by linear regression analysis. In one validation cohort of 15 patients with stage IV cancer, the 
mRNA expression of ACVR2A was significantly reduced in metastatic lesions and primary tumors 
compared with adjacent normal controls (P = 0.001). In another validation cohort of tissue microarray 
(TMA) consisting of 193 cases, reduced ACVR2A protein expression correlated with advanced N stage (P 
= 0.001) and positive lymphovascular invasion (P = 0.005). Strong correlations between low ACVR2A 
mRNA or protein expression and worse survival were also observed in the GSE39582 database and the 
TMA validation cohort (all P < 0.05). Moreover, our in vitro studies showed a remarkable increase in cell 
migration in ACVR2A knockdown cells.  
Conclusions: Our findings indicate that loss of ACVR2A has an important role in cancer progression 
and distant metastasis and may serve as a prognostic marker in patients with colon cancer. 

Key words: Activin A Receptor Type 2A (ACVR2A); Colon Cancer; Tissue Microarray; Liver Metastasis; Cell 
Proliferation; Cell Migration 

Introduction 
Colon cancer is a common malignancy and one 

of the leading causes of tumor-related death with an 
estimated 140,250 new cases and 50,630 deaths in the 
United States in 2018[1]. Modern surgery-based 
multidisciplinary team (MDT) strategies are now the 
standard of care for colon cancer and have improved 

the 5-year overall survival (OS) rate to approximately 
60% [2]. Patient survival largely depends on disease 
stage at diagnosis. However, the challenges of 
considerable prognostic heterogeneity within each 
tumor stage need to be faced, as tumors at the same 
pathologic stage can produce considerably different 
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clinical outcomes [3]. Therefore, in-depth 
understanding of the molecular mechanisms of 
tumorigenesis is needed to identify potential 
biomarkers that may serve as new treatment targets. 

ACVR2A (activin A receptor type 2A) belongs to 
a receptor family that mediates the functions of 
activins, members of the transforming growth 
factor-beta (TGF-β) family of ligands with multiple 
biological functions [4-6]. The TGF-β signaling 
pathway is involved in the regulation of cell 
proliferation, differentiation, migration, and 
apoptosis of colon cancer [7-9]. The mutation rate of 
ACVR2A is approximately 60%, making it the most 
frequently mutated gene in hypermutated colon 
cancer [10]. However, the expression profiles of 
ACVR2A and its biological function in colon cancer 
tumorigenesis and progression are largely unknown. 

In the present study, we first investigated the 
prognostic value of ACVR2A mRNA using the 
GSE39582 database, and then validated the results in a 
cohort of patients with metastatic colon cancer and in 
a tissue microarray (TMA) cohort. In addition, we 
examined the in vitro effects of ACVR2A expression 
on the proliferation and migration of human colon cell 
lines. 

Methods 

Patients in the GSE39582 database 
Gene expression (RNA-Seq) data and 

corresponding clinical data of colon cancer patients 
were retrieved from the GSE39582 database 
(https://www.ncbi.nlm.nih.gov/geo/). Patients 
included in the present study were all pathologically 
diagnosed with colon adenocarcinoma, did not 
undergo chemotherapy or radiotherapy before 
surgery, and had intact survival information. 

Tissue samples  
Fifteen patients with stage IV colon cancer who 

underwent palliative surgery were included as one of 
the validation cohorts. Paired tissue fragments of the 
primary colon cancer, adjacent normal colonic tissue, 
and liver metastases were obtained after surgery, 
immediately stored in RNA-later, and kept at −80°C 
for further study of ACVR2A mRNA expression. 
Additionally, to validate the clinical significance of 
ACVR2A protein expression we obtained paired 
colon cancer specimens and corresponding adjacent 
normal colonic tissues from 193 patients. Tumor 
tissues were pathologically verified as 
adenocarcinoma and noncancerous tissues were 
confirmed as negative controls. These samples were 
constructed as a TMA for immunohistochemical 
(IHC) staining. 

The study patients were treated at Fujian Cancer 
Hospital between January 2008 and December 2013. 
Use of clinical samples was approved by the Human 
Ethics Review Committee of the Fujian Cancer 
Hospital & Fujian Medical University Cancer 
Hospital, China. Written informed consent was 
obtained from all patients included in the study. All 
patients were restaged and pathologically graded 
according to the TNM staging system for colon cancer 
of the Union for International Cancer 
Control/American Joint Committee on Cancer 
(UICC/AJCC, 7th edition).  

Colon cancer cell lines and culture  
The human colon cancer cell lines (RKO and 

HCT116) were originally purchased from the 
American Type Culture Collection (Manassas, VA, 
USA), and cultured in DMEM medium supplemented 
with 10% FBS (Gibco, Life Technology, Austria) and 
1% penicillin/streptomycin in a humidified 5% (v/v) 
atmosphere of CO2 at 37°C. 

Quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) 

As described previously[11], total RNA was 
extracted from tissue or cell samples using TRIzol 
Reagent (Invitrogen, Life Technologies, USA), and 
cDNA was synthesized from 2 µg of RNA using the 
PrimeScript™ RT Master Mix Kit (RR036A, Takara, 
Japan) according to the manufacturers’ instructions. 
qRT-PCR was carried out using Power SYBR® Green 
PCR Master Mix (Invitrogen, USA) on the 7900 
real-time PCR system (ABI, Life Technology, USA). 
GAPDH was used as a loading control for each 
specific gene. The sequences for sense (S) and 
antisense (AS) primers were as follows: 
human-ACVR2A-S, 5′-GTTTGCCGTCTTTCTTATCT 
CCT-3′, human-ACVR2A-AS, 5′-GTCACCATAACAC 
GGTTCAACA-3′, human-GAPDH-S, 5′-GCAAATTC 
CATGGCACCGT-3′, human-GAPDG-AS, 5′-TCGCC 
CCACTTGATTTTGG-3′. Relative quantitation (RQ) of 
the gene expression was applied to analyze the 
relative changes. 

TMA construction and IHC analysis 
TMA construction and IHC staining were 

performed as described previously [12]. Antibody 
specific for ACVR2A (anti-human goat antibody; 
#ab10595, Abcam, UK) was used at a dilution of 1:100 
and was replaced with phosphate buffered saline 
(PBS) in a negative control. Every section was 
evaluated and scored independently by two 
pathologists using a semi-quantitative scoring system 
[12, 13]. The percentage of positively stained cells was 
scored as 0 (<5%), 1 (5%–25%), 2 (26%–50%), 3 
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(51%–75%), or 4 (>75%). Intensity was scored as 0 
(negative), 1 (weak), 2 (moderate), or 3 (strong). We 
multiplied the percentage score by the staining 
intensity score to generate the immunoreactivity score 
(IS). High expression of ACVR2A was defined as 
detectable immunoreactivity with IS≥ 4. 

Western blot analysis 
For western blotting, proteins were isolated by 

lysing cells in ice-cold radio immunoprecipitation 
(RIPA) buffer containing protease and phosphatase 
inhibitors (Roche, USA). Protein was quantified using 
the BCA protein assay kit (Pierce, Thermo Scientific, 
USA) and 50 µg of total protein was resolved using 
8%–12% Bis-Tris SDS-PAGE gels and transferred to 
PVDF membranes. Membranes were probed with 
primary antibodies. Following incubation with 
horseradish peroxidase-conjugated secondary 
species-specific antibodies, immunoreactive proteins 
were detected using ECL (Pierce, Thermo Scientific, 
USA) and a BioImaging System (UVP, LLC, USA). 

Stable transfection of the cell lines  
Biologically active short hairpin RNAs (shRNAs) 

were generated using the lentiviral expression vector 
pLKO.1-puro. The shRNA target sequence for human 
ACVR2A was 5’-GGTGTTGGAGGGTGCTATAAA- 
3’. PLKO.1-scramble shRNA with limited homology 
to any known sequences in the human was used as a 
negative control. HCT116 and RKO cells were 
transfected with the pLKO.1-shACVR2A expression 
vector or pLKO.1-scramble. Stably transfected cells 
were isolated using Puromycin selection to obtain 
stable ACVR2A knockdown cells. 

Cell proliferation and migration assays 
Cell proliferation reagent kit (CCK-8, Dojindo, 

Japan) was used to assess cell proliferation. 
Transfected cells were plated in each well of a 96-well 
plate and assessed every 24 h according to the 
manufacturer’s instructions. The cell viability of 
different groups at each measurement time point was 
compared. 

The migration ability of HCT116 and RKO cells 
after transfection was measured by Transwell assay. 
Approximately 105 cells were seeded on the upper 
chamber of the Transwell (8.0 µm Pore Polycarbonate 
Membrane Insert) with 200 µl serum-free growth 
medium. Complete medium containing 10% FBS was 
added to the lower chamber as a chemoattractant. 
After incubation at 37°C for 48 h, non-migratory cells 
on the upper surface of the upper chamber were 
lightly removed using cotton swabs, and cells that 
migrated to the bottom of the membrane were fixed 
and stained. The number of invaded cells was 

counted under a light microscope. To minimize the 
bias, cells in five randomly selected fields with 200× 
magnification were counted and the average number 
was calculated. 

Statistical analysis  
Patients were followed up regularly according to 

the National Comprehensive Cancer Network 
(NCCN) Guidelines for Colon Cancer. The last 
follow-up was set on June 30, 2017. Patients who were 
alive at the last follow-up were censored for analysis. 
Death from colon cancer or any other cause at last 
follow-up was defined as the clinical endpoint. The 
overall survival (OS) was defined as the time from 
treatment to death from any cause, and the 
relapse-free survival (RFS) was defined as the time 
from treatment to the first recurrence or death. 
Patients who died within 1 month after diagnosis 
were excluded from this study. Each experiment was 
performed three times and each sample was tested in 
triplicate. Two-tailed χ2 test was used to evaluate 
differences in ACVR2A expression according to the 
patients’ clinicopathological features. The survival 
curves were estimated by Kaplan-Meier plots, and P 
values were calculated by log-rank test. Multivariate 
Cox regressions analysis was applied to estimate the 
individual hazard ratio (HR) for OS and RFS. All P 
values were two-sided, and P < 0.05 was considered 
statistically significant. All statistical calculations 
were performed using SPSS 22.0 (IBM Corp., USA). 

Results 
Clinicopathological characteristics  

The median follow-up time for all patients 
included in this study was 68 months, ranging from 
42 to 115 months. A total of 497 eligible patients with 
colon cancer from GSE39582 were included in the 
study. All patients were diagnosed as 
adenocarcinoma and underwent surgical resection. 
The study population contained 36 (7.2%), 260 
(52.3%), and 201 (40.4%) patients diagnosed with 
stage I, II, and III disease, respectively. During the 
period of follow-up, 140 (28.2%) patients were 
confirmed with tumor relapse.  

The validation cohort of 15 stage IV patients 
consisted of 11 men and 4 women. Four patients had 
only one metastasis in the liver and 11 had more than 
one metastasis in the liver or extrahepatic metastases. 
All patients underwent palliative resection of the 
primary colon cancer with concurrent hepatic 
metastasectomy (5 cases) or biopsy (10 cases). Five 
patients were alive at the date of the last follow-up. 

In the validation TMA cohort, the median age of 
the 193 colon cancer patients was 66 years (ranging 
from 22 to 75 years); 87 (45.1%) patients were men and 
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106 (54.9%) were women. At the last follow-up, 73 
(37.8%) patients were diagnosed with tumor relapse 
and 59 (30.6%) patients had died. The characteristics 
of the patients in the TMA validation cohort are 
shown in Table 1. 

 

Table 1. Associations between ACVR2A expression and the 
clinicopathological variables in patients with colon cancer in the 
TMA validation cohort (n= 193). 

Variables n ACVR2A Expression* χ2  P  
Low (n=79)  High (n=114) 

Gender    0.225 0.635 
Male 87 34 53   
Female 106 45 61   
Age (years)    0.110 0.740 
≦ 60 76 30 46   
> 60 117 49 68   
T category    0.477 0.788 
T1/2 31 11 20   
T3 75 31 44   
T4 87 37 50   
N stage     13.070 0.001 
N0 107 32 75   
N1 57 29 28   
N2 29 18 11   
TNM stage    11.684 0.003 
I 25 9 16   
II 81 23 58   
III 87 47 40   
Pathological grade    1.039 0.308 
High/ Moderate 123 47 76   
Poor/ Undifferentiation 70 32 38   
Lymphovascular invasion    8.038 0.005 
Negative 175 66 109   
Positive 18 13 5   
Perineural invasion    3.015 0.081 
Negative 160 61 99   
Positive 33 18 15   

* High and low expression of ACVR2A protein was defined according to the cut-off 
value of 4 for immunoreactivity score (IS).  
Abbreviation: TMA: tissue microarray; T category: depth of tumor infiltration; N 
stage: lymph node status. Two-tailed χ2 test was used to evaluate the differences 
between the groups. P value <0.05 was considered to be statistically significant. 

 

Positive role of ACVR2A expression in the 
GSE39582 database 

The expression level of ACVR2A mRNA was 
first treated as a continuous variable. The normality 
tests showed that the distribution of expression was 
normally distributed. The differences in ACVR2A 
mRNA expression among the subgroups with 
different TNM stage were not statistically significant 
(P = 0.107, data not shown). Linear regression analysis 
verified that the expression level of ACVR2A mRNA 
was a predictor for RFS in patients with colon cancer 
in the GSE39582 database (hazard ratio [HR]: 0.519, 
95% confidence interval [CI]: 0.387–0.696, P < 0.001). 

The patient cohort was divided into high and 
low expression groups according to the median RQ 
level of ACVR2A mRNA (6.4). For ACVR2A high and 
low expression groups, 5-year RFS rates were 76.9% 
and 63.7%, respectively (χ2 = 7.239, P = 0.007) (Fig. 1). 
The data from this large-sized population suggested 

that ACVR2A might have a positive role in the 
survival of patients with colon cancer. 

 

 
Fig. 1. Prognostic significance of ACVR2A in the GSE39582 database. The 
expression level of ACVR2A mRNA was a predictor for relapse-free survival (RFS) in 
patients with colon cancer. The patient cohort was divided into high and low 
expression groups according to the median relative quantitation (RQ) level of ACVR2A 
mRNA (6.4). The 5-year RFS rates of the high and low expression subgroups were 
76.9% and 63.7%, respectively (χ2 = 7.239, P = 0.007). 

 

Reduced ACVR2A expression correlated with 
colon cancer progression in two validation 
cohorts 

To investigate the expression level of ACVR2A 
mRNA in patients with metastatic colon cancer, 
qRT-PCR assays were performed on 15 paired liver 
metastases, primary colon cancer, and adjacent 
normal colon tissues. mRNA expression of ACVR2A 
was the lowest in liver metastases followed by tumor 
tissues and was highest in adjacent normal controls, 
with significant difference between each pair of 
groups (P < 0.001, Fig. 2a). The result indicated that 
loss of ACVR2A might affect the initiation, 
progression, and metastasis of colon cancer. 

We also examined the correlation between 
ACVR2A protein expression and patients’ 
clinicopathological characteristics for the TMA cohort. 
Representative images of ACVR2A IHC staining are 
shown in Fig. 2b. There were significant correlations 
between reduced ACVR2A expression and advanced 
N stage (P = 0.001) or positive lymphovascular 
invasion (LVI; P = 0.005) (Figs. 2c, 2d, and Table 1), 
suggesting that ACVR2A may have a key role in colon 
cancer progression. 

Higher ACVR2A expression correlated with 
survival benefit in colon cancer patients in the 
TMA cohort 

We further evaluated the correlations between 
the expression of nuclear ACVR2A protein and 5-year 
OS or RFS of patients in the TMA cohort. Our data 
revealed a better OS in patients with higher ACVR2A 
expression (high vs. low expression: 84.9% vs. 57.3%, 
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χ2 =20.427, P < 0.001) (Fig. 3a). Similarly, a better RFS 
was also observed in patients with higher ACVR2A 
expression (high vs. low expression: 71.0% vs. 51.4%, 
χ2 =16.749, P < 0.001) (Fig. 3b). 

Furthermore, multivariate Cox regression 
analysis showed that ACVR2A expression was an 

independent factor predicting either OS (HR: 0.498, 
95% CI: 0.281–0.883, P = 0.017) or RFS (HR: 0.475, 95% 
CI: 0.287– 0.786, P = 0.004) (Table 2). Our data 
indicated that ACVR2A might serve as a potential 
prognostic marker in clinical practice. 

 

 
Fig. 2. Reduced ACVR2A expression correlates with colon cancer progression. (a) ACVR2A mRNA expression was significantly different among paired tissue samples 
from 15 stage IV colon cancer patients (P = 0.036 for primary lesions vs. adjacent normal controls; and P = 0.001 for liver metastases vs. primary lesions). The most significant 
difference was seen between adjacent normal controls and liver metastases (P < 0.001). (b) Representative images of ACVR2A protein expression by immunohistochemical 
staining of colon cancer lesions in the tissue microarray (TMA) cohort with low expression (i) and high expression (ii), visualized at 200× and 400× (lower right insets) 
magnification. (c) ACVR2A expression gradually decreased from N0 stage to N2 stage in the TMA cohort (N0 vs. N2, P = 0.001). (d) ACVR2A expression was inversely related 
to the presence of lymphovascular invasion (LVI) (P = 0.005). 

 

 
Fig. 3. Higher ACVR2A expression by immunohistochemical staining correlates with better survival of patients with colon cancer in the TMA cohort. (a) 
The 5-year overall survival (OS) rates in the high and low ACVR2A expression groups were 84.9% and 57.3% respectively (χ2 = 20.427, P < 0.001). (b) The 5-year relapse-free 
survival (RFS) rates in the high and low ACVR2A expression groups were 71.0% and 51.4%, respectively (χ2 =16.749, P < 0.001). 
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Fig. 4. Silencing of ACVR2A expression promotes the migration of human colon cancer cells. Knockdown of ACVR2A in HCT116 and RKO cells after stable 
transfection of shRNA against ACVR2A or scramble sequence was analyzed by western blotting (a) and RT-PCR (b). GAPDH was used as the loading control. (c) Silencing of 
ACVR2A expression did not affect the proliferation of human colon cancer cell lines by CCK8 assay. The cell viability of different groups at each time point of measurement was 
compared with their relative optical density (OD) value. (d) Knockdown of ACVR2A expression increased the migration of human colon cancer cells by approximately 2- to 
3-fold as demonstrated taking from 48 hours after cell seeding (*P < 0.05). 

 

Table 2. Multivariate Cox proportional hazards analysis of 
ACVR2A expression and overall survival and relapse-free survival 
for patients with colon cancer in validation cohort (n= 193). 

Variables Overall survival Relapse-free survival 
HR (95% CI) P HR (95% CI) P 

Gender 1.095 (0.640-1.873) 0.740 1.095 (0.682-1.758) 0.707 
Age 1.058 (0.603-1.854) 0.845 0.920 (0.562-1.506) 0.740 
T category 1.288 (0.901-1.842) 0.165 1.351 (0.984-1.855) 0.063 
N stage 3.007 (2.068-4.372) <0.001 2.462 (1.762-3.439) <0.001 
Pathological grade 1.690 (0.969-2.947) 0.065 1.074 (0.647-1.781) 0.783 
Lymphovascular 
invasion 

1.279 (0.641-2.551) 0.485 1.316 (0.681-2.542) 0.414 

Perineural invasion 1.747 (0.979-3.119) 0.059 1.457 (0.857-2.478) 0.165 
ACVR2A expression 0.498 (0.281-0.883) 0.017 0.475 (0.287-0.786) 0.004 

Abbreviation: TMA: tissue microarray; CI, confidence interval; HR, hazard ratio; T 
category: depth of tumor infiltration; N stage: lymph node status. Univariate Cox 
analysis was first used to identify the risk factors; Cox regression model was then 
used to perform multivariate analysis. P value <0.05 was considered to be 
statistically significant. 

 

ACVR2A inhibits the migration of human 
colon cancer cells 

To assess the biological function of ACVR2A in 
colon cancer, we established stable transfection 
models of ACVR2A silencing in RKO and HCT116 
cell lines. Knockdown efficiencies were verified by 
western blotting (Fig. 4a) and qRT-PCR (Fig. 4b). Our 
data indicated that silencing of ACVR2A did not 
influence the proliferation of colon cancer cells (Fig. 
4c). We next investigated whether downregulation of 
ACVR2A affected the migration of colon cancer cells 
by Transwell assay. Silencing of ACVR2A resulted in 
a 2- to 3-fold increase in the number of migrated cells 
compared with the control group (Fig. 4d). 
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Discussion 
In this study, we sought to determine the 

prognostic value and biological role of ACVR2A in 
patients with colon cancer. Analysis of the GSE39582 
database demonstrated that there was a tendency of 
downregulated expression of ACVR2A mRNA with 
more advanced TNM stage. Importantly, 
downregulated ACVR2A expression as a negative 
prognostic factor for RFS in patients with colon 
cancer. Validation cohorts of stage I-III colon cancer 
patients and TMA identified correlations between 
reduced ACVR2A expression and colon cancer 
progression as well as poor survival of patients. Our 
in vitro studies also showed a remarkable increase in 
cell migration in ACVR2A knockdown cells. 
Together, our findings indicate that ACVR2A has an 
important role in cancer progression and metastasis. 

Activin A and TGF-β have been shown to 
stimulate migration and invasion of various cell types 
through activation of PI3K/AKT and the 
MEK/MAPK signaling pathway [6, 8]. Analysis of 15 
paired liver metastases, primary tumors, and adjacent 
normal controls revealed that the mRNA expression 
of ACVR2A was significantly reduced in metastatic 
lesions and primary colon cancer tumors compared 
with adjacent normal controls. Importantly, we also 
found that reduced ACVR2A expression was 
significantly correlated with advanced N stages and 
positive LVI, indicating that ACVR2A may function in 
the disease progression and metastasis of colon 
cancer. Our data imply that loss of ACVR2A is 
correlated with colon cancer progression. 

Members of the TGF-β superfamily are involved 
in regulating diverse biological processes including 
cell apoptosis, proliferation, and tumor progression 
[9]. Interestingly, our analysis showed that reduced 
ACVR2A expression was significantly correlated with 
a poor 5-year survival for colon cancer patients. These 
results were obtained from both the publicly available 
GSE39582 database at mRNA levels and from a 
validation database at protein levels, therefore our 
results are both reliable and convincing. Moreover, 
multivariate Cox repression analysis revealed that 
ACVR2A is an independent factor for predicting both 
OS and RFS. 

Functional study indicated that silencing of 
ACVR2A by shRNA significantly decreased colon 
cancer cell migration in vitro by Transwell assay, but 
had no impact on cell proliferation. These data further 
confirmed that ACVR2A is involved in tumor 
progression and metastasis in colon cancer. Previous 
studies demonstrated that Activin A inhibits bone 
morphogenetic protein (BMP) signaling by binding 
ACVR2A [9], and that BMP signaling could promote 
colon cancer cell metastasis and invasion via 

activation of various tumor oncogenes [14-16]. 
Therefore, it is not surprising that loss of ACVR2A 
promotes colon cancer migration and progression. 

It must be noted that our current study had 
certain limitations. First, we obtained the conclusions 
from an in vitro study and tissue samples of human 
colon cancer from three independent cohorts; 
however, in vivo experiments on animal models are 
yet to be performed. Second, we mainly focused on 
the clinical significance of ACVR2A in colon cancer, 
and further studies are warranted to explore the 
mechanism of ACVR2A in the progression and 
metastases of colon cancer. 

In summary, our study provides compelling 
evidence for an important role of ACVR2A in colon 
cancer progression. The clinical results showed that 
downregulation of ACVR2A expression correlates 
with poor prognostic factors and is associated with 
worse survival in patients with colon cancer. In vitro 
studies highlighted the tumorigenic behavior of 
ACVR2A in human colon cancer cells. Taken together, 
our findings suggest that ACVR2A may serve as a 
prognostic marker and potential therapeutic target for 
the treatment of colon cancer. 
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