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NURF complex dependent activation of
transcription factor SOX4
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Abstract

Background: Circular RNAs (circRNAs) are a novel type of noncoding RNAs and play important roles in tumorigenesis,

including gastric cancer (GC). However, the functions of most circRNAs remain poorly understood. In our study, we

aimed to investigate the functions of a new circRNA circ-DONSON in GC progression.

Methods: The expression of circ-DONSON in gastric cancer tissues and adjacent normal tissues was analyzed

by bioinformatics method, qRT-PCR, Northern blotting and in situ hybridization (ISH). The effects of circ-

DONSON on GC cell proliferation, apoptosis, migration and invasion were measured by using CCK8, colony

formation, EdU, immunofluorescence (IF), FACS and Transwell assays. qRT-PCR and Western blotting were

utilized to validate how circ-DONSON regulates SOX4 expression. ChIP, DNA fluorescence in situ hybridization

(DNA-FISH) and DNA accessibility assays were used to investigate how circ-DONSON regulates SOX4 transcription. The

interaction between circ-DONSON and NURF complex was evaluated by mass spectrum, RNA immunoprecipitation

(RIP), pulldown and EMSA assays. Xenograft mouse model was used to analyze the effect of circ-DONSON on GC

growth in vivo.

Results: Elevated expression of circ-DONSON was observed in GC tissues and positively associated with advanced

TNM stage and unfavorable prognosis. Silencing of circ-DONSON significantly suppressed the proliferation, migration

and invasion of GC cells while promoting apoptosis. circ-DONSON was localized in the nucleus, recruited the NURF

complex to SOX4 promoter and initiated its transcription. Silencing of the NURF complex subunit SNF2L, BPTF or

RBBP4 similarly attenuated GC cell growth and increased apoptosis. circ-DONSON knockdown inhibited GC growth

in vivo.

Conclusion: circ-DONSON promotes GC progression through recruiting the NURF complex to initiate SOX4 expression.
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Background
Gastric cancer (GC) is one of the most common cancers

in gastrointestinal malignancies and remains the third

leading cause of cancer-associated deaths around the

world [1]. The development of GC is induced by several

factors such as smoking [2], constant salty food intake

[3] and genetic mutation [4]. As the developing of novel

strategies for GC diagnosis and treatment, its incidence

and mortality rates have been steadily decreased in the

recent years [5]. However, the five-year overall survival

rate of GC patients remains still lower than 29% because

of tumor invasiveness and recurrence [6]. Hence, it is ur-

gently required to investigate the molecular mechanisms

of GC progression and develop more effective thera-

peutic methods.

Circular RNAs (circRNAs) are a recently discovered

member of the noncoding RNA family and characterized

by a covalently closed continuous loop and resistance to

RNase R digestion [7, 8]. CircRNAs are highly stable and

exist in various cell types. Increasing RNA-sequencing

analyses have shown that circRNAs are highly expressed

in tumor tissues, including GC tissues [9]. Emerging

studies have indicated that circRNAs participate in

tumorigenesis through regulating various biological pro-

cesses, including proliferation, survival, invasion and dif-

ferentiation [10–12]. For example, circPVT1 contributes

to non-small cell lung cancer (NSCLC) cell growth and

migration by inhibiting miR-125b to activate E2F2 expres-

sion [13]. Circ_0005230 is overexpressed in breast cancer

and promotes tumor cell division and invasiveness

through miR-618/CBX8 signaling [14]. CircMMP9 is

upregulated by EIF4A3 in glioblastoma and contributes to

tumor development by sponging miR-124 [15]. In GC,

circ-SFMBT2 was found to initiate tumor growth [10].

These evidences demonstrate essential functions of

circRNAs in cancer. However, there are still a large num-

ber of circRNAs in GC, whose roles are ill studied.

circ-DONSON (circbase ID: hsa_circ_0004339),

derived from back-splicing of DONSON mRNA (from

exon 3 to exon 8), is located on chromosome

21q22.11 and has 948 nucleotides in length. To our

knowledge, the function of circ-DONSON has not

been researched. In this study, we found that

circ-DONSON was highly expressed in GC tissues

and positively correlated with TNM stage and poor

prognosis. circ-DONSON silencing suppressed GC

cell proliferation, migration and invasion while pro-

moting apoptosis in vitro. Moreover, circ-DONSON

knockdown suppressed GC growth in vivo. Mechanis-

tically, we demonstrated that circ-DONSON recruits

the NURF complex to SOX4 promoter and initiates

its transcription. In summary, circ-DONSON works

as an oncogene in GC and might be a potential

therapeutic target.

Methods
Human samples

A total of 142 GC tissues and paired adjacent normal

tissues were obtained from the Fourth Affiliated Hospital

of Harbin Medical University. The tissues were immedi-

ately stored in liquid nitrogen after surgery. These patients

did not receive radiotherapy or chemotherapy prior to col-

lection. This study was approved by the Ethics Committee

of the Fourth Affiliated Hospital of Harbin Medical Uni-

versity. The informed consent was achieved from every

patient.

Cell culture

GC cell lines (BGC-823, AGS, MGC-803, MKN74,

HGC-27 and SGC-7901) and normal human gastric

epithelial cell line GES-1 were bought from Shanghai

Institutes for Biological Sciences, China. These cells

were cultured with Dulbecco’s Modified Eagle medium

(DMEM) medium supplemented with 10% fetal bovine

serum (FBS), 100 U/ml of penicillin, and 100 μg/ml of

streptomycin (HyClone).

Lentivirus production and cell transfection

The lentivirus-containing short hairpin RNA (shRNA)

targeting circ-DONSON, BPTF, SNF2L or RBBP4 was

purchased from GenePharma (Shanghai, China). Both

shRNAs were transfected into the GC cell lines using

Lipofectamine 3000 (Invitrogen) according to the manu-

facturer’s instructions. At 48 h post-transfection, the

cells were selected with puromycin (2 μg/mL) for 2

weeks to construct stable cell lines. The transfection effi-

ciency was verified by qRT-PCR.

Quantitative real-time PCR (qRT-PCR)

Total RNAs were isolated using TRIzol and inversely

transcribed into cDNA using M-MLV and the SYBR

Green Master Mix kit (Takara, Otsu, Japan). qPCR was

completed as described previously [16].

Cell proliferation

Cell proliferation was determined using the Cell Counting

Kit-8 (CCK8) assay according to a previous study [9].

Colony formation assay

BGC-823 and AGS cells were planted into the 6-well

plates and incubated for 12 days at 37 °C. Then colonies

were fixed and stained with 0.1% crystal violet. The

colony numbers were counted finally.

5-Ethynyl-20-deoxyuridine (EdU) incorporation assay

The EdU assay was performed using a Cell-Light EdU

DNA Cell Proliferation Kit (RiboBio, Shanghai, PR,

China) according to the manufacturer’s instructions.
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Transwell assay

Transwell assays were used to detect cell migration and

invasion and conducted as previously described [5].

RNA fluorescence in situ hybridization (RNA-FISH)

RNA-FISH was performed according to a previous study

[5]. Briefly, the probes targeting the back-splicing site of

circ-DONSON were used for this assay. The probe of

circ-DONSON was marked with DIG-UTP (Roche,

11,209,256,910) for RNA labeling. Cells were first fixed

with 4% paraformaldehyde for 10 min and then perme-

abilized in PBS with 0.5% Triton X-100 for 5 min. Next,

the cells were hybridized with labeled FISH probe at 37 °

C overnight. Afterwards, the cells were washed with 4×

sodium citrate buffer containing 0.1% Tween-20 for 5

min and then washed with 1× SSC for 5min. Finally,

cells were stained with 4,6-diamidino-2-phenylindole for

10 min. The images were acquired using a fluorescence

microscopy (Leica, SP8 laser confocal microscopy).

Animal assay

Four-week-old BABL/c female nude mice were pur-

chased and maintained under specific pathogen-free

conditions. For the in vivo tumor formation assay,

BGC-823 cells (circ-DONSON silencing or control) were

injected into the right flank of BABL/c nude mice (4

mice for each group). The tumor volume was measured

every 5 days. 30 days after injection, the animals were

sacrificed and the xenograft tumors were dissected and

weighed. All animal studies were approved by the Ani-

mal Care and Use Committee of the Fourth Affiliated

Hospital of Harbin Medical University.

Statistical analysis

Statistical analyses were carried out by using SPSS 20.0

(IBM, SPSS, Chicago, IL, USA) and GraphPad Prism.

Student’s t-test or ANOVA was used to assess the statis-

tical significance for comparisons of two groups. The

Pearson’s correlation coefficient analysis was used to

analyze the correlations. Overall survival (OS) and

disease-free survival curves were analyzed using the

Kaplane-Meier method and log-rank test. P < 0.05 was

considered statistically significant.

Results
circ-DONSON is upregulated in GC tissues and positively

correlated with poor prognosis

To identify important circRNAs involved in GC progres-

sion, we first analyzed overexpressed circRNAs in GC

tissues compared to adjacent normal tissues according

to online dataset (GSE83521). As shown, the circRNA

circ-DONSON (probe ID: ASCRP003426) is the most

upregulated circRNAs among all candidates (Fig. 1a, b).

circ-DONSON derives from back-splicing of DONSON

mRNA (Additional file 1: Figure S1a). And its sequence

is presented in Additional file 1: Table S1. Then

qRT-PCR analysis was conducted to validate its expression.

circ-DONSON expression was significantly upregulated in

142 GC tissues compared to their adjacent normal tissues

(Fig. 1c). We then measured circ-DONSON expression

through Northern blotting in 5 pairs of GC tissues

and adjacent normal tissues. The results indicated

that circ-DONSON levels were higher in tumor

tissues (Fig. 1d), which was further confirmed by in

situ hybridization (ISH) (Fig. 1e). Similarly, the expres-

sion of circ-DONSON was increased in GC cell lines com-

pared to GES-1 cell line (Fig. 1f). Then we analyzed the

correlation between circ-DONSON expression and clinical

features. We found that circ-DONSON expression was

positively correlated with TNM stage and lymphoid metas-

tasis (Fig. 1g, h). Furthermore, higher expression of

circ-DONSON in GC patients was correlated with lower

overall survival rate and disease-free survival rate (Fig. 1i, j),

indicating circ-DONSON might be a prognostic marker.

circ-DONSON silencing suppresses GC cell proliferation,

migration and invasion, and induces apoptosis

We next investigated the roles of circ-DONSON in GC

cell phenotypes. Because circ-DONSON level was rela-

tively higher in BGC-823 and AGS cells (Fig. 1f), we per-

formed following experiments using these two cells. Using

two independent shRNAs targeting circ-DONSON, we

effectively decreased its expression in BGC-823 and AGS

cells (Fig. 2a). Through CCK8 assay, we found that

circ-DONSON silencing significantly inhibited the

proliferation of BGC-823 and AGS cells (Fig. 2b). EdU

assay also illustrated that circ-DONSON knockdown

reduced the incorporation of EdU (Fig. 2c). To further

confirm it, we conducted colony formation assay, and

found that the colony numbers were decreased after

circ-DONSON silencing (Fig. 2d). Importantly, the Ki67

positive BGC-823 and AGS cells were reduced after

circ-DONSON knockdown (Fig. 2e), supporting that

circ-DONSON knockdown inhibited GC cell proliferation.

Then we analyzed apoptosis, migration and invasion. Re-

sults demonstrated that circ-DONSON silencing induced

more apoptosis while impairing the abilities of migration

and invasion (Fig. 2f-h). Interestingly, the western blotting

assay showed that loss of circ-DONSON increased the epi-

thelial marker E-cadherin expression and decreased the

mesenchymal marker N-cadherin expression in BGC-823

and AGS cells (Fig. 2i). To further rule out the effect of

shRNA off-target, we overexpressed circ-DONSON by

transfection with pcDNA3-circ-DONSON vector in

BGC-823 and AGS cells (Additional file 1: Figure S1b).

CCK8 and colony formation assays indicated that

circ-DONSON overexpression promoted the proliferation
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of BGC-823 and AGS cells (Additional file 1: Figure S1c,

d). Furthermore, ectopic expression of circ-DONSON en-

hanced the migration and invasion of BGC-823 and AGS

cells (Additional file 1: Figure S1e, f). Thus, these results

demonstrated that circ-DONSON promotes GC growth

and metastasis in vitro.

circ-DONSON regulates GC cell malignant behaviors

through activating SOX4

Previous studies have reported that key signaling path-

ways, such as NOTCH signaling, Wnt signaling, NF-κB

signaling and Hedgehog signaling, play crucial roles in

tumorigenesis [17, 18]. Thus, we speculated whether

circ-DONSON regulates these signaling pathways. We

measured the effects of circ-DONSON knockdown on

the activation of these pathways by evaluating the ex-

pression of their target genes (HES6, HEY1, HES1,

NRARP for NOTCH signaling; MYC, TIAM, KIAA,

CCND1, CCND2, SOX4, FN14, TCF1 for Wnt signaling;

VEGF, BCL2L1, HIF1A, BIRC5, MMP2, TWIST1 for

NF-κB signaling; GLI1, PATCHED, GLI3 for Hedgehog

signaling). Interestingly, we found that circ-DONSON

silencing only significantly led to decreased expression

of SOX4 (Fig. 3a, b), implying circ-DONSON might dir-

ectly regulate SOX4 expression. Using circ-DONSON

specific probes, we found that circ-DONSON could

enrich on SOX4 promoter region (− 600 ~ − 400 bp from

the transcription start site) (Fig. 3c). Pulldown assay also

indicated that biotin labeled SOX4 promoter DNA pre-

cipitated circ-DONSON in cell lysates (Fig. 3d). Consist-

ently, FISH assay showed that SOX4 promoter was

co-localized with circ-DONSON in BGC-823 and AGS

cells (Fig. 3e), suggesting circ-DONSON might regulate

SOX4 transcription. As shown, we really found that

circ-DONSON silencing suppressed the enrichment of

transcriptional active marker H3K27ac on SOX4 promoter

Fig. 1 circ-DONSON is upregulated in GC tissues and positively correlated with poor prognosis. a Heatmap according to differentially expressed

circRNAs between GC tissues and adjacent normal tissues in GSE83521 dataset. b Expression intensity of circ-DONSON in GC tissues and adjacent

normal tissues based on GSE83521 dataset. c qRT-PCR analysis of relative circ-DONSON expression levels in 142GC tissues and their adjacent

normal tissues. d Northern blotting analysis of circ-DONSON expression in GC tissues and paired normal tissues. e In situ hybridization (ISH) was

used to analyze circ-DONSON expression in GC tissues and paired normal tissues. Scale bar: 50 μm. f Increased expression of circ-DONSON was

observed in GC cell lines compared to GES-1 cells. g Relative expression of circ-DONSON in GC with different TNM stage. h Expression levels of

circ-DONSON in GC patients with or without lymph node metastasis. i, j Kaplan-Meier plots of the overall survival and disease-free survival of GC

patients with high (n = 68) and low (n = 74) levels of circ-DONSON. *P < 0.05, **P < 0.01 and ***P < 0.001
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(Fig. 3f ). Moreover, after circ-DONSON knockdown,

the SOX4 promoter was more resistant to DNaseI di-

gestion (Fig. 3g), indicating circ-DONSON regulates

SOX4 promoter accessibility. To further demonstrate

that whether circ-DONSON-mediated SOX4 transcrip-

tion promotes GC progression, we overexpressed SOX4.

Through CCK8, EdU and colony formation assays, we

found that SOX4 overexpression enhanced the prolifera-

tion of circ-DONSON-depleted BGC-823 and AGS cells

(Fig. 3h-j). Moreover, restoration of SOX4 also reversed

the effects of circ-DONSON silencing on apoptosis,

migration and invasion (Fig. 3k-m). Taken together,

circ-DONSON activates SOX4 transcription to pro-

mote GC progression.

circ-DONSON associates with the NURF complex by

directly interacting with SNF2L subunit

Through FISH assay (Fig. 3e), we found circ-DONSON

was mainly localized in the nucleus. We further validated

it through qRT-PCR (Fig. 4a). To further investigate the

molecular mechanism, we searched the potential protein

that interacts with circ-DONSON. We performed pull-

down assay and silver staining. We then chose the differ-

ential band in circ-DONSON lane for mass spectrum

identification. SNF2L, an essential subunit of the NURF

complex, was identified (Fig. 4b). Through RIP and pull-

down assay, we demonstrated their direct interaction

(Fig. 4c, d). FISH assay also confirmed their colocalization

in BGC-823 cells (Fig. 4e). Moreover, domain mapping

assay indicated that the region 650–948 bp of circ-

DONSON was essential for their interaction (Fg. 4f).

EMSA assay further confirmed that SNF2L directly inter-

acted with the region 650–948 bp of circ-DONSON

(Fig. 4g). Finally, pulldown assay using circ-DONSON

probes showed that circ-DONSON precipitated with

SNF2L, BPTF and RBBP4 (three subunits of the NURF

complex) in BGC-823 cells (Fig. 4h), indicating circ-

DONSON associated with the NURF complex in GC.

circ-DONSON recruits the NURF complex to activate SOX4

transcription

The NURF complex is a chromatin remodeler and acti-

vates gene expression [19]. Therefore, we wondered

whether the NURF complex participates in the regula-

tion of SOX4 transcription. ChIP assay showed that

SNF2L, BPTF and RBBP4 could enrich on the same re-

gion of SOX4 promoter as circ-DONSON (Fig. 5a).

Notably, circ-DONSON silencing impaired the enrich-

ment of SNF2L, BPTF and RBBP4 on SOX4 promoter

(Fig. 5b). FISH assay also confirmed that circ-DONSON

Fig. 2 circ-DONSON silencing suppresses GC cell proliferation, migration and invasion, and induces apoptosis. a qRT-PCR was performed to

confirm the relative expression of circ-DONSON in BGC-823 and AGS cells transfected with two independent shRNAs targeting circ-DONSON. b-e

CCK8, EdU, colony formation and Ki67 staining assays was used to analyze proliferation of BGC-823 and AGS cells after circ-DONSON silencing. f

Annexin/PI staining followed by FACS analysis indicated that circ-DONSON knockdown induced apoptosis. g, h Transwell assay illustrated that

circ-DONSON knockdown suppressed the migration and invasion of BGC-823 and AGS cells. i Western blotting analysis of N-cadherin and E-

cadherin expression in BGC-823 and AGS cells after circ-DONSON depletion. *P < 0.05, **P < 0.01 and ***P < 0.001
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knockdown abrogated the colocalization of SOX4 pro-

moter with SNF2L (Fig. 5c). Interestingly, silencing of

SNF2L, BPTF or RBBP4 also suppressed the enrichment

of the active markers H3K27ac and H3K4me3 on SOX4

promoter (Fig. 5d, e), indicating that the NURF complex

might regulate SOX4 transcription. We further performed

luciferase reporter assay and demonstrated that overex-

pression of SNF2L, BPTF or RBBP4 promoted the lucifer-

ase activity of SOX4 promoter while circ-DONSON

silencing abrogated it (Fig. 5f), demonstrating that the

NURF complex promotes SOX4 transcription in a

circ-DONSON-dependent manner. Really, silencing of

SNF2L, BPTF or RBBP4 decreased the expression of

SOX4 in GC cells (Fig. 5g, h). Furthermore, we also ob-

served that the expression of SNF2L was positively corre-

lated with SOX4 in GC tissues (Fig. 5i). In summary, our

data suggested that the circ-DONSON associated with the

NURF complex to activate SOX4 transcription in GC.

The NURF complex modulates GC progression

Whether the NURF complex regulates GC progression

has not been reported. Thus, we further explored the roles

of the NURF complex on GC cells. Through TCGA data-

base, we found that the expressions of BPTF and RBBP4

were significantly upregulated in GC tissues (Fig. 6a).

qRT-PCR analysis also confirmed the upregulation of the

Fig. 3 circ-DONSON regulates GC cell malignant behaviors through activating SOX4. a qRT-PCR analysis of indicated gene expression in BGC-823

and AGS cells after circ-DONSON depletion. b Western blotting result showed that circ-DONSON silencing suppressed SOX4 expression in BGC-

823 and AGS cells. c ChIP assay was performed to measure the association of circ-DONSON with SOX4 promoter. d Pulldown assay showed that

biotin-labeled SOX4 promoter region precipitated circ-DONSON in BGC-823 and AGS cell lysates. e DNA-FISH assay indicated the co-localization

between circ-DONSON and SOX4 promoter in BGC-823 and AGS cells. Scale bar: 5 μm. f ChIP assay showed that circ-DONSON silencing led to

decreased enrichment of active marker H3K27ac on SOX4 promoter in BGC-823 and AGS cells. g SOX4 promoter was more resistant to DNaseI

digestion after circ-DONSON knockdown. h-j CCK8, EdU and colony formation assays were performed to detect cell proliferation. k Restoration of

SOX4 reduced the apoptosis of BGC-823 and AGS cells induced by circ-DONSON silencing. l, m Restoration of SOX4 rescued the abilities of

migration and invasion in circ-DONSON knocked down BGC-823 and AGS cells. **P < 0.01 and ***P < 0.001
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NURF complex in GC tissues and cell lines (Fig. 6b, c).

Then we knocked down BPTF, RBBP4 or SNF2L and per-

formed functional experiments. CCK8, colony formation

and EdU assays showed that silencing of BPTF, RBBP4 or

SNF2L significantly suppressed GC cell proliferation

(Fig. 6d-f). FACS analysis and Transwell assay indicated

that silencing of BPTF, RBBP4 or SNF2L induced apop-

tosis and inhibited cell migration and invasion (Fig. 6g-i).

In conclusion, these findings suggested that the NURF

complex also promotes GC progression.

Effects of circ-DONSON on GC growth in vivo

Then, we investigated the effect of circ-DONSON silen-

cing on GC growth in vivo. BGC-823 cells with

circ-DONSON knockdown or negative control were

subcutaneously injected into the flank of nude mice.

Every 5 days, the tumor volumes were measured and

after 30 days the tumor weights were determined. Re-

sults showed that circ-DONSON knockdown signifi-

cantly decreased tumor volumes and weights (Fig. 7a-c).

Furthermore, immunohistochemistry for SOX4 and Ki67

was conducted to detect SOX4 and Ki67 expression. Re-

sults showed that circ-DONSON silencing led to a sub-

stantial reduce of SOX4 and Ki67 protein levels (Fig. 7d,

e), indicating circ-DONSON knockdown suppresses GC

growth in vivo through SOX4.

Discussion

In this study, we investigated the functions of

circ-DONSON in GC progression. circ-DONSON was

highly expressed in GC tissues and cell lines. We also

found that circ-DONSON overexpression predicted

Fig. 4 circ-DONSON associates with the NURF complex by directly interacting with SNF2L subunit. a qRT-PCR analysis showed that circ-DONSON

was mainly localized in the nucleus of GC cells. b biotin-labeled linear circ-DONSON was used for incubation with BGC-823 cell lysates, followed

by silver staining and mass spectrum identification. SNF2L was identified as a candidate for interaction with circ-DONSON. c RIP assay using anti-

SNF2L showed that SNF2L precipitated circ-DONSON in BGC-823 and AGS cell lysates. d Pulldown assay confirmed that biotin-labeled linear circ-

DONSON interacted with MYC-SNF2L. e RNA-FISH assay verified the colocalization between circ-DONSON and SNF2L in BGC-823 cells. Scale bar:

5 μm. f Domain mapping assay indicated that the region of 650–948 bp in circ-DONSON was essential for the interaction with SNF2L. g RNA-

EMSA assay confirmed the interaction of circ-DONSON (650–948 bp) with SNF2L. h Pulldown assay using probes targeting circ-DONSON indicated

that circ-DONSON interacted with the NURF complex in BGC-823 cells
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advanced tumor stage, metastasis and poor prognosis.

Moreover, we found that circ-DONSON silencing sup-

pressed GC cell proliferation, migration and invasion

while inducing apoptosis in vitro. Animal experiments

indicated that circ-DONSON knockdown suppressed

GC growth in vivo. We also found that circ-DONSON

associated with the NURF complex through directly

interacting with SNF2L. circ-DONSON recruited the

NURF complex to SOX4 promoter and initiated its tran-

scription. Collectively, our study demonstrated that

circ-DONSON is a novel oncogenic circRNA through

activation of SOX4 in GC.

In the recent years, large amounts of circRNAs are

identified aberrantly expressed in tumor tissues, includ-

ing GC. Emerging studies showed that circRNAs are im-

portant regulators for tumorigenesis by modulating

malignant behaviors of tumor cells [11, 20]. For example,

circRNA hsa_circ_0000263 promotes cervical cancer

progression via targeting miR-150-5p [21]. circRNA

circ_0008450 is upregulated in hepatocellular carcin-

oma (HCC) and promotes proliferation and invasion

of tumor cells [22]. In GC, only a few important cir-

cRNAs have been identified. hsa_circ_0000190 was

identified as a diagnostic biomarker in GC [23]. Circu-

lar RNA_LARP4 was demonstrated to repress GC

growth and invasion [5]. Additionally, Circ-SFMBT2

interacts with miR-182-5p to increase the growth of

GC cells through upregulating CREB1 expression [10].

How circRNAs regulates GC development still remains ill

understood. In our study, we screened a novel circRNA

circ-DONSON. We demonstrated that circ-DONSON

contributes to the malignant behaviors of GC cells.

To explore the molecular mechanism of circ-DONSON,

we analyzed the downstream signaling pathway. We found

Fig. 5 circ-DONSON recruits the NURF complex to activate SOX4 transcription. a ChIP assay showed that SNF2L, BPTF and RBBP4 were enriched

on SOX4 promoter. b ChIP assay showed that circ-DONSON silencing attenuated the enrichment of SNF2L, BPTF and RBBP4 on SOX4 promoter. c

DNA-FISH verified that circ-DONSON silencing abrogated the colocalization between SNF2L and SOX4 promoter in BGC-823 cells. Scale bar: 5 μm.

d, e Depletion of SNF2L, BPTF or RBBP4 impaired the enrichment of active markers H3K27ac and H3K4me3 on SOX4 promoter. f Luciferase

reporter assay showed that overexpression of SNF2L, BPTF or RBBP4 increased the luciferase activity while circ-DONSON silencing abrogated it.

The SOX4 promoter region was constructed into the pGL3 luciferase vector. g, h qRT-PCR and western blotting analyses of SOX4 expression after

knockdown of SNF2L, BPTF or RBBP4. i qRT-PCR analysis indicated that SOX4 expression was negatively correlated with SNF2L in GC

tissues. **P < 0.01
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that circ-DONSON could promote SOX4 expression in

GC cells. SOX4 is a key transcription factor involved in de-

velopment of several cancers. For instance, activated SOX4

signaling was reported to promote breast cancer metastasis

[24]. Upregulated SOX4 by UCA1 contributes to prolifera-

tion and invasion in renal cell carcinoma [25]. SOX4 is also

found to promote GC progression [26, 27]. Consistent with

above evidence, we also found that increased expression by

circ-DONSON regulates the proliferation, migration, inva-

sion and apoptosis of GC cells.

Recently, most studies about circRNAs demonstrated

that circRNAs could work as competing endogenous

RNAs (ceRNAs) to inhibit miRNAs and play functions

[10, 13]. However, in our study, we found that

circ-DONSON was mainly located in the nucleus of GC

cells, indicating circ-DONSON might be not a miRNA

sponge. Up to date, how circRNAs exerts in the nucleus

remains poorly investigated. In our study, we found that

circ-DONSON directly deposited on the promoter of

SOX4 and regulates its chromatin accessibility. Then

through RNA pulldown and mass spectrum identifica-

tion, we found that circ-DONSON interacted with

SNF2L, an important subunit of the NURF complex

[28]. We showed that circ-DONSON was associated

with the NURF complex through directly interacting

with SNF2L subunit in GC. Moreover, we demonstrated

that the NURF complex was enriched on SOX4 pro-

moter in a circ-DONSON-dependent manner. The

Fig. 6 The NURF complex modulates GC progression. a BPTF and RBBP4 were upregulated in GC tissues according to TCGA database. b qRT-PCR

analysis of expression levels of BPTF, RBBP4 and SNF2L in 142 GC tissues and adjacent normal tissues. c Relative expression of BPTF, RBBP4 and

SNF2L in GC cell lines by qRT-PCR analysis. d-f CCK8, colony formation and EdU assays showed that knockdown of BPTF, RBBP4 or SNF2L

suppressed proliferation of BGC-823 and AGS cells. g Knockdown of BPTF, RBBP4 or SNF2L promoted apoptosis of BGC-823 and AGS cells. h, i

Transwell assay showed that knockdown of BPTF, RBBP4 or SNF2L inhibits migration and invasion of BGC-823 and AGS cells. **P < 0.01

and ***P < 0.001
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NURF complex is a critical chromatin remodeler and

regulates gene expression [19, 29, 30]. Our results also

indicated that NURF depletion suppressed SOX4 tran-

scription and decreased SOX4 mRNA levels. Thus, our

research revealed that circ-DONSON/NURF axis acti-

vates SOX4 signaling in GC.

Although the NURF complex has been reported to

participate in some cancers, such as intestinal tumori-

genesis [31] and HCC [32], whether it is involved in GC

remains undefined. In our study, we found that its sub-

units RBBP4, BPTF and SNF2L were highly expressed in

GC tissues. And knockdown of RBBP4, BPTF or SNF2L

significantly suppressed GC cell proliferation, migration

and invasion and promoted apoptosis. Thus, our results

illustrated that the NURF complex contributes to GC

development for the first time.

Conclusion

In summary, we identified a novel upregulated circRNA

circ-DONSON that plays an oncogenic role in GC and

associates with poor prognosis. Functional experiments

demonstrated that circ-DONSON regulates GC cell pro-

liferation, migration, invasion and apoptosis through the

NURF complex-dependent activation of SOX4 signaling.

Additional file

Additional file 1: Figure S1. circ-DONSON overexpression promotes

proliferation, migration and invasion of GC cells. a Diagram of back-splicing

for circ-DONSON formation. b qRT-PCR analysis of circ-DONSON expression

after transfection with pcDNA3-circ-DONSON or vector control. c CCK8 assay

was used for proliferation evaluation. d Colony formation assay indicated that

circ-DONSON overexpression increased the colony numbers. e, f Transwell

assays indicated that overexpression of circ-DONSON promoted

migration and invasion of BGC-823 and AGS cells. **P < 0.01 and

***P < 0.001. Table S1. Sequence of circ-DONSON. (DOCX 415 kb)

Abbreviations

ceRNA: Competing endogenous RNA; circRNA: circular RNA;

FISH: Fluorescence in situ hybridization; GC: gastric cancer;

IHC: Immunohistochemistry; ISH: In situ hybridization; qRT-PCR: Real-time

quantitative polymerase chain reaction; RIP: RNA immunoprecipitation

Funding

This study was funded by Outstanding Youth Training Foundation of

Academician Yu-Weihan in Harbin Medical University(principal investigator

Guodong Li) and Science Foundation for Key Project of the Fourth Affiliated

Hospital of Harbin Medical University(Grant number: HYDSYJQ201602, principal

investigator Guodong Li)

Availability of data and materials

All data are included in the manuscript.

Authors’ contributions

GL, LD, YZ, SD and YW contributed to the design of the study. LD, YZ, SD,

YW, XL, XY and ZL performed the experiments. JW and ML contributed to

the material support of the study. LD, YZ, SD and GL analyzed the data and

prepared all the figures and wrote the manuscript. All authors read and

approved the final manuscript.

Ethics approval and consent to participate

The present study was approved by the Ethics Committee of the Fourth

Affiliated Hospital of Harbin Medical University.

Consent for publication

Consent was achieved from all patients.

Competing interests

The authors declare that they have no competing interests.

Fig. 7 Effects of circ-DONSON on GC growth in vivo. a Tumor volumes were determined every 5 days. b 30 days after injection, the tumor weights

were measured. The representative images of tumor tissues in each group were presented in the right. n = 4 for each group. c qRT-PCR analysis of

circ-DONSON in tumor tissues. d, e IHC analysis of SOX4 and Ki67 expression in tumor tissues of each group. Scale bar: 50 μm. **P < 0.01

Ding et al. Molecular Cancer           (2019) 18:45 Page 10 of 11

https://doi.org/10.1186/s12943-019-1006-2


Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Author details
1Department of General Surgery, the Fourth Affiliated Hospital of Harbin

Medical University, No. 37 Yiyuan Street, Nangang District, Harbin 150001,

People’s Republic of China. 2Bio-Bank of Department of General Surgery, the

Fourth Affiliated Hospital of Harbin Medical University, Harbin 150001,

People’s Republic of China. 3Department of Medical Oncology, The Fourth

Affiliated Hospital of Harbin Medical University, Harbin 150001, People’s

Republic of China. 4Department of Pharmacology and Toxicology, Wright

State University, Fairborn, OH 45435, USA.

Received: 11 January 2019 Accepted: 15 March 2019

References

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer

statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide

for 36 cancers in 185 countries. CA Cancer J Clin. 2018;68:394–424.

2. Vainio H, Heseltine E, Wilbourn J. Priorities for future IARC monographs on

the evaluation of carcinogenic risks to humans. Environ Health Perspect.

1994;102:590–1.

3. Ge S, Feng XH, Shen L, Wei ZY, Zhu QK, Sun J. Association between

habitual dietary salt intake and risk of gastric Cancer: a systematic review of

observational studies. Gastroenterol Res Pract. 2012;2012:808120.

4. Funakoshi T, Miyamoto S, Kakiuchi N, Nikaido M, Setoyama T, Yokoyama A,

Horimatsu T, Yamada A, Torishima M, Kosugi S, et al. Genetic analysis of a

case of helicobacter pylori-uninfected intramucosal gastric cancer in a

family with hereditary diffuse gastric cancer. Gastric Cancer. 2018. [Epub

ahead of print]. https://doi.org/10.1007/s10120-018-00912-w

5. Zhang J, Liu H, Hou L, Wang G, Zhang R, Huang Y, Chen X, Zhu J. Circular RNA_

LARP4 inhibits cell proliferation and invasion of gastric cancer by sponging miR-

424-5p and regulating LATS1 expression. Mol Cancer. 2017;16:151.

6. Allemani C, Weir HK, Carreira H, Harewood R, Spika D, Wang XS, Bannon F,

Ahn JV, Johnson CJ, Bonaventure A, et al. Global surveillance of cancer

survival 1995-2009: analysis of individual data for 25,676,887 patients from

279 population-based registries in 67 countries (CONCORD-2). Lancet. 2015;

385:977–1010.

7. Qu S, Zhong Y, Shang R, Zhang X, Song W, Kjems J, Li H. The emerging

landscape of circular RNA in life processes. RNA Biol. 2017;14:992–9.

8. Qu S, Yang X, Li X, Wang J, Gao Y, Shang R, Sun W, Dou K, Li H. Circular

RNA: a new star of noncoding RNAs. Cancer Lett. 2015;365:141–8.

9. Ouyang Y, Li Y, Huang Y, Li X, Zhu Y, Long Y, Wang Y, Guo X, Gong K.

CircRNA circPDSS1 promotes the gastric cancer progression by sponging

miR-186-5p and modulating NEK2. J Cell Physiol. 2019;234(7):10458–69.

10. Sun HD, Xi PC, Sun ZQ, Wang Q, Zhu B, Zhou J, Jin H, Zheng WB, Tang WW,

Cao HY, Cao XF. Circ-SFMBT2 promotes the proliferation of gastric cancer

cells through sponging miR-182-5p to enhance CREB1 expression. Cancer

Manag Res. 2018;10:5725–34.

11. Li XN, Wang ZJ, Ye CX, Zhao BC, Li ZL, Yang Y. RNA sequencing reveals the

expression profiles of circRNA and indicates that circDDX17 acts as a tumor

suppressor in colorectal cancer. J Exp Clin Cancer Res. 2018;37:325.

12. Li Y, Wan B, Liu L, Zhou L, Zeng Q. Circular RNA circMTO1 suppresses

bladder cancer metastasis by sponging miR-221 and inhibiting epithelial-to-

mesenchymal transition. Biochem Biophys Res Commun. 2019;508:991–6.

13. Li X, Zhang Z, Jiang H, Li Q, Wang R, Pan H, Niu Y, Liu F, Gu H, Fan X, Gao J.

Circular RNA circPVT1 promotes proliferation and invasion through

sponging miR-125b and activating E2F2 signaling in non-small cell lung

Cancer. Cell Physiol Biochem. 2018;51:2324–40.

14. Xu Y, Yao Y, Leng K, Ji D, Qu L, Liu Y, Cui Y. Increased expression of circular

RNA circ_0005230 indicates dismal prognosis in breast Cancer and

regulates cell proliferation and invasion via miR-618/ CBX8 signal pathway.

Cell Physiol Biochem. 2018;51:1710–22.

15. Wang R, Zhang S, Chen X, Li N, Li J, Jia R, Pan Y, Liang H. EIF4A3-induced

circular RNA MMP9 (circMMP9) acts as a sponge of miR-124 and promotes

glioblastoma multiforme cell tumorigenesis. Mol Cancer. 2018;17:166.

16. Wang Y, Cheng Q, Liu J, Dong M. Leukemia stem cell-released microvesicles

promote the survival and migration of myeloid leukemia cells and these

effects can be inhibited by MicroRNA34a overexpression. Stem Cells Int.

2016;2016:9313425.

17. Huang G, Jiang H, Lin Y, Wu Y, Cai W, Shi B, Luo Y, Jian Z, Zhou X. lncAKHE

enhances cell growth and migration in hepatocellular carcinoma via

activation of NOTCH2 signaling. Cell Death Dis. 2018;9:487.

18. Fu X, Zhu X, Qin F, Zhang Y, Lin J, Ding Y, Yang Z, Shang Y, Wang L, Zhang

Q, Gao Q. Linc00210 drives Wnt/beta-catenin signaling activation and liver

tumor progression through CTNNBIP1-dependent manner. Mol Cancer.

2018;17:73.

19. Liu BY, Ye BQ, Yang LL, Zhu XX, Huang GL, Zhu PP, Du Y, Wu JY, Qin XW, Chen

RS, et al. Long noncoding RNA lncKdm2b is required for ILC3 maintenance by

initiation of Zfp292 expression. Nat Immunol. 2017;18:499–508.

20. Xu Y, Yao Y, Gao P, Cui Y. Upregulated circular RNA circ_0030235 predicts

unfavorable prognosis in pancreatic ductal adenocarcinoma and facilitates

cell progression by sponging miR-1253 and miR-1294. Biochem Biophys Res

Commun. 2019;509:138–42.

21. Cai H, Zhang P, Xu M, Yan L, Liu N, Wu X. Circular RNA hsa_circ_0000263

participates in cervical cancer development by regulating target gene of

miR-150-5p. J Cell Physiol. 2019;234(7):11391–400.

22. Zhang J, Chang Y, Xu L, Qin L. Elevated expression of circular RNA circ_

0008450 predicts dismal prognosis in hepatocellular carcinoma and

regulates cell proliferation, apoptosis, and invasion via sponging miR-548p. J

Cell Biochem. 2018. [Epub ahead of print]. https://doi.org/10.1002/jcb.28224

23. Chen SJ, Li TW, Zhao QF, Xiao BX, Guo JM. Using circular RNA hsa_circ_

0000190 as a new biomarker in the diagnosis of gastric cancer. Clin Chim

Acta. 2017;466:167–71.

24. Wang N, Liu W, Zheng Y, Wang S, Yang B, Li M, Song J, Zhang F, Zhang X,

Wang Q, Wang Z. CXCL1 derived from tumor-associated macrophages

promotes breast cancer metastasis via activating NF-kappaB/SOX4 signaling.

Cell Death Dis. 2018;9:880.

25. Liu Q, Li Y, Lv W, Zhang G, Tian X, Li X, Cheng H, Zhu C. UCA1 promotes

cell proliferation and invasion and inhibits apoptosis through regulation of

the miR129-SOX4 pathway in renal cell carcinoma. Onco Targets Ther. 2018;

11:2475–87.

26. Zou J, Xu Y. MicroRNA-140 inhibits cell proliferation in gastric Cancer cell

line HGC-27 by suppressing SOX4. Med Sci Monit. 2016;22:2243–52.

27. Liu E, Sun X, Li J, Zhang C. miR30a5p inhibits the proliferation,

migration and invasion of melanoma cells by targeting SOX4. Mol

Med Rep. 2018;18:2492–8.

28. Eckey M, Kuphal S, Straub T, Rummele P, Kremmer E, Bosserhoff AK, Becker

PB. Nucleosome remodeler SNF2L suppresses cell proliferation and

migration and attenuates Wnt signaling. Mol Cell Biol. 2012;32:2359–71.

29. Liu T, Han Z, Li H, Zhu Y, Sun Z, Zhu A. LncRNA DLEU1 contributes to

colorectal cancer progression via activation of KPNA3. Mol Cancer. 2018;17:118.

30. Li Y, Schulz VP, Deng C, Li G, Shen Y, Tusi BK, Ma G, Stees J, Qiu Y, Steiner

LA, et al. Setd1a and NURF mediate chromatin dynamics and gene

regulation during erythroid lineage commitment and differentiation.

Nucleic Acids Res. 2016;44:7173–88.

31. Zhu P, Wu J, Wang Y, Zhu X, Lu T, Liu B, He L, Ye B, Wang S, Meng S, et al.

LncGata6 maintains stemness of intestinal stem cells and promotes

intestinal tumorigenesis. Nat Cell Biol. 2018;20:1134–44.

32. Zhao X, Zheng F, Li Y, Hao J, Tang Z, Tian C, Yang Q, Zhu T, Diao C, Zhang

C, et al. BPTF promotes hepatocellular carcinoma growth by modulating

hTERT signaling and cancer stem cell traits. Redox Biol. 2019;20:427–41.

Ding et al. Molecular Cancer           (2019) 18:45 Page 11 of 11

https://doi.org/10.1007/s10120-018-00912-w
https://doi.org/10.1002/jcb.28224

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Human samples
	Cell culture
	Lentivirus production and cell transfection
	Quantitative real-time PCR (qRT-PCR)
	Cell proliferation
	Colony formation assay
	5-Ethynyl-20-deoxyuridine (EdU) incorporation assay
	Transwell assay
	RNA fluorescence in situ hybridization (RNA-FISH)
	Animal assay
	Statistical analysis

	Results
	circ-DONSON is upregulated in GC tissues and positively correlated with poor prognosis
	circ-DONSON silencing suppresses GC cell proliferation, migration and invasion, and induces apoptosis
	circ-DONSON regulates GC cell malignant behaviors through activating SOX4
	circ-DONSON associates with the NURF complex by directly interacting with SNF2L subunit
	circ-DONSON recruits the NURF complex to activate SOX4 transcription
	The NURF complex modulates GC progression
	Effects of circ-DONSON on GC growth in�vivo

	Discussion
	Conclusion
	Additional file
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

