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AGAP2-AS1/BRD7/c-Myc signaling axis  
promotes skin cutaneous melanoma progression
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Abstract: Objective: To examine the effects and mechanisms of AGAP2 Antisense RNA 1 (AGAP2-AS1) in progres-
sion of skin cutaneous melanoma (SKCM). Methods: AGAP2-AS1 expression and SKCM survival outcomes were as-
sessed using bioinformatics analysis. In vitro and in vivo assays, including cell proliferation, colony formation, migra-
tion, and tumor formation assays, were performed to detect AGAP2-AS1 oncogenic effects in SKCM. RNA pull-down, 
RNA immunoprecipitation (RIP), and co-immunoprecipitation were used to evaluate the mechanism of AGAP2-AS1 
in SKCM progression. Results: AGAP2-AS1 was upregulated in human SKCM tissues and cells and predicted a worse 
prognosis. AGAP2-AS1 silencing in two SKCM cell lines inhibited cell proliferation, as well as colony formation and 
migration both in vitro and in vivo. The RNA pull-down assay and RIP analysis results indicated that AGAP2-AS1 inter-
acted with bromodomain containing 7 (BRD7). AGAP2-AS1 knockdown attenuated the BRD7 and c-Myc interaction, 
which reduced c-Myc expression. The altered phenotypes found in AGAP2-AS1- and BRD7-deficient cells were res-
cued by overexpression of c-Myc. Conclusions: AGAP2-AS1 participated in oncogenesis in SKCM via the BRD7/c-Myc 
signaling pathway. These results suggest a molecular mechanism for AGAP2-AS1 in the carcinogenesis of SKCM.
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Introduction

About 5% of all cases of skin cancer and > 75% 
of skin cancer-related deaths are associated 
with skin cutaneous melanoma (SKCM) [1]. 
With the application of targeted therapies and 
immunotherapies, patients with SKCM with 
localized or regional disease have 5-year sur-
vival rates of 98% and 64%, respectively [2]. 
However, SKCM has a high potential for re- 
currence, intrinsic or acquired resistance, and 
brain metastasis [3]. The 5-year survival rate  
of patients with metastatic SKCM is 23% [2]. 
The mechanisms associated with these out-
comes are not fully clarified. Therefore, identify-
ing novel SKCM molecular markers and new 
effective therapeutic strategies is critical.

Long non-coding RNAs (lncRNAs) with abnor-
mal functions have been implicated in the 
pathogenesis of diverse human diseases, par-

ticularly in multiple types of cancers, including 
SKCM [4]. LncRNAs have an oncogenic role in 
gene regulation because they are sponges for 
microRNAs [5, 6], decoys for regulatory proteins 
[7], and scaffolds for protein-protein interac-
tions [8]. These characteristics affect compo-
nents of tumor progression, including invasion, 
metastasis, inter- and intra-tumor heterogene-
ity, therapy resistance, and cell proliferation [9, 
10]. More investigations of tumor-associated 
lncRNA effects and underlying mechanisms are 
needed to reveal molecular biological changes 
that drive SKCM progression. 

AGAP2 Antisense RNA 1 (AGAP2-AS1) is a no- 
vel oncogenic lncRNA that is involved in cancer 
tumorigenesis and progression, including glio-
blastoma and colorectal, breast, gastric, esoph-
ageal, and non-small-cell lung cancer [11-19]. It 
is also strongly associated with a poor progno-
sis. AGAP2-AS1 acts as a scaffold and interacts 
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directly with EZH2 (enhancer of zeste homolog 
2) and LSD1 (lysine-specific demethylase 1A) 
to form a signaling network to affect the fun- 
ction of multiple target genes (e.g., TFPI2, 
LATS2, and KLF2) [13, 19]. AGAP2-AS1 may 
also participate in cell proliferation, migration, 
and invasion, but it is not clear whether AGAP2-
AS1 and other oncogenes co-regulate SKCM 
development.

In this study, we examined the carcinogenic ef- 
fects and associated underlying mechanisms 
of AGAP2-AS1 in SKCM. We analyzed data from 
the Cancer Genome Atlas (TCGA) to examine 
the expression and prognostic value of AGAP2-
AS1 in SKCM. We investigated the effects of 
AGAP2-AS1 on cancer cell proliferation, colony 
formation, and migration in vitro and in vivo.  
We also investigated the role of bromodomain 
containing 7 (BRD7), a potential candidate AG- 
AP2-AS1 target protein, during tumorigenesis 
using RNA immunoprecipitation (RIP) and RNA 
pull-down assays. Finally, we investigated the 
potential mechanism of AGAP2-AS1 and the 
BRD7/c-Myc signaling pathway in SKCM pro- 
gression.

Materials and methods

Bioinformatics analysis

AGAP2-AS1 expression levels in SKCM samples 
and normal tissues were obtained from the 
Genotype-Tissue Expression database (https://
gtexportal.org/) and TCGA (https://portal.gdc.
cancer.gov/). An analysis of the correlation of 
AGAP2-AS1 with tumor pathological stage was 
performed using data from the TCGA. Based on 
the median level of AGAP2-AS1 expression, 
cases were designated as high or low AGAP2-
AS1. Kaplan-Meier survival curve analysis was 
used to analyze relationships between AGAP2-
AS1 expression levels and SKCM survival out-
comes, including disease-specific survival, dis-
ease-free interval, and overall survival (OS).

Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) kits 
(RiboBio, Guangzhou, China) were used to per-
form FISH analysis following the protocol of the 
manufacturer. SKCM tissue microarrays were 
deparaffinized and permeabilized for 5 min. 
Sections were then incubated with pre-hybrid-
ization buffer for 30 min. FISH probes were 
mixed with pre-warmed hybridization buffer, 

added to the sections, and incubated overnight 
(37°C, in the dark); 4’,6-diamidino-2-phenylin-
dole was used to counterstain cell nuclei. The 
results were analyzed using confocal fluores-
cence microscopy (LSM800; Zeiss, Oberko- 
chen, Germany).

RNA extraction and quantitative real-time poly-
merase chain reaction (qRT-PCR)

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) 
was used to extract total RNA from tissues and 
cultured cells. Then, reverse transcription and 
PrimeScript RT reagent (Takara Bio, Kusatsu, 
Japan) were used to synthesize complemen- 
tary DNA from total RNA, and qRT-PCR using 
SYBR Premix Ex Taq (Takara Bio) and a 7500 
RT-PCR system was performed, with 18S ribo-
somal RNA (rRNA) expression for normalization. 
The primers used were: 18S rRNA, 5’-AAA-
CGGCTACCACATCCAAG-3’ (forward) and 5’-CC- 
TCCAATGGATCCTCGTTA-3’ (reverse); AGAP2-A- 
S1, 5’-TCCTCAAAACTGGCTGCCTC-3’ (forward) 
and 5’-GACATCAGGGAGGACGGTCT-3’ (reverse).

Cell culture and transfection

Human melanoma cell lines (A375, A875, and 
MV3) and normal human epidermal melano-
cytes were purchased from the Cell Biology 
Department of the Chinese Academy of Sci- 
ences (Shanghai, China). Cells were cultured in 
Dulbecco’s Modified Eagle Medium (DMEM) 
(Gibco Laboratories, Gaithersburg, MD, USA) 
supplemented with 10% fetal bovine serum 
(FBS) and incubated at 37°C in 5% CO2. 
Lipofectamine 2000 transfection reagent (In- 
vitrogen) was used to transfect A375 and A875 
cells with si-AGAP2-AS1, si-BRD7, or negative 
control siRNA (si-NC). The siRNA sequences 
were: si-AGAP2-AS1#1, 5’-UUGAUCCCUGGUCU- 
UGCAG-3’; si-AGAP2-AS1#2, 5’-AGGUCAAGGU- 
AAGAGUUUG-3’; si-BRD7#1, 5’-AUACGGAUAAU- 
CUUGGCAC-3’; si-BRD7#2, 5’-UAAAUCAUGGCA- 
UUAGUAC-3’; and si-NC, 5’-UUCUCCGAACGUG- 
UCACGU-3’. GenePharma (Suzhou, China) syn-
thesized the plasmid vectors (pcDNA3.1-
AGAP2-AS1, pcDNA3.1-BRD7, pcDNA3.1-MYC, 
and empty vector); Lipofectamine 2000 was 
used for transfection. Cell harvest for analysis 
was performed 48-h post-transfection.

Cell viability and migration 

Cell viability was monitored as previously 
described (Cell Counting Kit 8 (CCK-8); 
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Beyotime Biotechnology, Beijing, China) [20]. 
After transfection, the A875 or A375 cells were 
added to 96-well plates. A Molecular Devices 
LLC microplate reader (Sunnyvale, CA, USA) 
was used to obtain optical absorbance (450 
nm) values. Cells cultured for two weeks in 10% 
FBS (six-well plates, 500 cells/well) were used 
for colony formation assays. Then, the cells 
were fixed (4% paraformaldehyde) and stained 
(0.1% crystal violet, Beyotime Biotechnology) 
as previously described [21].

Twenty-four-well Transwell chambers (Corning 
Inc., Corning, NY, USA) were used for the migra-
tion assays. After a 48-h transfection period, 
the A875 or A375 cells were resuspended in 
the upper chamber in 200 µL serum-free 
DMEM, with 700 µL DMEM supplemented with 
20% FBS in the lower chamber. After a 48-h 
incubation, the cells in the upper chamber were 
removed using a cotton swab. Lower chamber 
cells were fixed (4% paraformaldehyde) and 
stained (0.1% crystal violet; Beyotime Bio- 
technology). Five fields were randomly selected 
and counted in each well.

In vivo assays

Pathogen-free conditions were used for the 
four-week-old male athymic BALB/c nude mice 
included in the study; the mice were treated 
according to a standard protocol [22]. A375 
cells with sh-AGAP2-AS1 (GenePharma) stable 
transfection or empty vector were injected into 
the flanks of each mouse (5 × 106 cells, subcu-
taneous route). Every 3 days, tumor growth was 
assessed by calculating tumor volume: V = 0.5 
× D × d2 (V, volume; D, longitudinal diameter; d, 
latitudinal diameter). The difference between 
the treatment and control groups was obvious 
by 15 d. Therefore, all mice were euthanized, 
and tumors were excised, photographed, and 
weighed. Tumor cell proliferation was assessed 
using immunostaining of Ki67. Guide for the 
Care and Use of Laboratory Animals (US 
National Institutes of Health) guidelines were 
strictly followed. The Committee on the Ethics 
of Animal Experiments, Nanjing Medical 
University, approved the study protocol.

In vitro transcription, RNA pull-down, and liquid 
chromatography-tandem mass spectrometry 

The Ribo™ RNAmax-T7 Biotin RNA labeling kit 
(Ribobio, Guangzhou, China) was used for in 
vitro transcription of AGAP2-AS1. After tran-

scription with T7 RNA polymerase, AGAP2-AS1 
was labeled with biotin. Then, the Pierce™ 
Magnetic RNA-protein pull-down kit (Thermo 
Fisher Scientific, Waltham, MA, USA) was used 
for RNA pull-down assays. LncRNA-interacting 
proteins were further detected using mass 
spectrometric analysis, as previously descri- 
bed [23-25]. Eluted immunocomplexes were 
resolved using SDS-PAGE (sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis), fol-
lowed by western blot.

Western blot

Standard procedures were used for western 
blot [26, 27]. After separation by 10% SDS-
PAGE, protein lysates were transferred to po- 
lyvinylidene difluoride membranes (Millipore, 
Burlington, MA, USA), blocked with Tris-buffered 
saline containing 5% non-fat milk, and incubat-
ed overnight at 4°C with primary antibodies: 
anti-BRD7 (1:1000 dilution; ProteinTech, Wu- 
han, China), anti-c-Myc (1:1000 dilution; Pro- 
teinTech), and anti-Tubulin (1:10000 dilution; 
Beyotime). After primary antibody incubation, 
membranes were washed three times (10 min 
per wash) in a solution of Tris-buffered saline 
and polysorbate 20, followed by a 1 h incuba-
tion at room temperature with horseradish per-
oxidase-conjugated secondary antibodies. Blot 
results were detected using an ECL-PLUS kit 
(Millipore); tubulin was used as an internal 
control. 

RIP 

RNA binding to BRD7 was verified using RIP 
assays; an anti-BRD7 antibody and Magna 
RIP™ RNA-binding protein immunoprecipita- 
tion kit (Millipore) were used. First, RIP lysis  
buffer was used to lyse A875 and A375 cells. 
The cell extract was then incubated with pro-
tein A/G beads conjugated with the specific 
antibodies or control immunoglobulin G (IgG) 
(4°C, 12 h). To remove proteins, the beads were 
incubated with proteinase K (0.5 mg/mL) and 
SDS (0.1%), after using wash buffer. The puri-
fied RNA was assessed using qRT-PCR analysis 
to estimate interactions between BRD7 and 
AGAP2-AS1.

Co-immunoprecipitation

For co-immunoprecipitation assays, A875 and 
A375 cells were transfected with si-AGAP2-AS1 
or si-NC, respectively. After lysis (cell lysis buf-
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fer) and centrifugation (12,000×g, 15 min), the 
supernatant was incubated with anti-BRD7 
antibody (ProteinTech) (4°C, overnight). Sub- 
sequently, the immune complexes were isolat-
ed and purified according to standard proto- 
cols [28, 29]. The co-immunoprecipitation pro-
teins were then eluted and analyzed using 
western blot and c-Myc antibody (ProteinTech). 
The input was used as the baseline; IgG was 
the NC.

Statistical analysis

SPSS version 20.0 software (IBM Corporation, 
Armonk, NY, USA) was used for all statistical 
analyses. Student’s t tests, chi-squared tests, 
and Mann-Whitney U tests were performed to 
examine between-group differences. Survival 
curves were estimated using Kaplan-Meier  
survival analysis, and they were compared 
using log-rank tests. P < 0.05 indicates a sig-
nificant difference.

Results

AGAP2-AS1 is upregulated in patients with 
SKCM and is associated with a worse prognosis

To investigate the hypothesis that AGAP2-AS1 
had a role in the oncogenesis of SKCM pro- 
gression, AGAP2-AS1 expression in normal tis-
sues and in SKCM samples was analyzed using 
TCGA data. AGAP2-AS1 expression in SKCM  
tissues was markedly upregulated, compared 
with those in normal tissues (Figure 1A), and 
also increased with T stage development 
(Figure 1B). This result suggested that high 
AGAP2-AS1 expression was more frequent in 
patients with advanced-stage SKCM. Kaplan-
Meier survival analysis demonstrated that, 
compared to those with low AGAP2-AS1 expres-
sion levels, patients with SKCM with high 
AGAP2-AS1 expression had markedly shorter 
OS (Figure 1C), disease-specific survival (Figure 
1D), and PFI (Figure 1E) times. AGAP2-AS1 
expression was found in samples of SKCM tis-
sues, normal skin cell lines, and SKCM cell 
lines. A FISH assay of AGAP2-AS1 expression in 
a tissue microarray with 25 SKCM and paired 
adjacent normal tissues revealed significant 
overexpression of AGAP2-AS1 in SKCM tissue 
samples, compared with samples of adjacent 
normal tissues (Figure 1F and 1G). In the A375, 
A875, and MV3 SKCM cell lines, AGAP2-AS1 

expression was upregulated compared with 
that in normal human epidermal melanocytes. 
AGAP2-AS1 was significantly overexpressed in 
A375 and A875 cells and was overexpressed  
to a lesser extent in MV3 cells (Figure 1H). 
Therefore, we selected A375 and A875 (i.e., the 
two cell lines with higher expression) for further 
examination.

Silencing AGAP2-AS1 inhibits in vitro and in 
vivo SKCM tumorigenesis

To investigate the effects of AGAP2-AS1 on 
SKCM tumorigenesis, the A375 and A875 
SKCM cell lines were transfected with si-
AGAP2-AS1#1 and si-AGAP2-AS1#2, which re- 
sulted in decreased AGAP2-AS1 expression. 
The results revealed that both siRNAs de- 
creased AGAP2-AS1 expression (Figure 2A). 
The CCK-8 assay results showed that proli- 
feration of cells transfected with AGAP2-AS1 
siRNA was markedly decreased (Figure 2B and 
2C). We further examined the effect of AGAP2-
AS1 inhibition on colony formation and migra-
tion of SKCM cells. The results revealed that 
inhibition of AGAP2-AS1 correlated with signifi-
cant reductions in colony numbers (Figure 2D 
and 2E) and fewer migrated cells (Figure 2F 
and 2G). Taken together, these findings indicat-
ed that AGAP2-AS1 silencing inhibited aspects 
of in vitro SKCM tumorigenesis, including cell 
proliferation, colony formation, and migration.

We also performed tumor formation experi-
ments in nude mice. Mice were injected (subcu-
taneous route) with A375 cells with stable sh-
AGAP2-AS1 transfection, or with control cells. 
We found AGAP2-AS1 knockdown decreased 
tumor growth and weight (Figure 3A-C). Im- 
munofluorescence staining revealed that mice 
injected with sh-AGAP2-AS1-transfected cells 
had a decrease in Ki67-positive cells (Figure 
3D and 3E). This result suggested that cell pro-
liferation in vivo was inhibited by AGAP2-AS1 
knockdown.

AGAP2-AS1 interacts with BRD7 in SKCM cells

To examine the non-coding function of AGAP 
2-AS1 in SKCM progression, RNA pull-down 
assays, followed by proteomic analysis of  
the AGAP2-AS1-associated protein complex in 
A375 cells, were performed (Figure 4A). We 
identified 34 proteins from three independent 



AGAP2-AS1 promotes skin cutaneous melanoma progression

354 Am J Transl Res 2023;15(1):350-362

experiments (Figure 4B and Table S1). Among 
these proteins, other studies found that BRD7 
has a crucial tumor-regulating function in 
numerous malignancies [30, 31]. Subsequently, 

western blot and RIP assay results confirmed 
the AGAP2-AS1 and BRD7 interaction in 
extracts from A875 and A375 cells (Figure 
4C-E).

Figure 1. AGAP2 Antisense RNA 1 (AGAP2-AS1) is upregulated in patients with skin cutaneous melanoma (SKCM) 
tissues and cells and is associated with a worse prognosis. (A) AGAP2-AS1 expression level in SKCM tissues was 
markedly upregulated, compared with that in normal counterparts. (B) Expression of AGAP2-AS1 remarkably in-
creased with T stage development. (C-E) Patients with SKCM with high AGAP2-AS1 expression had markedly shorter 
overall survival (OS), disease-specific survival, and PFI. (F) Fluorescence in situ hybridization (FISH) assay of AGAP2-
AS1 expression in SKCM tissues and adjacent normal tissues. Scale bar: 100 μm. (G) Quantification of (F). (H) Quan-
titative real-time polymerase chain reaction (qRT-PCR) of AGAP2-AS1 expression in SKCM cell lines (A375, A875, 
and MV3) and normal human epidermal melanocytes (NHEM). n = 3 for each group. **P < 0.01, ***P < 0.001.
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Knockdown of BRD7 suppresses proliferation 
and migration in SKCM cells

To determine the role of BRD7 in SKCM cells, 
si-BRD7#1, si-BRD7#2, and si-NC were trans-
fected into A875 and A375 cells to knock down 
BRD7 expression, followed by CCK-8 and colo-

ny formation assays. In both cell lines, knock-
down of BRD7 expression resulted in cell 
growth inhibition (Figure 5A-E). Transwell assay 
results indicated that compared with control 
cell migration, SKCM cell migration was inhibit-
ed by BRD7 knockdown (Figure 5F and 5G). 
These results suggest that knockdown of BRD7 

Figure 2. AGAP2 Antisense RNA 1 (AGAP2-AS1) knockdown reduces the malignant level of skin cutaneous mela-
noma (SKCM) cells in vitro. A. A875 and A375 SKCM cell lines were transfected with si-AGAP2-AS1#1 and si-AGAP2-
AS1#2, which led to decreased AGAP2-AS1 expression. n = 3 for each group. B, C. Cell Counting Kit 8 (CCK-8) assays 
revealed cell proliferation decreased after downregulation of AGAP2-AS1. n = 4 for each group. D, E. Cell colony 
numbers decreased after downregulation of AGAP2-AS1. n = 3 for each group. F, G. Transwell assays revealed that 
cell migration decreased after downregulation of AGAP2-AS1. n = 3 for each group. Scale bar: 50 μm. *P < 0.05, 
**P < 0.01, ***P < 0.001.



AGAP2-AS1 promotes skin cutaneous melanoma progression

356 Am J Transl Res 2023;15(1):350-362

expression is tumor-suppressive and impedes 
SKCM cell proliferation and migration phe- 
notypes.

c-Myc is a downstream target of the AGAP2-
AS1/BRD7 axis

Zhao et al. [31] found that BRD7 stabilizing c- 
Myc promotes colorectal cancer cell prolifera-
tion and tumor growth. We, therefore, hypothe-
sized that c-Myc was the potential downstream 
target protein of the AGAP2-AS1/BRD7 axis in 
SKCM cells. Western blot results indicated that 
when AGAP2-AS1 or BRD7 was knocked down, 
c-Myc protein levels were significantly reduced 
(Figure 6A and 6B); but, overexpression of 
AGAP2-AS1 or BRD7 significantly accelerated 
c-Myc protein levels (Figure 6C and 6D). AGAP2-
AS1 knockdown in SKCM cells did not alter  
the levels of expression of BRD7 (Figure 6E  
and 6F). Nevertheless, co-immunoprecipitation 
experiments found that knockdown of AGAP2-
AS1 attenuated the interaction between BRD7 
and c-Myc (Figure 6G). This result further sup-
ported the hypothesis that AGAP2-AS1 was 

required for BRD7-mediated stabilization of 
c-Myc.

c-Myc regulation is involved in oncogenic func-
tion of AGAP2-AS1

To investigate whether knockdown of AGAP2-
AS1 or BRD7 inhibited SCKM malignancy 
through c-Myc, we performed a rescue expe- 
riment to observe the changes in A875 and 
A375 cell growth and migration. We co-trans-
fected pcDNA3.1-MYC with si-AGAP2-AS1 or  
si-BRD7. CCK-8 and colony formation assay 
results indicated that knockdown of AGAP2-
AS1 or BRD7 decreased A875 and A375 cell 
growth, and co-transfection of pcDNA3.1-MYC 
largely restored SCKM cell proliferation (Figure 
7A-D) and migration (Figure 7E and 7F).

Discussion

SKCM is the most aggressive skin malignancy 
that has a high mortality rate due to high rates 
of metastasis and recurrence. The anti-pro-
grammed cell death protein 1 and anti-CTLA-4 

Figure 3. Silencing of AGAP2 Antisense RNA 1 (AGAP2-AS1) inhibits skin cutaneous melanoma (SKCM) tumorigen-
esis in vivo. A, B. Knockdown of AGAP2-AS1 could decrease tumor growth. n = 5 for each group. Scale bar: 1 cm. C. 
Knockdown of AGAP2-AS1 could decrease tumor weights. n = 5 for each group. D, E. Mice injected with sh-AGAP2-
AS1-transfected cells had a decrease in Ki67-positive cells, suggesting that AGAP2-AS1 knockdown inhibited cell 
proliferation in vivo. n = 5 for each group. Scale bar: 20 μm. *P < 0.05, **P < 0.01, ***P < 0.001.
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antibodies used in BRAF/MEK targeted- and 
immunotherapies benefit only 30%-40% of 
patients with SKCM [2]. Identification of novel 
SKCM molecular markers and new effective 
therapeutic strategies may improve disease 
outcomes. AGAP2-AS1 has a crucial role in the 
tumorigenesis and progression of multiple  
cancers. However, our understanding of the 
effects and mechanisms of AGAP2-AS1 in 
SKCM progression is incomplete. Previous 
studies have shown that AGAP2-AS1 is widely 
dysregulated and associated with tumorigene-
sis in multiple malignancies [13, 32, 33]. 
AGAP2-AS1 is an important oncogenic factor. 
Upregulation is associated with a worse prog-
nosis for patients with SKCM. Knockdown of 
AGAP2-AS1 increases erastin-mediated iron 

pathogenesis of multiple cancers [34]. BRD7 is 
overexpressed in SKCM tissue samples and is 
associated with poor outcomes [3]. After knock-
ing down BRD7, SKCM cell proliferation, colony 
formation, and migration were significantly 
decreased in the BRD7-silenced group when 
compared with the normal group. Taken togeth-
er, these results suggest that AGAP2-AS1 syn-
ergistically cooperates with BRD7 to regulate 
SKCM progression.

C-Myc is involved in 15% of the transcriptome 
genes. It regulates the cell cycle, cell prolifera-
tion and differentiation, metabolism, and apop-
tosis [35, 36]. Because c-Myc is widely dysregu-
lated and associated with tumorigenesis in 
multiple malignancies, it has appeal as a thera-

Figure 4. AGAP2 Antisense RNA 1 (AGAP2-AS1) interacts with bromodomain 
containing 7 (BRD7) in skin cutaneous melanoma (SKCM) cells. A. Flowchart 
of RNA pull-down and mass spectrometry assays. B. Venn diagrams of pro-
teins identified using mass spectrometry, from three independent RNA pull-
down assays. C. Biotinylated AGAP2-AS1 RNAs were incubated with A875 
and A375 cell lysates, respectively. RNA-protein complexes were examined 
using western blot analysis with anti-BRD7 antibody. The antisense strand 
of AGAP2-AS1 was used as the negative control (NC). D, E. RIP experiments 
of AGAP2-AS1 binding to BRD7 in A875 and A375 cell lysates. n = 3 for each 
group. Rabbit IgG was included as the NC for the immunoprecipitation.

death in SKCM cells [33]. In 
this study, AGAP2-AS1 was 
upregulated in human SKCM 
tissues and cells and predict-
ed a worse prognosis. Com- 
pared with control group ce- 
lls, AGAP2-AS1 knockdown in 
SKCM cells resulted in a sig-
nificant decrease in cell pro- 
liferation and migration. Kno- 
ckdown of AGAP2-AS1 in 
SKCM cells resulted in sup-
pressed SKCM tumor growth 
in a xenograft tumor model. To 
our knowledge, this was the 
first systematic study with 
findings that suggested AG- 
AP2-AS1 was a crucial regula-
tor of SKCM tumorigenesis.

An important mechanism of 
lncRNAs is the scaffolding of 
protein-protein interactions. 
We used RNA pull-down and 
RIP assays to elucidate molec-
ular mechanisms of AGAP2-
AS1 in SKCM. AGAP2-AS1 
directly interacted with BRD7 
to regulate SKCM tumorige- 
nesis. BRD7 is an important 
transcriptional regulatory fac-
tor. It participates in cell-
based processes including 
cell cycle progression, tran-
scriptional regulation, and ch- 
romatin remodeling. It also 
has significant roles in the 
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peutic target. However, due to the inherent dis-
ordered nature of its protein structure, c-Myc 
has been generally considered “undruggable” 
[36]. BRD7 silencing leads to significantly 
decreased c-Myc expression and a reduction  
in the c-Myc protein half-life. This result sug-
gests that BRD7 can be used to overcome 
c-Myc’s “undruggable” nature [31]. In this 
study, we further examined whether AGAP2-
AS1 affected SKCM tumorigenesis through  
the BRD7/c-Myc signaling pathway. AGAP2-AS1 

and BRD7 knockdown resulted in decreased 
expression of c-Myc; AGAP2-AS1 and BRD7 
overexpression led to increased c-Myc levels. 
Co-immunoprecipitation experiments found th- 
at AGAP2-AS1 knockdown affected the binding 
of c-Myc to BRD7. This result suggested that 
AGAP2-AS1 was the key molecule required for 
effective BRD7 regulation of c-Myc stability. 
These findings provide a new understanding of 
the relationship between AGAP2-AS1 and BRD7 
during SKCM progression. 

Figure 5. Bromodomain containing 7 (BRD7) knockdown suppressed proliferation and migration of skin cutane-
ous melanoma (SKCM) cells. A. A875 and A375 cells transfected with si-NC (negative control) or si-BRD7#1 and 
si-BRD7#2 were subjected to quantitative real-time polymerase chain reaction (qRT-PCR) for BRD7 expression. n 
= 3 for each group. B, C. Cell Counting Kit 8 (CCK-8) assay of proliferation ability in transfected cells. n = 4 for each 
group. D, E. Colony formation assay of cloning ability in transfected cells. n = 3 for each group. F, G. Transwell assay 
of migration in transfected cells. n = 3 for each group. Scale bar: 100 μm. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6. C-Myc is a potential downstream target of the AGAP2-AS1/BRD7 axis. A-D. Western blot analysis of c-Myc 
after AGAP2 Antisense RNA 1 (AGAP2-AS1) or bromodomain containing 7 (BRD7) downregulation or overexpression 
in A875 and A375 cells. Tubulin was used as an internal control. n = 3 for each group. E, F. Western blot analysis of 
BRD7 after AGAP2-AS1 downregulation in A875 and A375 cells. n = 3 for each group. G. Co-immunoprecipitation 
assay of interaction between BRD7 and c-Myc in A875 and A375 cells transfected with si-AGAP2-AS1 or si-NC (nega-
tive control). *P < 0.05, ***P < 0.001; n.s., not significant.

Figure 7. Regulation of c-Myc is involved in the oncogene function of AGAP2 Antisense RNA 1 (AGAP2-AS1). (A, B) 
Cell Counting Kit 8 (CCK-8) and (C, D) colony formation assays to determine cell viability of A875 and A375 cells 
co-transfected with pcDNA3.1-MYC and si-AGAP2-AS1 or si-BRD7. (E, F) Transwell assays to investigate changes in 
migratory abilities of A875 and A375 cells co-transfected with pcDNA3.1-MYC and si-AGAP2-AS1 or si-BRD7. Scale 
bar: 100 μm. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Conclusions

In summary, this study was the first to find that 
for patients with SKCM, AGAP2-AS1 upregula-
tion was significantly associated with a worse 
prognosis. AGAP2-AS1 promoted SKCM cell 
proliferation, colony formation, and migration in 
vitro and in vivo, and AGAP2-AS1 participated 
in the oncogenesis of SKCM, at least in part via 
the BRD7/c-Myc signaling pathway.
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Table S1. Putative interactors identified from three independent RNA pull-down assays in this study

Gene names iBAQ AGAP2-
AS1_rep1

iBAQ AGAP2-
AS1_rep2

iBAQ AGAP2-
AS1_rep3

iBAQ Control_
rep1

iBAQ Control_
rep2

iBAQ Control_
rep3

ABR 363240 518090 373600 0 0 0
AFG3L2 142730 82143 97608 0 0 0
ANKHD1 112370 54941 87373 0 0 0
AP2A2 848400 98910 126020 0 0 0
ARID1A 422480 114700 255790 0 0 0
ATP5H 1928100 1590600 847480 0 0 0
ATP6V1H 661760 131880 195740 0 0 0
BPIFA1 10969000 9710500 10782000 0 0 0
BPIFB1 938500 1594000 2484600 0 0 0
BRD7 794600 183060 316180 0 0 0
C1orf131 2023700 1791000 1535700 0 0 0
DDX19A 144130 126040 335450 0 0 0
DSG1 816040 994800 438830 0 0 0
EIF4E 695380 848350 459510 0 0 0
EXOC2 216010 326450 226660 0 0 0
EXOC4 742280 236910 383170 0 0 0
GNAS 1643800 1777600 1866900 0 0 0
LIMS1 1482000 2197900 1520100 0 0 0
LSG1 663270 839250 1035700 0 0 0
MED11 2548200 2374700 2664200 0 0 0
MED15 453510 106590 262850 0 0 0
MED20 4460500 6362800 9287500 0 0 0
MED21 4563700 2730600 3442800 0 0 0
MED23 76481 418960 343350 0 0 0
MED6 401800 486160 246010 0 0 0
MTAP 1516300 1430200 2473800 0 0 0
NUP62 2824700 3378900 2000900 0 0 0
PIGR 1364100 218920 1054300 0 0 0
PSMC6 177020 110280 203030 0 0 0
PTPN13 214730 25789 181840 0 0 0
S100A8 6275500 4110900 3357600 0 0 0
SPICE1 121720 161130 724700 0 0 0
SYT1 446190 2894100 947320 0 0 0
TRIP13 346060 996380 292260 0 0 0


