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Abstract
Circular RNA (circRNA) 5-aminoimidazole-4-carboxamide ribonucleotide formyl-
transferase/IMP cyclohydrolase (circATIC; hsa_circ_0058058) was observed to be 
upregulated in multiple myeloma (MM) by former article. However, the function 
and exact mechanism of circATIC in MM development remain barely known. Cir-
cRNA-microRNA (miRNA)-messenger RNA (mRNA) axis was established through 
using bioinformatic databases (starbase, Circinteractome, and microT-CDS). Dual-
luciferase reporter assay, RNA immunoprecipitation assay, and RNA-pull down 
assay were utilized to verify the target relationship between microRNA-324-5p 
(miR-324-5p) and circATIC or hepatocyte growth factor (HGF). CircATIC expres-
sion was upregulated in MM patients and cell lines. CircATIC interference nota-
bly hampered cell proliferation, migration, invasion, and glycolysis and induced cell 
apoptosis of MM cells. MiR-324-5p was a target of circATIC. CircATIC silencing-
mediated effects in MM cells were largely overturned by the knockdown of miR-
324-5p. HGF was a target of miR-324-5p, and circATIC upregulated the expression 
of HGF partly through sponging miR-324-5p in MM cells. MiR-324-5p suppressed 
the malignant behaviors of MM cells, which were largely counteracted by the over-
expression of HGF in MM cells. CircATIC accelerated the proliferation, migration, 
invasion, and glycolysis and suppressed the apoptosis of MM cells through mediat-
ing miR-324-5p/HGF signaling.
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Introduction

Multiple myeloma (MM) is a common hematologic disease with the over-activation 
of proliferation in plasma cells (Terpos et al. 2018). Despite diagnosis and treatment 
methods for MM have advanced, the prognosis remains unsatisfactory, especially in 
high-risk MM patients (Pawlyn and Morgan 2017). Therefore, discovering molecu-
lar mechanism behind MM progression is urgently needed to identify novel targets 
for MM diagnosis and prognosis, which also could be used as therapeutic targets.

Circular RNAs (circRNAs) engage in the initiation and progression of malignan-
cies through sponging microRNAs (miRNAs) to regulate cellular malignant phe-
notypes (Yin et  al. 2019; Zhao et  al. 2019). Many circRNAs have been reported 
to regulate the progression of hematological disorders. For instance, circ_0009910 
accelerated the progression of acute myeloid leukemia through sponging miR-
20a-5p (Ping et  al. 2019). Circ_0000142 elevated the malignant potential of MM 
cells through binding to miR-610 to induce AKT3 expression (Liu et  al. 2020). 
CircRNA 5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase/
IMP cyclohydrolase (circATIC; hsa_circ_0058058) was reported to be upregulated 
in MM (Zhou et al. 2020). We intended to investigate the biological significances 
behind the high expression of circATIC in MM progression.

MiRNAs exert regulatory roles in the progression of malignancies through 
degrading target messenger RNAs (mRNAs) (Guo et al. 2016). For instance, miR-
342 and miR-363 restrained MM progression through decreasing Runx2 expression 
(Gowda et  al. 2018). MiR-218 elevated the drug resistance of MM cells through 
downregulating LRRC28 (Chen et al. 2021). MiR-324-5p was predicted as a poten-
tial target of circATIC via bioinformatic database. MiR-324-5p exerted an anti-
tumor role in many cancers, including MM (Jiang et al. 2018; Lin et al. 2018; Gu 
et al. 2019; Zhang et al. 2018). For instance, Zhang et al. claimed that miR-324-5p 
restrained the motility of MM cells (2018). In this study, we further explored the 
working mechanism of miR-324-5p in MM progression.

Based on bioinformatic analysis, hepatocyte growth factor (HGF) is a poten-
tial target of miR-324-5p. HGF is a multidomain glycoprotein, and it is a ligand of 
MET receptor (Ghiso and Giordano 2013). The oncogenic role of HGF has been 
reported in multiple malignancies, including blood tumors (Borset et al. 1996) and 
solid tumors (Graziano et al. 2011; Bu et al. 2020; Lennerz et al. 2011). As for MM, 
HGF was observed to be upregulated in the serum samples of MM patients, and it 
was a prognostic factor for MM patients (Seidel et al. 1998). Yang et al. found that 
HGF was upregulated in MM patients and cell lines, and HGF promoted the prolif-
eration and restrained the apoptosis of MM cells (Yang and Chen 2019). The target 
relation between HGF and miR-324-5p was tested in our study, and their functional 
relevance in MM progression was investigated.

CircATIC was abnormally upregulated in MM patients and cell lines. CircATIC 
silencing restrained the proliferation, migration, invasion, and glycolysis and 
induced the apoptosis of MM cells. Subsequently, bioinformatic analysis was used 
to predict the downstream targets of circATIC, and the working mechanism of cir-
cATIC was confirmed through conducting rescue experiments.
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Materials and Methods

Clinical Samples

A total of 37 MM patients and 8 healthy bone marrow (BM) donors were enrolled 
in ShangRao People’s Hospital. This study was conducted with the permission 
of the Medical Ethics Committee of ShangRao People’s Hospital and in accord-
ance with the Declaration of Helsinki. Mononuclear cells were isolated from BM 
samples via gradient density centrifugation followed by the purification of plasma 
cells using CD138-coated magnetic beads (Miltenyi Biotech, Bergisch Gladbach, 
Germany). All subjects had signed written informed consents prior to sample 
collection.

Cell Lines

H929 MM cell line, OPM2 MM cell line, and normal plasma cell line nPCs were 
all acquired from BeNa Culture Collection (Beijing, China). All cell lines were 
maintained in Roswell Park Memorial Institute-1640 (RPMI-1640) medium 
(Gibco, Carlsbad, CA, USA) plus 10% fetal bovine serum (FBS; Gibco), 2 mM 
l-glutamine (Gibco), 1% 100 U/mL penicillin (Invitrogen, Carlsbad, CA, USA), 
and 1% 100 μg/mL streptomycin (Invitrogen) in a 5% CO2 incubator at 37 °C.

Cyclization Validation of circATIC

RNase R (3  U/μg; Epicentre Technologies, Madison, WI, USA) was incubated 
with RNA sample (3 μg) for 30 min at room temperature, and the expression of 
circATIC and linear ATIC mRNA was measured by qRT-PCR.

Quantitative Real‑Time Polymerase Chain Reaction (qRT‑PCR)

Complementary DNA (cDNA) of circRNA and mRNA was synthesized using the 
Prime Script RT Master Mix (Takara, Dalian, China), while reverse transcription 
of miRNA was conducted using the miRNA First-Strand cDNA Synthesis Kit 
(TIANGEN, Beijing, China). PCR amplification of circRNA and mRNA was con-
ducted using FastStart Universal SYBR Green Master (Roche, Mannheim, Ger-
many), while the amplification of miRNA was performed with Taqman Micro-
RNA Assay Kit (Applied Biosystems, Foster City, CA, USA). U6 for miR-324-5p 
and β-actin for circATIC, ATIC, and HGF were used as house-keeping genes. 
Specific primers in qRT-PCR assay are listed in Table 1. The relative expression 
of these molecules was analyzed as the 2−ΔΔCt method.
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Cell Transient Transfection

CircATIC-specific small interfering RNA (si-circATIC), scramble siRNA nega-
tive control (si-NC), circATIC overexpression plasmid (circATIC), negative con-
trol pLCDH-cir empty vector (NC), HGF overexpression plasmid (HGF), and 
pcDNA were obtained from Genepharma (Shanghai, China). MiR-324-5p mimics 
(miR-324-5p), miR-NC, miR-324-5p inhibitor (in-miR-324-5p), and in-miR-NC 
were chemically synthesized by Genechem Company (Shanghai, China). Trans-
fection was conducted using Lipofectamine 3000 (Invitrogen), and MM cells 
were harvested for the following experiments at appropriate time points.

3‑(4,5‑Dimethylthiazol‑2‑yl)‑2,5‑Diphenyltetrazolium Bromide (MTT) Assay

After transfection for 0 h, 24 h, 48 h, or 72 h, MM cells in 96-well plates in sextu-
plicate were incubated with 20  μL 2.5  mg/mL MTT solution (Life Technologies, 
Waltham, MA, USA) for 4 h. 150 μL dimethyl sulfoxide (DMSO; Sangon Biotech, 
Shanghai, China) was then added to dissolve the formazan crystals. The absorbance 
at the wavelength of 570 nm was measured.

Flow Cytometry for Cell Cycle Analysis

MM cells were collected and then immobilized in 80% ice-cold ethanol. RNA con-
tent was removed through incubating with RNAase (2  mg/mL; Sigma, St. Louis, 
MO, USA) at 37 °C for 30 min. The DNA content was stained through incubating 
with propidium iodide (20 mg/mL; Sigma) for 20 min. The proportion of MM cells 
at G0/G1, S, and G2/M phases was analyzed by flow cytometry.

Table 1   Specific primers in qRT-PCR assay

Gene Species Direction Sequence (5′-3′)

circATIC Human Forward GGA​CTA​TGT​GGT​GGT​GTC​CA
Reverse CGG​TCA​GGT​TTC​TTG​CAA​AT

ATIC Human Forward CCA​GGT​GTA​ACT​GTT​GAG​GA
Reverse ATA​ATC​TGA​AAT​TGC​TTC​AT

miR-324-5p Human Forward TGT​GGT​TAC​GGG​ATC​CCC​TACGC​
Reverse GCG​TAG​GGG​ATC​CCG​TAA​CCACA​

HGF Human Forward TCC​ACG​GAA​GAG​GAG​ATG​AGA​
Reverse GGC​CAT​ATA​CCA​GCT​GGG​AAA​

U6 Human Forward CTC​GCT​TCG​GCA​GCACA​
Reverse AAC​GCT​TCA​CGA​ATT​TGC​GT

β-actin Human Forward TCC​CTG​GAG​AAG​AGC​TAC​GA
Reverse AGC​ACT​GTG​TTG​GCG​TAC​AG
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Transwell Migration and Invasion Assays

Transwell chambers were purchased from Costar (Corning, NY, USA). To deter-
mine cell migration ability, MM cells (3 × 104 cells) suspended in 100 μL serum-free 
medium were added into the upper chambers, and 600 μL culture medium added 
with 20% FBS (chemotactic factor) was used to fill the lower chambers. Migrated 
MM cells were counted after 24 h incubation. Magnification: 100 times.

To analyze cell invasion ability, MM cells (1 × 105 cells) suspended in 100  μL 
serum-free medium were added into Matrigel (Sigma)-coated upper chambers. 
Transwell invasion assay was carried out as similar as transwell migration assay. 
Magnification: 100 times.

Flow Cytometry for Cell Apoptosis Analysis

MM cells after transfection for 72  h were collected and resuspended in 100  μL 
binding buffer (Solarbio, Beijing, China). Annexin V-combined fluorescein isothio-
cyanate (Annexin V-FITC; 5 μL; Solarbio) and PI (5 μL; Solarbio) were added to 
incubate with MM cells for 15 min at room temperature in the dark. After staining, 
MM cells were immediately collected for apoptotic analysis on FACSCalibur (Bec-
ton Dickinson, Franklin Lakes, NJ, USA) using Cell Quest software (Becton Dick-
inson). The percentage of MM cells with FITC+/PI− and FITC+/PI+ was counted as 
apoptosis rate.

Glycolytic Analysis

The glycolysis of MM cells was analyzed through measuring the production of lac-
tate and ATP and the utilization of glucose using fluorescence-based glucose or 
lactate assay kit (Biovision, Milpitas, CA, USA) and ATP Colorimetric Assay kit 
(Biovision).

Western Blot Assay

Cell lysates were harvested using cell lysis buffer (Abcam, Cambridge, MA, USA). 
Equal amount of protein samples (30 μg) in loading buffer were loaded onto sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred 
to the polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA, USA). 
After incubating with 5% (w/v) skimmed milk for 1 h, the membrane was incubated 
with primary antibodies at 4  °C overnight, including anti-glucose transporter type 1 
(anti-GLUT1; SAB4200519; Sigma), anti-hexokinase 2 (anti-HK2; HPA028587; 
Sigma), anti-lactate dehydrogenase A (anti-LDHA; SAB1100050; Sigma), anti-HGF 
(HPA040360; Sigma), and anti-β-actin (SAB5500001; Sigma). Appropriate horserad-
ish peroxidase (HRP)-labeled secondary antibody (Sigma) was then incubated with the 
membrane. Protein bands were visualized using the enhanced chemiluminescent (ECL) 
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Kit (Amersham Biosciences, Piscataway, NJ, USA). Quantity One software (Bio-Rad, 
Hercules, CA, USA) was utilized to analyze the densities of protein bands.

Bioinformatic Analysis

CircATIC–miRNA interactions were predicted by starbase software (http://​starb​ase.​
sysu.​edu.​cn) and Circinteractome software (https://​circi​ntera​ctome.​irp.​nia.​nih.​gov), 
while the mRNA targets of miR-324-5p were sought by microT-CDS of DIANA 
TOOL (http://​diana.​imis.​athena-​innov​ation.​gr/​Diana​Tools/​index.​php?r=​microT_​CDS).

Dual‑Luciferase Reporter Assay

The wild-type or mutant miR-324-5p-binding sequence in circATIC was synthesized 
and inserted into psiCHECK2 luciferase reporter vector (Promega, Madison, WI, USA) 
to generate circATIC WT or circATIC MUT. The wild-type or mutant miR-324-5p-
binding sequence in the 3′ untranslated region (3′UTR) fragment of HGF was also 
amplified and cloned into psiCHECK2 luciferase reporter vector (Promega) to obtain 
HGF 3′UTR WT or HGF 3’UTR MUT. MM cells in 24-well plates were transfected 
with 10 nM of miR-NC or miR-324-5p and 40 ng luciferase reporter plasmids. Lucif-
erase activities (Firefly intensity and Renilla intensity) were determined after transfec-
tion for 48 h using the dual-luciferase reporter assay system kit (Promega) on luminom-
eter (Plate Chameleon V, Hidex, Finland). Renilla luciferase intensity was used as the 
control.

RNA Immunoprecipitation (RIP) Assay

MM cells were disrupted using RIP lysis buffer (Haoran Biotech, Shanghai, China) for 
5 min. Cell extracts were incubated with magnetic beads (Bio-Rad) coated with argo-
naute 2 (AGO2) antibody (Abcam) or immunoglobulin G (IgG) antibody (Abcam) for 
3 h. RNA enrichment of circATIC and miR-324-5p was assessed by qRT-PCR.

RNA‑Pull Down Assay

A total of 2 μg cell lysates were incubated with 100 pmol biotinylated RNA (Bio-NC, 
Bio-circATIC WT and Bio-circATIC MUT). Streptavidin agarose beads were added to 
incubate for 1 h. After washing and boiling the beads, the enrichment of miR-324-5p 
was determined by qRT-PCR.

Statistical Analysis

Statistical results were shown as mean ± standard deviation (SD). Three experi-
ments were performed with at least three replicates each. Student’s t test was uti-
lized to evaluate the comparisons in two groups, and one-way analysis of variance 
(ANOVA) followed by Tukey’s test was used to assess the differences in multiple 

http://starbase.sysu.edu.cn
http://starbase.sysu.edu.cn
https://circinteractome.irp.nia.nih.gov
http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=microT_CDS
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groups. Linear correlation among the expression of circATIC, miR-324-5p, and 
HGF was assessed using Spearman’s correlation coefficient. Differences were 
considered to be statistically significant with the P value of less than 0.05.

Results

CircATIC is Highly Expressed in MM

The expression characteristic of circATIC was analyzed in MM. CircATIC 
expression was higher in BM-derived plasma cells of MM patients (n = 37) than 
that in healthy donors (n = 8) (Fig. 1A). Compared with normal plasma cell line 
nPCs, circATIC expression was elevated in both MM cell lines (H929 and OPM2) 
(Fig.  1B). CircATIC expression was stable in RNase R+ group compared with 
Mock group (Fig. 1C, D), suggesting that circATIC was a circular transcript that 
was resistant to exonuclease digestion. The aberrant upregulation of circATIC 
might imply its important role in MM development.

Fig. 1   CircATIC is highly expressed in MM. A qRT-PCR was implemented to measure the expression of 
circATIC in BM-derived plasma cells of MM patients (n = 37) and healthy bone marrow donors (n = 8). 
B The level of circATIC was determined in two MM cell lines (H929 and OPM2) and normal plasma 
cell line (nPCs) by qRT-PCR. C and D RNA samples isolated from H929 and OPM2 cells were equally 
divided into two parts, and these two parts were treated with RNase R or not, named Mock group and 
RNase R+ group. The relative expression of circATIC and linear ATIC mRNA was detected by qRT-
PCR. *P < 0.05



2522	 Biochemical Genetics (2022) 60:2515–2532

1 3

CircATIC Silencing Restrains Cell Proliferation, Migration, Invasion, Glycolysis, 
and Triggers Cell Apoptosis of MM Cells

The specific siRNA targeting the junction sites of circATIC (si-circATIC) was uti-
lized to conduct loss-of-function experiments to investigate the functions of cir-
cATIC in MM cells. CircATIC expression was notably reduced in si-circATIC-trans-
fected MM cells compared with that in si-NC group (Fig. 2A, B). Cell proliferation 
ability was assessed by MTT assay and flow cytometry. Cell proliferation was sig-
nificantly restrained with the interference of circATIC in MM cells (Fig.  2C, D). 

Fig. 2   CircATIC silencing restrains cell proliferation, migration, invasion, and glycolysis and triggers 
cell apoptosis of MM cells. A–N H929 and OPM2 cells were transfected with si-NC or si-circATIC. A 
and B The expression of circATIC was determined in transfected MM cells by qRT-PCR. C and D Cell 
proliferation curve was generated through measuring the OD value after transfection for 0 h, 24 h, 48 h, 
or 72 h via MTT assay. E and F Cell cycle progression was assessed by flow cytometry. G and H Tran-
swell assays were performed to analyze cell migration ability and invasion ability. I Cell apoptosis rate 
was analyzed via flow cytometry. J–L Cell glycolysis was analyzed through measuring the production 
of lactate and ATP and the consumption of glucose using fluorescence-based glucose assay kit, fluores-
cence-based lactate assay kit, and ATP Colorimetric Assay kit. M and N Western blot assay was applied 
to analyze the expression of glycolysis-associated proteins (GLUT1, HK2, and LDHA) in transfected 
MM cells. *P < 0.05
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CircATIC silencing significantly reduced the percentage of MM cells in S phase but 
increased the percentage of MM cells in G0/G1 phase (Fig. 2E, F), suggesting that 
circATIC knockdown arrested cell cycle progression at G1/S transition. The num-
bers of migrated and invaded MM cells were notably reduced in circATIC-silenced 
group relative to si-NC group (Fig. 2G, H), suggesting that circATIC interference 
restrained the migration and invasion of MM cells. The apoptosis rate was signifi-
cantly enhanced with the silencing of circATIC than that in si-NC group in MM 
cells (Fig. 2I). Furthermore, we assessed the glycolysis of MM cells through meas-
uring the uptake of glucose and the production of lactate and ATP. CircATIC silenc-
ing markedly hampered the utilization of glucose and the production of lactate and 
ATP (Fig.  2J–L), suggesting that circATIC silencing restrained the glycolysis of 
MM cells. The expression of three glycolysis-associated key molecules (GLUT1, 
HK2, and LDHA) was measured via Western blot assay to further confirm the role 
of circATIC on the glycolysis of MM cells. As mentioned in Fig. 2M, N, circATIC 
silencing markedly downregulated the expression of GLUT1, HK2, and LDHA in 
MM cells, which further demonstrated that circATIC knockdown restrained the gly-
colysis of MM cells. Overall, circATIC interference blocked the malignant behav-
iors of MM cells.

CircATIC Interacts with miR‑324‑5p in MM Cells

CircRNAs could function as miRNA sponges (Panda 2018). Bioinformatic analysis 
using starbase and Circinteractome softwares was conducted to seek the candidate 
miRNA targets of circATIC. As shown in Fig. 3A, there were six miRNAs (miR-
324-5p, miR-335-5p, miR-338-3p, miR-337-3p, miR-421, and miR-668-3p) that 
were predicted to be possible targets of circATIC by both starbase and Circinter-
actome softwares. The overexpression efficiency of circATIC plasmid was high in 
H929 and OPM2 cells (Fig. 3B, C). CircATIC overexpression reduced the expres-
sion of miR-324-5p and miR-338-3p (Fig. 3D, E), and we selected miR-324-5p for 
the following experiments due to its more obvious negative regulatory relationship 
with circATIC relative to miR-338-3p. The putative binding sequence between 
miR-324-5p and circATIC is shown in Fig. 3F. We mutated four bases “GGAU” in 
the putative binding sites of circATIC by “CCUA” to test if miR-324-5p bound to 
circATIC via the predicted sequence (Fig. 3F). MiR-324-5p transfection markedly 
reduced the luciferase activity in circATIC WT group when compared with miR-NC 
and circATIC WT group (Fig. 3G, H), suggesting that miR-324-5p was a target of 
circATIC in MM cells. Besides, luciferase activities remained unchanged in miR-
NC+circATIC MUT group and miR-324-5p+circATIC MUT group (Fig. 3G, H), 
suggesting that circATIC bound to miR-324-5p via the predicted sequence. Subse-
quently, RIP assay and RNA-pull down assay were carried out to further confirm 
the target interaction between circATIC and miR-324-5p. MiR-324-5p and circATIC 
were both enriched in the precipitated complex when using AGO2 antibody rather 
than IgG antibody (Fig.  3I, J), suggesting the binding relation between circATIC 
and miR-324-5p. MiR-324-5p was markedly enriched when using Bio-circATIC 
WT compared with that in Bio-NC group and Bio-circATIC MUT group (Fig. 3K, 
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Fig. 3   CircATIC interacts with miR-324-5p in MM cells. A The miRNA targets of circATIC were pre-
dicted through using starbase software and Circinteractome software. Six miRNAs that predicted to be 
candidate targets of circATIC by both bioinformatic softwares were listed. B and C The overexpression 
efficiency of circATIC ectopic expression plasmid (circATIC) was tested by qRT-PCR, and its nega-
tive control empty pLCDH-cir vector (NC) was regarded as the control. D and E The expression of six 
miRNAs (miR-324-5p, miR-335-5p, miR-338-3p, miR-337-3p, miR-421, and miR-668-3p) was detected 
in H929 and OPM2 cells transfected with NC or circATIC by qRT-PCR. F The putative binding sites 
between circATIC and miR-324-5p predicted by starbase software and Circinteractome software are 
shown. We mutated “GGAU” sequence by “CCUA” sequence in circATIC. G and H Dual-luciferase 
reporter assay was implemented to verify if miR-324-5p was a target of circATIC in MM cells. Lucif-
erase activities were measured in two MM cell lines transfected with miR-NC+circATIC WT, miR-324-
5p+circATIC WT, miR-NC+circATIC MUT, or miR-324-5p+circATIC MUT. I and J RIP assay was 
employed to analyze the target interaction between miR-324-5p and circATIC in MM cells. K and L 
RNA-pull down assay was conducted to confirm the binding relation between circATIC and miR-324-5p 
in MM cells. M MiR-324-5p expression was measured in BM-derived plasma cells of MM patients 
(n = 37) and healthy bone marrow donors (n = 8) by qRT-PCR. N Linear correlation between the lev-
els of circATIC and miR-324-5p in MM patients was assessed by Spearman’s correlation coefficient. O 
qRT-PCR was applied to measure the expression of miR-324-5p in MM cell lines and nPCs. P The level 
of miR-324-5p was detected in H929 and OPM2 cells transfected with si-NC, si-circATIC, NC, or cir-
cATIC by qRT-PCR. *P < 0.05
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L), which further validated the binding relation between circATIC and miR-324-5p. 
MiR-324-5p expression was decreased in BM-derived plasma cells of MM patients 
(n = 37) in comparison with that in healthy donors (n = 8) (Fig. 3M). MiR-324-5p 
expression was negatively correlated with the level of circATIC in MM patients 
(Fig.  3N). Also, there was a significant reduction in miR-324-5p expression in 
two MM cell lines compared with nPCs (Fig. 3O). MiR-324-5p level was elevated 
with the interference of circATIC, and the overexpression of circATIC reduced the 
expression of miR-324-5p in MM cells (Fig. 3P). Taken together, miR-324-5p was a 
target of circATIC, and it was negatively regulated by circATIC in MM cells.

MiR‑324‑5p Silencing Largely Attenuates circATIC Knockdown‑Mediated 
Influences in MM Cells

CircATIC silencing-mediated upregulation in miR-324-5p expression was largely 
counteracted by the addition of in-miR-324-5p in MM cells (Fig. 4A). We conducted 
rescue experiments to test if circATIC functioned through sponging miR-324-5p. 
Through performing MTT assay and flow cytometry, we found that circATIC inter-
ference-mediated inhibitory effect in cell proliferation was alleviated by the addi-
tion of in-miR-324-5p in MM cells (Fig. 4B–E). MiR-324-5p silencing also coun-
teracted the suppressive influences in cell migration and invasion abilities induced 
by circATIC silencing in MM cells (Fig.  4F, G). Cell apoptosis was triggered in 
circATIC-silenced group, and the introduction of in-miR-324-5p largely overturned 
circATIC silencing-triggered apoptosis of MM cells (Fig.  4H). CircATIC silenc-
ing suppressed the production of lactate and ATP and the utilization of glucose, 
and these suppressive effects were all attenuated by the addition of in-miR-324-5p 
in MM cells (Fig. 4I–K). The knockdown of miR-324-5p also largely rescued the 
expression of GLUT1, HK2, and LDHA in circATIC-silenced MM cells (Fig. 4L, 
M). Overall, circATIC silencing restrained the malignant phenotypes of MM cells 
partly through upregulating miR-324-5p.

HGF is a Target of miR‑324‑5p in MM Cells

microT-CDS database of DIANA TOOL was used to predict the possible mRNA tar-
gets of miR-324-5p, and HGF was predicted as one of the candidate targets of miR-
324-5p (Fig. 5A). MiR-324-5p accumulation significantly decreased the luciferase 
activity in HGF 3’UTR WT group compared with miR-NC and HGF 3’UTR WT 
group (Fig.  5B, C), demonstrating the target interaction between miR-324-5p and 
HGF in MM cells. The mRNA and protein abundance of HGF were both increased 
in MM patients compared with healthy donors (Fig. 5D, E). Subsequently, we ana-
lyzed the linear correlation between the levels of HGF and miR-324-5p or circATIC. 
The results revealed a negative correlation between the expression of miR-324-5p 
and HGF (Fig.  5F), whereas there was a positive correlation between the expres-
sion of HGF and circATIC (Fig. 5G). HGF protein level was also found to be sig-
nificantly elevated in MM cell lines compared with nPCs cell line (Fig. 5H). The 
transfection efficiency of miR-324-5p was high in both H929 and OPM2 cell lines 
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(Fig. 5I). MiR-324-5p accumulation reduced the protein level of HGF in MM cells 
compared with that in miR-NC group (Fig. 5J). CircATIC overexpression enhanced 
the protein expression of HGF in MM cells, and this promoting effect was largely 
overturned by the addition of miR-324-5p (Fig.  5K). Taken together, miR-324-5p 
interacted with HGF and it negatively regulated the expression of HGF in MM cells.

MiR‑324‑5p Suppresses Cell Proliferation, Migration, Invasion, and Glycolysis 
and Promotes Cell Apoptosis of MM Cells Largely Through Downregulating HGF

MiR-324-5p overexpression reduced the protein level of HGF, and the addi-
tion of HGF overexpression plasmid largely rescued its expression in MM cells 
(Fig.  6A). Therefore, rescue experiments were conducted using the same treat-
ment to explore if miR-324-5p suppressed MM progression through reducing 

Fig. 4   MiR-324-5p silencing largely attenuates circATIC knockdown-mediated influences in MM cells. 
A–M MM cells were transfected with si-NC, si-circATIC, si-circATIC+in-miR-NC or si-circATIC+in-
miR-324-5p. A qRT-PCR was applied to detect the expression of miR-324-5p in transfected MM cells. 
B and C MTT assay was conducted to analyze cell proliferation ability. D and E Flow cytometry was 
applied to assess cell cycle progression of transfected MM cells. F and G Cell migration and invasion 
abilities were measured by transwell assays. H Flow cytometry was conducted to analyze cell apoptosis 
rate in transfected MM cells. I–K Cell glycolysis was analyzed through assessing the uptake of glucose 
and the levels of lactate and ATP via fluorescence-based glucose or lactate assay kit and ATP Colorimet-
ric Assay kit. L and M The protein levels of glycolysis-associated molecules (GLUT1, HK2, and LDHA) 
were examined by Western blot assay. *P < 0.05
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HGF expression. MiR-324-5p transfection suppressed cell proliferation, and cell 
proliferation ability was partly recovered in miR-324-5p and HGF co-transfected 
group (Fig. 6B–E), suggesting that miR-324-5p hampered the proliferation abil-
ity of MM cells partly through downregulating HGF expression. According to 
the results of transwell assays, miR-324-5p-mediated suppressive effects in 

Fig. 5   HGF is a target of miR-324-5p in MM cells. A microT-CDS of DIANA TOOL was used to pre-
dict the mRNA targets of miR-324-5p, and the putative binding sites between HGF and miR-324-5p are 
shown. B and C Dual-luciferase reporter assay was implemented to verify the target interaction between 
miR-324-5p and HGF in MM cells. D and E qRT-PCR and Western blot assay were carried out to meas-
ure the expression of HGF mRNA and protein in MM patients and healthy donors. F and G The lin-
ear correlation between the expression of HGF and miR-324-5p or circATIC was analyzed using Spear-
man’s correlation coefficient. H The protein level of HGF was detected in H929, OPM2 and nPCs by 
Western blot assay. I The expression of miR-324-5p was examined in H929 and OPM2 cells transfected 
with miR-NC or miR-324-5p by qRT-PCR. J Western blot assay was utilized to measure the protein 
level of HGF in H929 and OPM2 cells transfected with miR-NC or miR-324-5p. K The protein level of 
HGF was examined in H929 and OPM2 cells transfected with NC, circATIC, circATIC+miR-NC, or 
circATIC+miR-324-5p by Western blot assay. *P < 0.05
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cell migration and invasion were largely attenuated by the introduction of HGF 
(Fig. 6F, G). Cell apoptosis was triggered with the overexpression of miR-324-5p, 
and the co-transfection with HGF plasmid alleviated miR-324-5p-induced apop-
tosis in MM cells (Fig.  6H). MiR-324-5p-mediated inhibitory influences in the 
production of lactate and the utilization of glucose were both largely counter-
acted by the introduction of HGF plasmid (Fig. 6I, J). HGF overexpression also 
largely recovered the production of ATP in miR-324-5p-overexpressed MM cells 
(Fig. 6K). MiR-324-5p overexpression reduced the expression of GLUT1, HK2, 
and LDHA, which was largely overturned by the accumulation of HGF (Fig. 6L, 
M). Overall, these findings confirmed the anti-tumor role of miR-324-5p in MM, 

Fig. 6   MiR-324-5p suppresses cell proliferation, migration, invasion and glycolysis and promotes cell 
apoptosis of MM cells largely through down-regulating HGF. A–M H929 and OPM2 cells were trans-
fected with miR-NC, miR-324-5p, miR-324-5p+pcDNA or miR-324-5p+HGF. A The protein level of 
HGF was examined in transfected MM cells by Western blot assay. B and C Cell proliferation ability was 
evaluated by MTT assay. OD value was measured after transfection for 0 h, 24 h, 48 h or 72 h to generate 
cell proliferation curve. D and E Cell cycle progression was evaluated by flow cytometry. F and G The 
capacities of migration and invasion were measured by transwell migration and invasion assays. H Flow 
cytometry was used to analyze cell apoptosis rate in transfected MM cells. I–K The production of lactate 
and ATP and the utilization of glucose were analyzed through using fluorescence-based glucose or lac-
tate assay kit and ATP Colorimetric Assay kit. L and M Western blot assay was performed to analyze the 
expression of GLUT1, HK2 and LDHA in transfected MM cells. *P < 0.05
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and miR-324-5p restrained the malignant behaviors of MM cells partly through 
reducing HGF level.

Discussion

Recently, non-coding RNAs (especially circRNAs) attach much attention in cancer 
field due to their important regulatory roles. For instance, circ_100395 suppressed 
the development of lung cancer through targeting miR-1228/TCF21 signaling (Chen 
et al. 2018). CircZNF609 contributed to the migration ability of colorectal cancer 
cells through targeting miR-150/Gli1 axis (Wu et al. 2018). Nevertheless, only few 
articles focused on the roles of circRNAs in MM progression. Feng et al. demon-
strated that circ_0000190 suppressed the progression of MM through sponging 
miR-767-5p (2019). Liu et  al. found that circSMARCA5 hampered MM develop-
ment through sponging miR-767-5p (2019). CircATIC expression was reported to 
be upregulated in MM (Zhou et al. 2020). Consistent with former article (Zhou et al. 
2020), circATIC expression was found to be significantly enhanced in MM patients 
and cell lines compared with healthy donors and nPCs. After silencing circATIC 
using its specific siRNA (si-circATIC), the proliferation, migration, invasion, and 
glycolysis of MM cells were all blocked while cell apoptosis was induced, suggest-
ing that circATIC knockdown suppressed MM progression in vitro.

CircRNAs could act as miRNA sponges in cancers (Panda 2018). For instance, 
circ_100269 expression was reduced in gastric cancer (GC), and it restrained GC 
tumor growth through sponging miR-630 (Zhang et al. 2017). CircHIPK3 contrib-
uted to the progression of colorectal cancer through sponging miR-7 (Zeng et  al. 
2018). We found that miR-324-5p was a target of circATIC in MM cells. MiR-
324-5p functioned as an anti-tumor molecule in many cancers. For instance, miR-
324-5p acted as the target of long non-coding RNA TPT1-AS1 to restrain cervical 
cancer development (Jiang et  al. 2018). MiR-324-5p suppressed cell viability and 
triggered cell apoptosis of GC cells through targeting TSPAN8 (Lin et  al. 2018). 
Gu et al. demonstrated that miR-324-5p hampered the proliferation and invasion of 
colorectal cancer cells through targeting ELAVL1 (2019). As for MM, Zhang et al. 
found that miR-324-5p restrained the migration and invasion abilities of MM cells 
through targeting the SCFβ−TrCP E3 ligase (Xu et al. 2018). MiR-324-5p level was 
reduced in MM patients and cell lines. Through performing rescue experiments, we 
found that circATIC silencing restrained the malignant potential of MM cells partly 
through upregulating miR-324-5p.

Subsequently, bioinformatic software (microT-CDS of DIANA TOOL) was uti-
lized to determine the downstream targets of miR-324-5p. HGF was confirmed as 
a target of miR-324-5p on the basis of the results of dual-luciferase reporter assay. 
HGF was initially identified as a mitogenic protein in rat hepatocytes (Russell et al. 
1984). HGF exhibited an important role in modulating the growth and regeneration 
of liver (Michalopoulos 1993). HGF also played an oncogenic function in multiple 
malignancies. For instance, Chen et al. demonstrated that HGF promoted the epithe-
lial–mesenchymal transition and angiogenesis of non-small-cell lung cancer cells, 
and these effects were alleviated by miR-206 (2016). Bu et al. found that LINC00240 
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contributed to the malignant progression of hepatocellular carcinoma through 
upregulating HGF via acting as miR-4465 sponge (2020). As for MM, Yang et al. 
demonstrated that UCA1 accelerated MM progression by binding to miR-1271-5p 
to induce HGF expression (Yang and Chen 2019), suggesting the oncogenic role 
of HGF in MM progression. HGF enrichment was enhanced in MM patients and 
cell lines compared with their matching counterparts. HGF was negatively regulated 
by miR-324-5p in MM cells. Additionally, we found that circATIC enhanced HGF 
expression through sponging miR-324-5p in MM cells. The results of rescue experi-
ments revealed that miR-324-5p suppressed cell proliferation, migration, invasion, 
and glycolysis and promoted cell apoptosis partly through downregulating HGF in 
MM cells.

Conclusion

In conclusion, circATIC/miR-324-5p/HGF signaling was identified in our study 
for the first time. CircATIC accelerated cell proliferation, migration, invasion, and 
glycolysis and restrained cell apoptosis of MM cells through acting as miR-324-5p 
sponge to elevate HGF expression (Fig. 7). These findings suggested that circATIC/
miR-324-5p/HGF signaling might be potential molecular target for MM treatment.

Fig. 7   CircATIC contributes to MM progression through accelerating cell proliferation, migration, inva-
sion, glycolysis and suppressing cell apoptosis via targeting miR-324-5p/HGF signaling
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