
Journal of Advanced Research 43 (2023) 45–57
Contents lists available at ScienceDirect

Journal of Advanced Research

journal homepage: www.elsevier .com/locate / jare
Original Article
TRPM1 promotes tumor progression in acral melanoma by activating the
Ca2+/CaMKIId/AKT pathway
https://doi.org/10.1016/j.jare.2022.03.005
2090-1232/� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer review under responsibility of Cairo University.
⇑ Corresponding author at: National Institute of Cancer Research, National Health Research Institutes, No. 367, Sheng-Li Rd., North District, Tainan 70456, Taiw

E-mail address: chshen@nhri.edu.tw (C.-H. Shen).
Chi-Che Hsieh a, Yue-Chiu Su b, Kuan-Ying Jiang a, Takamichi Ito c, Ting-Wei Li d, Yumiko Kaku-Ito c,
Shih-Tsung Cheng b,e,f, Li-Tzong Chen a,g,h, Daw-Yang Hwang a, Che-Hung Shen a,i,⇑
aNational Institute of Cancer Research, National Health Research Institutes, Tainan 704, Taiwan
bDepartment of Pathology, Kaohsiung Medical University Hospital, Kaohsiung Medical University, Kaohsiung 807, Taiwan
cDepartment of Dermatology, Graduate School of Medical Sciences, Kyushu University, Fukuoka 812-8582, Japan
dDepartment of Life Sciences, National Cheng Kung University, Tainan 704, Taiwan
eDepartment of Dermatology, Kaohsiung Medical University Hospital, Kaohsiung Medical University, Kaohsiung 807, Taiwan
fDepartment of Dermatology, College of Medicine, Kaohsiung Medical University, Kaohsiung 807, Taiwan
gDepartment of Internal Medicine, Kaohsiung Medical University Hospital, Kaohsiung Medical University, Kaohsiung 807, Taiwan
hCenter for Cancer Research, Kaohsiung Medical University, Kaohsiung 807, Taiwan
iPh.D. Program in Tissue Engineering and Regenerative Medicine, Biotechnology Center, National Chung Hsing University, Taichung 402, Taiwan
h i g h l i g h t s

� TRPM1 was associated with the
progression and shorter survival in
patients with acral melanoma.

� TRPM1 upregulated the Ca2+/
CaMKIId/AKT signaling to promote
acral melanoma.

� The phospho-CaMKIId at T287 was
required for the tumor-promoting
activity of TRPM1 in vitro.

� KN93, a CaMKII inhibitor, reduced
TRPM1-promoted CaMKIId/AKT
cascade, cell growth, and mobility.

� KN93 suppressed the growth of acral
melanoma cells with high TRPM1
expression in vitro and in vivo.
g r a p h i c a l a b s t r a c t
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Introduction: Acral melanoma is a predominant and aggressive subtype of melanoma in non-Caucasian
populations. There is a lack of genotype-driven therapies for over 50% of patients. TRPM1 (transient
receptor potential melastatin 1), a nonspecific cation channel, is mainly expressed in retinal bipolar neu-
rons and skin. Nonetheless, the function of TRPM1 in melanoma progression is poorly understood.
Objectives: We investigated the association between TRPM1 and acral melanoma progression and
revealed the molecular mechanisms by which TRPM1 promotes tumor progression and malignancy.
Methods: TRPM1 expression and CaMKII phosphorylation in tumor specimens were tested by immuno-
histochemistry analysis and scored by two independent investigators. The functions of TRPM1 and
CaMKII were assessed using loss-of-function and gain-of-function approaches and examined by western
blotting, colony formation, cell migration and invasion, and xenograft tumor growth assays. The effects of
a CaMKII inhibitor, KN93, were evaluated using both in vitro cell and in vivo xenograft mouse models.
an.
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Results: We revealed that TRPM1 protein expression was positively associated with tumor progression
and shorter survival in patients with acral melanoma. TRPM1 promoted AKT activation and the colony
formation, cell mobility, and xenograft tumor growth of melanoma cells. TRPM1 elevated cytosolic
Ca2+ levels and activated CaMKIId (Ca2+/calmodulin-dependent protein kinase IId) to promote the
CaMKIId/AKT interaction and AKT activation. The functions of TRPM1 in melanoma cells were suppressed
by a CaMKII inhibitor, KN93. Significant upregulation of phospho-CaMKII levels in acral melanomas was
related to increased expression of TRPM1. An acral melanoma cell line with high expression of TRPM1,
CA11, was isolated from a patient to show the anti-tumor activity of KN93 in vitro and in vivo.
Conclusions: TRPM1 promotes tumor progression and malignancy in acral melanoma by activating the
Ca2+/CaMKIId/AKT pathway. CaMKII inhibition may be a potential therapeutic strategy for treating acral
melanomas with high expression of TRPM1.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Melanoma is a malignant transformation of melanocytes that
most frequently starts in the skin. Acral melanoma, which origi-
nates in the glabrous skin of the palms, soles, and nail beds, is a
rare subtype in Caucasian populations. However, it is the most
common subtype of melanoma in Asian, African, and Latin Ameri-
can populations [1,2]. Acral melanoma occurs in areas of the
extremities that are not frequently exposed to UV radiation and
is associated with a lower mutational burden and a higher number
of somatic structural aberrations. However, cutaneous melanoma
occurs in areas exposed to UV radiation and is associated with a
high mutation burden [3]. The MAPK pathway is commonly altered
and plays a crucial role in melanoma pathogenesis [4]. In cuta-
neous melanomas, mutations in kinases of the MAPK pathway,
including NRAS (15–20%) and BRAF (35–50%), have been identified
and shown to play a critical role in malignant transformation and
the development of drug resistance [5]. More than 90% of BRAF
mutations are a single-base substitution from valine (V) to glu-
tamic acid (E) at codon 600 in the activation segment of the kinase
and lead to MAPK pathway hyperactivation. Thus, BRAFV600E is an
oncogenic driver and therapeutic target [6,7]. In acral melanoma,
mutations in BRAF (10–35%) have been identified, but the fre-
quency is considerably lower than that in cutaneous melanomas
[3,8–10]. Moreover, the amplification or deletion of many genes,
such as CDKN2A, CDK4 and TERT, is a common carcinogenic muta-
tion in acral melanoma [1]. These pathogenic characterizations and
genetic alterations make acral melanoma different from cutaneous
melanoma.

TRPM1 encodes a member of the transient receptor potential
melastatin subfamily of transient receptor potential ion channels.
Its promoter region contains four microphthalmia-binding sites
with an M�box element, suggesting it is expressed in pigmented
cells, e.g., in the retina and skin [11,12]. In-situ hybridization anal-
ysis has shown that TRPM1 is expressed in benign nevi, dysplastic
nevi, and cutaneous melanomas and has revealed a negative asso-
ciation between TRPM1 mRNA and melanoma aggressiveness [13–
15]. However, a study has suggested that the tumor suppressive
activity is mediated by a microRNA (miR-211) hosted within intron
6 of TRPM1 mRNA. The manipulation of miR-211 altered the inva-
sion activity of several cutaneous malignant melanoma cell lines
and regulated the expression of IGF2R, TGFBR2 and NFAT5. This
study suggests that the inverse association between the levels of
TRPM1 mRNA and melanoma metastasis is caused by miR-211
instead of TRPM1 mRNA [16]. Moreover, a study has also suggested
that the expression of TRPM1 mRNA is associated with the upreg-
ulation of miR-211-5p (mature sequence of miR-211), which acti-
vates the survival pathway in response to BRAF inhibitors in a
cutaneous melanoma cell line, MML-1 [17]. However, the func-
tional investigations of TRPM1 protein in regulating melanoma
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growth and malignant transformation have not yet been
performed. Additionally, a relatively low correlation between
expression levels of protein and mRNA has been reported [18–
20].These suggest that a different approach is needed to validate
the relationship between TRPM1 and melanoma progression.

TRPM1 is a nonspecific cation channel allowing cations, such as
Ca2+, to cross the membrane [21]. TRPM1 has been suggested to
increase cytosolic Ca2+ concentrations in HEK293 cells [22]. In mel-
anocytes, Knockdown of TRPM1 results in reduced intracellular
Ca2+ concentrations, tyrosinase activity, and amount of intracellu-
lar melanin pigment, showing that TRPM1 is involved in Ca2+

homeostasis and melanogenesis [23]. Ca2+ flux has been associated
with the motility of B16F10 mouse melanoma cells [24]. However,
the mechanisms that mediate Ca2+ signaling during malignant
transformation in melanoma have not yet been identified. Ca2+/
calmodulin-dependent kinase II (CaMKII) is a serine/threonine
kinase. It is one of the most important Ca2+ signaling effectors acti-
vated by a Ca2+ surge, which results in the autophosphorylation of
its catalytic domain [25,26]. Ca2+ complexes with calmodulin to
bind and activate CaMKII by triggering the autophosphorylation
of CaMKII at multiple sites within the activation loop to prolong
kinase activity. This permits the integration of Ca2+ signal trans-
duction by phosphorylating and activating a large number of sub-
strates, including AKT [27].

In this study, we investigated the relationship between the
TRPM1 protein level and the progression of acral melanoma in
two cohorts: Kaohsiung Medical University Hospital (KMUH) in
Taiwan and Kyushu University Hospital (KUH) in Japan. We found
that high TRPM1 protein expression is associated with poor prog-
nosis in patients with acral melanoma, identified that the Ca2+/
CaMKIId-dependent AKT signaling pathway mediates the tumor-
promoting activity of TRPM1, and evaluated the inhibitory effects
of a CaMKII inhibitor on the tumor growth of TRPM1-high mela-
noma cells. Our findings provide insight into the regulatory mech-
anism by which TRPM1 promotes melanoma malignancy and
suggest how therapeutic benefits may be obtained by means of
CaMKII inhibitors, such as KN93, in the treatment of acral mela-
noma featuring high TRPM1 expression.

Results

The level of TRPM1 protein is positively associated with tumor
progression and poor survival in patients with acral melanoma

To reveal the tumor characteristics and clinical correlation
between acral melanoma progression and TRPM1 protein expres-
sion internationally, we designed a cohort study including 44
patients from KMUH (Taiwan) and 43 patients from KUH (Japan).
The demographic features of the 87 patients with acral melanoma
are summarized in the supplementary dataset and supplementary
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Table 1
The correlations between TRPM1 expression and clinicopathological parameters in the 87 patients with acral melanoma.

Parameter Number of cases TRPM1 H-score X2 statistic TRPM1 H-score Unpaired two-tailed Student’s t-test
P value

<2 (Low) =2 (High) P value (mean ± SEM)

Age (y)
< 65 24 14 10 0.001 1.4 ± 0.2 0.358
= 65 63 37 26 0.973 1.6 ± 0.1
Gender
Male 41 22 19 0.787 1.6 ± 0.1 0.485
Female 46 29 17 0.375 1.5 ± 0.1
Primary tumor site
Foot 68 37 31 2.274 1.6 ± 0.1 0.021*
Hand 19 14 5 0.132 1.1 ± 0.2
Breslow thickness
< 2 mm 31 23 8 4.815 1.2 ± 0.2 0.008**
= 2 mm 56 28 28 0.028* 1.7 ± 0.1
T category
Tis 6 5 1 0.7 ± 0.4
T1 14 11 3 7.394 1.2 ± 0.3 Tis vs. T1 = 0.326
T2 16 11 5 0.116 1.5 ± 0.2 Tis vs. T2 = 0.064
T3 18 9 9 1.8 ± 0.2 Tis vs. T3 = 0.009**
T4 33 15 18 1.7 ± 0.1 Tis vs. T4 = 0.005**
Ulceration
Absent 41 27 14 1.672 1.3 ± 0.1 0.079
Present 46 24 22 0.196 1.7 ± 0.1
Lymph node metastasis
Absent 54 29 25 0.062 1.5 ± 0.1 0.836
Present 33 22 21 0.803 1.5 ± 0.1
Distant metastasis
Absent 53 34 19 1.3 ± 0.1 0.009**
Present 34 17 17 0.191 1.8 ± 0.1
AJCC Stage
0 6 5 1 0.7 ± 0.4
I 17 12 5 7.250 1.3 ± 0.3 0 vs. I = 0.2
II 28 11 17 0.123 1.8 ± 0.1 0 vs. II = 0.004**
III 17 11 6 1.5 ± 0.2 0 vs. III = 0.091
IV 19 12 7 1.7 ± 0.2 0 vs. IV = 0.0.1*

*P < 0.05; **P < 0.01.
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Table 1. Patients from KMUH and KUH were similar in terms of age
and sex. Of these patients, 78.2% had a primary tumor on the foot;
58.6% had T3 and T4 stage acral melanoma, and 41.3% had AJCC
(8th edition American Joint Committee on Cancer staging system)
stage III and IV acral melanoma at first diagnosis. The average sur-
vival time was 39.4 ± 36.8 months. As expected, these findings
showed that acral melanoma was associated with poor survival
and was often diagnosed in advanced stages.

The specificity of anti-TRPM1 antibodies was validated before
performing TRPM1 IHC analysis. We found that anti-TRPM1 anti-
bodies detected endogenous TRPM1 at a size of approximately
170 kDa in a panel of four melanoma cell lysates (supplementary
Fig. 1A). Two independent TRPM1-specific short-hairpin RNAs
(shRNAs), #21 and #74, were expressed in MeWo cells to validate
the specificity of the anti-TRPM1 antibodies. The results showed
that both of the TRPM1 shRNAs reduced TRPM1 expression com-
pared to scrambled shRNA controls (supplementary Fig. 1B). More-
over, immunocytochemistry (ICC) analysis revealed that the levels
of TRPM1 were reduced in these cells expressing TRPM1
shRNA#74 (supplementary Fig. 1C). An engineered vector express-
ing 3xFlag-tagged TRPM1 (3xF-TRPM1) was retrovirally delivered
into A375 cells. 3xF-TRPM1 was detectable by either anti-Flag
M2 or anti-TRPM1 antibodies only in cells stably expressing 3xF-
TRPM1 (supplementary Fig. 1D). The ectopically expressed 3xF-
TRPM1 was downregulated by expressing TRPM1 shRNAs (supple-
mentary Fig. 1E). These data show the specificity of the anti-TRPM1
antibodies and TRPM1 shRNAs.

Representative images of TRPM1 IHC analysis from a panel of
FFPE specimens of acral melanoma are shown in Fig. 1A. TRPM1
quantitative scoring (H-score range, 0–3) was performed by two
independent investigators. A significant association was found
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between TRPM1 protein level and tumor thickness using the X2 test
(P = 0.028, Table 1). High expression levels of TRPM1 protein (H-
score � 2) were preferentially correlated with Breslow thickness
(P = 0.008), T category (Tis vs. T3, P = 0.009; Tis vs. T4,
P = 0.005), distant metastasis (P = 0.009), and AJCC stage (0 vs. II,
P = 0.004; 0 vs. IV, P = 0.01), as determined by unpaired two-
tailed Student’s t-test (Fig. 1, B–E, and Table 1). The median overall
survival (OS) of patients in the TRPM1-high group (H-score � 2)
and TRPM1-low group was 41.87 and 75.9 months, respectively.
The survival difference between these two groups was not signifi-
cant (log-rank P = 0.0658; supplementary Fig. 1F). This difference
may be derived from the short survival of 34 patients with distant
metastasis, who had a median OS of only 31.7 months. After the
exclusion of patients with distant metastasis, Kaplan–Meier sur-
vival curves revealed a tendency toward significantly shorter OS
of patients with TRPM1-high acral melanoma (median OS:
44.8 months) as compared with those with TRPM1-low acral mel-
anoma (median OS: undefined) (log-rank P = 0.0231 with a hazard
ratio = 5.066, 95% confidence interval, 1.250–20.54; Fig. 1F). This
finding suggests that the prognostic significance of TRPM1 protein
level is associated with an early stage of acral melanoma.

Finally, we evaluated the association between the TRPM1mRNA
expression and OS of patients with skin cutaneous melanoma
using two public databases, OncoLnc and UALCAN. As shown in
supplementary Fig. 1G, the analytic result from OncoLnc database
showed that high TRPM1 mRNA expression was closely associated
with low OS time of patients with cutaneous melanoma (median
OS in a TRPM1-high group 63.67 months vs. 122.8 months in a
TRPM1-low group, log-rank P = 0.0004 with a hazard ratio = 2.013,
95% confidence interval, 1.370–2.958). The data from the UALCAN
database also demonstrated that high expression of TRPM1 mRNA



Fig. 1. TRPM1 was positively associated with tumor progression and poor survival in patients with acral melanoma. (A) Representative images of H&E staining and IHC
analysis of TRPM1 expression in acral melanoma samples from patients. Magnified images of the boxed areas are shown. Scale bar: 100 lm. (B) TRPM1 expression versus the
Breslow thickness of acral melanoma in the 87 patients. Breslow thickness < 2 mm, n = 31; Breslow thickness � 2 mm, n = 56. (C) TRPM1 expression versus the T category of
acral melanoma in the 87 patients. Tis, n = 6; T1, n = 14; T2, n = 16; T3, n = 18; T4, n = 33. (D) TRPM1 expression versus distant metastasis in the 87 patients. Patients with
distal metastasis, n = 53; patients without distal metastasis, n = 34. (E) TRPM1 expression versus the AJCC stage in the 87 patients. Stage 0, n = 6; stage I, n = 17; stage II, n = 28;
stage III, n = 17; stage IV, n = 19. The P values were determined by unpaired two-tailed Student’s t-test, *P < 0.05; **P < 0.01. Data are mean ± SEM. (F) Kaplan-Meier survival
curves of 53 patients without distant metastasis. Patients were separated into a TRPM1-high group (H-scores � 2, n = 19, red curve) and a TRPM1-low group (H-score < 2,
n = 34, blue curve). The P values were determined by the log-rank test.
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was significantly associated with poor survival (P = 0.016). These
results suggest that high TRPM1mRNA is positively associated with
poor prognosis of patients with cutaneous melanoma.

Altogether, our results reveal that the level of TRPM1 expres-
sion is positively associated with tumor progression and could
serve as a marker of poor prognosis in patients with acral
melanoma.
TRPM1 activates AKT and promotes the growth, migration and
invasion of melanoma cells and tumor growth

We investigated the role of TRPM1 in the tumor progression of
melanoma cells. First, in cells in which TRPM1 was silencing, the
levels of phospho-AKT were decreased. However, the levels of
phospho-ERK were not decreased in TRPM1-silenced cells from
either an acral melanoma cell line, MMG1, or a cutaneous mela-
noma cell line, Mel1617 (Fig. 2A and supplementary Fig. 2A). The
silencing of TRPM1 suppressed clonogenic cell growth (Fig. 2B
and supplementary Fig. 2B) and the subcutaneous xenograft tumor
growth of MMG1 and Mel1617 cells (Fig. 2C and supplementary
Fig. 2C–D). IHC assays revealed that levels of TRPM1, phospho-
AKT and Ki67 (a marker for actively proliferating tumor cells) were
decreased in tumors expressing TRPM1 shRNA#74 but not in
tumors expressing scrambled shRNA (Fig. 2D). Next, we observed
that the overexpression of 3xF-TRPM1 increased phospho-AKT
levels but did not affect the levels of phospho-ERK in either
MMG1 or Mel1617 cells (Fig. 2E and supplementary Fig. 2E). The
ability to grow as colonies in clonogenic and anchorage-
independent cell growth assays was better in MMG1 cells express-
ing 3xF-TRPM1 than in control cells (Fig. 2F and supplementary
Fig. 2F). 3xF-TRPM1 expression also promoted MMG1 cell migra-
tion and invasion (Fig. 2G and supplementary Fig. 2G). Similar
results were observed in Mel1617 cells (supplementary Fig. 2H–
I). Compared to the empty-vector group, the group expressing
3xF-TRPM1 markedly promoted xenograft tumor growth (Fig. 2H
and supplementary Fig. 2J–K). The tumors expressing 3xF-TRPM1
had higher levels of phospho-AKT and Ki67 (Fig. 2I). These
tumor-bearing animals did not exhibit reduced body weight (sup-
plementary Fig. 2L). Our findings suggest that TRPM1 promotes
AKT signaling, cell migration and invasion, and xenograft tumor
growth in melanoma cells.
TRPM1 promotes AKT activation through Ca2+/calmodulin-
dependent kinase IId

We then determined the molecular mechanisms by which
TRPM1 promotes tumor growth. As TRPM1 is a Ca2+ channel, the
levels of cytosolic Ca2+ were lower in cells expressing TRPM1
shRNAs than in cells expressing scrambled shRNAs (Fig. 3A) and
higher cytosolic Ca2+ concentrations were detected in cells
expressing 3xF-TRPM1 than in cells carrying the empty vector
(Fig. 3B). Notably, the autophosphorylation levels of Ca2+/
calmodulin-dependent protein kinase II at Thr286/287 (P-
CaMKII) were decreased upon TRPM1 knockdown but were
increased in response to TRPM1 overexpression (Fig. 3A–B and
supplementary Fig. 3A–B). These results show that TRPM1 regu-
lates cytosolic Ca2+ concentrations and CaMKII activity in mela-
noma cells.

To determine which isoform of CaMKII plays a major role in
mediating Ca2+ signaling in melanoma, qPCR was carried out to
quantify the mRNA levels of CaMKIIc and CaMKIId. These isoforms
are expressed in various tissues, whereas a and b isoforms are pre-
dominantly present in neurons. We found that the levels of CaM-
KIId mRNA were higher than those of CaMKIIc (supplementary
Fig. 3C). Neither the knockdown nor overexpression of TRPM1
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affected their expression levels (supplementary Fig. 3D). After con-
firming the knockdown efficiency and specificity of shRNAs against
CaMKIIc and CaMKIId using qPCR (supplementary Fig. 3E) and
western blotting (supplementary Fig. 3F), we found that CaMKIId
knockdown markedly decreased the levels of TRPM1-promoted
AKT phosphorylation in MMG1 cells (Fig. 3C and supplementary
Fig. 3G). These findings show that CaMKIId plays a crucial role in
TRPM1 signaling. Next, we sought to examine whether TRPM1 pro-
motes the CaMKIId/AKT interaction. Co-immunoprecipitation
assays using lysates from MMG1 cells stably carrying the empty
vector or expressing 3xF-TRPM1 were performed. Western blotting
analysis indicated that CaMKIId coprecipitated with the anti-AKT
antibody-conjugated agarose but not with the control IgG precipi-
tates. Furthermore, this CaMKIId/AKT interaction was promoted by
3xF-TRPM1 (Fig. 3D and supplementary Fig. 3H).

To examine the requirement of phospho-CaMKIId at Thr287 for
the association of CaMKIId/AKT, we generated a phosphomimetic
CaMKIId mutant (F-CaMKIId-TD) in which the Thr287 residue
was substituted with Asp, and a phospho-defective mutant (F-
CaMKIId-TA) in which the Thr287 residue was replaced by Ala.
As shown in Fig. 3E and supplementary Fig. 3I, the CaMKIId/AKT
interaction was enhanced by the TD mutant of CaMKIId but it
was abolished by the TA mutant. Consistently, the cells expressing
F-CaMKIId-TD had increased levels of AKT phosphorylation, but
these levels were decreased by CaMKIId-TA. These results suggest
that the phosphorylation of CaMKIId at T287 is crucial for the CaM-
KIId/AKT interaction and AKT activation. Notably, the attenuation
of AKT activity by TRPM1 knockdown was partially restored when
cells expressed F-CaMKIId-TD. TRPM1-promoted AKT activation
was enhanced in cells expressing wild-type CaMKIId but not F-
CaMKIId-TA (Fig. 3F and supplementary Fig. 3J). Our investigation
revealed a molecular mechanism by which TRPM1 promotes the
CaMKIId/AKT interaction and AKT activation in melanoma.

The tumor-promoting activity of TRPM1 is mediated by
CaMKIId.

We next examined whether CaMKIId mediates TRPM1-
promoted cell growth, migration, and invasion. The results indi-
cated that silencing CaMKIId inhibited the TRPM1-promoted prolif-
eration (Fig. 3G), clonogenic growth, and anchorage-independent
colony growth of MMG1 cells (Fig. 3H and supplementary
Fig. 3K). CaMKIIc knockdown did not inhibit the TRPM1-
promoted proliferation (supplementary Fig. 3L). Additionally, cells
expressing CaMKIId shRNAs markedly inhibited TRPM1-promoted
cell migration and invasion (Fig. 3I and supplementary Fig. 3M).
Moreover, gain-of-function experiments showed that CaMKIId-
WT increased colony formation compared to the empty-vector
control, suggesting that the elevated expression of CaMKIId is suf-
ficient to promote colony growth. The expression of CaMKIId-TD
did not further promote colony formation in MMG1 cells, and
CaMKIId-TA inhibited colony formation (supplementary Fig. 3N).
We observed that the expression of CaMKIId-TD partially rescued
the inhibition of colony formation caused by TRPM1 knockdown,
and CaMKIId-TA reduced the colonies promoted by 3xF-TRPM1
(Fig. 3J and supplementary Fig. 3O–P). Altogether, we demon-
strated the role of phospho-CaMKIId at T287 in the mechanism
underlying the tumor-promoting activity of TRPM1.
CaMKII inactivation reduces the tumor-promoting activity of
TRPM1

We then sought to examine the possibility of suppressing mel-
anoma growth by targeting CaMKIId using KN93. KN93 is a CaMKII
pharmacological inhibitor that directly binds to Ca2+/CaM and
inactivates CaMKII [28]. The results showed that KN93 treatment
decreased the levels of TRPM1-induced CaMKII and AKT phospho-



Fig. 2. TRPM1 activated AKT and promoted the growth, migration and invasion of melanoma cells and tumor growth. (A) Representative western blots of cells stably
expressing either a scrambled shRNA or shRNAs specific for TRPM1. b -Actin served as a loading control, n = 3. (B) Representative images of clonogenic growth assays of cells
stably expressing either a scrambled shRNA or TRPM1 shRNAs, n = 3. (C) Quantification of tumor growth curves for the mice bearing xenograft tumors derived from cells
stably expressing either a scrambled shRNA or TRPM1 shRNA, n = 6. (D) Representative images of IHC analysis of TRPM1, phospho-AKT Thr308 (P-AKT) and Ki67 levels of
xenograft tumor samples from the TRPM1 knockdown experiments, n = 6. (E) Representative western blots of cells stably carrying the empty vector or expressing 3xF-TRPM1,
n = 3. (F) Quantification of clonogenic growth (n = 3), soft agar colony formation (n = 3), (G) cell migration (n = 3) and invasion (n = 4) assays in cells stably carrying the empty
vector or expressing 3xF-TRPM1. (H) Quantification of tumor growth curves for the mice bearing xenograft tumors originating from cells stably carrying the empty vector or
expressing 3xF-TRPM, n = 8. (I) Representative images of IHC analysis of TRPM1, P-AKT and Ki67 levels of xenograft tumor samples from the TRPM1 overexpression
experiments, n = 8. Scale bar: 50 lm. The P values were determined by unpaired two-tailed Student’s t-test, *P < 0.05; **P < 0.01; ***P < 0.001. Data are mean ± SEM.
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rylation in a dose-dependent manner (Fig. 4A and supplementary
Fig. 4A) and disrupted the TRPM1-promoted endogenous CaM-
KIId/AKT interaction (Fig. 4B and supplementary Fig. 4B). These
findings suggest that KN93 blocks CaMKIId signaling by inhibiting
CaMKII phosphorylation and interrupting the CaMKIId/AKT inter-
action to prevent TRPM1-promoted Ca2+/CaMKIId/AKT axis
activation.
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Notably, we found that KN93 was toxic to MMG1 cells with a
half-maximal inhibitory concentration (IC50) of 5.22 ± 0.3 lM.
However, KN93 did not reduce Mel1617 cell viability. TRPM1
expression did not influence the sensitivity to KN93 in either
MMG1 or Mel1617 cells (supplementary Fig. 4C). This may be
because (1) the short-term 72 h mitochondrial respiration
activity-based assay could not detect the impact of KN93 on cell



Fig. 3. TRPM1 promoted cell growth and mobility by activating the Ca2+/CaMKIId/AKT pathway. (A) Quantification of cytosolic Ca2+ levels (upper) and representative
western blots (bottom) in cells stably expressing either a scrambled shRNA or TRPM1 shRNAs (n = 3), or (B) in cells stably carrying the empty vector or expressing 3xF-TRPM1
(n = 3). (C) Representative western blots for CaMKIId or CaMKIIc knockdown experiments on MMG1 cells stably carrying the empty vector or expressing 3xF-TRPM1, n = 3. (D)
Representative western blots of CaMKIId coimmunoprecipitated with anti-AKT antibody-conjugated agarose in lysates from MMG1 cells stably carrying the empty vector or
expressing 3XF-TRPM1. Mouse IgG antibodies served as an IP control, n = 3. (E) Representative western blots of F-CaMKIId coimmunoprecipitated with anti-AKT antibody-
conjugated agarose in lysates from MMG1 cells stably carrying the empty vector or expressing F-CaMKIId constructs as indicated, n = 3. (F) Representative western blots of
TRPM1 knockdown and 3xF-TRPM1 overexpression experiments on MMG1 cells stably carrying the empty vector or expressing F-CaMKIId constructs as indicated, n = 3. (G)
Cell proliferation assays for CaMKIId knockdown experiments on MMG cells stably carrying the empty vector or expressing 3xF-TRPM1 at the indicated time points, n = 3. (H)
Representative images of clonogenic growth and soft agar colony formation assays for CaMKIId knockdown experiments, n = 3. (I) Quantification of cell migration and
invasion assays for CaMKIId knockdown experiments, n = 7. (J) Quantification of clonogenic growth for TRPM1 knockdown (left, n = 4) and 3xF-TRPM1 overexpression (right,
n = 3) experiments on MMG1 cells stably carrying the empty vector or expressing F-CaMKIId constructs as indicated. P values were determined by unpaired two-tailed
Student’s t-test, *P < 0.05; **P < 0.01; ***P < 0.001. Data are mean ± SEM.
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growth, or (2) the oncogenic BRAFV600E mutation could sustain
the survival signaling, such as MAPK and AKT pathways and pro-
vide a huge growth advantage to the cancer cells by reducing the
inhibitory effect of KN93. We then examined the effects of KN93
treatment using long-term colony formation assays and found that
KN93 treatment inhibited TRPM1-promoted clonogenic growth
(Fig. 4C and supplementary Fig. 4D) and anchorage-independent
colony formation (Fig. 4D and supplementary Fig. 4E). Additionally,
KN93 treatment also suppressed cell migration (Fig. 4E and supple-
mentary Fig. 4F) and invasion (Fig. 4F and supplementary Fig. 4G).
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These findings suggested that KN93 inhibits the tumor-promoting
activity of TRPM1 by disrupting the TRPM1-driven Ca2+/CaMKIId/
AKT pathway.
Pharmacological inhibition of CaMKII suppresses the growth of
TRPM1-high acral melanoma.

Next, we sought to examine the association between the levels
of P-CaMKII and TRPM1 in acral melanomas. We found that a sig-
nificant upregulation of phospho-CaMKII levels in acral melano-



Fig. 4. CaMKII inactivation reduced the tumor-promoting activity of TRPM1. (A) Representative western blots of the KN93 treatment experiments on cells stably carrying
the empty vector or expressing 3xF-TRPM1, n = 3. (B) Representative western blots of CaMKIId coimmunoprecipitated with anti-AKT antibody-conjugated agarose for the
KN93 treatment experiments on MMG1 cells stably carrying the empty vector or expressing 3xF-TRPM1, n = 3. (C) Quantification of clonogenic growth, (D) soft agar colony
formation, (E) migration, and (F) invasion assays for the KN93 treatment experiments on cells stably carrying the empty vector or expressing 3xF-TRPM1, n = 3. P values were
determined by unpaired two-tailed Student’s t-test, *P < 0.05; **P < 0.01; ***P < 0.001. Data are mean ± SEM.
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mas was related to increased expression of TRPM1 by IHC analysis
in a panel of FFPE specimens containing 14 TRPM1-high and 13
TRPM1-low acral melanomas from KMUH (Fig. 5A). TRPM1-high
acral melanomas had higher P-CaMKII H-score than TRPM1-low
acral melanomas (2.00 ± 0.1 vs. 1.27 ± 0.1, P < 0.0001; Fig. 5B
and supplementary Fig. 5A). This result suggested that the
increased P-CaMKII level is closely associated with high TRPM1
expression in acral melanomas.

The relevance of human cancer cell lines lies in their similarity
to original tissues and their renewability. Their properties facilitate
cancer research and the development of novel therapeutics. Sev-
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eral cutaneous melanoma cell lines have been established, but
acral melanoma cell lines are difficult to establish. As shown in
Fig. 4, KN93 treatment had modest effects on Mel1617 and
MMG1 cell lines. These effects may result from a homozygous of
BRAFV600E driver mutation in Mel1617 cells and a heterogeneity
of the BRAFV600E mutation in MMG1 cells [29]. To avoid the com-
plications resulting from BRAFV600E mutation, we established a
primary acral melanoma cell line, CA11, with high TRPM1 expres-
sion and wild-type for BRAF and NRAS to evaluate the effects of
KN93 on acral melanoma. CA11 cells were isolated from an acral
melanoma with a TRPM1 H-score = 3.0 (supplementary Fig. 5B).



Fig. 5. KN93 suppressed the growth of TRPM1-high acral melanoma. (A) Representative images of IHC analysis of phospho-CaMKII (P-CaMKII) levels in acral melanoma
samples from patients. Magnified images of the boxed areas are presented. Scale bar: 100 lm. (B) The H-score of P-CaMKII versus the TRPM1 expression in acral melanoma
samples from 27 patients in the KMUH cohort. Patients were separated into a TRPM1-low group (H-score < 1.0, n = 13) and a TRPM1-high group (H-score greater than 2.0,
n = 14). (C) Representative western blots of various human melanoma cells. (D) Representative western blots of CA11 cells expressing either a scrambled shRNA or TRPM1
shRNAs, n = 3. (E) Quantification of tumor growth curves for the xenograft tumors originating from CA11 cells expressing either a scrambled shRNA or TRPM1 shRNA, n = 6. (F)
Representative western blots of the KN93 treatment experiments on CA11 cells, n = 3. (G) Representative images of clonogenic growth and soft agar colony formation assays
for the KN93 treatment experiments on CA11 cells, n = 3. (H) Quantification of cell migration and invasion assays for the KN93 treatment experiments on CA11 cells, n = 3. (I)
Quantification of tumor growth curves for the mice bearing CA11 xenograft tumors treated with a mock agent (n = 8), 10 mg/kg KN93 three times weekly (3qw, n = 8), or five
times weekly (5qw, n = 8) by intraperitoneal injection. (J) Representative images of H&E staining and IHC analysis of P-CaMKII, P-AKT, and Ki67 levels in CA11 xenograft
tumor samples from the KN93 treatment experiments, Scale bar: 50 lm, n = 8. P values were determined by unpaired two-tailed Student’s t-test, *P < 0.05; **P < 0.001;
***P < 0.001. Data are mean ± SEM.
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The mutation hotspots of BRAF at V600 and NRAS at G12/G13/Q61
were verified by Sanger sequencing to confirm the wild-type geno-
type of BRAF and NRAS (supplementary Fig. 5C). Western blotting
showed that CA11 cells had a higher expression level of TRPM1 and
increased phosphorylation of CaMKII and AKT compared to the
other melanoma cell lines (Fig. 5C and supplementary Fig. 5D).
The knockdown of TRPM1 decreased the phosphorylation levels
of CaMKII and AKT (Fig. 5D and supplementary Fig. 5E) and
reduced the xenograft tumor growth (Fig. 5E and supplementary
Fig. 5F–G) of CA11 cells. Moreover, the treatment of KN93 reduced
CaMKII and AKT activation (Fig. 5F and supplementary Fig. 5H),
inhibited clonogenic and anchorage-independent cell growth
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(Fig. 5G and supplementary Fig. 5I), suppressed cell migration
and invasion (Fig. 5H and supplementary Fig. 5J), and triggered cell
apoptosis (supplementary Fig. 5K–L) of CA11 cells. Furthermore,
MeWo cells are a cutaneous melanoma cell line featuring high
expression of TRPM1 and are wild-type for BRAF and NRAS. These
cells were also sensitive to KN93 treatment (supplementary
Fig. 5M). These results suggest that melanomas with high expres-
sion of TRPM1 and wild-type for BRAF and NRAS that have elevated
CaMKII signaling are sensitive to CaMKII inhibitor.

Finally, we evaluated the anti-tumor activity of KN93 using a
subcutaneous xenograft model of CA11 human acral melanoma.
The tumor-bearing mice were administered intraperitoneally
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injections of either with a mock agent, KN93 at 10 mg/kg three
times weekly (3qw), or KN93 at 10 mg/kg five times weekly
(5qw) for 2 weeks. Mice treated with KN93 at either 3qw or 5qw
showed a significant reduction in tumor growth compared to mock
agent-treated animals during the 2 weeks of treatment (Fig. 5I and
supplementary Fig. 5N–O). The body weights of the animals trea-
ted with KN93 were comparable to those of mock agent-treated
animals (supplementary Fig. 5P). Tumors from mock agent- and
KN93-treated tumor-bearing mice were collected and subjected
to IHC analysis. We found that the administration of KN93 mark-
edly reduced the phosphorylation levels of CaMKII and AKT and
eliminated actively proliferating tumor cells (Fig. 5J). Our results
strongly indicate that a therapeutic benefit may be achieved by
means of a CaMKII inhibitor, such as KN93, in acral melanoma with
TRPM1 overexpression.
Discussion

Clinically, we examined the relationship between the level of
TRPM1 protein and the progression of acral melanoma. Tumors
from 36 patients (41.4%) featured high TRPM1 protein levels. The
prevalence of tumor thickness and distant metastasis was signifi-
cantly increased among patients with acral melanomas with high
expression of TRPM1. AJCC stages III and IV were significantly asso-
ciated with TRPM1 protein levels. Patients with no distant metas-
tasis and with high TRPM1 protein levels in the tumor presented
significantly poorer OS. These results suggest that the expression
of TRPM1 protein is positively associated with progression and
may promote malignant transformation in acral melanoma. Mech-
anistically, we revealed that (1) TRPM1 elevates cytosolic Ca2+

levels to activate CaMKIId/AKT signaling. This could then lead to
malignant transformation and the growth of tumor cells. (2) The
Ca2+/CaMKIId/AKT signaling is crucial for mediating the tumor-
promoting activity of TRPM1 in melanoma cells. (3) The tumor-
promoting activity of TRPM1 is suppressed by a CaMKII inhibitor,
KN93. Our study suggests that CaMKII inhibition may be a poten-
tial therapeutic strategy for treating acral melanomas with high
expression of TRPM1.

Three melanoma cell lines, MMG1 (acral melanoma with a
heterogeneous BRAFV600E mutation), Mel1617 (cutaneous mela-
noma with a homozygous BRAFV600E mutation), and CA11 (acral
melanoma with wild-type BRAF and NRAS) were employed to
investigate the function of TRPM1. We found that CA11 cells were
more sensitive to TRPM1 knockdown and KN93 treatment experi-
ments than MMG1 and Mel1617 cells. Moreover, a cutaneous mel-
anoma cell line, MeWo, that features high expression of TRPM1
and wild-type BRAF and NRAS was also sensitive to KN93 treat-
ment. These observations support not only the tumor-promoting
activity of TRPM1 in melanoma, but also our hypothesis that
BRAFV600E melanomas may not require the TRPM1/CaMKIId/AKT
pathway for their growth and malignancy and have modest effects
in response to CaMKII inhibitor treatment. By contrast, melanomas
with high expression of TRPM1 and wild-type for BRAF and NRAS
have elevated CaMKII signaling are sensitive to CaMKII inhibitor.

Studies have suggested that TRPM1 is involved in synapse for-
mation and to mediate the mGluR6 signaling to depolarize the
light response in retinal ON-bipolar cells [30–32]. A recent study
has also revealed that TRPM1 regulates the cytosolic Ca2+ concen-
tration [33]. These findings indicate that TRPM1 regulates a variety
of cellular functions by governing cytosolic Ca2+ levels. Ca2+, a type
of secondary messenger, allosterically activates enzymes and pro-
teins that integrate signals from intrinsic and extrinsic stimulation
to mediate diverse cellular processes in a cell type- and tissue
context-dependent manner. Calmodulin (CaM), a Ca2+-sensing pro-
tein, binds to and confers Ca2+-sensitivity on enzymes, such as
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Ca2+/CaM-dependent Ser/Thr protein kinase (CaMK). This trans-
duces intracellular calcium signals by phosphorylating and activat-
ing a variety of downstream proteins to regulate multiple cellular
functions [34,35]. CaMKII is a metastasis-promoting protein pre-
sent in various cancer subtypes. CaMKIIa has been suggested to
support tumor-initiating cells by activating EZH2/SOX2 signaling
in lung cancer [36], to promote NF-kB- and AKT-mediated MMP-
9 production to regulate gastric cancer cell metastasis [37], to
increase the cell migration, invasiveness, and anchorage-
independent growth of breast cancer cells [38], and to be associ-
ated with the proliferation and metastasis of colon cancer cells
[39]. CaMKIIc is highly activated together with b -Catenin and
STAT3 signaling in leukemia stem cells [40] and may support
tumor-initiating cells in an AKT- and b -Catenin-dependent man-
ner in lung cancer [41]. Here, we found that CaMKIId is the pre-
dominant isoform of CaMKII expressed in melanoma cells.
CaMKIId senses a TRPM1-induced Ca2+ surge to interact with AKT
and activate AKT signaling, leading to the malignant transforma-
tion of melanoma cells.

The small molecule compound KN93, which allosterically inac-
tivates CaMKII by binding to Ca2+/CaM has been widely used as an
inhibitor to study the functions of CaMKII [28]. Animal studies sug-
gest that KN93 treatment may serve as a therapeutic strategy
against autoimmune diseases [42,43], ischemic heart disease
[44], and the xenograft tumor growth of osteosarcoma [45].
Nonetheless, the poor selectivity of KN93 elevates the risk of
adverse effects and limits its clinical applications. KN93 is not a
specific or potent inhibitor of CaMKII and exerts inhibitory effects
on several Ca2+-regulated kinases such as CaMKI, CaMKIV, Lck [46],
and MLCK [47] and Ca2+-permeable channels such as Cav1 [48] and
InsP3Rs [49]. However, KN93 has good potential to suppress
tumor-promoting pathways derived from dysregulated Ca2+

signaling.
Our studies revealed that TRPM1 protein levels strongly corre-

late with several clinicopathological factors of acral melanoma
and may represent a prognostic marker of acral melanoma. The
phosphorylation of CaMKIId at Thr287 mediates TRPM1-
promoted AKT activation by inducing the CaMKIId/AKT interaction,
leading to the malignant transformation of melanoma cells. We
showed that KN93 inhibits the Ca2+/CaMKIId/AKT pathway thereby
suppressing malignancy and the xenograft tumor growth of acral
melanoma cells with high expression of TRPM1. Therefore, target-
ing CaMKII is a potential therapeutic avenue for acral melanomas
with high expression of TRPM1.
Conclusion

TRPM1 promotes tumor progression and malignant transforma-
tion via activating the Ca2+/CaMKIId/AKT pathway in acral mela-
noma. CaMKII inhibition may be a potential therapeutic strategy
for treating acral melanomas with high expression of TRPM1.
Materials and Methods

Patient samples, IHC analysis, and establishment of an acral
melanoma cell line.

A total of 87 patients with acral lentiginous melanoma were
recruited at two different sites: the KMUH (Kaohsiung, Taiwan,
44 patients) from 2008 to 2019 and the KUH (Fukuoka, Japan, 43
patients) from 2001 to 2012. All patients provided signed informed
consent prior to their inclusion in the study.

FFPE tumor biopsies were analyzed via H&E staining to confirm
that a viable tumor was present. For IHC analysis, 4-lm-thick sec-
tions were prepared and subjected to 20% H2O2 treatment for 15–
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18 h at room temperature to remove melanin before immersion in
antigen unmasking buffer pH 9.0 (Vector Laboratories) for antigen
retrieval. The sections were subjected with 3% H2O2 to eliminate
endogenous peroxidase activity and blocked with PBS containing
5% of FBS and 0.5% of Triton X-100 before manual staining with pri-
mary antibodies: anti-TRPM1 (1:100, Santa Cruz) and anti-
phospho-CaMKII b /c/d (pThr287) (1:500, Sigma-Aldrich), followed
by incubation with the Dako Real Envision HRP/DAB detection
reagent (Dako) according to the manufacturer’s instructions. All
sections were counterstained with hematoxylin (Muto Pure Chem-
icals) and mounted with the Malinol medium (Muto Pure Chemi-
cals). The stained tissues were photographed using a light
microscope (the gain was set to 1.0x, saturation to 1.00, and
gamma to 1.01, Leica DM2000), and their histopathological charac-
teristics were interpreted by two independent investigators. The
expression of TRPM1 and P-CaMKII was semiquantitatively evalu-
ated using the H-score [50]. The staining intensity was classified
into no staining (0), weakly positive (1), moderately positive (2)
and strongly positive (3). The H-score was calculated by multiply-
ing the percentage of stained cells (0.00 to 1.00) by staining inten-
sity ranging from 0 to 3, resulting in scores from 0 to 3.00.

To obtain primary-tumor material for cell culture, a tumor part
approximately 0.5 cm3 in size was excised from a surgical speci-
men of the macular part of a melanoma that developed on the sole
of a 75-year-old Taiwanese woman who underwent surgical oper-
ations at KMUH in 2020. The sample was washed with ice-cold PBS
containing 100 U/ml of penicillin–streptomycin (Gibco) and
mechanically divided into 2–3 mm pieces, followed by enzymatic
digestion with dispase II (Gibco) overnight at 4 �C. After a wash
and resuspension in ice-cold PBS, the samples were filtered
through a 70 mm nylon mesh. Cells were pelleted and resuspended
in DMEM (HyClone) containing 10% of fetal bovine serum (FBS;
Hyclone) with 100 U/ml of penicillin–streptomycin (Gibco) and
seeded in a well of a 6-well plate. The medium was refreshed twice
a week. The cell colonies were collected for further experiments.
Cell culture, transfection, and retroviral and lentiviral infection

293, A375, Mel1617, SK-MEL-28, 451-LU and MeWo cells were
obtained from Dr. Bin Zheng. MMG1 cells were from Dr. Takamichi
Ito. CA11 cells were derived from a primary specimen in this study.
A375, SK-MEL-28, 451-LU and MeWo cells were cultured in
RPMI1640 (HyClone); 293, Mel1617, MMG1, and CA11 cells were
maintained in DMEM (HyClone) containing 10% fetal bovine serum
(FBS; Hyclone) and 100 U/ml penicillin/streptomycin (Gibco). All
cell lines tested negatively for mycoplasma with the MycoSensor
PCR Assay Kit (Agilent Technologies).

For transfection, retroviral and lentiviral infection, the proce-
dures were performed as previously described [33]. Briefly, 293
cells were polyethylenimine (PEI)-based transfected with Ampho
packaging vector and pBabe-Puro retroviral vector encoding the
gene of interest to produce retroviruses, or with packaging plas-
mids encoding VSV-G, gag-pol, rev, and pLKO or pLEX304 lentiviral
vector encoding the gene of interest to produce to produce len-
tiviruses. The 48 h post-transfection of culture supernatants con-
taining virus was collected and filtered by 0.45 lm filter, and
infect cultured cells in the presence of 4 ug/ml polybrene
(Sigma-Aldrich). When indicated, stable populations were
obtained and maintained by selection with puromycin (Sigma-
Aldrich) or blasticidin (InvivoGen).

For stably expressing a scrambled shRNA or shRNAs specific for
CaMKIId in TRPM1-overexpressing MMG1 cells, an empty vector
pLEX304 or pLEX304 carrying 3xF-TRPM1 was delivered to
MMG1 cells by lentiviral infection and selected by blasticidin to
generated TRPM1-overexpressing MMG1 cells, followed by CaM-
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KIId knockdown, selected by blasticidin and puromycin selection.
For stable knockdown of TRPM1 in CaMKIId-overexpressing
MMG1 cells, either a scrambled shRNA or a shRNA specific for
TRPM1 was delivered to MMG1 cells stably carrying an empty vec-
tor or expressing F-CaMKIId constructs by lentiviral infection, fol-
lowed by blasticidin and puromycin selection.

In vivo xenograft tumor growth studies

Four- to six-week-old female NOD/SCID mice (NCKU, Tainan,
Taiwan) were housed in a specific pathogen-free environment in
the animal facility of NCKU. 6 � 106 MMG1, Mel1617 or CA11 cells
were mixed with Matrigel (1:1, BD Biosciences) and subcuta-
neously inoculated into the flanks of the mice. For KN93 treatment,
when the tumor size reached about 100 mm3, mice were randomly
assigned to 3 groups: mock agent, KN93 3qw, KN93 5qw by the
Research Randomizer at https://www.randomizer.org. No statisti-
cal method was used to predetermine sample size. The animals
were intraperitoneally injected sunflower oil (mock agent, n = 8)
or KN93. KN93 (10 mg/kg) was dissolved in DMSO, diluted in sun-
flower oil, and injected three times per week (3qw, n = 8) or five
times per week (5qw, n = 8). In all studies, the tumors were mon-
itored every day and harvested as indicated. The tumor size was
calculated as volume = [length� (width)2] / 2. The mice were euth-
anized when the tumor size was reached to 1000 mm3 or after
KN93 treatment for 2 w. The investigators were not blinded to
group allocation or outcome assessment. No animals were
excluded in these experiments. Mouse tissue sections were ana-
lyzed as same as patient samples described above.

Statistics

Statistical analyses were performed using Prism 8 (GraphPad
Software). The in vitro experiments were done in biological tripli-
cate each time and independently repeated at least 3 times. Data
are presented as the mean ± SEM and the number (n) of samples
used was as indicated. Unpaired two-tailed Student’s t-test was
used to compare differences between the control and experimental
groups. Chi-square test was used to compare differences between
TRPM1 expression and clinical pathological parameters in Table 1.
Kaplan-Meier curves and log-rank tests were used to estimate
event-time distributions, and hazards models were fitted to obtain
estimates of hazard ratios. For all statistical analyses, differences
were labeled as *, P < 0.05; **, P < 0.01; *** P < 0.001; ****; n.
s. = not significant. P values < 0.05 was considered statistically
significant.
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