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Neurotropic infiltrative growth and distant metastasis are the
main causes of death in salivary adenoid cystic carcinoma
(SACC) patients. Long noncoding RNAs (IncRNAs) are
involved in many human neoplasms, however, their potential
roles in SACC are unclear. In our study, we found that
ADAM metallopeptidase with thrombospondin type 1 motif,
9 (ADAMTS9) antisense RNA 2 (ADAMTS9-AS2) was signifi-
cantly upregulated in SACC patients with metastasis and
SACC-lung metastasis (LM) cells. Moreover, ADAMTSY-
AS2 expression was closely associated with the prognosis
and distant metastasis in SACC patients. Next, we found
that c-myc could specifically bind to the promoter of
ADAMTS9-AS2 and activated its transcription. Knockdown
of ADAMTS9-AS2 significantly inhibited migration and inva-
sion of SACC cells in vitro and distant lung metastasis in vivo.
Furthermore, ADAMTS9-AS2, which mainly expressed in the
cytoplasm, shared microRNA (miRNA) response elements
with Integrin a6 (ITGA6). Overexpression of ADAMTS9-
AS2 competitively bound to miR-143-3p that inhibited
ITGA6 from miRNA-mediated degradation, and thus it acti-
vated the activity of PI3K/Akt and MEK/Erk signaling and
facilitated SACC metastasis. In summary, ADAMTS9-AS2
promotes migration and invasion in SACC by competing
with miR-143-3p. This sheds a new insight into the regulation
mechanism of ADAMTS9-AS2, and it provides a possible
application for the SACC treatment.

INTRODUCTION

Salivary adenoid cystic carcinoma (SACC) is the most common
tumor that primarily arises from the salivary duct epithelium,
accounting for a quarter of malignant salivary gland tumors.
SACC exhibits many specific characteristics, including neurotropic
infiltrative growth and distant lung metastasis.'* Distant metastasis
is a crucial prognostic factor for SACC patients.*> Therefore,
demonstrating the mechanisms that regulate perineural invasion

2766

Molecular Therapy Vol. 26 No 12 December 2018 © 2018 The American Society of Gene and Cell Therapy. gt

and distant metastasis of SACC is necessary for the development of
successful therapeutic strategies to improve SACC patient survival
rates.

Annotation of the results of large-scale sequencing of the human
genome has indicated that only 2% of our genomes are actively
transcribed to protein-coding RNAs and the majority of remaining
transcripts are noncoding RNAs.® Long noncoding RNAs (IncRNAs)
are a type of noncoding RNA with more than 200 nt. They have no
protein-coding capacity and have been identified as key mammalian
transcription regulators. Accumulating studies have revealed that the
dysregulation of IncRNAs plays an important role in a wide range of
biological processes and likely contributes to the development of
human cancer.” The IncRNAs may act as oncogenes or tumor inhib-
itors through the modulation of cell apoptosis, invasion, and prolifer-
ation and by mediating epigenetic modifications and regulating
transcriptional activity.>” Many functions of IncRNAs in cancer
biology have been discovered and investigated, but only a small
fraction of IncRNAs have been examined in detail. IncRNAs can
modulate gene expression at the transcriptional or post-transcrip-
tional level, and they can interact with DNA, RNA, or proteins to
exert their gene-regulating functions and affect the behavior of cancer
cells.'™"" Additionally, cancer-specific IncRNA expression can also be
used as an independent prognostic biomarker for diagnosis of several
cancers, including head and neck cancer.'” However, the molecular
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Figure 1. ADAMTS9-AS2 Is Upregulated in SACC Tissues and Correlated with a High Metastasis Rate and Poor Prognosis

(A) A heatmap depicting INcRNAs for which >2-fold change in expression was found in SACC-LM and SACC-83 cells. (B) The expression levels of several significantly
differentially expressed IncRNAs were validated by gRT-PCR. (C) ADAMTS9-AS2 expression levels were detected by gRT-PCR in clinical SACC patients with metastasis or
without metastasis and adjacent normal salivary tissues (“p < 0.05, **p < 0.01). (D) Representative images of in situ hybridization for ADAMTS9-AS2 in paraffin-embedded
SACC tissues and adjacent normal salivary tissues (200x). (E) Kaplan-Meier curves for SACC patients from Sun Yat-sen Hospital comparing ADAMTS9-AS2 expression and

survival (p < 0.001).

mechanisms by which IncRNAs regulate biological processes in
SACC are still unclear.

In our study, using IncRNA microarray analysis, we discovered that
IncRNA ADAM metallopeptidase with thrombospondin type 1 motif,
9 (ADAMTS9) antisense RNA 2 (ADAMTS9-AS2) was significantly
upregulated in SACC-lung metastasis (LM) cells and also in SACC
tissues with metastasis. High expression levels of ADAMTS9-AS2
were correlated with metastasis rate and poor prognosis in SACC
patients. Meanwhile, the upregulation of ADAMTS9-AS2 was tran-
scriptionally activated by a key oncogene, c-myc. Furthermore, we
identified that ADAMTS9-AS2 promoted SACC metastasis and
invasion by acting as a competing endogenous RNA (ceRNA) to
increase the expression of Integrin a6 (ITGA6) and enhance the
activity of PI3K/Akt and MEK/Erk signaling, contributing to SACC
metastasis. Therefore, IncRNA ADAMTS9-AS2 may be a potential
marker and therapeutic target for SACC patients.

RESULTS

ADAMTS9-AS2 Is Upregulated in SACC Tissues, and It Is
Correlated with High Metastasis Rate and Poor Prognosis

To uncover IncRNAs involved in SACC metastasis, we used an
IncRNA microarray to screen for differentially expressed IncRNAs
in SACC-LM cells and parental SACC-83 cells, and a heatmap was

constructed (Figure 1A). Among all the differentially expressed
IncRNAs in SACC-LM cells, the most dramatic increase was observed
for ADAMTS9-AS2, and the accuracy of IncRNA microarray was
further validated via QRT-PCR (Figure 1B). Using a rapid amplifica-
tion of cDNA ends (RACE) assay, we identified ADAMTS9-AS2 as a
2,286-nt antisense transcript of ADAMTS9 that is identical to
uc003dml in the University of California, Santa Cruz (UCSC) data-
base (Figure S1). Next, we observed that ADAMTS9-AS2 was highly
expressed in SACC samples compared with the adjacent salivary
tissues. Interestingly, ADAMTS9-AS2 expression was also increased
in SACC patients with metastasis compared with those without
metastasis (Figure 1C). In situ hybridization further confirmed that
ADAMTS9-AS2 was highly expressed in SACC samples with metas-
tasis compared with those without metastasis, and it revealed that
ADAMTS9-AS2 was mainly located in the cytoplasm (Figure 1D).

To explore the clinical significance of ADAMTS9-AS2, we analyzed
the relationship between ADAMTS9-AS2 expression and the clinico-
pathological factors of 102 SACC patients (Table SI). Reduced
ADAMTS9-AS2 expression in SACC patients was closely associated
with tumor size (p = 0.017), clinical stage (p = 0.033), and distant
metastasis (p = 0.035). However, no significant association was found
between ADAMTS9-AS2 expression and gender or age. In addition,
Kaplan-Meier analysis indicated that increased ADAMTS9-AS2
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Figure 2. ADAMTS9-AS2 Is Regulated by the Transcription Factor c-myc

(A) mRNA expression level of c-myc in 102 samples of SACC tissues. (B) Expression correlation analysis between ADAMTS9-AS2 and c-myc in SACC tissues. (C) Expression
levels of ADAMTS9-AS2 in SACC-83 cells after knockdown of c-myc. (D) Expression levels of ADAMTS9-AS2 in SACC-LM cells after knockdown of c-myc. (E) Schematic
representation of constructs for ADAMTS9-AS2 promoter reporter. (F and G) ChIP assay in SACC-83 cells (F) and SACC-LM cells (G), followed by gPCR amplification of
binding site within ADAMTS9-AS2 promoter region. Genomic DNA input was 1%. (H and |) Luciferase activities of wild-type and mutant plasmids after knockdown of c-myc
were detected in SACC-83 (H) and SACC-LM (J) cells. Data are presented as means + SD. *p < 0.05, *p < 0.01, and **p < 0.001.

expression in SACC was significantly associated with decreased over-
all survival (Figure 1E). These results suggested that ADAMTS9-AS2
may be a potential diagnosis and prognosis marker of SACC patients
and associated with the regulation of distant metastasis in SACC
patients.

ADAMTS9-AS2 Is Activated by c-myc

To explore the underlying mechanism of ADAMTS9-AS2 upregu-
lation in SACC, two bioinformatical software programs (JASPAR
and PROMO) were used to search possible transcription factors
binding to the promoter region of ADAMTS9-AS2. The result
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demonstrated that there were two putative c-myc-binding sites at
968 and 394 bp upstream of ADAMTS9-AS2. Next, we examined
the expression of c-myc in 102 SACC specimens using qRT-
PCR. Interestingly, we found that c-myc was highly expressed in
SACC compared with normal
and especially upregulated in SACC patients with metastasis.
Meanwhile, c-myc expression was positively correlated with
ADAMTS9-AS2 in SACC tissues (Figures 2A and 2B). Then, we
examined whether the mRNA expression levels of ADAMTS9-
AS2 were regulated by c-myc. Our results revealed that the deple-
tion of c-myc significantly reduced ADAMTS9-AS2 expression in

specimens adjacent tissues
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SACC-83 (Figure 2C; Figure S2E) and SACC-LM cells (Figure 2D;
Figure S2F).

To confirm whether ADAMTS9-AS2 is a direct transcriptional target
of c-myc, the promoter region of ADAMTS9-AS2 was cloned into
luciferase reporter plasmids. Then two potential c-myc-binding sites
in the promoter region of ADAMTS9-AS2 were mutated, either
respectively or combined, and then the luciferase activity was tested
after co-transfection (Figure 2E). Upon c-myc inhibition, SACC cells
transfected with a reporter containing the wild-type ADAMTS9-AS2
promoter regions exhibited dramatically decreased luciferase activity.
However, individual mutation in the c-myc-binding site rescued the
effects of c-myc on the transcriptional activity of ADAMTS9-AS2
(Figures 2H and 2I). In addition, chromatin immunoprecipitation
(ChIP) assay demonstrated that c-myc could directly bind to the
promoter region of ADAMTS9-AS2 (Figures 2F and 2G). Briefly,
our findings suggest that the upregulation of ADAMTS9-AS2 is tran-
scriptionally activated by c-myc in SACC.

ADAMTS9-AS2 Binds miR-143-3p and Depresses Its Expression
Numerous studies have reported that IncRNAs could act as micro-
RNA (miRNA) sponges, to regulate endogenous miRNAs for their
binding to the target mRNAs, and inhibit the expression of these
target mRNAs."” Using LncBase Predicted version (v.)2 of DIANA
tools, we chose 50 potential miRNAs with higher miTG scores for
our research objects. Previous studies have shown that six miRNAs,
miR-2392, miR-362-5p, miR-193a-5p, miR-143-3p, miR-493-5p,
and miR-600, were closely associated with invasion and cancer
metastasis.'*'* Then we used qQRT-PCR to validate the expression
levels of six miRNAs in SACC cells after transfection. Our results
showed that the expression levels of miR-193a-5p and miR-
143-3p were significantly upregulated in SACC-LM cells when
ADAMTS9-AS2 was deleted, yet miR-193a-5p and miR-143-3p
were downregulated in SACC-83 cells when ADAMTS9-AS2 was
overexpressed, indicating a potentially competing relationship be-
tween the ADAMTS9-AS2 and miR-193a-5p or miR-143-3p (Fig-
ures S2A and S2B).

Subsequently, we performed pull-down assays to further explore to
which miRNAs ADAMTS9-AS2 could directly bind. Fortunately,
only miR-143-3p obtained a great enrichment in the ADAMTS9-
AS2 pulled-down pellets compared with the negative control
group (Figures 3A and 3B). Using LncBase Predicted v.2 of DIANA
tools, we predicted that there are three latent binding sites for
ADAMTS9-AS2 at the regions of 666-671, 1,808-1,814, and
1,793-1,800 on miR-143-3p (Figure 3C). We created wild-type
ADAMTS9-AS2 luciferase plasmids containing potential miR-
143-3p-binding sites or the mutant of each site. The luciferase
plasmids were co-transfected with miR-143-3p mimics into
SACC cells, and luciferase activity was examined. As shown in Fig-
ure 3D, miR-143-3p inhibited the activity of wild-type ADAMTS9-
AS2, mutant 1 and mutant 2, but it did not impact mutant 3, indi-
cating that miR-143-3p bound to the ADAMTS9-AS2 transcript at
the position of 1,793-1,800. Through qRT-PCR analysis, we found

that the expression levels of miR-143-3p were significantly down-
regulated in SACC patients with metastasis and in SACC-LM cells
(Figure 3E).

To confirm whether miR-143-3p is a target of ADAMTS9-AS2, we
first inhibited ADAMTS9-AS2 expression in SACC-LM cells and
then upregulated ADAMTS9-AS2 expression in SACC-83 cells.
The transfection efficacy of ADAMTS9-AS2 plasmids and small
interfering RNAs (siRNAs) was validated by qRT-PCR analysis
(Figure S2C). The expression levels of miR-143-3p were elevated
when we knocked down ADAMTS9-AS2 expression in SACC-LM
cells, but an opposite trend was observed in SACC-83 cells after
transfected with ADAMTS9-AS2 plasmids (Figure 3F). Second, we
found that the expression of miR-143-3p was remarkably inhibited
by wild-type, but not by mutant, ADAMTS9-AS2 after we
transfected with wild-type ADAMTS9-AS2 and mutant plasmids
(Figure 3H). Third, we investigated whether overexpression or
knockdown of miR-143-3p in SACC cells could cause any change
in expression level of ADAMTS9-AS2, and the results (Figure S2D)
indicated that miR-143-3p was indeed a downstream inhibitory
gene of ADAMTS9-AS2. In an analysis of clinical samples, we
also observed a reverse correlation between the expression level of
ADAMTS9-AS2 and that of miR-143-3p (Figure 3G; r = —0.547,
p < 0.001). In general, our results supported the proposal that
miR-143-3p is an inhibitory target of ADAMTS9-AS2 in SACC cells
and tissue samples.

ADAMTS9-AS2 Promotes SACC Cell Migration and Invasion

To explore the biological function of ADAMTS9-AS2 in SACC
cell migration and invasion, we transfected SACC-83 cells with
ADAMTS9-AS2 plasmids, yet we decreased ADAMTS9-AS2 expres-
sion in SACC-LM cells via ADAMTS9-AS2 siRNA transfection.
Knockdown of ADAMTS9-AS2 in SACC-LM cells significantly
inhibited cell invasion and migration by 64% and 75%, respectively
(Figure 4A). In contrast, overexpression of ADAMTS9-AS2 pro-
moted invasion and migration of SACC-83 cells. The number of
SACC-83 cells that passed through the chamber increased by
2.5-fold (invasion assay) and 3.4-fold (migration assay) (Figure 4A).
In brief, increased ADAMTS9-AS2 levels enhanced the migration and
invasion abilities of SACC cells.

Next, we examined whether elevated expression of miR-143-3p in-
hibited the migration and invasion abilities of SACC cells. The
transfection efficiency of miR-143-3p mimics or miR-143-3p in-
hibitors was confirmed by qRT-PCR (Figure 4C). Overexpression
of miR-143-3p significantly inhibited SACC-LM cell invasion
and migration by 61% and 72%, respectively (Figure 4B). But
chamber assays indicated that inhibition of miR-143-3p in
SACC-83 cells led to enhanced invasion and migration of these
cells, which increased by 2.4-fold and 3.2-fold, respectively (Fig-
ure 4B). Consequently, ADAMTS9-AS2 overexpression contrib-
uted to enhanced invasion and migration ability of SACC cells,
yet miR-143-3p upregulation inhibited invasion and migration
ability of SACC cells.
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Figure 3. ADAMTS9-AS2 Binds to miR-143-3p and Represses Its Expression
(A) Detection of ADAMTS9-AS2 using gRT-PCR in the samples pulled down by biotinylated ADAMTS9-AS2 and negative control (NC) probe. (B) Detections of miR-2392,
miR-362-5p, miR-193a-5p, miR-143-3p, miR-493-5p, and miR-600 using gRT-PCR in the same samples pulled down by biotinylated ADAMTS9-AS2 and NC probe. Input
was used for normalization. *p < 0.05 compared with respective control. (C) Schematic illustration of the predicted binding sites between ADAMTS9-AS2 and miR-143-3p
and mutation of potential miR-143-3p-binding sequence in ADAMTS9-AS2. (D) Luciferase assays in SACC-83 and SACC-LM cells transfected with wild-type or mutant
ADAMTS9-AS2 and miR-143-3p. (E) Expression levels of miR-143-3p determined by gRT-PCR in clinical samples from SACC patients and in SACC cells. (F) miR-143-3p
expression was examined with gRT-PCR in SACC-LM cells transfected with siR-ADAMTS9-AS2 or in SACC-83 cells with overexpressed ADAMTS9-AS2. (G)
Reverse correlation between the expression levels of ADAMTS9-AS2 and those of miR-143-3p in SACC samples. (H) Expression levels of ADAMTS9-AS2 and miR-143-3p
were examined with gRT-PCR in SACC-83 cells transfected with wild-type, mutant ADAMTS9-AS2 plasmids, or empty vector. Data are presented as means + SD. *p <

0.05 and *p < 0.01.

miR-143-3p Targets ITGA6 and Inhibits PISK/Akt and MEK/Erk
Signaling

Next, we identified potential targets of miR-143-3p using TargetScan
and MiRanda tools, and we found a miR-143-3p recognition site in
the 3 UTR of ITGA6 (Figure 4D). To determine whether ITGA6 is
a target gene of miR-143-3p, we generated wild-type and mutant
luciferase reporter plasmids encoding the ITGA6 3’ UTR, and we
co-transfected cells with these plasmids and miR-143-3p in SACC

2770 Molecular Therapy Vol. 26 No 12 December 2018

cells. The results demonstrated that luciferase activity was reduced
when we co-transfected cells with miR-143-3p and the wild-type 3/
UTR of ITGAG6, but the mutant 3’ UTR of ITGA6 did not cause
any change in luciferase activity (Figure 4F). These results suggested
that miR-143-3p suppressed ITGA6 expression in SACC cells.
Furthermore, western blot analysis showed that ITGA6 levels in
SACC-LM cells were reduced by miR-143-3p overexpression but up-
regulated in SACC-83 cells by miR-143-3p inhibition (Figure 4G).
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Figure 4. ADAMTS9-AS2 Knockdown and miR-143-3p Overexpression Repress SACC Cell Migration and Invasion

(A) Chamber assays were performed with SACC-LM cells transfected with siR-ADAMTS9-AS2 and SACC-83 cells with overexpressed ADAMTS9-AS2. (B) Chamber assays
were performed with SACC-LM cells transfected with miR-143-3p mimics and SACC-83 cells transfected with miR-143-3p inhibitors. (C) miR-143-3p expression levels were
examined with gqRT-PCRin SACC cells after transfection with miR-143-3p mimics or inhibitors. (D) Target sequence of miR-143-3p in ITGAB 3’ UTR predicted by TargetScan
as well as the mutated sequence. (E) Reverse correlation between the expression levels of ITGABG and those of miR-143-3p in SACC samples. (F) Luciferase reporter assays
were performed in SACC cells co-transfected with miR-143-3p-mimics and reporter vectors carrying an ITGA6 3' UTR with a wild-type (ITGA6 3’ UTR) or mutated miR-143-
3p (ITGA6 3’ UTR mut) response element. (G) ITGAB expression as well as downstream Erk and Akt phosphorylation was assessed by western blot in SACC cells. Data are

presented as means + SD. *p < 0.05 and **p < 0.01.

Two vital pathways, the PI3K/Akt- and MEK/Erk-signaling path-
ways, are known to be involved in cancer metastasis and invasion.”’
In SACC cells, ITGA upregulated the expression of PI3K, p-AKT,
p-MEK1/2, and p-ERK, suggesting the activation of PI3K/Akt- and
MEK/Erk-signaling pathways (Figures S4A and S4B). Overexpression
of miR-143-3p enhanced phosphorylation of Akt and Erk in
SACC-LM cells, but a reverse trend was observed in SACC-83
cells after transfection with miR-143-3p inhibitors (Figure 4G).
Clinical SACC samples further exhibited an inverse correlation
between miR-143-3p and ITGA6 expression (Figure 4E; r = —0.550,
p < 0.001).

To explore whether miR-143-3p inhibits SACC cell metastasis by
targeting ITGA6, a rescue experiment in which SACC-LM cells
were co-transfected with miR-143-3p mimic and wild-type ITGA6
or mutant ITGA6 plasmids was performed. When we rescued
ITGA6 expression in the presence of miR-143-3p mimics, the
invasion and migration abilities of SACC-LM cells were restored (Fig-
ure 5A). When miR-143-3p mimics and ITGA6 mutant plasmids
were co-expressed in SACC-LM cells, ITGA6 expression, as well as
Akt and Erk phosphorylation, was restored, but these parameters
were unchanged by co-transfection with wild-type ITGA6 plasmid
and miR-143-3p mimic (Figure 5B). Taken together, these results
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suggested that miR-143-3p regulates SACC cell metastasis by target-
ing ITGA6 and inhibiting PI3K/Akt and MEK/Erk signaling.

ADAMTS9-AS2 Promotes SACC Cell Migration and Invasion via
miR-143-3p-Mediated Regulation of PI3K/Akt and MEK/Erk
Signaling

Based on our previous results, we hypothesized that ADAMTS9-AS2
could promote SACC cell migration and invasion via the suppression
of miR-143-3p expression and consequent promotion of ITGA6 and
downstream PI3K/Akt and MEK/Erk signaling. To confirm this hy-
pothesis, we performed another rescue experiment. Chamber assays
showed that an ADAMTS9-AS2 decrease in SACC-LM cells signifi-
cantly inhibited their migration and invasion, but simultaneous
miR-143-3p knockdown could reverse the repression of cell migra-
tion and invasion, indicating that upregulation of miR-143-3p was
essential for the decreased cell migration and invasion induced by
ADAMTS9-AS2 downregulation (Figure 6A; Figure S3A). By
contrast, miR-143-3p overexpression could also reverse the promo-
tion of migration and invasion caused by ADAMTS9-AS2 overex-
pression in SACC-83 cells (Figure 6B; Figure S3B).

Importantly, we also determined whether ADAMTS9-AS2 regulated
ITGAG6 expression and the activity of the PI3K/Akt and MEK/Erk
pathways and whether this regulation was dependent on miR-143-
3p. As expected, knockdown of ADAMTS9-AS2 led to reduced
ITGAG6 and PI3K/Akt and MEK/Erk phosphorylation levels, presum-
ably via upregulation of miR-143-3p. Moreover, miR-143-3p
knockdown reversed the inhibition of ITGA6 and p-Akt and p-Erk
expression (Figure 6C). A reverse expression pattern of ITGA6 and
p-Akt and p-Erk was found in SACC-83 cells (Figure 6D). Collec-
tively, these data supported our hypothesis that ADAMTS9-AS2
promoted SACC cells migration and invasion via miR-143-3p-medi-
ated regulation of ITGA6 and downstream PI3K/Akt and MEK/Erk
signaling.
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Next, we examined the effect of ADAMTS9-AS2
in vivo. To verify the role of ADAMTS9-AS2 in
regulating SACC growth, 1 x 10° SACC-LM cells infected with lenti-
virus containing sh-ADAMTS9-AS2 or with sh-vector as a control
were subcutaneously injected into nude mice. As shown in Figures
7A-7C, decreased ADAMTS9-AS2 expression in SACC-LM cells
slowed down the tumor growth and reduced tumor weight in
BALB/c-nu mice. To validate the effect of ADAMTS9-AS2 on tumor
metastasis, we injected 4 x 10° SACC-LM cells stably expressing
small hairpin RNA (shRNA) empty vector or sh-ADAMTS9-AS2
vector into the tail vein of nude mice. 8 weeks later, lung tissues

miR-143-3p

were extracted to observe whether there was a tumor metastasis. As
shown in Figure 7D, the number of lung metastasis nodules in the
sh-ADAMTS9-AS2 group was less than that in the sh-vector group,
and H&E staining of lung also showed the tumor metastasis in
the lung of sh-vector mice. Therefore, ADAMTS9-AS2 downregula-
tion significantly inhibited metastasis and growth of SACC-LM
xenografts.

DISCUSSION

Dysregulation of IncRNA has been widely reported in different types
of human neoplasms, and various IncRNAs play crucial roles in tu-
mor occurrence, invasion, and metastasis and can be considered
prognostic biomarkers in several cancers.”' In our study, we screened
out IncRNA ADAMTS9-AS2 using an IncRNA microarray, and we
explored its potential functions in the regulation of metastasis and in-
vasion in SACC. We examined the expression levels of ADAMTS9-
AS2 in SACC clinical specimens and cell lines, and we found that
ADAMTS9-AS2 was significantly increased in SACC samples with
distant metastasis and in highly metastatic SACC cells. In situ hybrid-
ization showed that ADAMTS9-AS2 was primarily located in the
cytoplasm of SACC cells and was highly expressed in SACC samples
compared to paired adjacent normal tissues. ADAMTS9-AS2 is an
antisense transcript of the protein-coding gene ADAMTS9, which
is an anti-angiogenesis factor that inhibits tumor progression and
metastasis.”> Only a few studies have reported that ADAMTS9-AS2
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Figure 6. Regulation of SACC Cell Metastasis and PI3K/Akt and MEK/Erk Signaling by ADAMTS9-AS2 Requires miR-143-3p

(A) The migration and invasion abilities of SACC-LM cells transfected with siR-ADAMTS9-AS2 or siR-control simultaneously with miR-143-3p inhibitors or miR-controls were
examined with chamber assays. (B) The transwell assays were performed by SACC-83 cells transfected with ADAMTS9-AS2 plasmids or vectors simultaneously with miR-
143-3p mimics or miR-controls. (C) The ITGAB protein level and inhibition of downstream PI3K/Akt and MEK/Erk signaling were determined by western blot analysis in SACC-
LM cells. (D) The ITGAG protein level and inhibition of downstream PI3K/Akt and MEK/Erk signaling were determined by western blot analysis in SACC-83 cells.

is involved in human malignancies, and it was urgent for us to explore
the underlying mechanism by which ADAMTS9-AS2 modulates can-
cer progression, especially in SACC.*

To explore the underlying mechanism of ADAMTS9-AS2 in SACC,
we first indicated that c-myc could directly interact with the promoter
and activated transcription of ADAMTS9-AS2 through the binding
sites located at —968 to —958 nt and —394 to —384 nt. c-myc is always
reported as an amplifierof transcription, and it is overexpressed or
amplifed in different kinds of human cancers.”* However, previous
studies mainly focused on the transcriptional levels of coding tran-
scripts regulated by c-myc. Whether IncRNAs could be activated by
c-myc have only begun to be explored. Recent studies showed that
IncRNA CASC11 was near c-myc and could be transcriptionally
activated by c-myc in human colorectal cancer.”> The regulatory
function of c-myc on a large scale of IncRNAs opens up a new area
of c-myc effect on tumorigenesis.

Previous studies have confirmed that IncRNAs with miRNA response
elements (MREs) could function as endogenous miRNA sponges,

influencing the expression of target mRNAs at the post-tran-
scriptional level.'>*° Here, using qRT-PCR and fluorescence in
situ hybridization (FISH) assays, we identified that IncRNA
ADAMTS9-AS2 was located in the cytoplasm, which suggested that
ADAMTS9-AS2 may compete with miR-143-3p. Numerous studies
have proven that IncRNAs possess the ability for sponging miRNA
to exert functions in tumorigenesis and tumor progression, especially
competing with miR-143-3p.”” Liu et al.*® reported that IncRNA
HOTAIR competed with miR-143-3p through regulating BCL2 and
promoted cervical cancer progression. IncRNA MALAT]I also regu-
lated ZEB1 expression by sponging miR-143-3p and promoted
hepatocellular carcinoma progression.”” Using bioinformatics tools
(LncBase Predicted v.2 of DIANA tools) and RNA pull-down and
luciferase reporter assays, we confirmed that miR-143-3p was a direct
target of IncRNA ADAMTS9-AS2. Furthermore, the reverse
ADAMTS9-AS2 and miR-143-3p expression levels were observed
in both SACC clinical samples and cell lines, which further validated
the targeting regulatory relationship between the two noncoding
RNAs. IncRNA ADAMTS9-AS2 knockdown combined with miR-
143-3p inhibition significantly rescued the reduced cell migration
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Figure 7. Ectopic Expression of ADAMTS9-AS2 Inhibits SACC-LM Xenograft Growth and Metastasis in BALB/c-nu Mice

(A) Representative photomicrographs of xenografts from the sh-ADAMTS9-AS2 group or sh-vector group at day 36 (200x). (B) Tumor growth curves for SACC-LM tumors
transfected with sh-ADAMTS9-AS2 or sh-vector (“p < 0.05 versus sh-vector). (C) Weight of SACC-LM tumors transfected with sh-ADAMTS9-AS2 or sh-vector (*p < 0.05
versus sh-vector). (D) Photomicrographs and H&E staining of lung metastases (200 x) in nude mice. The number of lung metastatic nodules was determined (“p < 0.05 versus

sh-vector).

and invasion induced by ADAMTS9-AS2 knockdown alone in SACC
cells. These results showed that ADAMTS9-AS2, competing with
miR-143-3p, inhibited the migration and invasion in SACC cells.
However, the underlying mechanism by which miR-143-3p sup-
presses SACC metastasis is still unclear.

The involvement of miR-143-3p in tumorigenesis and tumor devel-
opment has been studied by several research teams, and the resulting
reports indicate that miR-143-3p might function as a tumor suppres-
sor. miR-143-3p was reported to be upregulated in H. pylori-positive
gastric cancer, and it suppressed tumor proliferation, migration, and
invasion by directly targeting AKT2.'” However, miR-143-3p was
also found to be downregulated in esophageal squamous cell
carcinoma and ovarian carcinoma, and it contributed to cancer pro-
gression.'”>*! miR-143-3p was induced by p53, and an excess of
miR-143-3p prevented the induction of MDM?2, BTG2, and
CDKN1A mRNA and/or protein.32’33 Nevertheless, there have been
a few literature reports addressing the regulatory mechanism of
miR-143-3p in SACC. Our results appear to support the idea that
miR-143-3p acts as a tumor suppressor due to its effects on cell metas-
tasis and invasion via targeting ITGA®. Jin et al.’ also indicated that
miR-143-3p could suppress tumor growth and angiogenesis by
targeting ITGA6 and PLGF through the PI3K/AKT pathway in gall-
bladder carcinoma.
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ITGAG is a transmembrane glycoprotein adhesion receptor that reg-
ulates cell-cell adhesion and is widely upregulated in many types of
tumors.””> A number of studies have reported that ITGA6 contributes
to tumor processes, including cell adhesion, migration, invasion, and
survival.”>*” However, there have not been any studies demonstrating
a relationship between ITGA6 and SACC invasion. Accumulated
evidence shows that integrins regulate many intracellular signaling
pathways, including the PI3K/Akt and MAPK/Erk pathways.’®”
Here, our study confirmed that ITGA6 could regulate PI3K/Akt
and MAPK/Erk signaling in SACC cells. Although our research did
not provide direct evidence regarding whether the inhibition of
PI3K/Akt and MEK/Erk signaling was required for the modulation
of SACC cell metastasis and invasion by ADAMTS9-AS2 and miR-
143-3p, many studies have implicated PI3K/Akt and MEK/Erk
signaling in the regulation of cell metastasis and invasion.***' Based
on our work, it is reasonable to conclude that ADAMTS9-AS2 pro-
motes SACC metastasis and invasion via miR-143-3p-mediated
downregulation of ITGA6 and downstream PI3K/Akt and MEK/
Erk signaling. According to our clinical characteristics analysis,
SACC patients exhibiting high ADAMTS9-AS2 expression had a
significantly shorter overall survival rate and higher risk of distant
metastasis than patients with low ADAMTS9-AS2 expression, which
suggested that ADAMTS9-AS2 might serve as an effective prognostic
marker in advanced SACC patients. However, IncRNA regulatory
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networks are complicated, and other potential regulatory mecha-
nisms of ADAMTS9-AS2 should be further investigated in SACC.

In conclusion, we first demonstrated that the upregulation of IncRNA
ADAMTS9-AS2 was specifically mediated by an oncogene, c-myc.
We confirmed a signaling cascade involving ADAMTS9-AS2 and
miR-143-3p that modulated ITGA6 expression and the activity of
PI3K/Akt and MEK/Erk signaling, thus regulating SACC cell migra-
tion and invasion. Furthermore, we verified that the reduction of
elevated miR-143-3p expression using an miRNA inhibitor abolished
the biological processes induced by ADAMTS9-AS2 knockdown, and
this showed that miR-143-3p is required for ADAMTS9-AS2-medi-
ated regulation of ITGA6 and downstream PI3K/Akt and MEK/Erk
signaling, which contribute to SACC cell migration and invasion
(Figure S5). Our study may provide a potential therapeutic approach
for SACC treatment.

MATERIALS AND METHODS

Cell Lines

The SACC-83 and SACC-LM cells used in our study were purchased
from Peking University (Beijing, China). SACC-LM is a highly
metastatic cell line derived from lung metastases of SACC-83 xeno-
grafts, respectively. All cells were maintained in RPMI-1640 medium
(Gibco, Rockville, MD) supplemented with 10% fetal bovine serum
(FBS) (Invitrogen, Carlsbad, CA) at 37°C with 5% CO,.

IncRNA Microarray Analysis

Analyses using Human IncRNA Microarray v.3.0 were performed
with SACC-83 and SACC-LM cells as described previously.** The
heatmap demonstrating the expression levels of total IncRNAs that
are differentially expressed in SACC-83 versus SACC-LM cells was
generated with DMVS 2.0 software (Shanghai Biotechnology,
Shanghai, China).

Cell Transfection

The siRNA targeting IncRNA ADAMTS9-AS2 and c-myc and control
siRNAs were obtained from RiboBio (Guangzhou, China). The indi-
cated cells were transfected with 50 nM siRNAs using Lipofectamine
3000 (Invitrogen). miR-143-3p mimics, miR-143-3p inhibitors, and
miR-control were purchased from GenePharma (Shanghai, China).
miRNA mimics, miRNA inhibitors, and miR-control transfected cells
with a concentration of 40 nM using Lipofectamine 3000 (Invitro-
gen). ITGA6 cDNA carrying a wild-type 3’ UTR or a 3’ UTR contain-
ing mutated seed sequence for miR-143-3p (ITGA6 mut) was cloned
into pcDNA 3.1 for rescue experiments.

Stable ADAMTS9-AS2 Knockdown Cell Lines

The plasmids containing specific shRNAs targeting ADAMTS9-AS2
and empty vector pLKO.1 were obtained from GenePharma
(Shanghai, China). To establish stable knockdown cell lines, the
PLKO.1-shADAMTS9-AS2 vector and control shRNA vector
plasmid was transfected into the 293FT cells using Lipofectamine
2000 (Invitrogen), following the manufacturer’s instructions. Then
SACC-LM cells were infected with lentivirus containing PLKO.1-

ShADAMTS9-AS2 vector and control plasmids and selected with
2 pg/mL puromycin for 7 days.

5 and 3' RACE

We used a SMARTer RACE cDNA Amplification Kit (Clontech
Laboratories, Palo Alto, CA) to find the transcriptional initiation
and termination sites of the IncRNA, according to the manufacturer’s
instructions. PCR products were obtained and then cloned
into pEASY-T3 (TransGen Biotech, Beijing, China) for further
sequencing.

RNA Extraction and Real-Time qPCR

Total RNA was extracted from tissues or cells using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA), and reverse transcription was
performed using a Prime Script RT reagent kit according to the
(Takara Biotechnology, China).
Real-time qPCR was performed using a LightCycler 480 system
(Roche, Basel, Switzerland) in triplicate in three independent
experiments, and the relative expression of ADAMTS9-AS2 or
miR-143-3p was normalized to that of Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) or U6. Primers used for qRT-PCR are
shown in Table S2.

manufacturer’s instructions

Western Blot Analysis

Total protein was extracted from tissue and cell samples using RIPA
lysis buffer (Beyotime) supplemented with protease inhibitor mixture
(Sigma-Aldrich). An equal amount of each protein sample was loaded
onto a 10% SDS-PAGE, transferred onto a polyvinylidene fluoride
(PVDF) membrane (Millipore, Bedford, MA, USA), blocked
with 5% (w/v) skim milk at room temperature (RT) for 1 hr, and
then incubated with primary specific antibodies overnight (Table
S3). Peroxidase-conjugated anti-mouse immunoglobulin G (IgG) or
anti-rabbit IgG (Proteintech, USA) was used as a secondary antibody.
Finally, the antigen-antibody reaction was visualized using enhanced
chemiluminescence reagent (ECL, Thermo Fisher Scientific, Rock-
ford, IL, USA).

Patients and Specimens

In this study, adenoid cystic carcinoma samples were obtained from
the salivary gland of 102 recruited patients. None of the patients
received any preoperative chemotherapy or radiotherapy before sur-
gery, and all patients were histopathologically and clinically diag-
nosed at the Department of Oral and Maxillofacial Surgery, Sun
Yat-sen Hospital, Sun Yat-sen University, between 2003 and 2012.
Informed consent was obtained from all patients. The clinicopatho-
logical features of the patients are summarized in Table S1. This study
was approved by the Institutional Ethics Committee of the Sun
Yat-sen Hospital, Sun Yat-sen University, China.

In Situ Hybridization

An in situ hybridization assay was performed according to the
manufacturer’s protocol (Exiqon, Vedbaek, Denmark). Briefly, after
dewaxing, SACC specimens were hybridized to ADAMTS9-AS2
using a 5'-DigN/AGATCACATAGGCACTGAA GAA-3' probe.
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Then, the digoxigenin was recognized by a specific anti-DIG antibody
to which alkaline phosphatase was conjugated. Cell nuclei were
counterstained with hematoxylin. A total of 5 x 200 tumor cells
were counted randomly in each section (high expression, positive
cells >30%; low expression, positive cells <30%).

Boyden Chamber Assay

Cell migration and invasion abilities were examined using transwell
inserts with 8-pum pores (BD Biosciences, San Jose, CA, USA). For
the invasion assays, 1 x 10° cells were added to the upper level of a
Boyden chamber that was pre-coated with Matrigel (Corning, New
York, NY, USA), and 1 x 10° cells were placed into the upper cham-
ber without Matrigel pre-coating for the migration assay. After 24 hr,
cells were fixed, stained, photographed, and counted.

ChIP Assay

The ChIP assay was performed using the EZ-ChIP kit (Millipore,
Billerica, MA) according to the manufacturer’s instructions. The
following antibodies were utilized to immunoprecipitate crosslinked
protein-DNA complexes: rabbit anti-c-myc (Ab56, Abcam) and
normal rabbit IgG (12-370, Millipore). The specific primer
for ChIP assays was as follows: sense 5'-AGAAACCACGTGCGCA
CTAC-3'; anti-sense 5'~-AGAAACCACGTGCGCACTAC-3'.

Luciferase Assay

5,000 cells were placed on a 96-well plate. After 24 hr, cells were co-
transfected with a mixture of 5 ng pRL-CMV Renilla luciferase
reporter, 50 ng firefly luciferase reporter, and 5 pmol small RNA
(siRNA or miRNA mimics). After 48 hr of transfection, firefly and
Renilla luciferase activities were detected with a Dual-Luciferase
Reporter Assay System (Promega, Madison, WI, USA). After 48 hr
of transfection, firefly and Renilla luciferase activities were detected
with a Dual-Luciferase Reporter Assay System (Promega, Madison,
WI, USA) read by a microplate reader of a multi-wavelength mea-
surement system (Bio-Rad, USA).

RNA Pull-Down Assays

The pcDNA3.1 plasmids containing the full sequence of ADAMTS9-
AS2 or a negative control sequence with a T7 promoter were obtained
from IGE (Guangzhou, China) The ADAMTS9-AS2 plasmids and
negative plasmids were linearized using restriction enzyme Xho I
and Xba I, respectively. Biotin-labeled RNAs were reversely tran-
scribed using Biotin RNA Labeling Mix (Roche, USA) and T7 RNA
polymerase (Takara Biomedical Technology). The products were
purified with the Thermo GeneJET RNA Purification Kit (Invitrogen)
and treated with RNase-free DNase I (Roche, USA). Then pull-down
assays were performed as previously described.*’

In Vivo Mouse Xenograft Assay

The 4-week-old BALB/c mice were obtained from the Central
Laboratory of Animal Science at Sun Yat-sen University (Guangzhou,
China). The animal experiments were approved by The Institute
Research Medical Ethics Committee of Sun Yat-sen University.
To verify the role of ADAMTS9-AS2 in regulating SACC growth,
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1 x 10° SACC-LM cells infected with lentivirus containing sh-
ADAMTS9-AS2 or with sh-vector as a control were subcutaneously
injected into the left or right flank of mice (n = 5 per group). The
size and weight of tumors were measured every week. For the metas-
tasis model, 4 x 10° SACC-LM cells were injected into the tail vein of
nude mice (n =5 per group); 8 weeks later, the mice were sacrificed,
and their liver tissues were removed and fixed in formalin. All the
harvested tissues were imaged after sacrifice and then analyzed with
H&E staining.

Accession Number
The accession number for the array data reported in this paper is
GEO: GSE117575.

Statistical Analysis

Statistical analysis was performed using SPSS 20.0 software (SPSS,
Chicago, IL, USA). All data are expressed as the group mean + SD.
The 2 test was used to analyze relationships between ADAMTS9-
AS2 expression and clinicopathological features. Kaplan-Meier
survival curves were plotted, and the log-rank test was used. All
experiments were performed at least three times. The results of the
experiments are expressed as the mean + SD; p < 0.05 was considered
statistically significant.
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