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Abstract

Drosha-dependent canonical microRNAs (miRNAs) play a crucial role in the biological functions 

and development of cancer. However, the effects of Drosha-independent non-canonical miRNAs 

remain poorly understood. In our previous work, we found a set of aberrant miRNAs, including 

some upregulated miRNAs, called Drosha-independent noncanonical miRNAs, in Drosha-

knockdown gastric cancer (GC) cells. Surprisingly, Drosha-silenced GC cells still retained strong 

malignant properties (e.g., proliferation ability and cancer stem cell (CSC) characteristics), 

indicating that aberrantly upregulated non-canonical miRNAs may play an important role in the 

maintenance of the malignant properties in GC cells that express low Drosha levels. Here, we 

report that miR-6778–5p, a noncanonical miRNA, acts as a crucial regulator for maintenance of 

CSC stemness in Drosha-silenced GC cells. MiR-6778–5p belongs to the 5’-tail mirtron type of 

non-canonical miRNAs and is transcript splice-derived from intron 5 of SHMT1 (coding 

cytoplasmic serine hydroxymethyltransferase). It positively regulates expression of its host gene, 

SHMT1, via targeting YWHAE in Drosha-knockdown GC cells. Similar to its family member, 

SHMT2, SHMT1 plays a crucial role in folate-dependent serine/glycine inter-conversion in one-

carbon metabolism. In Drosha wild type GC cells, SHMT2 mediates a mitochondrial-carbon 
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metabolic pathway, which is a major pathway of one-carbon metabolism in normal cells and most 

cancer cells. However, in Drosha-silenced or Drosha low-expressing GC cells, miR-6778–5p 

positively regulates SHMT1, instead of SHMT2, thus mediating a compensatory activation of 

cytoplasmic carbon metabolism that plays an essential role in the maintenance of CSCs in gastric 

cancer (GCSCs). Drosha wild type GCSCs with SHMT2 are sensitive to 5-fluorouracil; however, 

Drosha low-expressing GCSCs with SHMT1 are 5-FU-resistant. The loss of miR-6778–5p or 

SHMT1 notably mitigates GCSC sphere formation and increases sensitivity to 5-fluorouracil in 

Drosha-knockdown gastric cancer cells. Thus, our study reveals a novel function of Drosha-

independent noncanonical miRNAs in maintaining the stemness of GCSCs.
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Introduction

Gastric cancer (GC) is the fifth most common cancer and is a major cause of cancer 

mortality worldwide. In China, gastric cancer is the second leading cause of cancer deaths 

[1]. Although there are many treatments for gastric cancer in clinical practice, tumour 

metastasis and recurrence remain the most challenging problems in the treatment of gastric 

cancer. Thus, thoroughly exploring the pathological and molecular mechanisms of gastric 

cancer is at all imminent.

Recent studies indicate that cancer stem cells (CSCs) could play crucial roles in cancer 

progression and treatment resistance in gastric cancer [2, 3]. CSCs, a small subset of cells 

within the tumour bulk, have a dual capacity for self-renewal and pluripotent differentiation. 

They are considered to be the source of tumour initiation, development, metastasis, 

resistance to tumour treatment and recurrence [4]. Recently, researchers have found that 

CSCs in gastric cancer (GCSCs) express high levels of the surface marker CD44 and the 

stemness associated genes c-MYC and KLF4 [5, 6]. Compared to CSC studies in other 

tumours, however, there are few studies on the formation and maintenance of GCSCs, and 

their regulatory mechanisms are still unclear.

Drosha is critical for canonical microRNA (miRNA) biogenesis. Aberrant expression of 

Drosha has been implicated in the growth of cancer. Our previous study showed that 

aberrant Drosha expression may be associated with tumour malignancy in GC [7]. The 

invasion of gastric cancer cells was reduced by Drosha knockdown (Drosha KD) [8]. 

However, we also observed that downregulation of Drosha does not completely reverse the 

malignancy of gastric cancer, indicating that some unknown molecular mechanisms still 

maintain the malignant characteristics of gastric cancer cells. We found that some of 

miRNAs are abnormally upregulated in Drosha-silenced gastric cancer cells.

Aberrant expression of Drosha can cause processing of abnormal versions of microRNAs, 

leading to the occurrence and progression of cancer. Drosha is essential for canonical 

miRNA maturation; however, non-canonical microRNAs processed by alternative miRNA 
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biogenesis pathways that bypass Drosha have been documented [9–15]. The first confirmed 

Drosha-independent miRNA biogenesis pathway was the mirtron pathway. Mirtrons, which 

serve as pre-miRNA mimics, are spliced and debranched from introns via spliceosome and 

debranching enzymes [11]. In addition, some mirtrons, so-called “tailed” mirtrons, contain 

an unstructured region 5’ or 3’ to a splicing-derived terminal intron hairpin[16]. Recently, 

another Drosha-independent miRNA has been discovered, that is derived from introns and 

produces pre-miRNA via RNA pol I [14, 15]. However, the function of these Drosha-

independent miRNAs remains unclear. Only a few studies have found that mirtrons, similar 

to common miRNAs, can exert oncogenes or tumour suppressor genes in cancer [17, 18].

To investigate whether non-canonical miRNAs participate in the maintenance of malignancy 

of Drosha-low expressing or -silenced gastric cancer cells, we carefully analysed the 

abnormally upregulated miRNAs in Drosha-silenced gastric cancer cells. We found that 

most of these abnormal miRNAs belong to the noncanonical miRNA type, mirtrons (5’-tail 

mirtrons and 3’-tail mirtrons). Bioinformatics analysis revealed that these Drosha-

independent miRNAs may be involved in cancer cell proliferation and CSC, among which 

atypical miRNA6778–5p (miR-6778–5p) is one of most enhanced 5’-tail mirtrons. 

Furthermore, miR-6778–5p is spliced from an intron of its host gene cytoplasmic, serine 

hydroxymethyltransferase (SHMT1), a key enzyme for cytoplasmic one-carbon metabolism. 

Metabolism changes in cancer have been reported to drive cell proliferation, survival and 

invasion [19–21], and metabolic reprogramming is crucial for tumourigenesis. Recent 

evidence indicates that metabolic pathways are involved in regulating the self-renewal and 

differentiation of SCs [22–27]. Compared to cancer cells, the metabolism of CSCs is more 

evident than glycolysis; while other CSCs can produce energy through classical 

mitochondrial oxidative phosphorylation or non-classical mitochondrial oxidative 

phosphorylation.

The SHMT gene encodes serine hydroxymethyltransferase (SHMT), which catalyses folate-

dependent serine/glycine inter-conversion. There are two SHMT genes in the human 

genome: SHMT1 encodes a cytoplasmic isozyme in the cytosolic folate-dependent one-

carbon metabolism process, and SHMT2 encodes the mitochondrial protein for maintenance 

of mitochondrial folate-dependent one-carbon metabolism. Generally, the SHMT2-mediated 

mitochondrial-carbon metabolic pathway is the major route through which one-carbon units 

are produced in normal cells and most cancer cells. Dysfunction of mitochondrial-carbon 

metabolic enzymes leads to impairment of mitochondrial carbon metabolism, and a 

compensatory activation of cytoplasmic carbon metabolism may play an essential role in 

maintenance of cell survival [28]. Here, we found that SHMT2 was downregulated in 

Drosha-knockdown or Drosha-decreased GC cells; however, SHMT1 was upregulated in 

these GC cells. Furthermore, SHMT1 has been shown to be a crucial factor in the folate-

mediated one-carbon metabolism of CSCs. Zhang et al. observed that SHMT1 is 

overexpressed in tumour-initiating lung cancer cells (TICs) in non-small cell lung cancer 

(NSCLC) [29], suggesting that SHMT1 may be involved in the regulation of cancer stem 

cell activity by regulating cell metabolism; however, the underlying mechanisms remain to 

be clarified.
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Furthermore, 14-3-3 protein epsilon (14-3-3ε), also called YWHAE, belongs to the 14-3-3 

family of proteins. In general, 14-3-3 proteins interact with hundreds of proteins, affecting 

target protein activity, modification, and intracellular localization, and play a key role in 

signalling regulation in eukaryotes [30–32]. Study has shown that YWHAE is decreased in 

GC [33], suggesting that YWHAE may act as a tumour suppressor in GC.

In this study, we demonstrate that miR-6778–5p can maintain GCSC self-renewal by 

targeting YWHAE. YWHAE was found to inhibit the expression of SHMT1 by 

downregulating c-MYC, suggesting a positive feedback loop of SHMT1/miR-6778–5p/

YWHAE/c-MYC/SHMT1 in gastric cancer cells. A high level of the cytosolic enzyme 

SHMT1 could replace the mitochondrial enzyme SHMT2 to promote CSC formation via 

cytoplasmic one-carbon metabolism, rather than mitochondrial-dependent one-carbon 

metabolism, in Drosha-knockdown gastric cancer cells. Therefore, our study revealed a 

novel mechanism of GCSC renewal and maintenance. Drosha-independent miR-6778–5p 

contributes to GCSCs and the malignant properties of gastric cancer via positive regulation 

of SHMT1 by targeting YWHAE, which participates in a folate-mediated cytoplasmic 

carbon metabolism pathway rather than mitochondrial carbon metabolism. Our study 

indicates a potential novel therapeutic strategy for gastric cancer.

Materials and Methods

Clinical samples

The gastric tumour tissues and their adjacent normal tissues used in this study were obtained 

from patients with gastric cancer without previous radiotherapy or chemotherapy at the First 

Affiliated Hospital of Chongqing Medical University. The investigation was approved by the 

ethics committee of Chongqing Medical University.

Cell culture, GCSC culture and sphere formation assays

The human gastric cancer cell lines MGC-803, SGC-7901, BGC-823 and NUGC-3 were 

kindly donated by Prof. Yang Ke in the Beijing Institute of Cancer Research (Beijing Shi, 

China). The Drosha-knockdown gastric cancer cells, including MGC-803 and SGC-7901 

cells (called MGC-803 Drosha KD and SGC-7901 Drosha KD) were established as 

described previously[8]. MGC-803, BGC-823 and NUGC-3 parent cells and their 

corresponding Drosha KD cells were maintained in DMEM medium (Gibco, USA) 

supplemented with 10% FBS (Gibco, USA) at 37 °C in a humidified atmosphere containing 

5% CO2; SGC-7901 and SGC-7901 Drosha KD cells were cultured in 1640 medium 

(Gibco, USA) supplemented with 10% FBS (Gibco, USA) at 37 °C in a humidified 

atmosphere containing 5% CO2.

Gastric cancer stem cells (GCSCs) were cultured as described previously [34]. GCSCs were 

enriched from MGC-803 or SGC-7901 cells using serum-free medium, which was 

composed of Dulbecco’s modified Eagle’s medium/F12 medium, 0.4% BSA (Sigma, USA), 

20 μl/ml B27 supplement (Invitrogen, USA), 20 ng/ml basic fibroblast growth factor (bFGF, 

Gibco, USA), 10 ng/ml epidermal growth factor (EGF, Gibco, USA) and 2 μg/ml heparin. 

All GCSCs were kept in culture and passaged every 7 days. The percentage (%) of GCSC 
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sphere formation was calculated as previously described[35]. The average volume of GCSC 

spheres (N=30 spheres) was calculated.

Plasmid constructs

The shRNAs specifically targeting miR-6778–5p and the YWHAE gene were separately 

reconstructed by sub-cloning into the pLVX-puro vector at the BamHI and EcoRI sites using 

PCR. The expression vectors of miR-6778–5p and SHMT1 were constructed by inserting 

the sequences of miR-6778–5p and SHMT1 cDNA into the pBABE-puro vector at the 

BamHI and EcoRI sites, respectively. The shRNA against SHMT1 was purchased from 

Hanheng Biotech (Shanghai, China). The pcDNA3.1-YWHAE was acquired from Addgene.

The splicing analysis of miR-6778/SHMT1 was performed as described previously[36]. 

Briefly, minigene constructs of miR-6778/SHMT1 (exons 5–6) was amplified from human 

genomic DNA by RT-PCR using the Phusion High-Fidelity DNA Polymerase 

(ThermoFisher Scientific). PCR products were digested with BamHI and HindIII and 

inserted into a pcDNA3.1 plasmid. The 5′- and 3′-splice site mutations were constructed 

using Phusion High-Fidelity DNA Polymerase with primers containing splicing site 

mutations. To generate a luciferase reporter that directly targeted YWHAE via miR-6778–

5p, synthetic oligonucleotides(Invitrogen, USA) of the wild type or mutated binding sites of 

miR-6778–5p in the 3’-UTR of YWHAE was inserted into the pMIR-Reporter vector 

(Ambion, USA) at the Spe I and Hind III sites. The sequences described above are listed in 

Table S1 and Table S2.

miRNA array assay

The MGC-803/Drosha-shRNA (MGC-803/Drosha KD) and MGC-803/NC-shRNA 

(MGC-803/Drosha WT) control cells were used in the Agilent miRNA array (Agilent, Santa 

Clara, CA, USA). The raw data were normalized by Quantile algorithm using the Gene 

Spring Software12.6 (Agilent, Santa Clara, CA, USA). The different miRNAs were then 

grouped using hierarchical clustering with ‘complete’ using Heatmap.2 function (gplots 

package v.2.9.0).

RNA extraction and qRT-PCR

Total RNA was extracted using Trizol (Invitrogen, USA) according to the manufacturer’s 

instructions. The purified RNAs were used for reverse transcription using the PrimeScript 

RT Reagent Kit (TaKaRa, Dalian, China). qRT-PCR was carried out using a SYBR Premix 

Ex TaqTM II kit (TaKaRa, Dalian, China). Relative gene expression was determined using 

the 2Ct(internal control)−Ct(gene) method. The primers used are listed in Table S3.

Chromatin immunoprecipitation (ChIP) assay and Luciferase reporter assay

ChIP assays were conducted with a ChIP Kit (Thermo, USA) using c-MYC and IgG 

antibodies. The primers used for amplifying potential SHMT1 binding sites were as follows: 

forward: 5’- ACATAGTTAGACCCCCATCTC-3’; reverse: 5’- 

CGCGTGTGTGATAGCATCTCG-3’. SHMT1 promoters with a c-MYC binding motif 

(WT) or SHMT1 promoters without a c-MYC binding motif (MUT) were constructed using 

the pGL3 Basic system (Promega, USA). pGL3-SHMT1-promoter-WT or pGL3-SHMT1-
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promoter-Mut was transfected into MGC-803 cells together with the pCMV-Renilla control. 

At 48h after transfection, the luciferase activity was detected. Transient transfection and 

luciferase assays were performed as described previously [36]. HEK-293, MGC-803 or 

SGC-7901 cells were co-transfected with miR-6778–5p mimics (GenePharma, Shanghai) 

and pMIR-YWHAE 3’-UTR (wild-type or mutant) and pRL-TK control vector using 

lipofectamine 2000 (Invitrogen, USA). Renilla and firefly luciferase activity were measured 

with a Dual-Luciferase Reporter System (Promega, USA) after 48 h in culture.

Western blot analysis (WB analysis)

Cells were collected and lysed with RIPA buffer (containing protease inhibitors). Cell 

lysates were subsequently dissolved in 10% SDS-PAGE and subjected to western blotting. 

The following primary antibodies were used: anti-Drosha (1:1000; Abcam UK), anti-

SHMT1 (1:1000; Abcam, UK), anti-YWHAE (1:1000; Abcam, UK), anti-SHMT2(1:1000; 

Abcam, UK), anti-MTHFD2 (1:1000, Abcam, UK), anti-CD44 (1:500; Santa Cruz, USA), 

anti-c-MYC (1:500; Santa Cruz, USA), anti-KLF4 (1:500; Santa Cruz, USA), and anti-β-

Actin (1:1000; Bioshop, Canada). The appropriate horseradish peroxidase-conjugated 

secondary antibodies were subsequently applied, and images were captured using Scion 

image software.

Immunohistochemistry (IHC)

IHC analysis was performed as described previously [36]. Briefly, the tumour tissues were 

fixed with 4% paraformaldehyde. Paraffin-embedded specimens were sliced into 4 μm 

sections. The sections were treated with 3% hydrogen peroxide in methanol for 10 min to 

block endogenous peroxidase activity and then incubated with rabbit primary antibodies 

against CD44 (1:100), KLF4 (1:100) and c-MYC (1:100) overnight at 4 °C. After incubating 

with a polymer helper solution, polyperoxidase-anti-rabbit IgG, the sections were stained 

with diaminobenzidine (DAB). The CSC biomarker staining intensities were scored as 

follows: 0, no staining; 1+, 1–25%; 2+, 26–50%; 3+, >50% staining.

Metabolite Analysis

Gastric cancer cells (1.5×105) were plated in 6-well plates and cultured in DMEM for 24 h. 

After washing the cells with PBS, “starved media” including MEM (Invitrogen, USA), 

MEM vitamin solution (Sigma, USA) and D-Glucose solution (Sigma, USA) was added to 

the plates, and the cells were maintained in culture for 3 h. Then, the starved media was 

replaced with “analytic media” (including MEM (Invitrogen, USA), MEM vitamin solution 

(Sigma, USA), D-Glucose solution (Sigma, USA) and 2,3,3-2H-serine (Cambridge Isotope 

Laboratories)), and the cells were cultured for another 16 h and used for CSC enrichment.

GCSCs were cultured in serum-free medium as described above. GCSC spheres were 

carefully collected from the 6-well plate in a tube and centrifuged, and the supernatant was 

discarded. After washing with 1 ml of ice-cold PBS, 0.4 ml of pre-cooled methanol was 

added to the cell mixture, and the cells were incubated at −80 °C for 30 min. Then, 0.4 ml of 

ddH2O was added. Metabolite analysis by LC-MS/MS metabolomics was performed by 

Profleader (Shanghai, China).
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LC-MS/MS analyses were performed using a Vanquish UHPLC system (Thermo Fisher) 

coupled with an Orbitrap Q Exactive HF-X mass spectrometer (Thermo Fisher). Samples 

were injected into a Hyperil Gold column (100×2.1 mm, 1.9 μm) using a 16-min linear 

gradient at a flow rate of 0.2 mL/min. The eluents for the positive polarity mode included 

eluent A (0.1% FA in water) and eluent B (methanol). The eluents for the negative polarity 

mode were eluent A (5 mM ammonium acetate, pH 9.0) and eluent B (methanol). The 

solvent gradient was set as follows: 2% B, 1.5 min; 2–100% B, 12.0 min; 100% B, 14.0 min; 

100–2% B, 14.1 min; 2% B, 16 min. A Q Exactive HF-X mass spectrometer was operated in 

positive/negative polarity mode with a spray voltage of 3.2 kV, capillary temperature of 

320°C, sheath gas flow rate of 35 arb and aux gas flow rate of 10 arb.

Xenograft experiments

Gastric cancer stem cells (1×105) were mixed with 100 μL of PBS and subcutaneously 

injected into 4-week-old female nude mice. Tumour volumes were measured using two 

calliper measurements every three days (volume = ½ [L × W2]). After four weeks, animals 

were euthanized. Tumour tissues were fixed in 4% paraformaldehyde and subjected to 

immunohistochemistry (IHC) analysis. The animal experiments and animal care were in 

accordance with institutional guidelines.

Statistical analysis

Statistical significance was determined with SPSS 17.0 software. All results are presented as 

the means ± SD of at least three independent determinations. Continuous variables were 

compared between two groups analysed using an independent Student’s t-test. A value of 

P<0.05 was considered statistically significant.

Results

1. Knockdown of Drosha leads to atypical novel microRNAs in gastric cancer cells

The biogenesis process of canonical microRNAs (miRNAs) requires Drosha and Dicer. A 

set of upregulated non-canonical miRNAs were identified in Drosha-knockdown (Drosha 

KD) gastric cancer (GC) MGC-803 cells by miRNA array analysis (Figure 1A). Non-

canonical microRNAs processed by alternative miRNA biogenesis pathways that bypass 

Drosha have been documented in Caenorhabditis elegans and plants [11]. Two types of 

major atypical miRNAs exist (mirtrons and 5-capped miRNAs). Mirtrons are products 

derived from short hairpin introns by alternative splicing; 5’-capped miRNAs and 

microprocessor-independent 7-methylguanosine (m7G)-capped miRNAs are products 

derived from introns and transcribed by RNA pol I (Figure 1B). To classify the non-

canonical miRNAs, we analysed the structure of these upregulated miRNAs using RNA 

structure 5.7 software and the UCSC (http://genome.ucsc.edu/) database. Some of the 

upregulated non-canonical miRNAs in Drosha-silenced GC cells are mirtrons (5’-tail 

mirtrons and 3’-tail mirtrons) (Figure 1C). Among them, miR-6760–5p is a known human 

5’-tailed mirtron, and its expression was notably increased in the Drosha-knockdown cells 

(Figure 1A), consistent with previous findings [16]. In addition to miR-6760–5p, several 

other non-canonical miRNAs were identified. For example, hsa-mir-6778–5p is a human 5’-

tailed mirtron located the in SHMT1 gene. The pre-miRNA structures of miR-6760 and 
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miR-6778 have some typical characteristics, such as a typical pyrimidine rich region in the 

terminal AG splice acceptor, the 3’ end of their pre-miRNA matches the splice acceptor in 

their introns, and the end of the miR-6778/miR-6778* duplex and miR-6760/miR-6760* 

duplex exhibits a 3′-overhang (Figure 1D).

2. The 5’-tail mirtron miR-6778–5p is a transcript splice derived from intron 5 of SHMT1

To validate the microarray data, the efficiency of Drosha knockdown and the related 

microRNA expression was verified in the gastric cancer cell lines MGC-803, SGC-7901, 

BGC-823 and NUGC-3. Indeed, the upregulation of microRNAs was verified (Figure 2A) 

by qRT-PCR in the Drosha-knockdown gastric cancer cells (Figure S1A). Among them, 

miR-6778–5p was significantly increased in Drosha KD MGC-803 cells, which was 

confirmed in other Drosha KD gastric cancer cells (Figure 2B). In addition, a high level of 

miR-6778–5p was detected in gastric tumours expressing low Drosha levels compared to 

gastric tumours expressing high Drosha levels (Figure 2C). To further understand that 

miR-6778–5p is a Drosha-independent miRNA, we compared the expression levels of 

miR-6778–5p and a known canonical miRNA, miR-21, in gastric cancer cells and tissues. 

We found that miR-6778–5p levels were significantly lower than miR-21 levels in Drosha 

wild type (Drosha WT) cells. Loss of Drosha obviously decreased the expression levels of 

miR-21 in MGC-803 cells, while miR-6778–5p levels were notably increased under 

knockdown of Drosha (Figure S1B). Moreover, we found that miR-6778–5p levels were 

significantly lower than miR-21 levels in Drosha-higher gastric tumour tissues, and 

conversely, the miR-6778–5p levels were distinctly higher than the miR-21 levels in Drosha-

lower gastric tumour tissues (Figure S1C).

To understand the origin of mirtron miR-6778–5p, we searched for its host gene using the 

UCSC (http://genome.ucsc.edu/) database and found that miR-6778–5p may be derived from 

intron 5 of the SHMT1 gene (Figure 2D). The mRNA levels of SHMT1 were also 

upregulated in Drosha KD MGC-803 and other Drosha KD GC cells (e.g. SGC7901) 

(Figure 2E). To determine whether miR-6778–5p is spliced from its host gene, SHMT1, we 

constructed a plasmid harbouring minigenes of intron 5 and spanning the coding exons of 

SHMT1, in which the wild-type (WT) minigene encompasses the natural sequence, while 

the mutant (MUT) minigene contains variants affecting the G residues at the 5’ splice donor 

site (GU changed to CU) and 3′ splice acceptor sites (AG changed to AC) (Figure 2F). As 

expected, introns were effectively spliced in the bulk of the analysed mRNA in WT 

minigene-transfected GC cells, while mRNAs in the MUT variants retained the un-spliced 

exon–intron–exon structure (Figure 2G left panel). Furthermore, the expression of mature 

miR-6778–5p was downregulated in MUT minigene-transfected GC cells compared to that 

in WT minigene-transfected GC cells (Figure 2G right panel). To explore why SHMT1 
expression was increased in Drosha KD GC cells, we screened transcription factors regulate 

SHMT1 using a bioinformatics analysis (Promoter 2.0, JASPAR). Compared the predicted 

transcription factor with the up-regulated genes in our previous mRNA expression profiles, 

c-MYC was found to be a potential transcription factor of SHMT1 (Figure S1D). Using 

chromatin immunoprecipitation and dual-luciferase assays, we verified that c-MYC could 

directly bind to the SHMT1 promoter (Figure S1E) and regulate SHMT1 transcriptional 
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activity (Figure S1F). Furthermore, the mRNA and protein levels of c-MYC were increased 

in Drosha KD MGC803 cells (Figure S1G–S1H).

3. Effects of miR-6778–5p on gastric cancer stem cells (GCSC)

Our previous studies confirm that loss of nuclear Drosha is related to cell invasion in GC [8]. 

However, progressive cell growth and gastric cancer stem cell self-renewal showed little 

change in all cases (Figure S2A–2B). CD44+/high cells can be regarded as CSCs in gastric 

cancer [37]. According to a bioinformatics analysis, higher levels of CD44 are present in 

gastric tumours than in normal tissue samples (Figure S2C). However, there were no notable 

changes in CD44 between Drosha low- and high-expressing gastric tumours (Figure S2D), 

and CSC-related markers were not differently detected in GCSCs derived from Drosha-

knockdown cells (Drosha KD CSCs) and Drosha wild type cells (Drosha WT CSCs) (Figure 

S2E). We aimed to determine whether the aberrant upregulation of non-canonical 

miR-6778–5p is involved in the maintenance of malignancy in Drosha-knockdown GC cells. 

Indeed, higher miR-6778–5p and CD44 levels were detected in GC tumour tissues than in 

their matched non-tumour tissues (Figure 3A). Higher levels of miR-6778–5p were found in 

Drosha low-expressing gastric tumours than in Drosha high-expressing gastric tumours; 

however, the CD44 mRNA levels were not different in these GC tissues (data not shown). 

Consistent with these findings, similar results were obtained in the Drosha-knockdown 

gastric cancer cells (Figure S2F), indicating that miR-6778–5p may be a participant in the 

maintenance of GCSC stemness. To verify our hypothesis, stably interfering miR-6778–5p 

was transfected into Drosha KD MGC-803 and SGC-7901 GC cells using a specific shRNA, 

and CSC formation was examined using miR-6778–5p wild type and knock down GC cells. 

Stably interfering miR-6778–5p expression in Drosha-knockdown GC cells (Drosha KD) 

(Figure 3B) significantly decreased CSC formation efficiencies and CSC sphere volume 

compared to that in Drosha wild type GC cells (Figure 3C–3D and Figure S2G). 

Accordingly, the levels of stem the cell markers CD44, KLF4, and c-MYC were also notably 

reduced in the Drosha and miR-6778–5p double-silenced GCSC spheres compared to those 

in Drosha WT GCSCs (Figure 3E). Similarly, the GCSC formation efficiency was also 

decreased in Drosha KD cells, but not in Drosha WT cells, when miR-6778–5p inhibitors 

were used (Figure S2H). After efficient transfection of ectopic miR-6778–5p into Drosha 

WT gastric cancer cells (MGC-803/miR-6778–5p and SGC-7901/miR-6778–5p) using 

lentivirus (Figure 3F), the CSC sphere formation efficiency and sphere size were increased 

compared to their controls (Figure 3G–3I). Correspondingly, the expression levels of the 

CSC-related proteins CD44, KLF4 and c-MYC were enhanced (Figure 3J). Collectively, 

these data confirm that miR-6778–5p plays a facilitative role in gastric cancer stem cells.

4. YWHAE, a target of miR-6778–5p, regulates SHMT1 through downregulation of c-MYC

To identify the targets of miR-6778–5p, all of the potential target genes predicted by 

software programs (TargetScan7.2, miRanda and MirTarget2) were compared with the 

downregulated genes in our mRNA profiles. Three candidate genes were identified in 

MGC-803 Drosha KD cells (Figure 4A), and significant downregulation of YWHAE was 

demonstrated in Drosha-knockdown gastric cancer cells (Figure 4B). In the bioinformatics 

analysis, a binding site of miR-6778–5p was identified in the YWHAE 3′-UTR (Figure 

S3A). Indeed, miR-6778–5p could inhibit YWHAE 3′-UTR luciferase activity and mutation 
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of the miR-6778–5p binding sites in the 3′-UTR of YWHAE diminished the responsiveness 

of the YWHAE 3′-UTR to miR-6778–5p (Figure 4C and Figure S3B). Furthermore, 

overexpression of miR-6778–5p in parental GC cells reduced the YWHAE protein level 

(Figure 4D, upper panel), and knockdown of miR-6778–5p in Drosha-silenced GC cells 

increased YWHAE protein (Figure 4D, down panel). Thus, YWHAE is the target gene of 

miR-6778–5p, which is consistent with previous studies in colon cancer cells [38].

As previously mentioned, an elevated miR-6778–5p level could facilitate GCSC enrichment. 

We determined whether YWHAE plays a role in GCSC enrichment. YWHAE rescue in 

Drosha-knockdown MGC-803 or SGC-7901 cells attenuated the GCSC sphere formation 

efficiency (Figure S3C), while silencing of YWHAE in parental MGC-803 and SGC-7901 

cells promoted GCSC sphere formation (Figure S3D). YWHAE is a suppressor of c-MYC 

expression[33], and c-MYC serves as a transcriptional regulator for SHMT1 expression 

(Figure S1), indicating that YWHAE can affect SHMT1 expression through c-MYC. As 

expected, YWHAE silencing led to increased c-MYC and SHMT1 levels in parental GC 

cells (Figure 4E), and ectopic YWHAE significantly mitigated c-MYC and SHMT1 protein 

levels in Drosha-knockdown GC cell lines (Figure 4F). Administration of MG132 (a 

proteasome inhibitor) to cells resulted in increased c-MYC protein in YWHAE over-

expressing MGC-803 cells (Figure S3E), suggesting that YWHAE may regulate the stability 

of c-MYC. Additionally, the expression levels of c-MYC and SHMT1 were significantly 

decreased in Drosha and miR-6778–5p double knockdown GC cells (Figure 4G) and were 

increased in ectopic miR-6778–5p-expressing parental GC cells (Figure 4H), indicating 

miR-6778–5p can regulate c-MYC and SHMT1 via YWHAE. Together, these data reveal 

that miR-6778–5p can positively regulate SHMT1 expression through YWHAE/c-MYC 

signalling.

5. SHMT1 regulates the self-renewal capacity of GCSCs

SHMT encodes serine hydroxymethyltransferase (SHMT), which catalyses folate-dependent 

serine/glycine inter-conversion. The human genome contains two SHMT genes: SHMT1, 

which encodes a cytoplasmic isozyme in the cytosolic folate-dependent one-carbon 

metabolism process, and SHMT2, which encodes the mitochondrial gene for maintenance of 

mitochondrial folate-dependent one-carbon metabolism. Deletion of SHMT2 or MTHFD2 
(another enzyme in mitochondrial folate-dependent one-carbon metabolism) has been 

reported to lead to inactivation of mitochondrial folate-dependent one-carbon metabolism in 

tumour cells, which could be partly compensated by a compensatory increase in endogenic 

SHMT1, thus supporting the survival and growth of cancer cells. We observed that SHMT2 

and MTHFD2 were downregulated in Drosha-knockdown GC cells (Figure S4A–S4B), 

suggesting an inactivation of mitochondrial folate-dependent one carbon metabolism in 

Drosha-knockdown GC cells.

Next, we investigated whether SHMT1 is essential to GCSC. A high level of SHMT1 was 

found in gastric tumour tissues by bioinformatics analysis (Figure S4C). In addition, 

relatively higher SHMT1 and CD44 mRNA levels were found in gastric tumour samples 

(Figure S4D). Furthermore, increased SHMT1 and decreased SHMT2 levels were found in 

Drosha-low-expressing gastric tumours compared to those in Drosha-high-expressing gastric 
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tumours according to qRT-PCR analysis (Figure S4E). Expression of stably interfering 

SHMT1 in Drosha-knockdown GC cells significantly decreased their sphere formation 

potential (Figure 5A–5D); however, knockdown of SHMT1 in Drosha wild type GC cells 

had no observable effects on the sphere formation potential (Figure S4F–S4H). To further 

investigate this finding, a constructor encoding SHMT1 was stably transfected into parental 

MGC-803 and SGC-7901 cells. Compared to control cells, ectopic SHMT1 significantly 

promoted CSC sphere formation and increased the expression levels of stem cell markers 

(Figure 5E–5H).

6. MiR-6778–5p contributes to GCSC maintenance via regulation of cytoplasmic one-
carbon metabolism by feedback regulation of SHMT1

SHMT is involved in folate-dependent serine/glycine inter-conversion in one-carbon 

metabolism, which provides metabolic materials for nucleotide synthesis and participates in 

methionine recycling [39, 40]. As previously mentioned, the protein levels of SHMT2 and 

MTHFD2 associated with mitochondrial folate metabolism were obviously decreased in 

Drosha-knockdown GC cells (Figure S4A–S4B). However, SHMT1, a cytoplasmic folate 

metabolism-related metabolic enzyme, was markedly increased in Drosha knockdown 

GCSCs (Figure 2E). These findings suggested an intriguing scientific hypothesis: Drosha-

independent miR-6778–5p regulation of the YWHAE/SHMT1 axis may govern cytoplasmic 

folate-dependent one-carbon metabolism rather than the canonical mitochondrial one-carbon 

metabolism in GCSCs.

To confirm our hypothesis, miR-6778–5p, SHMT1 and SHMT2 were knocked down in 

Drosha WT and Drosha KD gastric cancer cells, and GCSC stemness maintenance was 

observed. As shown in Figure 6A and Figure S5A, compared to Drosha-WT GC cells, 

silencing of miR-6778–5p (labelled as miR KD) or loss of SHMT1, rather than SHMT2, in 

Drosha-knockdown GC cells led to a significant decrease in sphere formation and sphere 

sizes in GCSCs; however, knockdown of SHMT2 rather than SHMT1 in Drosha-WT GC 

cells led to a reduction in sphere formation. Serine supplements could rescue the sphere 

formation potential, suggesting that carbon metabolism is important for GCSC formation, 

and the cytosolic carbon metabolism in Drosha-knockdown GCs replaces the mitochondrial 

carbon metabolism in Drosha-WT GCs and plays an essential role in GCSC maintenance. To 

support this finding, metabolites of serine in GCSCs were tracked using [2,3,3-2H] labelled 

serine and analysed by liquid chromatography-mass spectroscopy (LC-MS). SHMT1-

catalysed cytosolic one-carbon metabolism can generate M+2 dTTP, whereas mitochondrial 

one-carbon metabolic pathway is catalysed by SHMT2, which results in products such as M

+1 dTTP [28]. Consistent with the previous findings, increased M+2 dTTP content and 

decreased M+1 dTTP content were detected in Drosha-knockdown GCSCs, in contrast to 

Drosha-WT GCSCs (Figure 6B). Silencing of SHMT2, rather than miR-6778–5p or 

SHMT1, in Drosha-WT GCSCs attenuated M+1 dTTP content; however, knockdown of 

either miR-6778–5p, SHMT1 or SHMT2 in Drosha-knockdown GCSCs cells did not impact 

M+1 dTTP content (Figure 6C, left panel). In contrast, loss of miR-6778–5p, SHMT1 or 

SHMT2 had little effect on M+2 dTTP in Drosha-WT GCSCs; however, silencing of 

miR-6778–5p or SHMT1, rather than SHMT2, notably decreased M+2 dTTP in Drosha-

knockdown GCSCs (Figure 6C, right panel). These data demonstrate that a robust 
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miR-6778–5p-SHMT1 signalling axis-mediated cytosolic one-carbon metabolism is in 

Drosha-knockdown GC cells contributes to GCSC stemness maintenance.

It has been indicated that dTTP, the metabolite of one-carbon metabolism, is involved in 

CSC enrichment of colorectal cancer and chemotherapy resistance [41, 42]. To understand 

whether miR-6778–5p-SHMT1 signalling axis-mediated cytosolic one-carbon metabolism 

affects the sensitivity of GCSCs to chemotherapy, 5-fluorouracil (5-FU; a metabolic 

disruptor, that impedes dTTP synthesis) was used to examine CSC formation. As shown in 

Figure 6D and Figure S5B, 5-FU could decrease GCSC formation of Drosha WT gastric 

cancer cells compared to Drosha-knocked down GCs. Knockdown of miR-6778–5p or 

SHMT1 in Drosha WT gastric cancer cells caused no significant reduction of CSC 

formation in contrast to the control cells under 5-FU treatment; however, loss of miR-6778–

5p or SHMT1 in Drosha-silenced gastric cancer cells notably reduced GCSC sphere 

formation under 5-FU treatment. In addition, higher levels of SHMT1 and CD44 were 

detected in gastric tumour tissues than in para-cancerous tissues. Higher miR-6778–5p, 

SHMT1 and CD44 levels were found in 5-FU-resistant gastric tumours than in 5-FU-

sensitive tumours (Figure 6E), indicating that miR-6778–5p-SHMT1 signalling axis-

mediated cytosolic carbon metabolism has a potential clinical chemotherapeutic value.

7. Effect of miR-6778–5p and SHMT1 on gastric cancer tumourigenesis in vivo

To investigate the effects of miR-6778–5p/SHMT1 signalling on gastric cancer 

tumourigenesis in vivo, MGC-803/Drosha WT, MGC-803/Drosha WT/miR-6778–5p KD, 

MGC-803/Drosha WT/SHMT1 KD, MGC-803/Drosha KD, MGC-803/Drosha KD/

miR-6778–5p KD and MGC-803/Drosha KD/SHMT1 KD GCSCs were subcutaneously 

injected into nude mice. As shown, knockdown of either miR-6778–5p or SHMT1 inhibited 

the tumourigenic potential of GCSCs and tumour growth (Figure 7A–7B). However, the 

tumourigenic abilities of MGC-803/Drosha WT/miR-6778–5p KD or MGC-803/Drosha 

WT/SHMT1 KD GCSCs were similar to those of MGC-803/Drosha WT GCSCs (Figure 

S6A–S6B). Compared to the control mice, exogenous serine could restore tumour growth in 

tumour-burden mice injected with MGC-803/Drosha KD/miR-6778–5p KD GCSCs and 

MGC-803/Drosha KD/SHMT1 KD GCSCs, and 5-FU obviously suppressed the 

tumourigenesis and tumour growth (Figure 7A–7B). Similarly, exogenous serine could 

promote tumour growth in tumour-burden mice injected with MGC-803/Drosha WT/

miR-6778–5p KD or MGC-803/Drosha WT/SHMT1 KD GCSCs, and 5-FU obviously 

suppressed tumourigenesis and tumour growth (Figure S6A–S6B). Consistently, high levels 

of CD44, KLF4, and c-MYC were detected in Drosha-knockdown alone tumours. 

Knockdown of miR-6778–5p or SHMT1 led to reduced CD44, KLF4, and c-MYC protein 

levels, while administration of serine to these mice restored the expression of CD44, KLF4, 

and c-MYC. The lowest CD44, KLF4, and c-MYC levels were found in 5-FU-treated mice 

(Figure 7C). These data support that the miR-6778–5p/SHMT1 signalling axis is critical to 

maintain stemness in Drosha downregulated gastric tumours, and interference in miR-6778–

5p/SHMT1 signalling may enhance their sensitivity to 5-FU chemotherapy drugs.
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Discussion

Drosha is essential for canonical microRNA (miRNA) biogenesis. However, non-canonical 

miRNAs, including mirtron (3’-tail mirtron and 5’-tail mirtron) and 5’-capped microRNA, 

exist that are independent of Drosha processing. The canonical miRNAs are known to be 

involved in regulation of various biological processes in tumours, such as tumourigenesis, 

invasion, metastasis, and drug resistance. However, the biological functions of non-canonical 

miRNAs remain unclear. Our previous studies revealed that Drosha silencing cannot 

efficiently abolish the malignant factors of gastric cancer, including tumour cell proliferation 

and CSC characteristics. We found that a non-canonical miRNA, 5’-tail mirtron miR-6778–

5p, can maintain the stemness of gastric cancer stem cell (GCSC) via positive feedback 

regulation of expression of its host gene, SHMT1, and cytoplasmic one-carbon metabolism. 

Our findings may provide novel insight into understanding the complicated characteristics of 

gastric cancer and potential new treatment strategies.

Aberrant Drosha-independent miRNAs, including the so-called non-canonical miRNAs, are 

present in Drosha downregulated gastric cancer cells. Recently, several studies have 

identified non-canonical miRNAs in higher organisms and human tissues, such as 

miRNA3547 and miRNA6927 in mice and miRNA6807 in humans [16]. All of these non-

canonical miRNAs are mirtrons (3’-tail mirtrons and 5’-tail mirtrons) and 5’-capped 

microRNAs. In this study, we discovered a set of aberrant non-canonical miRNAs, including 

miR-6778–5p and miR-6760–5p (one of the known 5’-tail mirtrons), in Drosha-knockdown 

gastric cancer cells. MiR-6778–5p, similar to miR-6760–5p, is an abnormal transcript splice 

of the intron of the host gene (here, miR-6778–5p is a transcript splice of intron 5 of the 

SHMT1 gene; miR-6760–5p is a transcript splice of the CUX2 gene). However, the 

molecular mechanism by which non-canonical miRNAs are increased under knockdown/

suppression of Drosha remains unclear. One possibility is a competing relationship between 

small RNAs, as reported by Young-Kook Kima [15]. This study showed that the processing 

ability of pre-miRNA of noncanonical miRNAs by subsequent enzymes (such as DICER) is 

increased in the absence of pre-miRNA of canonical miRNAs. Another possibility is positive 

feedback regulation between non-canonical miRNAs and their host genes, as reported in the 

current study.

Non-canonical miR-6778–5p contributes gastric tumour malignancy via targeting YWHAE 
and upregulating c-MYC to promote expression of the host gene, SHMT1. Consistent with a 

previous study [38], we confirmed that YWHAE is the target of miR-6778–5p. A previous 

study indicated that a low YWHAE level can promote gastric cancer development, which 

closely relies on c-MYC [33]. YWHAE is a transcriptional inhibitor of c-MYC. Silencing of 

miR-6778–5p in Drosha-knockdown gastric cancer cells significantly decreased c-MYC 

levels, and ectopic miR-6778–5p could upregulate c-MYC expression in Drosha wild type 

gastric cancer cells. c-MYC acted as a direct regulator of SHMT1 expression by binding to a 

specific c-MYC binding site in the promoter of the host gene, SHMT1. Therefore, non-

canonical miR-6778–5p was experimentally indicated to regulate its host gene through the 

YWHAE-c-MYC axis via a feedback loop. Our study indicated that aberrant non-canonical 

miRNAs (e.g., miR-6778–5p) in Drosha-knockdown gastric cancer cells may contribute to 

tumour development.
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Metabolic reprogramming is crucial for tumourigenesis and tumour development [43]. In the 

current study, we confirmed that SHMT1 is a key regulator of cytoplasmic folate-related 

one-carbon metabolism, which catalyses the reversible conversion of serine to glycine and 

the conversion of tetrahydrofolate to methylenetetrahydrofolate [44–46]. Generally, the 

SHMT2-mediated mitochondrial carbon metabolic pathway is the major pathway by which 

one-carbon units are produced in normal cells and most cancer cells [28, 44]. Dysfunction of 

mitochondrial carbon metabolic enzymes (SHMT2 and MTHDF2) leads to impairment of 

mitochondrial carbon metabolism, and compensatory activation of cytoplasmic carbon 

metabolism may play an essential role in the maintenance of cell survival [28]. High levels 

of SHMT1 have been detected in non-small cell lung cancer [29]. Here, our study provides 

strong evidence to support an altered carbon metabolic pathway in gastric cancer cell; that 

is, cytoplasmic one-carbon metabolism rather than canonical mitochondrial one-carbon 

metabolism plays a pivotal role in the maintenance of CSC stemness in Drosha-knockdown 

or Drosha low-expressing gastric cancer.

Different metabolites were observed between cytoplasmic one-carbon metabolism and 

mitochondrial one-carbon metabolism. Ducker et al. found that cytosolic SHMT1 is helpful 

for production of M+2 dTTP, while SHMT2-mediated mitochondrial one-carbon 

metabolism tends to produce M+1 dTTP[28]. 5-Fluorouracil (5-FU), is a chemotherapeutic 

drug for clinical GC treatment, which impedes dTTP synthesis[47]. We observed a high 

level of SHMT1 and the CSC biomarker CD44 in 5-FU-resistant gastric cancer patients. 

Interference of the miR-6778–5p/YWHAE/SHMT1 axis in gastric cancer provided GCSCs 

derived from Drosha-knockdown gastric cancer with an enhanced sensitivity to 5-FU 

treatment, and obviously reduced CSC stemness and tumourigenesis. Our findings may 

provide a potential new therapeutic approach for future gastric cancer treatment.

In conclusion, miR-6778–5p is a Drosha-independent miRNA. MiR-6778–5p can promote 

expression of its host gene, SHMT1, through targeting of YWHAE, which relieves 

inhibition of c-MYC, thus upregulating the transcriptional activity of SHMT1. A high level 

of SHMT1 mediates cytoplasmic one-carbon metabolism to produce M+2 dTTP, which 

promotes CSC enrichment and stemness maintenance in gastric cancer. Impeding the 

miR-6778–5p/YWHAE/SHMT1 signalling axis can enhance the sensitivity of gastric cancer 

to 5-FU chemotherapy.
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Figure 1. Knockdown of Drosha leads to novel non-canonical microRNAs in gastric cancer cells
(A) A heatmap of aberrant miRNAs identified by a miRNA array of Drosha-knockdown 

cells. (B) Schematic diagram of canonical and splicing-mediated microRNA (miRNA) 

biogenesis. (C) Classification of the aberrant miRNAs in Drosha-knocked down gastric 

cancer cells using bioinformatics analysis. (D) Structure of a 5’ tailed mirtron. The predicted 

secondary structures of the investigated pre-miR-6778–5p and a known 5’ tailed mirtron 

(pre-miR-6760–5p) are shown. The sequences of 5’ tailed mirtrons were compared with 

those of their host genes, SHMT1 and CUX2, using RNA structure 5.7 software and the 

UCSC database (http://genome.ucsc.edu/). Human SHMT1 (miR-6778–5p) and and human 

CUX2 (miR-6760–5p) have the typical pyrimidine-rich region in the terminal AG splice 

acceptor area; the 3’ end of their pre-miRNA matches the splice acceptor in their introns.
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Figure 2. The 5’ tail mirtron miR-6778–5p is a transcript splice derived from the intron 5 of 
SHMT1
(A) qRT-PCR was used to confirm the upregulated miRNAs identified by microarray 

analysis. KD: MGC-803/Drosha knockdown gastric cancer cells; WT: MGC-803/Drosha 

wild type gastric cancer cells. U6 was used as an internal control. (B) qRT-PCR analysis of 

miR-6778–5p expression in Drosha wild type (Drosha WT) and Drosha-knockdown (Drosha 

KD) gastric cancer cells. U6 was used as an internal control. (C) qRT-PCR was used to 

detect the expression levels of Drosha and miR-6778–5p in gastric cancer tissues and their 

paired gastric normal tissues (n=60). T: gastric tumour tissues; N: normal gastric tissues. U6 

was used as an internal control. (D) The sequences are compared between pre-miR-6778–5p 

and its host gene, SHMT1, using the UCSC database (http://genome.ucsc.edu/). (E) qRT-

PCR was used to analyse the endogenous mRNA expression of SHMT1 in MGC-803/

Drosha KD and SGC-7901/Drosha KD gastric cancer cells. (F, G) Identification of the 

Drosha-independent 5’-tail mirtron miR-6778–5p. (F) Minigene structure of miR-6778–5p. 

Boxes and lines indicate exons and introns of SHMT1, respectively. The splice site mutation 

is shown in bold. (G) Splicing analysis of the SHMT1 transcript. Wild type and splicing-

deficient minigene transcripts were transfected into MGC-803 cells, and mRNA products 

were analysed by RT-PCR (left panels). MiR-6778–5p expression in wild type and splicing-

deficient cells was analysed by qRT-PCR (right panels)
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Figure 3. Effects of miR-6778–5p on GCSC enrichment
(A) qRT-PCR was used to assess miR-6778–5p and CD44 levels in GC tissues and para-

cancerous tissues. (B) The interference efficiency of miR-6778–5p in MGC-803 and 

SGC-7901 GC cells was detected by qRT-PCR. U6 was used as an internal control. (C) 

Histograms show the CSC sphere formation efficiency. (D) Histograms show the CSC 

sphere sizes. (E) Western blotting was used to determine CSC-associated gene expression in 

the indicated gastric cancer cells. (F) qRT-PCR was used to evaluate the miR-6778–5p levels 

in gastric cancer cells transfected with ectopic miR-6778–5p or its control vector. U6 

worded as an internal control. (G) The overexpression efficiency of miR-6778–5p in 

MGC-803 and SGC-7901 GC cells was detected by qRT-PCR (left panels). Images of GCSC 

spheres derived from MGC-803/miR-6778–5p, SGC-7901/miR-6778–5p and their controls 

(magnification: ×100; scale bar: 100 μm) (right panels). (H, I) Histograms show the CSC 

sphere formation efficiency and the sphere volume. (J) The expression levels of CSC-

associated genes were determined by western blotting in the indicated gastric cancer cells.

Zhao et al. Page 20

Cancer Lett. Author manuscript; available in PMC 2021 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. YWHAE, a target of miR-6778–5p, regulates SHMT1through downregulation of c-
MYC
(A) A Venn diagram shows the putative targets of miR-6778–5p in Drosha-knockdown 

(Drosha KD) gastric cancer cells. (B) EFNA3, YWHAE and GSK3β expression levels in 

Drosha-knockdown cells were determined by qRT-PCR. (C) The wild-type YWHAE 3’-

UTR reporter or the miR-6778–5p binding site mutant reporter was transfected into 

MGC-803 and SGC-7901 cells, and the inhibitory effect of miR-6778–5p on luciferase 

activity was detected. (D) YWHAE protein levels were determined by western blot analysis 

in MGC-803 and SGC-7901 cells transfected with ectopic miR-6778–5p or a control vector 

and in Drosha-knockdown MGC-803 and SGC-7901 or Drosha and miR-6778–5p double 

knockdown cells. (E-H) Western blot analysis was performed to determine the YWHAE, c-

MYC and SHMT1 protein levels in the indicated gastric cancer cells.
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Figure 5. SHMT1 is involved in the maintenance of GCSC stemness
(A-D) Short hairpin RNAs (sh-SHMT1.1 and sh-SHMT1.2) that act against SHMT1 were 

stably transfected into GC MGC-803 and SGC7901 cells. Silencing of SHMT1, CSC sphere 

formation, sphere sizes, and CSC-related gene expression were evaluated in Drosha-

knockdown MGC-803 and SGC-7901 cells. (A) Images of GCSC spheres (magnification: 

×100; scale bar: 100 μm); (B) CSC sphere formation efficiency; (C) CSC sphere sizes. (D) 

CSC-associated gene expression by western blotting. (E-H). Ectopic SHMT1 was 

transfected into MGC-803 and SGC-7901 parent cells, and CSC sphere formation, sphere 

sizes, and CSC-related gene expression were evaluated. (E) Images of GCSC sphere 

formation in the indicated gastric cancer cells (magnification: ×100; scale bar: 100 μm). (F) 

CSC sphere formation efficiency. (G) CSC sphere sizes. (H) CSC-associated gene 

expression in the indicated GCSCs.

Zhao et al. Page 22

Cancer Lett. Author manuscript; available in PMC 2021 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. miR-6778–5p-SHMT1 signalling contributes to GCSC maintenance via regulation of 
cytoplasmic one-carbon metabolism
(A) Histograms show the sphere volumes of GCSCs derived from the indicated gastric 

cancer cells. Addition of serine (0.8 mM) could party rescue CSC formation in miR-6778–

5p or SHMT1-knockdown gastric cancer cells and could especially rescue CSC formation in 

Drosha-knockdown gastric cancer cells. (B) Isotopic tracing analysis of relative M+1 and M

+2 dTTP in GCSCs derived from Drosha WT and Drosha KD MGC-803 cells cultured in 

medium with [2,3,3-2H]-serine. (C) Isotopic tracing analysis of M+1 and M+2 dTTP in 

GCSCs derived from the indicated gastric cancer cells cultured in medium with [2,3,3-2H]-

serine. (D) Histograms show the sphere volumes of GCSCs derived from the indicated 

Drosha WT or Drosha KD gastric cancer cells treated with or without 30 μg/ml of 5-FU (a 

chemotherapeutic drug for gastric cancer). (E) The miR-6778–5p, SHMT1 and CD44 levels 

in gastric tumour tissues and their control normal tissues and 5-FU sensitive or resistant 

gastric tumour tissues were evaluated by qRT-PCR.
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Figure 7. Effects of miR-6778–5p and SHMT1 on gastric cancer tumourigenesis in vivo
The indicated GCSCs (1×105) were subcutaneously injected into nude mice. Images of 

tumour sizes and their corresponding tumour growth curve are shown. The mice were 

injected with MGC-803/Drosha KD/miR-6778–5p KD, MGC-803/Drosha KD/SHMT1 KD, 

and the control cells MGC-803/Drosha KD. The mice were given serine (130 mg/kg) and 5-

FU (30 mg/kg) at 5 days after cell injection. (A) Representative images of tumours in the 

indicated nude mice xenografts. (B) Tumour growth curve corresponding to (A). (C) 

Representative images of CSC-associated gene expression by IHC staining in the indicated 

xenografts (magnification: ×400; scale bar: 50 μm).
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Figure 8. A proposed working model
A schematic representation depicts the role of the miR-6778–5p/YWHAE/SHMT1 axis in 

the maintenance of gastric cancer stem cell stemness through regulating cytoplasmic one-

carbon metabolism. In Drosha wild type (Drosha WT) gastric cancer cells, SHMT2-

catalysed mitochondrial one-carbon metabolism generates (M+1) 5,10-mTHF and M+1 

dTTP to promote CSC enrichment and stemness maintenance. However, loss of Drosha 

leads an enhanced miRNA6778–5p, which targets YWHAE, an inhibitor of c-MYC, to 

positively up-regulate the expression of its host gene, SHMT1. SHMT1 catalyses cytosolic 

one-carbon metabolism instead of mitochondrial-carbon metabolism to generate (M+2) 

5,10-mTHF and M+2 dTTP, thus fuels CSC enrichment and stemness maintenance in gastric 

cancer Drosha–decreased or knocked down gastric cancers. Impeding the miR-6778–5p/

YWHAE/SHMT1 signalling axis can enhance the sensitivity of gastric cancer to 5-FU 

chemotherapy.
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