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Ocular melanoma, including uveal melanoma (UM) and
conjunctival melanoma (CM), is the most common and deadly
eye cancer in adults. Both UM and CM originate from melano-
cytes and exhibit an aggressive growth pattern with high rates
of metastasis and mortality. The integral membrane glycopro-
tein beta-secretase 2 (BACE2), an enzyme that cleaves amyloid
precursor protein into amyloid beta peptide, has been reported
to play a vital role in vertebrate pigmentation and metastatic
melanoma. However, the role of BACE2 in ocular melanoma
remains unclear. In this study, we showed that BACE2 was
significantly upregulated in ocular melanoma, and inhibition
of BACE2 significantly impaired tumor progression both
in vitro and in vivo. Notably, we identified that transmembrane
protein 38B (TMEM38B), whose expression was highly depen-
dent on BACE2, modulated calcium release from endoplasmic
reticulum (ER). Inhibition of the BACE2/TMEM38B axis could
trigger exhaustion of intracellular calcium release and inhibit
tumor progression. We further demonstrated that BACE2 pre-
sented an increased level of N6-methyladenosine (m6A) RNA
methylation, which led to the upregulation of BACE2 mRNA.
To our knowledge, this study provides a novel pattern of
BACE2-mediated intracellular calcium release in ocular mela-
noma progression, and our findings suggest that m6A/
BACE2/TMEM38b could be a potential therapeutic axis for
ocular melanoma.
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INTRODUCTION
Ocular melanoma, which mainly includes uveal melanoma (UM) and
conjunctival melanoma (CM), is the most common eye cancer in
adults and the second most common melanoma, with a high rate of
recurrence and an unfavorable prognosis.1 About 80% of UM patients
harbor activating mutations in G protein subunit alpha Q (GNAQ) or
G protein subunit alpha 11 (GNA11),2 which could activate YAP, re-
sulting in promotion of cell proliferation and sensitization of cells to
mitogen-activated protein kinase (MAPK) inhibitors.3,4 In addition,
the loss of chromosome 3 has been frequently identified in UM.
Notably, CM is epidemiologically, molecularly, and genetically
different from UM.5 To date, the mechanism of CM remains inclu-
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sive, and some researchers have suggested that the mechanism of
CM oncogenesis is similar to that of skin cutaneous melanoma
(SKCM), which has been reported to be highly involved in immune
invasion.6 Successful anti-PD1 immunotherapy for five patients
with metastatic CM with up to 36 months of follow-up has been
reported.7

Recently, epigenetic drivers of ocular melanoma have been reported
to play important roles in tumorigenesis of ocular melanoma,
including DNA methylation, histone modifications, long non-coding
RNAs (lncRNAs), and N6-methyladenosine (m6A) RNA methyl-
ation.7 For example, lncRNA ROR serves as a decoy oncogenic
RNA (oncoRNA) that blocks G9a (a key enzyme of histone H3K9
methylation) binding to the promoters of TESCs, thereby enhancing
UM tumorigenesis.8 Notably, m6A RNA methylation has been re-
vealed to inhibit ocular melanoma progression by translational acti-
vation of HINT2, a tumor suppressor gene.7 In addition, a three-
m6A regulators signature (ALKBH5, YTHDF1, and KIAA1429) for
UM was established as a new promising biomarker for prognosis
and treatment strategy development.9 However, the mechanism of
ocular melanoma tumorigenesis requires further exploration.

Beta-secretase 2 (BACE2), which encodes an integral membrane
glycoprotein that functions as an aspartic protease, cleaves amyloid
precursor protein into amyloid beta peptide, which is a critical step
in the etiology of Alzheimer’s disease and Down syndrome.10

BACE2 contributes to AD pathogenesis as a conditional b-secretase
and could be a preventive and therapeutic target for AD without
side effects of BACE1 inhibition.11 In addition, BACE2 has been re-
ported to be involved in melanosome amyloid matrix formation in
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Figure 1. The expression and prognostic value of

BACE2 in ocular melanoma

(A) RNA sequencing analysis was performed to evaluate

the transcriptome of uveal melanoma (OM431) and

conjunctival melanoma (CRMM1, CM2005.1) cell lines.

Green chart: the exons of BACE2. (B and C) BACE2

expression according to IF analysis (B) and statistical re-

sults of BACE2 expression in normal and tumor tissues

(C). Scale bars, 100 mm. (D) Kaplan-Meier analysis of the

correlations between BACE2 expression and overall

survival in the internal cohort (n = 39, p = 0.01). (E) Real-

time PCR was performed to show the BACE2 expression

levels in ocular melanoma cells. *p < 0.05, **p < 0.01. (F)

Western blot showing the protein levels of BACE2 in the

tumor and normal cells. GAPDH was used as an internal

control.
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pigment cells.12 However, the role of BACE2 in tumorigenesis, espe-
cially in ocular melanoma, remains unclear.

We thus aimed to identify the molecular mechanisms and potential
clinical application of BACE2 in ocular melanoma. In this study,
we revealed for the first time that BACE2 was significantly upregu-
lated in ocular melanoma. In addition, target correction of the
BACE2/transmembrane protein 38B (TMEM38B) axis triggered
exhaustion of intracellular calcium release and inhibited tumor pro-
gression. Our findings suggest that BACE2 could be a potential ther-
apeutic target for ocular melanoma.
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RESULTS
BACE2 was upregulated in ocular

melanoma

To explore candidate genes in tumorigenesis of
ocularmelanoma, we analyzed RNA sequencing
(RNA-seq) data of both ocular melanoma cells
and normal control cells (GEO: GSE137675).
We found that BACE2was significantly upregu-
lated in both UM (OM431) and CM (CRMM1,
CM2005.1) cell lines (Figure 1A). We next
examined BACE2 expression in ocular mela-
noma samples using a tissue chip (Table S2),
and a significant upregulation of BACE2 expres-
sion was noted in ocular melanoma samples
(Figures 1B and 1C). Accordingly, we queried
both The Cancer Genome Atlas (TCGA) data-
base and the Genotype-Tissue Expression
(GTEx) database for bioinformatics assays,
with GTEx providing normal control data of
melanoma through GEPIA (http://gepia.
cancer-pku.cn),13 and we found that BACE2
was significantly upregulated in melanoma tis-
sues (p < 0.05, Figure S1A). Moreover, we found
that increased BACE2 expression (log-rank p =
0.01) referred to an unfavorable overall outcome
for ocularmelanoma patients in TCGAdatabase
(Figure 1D). In parallel, for disease-free survival data, elevated expres-
sion of BACE2 (log-rank p= 0.058) presentedwith a possible trend of a
larger proportion of recurrence in ocular melanoma (Figure S1B). In
addition, BACE2 was upregulated in most ocular melanoma cell lines
at both themRNA (Figure 1E) and protein (Figures 1F and S1C) levels.

Inhibition of BACE2 showed therapeutic efficacy in ocular

melanoma in vitro and in vivo

Wethenexploredwhether silencingBACE2could attenuate tumorpro-
liferation and metastasis. First, we designed two small hairpin RNAs
(shRNAs) (shBACE2-1 and shBACE2-2, with an EGPF tag) for

http://gepia.cancer-pku.cn
http://gepia.cancer-pku.cn
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Figure 2. BACE2 inhibits ocular melanoma growth

in vitro and in vivo

(A andB) ACCK-8 assaywas performed tomeasure tumor

cell growth after BACE2 knockdown, *p < 0.05 compared

with the control. (C and D) Wound-healing assay results

demonstrate tumor migration. The results are expressed

as the ratio of the current width to the original scratch

width. *p < 0.05 compared with the control. (E) A colony

formation assay was used to assess the cell growth rate of

tumor cells treated with shRNA. (F) Small colonies on each

plate were counted. All of the data are presented as the

mean± SEM. *p < 0.05, compared with the control. (G and

H) After subcutaneous injection, the tumor sizes were

measured weekly; the tumor growth rate (G) and tumor

weight (H) on day 28 are shown. *p < 0.05, compared with

the control groups, with three replicates. Representative

images of H&E staining for the evaluation of tumor forma-

tion in vivo are shown. Scale bar, 1,000 mm (bottom).
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silencing BACE2. Using EGFP as a trackingmarker, we observed green
fluorescence in the CRMM1 and MUM2B cell lines after lentivirus
transfection (Figure S2A). As expected, BACE2 expression was reduced
compared to that of control group at both the mRNA (Figure S2B) and
protein (Figure S2C) levels. Importantly, we observed a significant inhi-
bition of cell growth (Figures 2A and 2B) and migration (Figures 2C,
2D, S3A, and S3B) after silencing BACE2 in ocular melanoma cells.
In addition, the BACE2-silenced ocular melanoma cells formed fewer
and smaller colonies than did control cells (Figures 2E and 2F). To
assess their tumor formation ability in vivo, we injected control and
Mo
BACE2-silenced MUM2B melanoma cells into
nude mice and monitored tumor growth. At
day 28, detectable xenograft volume reached
nearly 600 mm3 in the control group; however,
the volume of tumors was only about 300 mm3

after silencing BACE2 by two individual shRNAs
(Figures 2G and S4A, *p < 0.05). In addition, an
approximately 80% decrease was noted in
average weight of the xenografts in the BACE2-
silenced group compared with control groups
(Figure 2H, *p < 0.05). Additionally, a signifi-
cantly decreased BACE2 fluorescence signal
(488 nm, Figures S4B and S4C, *p < 0.05) and
Ki67-positive rate were observed in BACE2-
silenced xenografts (Figure S4D, *p < 0.05).
Taken together, these experiments demonstrated
that reprogrammed cells with corrected BACE2
exhibited markedly improved antitumor out-
comes in vitro and in vivo.

Transcriptome screening identified

TMEM38B as a downstream target of

BACE2

We then explored the mechanism underlying
ocular melanoma inhibition induced by
BACE2 silencing. Through RNA-seq assays (GEO: GSE155530), we
found 15 downregulated and 30 upregulated genes in the BACE2-in-
hibited group (|log2fold change [FC]| > 1.5, p < 0.05, Figure 3A).
Notably, BACE2 was the most downregulated gene (Figure 3B) and
served as a positive control for RNA-seq assays. In addition, the
BACE2-silenced group presented a distinct transcriptional pattern,
which was substantially different from that of the control group (Fig-
ures S5A and S5B). Through gene set enrichment analysis (GSEA), we
found that major genes in cation channel activity signaling pathways
were downregulated (Figure 3C). Accordingly, through Circos
lecular Therapy Vol. 29 No 6 June 2021 2123
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Figure 3. Transcriptome-wide identification of

downstream targets of BACE2

(A) Volcano plots showing 15 downregulated and 30

upregulated genes in the BACE2-inhibited group (log2FC|

> 1.5, p < 0.05). (B) Heatmap of genes showing BACE2

was the most downregulated among them. (C) GSEA

plots evaluating the major genes in cation channel activity

signaling pathways after knocking down BACE2 (NES =

�1.22, p = 0.047). (D) Circos analysis showing signifi-

cantly downregulated genes in the BACE2-silenced cells

and their related functions. (E) Real-time PCR was per-

formed to show the TMEM38B expression levels in

BACE2-silenced cells. (F) Western blot showing the pro-

tein levels of TMEM38B in the BACE2-silenced cells.

GAPDH was used as an internal control.

Molecular Therapy
analysis, we found that an important calcium channel protein,
TMEM38B, was significantly downregulated in BACE2-silenced cells
(Figure 3D). Furthermore, we confirmed that bothmRNA (Figure 3E)
and protein (Figures 3F, S4E, and S4F) levels of TMEM38B were
significantly decreased after knocking down BACE2. To further illus-
trate that TMEM38B is the downstream target of BACE2, we next
successfully inhibited TMEM38B expression by two individual
shRNAs (Figures S6A and S6D). Moreover, in BACE2-silenced xeno-
grafts, we observed a significant reduction of TMEM38B fluorescence
intensity (Figures S7A and S7B, *p < 0.05). More importantly, parallel
expression of BACE2 and TMEM38B was also observed in TCGA
melanoma samples (Figure S7C, p < 0.01, R = 0.21). We next overex-
pressed TMEM38B in both RNA (Figure S7D) and protein levels
(Figure S7E, left panel, lanes 1 and 3) after cloning the full length
2124 Molecular Therapy Vol. 29 No 6 June 2021
of TMEM38B into a pcDNA3.1 vector. How-
ever, we did not observe a significant change
of BACE2 expression after silencing TMEM38B
or overexpressing TMEM38B in ocular mela-
noma cells (Figure S7E, right panel). The result
suggested that TMEM38B is the downstream
target of BACE2.

TMEM38B was upregulated in ocular

melanoma and associatedwith unfavorable

prognosis

Since TMEM38B may serve as a downstream
candidate of BACE2, we next explored
TMEM38B expression in ocular melanoma us-
ing a tissue chip. We expected TMEM38B
expression to be significantly overexpressed in
clinical ocular tumor samples (Figures 4A and
4B) and TCGA melanoma datasets (Fig-
ure S8A). More importantly, upregulated
TMEM38B was associated with unfavorable
overall survival (log-rank p = 0.038) and a trend
of unfavorable disease-free survival (log-rank
p = 0.06) in the UM dataset from TCGA (Fig-
ure 4C). Accordingly, TMEM38B was upregu-
lated in ocular melanoma cells at both the RNA (Figure 4D) and pro-
tein (Figures 4E and S8B) levels.

TMEM38B contributed to tumor progression both in vitro and

in vivo

To determine the role of TMEM38B in ocular melanoma tumorigen-
esis, we next silenced TMEM38B in ocular melanoma cells. Using
EGFP as a tag, we observed green fluorescence in CRMM1 and
MUM2B cell lines after lentivirus transfection (Figure S6A). In addi-
tion, TMEM38B expression was reduced compared to that of the con-
trol group at both the mRNA (Figures S6B and S6C) and protein (Fig-
ure S6D) levels. Importantly, cell growth was significantly inhibited
after knocking down TMEM38B in ocular melanoma cell lines (Fig-
ures 5A and 5B). Moreover, the TMEM38B-silenced cells formed
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Figure 4. The expression and prognostic value of TMEM38B in ocular melanoma

(A and B) TMEM38B expression according to IF analysis (A) and statistical results of TMEM38B expression in normal and tumor tissues (B). Scale bars, 100 mm. (C) Kaplan-

Meier analyses of the correlations between TMEM38B expression and overall survival or disease-free survival in the internal cohort. (D) Real-time PCRwas performed to show

TMEM38B expression levels in ocular melanoma cells. (E) Western blot showing the protein levels of TMEM38B in the tumor and normal cells. GAPDHwas used as an internal

control.
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smaller and fewer colonies than did those of the empty control group
(Figures 5C and 5D). To assess tumor formation in vivo, we then in-
jected control and TMEM38B-silenced MUM2B melanoma cells into
nude mice. As expected, TMEM38B-silenced tumor cells formed
smaller xenografts than did control cells (Figures 5E, 5F, and S9A),
with a decreased Ki67-positive rate (Figure S9B). Taken together,
these data identified TMEM38B as an oncogene in the tumorigenesis
of ocular melanoma.
TMEM38B modulated intracellular Ca2+ release in ocular

melanoma

Since TMEM38B is an important protein in the maintenance of intra-
cellular calcium release, we further tested intracellular Ca2+ abun-
dance in BACE2/TMEM38B-silenced cells. Because the lentivirus
carried an EGFP tag, which may interfere with the intracellular cal-
cium release assay, we used two smalls interfering RNAs (siRNAs)
to silence BACE2 and TMEM38B. These siRNAs shared a similar
Molecular Therapy Vol. 29 No 6 June 2021 2125
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Figure 5. TMEM38B inhibits ocular melanoma

growth and modulates Ca2+ flux in uveal melanoma

(A and B) CCK-8 assay showing that tumor cell growth

was obviously restrained in the BACE2-silenced CRMM1

and MUM2B cells. *p < 0.05, compared with the control.

(C) A colony formation assay was used to assess the cell

growth rate of the tumor cells treated with shRNA. (D)

Small colonies on each plate were counted. All the data

are presented as the mean ± SEM. *p < 0.05, compared

with the control. (E) After subcutaneous injection, the tu-

mor sizes were measured weekly; the tumor growth rate

(g) on day 28 is shown. *p < 0.05 with three replicates. (F)

Top: the weight of the tumors was measured on day 28

after the tumors were surgically dissected. Bottom:

representative images of H&E staining for the evaluation

of tumor formation in vivo. Scale bar, 1,000 mm. (G)

Intracellular calcium concentration was detected by a

calcium fluorescence probe (fura-2-acetoxymethyl ester

[fura-2 AM]) in the BACE2- and TMEM38b-deficient cells.

(H) The intracellular Ca2+ abundance in the BACE2/

TMEM38B-silenced cells at 60 s. *p < 0.05.
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sequence with our short hairpin plasmid and exhibited efficient
silencing of both BACE2 and TMEM38B (Figure S10A). More impor-
tantly, we also observed a significant decrease in intracellular calcium
levels in BACE2- and TMEM38b-deficient cells (Figures 5F, 5G, and
S10B). In addition, calmodulin is a widely expressed small protein
that is considered to be the most important Ca2+ sensor in non-mus-
cle cells. Increased Ca2+ in cytoplasm activates Ca2+/calmodulin pro-
tein kinases to activate the phosphatidylinositol 3-kinase (PI3K)/
Akt pathway, leading to an enhancement of tumor cell growth, metas-
tasis, and epithelial-mesenchymal transition.14 Herein, silencing
TMEM38B significantly decreased phosphorylated (p-)calmodulin,
2126 Molecular Therapy Vol. 29 No 6 June 2021
,

whose level is influenced by intracellular cal-
cium levels, and p-PI3K in parallel (Fig-
ure S10C). Taken together, these data indicated
that TMEM38B may serve as an oncogenic
driver by modulating calcium release, which is
regulated by BACE2.

Reintroduction of TMEM38B rescued the

Ca2+ influx and inhibitory phenotype in

BACE2-depleted ocular melanoma cells

To verify whether reduced TMEM38B was
responsible for suppressed Ca2+ influx and pro-
liferation in BACE2-silenced melanoma cells,
we aimed to reintroduce wild-type TMEM38B
in BACE2-silenced cells to rescue the pheno-
type (Figures 6A and 6B). Accordingly, Ca2+

influx was reinforced after overexpressing
TMEM38B in ocular melanomas (Figures 6C,
6D, and S11). Moreover, the reduced colony
formation (Figure 6E) and migration (Figures
6F, S12A, and S12B) were neutralized after rein-
troducing TMEM38B in ocular melanoma. Conclusively, our study
showed that TMEM38B is a critical candidate gene regulated by
BACE2 and contributes to Ca2+ influx and tumor progression in
ocular melanoma.

Excessm6A RNAmethylation participated in the overexpression

of BACE2

We then explored the reason for the upregulation of BACE2 in
ocular melanoma. Abundant studies have illuminated that m6A
RNA methylation is an important regulator of RNA splicing
degradation, and translational capacity. Through methylated RNA
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Figure 6. Reintroduction of TMEM38B rescued Ca2+

influx and the inhibitory phenotype

(A and B) Western blot showing the protein levels of

TMEM38B and BACE2 in the BACE2-silenced cells

before and after reintroduction of TMEM38B (A) and

statistical results of TMEM38B and BACE2 expression

(B). (C and D) Intracellular calcium concentration was

detected by a calcium fluorescence probe (fura-2 AM)

before and after reintroduction of TMEM38B in the

BACE2-silenced cells. Scale bars, 100 mm (C). The fluo-

rescence intensity of 60 s showed that the level of calcium

ions increased significantly after reintroduction of

TMEM38B. (E and F) A colony formation assay was used

to assess the cell growth rate of tumor cells before and

after reintroduction of TMEM38B in the BACE2-silenced

cells (E). Statistical analysis of the colony formation assay

performed using MUM2B and CRMM1 cells before and

after reintroduction of TMEM38B in the BACE2-silenced

cells, *p < 0.05 (F). (G and H) Wound-healing assay sta-

tistics demonstrate tumor migration. The results are ex-

pressed as the ratio of the current width to the original

scratch width. *p < 0.05, compared with the control.
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immunoprecipitation (meRIP) sequencing (meRIP-seq) (Figure 7A)
and m6A individual-nucleotide-resolution cross-linking and
immunoprecipitation sequencing (miCLIP-seq) (Figure 7B) in ocular
melanoma cells (GEO: GSE137675), we found that a part of the 30

untranslated region (UTR) of BACE2 (hg19, chr21:42,648,297–
42,648,500) was significantly enriched and presented a distinct peak
in both meRIP-seq and miCLIP-seq data. We further validated that
BACE2 mRNA was significantly hypermethylated through meRIP-
quantitative polymerase chain reaction (qPCR) (Figure 7C). To deter-
Mo
mine the potential m6A RNAmethylation regu-
lator of BACE2, we queried TCGA database and
investigated the correlation between BACE2
expression and m6A RNA methylation writers
in UM patients. Herein, only methyltransferase
like 3 (METTL3) showed significant positive
correlation with BACE2 expression (R = 0.3,
p = 0.0076) (Figures 7D and S13A). We next
knocked down METTL3 through two individ-
ual shRNAs (Figure 7E, left panel). After
silencing METTL3, we observed a significant
decrease inmethylated BACE2RNA (Figure 7F)
with decreased BACE2 expression at both the
RNA (Figure S13B) and protein levels (Fig-
ure 7E, middle panel). In the enriched 30 UTR
of BACE2, we found three RRACH motifs,
c.2266A (AGACT), c.2361A (AGACC), and
c.2377A (GAACT), and mutated each A
into T. We then cloned the corresponding
wild-type and mutated 30 UTRs into the pmir-
GLO vector (Figure 8A). The luciferase reporter
gene assay demonstrated that c.A2266T pre-
sented a decreased signal, while the signals in other mutated groups
remained unchanged (Figure 8B). Thus, m6A RNA methylation of
c.2266A in the 30 UTR of BACE2 RNA contributed to the excessive
expression in ocular melanoma.

DISCUSSION
BACE2, a transmembrane aspartic acid protease of the pepsin family,
has been reported to be involved in the pathogenesis of several dis-
eases.15 For example, BACE2 was a dose-sensitive Alzheimer’s disease
lecular Therapy Vol. 29 No 6 June 2021 2127
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Figure 7. METTL3-mediated m6A modification participated in the overexpression of BACE2 in ocular melanoma.

(A and B) IGV tracks displaying the meRIP-seq and miCLIP-seq read coverage of BACE2 in the normal and tumor cells. (C) meRIP-qPCR was performed to show

that BACE2 mRNA was significantly hypermethylated in tumor cells. Error bars indicate the mean ± SEM (n = 3). **p < 0.01. ns, not significant. (D) Western blot showing

(legend continued on next page)
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A

C

B Figure 8. Wild-type BACE2 30 UTR and BACE2 30

UTR with a mutation at the m6A consensus

sequence were cloned into a luciferase reporter

(A) Mutations in the m6A modification region were

generated by replacing adenosine with thymine. (B) The

luciferase reporter gene assay demonstrated the relative

luciferase activity of the wild-type and three mutant

BATF2 30 UTR reporter vectors. (C) Proposedmechanism

of BACE2 in ocular melanoma. The m6A modification of

BACE mRNA by METTL3 improves its expression;

BACE2 disrupts calcium homeostasis by promoting the

expression of TMEM38B, which encodes a monovalent

cation-specific channel and mediates Ca2+ release from

intracellular stores.
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suppressor in human brain.16 In type 2 diabetes, inhibition of BACE2
increased b cell mass and function and improved glucose tolerance by
stabilizing Tmem27.10 In addition, BACE2 facilitated protein aggre-
gates to secrete into extracellular space, which in turn activated the
YAP signaling cascade in metastatic melanoma.17 However, the role
the protein levels of METTL3 and BACE2 in the METTL3-silenced tumor cells. GAPDH was used as an intern

regions of BACE2 transcripts upon METTL3 knockdown, as assessed by gene-specific m6A-RIP-qPCR assays,

the mean ± SEM (n = 3). *p < 0.05, **p < 0.01. (F) TCGA dataset showing METTL3 and BACE2 presente

(p = 0.0076, R = 0.3).

Mo
of BACE2 in ocular melanoma remains unclear.
In the present study, we first identified a link be-
tween intracellular calcium release and BACE2,
which promoted ocular melanoma progression.
By using in vitro and in vivo assays, we demon-
strated that ocular melanoma exhibited high
levels of BACE2, which activates its down-
stream gene TMEM38B to facilitate intracel-
lular calcium release. In addition, BACE2/
TMEM38B inhibition caused exhaustion of
intracellular calcium release and effectively sup-
pressed tumorigenesis. Our results revealed the
carcinogenic effects of BACE2 in ocular mela-
noma, providing a novel understanding of
the critical role of BACE2 in tumorigenesis
(Figure 8C).

Dysfunctional calcium homeostasis is a key
trigger and regulator of processes relevant to
cancer, such as cell proliferation and migra-
tion.18,19 For instance, the Orai1 and STIM1
proteins have been shown to participate in the
influx of calcium from extracellular environ-
ment into cells, and reduction of these mole-
cules decreased breast tumor cell migration,
invasion, and metastasis.20 In prostate cancer,
endoplasmic reticulum (ER) TRPM8 was found
to function as a Ca2+ release channel that pro-
motes cancer progression.21 In addition, several studies have revealed
the role of Ca2+ homeostasis in melanoma tumor progression, and
many molecular components of calcium-related pathways have
been identified as interesting therapeutic targets.22 Additionally,
numerous Ca2+ channel genes, including TRPM2, TRPM7, and
al control. (E) Reduction in m6A modification in specific

in CRMM1, OM431 and MUM2B cells. Error bars indicate

d with parallel expression in uveal melanoma samples

lecular Therapy Vol. 29 No 6 June 2021 2129
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TRPM8, were highly expressed in melanoma cells and increased tu-
mor proliferation or favored metastasis and invasion.23–25 In this
study, we first identified the leading role of the BACE2/TMEM38B/
Ca2+ pathway in the tumorigenesis of ocular melanoma. To the
best of our knowledge, this is the first example of BACE2-mediated
intracellular calcium release via TMEM38B contributing to ocular
melanoma progression. To explore plausible mechanisms of how
BACE2 regulates TMEM38B expression, we queried the STRING
database to determine possible BACE2-interacting proteins. We
found that BACE2 could potentially regulate several transcriptional
factors, such as CTNNB1 (b-catenin) and CTNND1 (catenin delta
1) (Figure S14A), which translocated into nucleus and activated
Wnt signaling during epithelial-mesenchymal transition.26 We there-
fore speculate that BACE2 may regulate the transcription of
TMEM38B through these transcriptional factors. The molecular
mechanism underlying BACE2-guided TMEM38B transcriptional
regulation remains investigation.

Ocular melanoma, mainly including UM and CM, is the most com-
mon eye malignancy in adults and has a poor prognosis.27,28 Driver
mutations of some genes, such as GNAQ and GNA11 in UM and
BRAF and NRAS in CM, have been known for a long time.29,30

Currently, important research efforts on epigenetic drivers have pro-
vided new insights into the molecular pathogenesis of ocular mela-
noma. Studies have shown that lncRNA ZNNT1 promoted auto-
phagy by upregulating ATG12 to inhibit the tumorigenesis of
UM.31 Abnormal changes in DNAmethylation, histone modification,
and microRNAs were also observed in ocular melanoma.32–34 In the
present study, we demonstrated for the first time that BACE2 contrib-
utes to tumorigenesis and is a novel oncogene in ocular melanoma,
thus furthering our understanding of ocular melanoma progression.
Herein, we suggest that BACE2 is associated with poor prognosis
among patients with ocular melanoma and acts as a potential thera-
peutic target for ocular melanoma.

m6ARNAmodification regulated byN6-methyltransferases and deme-
thylases is crucial for RNA processing, translation, and degradation,
and aberrant m6A levels cause tumor initiation and progression.35

For instance, AURKA enhances oncogenic m6Amodification of DRO-
SHAmRNA to improve its stability, contributing to breast cancer stem-
like cell properties.36 In ocular melanoma, targeted correction of aber-
rantm6Aexhibited therapeutic efficacy through translational activation
of HINT2.7 Moreover, cycloleucine, an m6A RNAmethylation inhibi-
tor, triggered a significant tumor killing effect in ocular melanoma.37

Our study showed that upregulation of BACE2 mRNA levels was a
result of its increased m6A RNA methylation level, thereby inducing
tumorigenesis. Further research should focus on identifying other fac-
tors that may co-regulate BACE2 expression.

Notably, TMEM38B, encoding the ER membrane trimeric intracel-
lular cation channel subtype B (TRIC-B), functions as a monovalent
cation-specific channel mediating Ca2+ release from intracellular
stores.38 TMEM38B has been proven to be involved in numerous
cellular functions, including perinatal lung maturation and bone
2130 Molecular Therapy Vol. 29 No 6 June 2021
mineralization.39,40 Moreover, mutations in this gene may be associ-
ated with autosomal recessive osteogenesis imperfecta.41,42 Thus far,
there is no evidence suggesting that the TMEM38B gene plays a
role in the development of ocular melanoma. Our data showed that
TMEM38B was elevated in ocular melanoma and acted as a novel
oncogene that promotes tumorigenesis.

In summary, our study initially elucidated a novel model of tumori-
genesis in which BACE2, upregulated by the m6A modification level,
served as an oncogene and outlined a new pattern of intracellular cal-
cium release regulation in ocular melanoma tumorigenesis, thus
providing a novel therapeutic target for ocular melanoma therapy.
Most importantly, understanding the various roles of intracellular
calcium release in tumor progression inspired us to explore targeted
correction of aberrant intracellular calcium release in disease
treatment.

MATERIALS AND METHODS
Patient samples

A total of 47 human ocular melanoma tissues and 27 human normal
melanocyte tissues were collected for immunofluorescence (IF) from
patients of Shanghai Ninth People’s Hospital, Shanghai JiaoTong
University School of Medicine from 2007 to 2017. The histological
features of all specimens were evaluated by independent pathologists,
and the clinicopathological characteristics of the ocular melanoma
patients are listed in Table S2.

Cell lines

The human ocular melanoma cell lines MUM2B and OM431 were
kind gifts from Prof. John F. Marshall (Tumor Biology Laboratory,
Cancer Research UK Clinical Center, John Vane Science Centre, Lon-
don, UK). The MEL290, OMM1, OMM2.3 CRMM1, CRMM2, and
CM2005.1 cell lines were kindly supplied by Prof. Martine J. Jager
(Leiden University Medical Center, Leiden, the Netherlands). The
PIG1 human normal melanocyte cell line was obtained from the
Department of Ophthalmology, Peking University Third Hospital.
The HEK293T human embryonic kidney cell line was purchased
from the American Type Culture Collection (Manassas, VA, USA).
The cell lines used in this study were authenticated by short tandem
repeat (STR) profiling.

Cell culture

Human MUM2B, OM431, and HEK293T cells were cultured in
DMEM (Gibco). PIG1, MEL290, OMM1, OMM2.3, and CM2005.1
were cultured in RPMI 1640 medium (Gibco). CRMM1 and
CRMM2 cells were cultured in Ham’s F-12K (Kaighn’s) medium
(Gibco). All media were supplemented with 10% certified heat-inac-
tivated fetal bovine serum (FBS; Gibco), penicillin (100 U/mL), and
streptomycin (100 mg/mL), and cells were all cultured at 37�C in a
humidified 5% CO2 atmosphere.

RNA isolation and quantitative real-time PCR

Total RNA was extracted from samples using the EZ-press RNA pu-
rification kit (B0004), and cDNA was generated using a PrimeScript
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RT reagent kit (TaKaRa). Quantitative real-time PCR using PowerUp
SYBR Green PCR master mix (Life Technologies) was performed us-
ing a real-time PCR system (Applied Biosystems). The primers used
for real-time PCR in this study are listed in Table S1.

Plasmid construction, lentivirus packaging, and generation of

stable cell lines

pLKO.1, pCDH, and pCMV were used in our study. shRNA se-
quences were generated by PCR and then cloned into the pLKO.1 vec-
tor. The TMEM38b overexpression cassette was generated by PCR
and cloned into the pLvx-CMV-EGFP-Puro vector and verified by
DNA sequencing. Lipofectamine 3000 reagent (Invitrogen) was incu-
bated with Opti-MEM I reduced serum medium (Gibco), and
HEK239T cells were transfected with 3 mg of plasmid or 6.0 mg of
the PsPax plasmid. Eight hours after transfection, the mediumwas re-
placed with 10 mL of fresh medium. The supernatant containing the
viruses was collected at 48 and 72 h, filtered through a 0.45-mm cel-
lulose acetate filter, and used immediately. Viruses carrying a given
plasmid were premixed 1:1, and 50 mL of virus was added to 1 mL
of serum. Twenty-four hours prior to transfection, tumor cells were
seeded at 2.0 � 105 cells per well in a 6-cm dish, and the medium
was replaced with virus-containing supernatant supplemented with
10 ng/mL Polybrene (Sigma-Aldrich). After 48 h, the medium was
replaced with fresh medium. Cells were selected by incubation with
4 mg/mL puromycin (InvivoGen) for 2 weeks and maintained in
1 mg/mL puromycin (InvivoGen).

Western blot

Cells were harvested at the indicated times and rinsed three times
with PBS. Cell extracts were prepared with lysis buffer and centri-
fuged at 13,000� g for 30 min at 4�C. Protein samples were separated
by 7.5% (w/v) sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred to polyvinylidene fluoride mem-
branes. After blocking with 5% milk for 1 h at room temperature,
the membrane was incubated with 2.5 mg/mL antibody in 5% BSA
overnight at 4�C. The membrane was then incubated with a second-
ary antibody conjugated to a fluorescent tag (Invitrogen). Anti-
BACE2 (1:500 dilution, Abcam), anti-GAPDH (#60004-1-Ig,
1:5,000 dilution, Proteintech), or anti-b-actin (#A5441, 1:5,000 dilu-
tion, Sigma-Aldrich, USA) was used. The band signals were visualized
and quantified using the Odyssey infrared imaging system (LI-COR
Biosciences, USA). Unmodified images are included in Supplemental
information.

Cell proliferation assays and colony formation assays

Cell proliferation/growth was assessed by Cell Counting Kit-8
(CCK-8) assays (HY-K0301, MedChemExpress) following the manu-
facturer’s instructions. Briefly, cells were seeded in triplicate in 96-
well plates at a density of 2,000 cells/100 mL. Dye solution was added
at the indicated time points, and the plates were incubated at 37�C for
3–4 h before the absorbance was detected at 570 nm. For the colony
formation assay, a volume of 1 mL of complete medium containing
1,000 cells was placed in each well of a six-well plate. The plate was
stained with 0.25% crystal violet after 1–2 weeks.
RNA extraction, library construction, Illumina sequencing

(RNA-seq), and data analysis

Total RNA was extracted from samples using the EZ-press RNA pu-
rification kit (B0004). We confirmed the integrity of the RNA using a
2100 Bioanalyzer (Agilent Technologies, USA) and measured the
RNA concentration using a Qubit 2.0 fluorometer with a Qubit
RNA assay kit (Life Technologies, Carlsbad, CA, USA). We then pre-
pared libraries from 100 ng of total RNA using the Illumina TruSeq
RNA sample prep kit (Illumina, San Diego, CA, USA) following the
manufacturer’s protocol. Sequencing and basic informatics assays
were performed by Aksomics.

Intracellular calcium release assay

The calcium transients were recorded as the 340/380 nm ratio (R) of
the resulting 510-nm emissions, as previously described. The intracel-
lular Ca2+ concentration ([Ca2+]i) was calculated using the equation
[Ca2+]i = Kd(R � Rmin)/(Rmax � R)(F380max/F

380
min), where Rmin is

the ratio at 0 Ca2+, Rmax is the ratio when fura-2 is completely satu-
rated with Ca2+, F380min is the fluorescence at 380 nm for 0 Ca2+,
F380max is the fluorescence at saturating Ca

2+, and the diffusion con-
stant (Kd) = 224 nM. For stimulation of Ca2+ release, 200 mM aden-
osine triphosphate (ATP) was injected into cultures at 0 s. The intra-
cellular calcium level was recorded at 0, 20, 40, 60, 80, and 100 s.

Statistical analyses

Data are presented as mean ± standard deviation (SD). Statistical an-
alyses were performed using an unpaired Student’s t test and one-way
ANOVA followed by a Tukey’s post-test in Prism 8.0 software
(GraphPad, San Diego, CA, USA). *p < 0.05, **p < 0.01.

Availability of data and materials

The raw sequence data reported in this paper, including RNA-seq,
miCLIP-seq, and meRIP-seq data, have been deposited in the Gene
Expression Omnibus database (GEO: GSE137675), and also the
Genome Sequence Archive in the Beijing Institute of Genomics
(BIG) Data Center, Chinese Academy of Sciences, under accession
no. CRA001675 (https://bigd.big.ac.cn/gsa/s/n110138p), and are
publicly accessible at https://bigd.big.ac.cn/gsa. In addition, RNA-
seq of BACE2-silenced cells have been uploaded in the Gene Expres-
sion Omnibus database (GEO: GSE155530).

Ethics approval and consent to participate

This research was performed in accordance with the World Medical
Association Declaration of Helsinki. Written informed consent was
obtained from all patients. The study was approved by the Ethics
Committee of Shanghai JiaoTong University.
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