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HMGA2 regulates circular RNA ASPH to promote
tumor growth in lung adenocarcinoma
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Abstract
In this study, we identified a circular form of ASPH RNA (circASPH), expression of which was upregulated in lung
adenocarcinoma and the human lung adenocarcinoma cell lines. We also found a positive correlation between circASPH
level and the T and N stages of lung adenocarcinoma patients. Patients with higher levels of circASPH had a shorter
overall survival. Moreover, we demonstrated that circASPH was directly regulated by HMGA2 and Twist1. The direct
positive regulation of circASPH by Twist1 was dependent on the presence of HMGA2. Functional assays indicated that
circASPH promoted the proliferation, migration, and invasion of lung adenocarcinoma cell lines in vitro. The promoting
effect of tumor growth by circASPH was also observed in vivo. Mechanistically, circASPH was identified to act as a
molecular sponge for miR-370 and abrogate miR-370-mediated inhibition of HMGA2. Finally, we demonstrated that the
oncogenic function of circASPH was HMGA2-dependent. These findings reveal the oncogenic functions of the HMGA2-
circASPH-HMGA2 axis and may be useful in developing circRNA-based therapeutic strategies for lung adenocarcinoma.

Introduction
The high-mobility group AT-hook 2 (HMGA2) gene, a

member of the chromatin remodeler family, has been
identified as an oncogene in many malignancies1–3. Dur-
ing transcription, HMGA2 alters the structure of DNA
and interacts with transcription factors to enhance the
expression of downstream targets. The important roles of
HMGA2 and its downstream genes in tumor progression
have been demonstrated in previous studies4,5. One of our
previous studies showed that HMGA2 enhanced cell pro-
liferation and invasion in squamous cell lung cancer6. To
date, the regulatory effects of HMGA2 on protein-coding
oncogenes have been demonstrated by multiple studies.
However, little is known about the effect of HMGA2 on
noncoding RNAs, including circular RNAs (circRNAs).

CircRNAs are a naturally occurring family of noncoding
RNAs that are highly represented in the eukaryotic tran-
scriptome7. CircRNAs, characterized by covalently closed
loop structures, are highly stable and resistant to degra-
dation by RNases and other exonucleases compared with
their linear counterparts, and are predominantly in the
cytoplasm8,9. The functions of circRNAs in biological
processes are being gradually unveiled, among which the
well-known “sponge of miRNA” function was demon-
strated by two high-quality studies9,10. Unlike other types
of noncoding RNAs, several endogenous circRNAs can
also be translated into proteins11,12.
It is becoming increasingly evident that dysregulated

circRNAs are involved in almost all types of cancers, such
as hepatocellular carcinoma, bladder cancer, breast can-
cer, and lung cancer, the latter having the highest mor-
bidity and mortality rates in the world13–18. As the most
common pathological classification of lung cancer, lung
adenocarcinoma, which is often asymptomatic in the early
stages, causes ~500,000 deaths each year18. Despite recent
improvements in comprehensive therapies, the prognosis
of lung adenocarcinoma remains unsatisfactory due to
tumor recurrence and metastasis18. Elucidating the
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progression of lung adenocarcinoma is of critical impor-
tance for developing new therapeutic strategies.
In this study, we identified a circular form of aspartate

beta-hydroxylase (ASPH) RNA (circASPH), which was
upregulated in lung adenocarcinoma. We further
demonstrated that circASPH, which was directly regulated
by HMGA2 and Twist1, promoted malignant phenotypes
in lung adenocarcinoma by sponging miR-370, and the
oncogenic effects of circASPH were HMGA2-dependent.

Materials and methods
Patients and tissue samples
All primary lung adenocarcinoma tissues and adjacent

normal tissues were collected from patients who had
undergone surgery at the Department of Thoracic Sur-
gery, General Hospital of Western Theater Command
(Chengdu, China). All cancerous and matching adjacent
normal tissue samples were initially histologically diag-
nosed at the Department of Pathology, General Hospital
of Western Theater Command. All the study protocols
were approved by the Institutional Review Boards of
General Hospital of Western Theater Command. For
examinations utilizing human lung tissue specimens, all
patients gave written informed consent.

RNA-sequencing (RNA-seq) analysis
CircRNA high-throughput sequencing and sub-

sequent bioinformatics analysis were performed, as
described in Supplementary File 1. The raw circRNA-
seq data are deposited in the SRA database
[PRJNA555772 (SRP215712)].

Immunohistochemical (IHC) staining
The paraffin-embedded tissues from BALB/c nude mice

were cut into 4-μm slices. The immunohistochemical
staining was performed as described elsewhere19. The
primary antibody used was anti-HMGA2 (1:500, PA5-
21320; Invitrogen).

Migration and invasion assays
The migration assay was performed as described else-

where6. Images were taken at 0 and 36 h. The migration
distance was calculated as the difference in the gap width
between the two imaging time points. The invasion assay
was performed as described elsewhere20. After incubation
at 37 °C for 24 h, the cells in the upper chamber were
removed by a cotton swab, and the cells that had traversed
the membrane were fixed, stained in a 0.1% crystal violet
solution, and counted.

Scanning electron microscopy assay
The scanning electron microscopy assay was performed

according to a previous study21 with modifications (Sup-
plementary File 1).

RNA fluorescence in situ hybridization (RNA FISH)
RNA FISH was performed as described previously22.

The sequences of probes used in the FISH assay were as
follows: Cy3-labeled circASPH probe 5′-TCTCTC
TTTAAGTCCTTTTGCTTTTTGTTC-3′; and Dig-
labeled locked nucleic miR-370 probe 5′-ACCAGGTT
CCACCCCAGCAGGC-3′.

Statistical analysis
Data are presented as the mean ± SD. Statistical com-

parisons were analyzed with SAS software, version 9.4
(SAS Institute). The quantitative data were evaluated for
normal distribution by the Kolmogorov–Smirnov Z test.
Statistically significant differences were calculated using
Student’s t test, nonparametric Mann–Whitney U test,
Pearson’s correlation, and Kaplan–Meier analysis, as
appropriate. All P-values were two-sided, and a value
<0.05 was considered to indicate a significant difference.
Other methods used in this study are described in

Supplementary File 1.

Results
Profiling of HMGA2-related circRNAs and the expression
levels of candidate circRNAs
An increasing number of studies have demonstrated the

oncogenic roles of HMGA2 and its downstream target
genes in malignancies4,5. However, little is known about
the regulation of circRNAs by HMGA2 in malignancies.
To investigate the downstream circRNAs of HMGA2 in
lung adenocarcinoma, we first used a lentivirus vector to
stably overexpress HMGA2 in lung adenocarcinoma cell
line A549 (Supplementary Fig. S1a–c). Next, we char-
acterized circRNA transcripts using RNA-seq analysis of
linear and ribosomal RNA-depleted total RNA from lenti-
HMGA2- and lenti-control-infected A549 cells. As a
result, a total of 6576 circRNAs were identified, and 4477
of them were annotated in Circbase. Analysis of the 6576
circRNAs and their host genes indicated that one gene
could produce multiple circRNAs (6576 circRNAs from
3362 genes). Most of the 6576 circRNAs were derived
from exons (Fig. 1a). The expressions of 18 circRNAs
were significantly upregulated by HMGA2 over-
expression, while the expressions of 69 circRNAs were
significantly downregulated by HMGA2 overexpression
(Fig. 1b, c).
Among the ten most upregulated circRNAs from the

sequencing results, we chose five circRNAs (circCDR1,
circTRIO, circASPH, circNETO2, and circPTGR1) with
the lowest P-values to verify in the lenti-HMGA2 A549
cells. CircCDR1, circNETO2, and circASPH were the
three most upregulated circRNAs among the five candi-
date circRNAs (Supplementary Fig. S1d). We further
investigated the levels of circCDR1, circNETO2, and cir-
cASPH in 42 pairs of lung adenocarcinoma and adjacent
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normal tissues (Supplementary Table 1 and Supplemen-
tary Fig. S1f–h). Among the three circRNAs, one of the
special importance was the circASPH (Supplementary Fig.
S1g). We also found that the levels of circASPH were
significantly higher in A549 cells and PC9 cells than in the
normal human bronchial epithelial cell line BEAS-2B

(Supplementary Fig. S1e). CircASPH (circbase ID: hsa_-
circ_0084606), derived from exon 4 to exon 14 of the
ASPH gene (Fig. 1d), was resistant to digestion by RNase
R (Fig. 1e). To demonstrate the localization of circASPH,
we designed a probe against the circASPH junction and
conducted a RNA FISH assay. As shown in Fig. 1f and

Fig. 1 Profiling of HMGA2-related circRNAs and characteristics of circASPH. a Venn plot shows the number of circRNAs derived from different
genomic regions. b, c Scatter plot and volcano plot visualize the difference between circRNAs expressions in the lenti-control and lenti-HMGA2 A549
cells, respectively. d Illustration of the annotated genomic region of circASPH. e qRT-PCR for the abundance of circASPH and ASPH mRNA in the total
RNA from A549 cells with RNase R treatment. f FISH indicates the localization of circASPH in A549 and PC9 cells. n= 3 for each cell group.
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Supplementary Fig. S2a, circASPH was stable and abun-
dant in the cytoplasm of A549 and PC9 cells. Cancerous
tissues had a higher level of circASPH.

Correlation between circASPH expression level and clinical
characteristics of lung adenocarcinoma
The association between circASPH and clinical and

pathologic parameters was further evaluated (Supple-
mentary Table 1). Patients with larger tumor sizes
exhibited higher expression levels of circASPH (Supple-
mentary Fig. S2b). Patients with tumor-node metastasis
stage II–III exhibited higher circASPH levels than patients
with stage I metastasis (Supplementary Fig. S2c).
Kaplan–Meier survival curves showed that patients with
higher levels of circASPH had a shorter overall survival
(Supplementary Fig. S2d).

HMGA2 cooperates with Twist1 to directly regulate
circASPH expression
To verify the upregulation of circASPH by HMGA2, we

also used qRT-PCR to detect the expression levels of
circASPH in stable HMGA2-overexpressing PC9 cells
(Supplementary Fig. S3a–c). The results showed that
overexpression of HMGA2 significantly enhanced cir-
cASPH expression (Supplementary Fig. S3d). Taking into
account the chromatin remodeling effect of HMGA2
during transcription, we postulated that the ASPH gene
might be a direct downstream gene of HMGA2. We
further conducted a chromatin immunoprecipitation
(ChIP) assay to examine whether HMGA2 was recruited
to the ASPH promoter. An enrichment of HMGA2 was
observed in the region from ~ −336 to −1147 base pairs
(bp) upstream of the transcription start site (TSS) of
ASPH (Supplementary Fig. S3e).
Chromatin remodeling factors commonly cooperate

with transcription factors to regulate downstream genes.
Several transcription factors play important roles in
human cancer23. To determine the transcription factor
cooperating with HMGA2, a co-IP assay in A549 cells
using anti-HMGA2 antibody was performed, followed by
a mass spectrometry assay. As shown in Supplementary
Fig. S3f, STAT3, Twist1, and BTF3 could be transcription
factors interacting with HMGA2. Emerging evidence
suggests that Twist1, a basic helix–loop–helix transcrip-
tion factor, is an important oncogene promoting the
progression of lung cancer24,25. According to Meng et al.,
in addition to protein-coding mRNAs, circRNAs are also
direct downstream targets of Twist1. Twist1 directly
upregulates circ-1072021. Therefore, western blotting of
the co-IP eluate was conducted to validate the endogen-
ous interaction between the HMGA2 and Twist1 proteins
in A549 cells (Supplementary Fig. S3g).
To detect how Twist1 regulates circASPH, we trans-

fected A549 cells with Ad-Twist1 to overexpress Twist1

(Supplementary Fig. S4a–c). Notably, Twist1 over-
expression upregulated the level of circASPH (Supple-
mentary Fig. S4d). To identify whether Twist1 was
recruited to the promoter of ASPH, a ChIP assay was
performed using a Twist1-specific antibody in A549 cells.
We found an enrichment of Twist1 in the region from
−30 to −285 bp, upstream of ASPH TSS (Supplementary
Fig. S4m), which was located near the binding site
of HMGA2.
To determine whether the regulation of circASPH by

Twist1 was HMGA2-dependent, we transfected A549
cells with a lentiviral vector carrying HMGA2 siRNA to
stably knock down HMGA2 (Supplementary Fig. S4e–g).
The levels of circASPH were downregulated in lenti-
siHMGA2 A549 cells (Supplementary Fig. S4h). Next, Ad-
Twist1 was used to overexpress Twist1 in HMGA2
knockdown A549 cells (Supplementary Fig. S4i–k). By
using qRT-PCR, we found that the enhancement of cir-
cASPH expression was not notable in Ad-Twist1/lenti-
siHMGA2 A549 cells compared with the Ad-control/
lenti-siHMGA2 group (Supplementary Fig. S4l). A ChIP
assay was further performed in lenti-siHMGA2 A549
cells. The results showed that the recruitment of Twist1
to the ASPH promoter was decreased by HMGA2
knockdown (Supplementary Fig. S4m). Taken together,
these data suggested that circASPH was directly regulated
by HMGA2 and Twist1, and the direct positive regulation
of circASPH by Twist1 was dependent on the presence
of HMGA2.
We also investigated the regulatory effects of HMGA2

and Twist1 on the host gene of circASPH. We found that
the expression levels of ASPH pre-mRNA were sig-
nificantly increased in lenti-HMGA2 and Ad-Twist1
A549 cells compared with control cells (Supplementary
Fig. S4n, o). However, the levels of mature ASPH mRNA
were not significantly affected by HMGA2 and Twist1
overexpression (Supplementary Fig. S4n, o).

CircASPH promotes tumorigenesis of lung
adenocarcinoma
The findings that circASPH was upregulated in lung

adenocarcinoma tissues, and was directly regulated by
HMGA2 and Twist1 prompted us to consider circASPH
as an oncogene in lung adenocarcinoma. To verify this
hypothesis, we introduced siRNA specifically targeting the
junction site to knock down circASPH expression in A549
cells (Supplementary Fig. S5a, b) since circASPH levels are
normally high in A549 cells. qRT-PCR revealed no
obvious effect of circASPH knockdown on the level of
ASPH mRNA (Supplementary Fig. S5b). Next, cell pro-
liferation, migration, and invasion were examined by EdU,
wound scratch, and transwell-invasion assays, respec-
tively. Our data showed that the proliferation, migration,
and invasion abilities were significantly decreased in A549
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cells transfected with circASPH siRNA (Supplementary
Fig. S5c–h). However, the morphology of A549 cells did
not significantly change by circASPH knockdown (Sup-
plementary Fig. S5i).
To further explore the oncogenic effects of circASPH,

circASPH was overexpressed in A549 and PC9 cells via a
lentiviral vector (Supplementary Fig. S5j, k). qRT-PCR
showed that overexpression of circASPH did not appar-
ently affect the ASPH mRNA level (Supplementary Fig.
S5j, k). The morphological changes in A549 and PC9 cells
overexpressing circASPH were documented using scan-
ning electron microscopy. Compared with the control
group, exogenous circASPH expression resulted in
increased formation of cell pseudopodia and cells trans-
forming into a mesenchymal phenotype (Fig. 2a). Next,
the proliferative, migratory, and invasive capacities were

also examined in vitro. As depicted in Fig. 2b to g, the
upregulation of circASPH significantly promoted the pro-
liferation, migration, and invasion of A549 and PC9 cells,
suggesting a more aggressive phenotype. We further inves-
tigated the effect of circASPH on tumor growth in vivo. A
total of 5 × 107 circASPH-overexpressing A549 cells and
negative control A549 cells were subcutaneously injected
into the axilla of female athymic BALB/c nude mice. The
results demonstrated that circASPH overexpression mark-
edly increased tumor weight and volume compared with the
negative controls (Fig. 2h–j). Western blot and IHC assays
were performed for further inspection of the generated
xenografts. Interestingly, we found that HMGA2 protein
expression was remarkably elevated in the tumors formed
by lenti-circASPH cells (Fig. 2k, l), indicating that circASPH
might in turn enhance HMGA2 expression.

Fig. 2 The oncogenic effects of circASPH in vitro and in vivo. a The morphologic changes in A549 and PC9 cells overexpressing circASPH were
observed using a scanning electron microscopy assay. b, c DNA synthesis assessed using an EdU assay in the lenti-circASPH cells and control cells.
Nuclei were stained with Hoechst 33342 (blue). The quantified data are presented as the percentage of EdU-incorporated cells. Log2 transformation
was applied to deal with the ratio results and to obtain the normally distributed data. Then, T test was used to compare the difference between
groups. d, e The migration of A549 and PC9 cells was significantly increased by circASPH overexpression. The migration distances (μm) of A549 and
PC9 cells were quantified. f, g The invasion of A549 and PC9 cells was apparently increased by circASPH overexpression. The quantified data are
presented as the number of invading cells per HPF. HPF high-power field. h–j Xenograft tumor models show that tumors grown from the circASPH-
overexpressing cells were bigger than those grown from the control cells. k Western blot analysis of the levels of HMGA2 protein in the xenograft
tumors. l IHC staining of the HMGA2 protein in the xenograft tumors. Every cell test was carried out in triplicate, and n= 3 for each cell group.
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CircASPH acts as a molecular sponge for miR-370
Given that circRNAs have been shown to function as

miRNA sponges9,22 and that circASPH is localized in the
cytoplasm of A549 and PC9 cells, we speculated that
circASPH promoted the progression of lung adenocarci-
noma by sponging miRNAs. According to Starbase v2.0,
circASPH has two potential binding sites for Ago2 protein
on its mature sequence. To validate this prediction, we
conducted a RNA-binding protein immunoprecipitation
assay in A549 and PC9 cells to investigate the interaction
between Ago2 protein and circASPH. By qRT-PCR, the
specific enrichment of endogenous circASPH in Ago2

immunoprecipitates was detected (Fig. 3a, b), indicating
that circASPH had miRNA-related functions. By a Star-
base v2.0 prediction, we found that circASPH shared
potential miRNA response elements for multiple miRNAs
(Fig. 3c). We chose miR-1182, miR-1236, miR-370, and
miR-375 for further study. To explore the effects of cir-
cASPH on these four candidate miRNAs, we constructed
a psiCHECK-2 luciferase vector containing the whole
region of circASPH and cotransfected this vector with
miRNAs mimics into 293T cells (Fig. 3d). Compared with
miR-370, the extents of miR-1182, miR-1236, and miR-
375 impairing the luciferase activity of the reporter were

Fig. 3 CircASPH acts as a sponge for miR-370. a, b Ago2 RIP assay for the amounts of circASPH in A549 and PC9 cells, respectively. The expression
levels of circASPH were measured by RT-PCR. c Schematic model shows the potential binding sites of miR-1182, miR-1236, miR-370, and miR-375 on
circASPH. d The whole mature sequence of circASPH was cloned into the downstream region of hRluc luciferase reporter gene. Dual-luciferase
reporter assay analysis of the effects of miR-1182, miR-1236, miR-370, and miR-375 on circASPH in 293T cells. e, f Biotin-coupled miR-370 captured a
fold change of circASPH in the complex as compared with biotin-coupled miR-Scramble. The captured complex from biotin-coupled miRNA capture
assays were detected using qRT-PCR and semi-qPCR. g Co-localization between circASPH and miR-370 was observed in A549 and PC9 cells. Nuclei
were stained with DAPI (blue). Every cell test was carried out in triplicate and n= 3 for each cell group.
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relatively limited (Fig. 3d). FISH analysis showed that cir-
cASPH was colocalized with miR-370 in the cytoplasm of
A549 and PC9 cells (Fig. 3g). To further confirm that cir-
cASPH directly binds to miR-370, biotin-coupled miRNA
capture assays were performed. It was found that biotin-
coupled miR-370 mimics captured significantly more cir-
cASPH than biotin-coupled miR-scramble (Fig. 3e, f).
These data demonstrated that circASPH served as a
molecular sponge of miR-370 in A549 and PC9 cells.

MiR-370 is a tumor suppressor in lung adenocarcinoma
An earlier study showed that miR-370 acts as a tumor

suppressor in bladder cancer26. According to Li et al., miR-
370 mediates the tumor suppressing function of circITGA7
in colorectal cancer27. To investigate the role of miR-370 in
lung adenocarcinoma, we first examined the expression
levels of miR-370 in lung adenocarcinoma tissue samples
(Supplementary Table 1). The results showed that can-
cerous tissues had a lower level of miR-370 (Supplemen-
tary Fig. S6a). We also found that the level of miR-370 was
significantly lower in A549 and PC9 cells than in BEAS-2B
cells (Supplementary Fig. S6b). We further explored the
functions of miR-370 in A549 and PC9 cells by transfecting
A549 and PC9 cells with miR-370-mimics (Supplementary
Fig. S6c). EdU, wound scratch, and transwell-invasion
assays were conducted using miR-scramble as a negative
control, which indicated that miR-370 overexpression sig-
nificantly inhibited A549 and PC9 cell proliferation,
migration, and invasion (Supplementary Fig. S6d–j).

CircASPH modulates the expression of HMGA2, a direct
target of miR-370
Considering the present findings that HMGA2 protein

was significantly elevated in lenti-circASPH xenografts,
we overexpressed circASPH in A549 and PC9 cells and
examined HMGA2 levels in vitro. The results revealed
that HMGA2 expression was significantly upregulated
and aggregated in the nucleus of lenti-circASPH cells
compared with the negative controls (Fig. 4a, b, d). Since
circASPH was determined to be a sponge of miR-370, we
postulated that circASPH positively regulated HMGA2 by
sponging miR-370. Generally, miRNAs regulate the
posttranscriptional expression of target genes by specifi-
cally binding to the 3′-untranslated regions (3′-UTRs)28.
Using TargetScan, we found a potential target site of miR-
370 on the 3′-UTR of HMGA2 mRNA (Fig. 4c). Next, we
cloned the wild-type and mutant (predicted miR-370
binding site was mutated) 3′-UTR of HMGA2 mRNA into
the psiCHECK-2 vector and performed a dual-luciferase
reporter assay (Fig. 4e). We found that mutations of the
predicted site remarkably reversed the decreased lucifer-
ase activity induced by miR-370 mimics transfection (Fig.
4e). We further investigated the effect of miR-370 on the
expression of HMGA2 in A549 and PC9 cells. As

expected, HMGA2 expression was decreased in the
nucleus of A549 and PC9 cells transfected with miR-370
mimics (Fig. 4g–i), indicating that HMGA2 was a direct
target of miR-370.
To validate that circASPH positively regulated HMGA2

by sponging miR-370, we first infected 293T cells with
lenti-circASPH or lenti-control to establish stable trans-
fections. Then, the HMGA2 3′-UTR reporter was tran-
siently cotransfected with miR-370 mimics or miR-
scramble. We found that luciferase activity, which was
evidently abrogated by transduction of miR-370 mimics,
was enhanced by circASPH overexpression (Fig. 4f).
Taken together, these findings demonstrated that cir-
cASPH could upregulate HMGA2 by acting as a sponge
for miR-370.

The tumor-promoting effect of circASPH is mediated by
HMGA2
According to the aforementioned results, a novel axis

(HMGA2-circASPH-HMGA2, mediated by Twist1) was
found in A549 and PC9 cells (Fig. 5). To identify the
fundamental role of HMGA2 in this axis, a lenti-
siHMGA2 vector was constructed to knock down
HMGA2 in A549 and PC9 cells, followed by coinfection
of lenti-circASPH. We found that lenti-circASPH/
siHMGA2 A549 and PC9 cells presented attenuated
proliferation, migration, and invasion abilities in vitro
(Supplementary Fig. S7a–g). Furthermore, tumor xeno-
graft assays showed decreased tumor weights and volumes
in the lenti-circASPH/siHMGA2 group compared with
the lenti-circASPH/siControl group (Supplementary Fig.
S7h–j).

Discussion
The functions of HMGA2 have been studied exten-

sively. During the transcription process, HMGA2 alters
the structure of DNA and interacts with transcription
factors. The important roles of HMGA2 and its down-
stream genes in tumor progression have been demon-
strated in earlier studies4,5. Our previous studies have also
identified HMGA2 as an oncogene in squamous cell lung
carcinoma6,20. In this study, using RNA sequencing, we
identified specific expression patterns of HMGA2-related
circRNAs in the human lung adenocarcinoma cell line
A549. Consistent with previous studies29,30, we found that
most of the HMGA2-related circRNAs were derived from
exon circularization. So far, most publications concerning
circRNAs have focused on the functions of circRNAs in
human diseases. Among these functions, acting as a
molecular sponge for miRNAs represents the most con-
spicuous function15,22. However, the regulation of cir-
cRNA expression is not well known. According to Meng
et al.21, circCul2 is directly regulated by Twist1 in hepa-
tocellular carcinoma. In this study, a novel circular RNA,
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circASPH, originating from the circularization of exon 4
to exon 14 of the ASPH gene, was found to be directly
regulated by HMGA2 and Twist1. Along with Meng’s
study21, our findings improved the understanding of the
circRNA regulation network. Furthermore, RNA-editing
enzymes, splicing regulators, and RNA-binding proteins
have been identified to contribute to the circularization
and biogenesis of circRNAs31–34. In this study, the RNA-
editing enzymes and splicing regulators involved in the
circularization of circASPH were not covered. Further
relevant experiments are needed to identify the RNA-
editing enzymes and splicing regulators, which cooperate
with HMGA2 and Twist1 during the biogenesis of
circASPH.
Accumulating evidence indicates that circRNAs play

important roles in the development of lung cancer17,35,36.
CircPRKCI has been demonstrated to be sponge for both

miR-545 and miR-589, and abrogates their suppression of
E2F7 to promote the progression of lung adenocarci-
noma17. Circular RNA F-circEA-2a is a novel biomarker
for lung cancer and contributes to the progression of lung
cancer35. However, according to Wei et al.36, circPTPRA
inhibits EMT in lung cancer. Taken together, these find-
ings suggest that circRNAs might play critical but diver-
sified roles in the tumorigenesis of lung cancer. Moreover,
circular RNAs are also involved in other malignancies.
According to Du et al.37, circ-DNMT1 contributes to the
progression of breast cancer. In this study, using qRT-
PCR assay to examine the tissue samples of lung adeno-
carcinoma patients, we observed a significantly higher
level of circASPH in the cancerous tissue group compared
with the adjacent normal tissue group. The correlation
between circASPH levels and clinical characteristics was
also evaluated. Our data showed that there was a positive

Fig. 4 CircASPH abrogates miR-370-mediated inhibition of HMGA2. a, b, d The expression levels of both HMGA2 mRNA and protein were
upregulated in the circASPH-overexpressing A549 and PC9 cells. c The predicted target site of miR-370 on HMGA2 mRNA 3′-UTR and the schematic
diagram of site-directed mutations of the predicted target site. e Dual-luciferase reporter assay analysis of the effect of miR-370 on the 3′-UTR activity
of HMGA2 in 293T cells. f Dual-luciferase reporter assay analysis of the effect of miR-370 on the 3′-UTR activity of HMGA2 in the circASPH-
overexpressing and control 293T cells. g–i The expression levels of both HMGA2 mRNA and protein were significantly decreased in the miR-370-
overexpressing A549 and PC9 cells. Every cell test was carried out in triplicate, and n= 3 for each cell group.
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correlation between circASPH expression and T stage and
N stage. The fact that patients with higher levels of cir-
cASPH had a shorter overall survival indicated that cir-
cASPH might be a poor prognostic factor. Furthermore,
the tumor-promoting effect of circASPH was observed
in vitro and in vivo. Our findings, identifying circASPH as
an oncogene, support the fact that circRNAs contribute to
the carcinogenesis of lung cancer. However, we did not
test blood samples from lung adenocarcinoma patients
and healthy volunteers. Thus, the baseline circASPH level
in healthy individuals and the relationship between tissue
and blood levels of circASPH in lung adenocarcinoma
patients are unknown. Under this circumstance, further
experiments are needed to assess the feasibility of cir-
cASPH as a biomarker for lung adenocarcinoma.
The number of studies on the functions and mechan-

isms of circRNAs in human diseases is gradually
increasing. Among the multiple mechanisms identified,
circRNAs acting as molecular sponges for miRNAs
represent the most conspicuous mechanism38, although
only a few circRNAs have been found contain multiple
binding sites to trap several particular miRNAs9,29.
However, according to Zhang et al.39, in addition to
mRNA, circRNA also encodes protein, and the protein
product of circSHPRH suppresses glioma tumorigenesis.
Circ-ZNF609 is also an example of a protein-coding cir-
cRNA in eukaryotes12. Furthermore, the interaction
between circRNA and protein and the function of the
circRNA–protein complex were demonstrated by Du
et al.40. Herein, we showed that circASPH contained

binding sites for multiple miRNAs and captured miR-370
in A549 and PC9 cells. Our findings provide an example
of a circRNA functioning as a molecular sponge for
miRNAs in lung adenocarcinoma.
Although most circRNAs are noncoding RNAs, they

still influence gene expression at the protein level via
several mechanisms. Circ-ITCH was found to modulate
the miR-17 (or miR-224) targeting of p21 and PTEN15.
Interestingly, Li et al. found that circITGA7 enhanced
expression of its host gene ITGA7 via the Ras pathway27.
In this study, we observed the positive regulation of
HMGA2 by circASPH in vitro and in vivo. Mechan-
istically, circASPH was identified to act as a molecular
sponge for miR-370 and abrogate miR-370-mediated
inhibition of HMGA2.
Overall, this study revealed the oncogenic functions of

the HMGA2-circASPH-HMGA2 axis in lung adeno-
carcinoma and may be useful in developing circRNA-
based therapeutic strategies for lung adenocarcinoma.
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