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Abstract

Cisplatin (CDDP) resistance is a major clinical problem associated with poor prognosis in gastric 

cancer (GC) patients. In this study, we performed integrated analysis of TCGA data from 

microRNAs (miRNAs) expression matrix of GC patients who received CDDP-based 

chemotherapy with GEO dataset which contains differential miRNAs expression profiles in 

CDDP-resistant and -sensitive cell lines. We identified miR-148a-3p downregulation as a key step 

involved in CDDP resistance. Using a cohort consisting 105 GC patients who received CDDP-

based therapy, we found that miR-148a-3p downregulation was associated with a decrease in 

patients’ disease-free survival (DFS, P=0.0077). A series of experiment data demonstrated that: 1) 

miR-148a-3p was downregulated in CDDP-resistant GC cell lines; 2) miR-148a-3p reconstitution 

sensitized CDDP-resistant cells to CDDP treatment through promoting mitochondrial fission and 

decreasing AKAP1 expression level; 3) AKAP1 played a novel role in CDDP resistance by 

inhibiting P53-mediated DRP1 dephosphorylation; 4) miR-148a-3p reconstitution in CDDP-

resistant cells inhibits the cyto-protective autophagy by suppressing RAB12 expression and 
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mTOR1 activation. Taken together, our study demonstrates that miR-148a-3p could be a promising 

prognostic marker or therapeutic candidate for overcoming CDDP resistance in GC.
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1. Introduction

Gastric cancer (GC) is one of the most common malignancies world-wide with high 

prevalence in East Asia. In fact, GC is the second leading cause of cancer-related death 

worldwide[1]. Cisplatin (CDDP) or Fluorouracil-based chemotherapy is the first-line 

regimen used to treat patients with locally advanced or metastatic GC [2]. However, more 

than 50% of patients exhibit intrinsic or acquired drug resistance with 5-year survival rates 

approximately 20% [3]. CDDP drug resistance could be determined by several factors, such 

as reduction in drug influx, improvement in drug efflux or metabolism, increase in DNA 

repair, activation of pro-survival signaling, and inhibition of pro-apoptotic pathways [4]. The 

molecular mechanisms underlying these phenomena remain to be explored, and new 

therapeutic strategies for treating GC are urgently needed.

Uncontrolled proliferative capacity and oncogenic features of cancer cells require a 

sustained high energy source that meets the cancer cell energy demands. Genes or non-

coding RNA associated with energy synthesis and metabolism play an important role in 

carcinogenesis and tumor progression [5–7]. Mitochondria are an essential energy source in 

cells where changes of mitochondria metabolic homeostasis directly determine the fate of 

cancer cells [8]. It has been shown that mitochondrial fusion and fission, collectively termed 

mitochondrial dynamics, are determinants of mitochondrial stability [9]. Both excessive 

fusion and fission can cause mitochondrial dysfunction in cancer cells [10]. Furthermore, 

mitochondria-dependent apoptosis is recognized as one of the most important intrinsic 

pathways leading to cancer cell death in response to anti-cancer therapies [11]. Recent 

studies have shown that mitochondrial fission is a critical initiating step of mitochondria-

mediated apoptosis [12]. Dynamin-Related Protein 1 (DRP1) is an upstream regulator of 

mitochondrial fission [13]. Several studies demonstrated that targeting DRP1 and 

mitochondrial fission may be an effective approach in cancer treatment [14]. Additionally, 

Fission, Mitochondrial 1 (FIS1), which serves as a receptor to recruit DRP1 to mitochondria, 

has also been uncovered to promote CDDP sensitivity in tongue squamous cell carcinoma 

[15]. This information suggests a close relationship between DRP1-mediated mitochondrial 

fission and CDDP sensitivity in cancer.

Autophagy is a stress response intracellular degradation system that utilizes organelles and 

proteins to produce energy for promoting cancer cells survival [16]. Autophagy inhibitors 

could enhance apoptosis (type I cell death) in many types of cancer [17–19]. Therefore, 

cancer cells may have the ability to use mitochondria and autophagy as two major sources 

for energy production that is required for multiple oncogenic cellular functions including 

resistance to cell death, proliferation, and invasion. However, excessive autophagic process 
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can also lead to autophagic cell death (ACD), also known as type II cell death [20], this 

might be due to either autophagic digestion of cytoplasmic substances reaching a lethal 

threshold or cellular selective degradation of cargos needed for survival. Thus, autophagic 

process is a “double-edged sword” in cancer cells and needs to be carefully studied.

MicroRNAs (miRNAs) function as the central controllers of gene expression, which regulate 

mRNAs by cleaving them or preventing their translation [21]. Previous studies have shown 

that miRNAs regulate key cellular functions and are deregulated in several cancer types [22, 

23], including GC [24]. miR-148a-3p is a member of the miR-148/152 family, which has 

been established with tumor suppressor functions [25–27]. However, molecular and 

mechanistic data regarding the relationship between miR-148a and CDDP sensitivity or 

resistance is lacking. Using bioinformatics analyses combining TCGA with GEO datasets, 

we demonstrate that miR-148a-3p plays an important role in CDDP cytotoxicity of GC cells. 

Further experiments elucidate that miR-148a-3p modulates CDDP sensitivity by 

simultaneous regulating Ras-related protein Rab-12, a member of the RAS Oncogene 

Family, (RAB12)-mediated autophagy and A-Kinase Anchoring Protein 1 (AKAP1)-

mediated mitochondrial fission. These findings suggest that the miR-148a-3p-RAB12 and -

AKAP1 axes can serve as a potential therapeutic target in the treatment of GC as well as a 

biomarker to predict responsiveness to CDDP in management of GC patients.

2. Materials and Methods

All the materials and methods, and abbreviations are included in Supplementary Materials 

and Methods.

3. Results

3.1 miR-148a-3p expression level is decreased in CDDP-resistant GC tissues and 
associated with poor clinical outcome

To find out the miRNAs associated with CDDP sensitivity and resistance in GC, miRNA 

expression levels were analysed by combining TCGA database, including 31 GC patients 

who received CDDP-based chemotherapy after surgery, with a GEO database containing 

microarray results pertaining to CDDP-resistant or CDDP-sensitive GC cells (GSE86195). 

The integrated analysis identified two upregulated CDDP resistant-related miRNAs 

(miR-99a-5p and miR-3130-5p) and four downregulated CDDP sensitive-related miRNAs 

(miR-148a-3p, miR-149-3p, miR-373-3p, and miR-409-5p) (Fig. 1A and Table S1). 

Expression of miR-148a-3p was decreased both in CDDP-resistant BGC823 and SGC7901 

cells compared with their parental CDDP-sensitive cells, based on the GEO dataset (Fig. 

1B). Reduced expression of miR-148a-3p was also observed in six CDDP-resistant patients, 

as compared to twenty-five CDDP-sensitive subjects based on TCGA database (Fig. 1C). 

Additionally, miR-148a-3p was one of the miRNAs that had the highest average expression 

level (32775 reads) among patients on TCGA (Fig. 1D). These findings suggested that 

miR-148a-3p may be involved in CDDP sensitivity. We next investigated the expression 

level of miR-148a-3p in human GC tissue samples. miR-148a-3p expression level was 

significantly downregulated in CDDP-resistant GC tissues (n=13), as compared with CDDP-

sensitive GC tissues (n=92) (Fig. 1E). In patients who received CDDP-based therapy, high 
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expression levels of miR-148a-3p in GC tissues were associated with significantly increased 

five-year disease free survival, as compared with low expression group (Fig. 1F). Similar 

result was acquired when we used cut-off value to group survival data (Supplementary Fig. 

S1A–C). Clinicopathological characteristics analysis in the same patient groups showed that 

miR-148a-3p expression level was negatively correlated with tumor size, clinical stage, T 

classification, and CDDP resistance (Table 1). Besides, miR-148a-3p expression levels were 

also significantly decreased in CDDP-resistant BGC823 and SGC7901 cells (i.e. 

BGC823CDDP and SGC7901CDDP), as compared with parental-sensitive cells (i.e. 

BGC823 and SGC7901) (Fig. 1G). The resistance to CDDP was validated in both 

BGC823CDDP and SGC7901CDDP cells using CCK-8 assay (Supplementary Fig. S1D–F).

3.2 miR-148a-3p enhances CDDP cytotoxicity of GC cells in vitro

Stable miR-148a-3p reconstitution in BGC823CDDP and SGC7901CDDP cells decreased 

the CDDP IC50s in contrast to control cells (Fig. 2A and Supplementary Fig. S2A). On the 

other hand, miR-148a-3p inhibition significantly increased the IC50s of BGC823 and 

SGC7901 cells (Fig. 2B and Supplementary Fig. S2B). Consistently, reconstitution of 

miR-148a-3p also decreased the numbers of cell colony and promoted apoptosis in colony 

formation assay (Fig. 2C and Supplementary Fig. S2C) and flow cytometry analysis (Fig. 2E 

and Supplementary Fig. S2E, G, I). Whereas miR-148a-3p stable suppression could observe 

the opposite results (Fig. 2D, F and Supplementary Fig. S2D, F, H, J). Western blot was 

utilized to investigate the possible mechanism underlying. miR-148a-3p reconstitution in 

BGC823CDDP or SGC7901CDDP cells increased cleaved caspase-3 protein level, but 

decreased the inactivated form of caspase-3 protein level, with or without CDDP treatment, 

as compared with controls (Fig. 2G and I). Whereas, we detected the opposite findings in 

miR-148a-3p inhibited BGC823 and SGC7901 cells (Fig. 2H and J). Our findings imply that 

miR-148a-3p could play an important role in sensitizing GC cells to CDDP through 

enhancing CDDP-induced cell apoptosis.

3.3 miR-148a-3p sensitizes GC cell to CDDP by increasing mitochondrial fission-induced 
apoptosis

Immunostaining of phospho-H2AX (yH2AX) and ELISA assay for DNA-CDDP adducts 

detection [28] were used to test whether miR-148a-3p facilitated CDDP sensitivity in GC 

cells through inhibiting the DNA damage repair process. Under CDDP treatment conditions, 

we did not detect significant differences in yH2AX following reconstitution or inhibition of 

miR-148-3p in resistant and sensitive cells, respectively (Fig. 3A and Supplementary Fig. 

S3A–D). There were also no significant changes in the DNA-CDDP adduct amounts in the 

same cells (Supplementary Fig. S3E–H). Subsequently, mitochondrial membrane potential 

(MMP) and reactive oxygen species (ROS) levels were tested to explore the potential 

mechanism of caspase-3 activation. Of note, we detected a reduction in MMP levels (Fig. 3B 

and Supplementary Fig. S3I, K, M) with an elevation in ROS levels (Fig. 3D and 

Supplementary Fig. S4A, C, D) following reconstitution of miR-148a-3p with or without 

CDDP treatment. Converse results were determined in miR-148a-3p inhibited BGC823 and 

SGC7901 cells (Fig. 3C and Supplementary Fig. S3J, L, N) (Fig. 3E and Supplementary Fig. 

S4B, E, F). Collectively, these results suggested that miR-148a-3p promoted mitochondrial 

dysfunction induced by CDDP in GC cells. We next used the Mito-Tracker Green probes to 
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detect mitochondrial fission in GC cells. Our data demonstrated that numbers of 

mitochondrial fragment were significantly increased following miR-148a-3p reconstitution 

in BGC823CDDP and SGC7901CDDP cells with or without CDDP treatment (Fig. 3F and 

Supplementary Fig. S4G, I, J), but decreased in miR-148a-3p suppressed BGC823 and 

SGC7901 cells (Fig. 3G and Supplementary Fig. S4H, K, L). Moreover, Western blot 

indicated that protein levels of cytochrome C were increased in cytosol of miR-148a-3p 

reconstituted cells and diluted in mitochondria (Fig. 3H and Supplementary Fig. S4M). 

However, an inverse results were found after miR-148a-3p inhibition in BGC823 and 

SGC7901 cells (Fig. 3I and Supplementary Fig. S4N). Together, these results suggest that 

miR-148a-3p increases CDDP-induced apoptosis through enhancing mitochondrial fission 

and dysfunction in GC cells.

3.4 miR-148a-3p promotes CDDP-induced cell death by inhibiting autophagosome 
formation in GC cells

Recent studies have uncovered that miRNAs could affect CDDP sensitivity in cancer cells 

by regulating autophagy [29, 30]. Therefore, we explored whether miR-148a-3p could also 

promotes CDDP-induced cell death through regulating gastric cancer cells’ intracellular 

autophagy. MAP1LC3/LC3 (microtubule-associated protein 1 light chain 3), which is known 

as Atg8 in yeast, is a commonly used marker to monitor autophagy. During autophagy 

process, LC3-I, the lipid-insoluble form of LC3, binds to phosphatidylethanolamine (PE), 

and then converted into lipid-soluble LC3-II, eventually participates in autophagosome 

formation[31]. LC3-II can be quickly degraded by lysosome, thus we can measure 

autophagy flux by the level changes of LC3-II with or without lysosome inhibitor 

chloroquine (CQ)[32]. The protein levels of type II LC3 (LC3-II) was increased in 

BGC823CDDP and SGC7901CDDP cells contrasted with their parental CDDP-sensitive 

cells with or without CDDP or autophagy inhibitor CQ treatment (Supplementary Fig. S5A). 

Of note, CDDP and CQ combination treatment also induced more significant differences of 

protein level of LC3-II between CDDP-resistant cells and –sensitive cells compared with 

CDDP or CQ treatment alone (Supplementary Fig. S5A). Additionally, transient knockdown 

of BECN1 or ATG5 in BGC823CDDP cells significantly decreased the protein level of LC3-

II and CDDP IC50 as compared with controls (Fig. 4A and B), and similar results were 

discovered in SGC7901CDDP cells with autophagy inhibitor CQ or 3-Methyladenine (3-

MA) treatment (Fig. 4C and D). These results suggested that CDDP resistance was partially 

attributed to activation of cyto-protective autophagy. After GFP-mRFP-LC3 plasmid 

transfection, we found that the numbers of both autophagosome and autolysosome were 

significantly decreased in miR-148a-3p-reconstituted BGC823CDDP and SGC7901CDDP 

cells (Fig. 4E and Supplementary Fig. S5C, D, G, I, J), but elevated after inhibition of 

miR-148a-3p in BGC823 and SGC7901 cells (Fig. 4F and Supplementary Fig. S5 

Supplementary Fig. S5E, F, H, K, L). Similar findings were obtained using transmission 

electron microscopy (TEM) (Fig. 4G, H and Supplementary Fig. S6A, B). Western blot 

analysis demonstrated that miR-148a-3p-reconstituted CDDP-resistant cells showed 

increased protein expression level of p62 but declined protein level of BECN1 after CDDP 

stimulation (Fig. 4I and Supplementary Fig. S6C). However, decreased p62 and increased 

BECN1 expression were observed in miR-148a-3p-inhibited BGC823 and SGC7901 cells 

(Fig. 4J and Supplementary Fig. S6D). Moreover, miR-148a-3p reconstitution also 
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dramatically decreased, whereas stable suppression of miR-148a-3p significantly increased 

LC3-II protein levels with or without CDDP or CQ treatment (Fig. 4K–N). The descent of 

CDDP-induced apoptosis by miR-148a-3p suppression in BGC823 cells was restored by 

transient knockdown of BECN1 or ATG5 using siRNA (siBECN1/siATG5) (Supplementary 

Fig. S6E and F) or in SGC7901 cells with CQ/3-MA (Supplementary Fig. S6G and H). 

Taken together, our results show that miR-148a-3p promotes CDDP-induced apoptosis 

through decreasing GC cell autophagosome formation.

3.5 AKAP1 and RAB12 are direct downstream targets of miR-148a-3p

To investigate the mechanisms underlying the regulation of autophagy and mitochondrial 

fission by miR-148a-3p, we screened genes by literature retrieval and GO enrichment 

analysis to find genes that may be involved in the autophagic process or mitochondrial 

fission. These candidate genes were further screened using starBase v2.0 (http://

starbase.sysu.edu.cn/), to fulfil the following criteria: 1) ≥4 types of cancer with CLIP-seq 

data showing that the gene could directly interact with miR-148a-3p, and 2) ≥4 online 

predictive programs implying that the gene may be one of the potential targets of 

miR-148a-3p (Fig. 5A). Based on the results, we identified two potential target genes 

(RAB12 and KLF4) of miR-148a-3p that had been reported to be involved in autophagic 

processes and one gene (AKAP1) that may regulate mitochondrial fission (Fig. 5B) [33–35]. 

RAB12 and AKAP1 mRNA levels were significantly upregulated, whereas KLF4 mRNA 

levels were unchanged in CDDP-resistant cells compared with CDDP-sensitive cells (Fig. 

5C). Furthermore, RAB12 and AKAP1 mRNA (Fig. 5D and E) and protein expression levels 

(Fig. 5F and G) were dramatically descended in miR-148a-3p-reconstituted BGC823CDDP 

and SGC7901CDDP cells, but ascended when miR-148a-3p was suppressed in BGC823 and 

SGC7901 cells; no changes in KLF4 levels were detected. At the meantime, using 80 GC 

patients’ tissue samples, who received CDDP-based chemotherapy after gastrectomy, 

miR-148a-3p expression level was significantly negatively correlated with RAB12 or 

AKAP1 mRNA level (Fig. 5H and I). Luciferase reporter plasmids containing AKAP1, 

RAB12 or KLF4 wildtype (contain miR-148a-3p binding sites) or mutant 3′UTRs (lack of 

miR-148a-3p binding sites) were transfected into BGC823CDDP and SGC7901CDDP cells 

with or without miR-148a-3p reconstitution. Fluorescence intensities of AKAP1 and RAB12 

plasmids with wild-types 3′UTR were significantly decreased in miR-148a-3p reconstituted 

cells, whereas fluorescence intensities of RAB12 and AKAP1 plasmids with mutant types 

3′UTR had no significant difference. However, the fluorescence intensity of KLF4 plasmid 

with both wild-type and mutant type 3′ UTR were unchanged after miR-148a-3p 

reconstitution (Fig. 5J and K). These results illustrate that RAB12 and AKAP1 are direct 

targets of miR-148a-3p. It is worth mentioning that when we searched potential miRNAs 

which may regulate both RAB12 and AKAP1, we found that miR-92b-3p also meets our 

screening criteria except for miR-148a-3p (Table S2). However, in our validation results, 

both miR-92b-3p upregulation or downregulation had no influence on AKAP1 and RAB12 

protein levels (Supplementary Fig. S7A–F). Besides, there was no statistical difference of 

miR-92b-3p expression in CDDP resistant patients compared with CDDP sensitive patients 

based on TCGA database (Supplementary Fig. S7G). Therefore, we concluded that 

miR-92b-3p cannot regulate AKAP1 and RAB12, at least in CDDP resistance of GC.
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3.6 AKAP1 facilitates GC cell CDDP resistance by promoting PKA-mediated 
phosphorylation of DRP1

JC-1 staining results demonstrated that knockdown of AKAP1 in BGC823CDDP or 

SGC7901CDDP cells decreased the mitochondrial membrane potential (MMP) (Fig. 6A and 

Supplementary Fig. S8C, E, G), and these results were further validated in AKAP1 

overexpressed BGC823 and SGC7901 cells (Fig. 6B and Supplementary Fig. S8D, F, H). 

However, cellular ROS levels were significantly increased in AKAP1-downregulated cells, 

but decreased in AKAP1-upregulated cells with or without CDDP exposure (Fig. 6C–F and 

Supplementary Fig. S8I–L). In addition, AKAP1 knockdown in BGC823CDDP or 

SGC7901CDDP cells significantly accelerated CDDP-induced mitochondrial fission (Fig. 

6G and Supplementary Fig. S9A, C, D); and the opposite results were observed in AKAP1-

reconstituted cells (Fig. 6H and Supplementary Fig. S9B, E, F). Western blot analysis 

revealed that PKA (catalytic subunit β) and cytochrome C protein expression levels were 

decreased in mitochondria segment but increased in cytosol; phosphorylated DRP1 (p-

DRP1, Ser637) level was decreased in the mitochondria after AKAP1 knockdown compared 

with control cells (Fig. 6I and K). Alternatively, opposite findings were detected in cells with 

AKAP1 reconstitution (Fig. 6J and L). Flow cytometry results manifested that CDDP-

induced apoptosis was significantly promoted in SGC7901CDDP cells with AKAP1 

knockdown (Fig. 6M and Supplementary Fig. S9G), but suppressed in AKAP1 

overexpressed SGC7901 cells (Fig. 6N and Supplementary Fig. S9H). These findings 

indicate that the CDDP resistance-inducing effect of AKAP1 is mediated by DRP1 

phosphorylation and inactivation.

3.7 RAB12 inhibits CDDP-induced cell death by promoting autophagy via suppressing 
mTORC1 activity

Immunofluorescence analysis after GFP-mRFP-LC3 transfection indicated that RAB12 

knockdown in BGC823CDDP and SGC7901CDDP cells reduced, whereas reconstitution of 

RAB12 in BGC823 and SGC7901 cells augmented both the amounts of autophagosome and 

autolysosome with or without CDDP treatment (Fig. 7A–D and Supplementary Fig. S10A–

D). Western blot results illustrated that RAB12 knockdown not only decreased LC3-II 

protein level with or without CDDP, CQ alone or combination treatment (Fig. 7E and G), but 

also decreased BECN1 and increased p62 protein levels in the same cells (Fig. 7I and K). 

Alternatively, RAB12 overexpression showed the opposite findings (Fig. 7F, H, J and L). 

Additionally, we investigated the role of the mammalian target of rapamycin (mTOR) 

signaling pathway in RAB12-mediated autophagy[36]. As expected, the levels of p-p70s6k, 

readout of mTORC1 activity, was remarkably enhanced in BGC823CDDP and 

SGC7901CDDP cells following knockdown of RAB12 with CDDP treatment (Fig. 7M and 

O). The weak activity of mTOC1 (p-p70s6k) was observed in BGC823 and SGC7901 cells, 

in which RAB12 was ectopic expressed (Fig. 7N and P). Flow cytometry analysis 

determined that RAB12 knockdown promoted apoptosis caused by CDDP in BGC823CDDP 

cells (Supplementary Fig. S10G and H), whereas RAB12 reconstitution in BGC823 cells 

decreased CDDP-induced apoptosis compared with controls (Supplementary Fig. S10I and 

G). Therefore, our results suggest that RAB12 can reinforce GC cell CDDP resistance by 

inhibiting mTORC1 activity.
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3.8 AKAP1 and RAB12, the two direct targets of miR-148-3p, are essential for the 
resistance to CDDP in gastric cancer

Whether targeting AKAP1 and/or RAB12 could sensitize the effect of CDDP and mimic 

miR-148a-3p functions remains to be explored. Western blot results demonstrated an 

increase in LC3-II, BECN1 protein levels and a decrease of cleaved caspase-3 and p62 

following RAB12 overexpression in BGC823CDDP or SGC7901CDDP cells with 

miR-148-3p suppression (Fig. 8A and C). At the meantime, there was an increase in p-DRP1 

(Ser637) protein level and a decrease in cleaved-caspase-3 after AKAP1 overexpression 

(Fig. 8A and C). Of note, the combined RAB12 and AKAP1 overexpression showed lower 

levels of cleaved caspase-3 protein, as compared with a single protein overexpression (Fig. 

8A and C). These findings were further validated following single or combined knockdown 

of AKAP1 or RAB12 in BGC823 or SGC7901 cells with miR-148-3p suppression (Fig. 8B 

and D). Flow cytometry (Fig. 8E, G and Supplementary Fig. S11A, C) and cell viability 

(Fig. 8I and K) analyses indicated that AKAP1 or RAB12 overexpression relieved CDDP 

induced the cell death showing an increase of CDDP IC50s in miR-148-3p-reconstituted 

CDDP resistant cells. These results confirmed that suppression of AKAP1 and RAB12 is an 

essential step in sensitizing to CDDP. Furthermore, our results from AKAP1 or RAB12 

knockdown in BGC823 or SGC7901 parental cells with miR-148a-3p inhibition and CDDP 

treatment further validated our findings (Fig. 8F, H, J, L and Supplementary Fig. S11B, D). 

Next, we explored whether there has potential regulation relationship between these two 

proteins. Inhibiting AKAP1 expression by two interference sequences not only had no 

significant influence on RAB12 expression in CDDP-resistant cells after CDDP stimulation 

(Supplementary Fig. S12A, B), but also could not change cellular autophagic level 

(Supplementary Fig. S12C–F). Consistently, neither RAB12 suppression had effect on 

AKAP1 expression or mitochondrial fission (Supplementary Fig. S13A–F). Thus, we 

concluded that there is no crosslinking between AKAP1 and RAB12.

3.9 miR-148a-3p sensitization of GC cells to CDDP in vivo includes suppression of AKAP1 
and RAB12 expression levels

We generated xenograft tumor models to validate our previous findings. Tumor xenograft 

data indicated that miR-148a-3p reconstitution in CDDP-resistant cells can significantly 

decrease, whereas miR-148a-3p inhibition in CDDP-sensitive cells promoted xenograft 

tumor growth following CDDP treatment (Fig. 9A, B and C). RT-PCR results showed that 

miR-148a-3p expression was negatively correlated with AKAP1 or RAB12 mRNA level in 

xenograft tumors (Supplementary Fig. S14A–C). Consistently, immunohistochemistry 

staining of tumor xenograft samples indicated the similar results. (Fig. 9D and E). Analysis 

of human tissue samples showed significant higher protein expression levels of RAB12 and 

AKAP1 in tissue samples from GC patients with CDDP resistance, as compared to CDDP-

sensitive GC patients (Fig. 9F and Supplementary Fig. S15). Similar as our previous 

findings, IHC scores data showed that RAB12 or AKAP1 protein expression was 

significantly increased in CDDP-resistant GC tissues (n=13), as compared to CDDP-

sensitive GC tissues (n=50) (Fig. 9G and H). Furthermore, a negative correlation was 

identified between miR-148a-3p expression level and RAB12 or AKAP1 protein level in 

these 63 GC tissue samples (Fig. 9I and J). Univariate analysis of clinicopathological 

characteristics indicated that expression level of AKAP1 (Supplementary Table S3) or 
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RAB12 (Supplementary Table S4) in GC cancer samples was associated with CDDP 

resistance in GC patients (P<0.05). Based on these data, we conclude that miR-148a-3p 

sensitizes GC cells to CDDP by targeting RAB12 and AKAP1.

4. Discussion

CDDP resistance in cancer patients is a common clinical challenge worldwide. In this study, 

we investigated miRNAs that were associated with CDDP sensitivity or resistance in GC 

using TCGA and GEO databases. We found that miR-148a-3p was significantly 

downregulated in CDDP-resistant GC patient tissue samples and cell lines. Moreover, 

miR-148a-3p was expressed at significantly higher levels than other miRNAs in TCGA 

database (32775 reads/per sample), which suggested that it may have a greater effect than 

other miRNAs.

Based on this discovery, we designed a series of experiments and showed that miR-148a-3p 

enhanced CDDP-induced activation of caspase-3 and apoptosis. Inhibition of DNA damage 

repair and promotion of mitochondria-mediated apoptotic pathways are two major factors 

that are known to facilitate caspase-3-dependent apoptosis following the exposure of CDDP. 

However, miR-148a-3p had no effect on DNA repair in GC cells, implying that 

miR-148a-3p may decrease CDDP resistance through other mechanisms in GC cells.

P53 is one of the most important tumor-suppressors in cancer. CDDP induces p53 

phosphorylation and translocation to mitochondria, binding to Bcl-2, inducing mitochondrial 

outer membrane permeabilization (MOMP) and apoptosis [37]. Of note, it has been reported 

that in conditions of CDDP treatment, the activated P53 could also translocate to 

mitochondria to induce DRP1 dephosphorylation and activation, thereby promoting 

mitochondrial fission and cell death in gynecological cancer [38]. These findings indicated 

that CDDP cytotoxicity involves DRP1 activation. AKAP1, acting as a scaffold, presents 

multiple macromolecules such as PKA to downstream targets at the outer mitochondrial 

membrane (OMM) controlling the phosphorylation state of these targets [33]. It has been 

shown that AKAP1-PKA axis can protect cells from hypoxia-induced cell death in 

myocardial infarction. This protective effect is restrained by ubiquitin ligase Siah2-mediated 

degradation of AKAP1 [39]. However, the role of AKAP1 is not well understood in cancer. 

Our results indicated that following miR-148a-3p downregulation, AKAP1 is upregulated in 

CDDP-resistant GC tissues and cells, antagonizing CDDP-induced mitochondrial fission by 

phosphorylation and inactivation of DRP1. These results highlighted the function of AKAP1 

as a natural executor to protect cells from DRP1 activation (dephosphorylation) caused by 

CDDP, without affecting DRP1 expression. Therapeutic regimens targeting AKAP1 may 

restore the anti-cancer effects of CDDP in CDDP resistant cases. Notably, in addition to 

PKA, AKAP1 also recruits various other macromolecules to the OMM, such as protein 

tyrosine phosphatase D1 (PTPD1) and the non-receptor tyrosine kinase Src [40, 41]. Thus, 

additional mechanisms may be involved in GC cell apoptosis apart from AKAP1-PKA-

mediated DRP1 phosphorylation. However, this hypothesis needs to be investigated by 

additional studies.
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Autophagy can play a cellular-protective role to promote GC cell survival and CDDP 

resistance [42]. However, a prolonged and excessive self-eating process could lead to cancer 

cell death [43]. Herein, we discovered that autophagy played a protective role in GC cells 

when treated with CDDP. RAB12 is a member of the Ras oncogene family that influences 

autophagic processes [44]. In fact, RAB12 is a potent inducer of autophagy by inhibiting 

mTORC1 activity [36] or accelerating autolysosome maturation [34]. Our findings indicated 

that mTORC1-depressing effects of RAB12 facilitate early autophagosome formation to 

protect GC cells from CDDP-induced cell death. Of note, it has been shown that RAB12 

could be a potential oncogene involved in colorectal cancer, although the mechanism 

remains unclear [45]. Our finding demonstrated that miR-148a-3p can significantly reduce 

autophagic flux and autophagosome formation by regulating RAB12 supporting the 

observed complex roles of miRNAs in cancer cells.

It’s worth noting that although we have proved that miR-148a-3p function as a crucial 

executor of both AKAP1 and RAB12, there may also have some other regulatory 

mechanisms, such as post-translational regulation. Thirstrup K et al. found that 

phosphorylation of RAB12 in Ser106 is associated with sporadic Parkinson’s disease[46]; 

Carlucci A et al. showed that AKAP121 levels are regulated by the ubiquitin/proteasome 

pathway[47]. These findings leading us to speculate that whether there is the possible cross-

regulatory mechanism between RAB12 and AKAP1 involving protein phosphorylation or 

ubiquitylaytion. Moreover, Ranganathan G et al. demonstrated that AKAP1 includes an 

RNA-binding K homology (KH) domain, which could bind to 3′-UTR of Lipoprotein 

Lipase (LPL) mRNA, and participate in lipolysis[48]. Similarly, Small GTPase protein 

family, such as RAB7, has also been revealed that plays a significant role in lipolysis[49]. 

This potential connection indicates that AKAP1 may directly or indirectly regulate RAB12 

by its RNA-binding capacity. All these problems that we have not solved in this study need 

to be further investigated in the future.

Several clinical trials are currently using microRNAs to reverse drug resistance in cancer 

[50]. The advantage of using miRNAs compared to existing strategies relies on miRNAs 

ability to suppress several oncogenic cellular pathways by targeting multiple genes in 

unrelated signaling networks. Based on our findings, we suggest that approaches utilizing 

miR-148a-3p reconstitution in therapy could reinforce CDDP sensitivity in GC. However, 

there is still need of a lot research work for applying miR-148a-3p plus CDDP as a clinical 

treatment for advanced GC, which is just theoretically feasible. Furthermore, at present, 

miRNA-based therapeutics remain face the challenges. For example, how to overexpress 

miR-148a-3p expression at local organ or tumor, and which concentration of miR-148a-3p is 

the most effective for the patients who are accepting CDDP treatment, also has the minimal 

side effects. These problems are what we cannot solve at present.

In conclusion, we demonstrated that miR-148a-3p reconstitution sensitizes GC cells to 

CDDP treatment by simultaneously targeting RAB12 and AKAP1. We found that following 

CDDP treatment miR-148a-3p reconstitution activates mitochondrial fission and apoptosis 

in GC cells by targeting AKAP1 and promoting activation of P53 and DRP1. In addition, 

miR-148a-3p expression also targets RAB12 to suppress autophagosome formation in GC in 

response to CDDP treatment (Fig. 10). These data suggested that the miR-148a-3p-RAB12 
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and -AKAP1 axes may serve as a novel prognostic and therapeutic target to overcome 

CDDP resistance for locally advanced or metastatic GC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

miR-148a-3p is significant downregulated in CDDP-resistant GC tissues and cells.

miR-148a-3p influences prognosis in patients who received CDDP-based 

chemotherapy.

miR-148a-3p enhances CDDP sensitivity by targeting RAB12 and AKAP1 in GC.

AKAP1 phosphorylates DRP1 to abrogate CDDP-induced mitochondrial fission.

RAB12 promotes CDDP-induced protective autophagy by suppressing mTORC1 

activation.
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Figure 1. miR-148a-3p downregulation was associated with CDDP resistance in GC indicating 
poor prognosis
(A) The schematic diagram of screening strategy of miRNAs associated with CDDP 

resistance in GC. (B) miRNA profiling data from GEO database was analyzed by Perl 

programming language and R-language software (limma package) with fold changes ≥1.5 

and P<0.05. Heat map of six miRNAs (upregulated or downregulated in both TCGA and 

GEO databases) was generated using R-language software (pheatmap package) (C) 31 GC 

patients were selected from TCGA database who received CDDP-based chemotherapy after 

surgery. Differential expression miRNAs (fold change ≥2 and P<0.05) were analyzed using 

R-language software (edgeR package) and Tpm correction. Heat map was generated as 

mentioned in panel b. (D) miR-148a-3p normalized reads (Tpm correction) between CDDP-

resistant and -sensitive patients in TCGA database. (E) miR-148a-3p expression level in 105 
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GC patient tissue samples (CDDP resistant and sensitive groups). (F) Kaplan-Meier analysis 

of 5-year disease-free survival of 105 GC patients who received CDDP-based chemotherapy 

with high or low miR-148a-3p expression. (G) RT-PCR analysis of miR-148a-3p expression 

level in CDDP-resistant BGC823CDDP/SGC7901CDDP cell lines and parental CDDP-

sensitive BGC823/SGC7901 cell lines. Graph represents mean ± SEM; *P<0.05, **P<0.01, 

***P<0.001.
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Figure 2. miR-148a-3p sensitized GC cells to CDDP treatment in vitro
(A, B) Cell viability was determined using CCK-8 in cells treated with indicated 

concentrations of CDDP for 48h. Average IC50s of three independent experiments were 

calculated. (C, D) The average colony numbers (%) of three independent experiments were 

calculated. (E, F) Flow cytometry analysis of apoptosis rates in BGC823CDDP (with or 

without miR-148a-3p reconstitution) or BGC823 cells (with or without miR-148a-3p 

knockdown) after CDDP treatment. Quantification data was in Supplementary Fig. S2E–F. 

(G–J) Caspase-3 and cleaved caspase-3 protein levels were analyzed by Western blot. β-

actin was used as internal reference. CDDP concentrations: 15 μM in BGC823CDDP, 8 μM 

in SGC7901CDDP, 1.5 μM in BGC823 and SGC7901. Graph represents mean ± SEM; 

*P<0.05, **P<0.01, ***P<0.001.
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Figure 3. miR-148a-3p increased CDDP-induced cell death through promoting mitochondrial 
fission-mediated apoptosis
(A) Immunofluorescence staining of phosphorylated H2AX (yH2AX) using confocal 

microscopy in BGC823CDDP and BGC823 cells treated with CDDP (48h). Scale bar = 50 

μm. (B, C) Mitochondrial membrane potential was detected in BGC823CDDP and BGC823 

cells by immunofluorescence JC-1 staining. Scale bar = 100 μm. (D, E) Cellular ROS levels 

were measured by DCFH-DA staining in cells with CDDP 48h treatment. (F, G) 
BGC823CDDP and BGC823 cells transfected with Mito-Tracker Green probe. 

Mitochondrial morphology in individual cells was dyed green color by the probe, and 

identified by confocal microscopy. Fragmented mitochondria were shortened, punctate, and 

sometimes rounded, whereas filamentous mitochondria showed a thread-like tubular 

structure. Quantitation of mitochondria were evaluated as mentioned in Materials and 

Methods. Mitochondrial morphology was observed in BGC823CDDP and BGC823 cells 

using Mito-Tracker Green staining after CDDP or PBS exposure for 48 h. Scale bar = 20 

μm. Mitochondrial fission positive cell percentages were calculated, as mentioned in 
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Supplementary Fig. S4G–H. (H, I) Western blot analysis of cytochrome C (cyto.c) protein 

levels in cytosol or mitochondrial (mito) of BGC823CDDP (with or without miR-148a-3p 

reconstitution) and BGC823 cells (with or without miR-148a-3p inhibition) with or without 

48h CDDP treatment. β-actin: internal control in cytosol. Cox IV: internal control in 

mitochondrial fragments. CDDP concentrations: same as in Figure 2. Graph represents mean 

± SEM; *P<0.05, **P<0.01, ***P<0.001.
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Figure 4. miR-148a-3p enhanced CDDP cytotoxicity by inhibiting cyto-protective autophagy
(A) Western blot analysis of LC3-II, BECN1, and ATG5 protein levels in cells with BECN1 

or ATG5 siRNA knockdown (C) or with CQ or 3-MA treatment. (B, D) CDDP IC50s of 

cells in Panel A&C. (E, F) Immunofluorescence analysis using GFP-mRFP-LC3 staining. 

Scale bar = 20 μm. The numbers of LC3 puncta (yellow puncta for autophagosome, red 

puncta for autolysosome) were quantified in Supplementary Fig. S5C–F. (G, H) 
Transmission Electron Microscope images of endogenic autophagic microstructure in 

BGC823CDDP and BGC823 cells. The white arrows refer to cellular autophagosome or 

autolysosome that has a double layer structure. Scale bar = 2 μm or 500 nm. (I, J) Western 

blot analysis of BECN1 and p62 protein levels in cells with or without CDDP treatment. (K–
N) LC3-II protein levels were detected in cells with CDDP (48h) and/or CQ (1h) treatment. 

CQ, Chloroquine. DMSO, Dimethyl Sulfoxide. 3-MA, 3-Methyladenine. β-actin: internal 

control. CDDP concentrations: same as in Figure 2. Graph represents mean ± SEM; * = 

P<0.05, ** = P<0.01, *** = P<0.001.
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Figure 5. miR-148a-3p directly bound to the 3′UTRs of AKAP1 and RAB12
(A) Bioinformatics analysis process showed the potential targets of miR-148a-3p. (B) 
Specific miR-148a-3p binding sites in the 3′ UTRs of AKAP1, RAB12 and KLF4 genes. 

(C) RT-PCR analysis of mRNA expression levels of AKAP1, Rab12, and KLF4 in 

BGC823CDDP, SGC7901CDDP and their parental CDDP-sensitive cells (BGC823 and 

SGC7901). (D, E) AKAP1, RAB12, KLF4 mRNA (RT-PCR) and (F, G) protein expression 

levels (Western blot) with or without miR-148a-3p reconstitution in CDDP-resistant cells or 

miR-148a-3p inhibition in CDDP-sensitive cells. 8C: BGC823CDDP; 8Z: BGC823; 7C: 

SGC7901CDDP; 7Z: SGC7901. (H, I) Correlations between miR-148a-3p and RAB12 or 

AKAP1 mRNA levels in 80 GC patients tissue samples measured by Pearson correlation 

coefficient respectively. (J, K) Luciferase reporter plasmids containing AKAP1, RAB12 or 

KLF4 wildtype (Wt, contain miR-148a-3p binding sites) or mutant 3′UTRs (Mut, lack of 

miR-148a-3p binding sites) were transfected into BGC823CDDP and SGC7901CDDP cells 

with or without miR-148a-3p reconstitution. β-actin: internal control. CDDP concentrations: 

same as in Figure 2. Graph represents mean ± SEM; *P<0.05, **P<0.01, ***P<0.001.
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Figure 6. AKAP1 restrained mitochondrial fission and reinforced CDDP resistance in GC cells
(A) Immunofluorescence analysis of JC-1 in BGC823CDDP cells (with or without AKAP1 

knockdown) and (B) BGC823 cells (with or without AKAP1 overexpression) with CDDP 

48h treatment. Scale bar = 100 μm (C–F) ROS levels were determined in BGC823CDDP, 

SGC7901CDDP (with or without AKAP1 inhibition), BGC823 and SGC7901 cells (with or 

without AKAP1 reconstitution) after 48h CDDP exposure. (G, H) Mitochondrial 

morphology in individual cells was dyed green color by the probe, and identified by 

confocal microscopy. Mitochondrial fragments were detected in AKAP1-knockdown 

BGC823CDDP cells, AKAP1-reconstituted BGC823 and control cells using Mito-Tracker 

Green probes after 48h CDDP treatment. Scale bar = 20 μm. (I–L) Western blot analysis of 

AKAP1, DRP1, p-DRP1(Ser637), PKA (cat β), and cytochrome c (cyto.c) protein levels in 

CDDP resistant cells (with or without knockdown of AKAP1) or CDDP sensitive cells (with 

or without AKAP1 overexpression) with 48h CDDP treatment. (M, N) Flow cytometry 

analysis of cell apoptotic rates was measured in SGC7901CDDP cells (with or without 

AKAP1 knockdown) and SGC7901 cells (with or without AKAP1 overexpression). β-actin: 

internal control for cytosol. Cox IV: internal control for mitochondrial fragments. CDDP 
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concentrations: same as in Figure 2. Graph represents mean ± SEM; *P<0.05, **P<0.01, 

***P<0.001.
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Figure 7. RAB12 promoted autophagy and decreased CDDP-induced cell apoptosis
CDDP resistant cells (BGC823CDDP, SGC7901CDDP) with RAB12 transiently 

knockdown, and CDDP sensitive cells (BGC823, SGC7901) with RAB12 overexpression 

were utilized to investigate the role of RAB12 in autophagy and apoptosis. (A–D) 
Immunofluorescence staining of GFP-mRFP-LC3 in cells treated with CDDP for 48h. Scale 

bar = 20 μm. Western blot analysis of LC3-II (E–H), BECN1 and p62 (I–L) protein levels in 

cells with or without CDDP (48 h) or CQ (1h) treatment. (M–P) Pan-mTORC1 (total 

mTORC1), p-p70s6k (Thr389) and p70s6k protein levels were detected by Western blot in 

cells with 48h CDDP treatment. β-actin: internal control. CDDP concentrations: same as in 

Figure 2. Graph represents mean ± SEM; *P<0.05, **P<0.01, ***P<0.001.
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Figure 8. miR-148a-3p enhanced CDDP cytotoxicity by simultaneously inhibiting AKAP1 and 
RAB12 expression in GC cells
miR-148a-3p reconstituted CDDP resistant cells (BGC823CDDP, SGC7901CDDP) with 

RAB12, AKAP1 single or combined overexpression or miR-148a-3p inhibited CDDP 

sensitive cells (BGC823, SGC7901) with RAB12, AKAP1 single or combined knockdown 

were tested with 48h CDDP treatment. (A–D) Western blot analysis of RAB12, AKAP1, 

p70s6k, p-p70s6k(Thr389), BECN1, p62, LC3, DRP1, p-DRP1(Ser637), caspase-3, and 

cleaved caspase-3 protein levels. (E–H) Flow cytometry analysis of cell apoptosis. (I–L) 
CDDP IC50s calculated using CCK-8. CDDP concentrations: same as in Figure 2. β-actin: 

internal control. Graph represents mean ± SEM; *P<0.05, **P<0.01, ***P<0.001.
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Figure 9. miR-148a-3p sensitized GC cells to CDDP through decreasing AKAP1 and RAB12 
expression levels in vivo
Reconstitution of miR-148a-3p in BGC823CDDP cells or inhibition of miR-148a-3p in 

BGC823 cells were performed to validate our findings on the role of miR-148a-3p in 

promoting sensitivity of gastric cancer cells to CDDP. (A) Representative xenograft tumors 

of sacrificed mice at end of experiment with or without CDDP treatment (5 mg/kg, three 

times a week). (B, C) Growth curves of subcutaneous xenograft tumors. (D) AKAP1 and 

RAB12 expression levels were shown in representative xenograft tumors by 

Immunohistochemistry (IHC) (400x magnification, scale bars = 50 μm). (E) IHC scores 

quantification of RAB12 and AKAP1 expression levels. (F) IHC staining of AKAP1 or 

RAB12 in a CDDP-resistant patient and a CDDP-sensitive GC patient (400x magnification, 

scale bars = 50 um, more samples are shown in Supplementary Fig. S11). (G, H) IHC scores 

of AKAP1 and RAB12 were calculated in 13 CDDP-resistant and 50 CDDP-sensitive 

patient tissues. (I, J) The correlations between miR-148a-3p expression and AKAP1 or 
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RAB12 positive cells percentages were calculated by Pearson correlation analysis. Graph 

represents mean ± SEM; *P<0.05, **P<0.01, ***P<0.001.
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Figure 10. 
Schematic model of the regulatory process of miR-148a-3p in CDDP sensitivity of gastric 

cancer.
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