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Abstract: Gastric cancer (GC) remains the most common malignant tumor of the gastroin-
testinal tract and one of the leading causes of cancer-related deaths worldwide. Non-coding
RNAs (ncRNAs), including microRNAs (miRNAs), are involved in the pathogenesis and
progression of GC and, therefore, may be potential diagnostic and prognostic biomarkers.
Our work was aimed at investigating the predicted regulation of ARID1A by miR-129-5p
and miR-3613-3p and the clinical value of their aberrant expression in GC. The study
included tumor and adjacent non-tumor tissues from 110 GC patients, 38 sectional normal
gastric tissue samples, as well as 65 plasma samples of GC patients and 49 plasma samples
of healthy donors. Expression levels of ARID1A and both miRNAs were quantified by
reverse transcription-polymerase chain reaction (RT-PCR). We have identified significant
associations of their expression with the clinical and pathological characteristics of GC
patients both in tissues and plasma. To validate predicted target pairs miR-129-5p/ARID1A
and miR-3613-3p/ARID1A, in vitro experiments on cancer cell lines were conducted. The
obtained results suggest a complex role of ARID1A, miR-129-5p and miR-3613-3p in GC
and potential regulation of ARID1A expression by both miRNAs.

Keywords: ARID1A; miR-129-5p; miR-3613-3p; microRNA; gastric cancer; cancer cell lines;
epigenetics; biomarker

1. Introduction
Gastric cancer (GC) is one of the most common malignant tumors worldwide. It is

often diagnosed at late stages characterized by tumor invasion and distant metastases,
which lead to unfavorable prognosis for patients. Therefore, search for novel non-invasive
biomarkers remains important for early diagnostics, postoperative monitoring, and effec-
tive treatment [1]. MicroRNAs (miRNAs) circulating in the plasma or serum of patients are
considered as such candidate biomarkers [2–4].

MiRNAs epigenetically regulate the expression of target genes by binding to the com-
plementary sequence on the 3′-untranslated region (3′-UTR) of mRNA, thus causing its
degradation or suppressing translation [5]. MiRNAs are involved in the development and
progression of many diseases, including malignant neoplasms [6–9]. Aberrant miRNA
expression patterns are associated with clinical characteristics and molecular classifica-
tion of different types of cancer, which make them potential diagnostic and prognostic
markers [10].
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Aberrant expression of miR-129-5p was described in many types of tumors, such as
breast cancer [11], colon cancer [12], osteosarcoma [13], lung cancer [14], and GC [15,16]. MiR-
3613-3p remains less investigated; however, its differential expression profile was confirmed
in plasma and tissues of patients with colorectal cancer and GC [17,18]. MiR-3613-3p is often
deleted in breast cancer [19] and affects cell proliferation and cell cycle in hepatocellular carci-
noma [20]. Differential expression of miR-3613-3p was observed in plasma from children with
retinoblastoma [21] and in neuroblastoma cell lines [22]. Differential miR-3613-3p expression
is associated with somatic mutations in the TP53 in colorectal cancer [23] and with metastasis
to regional lymph nodes in endometrial cancer [24].

The choice of miR-129-5p miR-3613-3p for our study was based on their analysis by
computer algorithms TargetScanHuman 7.1. [25] and mirDIP [26] that use comparison of
conservative binding sites of transcripts. The algorithms predicted ARID1A as a potential
target for both miR-129-5p and miR-3613-3p, which makes them interesting for further
investigation.

ARID1A (AT-rich interactive domain 1A) is a known tumor suppressor gene [27].
Being one of the subunits of the SWI/SNF chromatin remodeling complex, it plays an
important role in proliferation, invasion, cell cycle regulation, metastasis, DNA repair, and
apoptosis [28,29]. ARID1A was described as often mutated in various types of tumors,
such as clear cell ovarian cancer (45%), endometrial cancer (37%), GC (20–30%), bladder
cancer (20%), hepatocellular cancer (14%), melanomas (12%), colorectal cancer (9%), lung
cancer (8%), pancreatic cancer (4%), and breast cancer (3%) [30]. Clinically, loss of ARID1A
expression correlates with larger tumor sizes, deeper invasion, lymph node metastases and
poor prognosis in GC patients [31].

Taking into account the important role of these transcripts in GC, in our work, we
evaluated the expression level of miR-129-5p and miR-3613-3p, as well as ARID1A in tissues
and plasma of GC patients and healthy donors. To determine their potential as biomarkers
for GC, we investigated their associations with clinical and pathological characteristics of
tumor growth and microsatellite instability (MSI). In addition, since ARID1A was predicted
as a potential target gene for miR-129-5p and miR-3613-3p, we conducted experiments on
cancer cell lines to validate this regulation in vitro.

2. Results
2.1. ARID1A and miR-129-5p Are Differentially Expressed in Tissues from GC Patients and
Sectional Normal Gastric Tissues

The expression levels of ARID1A and miRNAs were investigated in 110 paired samples
of tumor and adjacent non-tumor tissues of GC patients, as well as in 38 sectional normal
gastric tissue samples. Quantitative analysis revealed statistically significant differences in
ARID1A expression in tumor and non-tumor tissues compared to sectional gastric tissues
of the healthy control group (p < 0.0001) (Figure 1a). ARID1A was upregulated in 51 (46%)
tumor samples and downregulated in 59 (54%) tumor samples. However, the average level
of ARID1A expression in tumor tissues compared with adjacent non-tumor tissue of GC
patients did not differ statistically (p = 0.5).

MiR-129-5p expression was also different in tumor and non-tumor tissues of GC
patients compared to gastric tissues of a healthy control group (p = 0.002 and p = 0.0033,
respectively) (Figure 1b). MiR-129-5p expression was increased in 53 (48%) and decreased
in 57 (52%) tumor tissue samples compared to the non-tumor tissue of GC patients, but the
average miR-129-5p expression levels were not statistically significant (p = 0.85).
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Figure 1. The expression levels of ARID1A (a), miR-129-5p (b) and miR-3613-3p (c) in tumor and
adjacent non-tumor tissues of GC patients and in normal gastric tissue samples (colored in different
shades of grey). Statistically significant p-values are indicated with an asterisk.

A comparison of miR-3613-3p expression in tissues of GC patients and sectional normal
gastric samples of a healthy control group showed statistically significant differences only
for tumor tissue (p = 0.01) (Figure 1b). An increased miR-3613-3p expression in the tumor
compared to the non-tumor tissue was observed in 58 (53%) samples, and decreased miR-
3613-3p expression was in 52 (47%) samples. However, no statistically significant differences
were found when comparing expression in tumor and adjacent non-tumor tissue.

2.2. Predicted Target Pairs miR-129-5p/ARID1A and miR-3613-3p/ARID1A Demonstrate
Negative Correlation in Tumor and Adjacent Non-Tumor Tissues of GC Patients

As ARID1A was predicted to be a potential target of miRNAs miR-129-5p and miR-
3613-3p, we analyzed their expression patterns in tissues of GC patients. Significant inverse
correlations were confirmed in both target pairs in tumor (p < 0.0001) (Figure 2a,c), as well
as in adjacent non-tumor tissues (p < 0.0001) (Figure 2b,d).
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Figure 2. Relative expression of ARID1A and miR-129-5p (colored in different shades of grey) in tumor
tissues (a) and in the adjacent non-tumor tissues (b) of GC patients; relative expression of ARID1A
and miR-3613-3p in tumor tissues (c) and the adjacent non-tumor tissues (b) of GC patients, and in
normal gastric tissue samples (d). Statistically significant p-values are indicated with an asterisk.

The Spearman’s correlation analysis revealed only weak negative relevance between
ARID1A and miR-129-5p expression in tumor r = −0.2 (p = 0.04) (Figure 3a) and non-tumor
tissues r = −0.18 (p = 0.07) (Figure 3b) of GC patients. When evaluating the potential
regulatory pair ARID1A/miR-3613-3p, we also found a statistically significant weak neg-
ative correlation between expression in tumor r = −0.26 (p = 0.008) (Figure 3c) and in
non-tumor tissues r = −0.25 (p = 0.009) (Figure 3d). Therefore, the analysis may also be
related to determined differences in expression levels of ARID1A and miRNAs in tissues of
GC patients.
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Figure 3. Linear regression showing the negative correlation of expression levels in pars ARID1A/miR-
129-5p and ARID1A/miR-3613-3p in tumor (a,c) and non-tumor tissue (b,d) of GC patients.

2.3. Overexpression of miR-129-5p or miR-3613-3p Significantly Reduce ARID1A mRNA
Abundance in Cancer Cells

To experimentally prove an inverse correlation in predicted target pairs, miR-129-5p
and miR-3613-3p were ectopically expressed in cell lines of different cancer types, including
SNU-1 (gastric cancer), HCT116 (colon cancer), MCF-7 and SKBR3 (breast cancer), 769-
P (renal cell carcinoma) and A549 (lung cancer) followed by quantification of ARID1A
expression. For all of them, the ectopic expression of respective miRNA was at least
threefold higher compared to the endogenous expression in untransfected cell lines. MiR-
129-5p induced a reduction of ARID1A mRNA quantity in cell lines SNU-1 (45%), HEK
(76%), HCT116 (33%), MCF-7 (29%), and 769-P (36%) (Figure 4a). Overexpression of miR-
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3613-3p led to a decrease of ARID1A expression in cell lines SNU-1 (68%), HEK (69%),
MCF-7 (16%), SCBR3 (72%) и 769-P (31%) SNU-1 cells.
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2.4. Expression Levels of ARID1A, miR-129-5p and miR-3613-3p Are Associated with Clinical and
Pathological Characteristics of GC Patients

To determine the significant factors related to the clinical course of GC, we analyzed
potential associations between the expression of ARID1A, miR-129-5p and miR-3613-3p in
tumor tissues of GC patients and their clinical and pathological characteristics.

It was found that increased ARID1A expression correlates with the diffuse type of
GC according to Lauren classification (p = 0.001), the presence of the signet ring cells
(p = 0.044) and mutations in the CDH1 gene (p = 0.04). Alternatively, an increased miR-3613-
3p expression was associated with the intestinal type of GC (p = 0.011). Both ARID1A and
miR-3613-3p were associated with the primary tumor size (T in the TNM classification).
Moreover, T3 + T4 group was characterized by ARID1A downregulation (p = 0.037) and
miR-3613-3p upregulation (p = 0.011). The expression levels of ARID1A and both miR-
129-5p and miR-3613-3p were also correlated with the overall survival status (p = 0.038,
p = 0.017 and p = 0.027, respectively).

When comparing with the other characteristics, no significant correlations were found.
The results of all estimated correlations are presented in Table 1.

A similar analysis of associations between the expression of ARID1A, miR-129-5p
and miR-3613-3p and their clinical and pathological characteristics was also performed
in non-tumor tissues of the same GC patients. Increased ARID1A expression was found
to correlate with the diffuse type of GC according to Lauren classification (p = 0.002) and
mutations in the TP53 (p = 0.038). The differential expression of miR-129-5p and miR-
3613-3p was associated with the overall survival status of patients (p = 0.035 and p = 0.024,
respectively). Their increased expression was associated with microsatellite instability of
H&L (p = 0.023 and p = 0.018, respectively). Correlations were also found between miR-
3613-3p expression and the primary tumor size T and age of GC patients. The increased
miR-3613-3p expression was associated with the T3 + T4 group (p = 0.021) and older age
(p = 0.011). No significant correlations were found for other characteristics. The results of
all estimated correlations are presented in Table 2.
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Table 1. Association of ARID1A, miR-129-5p and miR-3613-3p in GC tumor tissues with clinical and
pathological characteristics of the patients.

Variables
Patients
(N = 110)

ARID1A Expression miR-129-5p Expression miR-3613-3p Expression

M Q1/Q3 p M Q1/Q3 p M Q1/Q3 p

Gender

0.4 0.6 0.2Female 49 0.006 0.002/0.018 0.3 0.1/3.0 0.10 0.05/0.30

Male 61 0.005 0.001/0.019 0.4 0.1/1.8 0.06 0.03/0.28

Age (years)

0.2 0.076 0.05<49 13 0.005 0.001/0.007 2.1 0.4/4.7 0.38 0.07/1.09

>=50 97 0.006 0.001/0.019 0.4 0.1/1.8 0.06 0.03/0.24

T

0.037 * 0.18 0.17T1 + 2 53 0.007 0.003/0.019 0.25 0.1/1.4

T3 + 4 57 0.003 0.001/0.016 0.64 0.1/3.0

N

0.6 0.64 0.5N0 60 0.006 0.000/0.019 0.42 0.1/1.8 0.06 0.03/0.26

N0 + 1 + 3 50 0.005 0.001/0.018 0.51 0.1/3.0 0.13 0.03/0.35

M

0.13 0.8 0.7M0 101 0.006 0.001/0.019 0.4 0.1/2.3 0.07 0.03/0.28

M1 9 0.003 0.001/0.005 0.6 0.2/1.7 0.18 0.01/0.31

Stage

0.06 0.65 0.4I + II 62 0.007 0.002/0.019 0.39 0.1/1.8 0.06 0.03/0.20

III + IV 48 0.004 0.001/0.015 0.54 0.1/3.0 0.11 0.02/0.40

Survival status

0.038 * 0.017 * 0.027 *Alive 73 0.007 0.002/0.019 0.2 0.1/1.8 0.06 0.03/0.17

Dead 37 0.003 0.001/0.013 1.2 0.3/3.3 0.23 0.04/0.49

Lauren classification

0.001 * 0.2 0.011 *Diffuse 81 0.007 0.002/0.020 0.2 0.1/1.9 0.06 0.02/0.18

Intestinal 29 0.001 0.000/0.007 0.9 0.3/2.7 0.20 0.06/0.62

Signet ring cells

0.044 * 0.7 0.3No 71 0.006 0.001/0.014 0.4 0.1/2.6 0.07 0.03/0.31

Yes 39 0.015 0.002/0.025 0.4 0.1/1.4 0.06 0.02/0.20

Tumor localization

0.3 0.2 0.5Antral region 20 0.006 0.003/0.013 1.0 0.3/1.4 0.08 0.05/0.24

Body 73 0.006 0.001/0.018 0.6 0.1/3.0 0.07 0.03/0.31

Cardia 17 0.006 0.003/0.020 0.2 0.1/0.2 0.06 0.02/0.09

MSI (N = 57)

0.12 0.4 0.3MSS 51 0.003 0.001/0.006 1.0 0.3/3.3 0.17 0.05/0.40

H&L 6 0.010 0.009/0.017 2.2 1.6/2.9 0.40 0.20/0.59

TP53 (N = 50)

0.2 0.8 0.8No 38 0.003 0.001/0.011 1.1 0.2/2.7 0.17 0.05/0.39

Yes 12 0.007 0.004/0.011 0.6 0.3/1.6 0.11 0.05/0.32

CDH1 (N = 50)

0.04 * 0.7 0.4No 45 0.003 0.001/0.010 0.6 0.2/2.8 0.17 0.05/0.42

Yes 5 0.013 0.007/0.019 0.5 0.3/1.5 0.08 0.04/0.17

* Statistically significant p < 0.05; N—number of patients in the study; M—median; Q1—quartile 25%; Q3—quartile
75%; p-value. Statistically significant p-values are indicated with an asterisk.
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Table 2. Association of ARID1A, miR-129-5p and miR-3613-3p in GC adjacent non-tumor tissues with
clinical and pathological characteristics of the patients.

Variables
Patients
(N = 110)

ARID1A Expression miR-129-5p Expression miR-3613-3p Expression

M Q1/Q3 p M Q1/Q3 p M Q1/Q3 p

Gender

0.7 0.6 0.5Female 49 0.005 0.003/0.014 0.34 0.05/2.24 0.07 0.03/0.30

Male 61 0.007 0.001/0.012 0.4 0.11/3.09 0.05 0.02/0.25

Age (years)

0.075 0.2 0.011 *<49 13 0.004 0.001/0.005 0.91 0.23/3.65 0.2 0.06/1.29

>=50 97 0.007 0.002/0.015 0.34 0.07/2.24 0.05 0.02/0.19

T

0.88 0.05 0.021 *T1 + 2 53 0.006 0.001/0.012 0.27 0.05/1.0 0.04 0.02/0.10

T3 + 4 57 0.007 0.001/0.016 0.91 0.1/3.8 0.07 0.02/0.77

N

0.23 0.1 0.4N0 60 0.005 0.001/0.010 0.45 0.13/2.2 0.05 0.02/0.16

N1–3 50 0.008 0.002/0.017 0.22 0.1/3.3 0.06 0.03/0.68

M

0.6 0.5 0.5M0 101 0.006 0.001/0.014 0.40 0.08/2.47 0.05 0.02/0.23

M1 9 0.006 0.004/0.008 0.26 0.17/4.43 0.07 0.05/0.68

Stage

0.075 0.24 0.24I + II 62 0.004 0.001/0.010 0.36 0.05/2.2 0.05 0.02/0.16

III + IV 48 0.008 0.003/0.017 0.50 0.1/3.8 0.06 0.02/0.68

Survival status

0.3 0.035 * 0.024 *Alive 73 0.007 0.002/0.015 0.22 0.04/2.22 0.03 0.02/0.13

Dead 37 0.005 0.001/0.011 0.61 0.24/3.54 0.10 0.05/0.55

Lauren classification

0.002 * 0.059 0.2Diffuse 81 0.008 0.004/0.016 0.22 0.06/2.16 0.05 0.02. 0.13

Intestinal 29 0.003 0.001/0.006 1.25 0.27/4.38 0.14 0.03. 0.87

Signet ring cells

0.3 0.2 0.99No 71 0.005 0.002/0.011 0.63 0.09/3.34 0.05 0.02/0.51

Yes 39 0.008 0.001/0.017 0.22 0.09/0.91 0.06 0.03/0.19

Tumor
localization

0.2 0.3 0.5Antral region 20 0.004 0.001/0.011 0.33 0.09/1.21 0.03 0.02/0.07

Body 73 0.006 0.001/0.012 0.54 0.09/3.34 0.07 0.03/0.51

Cardia 17 0.008 0.005/0.022 0.31 0.18/2.82 0.06 0.03/0.09

MSI (N = 57)

0.99 0.023 * 0.018 *MSS 51 0.003 0.001/0.008 0.61 0.15/3.13 0.07 0.03/0.51

H&L 6 0.002 0.001/0.009 5.25 3.87/5.94 1.08 0.77/1.63

TP53 (N = 50)

0.038 * 0.5 0.6No 38 0.002 0.001/0.006 0.54 0.17/2.26 0.07 0.03/0.44

Yes 12 0.008 0.004/0.011 1.40 0.27/4.56 0.17 0.03/0.89

CDH1 (N = 50)

0.7 0.3 0.5No 45 0.003 0.001/0.008 0.61 0.16/3.2 0.07 0.03/0.50

Yes 5 0.004 0.001/0.016 0.91 0.54/5.52 0.22 0.04/1.48

* Statistically significant p < 0.05; N—number of patients in the study; M—median; Q1—quartile 25%; Q3—quartile
75%; p-value. Statistically significant p-values are indicated with an asterisk.
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2.5. Associations of ARID1A, miR-129-5p and miR-3613-3p Expression Levels with Overall
Survival of GC Patients Were Estimated

Using the Kaplan–Meier method, we estimated associations between the expression of
ARID1A, miR-129-5p and miR-3613-3p and the overall survival of GC patients. The patients
were divided into two groups depending on the transcript expression levels: upregulated
in the tumor tissue (T > N) and upregulated in the adjacent non-tumor tissue (T < N).
However, no significant associations with the overall survival of GC patients were found
for all transcripts (Figure 5).
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2.6. MiR-129-5p Abundance Is Significantly Different in Plasma of GC Patients and Healthy
Donors and Correlates with Clinical and Pathological Characteristics of GC Patients

To estimate the diagnostic potential of miR-129-5p and miR-3613-3p, their expressions
were quantified in 65 plasma samples of GC patients and 40 plasma samples of healthy
donors as control. MiR-129-5p abundance was significantly higher in the plasma of GC
patients compared to control (p < 0.0001) (Figure 6a). No significant difference was found
for miR-3613-3p (p = 0.056) (Figure 6b).
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To determine factors related to the clinical course of GC, we analyzed associations
between miR-129-5p and miR-3613-3p abundance in plasma and clinical characteristics
of tumor growth in GC patients. It was found that increased miR-129-5p expression was
significantly associated with T3 + T4 group according to the TNM classification (p = 0.005),
the development of metastases to regional lymph nodes (N1–3) (p = 0.005) and development
of distant metastases (p = 0.004), as well as late stages of GC (stage III + IV) (p = 0.006).

No significant associations were found for miR-3613-3p. The results of all estimated
correlations are presented in Table 3.

Table 3. Association of miR-129-5p and miR-3613-3p expression in plasma with clinical and patholog-
ical characteristics of GC patients.

Variables
Patients
(N = 65)

miR-129-5p Expression miR-3613-3p Expression

M Q1/Q3 p M Q1/Q3 p

Gender

0.5 0.5Female 29 0.02 0.01/0.05 0.0002 0.0001/0.0005

Male 36 0.02 0.02/0.03 0.0003 0.0001/0.0006

Age (years)

0.5 0.7<49 9 0.02 0.01/0.05 0.0005 0.0001/0.0011

>=50 56 0.02 0.02/0.03 0.0002 0.0001/0.0005

T

0.005 * 0.17T1 + 2 27 0.016 0.01/0.03 0.0002 0.0001/0.0005

T3 + 4 38 0.026 0.02/0.05 0.0003 0.0001/0.0007

N

0.005 * 0.11N0 32 0.018 0.01/0.03 0.0002 0.0001/0.0005

N1–3 33 0.028 0.02/0.05 0.0004 0.0001/0.0011

M

0.004 * 0.3M0 52 0.02 0.01/0.03 0.0002 0.0001/0.0005

M1 13 0.05 0.02/0.13 0.0004 0.0001/0.0011

Stage

0.006 * 0.05I + II 31 0.018 0.01/0.03 0.0002 0.0001/0.0005

III + IV 34 0.026 0.02/0.06 0.0004 0.0001/0.0011

Survival status
(N = 63)

0.8 0.8Alive 61 0.02 0.01/0.04 0.0002 0.0001/0.0005

Dead 2 0.02 0.01/0.02 0.0004 0.0002/0.0006

Lauren classification (N = 58)

0.11 0.99Diffuse 51 0.02 0.01/0.03 0.0002 0.0001/0.0005

Intestinal 7 0.03 0.02/0.09 0.0002 0.0001/0.0007

Signet ring cells

0.2 0.3Yes 24 0.02 0.01/0.03 0.0002 0.0001/0.0005

No 16 0.03 0.02/0.04 0.0003 0.0001/0.0010

Tumor localization

0.43 0.71

(N = 61)

Antral region 6 0.02 0.02/0.13 0.0002 0.0001/0.0014

Cardia 10 0.03 0.02/0.04 0.0002 0.0001/0.0006

Body 45 0.02 0.01/0.03 0.0003 0.0001/0.0005

* Statistically significant p < 0.05; N—number of patients in the study; M—median; Q1—quartile 25%; Q3—quartile
75%; p-value. Statistically significant p-values are indicated with an asterisk.
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2.7. Diagnostic Value of miR-129-5p and miR-3613-3p Was Estimated by the ROC-Curves

To estimate the potential clinical relevance of miR-129-5p and miR-3613-3p, a receiver
operating characteristic (ROC-curves) was used. MiRNAs abundance in the plasma of GC
patients was compared with their clinical and pathological characteristics with consequent
one-dimensional logistic regression analysis to calculate the area under the ROC-curve (AUC)
with a statistical significance level of more than 0.5. Acceptable values of AUC (>0.7) were
demonstrated for associations of miR-129-5p abundance with the primary tumor size, metastases
to regional lymph nodes, distant metastases and clinical stages of GC (Figure 7). The combination
of miR-129-5p and miR-3613-3p did not improve the prognostic value of the system (Table 4).
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Table 4. Characteristics of miR-129-5p and miR-3613-3p diagnostic value in plasma of GC patients.

MiRNAs Variables AUC Specificity Sensitivity

Combination
T

0.67 0.60 0.66
miR-129-5p 0.71 0.79 0.54
miR-3613-3p 0.59 0.51 0.67

Combination
N

0.67 0.45 0.80
miR-129-5p 0.71 0.54 0.79
miR-3613-3p 0.60 0.37 0.87

Combination
M

0.69 0.53 0.87
miR-129-5p 0.74 0.61 0.89
miR-3613-3p 0.52 0.31 0.81

Combination
Stage

0.69 0.50 0.78
miR-129-5p 0.71 0.55 0.74
miR-3613-3p 0.64 0.52 0.74

3. Discussion
In recent years, many ncRNAs have been identified as important participants in

tumorigenesis. MiRNAs regulate many genes, including oncogenes and tumor-suppressors.
Being aberrantly expressed, such miRNAs affect numerous signaling pathways and thus
can lead to tumor initiation and progression [32,33]. Given the significant role of miRNAs
in oncogenesis and their disease-specific expression patterns, they could be considered as
potential therapeutic targets and novel biomarkers [34]. In our work, we quantified the
expression of miR-129-5p and miR-3613-3p in tissues and plasma of GC patients, as well
as in normal gastric tissue samples and plasma from healthy donors, to investigate their
clinical value.

We revealed no differences between miR-129-5p expression levels in tumor and ad-
jacent non-tumor tissues of GC patients (p = 0.85). However, miR-129-5p expression in
both tumor and non-tumor tissues of GC patients was significantly different compared
to the sectional samples of normal gastric tissue (p = 0.002 and p = 0.033, respectively).
Such differences confirm that miR-129-5p expression depends on tumor lesions and can
be deregulated in both tumor and non-tumor tissues of GC patients. The miR-3613-3p
expression was also not different when we compared the tumor and non-tumor tissues of
GC patients (p = 0.5) but was significantly different in tumor tissues and gastric normal
tissues of the control group (p = 0.01). The aberrant expression pattern of both miRNAs
in histologically normal non-tumor tissues of GC patients could be related to the field of
cancerization. Therefore, despite the absence of tumor cells, the non-tumor tissues were
affected by the growing tumor and are characterized by genetic and epigenetic alterations.

It was already described that increased miR-129-5p expression suppresses GC progres-
sion by interacting with its target genes, such as HMGB1 [35], SPOCK1 [36], COL1A1 [16],
HOXC10 [37], and IL-8 [38]. Previous investigations have also demonstrated that ectopic
miR-129-5p expression suppresses the proliferation and invasiveness of GC cells by in-
ducing G1 phase arrest in vitro and inhibits tumor growth in vivo [37]. Our results were
different from those published earlier: miR-129-5p expression level was significantly lower
in the tissues of GC patients compared to the healthy controls. It may be related to the het-
erogeneity of our sample set, where miR-129-5p was both downregulated and upregulated
in different samples. Similar ambiguous changes in miR-129-5p expression have already
been reported in hepatocellular carcinoma [39].

The analysis of plasma samples from GC patients and healthy donors also revealed
correlations of miR-129-5p expression with clinical and pathological characteristics of
GC patients. Thus, increased miR-129-5p expression was significantly associated with
T3 + T4 group according to the TNM classification (p = 0.005) and later stages of the disease
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(stage III + IV) (p = 0.006), as well as with metastases to regional lymph nodes (N1–3)
(p = 0.005) and distant M1 metastases (p = 0.004).

In our study, the average miR-3613-3p expression level was increased in the tumor
tissue of GC patients when compared to the normal gastric tissues of a healthy control
group (p = 0.01). In plasma samples of GC patients, miR-3613-3p was also upregulated
but not statistically significant. Our data are in concordance with results obtained by Bibi
et al. In their study of GC patients from the Saudi Arabian population in the early and
late stages of cancer, miR-3613-3p expression was also increased compared to the healthy
gastric samples [18]. In addition, increased miR-3613-3p expression was shown to promote
proliferation and metastasis in breast cancer cells by targeting SOCS2 [40].

We have shown an association of miR-3613-3p expression in the tumor tissue of GC
patients with the status of overall survival (p = 0.027), the Lauren classification (p = 0.011)
and the primary tumor size T (p = 0.011). Statistically significant differences in miR-3613-3p
expression levels were also found in the adjacent non-tumor tissue of GC patients. There
are associations with the age group (p = 0.011), overall survival (p = 0.024), the primary
tumor size T (p = 0.021) and the presence or absence of MSI (p = 0.018). Moreover, accord-
ing to these clinical and pathological characteristics, low expression of miR-3613-3p was
associated with a worse prognosis. Differential miR-3613-3p expression was observed in
tissues and plasma of patients with lung adenocarcinoma and was associated with TNM
stages [41]. However, in the plasma of GC patients, we could not find any significant asso-
ciations of miR-3613-3p expression when compared with various clinical and pathological
characteristics. The small amount of published data on miR-3613-3p suggests that its role
in GC remains unclear.

The high frequency of ARID1A mutation in cancer highlights its importance in onco-
genesis. Mutations in ARID1A are usually inactivating (for example, nonsense mutations,
reading frame shift mutations, mutations of one allele with loss of heterozygosity of another)
and lead to loss of gene function and prevention of corresponding protein synthesis [42]
and are associated with an increased risk of GC [43]. In normal cells, accumulation of the
produced ARID1A protein is detected during the G1 phase of the cell cycle, and a strong
decrease occurs during the G1–S phase [44]. The loss of ARID1A protein was heterogeneous
in GC tumor tissue, thus suggesting that ARID1A mutations may be a later event of gastric
carcinogenesis [45]. The recent review discussed the dual role of ARID1A as a suppressor
gene and as an initiator of tumor progression [44,46].

In our study, ARID1A expression was significantly lower in tumor and adjacent non-
tumor tissues compared to sectional normal gastric samples (p < 0.0001). However, no
significant differences were found between the tumor and non-tumor tissues of GC patients
(p = 0.5). A decreased ARID1A expression was already reported in GC tumor tissues, and it
also was not statistically significant compared to the adjacent non-tumor tissue [47]. Wang
et al. showed a statistically significant decrease in ARID1A expression in tumor tissues
compared to non-tumor tissues of GC patients [48]. A decrease or loss of the ARID1A
protein was observed in about 22% of GC cases [49,50].

In hepatocellular carcinoma, ARID1A demonstrated a higher expression in primary tu-
mors than in metastatic tumors, which suggests that ARID1A expression may be decreased
after the initiation of oncogenesis [51]. We have shown that a low ARID1A expression in
the tumor tissue of GC patients is significantly associated with a large primary tumor size
(T3 + T4) (p = 0.037). Previously published studies also confirmed that reduced ARID1A
expression is often associated with late stages of oncogenesis [48,52,53]. The decreased level
of ARID1A protein in GC patients was associated with an increase in tumor invasion and,
thus, with the progression of the disease rather than the early stages [54]. This indicates the
role of ARID1A expression in primary cancer in various types of tumors.
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The analysis of the overall survival of GC patients revealed that ARID1A expression
in tumor tissues was significantly higher in patients who survived at the time of the study
(p = 0.038). However, no significant differences were found when we compared survival
using the Kaplan–Meier method. It has previously been shown that the downregulation
of ARID1A was correlated with a poor prognosis for GC patients [55,56]. Low ARID1A
expression was also associated with the survival status of GC patients [57–59]. In our study,
ARID1A expression was correlated with the type of tumor according to Lauren classification
in both tumors (p = 0.001) and non-tumor tissue (p = 0.002), which is in concordance with
the other investigation [45].

ARID1A expression was also associated with somatic mutations in tumor driver genes.
Thus, its expression in tumor tissue correlated with mutations in CDH1 (p = 0.04), whereas
its expression in non-tumor tissues of GC patients was correlated with mutations in TP53
(p = 0.038). In a study conducted on cell cultures, it was shown that knockdown of ARID1A
led to decreased CDH1 expression [60]. TP53 and ARID1A are known to be frequently
mutated in different tumor cells but rarely in the same primary tumor [61,62]. In our
study, ARID1A expression in non-tumor tissue of GC patients was significantly higher
in samples with mutated TP53. ARID1A expression in tumor tissue of GC patients was
also higher in samples with mutated TP53. However, this difference was not statistically
significant (p = 0.2). It was suggested that the deregulation of ARID1A and TP53 may affect
independent tumor progression pathways [52].

Currently, a number of studies describe the direct regulation of ARID1A by miRNAs
in different types of tumors. For example, miR-7641 promotes cell proliferation and colony
formation [63], and miR-223-3p promotes cell invasion and proliferation [64] in GC by di-
rectly targeting ARID1A. MiR-221 and miR-222 simultaneously target ARID1A and enhance
the proliferation and invasion of cervical cancer cells [65]. MiR-144-3p downregulates
ARID1A and thus promotes cell proliferation, metastasis, and Sunitinib resistance in clear
cell renal cell carcinoma [66], whereas miR-31 functions as an oncomir for ARID1A in
cervical cancer [67].

The algorithms TargetScanHuman 7.1 and mirDIP predicted miR-129-5p and miR-
3613-3p as potential regulators of the ARID1A based on the complementarity of their
binding sites. We found an inverse correlation between the expression levels in tumor
and adjacent non-tumor tissues of GC patients for both pairs (p < 0.0001). Evaluation
of the correlation between transcript expression levels in potential regulatory pairs by
Spearman’s rank correlation coefficient showed only a weak negative linear relationship
between the expression levels of ARID1A and miR-129-5p in tumor r = −0.2 (p = 0.04)
and a weak negative linear relationship between the expression of ARID1A and miR-3613-
3p in tumor r = −0.26 (p = 0.008) and adjacent non-tumor tissues r = −0.25 (p = 0.009),
which may also indicate the inverse correlations in the pairs miR-129-5p/ARID1A and
miR-3613-3p/ARID1A. To further address their potential regulation, both mRNA/miRNA
pairs were validated in vitro on a panel of 6 cancer cell lines. Ectopic expression of each of
the investigated miRNAs resulted in a significant decrease in ARID1A expression in almost
all cell lines by 29–76%.

Therefore, we can suggest that ARID1A, miR-129-5p and miR-3613-3p are aberrantly
expressed in gastric cancer and involved in its tumorigenesis, and additional studies are
needed to shed light on their functions and prognostic value.

4. Materials and Methods
4.1. Patients

The study included 110 paired samples of GC tumor material and morphologically
normal adjacent non-tumor tissue and the independent set of 65 plasma samples of GC
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patients. All patients were diagnosed and undergone surgical treatment at the N.N. Bur-
denko Elective Surgery Clinic of the I.M. Sechenov First Moscow State Medical University.
GC was confirmed by morphological examination of the surgical material. The clinical and
pathological characteristics of patients are presented in Table 5.

Table 5. The clinical and pathological characteristics of patients.

Variables

GC Tissues Plasma

Patients
(N = 110)

Healthy Controls
(N = 38)

Patients
(N = 65)

Healthy Controls
(N = 48)

Gender
Female 49 (44.5%) 14 (37%) 29 (45%) 28 (58%)
Male 61 (55.5%) 24 (63%) 36 (55%) 20 (42%)

Age (years)
<49 13 (12%) 17 (45%) 9 (14%) 16 (33%)

>=50 97 (88%) 21 (55%) 56 (86%) 32 (67%)

T
T1 13 (12%) 3 (5%)
T2 40 (36%) 24 (37%)
T3 30 (27%) 29 (44%)
T4 27 (25%) 9 (14%)

N
N0 60 (54%) 32 (49%)
N1 35 (32%) 27 (42%)
N2 14 (13%) 4 (6%)
N3 1 (1%) 2 (3%)

M
M0 101 (92%) 52 (80%)
M1 9 (8%) 13 (20%)

Stage
I 20 (18%) 3 (5%)
II 42 (38%) 28 (43%)
III 41 (37%) 21 (32%)
IV 7 (7%) 13 (20%)

Survival status (N = 63)
Alive 73 (66%) 61 (97%)
Dead 37 (34%) 2 (3%)

Lauren
classification (N = 58)

Diffuse 81 (74%) 51 (88%)
Intestinal 29 (26%) 7 (12%)

Signet ring cells
No 71 (65%) 43 (66%)
Yes 39 (35%) 22 (34%)

Tumor localization
Antral region 20 (18%) 6 (10%)

Body 73 (66%) 40 (61%)
Cardia 17 (16%) 19 (29%)

N—Number of cases (%).

Additionally, 38 sectional normal gastric tissue samples from people who died for
reasons unrelated to cancer and 49 plasma samples from healthy donors with no history of
cancer were included in the investigation as controls.

All subjects gave their informed consent for inclusion before they participated in
the study. The study was conducted in accordance with the Declaration of Helsinki and
the protocol №04-19 approved by the Ethics Committee of Sechenov First Moscow State
Medical University (Sechenov University) on 06 March 2019.

4.2. Tissue and Plasma Samples

The tissue samples were frozen directly after surgery and stored at −80 ◦C. Blood
samples from each patient and healthy donor were collected into K3EDTA tubes. Plasma
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was obtained by centrifugation and frozen at −80 ◦C. The material was annotated with an
indication of localization, clinical stage, classification according to Lauren, the presence or
absence of signet ring cells, metastases to regional lymph nodes and distant metastases, as
well as according to the TNM classification.

4.3. Cell Lines

The cell lines were purchased from the American Type Culture Collection. The cell
lines SNU-1 и 769-P were grown in RPMI 1640 medium, supplemented with 10% fetal
bovine serum (v/v) and 1% of antibiotic mixture penicillin–streptomycin (v/v) (all from
Gibco, Waltham, MA, USA). The HCT116, MCF7, SKBR3 and A549 were grown in DMEM
medium supplemented with 10% fetal bovine serum (v/v) and 1% of antibiotic mixture
penicillin-streptomycin (v/v) (Gibco, USA). All cell lines were incubated at 37 ◦C in a
humidified atmosphere containing 5% CO2. All tested cell lines were authenticated by STR
DNA Profiling Analysis (GORDIZ, Moscow, Russia).

4.4. RNA Extraction and Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from samples by using Trizol (Life Technologies, Carls-
bad, CA, USA) and the miRNeasy Mini Kit (Qiagen, Hilden, Germany) according to the
protocol of manufacturers with small modifications. The NanoDrop 2000 micro-volume
spectrophotometer (Thermo Fisher Scientific, New York, NY, USA) was used to estimate
the concentration and purity of the obtained RNA.

For each sample, cDNA was synthesized from 300 ng of total RNA using MiScript II
RT Kit (Qiagen) under the recommended protocol. Real-time PCR was performed on the
CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) in three repetitions
for each transcript and control, using the MiScript SYBR Green PCR Kit (Qiagen) according
to the manufacturer’s protocol. Housekeeping gene GAPDH (Glyceraldehyde 3-phosphate
dehydrogenase) and snRNA RNU6B were used as controls for ARID1A and miRNAs,
respectively, when the expression in tissue samples was analyzed. The primer sequences
are listed in Table 6. Exogenous control cel-miR-39-3p was used as a control for miRNAs
in the plasma sample. Presynthesized miScript Primer Assay (Qiagen) primer was used
for cel-miR-39-3p. Data of the ncRNAs expression were normalized and analyzed using
the ∆∆Ct method. The obtained Ct values were normalized and analyzed using the 2-∆Ct
method and were presented as relative expression units (REU) [68].

Table 6. Primer sequences.

Primer Sequence

ARID1A_F 5′-CAGTACCTGCCTCGCACATA-3′

ARID1A_R 5′- GCCAGGAGACCAGACTTGAG-3′

GAPDH_F 5′-CACCCACTCCTCCACCTTTG-3′

GAPDH_R 5′-CCACCACCCTGTTGCTGTAG-3′

miR-129-5p 5′- TTTTGCGGTCTGGGCTTGC-3′

miR-3613-3p 5′-ACAAAAAAAAAAGCCCAACCCTTC-3′

RNU6B 5′-TGCGCAAGGATGACACGCAA-3′

4.5. MSI Analysis

The status of microsatellite instability (MSI) was determined by using fragment analy-
sis on an ABI PRISM 3500 (8 capillaries; 50 cm; Applied Biosystems, Waltham, MA, USA)
with five mononucleotide markers (NR21, NR24, NR27, BAT25, and BAT26) (Table 7) [69].
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Table 7. Markers for the MSI analysis and their conditions.

Marker Locus Genome
Coordinates Primers Length (nt)

NR21 14q11.2 14:23,125,294–
23,183,659

FAM–GTCGCTGGCACAGTTCTA
R–CTGGTCACTCGCGTTTACAA 110

NR24 2q11.1 2:95,165,808–
95,184,316

FAM–CTGAATTTTACCTCCTGAC
R–ATTGTGCCATTGCATTCCAA 129

BAT25 4q12 4:54,657,927–
54,740,714

FAM–TCGCCTCCAAGAATGTAAGT
R–TCTGCATTTTAACTATGGCTC 124

BAT26 2p21–p16 2:47,403,066–
47,634,500

FAM–TGACTACTTTTGACTTCAGCC
R–AACCATTCAACATTTTTAACCC 122

NR27 2p22.1 2:39,248,940–
39,437,311

FAM–AACCATGCTTGCAAACCACT
R–CGATAATACTAGCAATGACC 90

DNA fragments were amplified by PCR according to the previously described proto-
col [70].

4.6. Screening for CDH1 and TP53 Mutations by NGS

Genomic DNA was isolated from formalin-fixed paraffin-embedded (FFPE) samples by
a QIAamp DNA FFPE Tissue kit, as recommended by Qiagen (Germany). Deep sequencing
was performed using the Ion Torrent platform (Life Technologies) following the established
protocol [71].

We utilized our original, customized panel, comprised of six hereditary GC-related
genes (HGC panel) [70]. An HGC panel with 218 primer pairs was designed to amplify
all coding regions, noncoding regions of the terminal exons, and putative splice site gene
regions for six human genes: BMPR1A, SMAD4, CDH1, TP53, STK11, and PTEN. The panel
was designed using the Ion Ampliseq Designer v.3.6, and it covers 42,320 bp of human
genome sequences. The detailed methodology for the preparation of libraries of genomic
DNA fragments, clonal emulsion PCR, sequencing and bioinformatic analysis of the results
was described in our previously published paper [70].

4.7. Generation of miRNAs Expression Constructs

To ectopically express miR-129-5p and miR-3613-3p in cancer cell line SNU-1, HCT116,
MCF-7, SKBR3, 769-P and A549, their DNA sequences were cloned into expression plas-
mids pSecTag2B (Invitrogen) by using standard genetic engineering techniques [72]. A
full-length cDNA of miRNAs miR-129-5p (GGATCTTTTTGCGGTCTGGGCTTGCTGTTC-
CTCTCAACAGTAGTCAGGAAGCCCTTACCCCAAAAAGTATCT) and miR-3613-3p (TG-
GTTGGGTTTGGATTGTTGTACTTTTTTTTTTGTTCGTTGCATTTTTAGGAACAAAAA
AAAAAGCCCAACCCTTCACACCACTTCA) were amplified using the Phusion DNA
Polymerase (Thermo Scientific) with a pair of target-specific PCR primers (Table 8) contain-
ing the CciNI and NotI restriction sites (shown in italics). The amplification reaction was
carried out with the following procedures: initial denaturation at 98 ◦C for 50 s followed by
10 consecutive cycles of denaturation at 98 ◦C for 10 s, annealing at 66 ◦C for 15 s, extension
at 72 ◦C for 10 s and 20 cycles of 98 ◦C for 10 s, 72 ◦C for 15 s, and final extension at 70 ◦C
for 5 min.

Table 8. Primers for amplification of DNA sequences of miRNAs.

Primer Sequence Length of
Amplicon (nt)

miR-129 F ATATGCTAGCGGATCTTTTTGCGGTCTGGGCTTGC
92miR-129 R ATGCGGCCGCAGATACTTTTTGGGGTAAGGGCTTCCTG

miR-3613 F ATATGCTAGCTGGTTGGGTTTGGATTGTTGTACTT
107miR-3613 R ATGCGGCCGCTGAAGTGGTGTGAAGGGTTGG
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The amplification reaction was carried out with the following procedures: initial
denaturation at 98 ◦C for 50 s followed by 10 consecutive cycles of denaturation at 98 ◦C
for 10 s, annealing at 66 ◦C for 15 s, extension at 72 ◦C for 10 s and 20 cycles of 98 ◦C for
10 s, 72 ◦C for 15 s, and final extension at 70 ◦C for 5 min. The amplified miR-129-5p and
miR-3613-3p were gel-purified by the CleanupMini kit (Evrogen, Moscow, Russia). After
digestion with CciNI (SibEnzyme) and NotI (Thermo Scientific) restriction enzymes, the
purified products were ligated into the cloning site of pSecTag2B vectors using T4 DNA
ligase (Thermo scientific). Transfection of the ligase mixture was performed by the calcium
transformation method. Competent cells of the E. coli XL1-Blue strain were used as trans-
formants. Cell selection was carried out on Petri dishes with LB agar containing ampicillin.
Colony screening was performed by PCR using standard vector primers along the length
of the amplification products. Plasmid DNA was isolated from selected clones using a
Plasmid Miniprep Color kit (Evrogen); the concentration was measured and analyzed by
sequencing on an ABI310 genetic analyzer (Applied Biosystems, USA).

4.8. Transfection with miR-129-5p and miR-3613-3p Expression Plasmid

For transfection experiments, cancer cells SNU-1, HCT116, MCF-7, SKBR3, 769-P
and A549 were seeded in 6-well plates with a density of 4 × 105 cells/well (SNU-1)
or 2.4×105 cells/well (all other cell lines) in complete growth medium and allowed to
attach overnight. Cell number was estimated by staining with trypan blue and counting
viable cells in a Neubauer chamber. Cells were transfected with 2000 ng miR-129-5p
or miR-3613-3p expressing vector pSecTag2B or the empty plasmid as a mock control
using TurboFect Transfection Reagent (Thermo Scientific) according to the manufacturer’s
protocol. Cells were harvested at 24, 48, and 72 h following transfection, and the best
efficiency was observed after 48 h. The transfection efficiency was verified using Western
blotting, according to the previously published protocol [73]. The experiment was repeated
at least three times with similar results.

4.9. Statistical Analysis

Statistical analysis of the results was performed by using the Statistica13.1 (StatSoft,
Tulsa, OK, USA). The normality of sample distribution was evaluated using the Shapiro–
Wilk test (for sample sizes < 50 samples) or the Kolmogorov–Smirnov test (for sample
sizes > 50 samples). In the normal distribution, the mean and standard deviation were
used. When the distribution was not normal, quantitative characteristics were described
by using the median (Me) and the lower and upper quartiles (Q1–Q3). The comparison of
the two groups by a quantitative indicator having a normal distribution was performed
using the Student’s t-test; the comparison of the two groups’ variables with the distribution
differed from the normal was performed by the Mann–Whitney test. The Kruskal–Wallis
test was used when comparing three or more groups of variables, the distribution of which
differed from the normal.

The direction and strength of the linear association between two variables were esti-
mated using Spearman’s rank correlation coefficient (with a distribution of variables other
than normal). Measurement of the correlations between ARID1A and miRNAs miR-129-5p
and miR-3613-3p were performed using the RNAhybrid 2.2 tool.

A predictive model characterizing the dependence of a variable on factors was de-
veloped using linear regression. The Kaplan–Meier method was used to analyze overall
survival. To explore the potential of microRNAs as a predictive biomarker, receiver oper-
ating characteristic curves (ROC-curves) were constructed, and the area under the curve
(AUC) was calculated by calculating sensitivity and specificity at various threshold levels.
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Potentially useful predictors have been included in one-dimensional and multidimensional
logistic regression analysis.

p < 0.05 values were considered statistically significant.

5. Conclusions
In our work, we have shown statistically significant differences between the expression

of ARID1A and miR-129-5p in tissues of GC patients compared to sectional gastric samples
of a healthy control group. MiR-129-5p was also differentially expressed in the plasma of
GC patients. Expression of ARID1A, miR-129-5p and miR-3613-3p was associated with
clinical and pathological characteristics of tumor growth, microsatellite instability (MSI)
and mutations in CDH1 and TP53. We performed an in vitro validation of predicted target
pairs miR-129-5p/ARID1A and miR-3613-3p/ARID1A in cancer cell lines. The obtained
data suggest a complex role of ARID1A and miRNAs miR-129-5p and miR-3613-3p in
gastric tumorigenesis; however, additional studies are needed to confirm their potential
clinical value.
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