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Calreticulin regulates the expression of MMP14 and ADAR1 through EIF2AK2 
signaling to promote the proliferation and progression of malignant melanoma 
cells 
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It has been demonstrated that calreticulin (CALR) is expressed abnormally in various tumors and is involved in the occur-
rence and development of tumors. In this study, CALR and EIF2AK2 expression was measured in the clinical specimens 
of 39 patients with melanoma. Then, we constructed knockdown and overexpression cell models of CALR and EIF2AK2 
and used wound healing and Transwell assays to observe cell migration and invasion. Apoptosis, EDU, and ROS assays 
were used to measure cell apoptosis and proliferation, as well as ROS levels. The effect of CALR on endoplasmic reticulum 
stress was detected using endoplasmic reticulum fluorescent probes. Western blotting was used to detect protein levels of 
CALR, EIF2AK2, ADAR1, and MMP14. The results indicated that CALR and EIF2AK2 expression levels were significantly 
higher in human melanoma tissues than in adjacent non-tumor tissue. In addition, we found a correlation between CALR 
and the expression of EIF2AK2 and MMP14, and the experimental results indicated that overexpression of CALR signifi-
cantly upregulated the expression of EIF2AK2, MMP14, and ADAR1, while knockdown of CALR inhibited their expression. 
Notably, the knockdown of EIF2AK2 in the CALR overexpression group blocked the upregulation of MMP14 and ADAR1 
expression by CALR, and the knockdown of both CALR and EIF2AK2 significantly inhibited MMP14 and ADAR1 expres-
sion. In conclusion, CALR and EIF2AK2 play a promoting role in melanoma progression, and knockdown of CALR and 
EIF2AK2 may be an effective anti-tumor target, and its mechanism may be through MMP14, ADAR1 signaling. 
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Melanoma is a tumor originating from malignant melano-
cytes, characterized by high-grade malignancy and rapid 
progression [1, 2]. Malignant melanoma (MM) represents 
approximately 4.0% of all skin cancers, and exhibits an 
extremely poor prognosis, with a dramatic increase in recur-
rence over a 5-year follow-up period and a less than 10% 
5-year survival rate [3, 4]. Furthermore, it demonstrates a 
propensity for metastasis to the small intestine while also 
exhibiting affinity for accumulation in the stomach and large 
intestine [5, 6]. Therefore, early diagnosis and intervention 
are imperative for MM management [7, 8]. Despite signifi-
cant advancements in high-throughput analysis in various 
tumors, the genetic diagnosis of melanoma still lags behind 
[9]. Recent studies have demonstrated a high number of 
somatic genome mutations associated with melanoma 
[10–12]. Therefore, it is crucial to explore new specific 

molecular mechanisms and potential molecular biomarkers 
for early diagnosis and clinical treatment of melanoma [13].

The endoplasmic reticulum (ER) homeostasis may be 
disrupted by physiological and pathological effects, leading 
to the accumulation of misfolded and unfolded proteins 
in the ER lumen, a situation known as ER stress [14]. In 
recent years, the role of adaptive ER stress in the occur-
rence, progression, and drug resistance of melanoma has 
been well confirmed, and this compartment has been 
identified as a potential therapeutic target [15]. Calretic-
ulin (CALR), an ER-chaperone protein, plays a vital role in 
cellular homeostasis in healthy cells [16, 17]. Accumulating 
evidence suggests that CALR is involved in tumorigenesis 
and tumor inhibition across different types of cancer [16, 18, 
19]. For example, loss-of-function CALR mutations impair 
anticancer immunosurveillance and promote oncogenesis 
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while gain-of-function of CALR mutations rapidly worsen 
the disease course of acute lymphoid leukemia [16, 20]. 
Therefore, CALR may be a protein of interest in the outcome 
of melanoma and plays an important role in ER stress.

Eukaryotic translation initiation factor 2 alpha kinase 2 
(EIF2AK2) is a cellular stress kinase activated by ER stress 
[21]. EIF2AK2 plays a role in regulating cellular processes 
such as cell proliferation and differentiation, signal transduc-
tion, and apoptosis [22]. Studies have shown that EIF2AK2 
shRNA downregulates EIF2AK2 expression in B16-F10 
melanoma cells and reduces the metastatic potential of these 
tumor cells [22]. EIF2AK2 and GCN2 are key mediators 
of eIF2a phosphorylation, promoting the translocation of 
CALR on the surface of melanoma cells under drug stimu-
lation [15]. However, the relationship between CALR and 
EIF2AK2 during ER stress is not clear.

Matrix metalloproteinases (MMPs) are a family of enzymes 
that degrade proteins in the extracellular matrix of tumor cells 
[23]. MMPs are widely involved in various stages of cancer 
progression, including degradation of tumor cell basement 
membranes and stroma. ER stress induces an increase in 
MMP9 gene expression and precursor secretion. When ER 
stress is inhibited, it can reduce the expression, secretion, 
and activity of MMP9 gene [24]. In cells transfected with 
Ad-CALR/MAGE-A3, the expression of MMP2 and MMP9 
was downregulated, which may indicate that these MMPs are 
downstream products of cellular signaling induced by CALR 
and MAGE-A3 [23]. MMP14, a membrane-bound, plays an 
essential role in tissue homeostasis and development [25]. 
MMP14, as the main collagenase in skin homeostasis, is 
associated with poor prognosis in different types of cancer in 
terms of expression and activity. In addition to maintaining 
tissue homeostasis, MMP14 is upregulated in most tumors, 
including breast cancer, ovarian cancer, and melanoma, and 
promotes tumor progression by regulating tumor cell prolif-
eration, invasion, and migration [26]. However, there are still 
few reports on research on MMP14 and ER stress.

Matrix metalloproteinase was detected as an aberrantly 
expressed gene along with ADAR1 in melanoma cells [27]. 
Adenosine deaminase acting on RNA 1 (ADAR1) is a group 
of RNA editing enzymes that catalyze the deamination of 
double-stranded RNA adenosine to produce hypoxanthine 
[28]. Knockdown of ADAR1 increases MMP2 and MMP9 
mRNA stability and inhibits aortic wall mechanism degrada-
tion [29]. ADARs have multiple functions, such as editing 
protein-coding regions to cause changes in protein function, 
controlling mRNA levels and translation efficiency, control-
ling tissue development and hematopoiesis, etc. [30]. The 
catalytic activity of ADAR1 is essential for maintaining ER 
homeostasis [31]. It has been shown that ADAR1 deficiency 
triggers ER stress, leading to the loss of intestinal stem cells 
and disturbing the stability of the intestinal internal environ-
ment [32].

In this study, we first detected the expression of CALR in 
tumor tissue and adjacent tissues of 39 melanoma patients. 

We established a cell model of CALR overexpression and 
knockdown to investigate the effects of CALR function 
acquisition or loss on cell proliferation, migration, invasion, 
apoptosis, ROS levels, and ER stress in melanoma. In addition, 
the mechanistic relationship between CALR and the expres-
sion of EIF2AK2 and ADAR1 in malignant melanoma was 
explored to identify potential new targets for the treatment 
of the disease.

Patients and methods

Bioinformatical analyses. The correlation between CALR 
and EIF2AK2 or CALR and MMP14 was assessed using the 
online bioinformatics tool GEPIA (http://gepia.cancer-pku.
cn/).

Specimen of human pathological tissue. Tumor tissues 
and paracancer tissues of 39 melanoma patient clinical speci-
mens were collected from the General Hospital of Ningxia 
Medical University from March 4, 2022 to April 6, 2023. 
Among the 39 tissue samples, 23 were male and 16 were 
female. There were 18 cases older than 65 years old and 21 
cases younger than or equal to 65 years old.

This study was performed in line with the principles of 
the Declaration of Helsinki. Approval was guaranteed by 
the Ethics Committee of Ningxia Medical University (No. 
KYLL-2021-639).

Immunohistochemical and immunofluorescent 
staining. Melanoma tissue and adjacent cancer tissue were 
taken as clinical specimens, and the specimens were fixed 
in formalin and then embedded in paraffin. The specimens 
that were cut into 4 µm thicknesses were deparaffinized using 
xylene and the antigen was restored under high pressure. For 
immunohistochemistry, the specimens were blocked with 
3% hydrogen peroxide at 37 °C for 20 min, and goat serum 
was used for immunofluorescence and then incubated at 4 °C 
overnight with anti-CALR (1:200, Cat. 27298-1-AP, Protein-
tech, China) and anti-EIF2AK2 (1:100, Cat. 18244-1-AP, 
Proteintech, China) as primary antibodies, at 4 °C overnight. 
The following day, for immunohistochemical assay, samples 
were incubated with a second antibody (PV-6000; ZSGB-BIO, 
China) for 20 min at 37 °C. After staining with 3,3-diamino-
benzidine (DAB) and hematoxylin, the slides were sealed 
with neutral resin and observed under a light microscope. 
For immunofluorescence, the slides were incubated with 
a secondary antibody (Alexa Fluor® 488 Goat Anti-Rabbit 
IgG) at a dilution of 1:200 for 1 h at 37 °C. The sections were 
then stained with 4,6-diamidino-2-phenylindole (DAPI) for 
fluorescence observation.

The staining intensity score criteria were as follows: 0, 
no staining; 1, light yellow staining; 2, yellow staining; and 
3, brown staining. The following scores were assigned for 
different percentages of tumor-positive tissues: 0, negative; 
1, 1–25% positive tissues; 2, 25–50%; and 3, >50%. The 
staining intensity, percentage of positive samples, and tumor 
grades were scored between 0 and 9 (with 0 indicating a lack 
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of brown immunoreactivity and 9 reflecting intense dark 
brown staining) and divided into the following categories: 
0–1, negative; ≥2, +; 3–4, ++; and ≥ 5, +++, corresponding to 
low, moderate and high expression, respectively.

Cell culture and transfection. Human malignant 
melanoma cell lines A375 were obtained from the Cell 
Libraries of the Chinese Academy of Sciences (Cat. 
SCSP-533, Shanghai, China). The authenticity of A375 cells 
was confirmed by the short tandem repeat (STR) analysis. 
A375 cells were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM, Cat. 11960044, Invitrogen) containing 
10% fetal bovine serum (FBS, Gibco), 1% penicillin/strepto-
mycin (Gibco), GlutaMAX (Cat. 35050061, Invitrogen), and 
1 mM sodium pyruvate (Cat. 11360-070, Invitrogen) under a 
5% CO2 air atmosphere at 37 °C.

Plasmid construct and transfection. The full-length of 
human CALR CDS was inserted into the pcDNA3.1 vector. 
Recombinant plasmid pcDNA3.1-CALR was verified by 
BGI sequencing (Beijing). A375 cells were transfected for 
48 h with pcDNA3.1 or pcDNA3.1-CALR plasmids using 
Lipo8000 reagent (Cat. C0533, Beyotime Biotech, Shanghai) 
according to the manufacturer’s protocol, respectively.

Small RNA interference and transfection. Human CALR 
siRNA (sense 5’-CCAGUAUCUAUGCCUAUGAUATT-3’, 
antisense 5’-UAUCAUAGGCAUAGAUACUGGTT-3’), 
EIF2AK2 siRNA (sense 5’-GCCGCUAAACUUGCAUAUC-
UUTT-3’, antisense 5’-AAGAUAUGCAAGUUUAGCGGC-
TT-3’) and negative control (sense 5’-CCAGCACUUGUGC-
CUGUACCAGAAA-3’, antisense 5’-UUUCUGGUACAG-
GCACAAGUGCUGG-3’) were synthesized by the Sangon 
Biotech (Shanghai) Co., Ltd. Cell were transfected with 100 
nM negative control or indicated siRNAs for 36–48 h using 
Lipo8000 reagent according to the manufacturer’s protocol.

Western blotting. After corresponding treatment, A375 
cells were lysed with RIPA cell lysis buffer (Cat. 9806, Cell 
Signaling Technology) containing protease and phospha-
tase inhibitor (Cat. P0013C, Beyotime Biotech), and protein 
concentration was quantified by a BCA protein assay kit 
(Cat. P0010S, Beyotime Biotech). The same amounts of 30 
μg protein were separated by 8–10% SDS-PAGE gel and 
transferred to PVDF membranes (Cat. IPVH00010, Milli-
pore). The membranes were incubated with indicated 
primary antibodies after being blocked in 5% non-fat milk 
solution for 1 h at room temperature. The primary antibodies 
were anti-rabbit CALR antibody (1:2000, Cat. 27298-1-AP, 
Proteintech), anti-rabbit EIF2AK2 antibody (1:5000, Cat. 
18244-1-AP, Proteintech), anti-rabbit phospho-EIF2AK2 
antibody (1:1000, Cat. ab32036, Abcam), anti-rabbit MMP14 
(1:1000, Cat. 14552-1-AP, Proteintech), anti-mouse ADAR1 
(1:200, Cat. sc-271854, SANTA CRUZ, USA), anti-rabbit 
GRP78 (1:2000, Cat. 11578-1-AP, Proteintech), and anti-
mouse β-actin antibody (1:2000, Cat. 66009-1-Ig, Protein-
tech) overnight at 4 °C. Then, the blots were incubated with 
HRP-conjugated goat anti-rabbit or mouse IgG secondary 
antibody (1:6000, Cat. SA00001-2, Proteintech) for 1 h and 

then were exposed to the SuperSignal West Pico Substrate 
(Cat. D3308-1, Beyotime Biotech). The gray value of the 
protein bands was evaluated by ImageJ software.

Transwell invasion assay. A Transwell chamber (Corning) 
per-coated with Matrigel (Cat. BME001, R&D systems) was 
placed in a 24-well plate. The bottom of each chamber was 
supplemented with 500 μl complete DMEM containing 20% 
FBS per well. Transfected A375 cells and untreated cells were 
suspended with 100 µl serum-free DMEM and then planted 
onto the top of the transwell chamber at a density of 5×105 
cells/well. After incubation at 37 °C for 24 h, the cells on the 
top of the chamber were removed, and the remaining cells 
were fixed with 4% paraformaldehyde (PFA) and stained with 
0.1% crystal violet solution (Cat. G1062, Solarbio, China) for 
30 min. The invaded cells were counted and photographed 
under a light microscope.

Cell migration assay. A375 cells were cultured in an 
incubator after being seeded and transfected. When the cells 
reached 90–100% confluence, the cell layer was wounded by 
scraping with a sterile pipette tip. Then cells were exchanged 
in a serum-free medium and cultured for 24 h in an incubator. 
After washing in PBS, the cells were photographed at 0 h and 
24 h by a light microscope, and randomly selected fields were 
used for counting wound size.

Cell apoptosis assay. Cell apoptosis assay was performed 
using Apoptosis and Necrosis Detection Kit with YO-PRO-1 
and PI dye (Cat. C1075, Beyotime Biotech) in accordance 
with the manufacturer’s protocol. Cells were seeded in a 
96-well plate and transfected with indicated plasmids. After 
transfection for 36–48 h, the cells were washed with cold PBS 
buffer and then labeled with 100 µl working buffer containing 
1 µl YO-PRO-1 and 1 µl PI, followed by incubation in the 
dark environment at 37 °C for 10 min. The treated cells were 
photographed, counted, and measured as the proportion of 
apoptotic cells.

EdU assay. The EdU assay was utilized to investigate the 
proliferation of transfected A375 cells. Briefly, cells were 
planted in a 6-well plate and cultured at 37 °C. After treat-
ment, cells/well were incubated with 10 µM EdU (Cat. 
C10071L, Beyotime Biotech) for 2 h according to the 
manufacturer’s protocol. Subsequently, the cells were fixed 
with 4% PFA and permeabilized with 0.3% Triton X-100 for 
10 min. Cells per well were supplemented with 500 μl reaction 
solution, followed by incubation in the dark environment 
at room temperature for 30 min. After washing, the nuclei 
were stained with 5 μg/ml DAPI (Cat. ZLI-9557, ZSGB-BIO, 
China). Cells were imaged under a fluorescence microscope 
and counted by ImageJ software.

ER-Tracker Red. A375 cells were stained utilizing an 
ER-Tracker Red kit (Beyotime, China) according to the 
manufacturer’s protocol. After washing the cells twice with 
PBS, add the prepared ER Tracker Red staining solution 
pre-incubated at 37 °C and co-incubated with the cells 
at 37 °C for 30 min. Subsequently, the stained cells were 
observed using a fluorescence microscope.
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We conducted a comprehensive investigation into the 
impact of CALR on the migration and invasion abilities of 
human melanoma cells (A375). The results from transwell 
and wound healing assays revealed that there was a signifi-
cant reduction in the migration and invasion capacity of 
A375 cells following the knockdown of CALR in compar-
ison with siRNA-NC. Conversely, overexpression of CALR 
increased the migration and invasion ability of A375 cells 
(Figures 2A–2D). These findings imply that CALR facilitates 
the progression of melanoma.

Effects of CALR on apoptosis, proliferation, and ROS 
of malignant melanoma cells. We examined the impact of 
CALR on melanoma cell proliferation and apoptosis. Knock-
down of CALR encouraged apoptosis in A375 cells, whereas 
overexpression of CALR hindered apoptosis (Figures 3A, 
3B). The EDU experiment noted that overexpression of 
CALR promoted the proliferation of melanoma cells, and 
conversely, knockdown of CALR inhibited the prolifera-
tion of melanoma cells (Figures 3C, 3D). In the experiment 
on ROS, it was discovered that overexpression of CALR 
increased the production of ROS in cells, and knockdown of 
CALR decreased the fluorescence intensity of ROS (Figures 
3E, 3F). These findings suggest a close relationship between 
the regulation of melanoma cell proliferation and apoptosis 
by CALR and the regulation of ROS production.

CALR regulates ER stress. Using an ER fluorescent probe, 
it was observed that overexpression of CALR upregulated the 
fluorescence intensity of the ER probe. Conversely, knock-
down of CALR downregulated the fluorescence intensity of 
the ER probe (Figures 3G, 3H). We measured the protein level 
of the ER stress marker GRP78 in cells by western blot and 
showed that overexpression of CALR significantly increased 
the expression level of GRP78, whereas knockdown of CALR 
significantly decreased the expression level of GRP78 (Figures 
3I, 3J). This indicated that CALR regulates ER stress.

Effects of CALR on the expression of EIF2AK2 and 
MMP14. GEPIA data demonstrated a positive correla-
tion between CALR expression and EIF2AK2 and MMP14 
expression in melanoma tissues (Figures 4A, 4B). The results 
of cellular immunofluorescence experiments showed that 
CALR was mainly expressed in the cytoplasm, and overex-
pression could be accompanied by expression in the nucleus 

Cellular immunofluorescence. The transfected cells were 
seeded onto the coverslips treated with 0.1 mg/ml poly-L-
lysine (Cat. A3890401, Gibco) and fixed with 4% PFA for 10 
min at room temperature, and then permeabilized with 0.1% 
Triton X-100 for 10 min. Next, cells were incubated with 1% 
BSA (Cat. ST2249, Beyotime Biotech), 0.1% Tween 20 in PBS 
for 30 min to prevent unspecific binding of the antibodies, 
and then incubated with CALR antibody (1:200), EIF2AK2 
antibody (1:200), phospho-EIF2AK2 (1:200), ADAR1 
(1:200), or MMP14 antibody (1:200) overnight at 4 °C. After-
ward, cell samples were incubated with FITC or Alexa Fluor 
488-labeled goat anti-rabbit secondary antibody (1:200, Cat. 
ZF-0311/0512, ZSGB-BIO, China), and then nuclei were 
stained with 5 μg/ml DAPI. Cell samples were observed 
under a Zeiss microscope, and then the fluorescence inten-
sity was analyzed by ImageJ software.

ROS production analysis. Cells were cultured and trans-
fected with plasmids. They were subsequently incubated with a 
10 µM DHE probe (Cat. S0033S, Beyotime Biotech) for 20 min 
at 37 °C. Unspecific binding fluorescent dyes were removed 
with a serum-free medium. The cells were then observed 
under a fluorescence microscope, and intracellular ROS 
production was evaluated and counted by ImageJ software.

Statistical analysis. GraphPad 9.0 software (San Diego, 
CA, USA) was used for statistical analysis. All representa-
tive data from at least three independent experiments were 
presented as mean ± SEM. The correlation between CALR 
and EIF2AK2 or CALR and MMP14 was analyzed using 
Pearson’s correlation analysis. Differences between the 
independent two groups were analyzed using Student’s t-test. 
Significant multiple-group differences were evaluated using 
One-way analysis of variance (ANOVA). A p-value <0.05 
was considered to indicate statistical significance.

Results

The expression of CALR and EIF2AK2 in malignant 
melanoma tissue and their effects on melanoma cell 
migration and invasion. We found through immunohisto-
chemistry and immunofluorescence that the expression of 
CALR and EIF2AKA in melanoma tissue was significantly 
higher than that in adjacent normal tissues (Figures 1C–1H; 
Tables 1 and 2). These findings suggest the clinical relevance 
of CALR and EIF2AK2 in the diagnosis and treatment of 
melanoma.

To investigate the function of CALR in melanoma cells, 
we generated a cell model that both overexpressed and 
silenced the CALR gene. The western blot analysis revealed 
that CALR siRNA 1 and CALR siRNA 2 markedly decreased 
CALR protein expression when compared to siRNA NC, with 
the most significant decrease being observed with CALR 
siRNA#2. Consequently, CALR siRNA#2 was employed as a 
knockdown tool. However, in contrast to the OE-NC group, 
transfection of CALR overexpression plasmids markedly 
increased CALR protein expression levels (Figures 1I–1L).

Table 1. Immunohistochemical detection of CALR expression in mela-
noma and adjacent tissues.
Group n Positive Negative χ2 p-value
Melanoma 39 27 (69.23%) 12 (30.77%)

5.214 0.022
Adjacent 39 17 (43.59%) 22 (56.41%)

Table 2. Immunohistochemical detection of EIF2AKA expression in mel-
anoma and adjacent tissues.
Group n Positive Negative χ2 p-value
Melanoma 39 25 (64.10%) 14 (35.90%)

4.165 0.041
Adjacent 39 16 (41.03%) 23 (58.97%)
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(Figures 4C, 4D), suggesting that nuclear translocation 
occurred in the localization of positive expression after CALR 
overexpression. Knocking down CALR significantly reduced 
the expression of CALR in the cytoplasm and ER, blocking 
the nuclear translocation of CALR. MMP14 is expressed 
predominantly in the cell membrane and cytoplasm. The 
overexpression of CALR resulted in a significant increase 
in MMP14 expression, whereas the knockdown of CALR 
resulted in a decrease in MMP14 expression (Figures 4C, 
4E). EIF2AK2 and its phosphorylated form p-EIF2AK2 are 
primarily expressed in the cytoplasm and nucleus. Phosphor-

ylated EIF2AK2 is one of the pro-apoptotic factors in the ER 
stress process [33]. CALR overexpression enhanced their 
expression levels while knockdown of CALR decreased their 
expression (Figures 4C, 4F, 4G). Collectively, these findings 
have sparked our speculation that CALR may have a regula-
tory effect on the expression of EIF2AK2 and MMP14.

The role of EIF2AK2 in the development of melanoma 
cells. To investigate the role of EIF2AK2 in melanoma 
cell development, a knockdown EIF2AK2 cell model was 
constructed. The western blot analysis demonstrated that 
the knockdown of EIF2AK2 could downregulate the expres-

Figure 1. CALR and EIF2AK2 overexpression in malignant melanoma tissue. A-C) Immunohistochemical detection of CALR and EIF2AK2 expression 
in malignant melanoma tissue and normal skin tissue. Data are presented as the mean ± SD (n=3). **p<0.01, ***p<0.001. Scale bar, 20 μm, 400×. D-F) 
Immunofluorescence detection of CALR and EIF2AK2 expression in malignant melanoma tissue and normal skin tissue. Data are presented as the 
mean ± SD (n=3). **p<0.01, ***p<0.001. Scale bar, 20 μm, 400×. G) The CALR siRNAs were designed and transfected for 36 h into A375 cells, and then 
accessed using western blot assay. H) The gray blots were analyzed with ImageJ software (n=3). ***p<0.001 vs. siRNA-NC. I) A375 cells were transfected 
with control pcDNA3.1 or CALR overexpression plasmid for 48 h, and then cell lysates were performed using western blot assay. J) The gray blots were 
analyzed with ImageJ software (n = 3). ***p<0.001 vs. OE-NC
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sion of phosphorylated EIF2AK2, EIF2AK2, MMP14, and 
ADAR1, with EIF2AK2 siRNA2 having the most signifi-
cant effect, so further experiments would continue to use it 
(Figures 5A–5F). Transwell assays showed that the knock-
down of EIF2AK2 significantly inhibited the invasion and 
migration of melanoma cells (Figures 5G–5J). These findings 
indicate that EIF2AK2 plays a crucial role in promoting 
melanoma cell progression.

We further downregulated EIF2AK2 expression on 
the basis of overexpressing and knocking down CALR in 
melanoma cells. Our findings demonstrated that the knock-
down of EIF2AK2 blocked the upregulation of phosphory-
lated EIF2AK2, EIF2AK2, MMP14, and ADAR1 expression 
caused by overexpression of CALR. Interestingly, CALR 
expression remained heightened. However, the simulta-
neous knockdown of both CALR and EIF2AK2 expression 
decreased the expression of MMP14 and ADAR1 signifi-
cantly (Figures 5K–5P). These results suggest that EIF2AK2 
may function as a downstream effector of CALR.

Discussion

For advanced melanoma, many new medications have 
been developed, such as immunotherapy, gene therapy, and 
bio-chemotherapy [13, 34]. However, the five-year survival 

rate for melanoma patients is only 10% [35, 36]. Further-
more, the absence of clear indications and symptoms in the 
early stages of melanoma leads to the diagnosis of around 
80% of patients only at advanced stages of the illness [36, 
37]. These issues highlight the pressing requirement for the 
creation of innovative and effective therapeutic approaches. 
Hence, comprehending the molecular mechanisms of 
melanoma phenotypes is imperative to attain a beneficial 
diagnosis and treatment for patients. In this study, we have 
identified a new signaling pathway, known as the CALR/
EIF2AK2 pathway, which has a pivotal role in the pathogen-
esis of melanoma. Specifically, we observed that CALR and 
EIF2AK2 were overexpressed in human melanoma tissues 
and that melanoma cell proliferation, apoptosis, invasion, 
migration, ROS production, and ER stress could be regulated 
by the knockdown and the overexpression of CALR. More 
importantly, CALR could regulate MMP14 and ADAR1 
expression by mediating EIF2AK2 phosphorylation.

In recent years, there have been rapid advancements 
in immunotherapy and molecular-targeted therapies for 
melanoma [38]. For patients with mutated melanoma, the 
combination of BRAF and MEK inhibitors in clinical settings 
offers a promising option to consider [35, 39]. The potential 
viability of utilizing inhibitors targeting the PI3K/Akt/mTOR 
pathway for the management of melanoma is presently under 

Figure 2. The effects of CALR knockdown and overexpression on migration and invasion of A375 cells. A) A wound healing assay was used to evalu-
ate the migration ability at 48 h after CALR knockdown or overexpression in A375 cells. Scale bar, 200 μm. B) Different fields of cells were randomly 
selected, and then wound size was calculated (n=3). ***p<0.001 vs. siRNA-NC, ###p<0.001 vs. OE-NC. C) Transwell assay was used to detect the invasion 
ability after CALR knockdown or overexpression in A375 cells. Scale bar, 50 μm. D) Cells of different fields were randomly selected and counted (n=3). 
***p<0.001 vs. siRNA-NC, ###p<0.001 vs. OE-NC
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Figure 3. The effect of CALR on apoptosis, proliferation, and ROS of malignant melanoma cells. A) A375 cells were transfected with CALR siRNA and 
overexpression plasmid, respectively, and then stained with both YO-PRO-1 and PI dye. Scale bar, 50 μm. B) The proportion of green-labeled apoptotic 
cells was measured according to randomly selected cell fields (n=5). ***p<0.001 vs. siRNA-NC, #p<0.05 vs. OE-NC. C) EdU assay was used to evaluate 
the proliferation ability after CALR knockdown or overexpression in A375 cells. Scale bar, 200 μm. D) Different fields of cells were randomly selected, 
and then positive cell numbers were calculated (n=3). ***p<0.001 vs. siRNA-NC, ##p<0.01 vs. OE-NC. E, F) The intracellular ROS production was deter-
mined after CALR knockdown or overexpression in A375 cells. Scale bar, 50 μm. ***p<0.001 vs. siRNA-NC, ###p<0.001 vs. OE-NC (n=3). G, H) The ER 
stress was determined after CALR knockdown or overexpression in A375 cells. Scale bar, 50 μm. ***p<0.001 vs siRNA-NC, ###p<0.001 vs. OE-NC (n=3). 
I) A375 cells were transfected with CALR plasmid, CALR siRNA, respectively, and then examined using western blot. J) The gray blots were analyzed 
with ImageJ software (n=3), ***p<0.001 vs. OE-NC, ###p<0.001 vs. siRNA-NC
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Figure 4. The effect of CALR on the expression of EIF2AK2 and MMP14. A) GEPIA database showed that the expression of CALR was positively associ-
ated with the expression of EIF2AK2 in malignant melanoma tissues. p<0.001, R=0.31. B) GEPIA database showed that the expression of CALR was 
positively associated with the expression of MMP14 in malignant melanoma tissues. p<0.001, R=0.3. C) A375 cells were immunostained with CALR, 
MMP14, EIF2AK2, and phospho-EIF2AK2 antibodies after CALR knockdown or overexpression. Scale bar, 50 μm. D-G) The gray blots were analyzed 
with ImageJ software (n=3). ***p<0.001 vs. siRNA-NC, ###p<0.001 vs. OE-NC

investigation [35, 40, 41]. Although significant efforts and 
promising developments have been made to treat melanoma, 
there has been a continued increase in both the incidence 
and mortality rates of this disease [37]. Furthermore, the 
precise molecular mechanisms behind advanced melanoma 

are as of yet largely uncharacterized. Therefore, the identi-
fication of new, specific molecular mechanisms and poten-
tial biomarkers is crucial for the effective diagnosis and 
treatment of this disease [10]. Molecular chaperones play a 
critical role in controlling cellular processes and maintaining 
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Figure 5. The role of EIF2AK2 in 
the development of melanoma 
cells. A) EIF2AK2 siRNAs were 
transfected for 36 h into A375 
cells, and then accessed using 
western blot assay. B-F) The gray 
blots were analyzed with Im-
ageJ software (n=3). **p<0.01, 
***p<0.001 vs. NC siRNA. 
***p<0.001, **p<0.01 vs. siRNA-
NC. G) A wound healing assay 
was used to evaluate the migra-
tion ability at 48 h after CALR 
knockdown or overexpression 
in A375 cells. Scale bar, 200 μm. 
H) Different fields of cells were 
randomly selected, and then 
wound size was calculated (n=3). 
**p<0.01 vs. siRNA-NC. I) Tran-
swell assay was used to detect 
the invasion ability after CALR 
knockdown or overexpression 
in A375 cells. Scale bar, 50 μm. 
J) Cells of different fields were 
randomly selected and counted 
(n=3). ***p<0.001 vs. siRNA-NC. 
K) A375 cells were transfected or 
co-transfected with CALR plas-
mid, CALR or EIF2AK2 siRNA, 
respectively, and then examined 
using western blot. L-P) The gray 
blots were analyzed with ImageJ 
software (n=3), ***p<0.001 vs. 
OE-NC, ###p<0.001 vs. siRNA-
NC, ΔΔΔp<0.001 vs. CALR-OE, 
p<0.05 vs. CALR siRNA
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protein homeostasis [16, 36]. The roles of a number of 
chaperone molecules, including those involved in cell prolif-
eration, apoptosis, and tumorigenesis, have been identified 
as increasingly implicated in human cancer studies [16, 
36]. Recent evidence has shown that CALR functions as a 
conserved chaperone and plays a crucial role in tumorigen-
esis and tumor suppression across various tumor subtypes 
[18]. For instance, the impairment of cellular protein 
folding due to loss-of-function of CALR mutations results in 
oncogenesis. Thus, CALR can be considered as a gene that 
inhibits the development of cancer [16]. Additionally, the 
controversial roles of CALR in tumor progression and the 
possible role of CALR mutated in other human cancers are 
also addressed [20]. For instance, CALR was upregulated and 
acted as an oncogene in gallbladder cancer [18]. The specific 
role of CALR in most human cancers, including melanoma, 
remains unclear. Our study outlined the expression of CALR 
in melanoma and found that the expression of CALR was 
significantly higher in melanoma than in adjacent tissues, 
indicating the clinical value of CALR in melanoma. In the 
face of different views of the role CALR plays in different 
malignancies, our experimental results highlight the critical 
role of CALR in regulating melanoma cell proliferation, 
invasion, migration, and ROS production. We speculate 
that the enhanced invasiveness of melanoma cells by CALR 
may be related to the nuclear translocation of its expres-
sion, which needs further verification in the future. This 
experiment highlights that CALR may be a new target for 
the treatment of melanoma, which provides a new basis for 
the development of targeted drugs. Additionally, immuno-
genic cell death is a stress-dependent cell death induced by 
ER stress combined with the production of reactive oxygen 
species, which is increasingly attracting attention in the treat-
ment of tumors [42]. It was shown that the absence of CALR 
translocation on the membrane of mouse melanoma cells 
hinders the stimulation of effective ICD responses in vivo 
[43]. The above findings indicated the role of CALR from the 
perspective of tumor immunity but did not elaborate on the 
regulatory mechanism of CALR. The results of the present 
study preliminarily suggest that the knockdown of CALR 
significantly reduced EIF2AK2 phosphorylation, which may 
be related to the regulation of tumor immunity. Because in 
cancer studies, DFNA5 of the Gasdermin family can regulate 
immune infiltration through EIF2AK2 [44]. All these results 
reflected that EIF2AK2 played a key role in regulating tumor 
progression.

EIF2AK2, also known as PKR, is an IFN-stimulated 
gene, and it has been widely reported that EIF2AK2 plays an 
inhibitory role in cancer progression, including breast and 
lung cancer [45, 46]. However, some studies have shown 
that activation of EIF2AK2 is involved in the progression of 
breast and pancreatic cancer, promoting cell migration and 
invasion [47, 48]. Faced with the contradiction of EIF2AK2 
in cancer, we found that the expression level of EIF2AK2 in 
human melanoma tissues was higher than that in adjacent 

non-tumor tissue, indicating the clinical significance of 
EIF2AK2 in melanoma research. Studies have reported that 
the expression of EIF2AK2 in pancreatic cancer tissues was 
confirmed to be significantly higher than that in the adjacent 
pancreatic tissues in clinical samples from pancreatic cancer 
patients, and the use of pancreatic cancer cells validated that 
the knockdown of EIF2AK2 inhibited cell proliferation, 
migration, and invasion, demonstrating that EIF2AK2 can 
be used as a diagnostic and prognostic biomarker for pancre-
atic cancer patients. Studies have reported that the clinical 
samples from pancreatic cancer patients confirmed that the 
expression of EIF2AK2 was significantly higher in pancre-
atic cancer tissue than that in adjacent pancreatic tissue. The 
pancreatic cancer cells were used to validate that knocking 
down EIF2AK2 inhibited cell proliferation, migration, and 
invasion, proving that EIF2AK2 could be used as a diagnostic 
and prognostic biomarker for pancreatic cancer patients 
[49]. EIF2AK2 is implicated in the proliferation of colorectal 
cancer cells and has the ability to regulate resistance to oxali-
platin [50]. In this study, knocking down EIF2AK2 signifi-
cantly reduced invasion and migration ability in melanoma 
cells, indicating that knocking down EIF2AK2 can indepen-
dently hinder the progression of melanoma. Importantly, 
knocking down CALR and EIF2AK2 respectively can signifi-
cantly reduce MMP14 expression, suggesting that they may 
exert anti-tumor effects by improving the melanoma cell 
matrix.

We conducted a search of the GEPIA database and identi-
fied a close association between EIF2AK2 and the expres-
sion of MMP14 and ADAR1. Prior to cancer cell metas-
tasis, the primary tumor releases certain factors, including 
extracellular matrix (ECM) structural proteins that actively 
stimulate the metastatic site, while MMP14 plays a regula-
tory role in the ECM remodeling process [51]. In studies on 
melanoma, MMP14 is a regulatory factor for invasion [52], 
and the invasiveness of melanoma cells can be decreased by 
inhibiting MMP14 [53]. The MMP14 knockdown model in 
mice illustrated normal development and reproduction but 
reduced growth and metastasis of melanoma, and decreased 
vascular permeability [54], this indicates that MMP14 is a 
pivotal factor in melanoma progression. It has been proposed 
that matrix metalloproteinase-2 can potentially impact 
mitochondrial function by modifying ER-mitochondrial 
Ca2+ signaling through calreticulin hydrolysis [55]. Based 
on the results of this study, it was found that CALR and 
EIF2AK2 could regulate the expression of MMP14 in A375 
cells, describing the regulatory relationship between CALR 
and EIF2AK2 and MMP14 in melanoma. We speculate 
that MMP14 is one of the downstream effectors of CALR 
and EIF2AK2 regulation, providing a reference for possible 
pathways of ER stress-related signaling to regulate the extra-
cellular matrix.

ADAR1, as an RNA editor, promotes tumor occurrence 
and development [28, 56]. In non-tumor studies, ADAR1 
promotes Zika virus viral protein translation by impairing the 
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activation of protein kinase PKR [57]. During the response 
to type I interferon, ADAR1 blocks translation shutdown by 
inhibiting PKR hyperactivation [58]. The study revealed that 
knockdown of EIF2AK2 could downregulate the expression 
of ADAR1 in melanoma cells, suggesting that EIF2AK2 may 
be involved in melanoma progression by affecting ADAR1 
expression. In the presence of a mechanism of multiple 
molecular signals cross-talking each other in tumor cells 
[59], our experimental findings also prompt a reconsidera-
tion of ADAR1 as a target. In many cancer studies, ADAR1 
can be used as a standalone target for anti-cancer therapy 
[60]. However, in this experiment, it was found that CALR 
or EIF2AK2 could affect the expression of ADAR1, which 
is likely related to ER stress. In the future, we will further 
explore their possible mechanisms. It is worth noting that 
knocking down the expression of CALR or EIF2AK2 signifi-
cantly downregulated the expression of ADAR1 in melanoma 
cells. Interestingly, knocking down EIF2AK2 expression 
prevented CALR from regulating the expression of MMP14 
and ADAR1. Therefore, we assume that CALR exerts its 
regulatory effect through the downstream factor EIF2AK2.

In summary, this study suggests that CALR and EIF2AK2 
contribute to the pro-carcinogenic processes involved 
in melanoma progression. Additionally, the knockdown 
of CALR and EIF2AK2 may be an effective anti-tumor 
approach, the mechanism of which may be mediated by 
MMP14 and ADAR1 signaling.

Acknowledgments: This study was supported by the Ningxia 
Natural Science Foundation (No. 2022AAC03588).

[7] SHAIN AH, BASTIAN BC. From melanocytes to mela-
nomas. Nat Rev Cancer 2016; 16: 345–358. https://doi.
org/10.1038/nrc.2016.37

[8] DARMAWAN CC, JO G, MONTENEGRO SE, KWAK Y, 
CHEOL L et al. Early detection of acral melanoma: A re-
view of clinical, dermoscopic, histopathologic, and molecu-
lar characteristics. J Am Acad Dermatol 2019; 81: 805–812. 
https://doi.org/10.1016/j.jaad.2019.01.081

[9] MERKEL EA, MOHAN LS, SHI K, PANAH E, ZHANG B 
et al. Paediatric melanoma: clinical update, genetic basis, and 
advances in diagnosis. Lancet Child Adolesc Health 2019; 3: 
646–654. https://doi.org/10.1016/s2352-4642(19)30116-6

[10] TEIXIDO C, CASTILLO P, MARTINEZ-VILA C, ARANCE 
A, ALOS L. Molecular Markers and Targets in Melanoma. 
Cells 2021; 10: 2320. https://doi.org/10.3390/cells10092320

[11] NASSAR KW, TAN AC. The mutational landscape of muco-
sal melanoma. Semin Cancer Biol 2020; 61: 139–148. https://
doi.org/10.1016/j.semcancer.2019.09.013

[12] ITO T, TANAKA Y, MURATA M, KAKU-ITO Y, FURUE K 
et al. BRAF Heterogeneity in Melanoma. Curr Treat Options 
Oncol 2021; 22: 20. https://doi.org/10.1007/s11864-021-
00818-3

[13] PARRA LM, WEBSTER RM. The malignant melanoma 
market. Nat Rev Drug Discov 2022; 21: 489–490. https://doi.
org/10.1038/d41573-022-00075-5

[14] CHANG SH, HUANG SW, WANG ST, CHUNG KC, 
HSIEH CW et al. Imiquimod-induced autophagy is regu-
lated by ER stress-mediated PKR activation in cancer cells. 
J Dermatol Sci 2017; 87: 138–148. https://doi.org/10.1016/j.
jdermsci.2017.04.011

[15] GIGLIO P, GAGLIARDI M, TUMINO N, ANTUNES F, 
SMAILI S et al. PKR and GCN2 stress kinases promote an 
ER stress-independent eIF2α phosphorylation responsible 
for calreticulin exposure in melanoma cells. Oncoimmu-
nology 2018; 7: e1466765. https://doi.org/10.1080/216240
2x.2018.1466765

[16] FUCIKOVA J, SPISEK R, KROEMER G, GALLUZZI L. 
Calreticulin and cancer. Cell Res 2021; 31: 5–16. https://doi.
org/10.1038/s41422-020-0383-9

[17] SCHCOLNIK-CABRERA A, OLDAK B, JUÁREZ M, 
CRUZ-RIVERA M, FLISSER A et al. Calreticulin in phago-
cytosis and cancer: opposite roles in immune response out-
comes. Apoptosis 2019; 24: 245–255. https://doi.org/10.1007/
s10495-019-01532-0

[18] YE J, QI L, DU Z, YU L, CHEN K et al. Calreticulin: a poten-
tial diagnostic and therapeutic biomarker in gallbladder can-
cer. Aging 2021; 13: 5607–5620. https://doi.org/10.18632/
aging.202488

[19] SUN J, MU H, DAI K, YI L. Calreticulin: a potential anti-
cancer therapeutic target. Pharmazie 2017; 72: 503–510. 
https://doi.org/10.1691/ph.2017.7031

[20] PIETRA D, RUMI E, FERRETTI VV, DI BUDUO CA, 
MILANESI C et al. Differential clinical effects of differ-
ent mutation subtypes in CALR-mutant myeloprolifera-
tive neoplasms. Leukemia 2016; 30: 431–438. https://doi.
org/10.1038/leu.2015.277

References

[1] AHMED B, QADIR MI, GHAFOOR S. Malignant Mela-
noma: Skin Cancer-Diagnosis, Prevention, and Treatment. 
Crit Rev Eukaryot Gene Expr 2020; 30: 291–297. https://doi.
org/10.1615/CritRevEukaryotGeneExpr.2020028454

[2] SEN S, SEN S, KUMARI MG, KHAN S, SINGH S. Oral Ma-
lignant Melanoma: A Case Report. Prague Med Rep 2021; 
122: 222–227. https://doi.org/10.14712/23362936.2021.20

[3] MONTAZER F, HESHMATI S, ASGARI S, MOLLAZADE-
HGHOMI S. Conjunctival Melanoma: A Case Presentation. 
Iran J Pathol 2023; 18: 488–491. https://doi.org/10.30699/
ijp.2023.557981.2941

[4] YDE SS, SJOEGREN P, HEJE M, STOLLE LB. Mucosal Mel-
anoma: a Literature Review. Curr Oncol Rep 2018; 20: 28. 
https://doi.org/10.1007/s11912-018-0675-0

[5] KOHOUTOVA D, WORKU D, AZIZ H, TEARE J, WEIR 
J et al. Malignant Melanoma of the Gastrointestinal Tract: 
Symptoms, Diagnosis, and Current Treatment Options. Cells 
2021; 10: 327. https://doi.org/10.3390/cells10020327

[6] WANG S, LING L, XU C, TANG G. Primary malignant 
melanoma of the small intestine. Am J Med Sci 2022; 364: 
e12–e14. https://doi.org/10.1016/j.amjms.2022.06.014

https://doi.org/10.1038/nrc.2016.37
https://doi.org/10.1038/nrc.2016.37
https://doi.org/10.1016/j.jaad.2019.01.081
https://doi.org/10.1016/s2352-4642(19)30116-6
https://doi.org/10.3390/cells10092320
https://doi.org/10.1016/j.semcancer.2019.09.013
https://doi.org/10.1016/j.semcancer.2019.09.013
https://doi.org/10.1007/s11864-021-00818-3
https://doi.org/10.1007/s11864-021-00818-3
https://doi.org/10.1038/d41573-022-00075-5
https://doi.org/10.1038/d41573-022-00075-5
https://doi.org/10.1016/j.jdermsci.2017.04.011
https://doi.org/10.1016/j.jdermsci.2017.04.011
https://doi.org/10.1080/2162402x.2018.1466765
https://doi.org/10.1080/2162402x.2018.1466765
https://doi.org/10.1038/s41422-020-0383-9
https://doi.org/10.1038/s41422-020-0383-9
https://doi.org/10.1007/s10495-019-01532-0
https://doi.org/10.1007/s10495-019-01532-0
https://doi.org/10.18632/aging.202488
https://doi.org/10.18632/aging.202488
https://doi.org/10.1691/ph.2017.7031
https://doi.org/10.1038/leu.2015.277
https://doi.org/10.1038/leu.2015.277
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2020028454
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2020028454
https://doi.org/10.14712/23362936.2021.20
https://doi.org/10.30699/ijp.2023.557981.2941
https://doi.org/10.30699/ijp.2023.557981.2941
https://doi.org/10.1007/s11912-018-0675-0
https://doi.org/10.3390/cells10020327
https://doi.org/10.1016/j.amjms.2022.06.014


CALRETICULIN PROMOTES THE PROGRESSION OF MELANOMA CELLS 191

[21] YALÇIN A, ŞARKICI G, KOLAÇ UK. PKR inhibitors sup-
press endoplasmic reticulum stress and subdue glucolipo-
toxicity-mediated impairment of insulin secretion in pan-
creatic beta cells. Turk J Biol 2020; 44: 93–102. https://doi.
org/10.3906/biy-1909-20

[22] ANDRÉ ND, SILVA VA, WATANABE MA, DE LUCCA FL. 
Intratumoral injection of PKR shRNA expressing plasmid 
inhibits B16-F10 melanoma growth. Oncol Rep 2014; 32: 
2267–2273. https://doi.org/10.3892/or.2014.3410

[23] LIU XL, ZHAO D, SUN DP, WANG Y, LI Y et al. Adenovi-
rus-mediated delivery of CALR and MAGE-A3 inhibits in-
vasion and angiogenesis of glioblastoma cell line U87. J Exp 
Clin Cancer Res 2012; 31: 8. https://doi.org/10.1186/1756-
9966-31-8

[24] ZHENG Y, ZHU XP, LI CT, HUANG YL. Silencing Calretic-
ulin Expression Inhibits Invasion Ability of SNK6 Cells in Vi-
tro via Down-Regulating Expression of VEGF and MMP2/9. 
Zhongguo Shi Yan Xue Ye Xue Za Zhi 2019; 27: 433–438. 
https://doi.org/10.19746/j.cnki.issn.1009-2137.2019.02.020

[25] PACH E, BRINCKMANN J, RÜBSAM M, KÜMPER M, 
MAUCH C et al. Fibroblast MMP14-Dependent Collagen 
Processing Is Necessary for Melanoma Growth. Cancers 
2021; 13: 1984. https://doi.org/10.3390/cancers13081984

[26] PACH E, KÜMPER M, FROMME JE, ZAMEK J, MET-
ZEN F et al. Extracellular Matrix Remodeling by Fibroblast-
MMP14 Regulates Melanoma Growth. Int J Mol Sci 2021; 22: 
12276. https://doi.org/10.3390/ijms222212276

[27] GREENBERG E, HAJDU S, NEMLICH Y, COHEN R, 
ITZHAKI O et al. Differential regulation of aggressive fea-
tures in melanoma cells by members of the miR-17-92 com-
plex. Open Biol 2014; 4: 140030. https://doi.org/10.1098/
rsob.140030

[28] BAKER AR, SLACK FJ. ADAR1 and its implications in 
cancer development and treatment. Trends Genet 2022; 38: 
821–830. https://doi.org/10.1016/j.tig.2022.03.013

[29] CAI D, SUN C, ZHANG G, QUE X, FUJISE K et al. A Novel 
Mechanism Underlying Inflammatory Smooth Muscle Phe-
notype in Abdominal Aortic Aneurysm. Circ Res 2021; 129: 
e202–e214. https://doi.org/10.1161/circresaha.121.319374

[30] RAMÍREZ-MOYA J, MILIOTIS C, BAKER AR, GREGORY 
RI, SLACK FJ et al. An ADAR1-dependent RNA editing 
event in the cyclin-dependent kinase CDK13 promotes thy-
roid cancer hallmarks. Mol Cancer 2021; 20: 115. https://doi.
org/10.1186/s12943-021-01401-y

[31] GUALLAR D, FUENTES-IGLESIAS A, SOUTO Y, AME-
NEIRO C, FREIRE-AGULLEIRO O et al. ADAR1-Depen-
dent RNA Editing Promotes MET and iPSC Reprogramming 
by Alleviating ER Stress. Cell Stem Cell 2020; 27: 300–314.
e11. https://doi.org/10.1016/j.stem.2020.04.016

[32] QIU W, WANG X, BUCHANAN M, HE K, SHARMA R et 
al. ADAR1 is essential for intestinal homeostasis and stem 
cell maintenance. Cell Death Dis 2013; 4: e599. https://doi.
org/10.1038/cddis.2013.125

[33] ITO M, ONUKI R, BANDO Y, TOHYAMA M, SUGIYAMA 
Y. Phosphorylated PKR contributes the induction of GRP94 
under ER stress. Biochem Biophys Res Commun 2007; 360: 
615–620. https://doi.org/10.1016/j.bbrc.2007.06.087

[34] DAVIS LE, SHALIN SC, TACKETT AJ. Current state of mel-
anoma diagnosis and treatment. Cancer Biol Ther 2019; 20: 
1366–1379. https://doi.org/10.1080/15384047.2019.1640032

[35] MAO L, QI Z, ZHANG L, GUO J, SI L. Immunotherapy in 
Acral and Mucosal Melanoma: Current Status and Future 
Directions. Front Immunol 2021; 12: 680407. https://doi.
org/10.3389/fimmu.2021.680407

[36] LIU W, ZHANG X, CHEN C, LI Y, YANG C et al. Suppres-
sion of CCT3 inhibits melanoma cell proliferation by down-
regulating CDK1 expression. J Cancer 2022; 13: 1958–1971. 
https://doi.org/10.7150/jca.69497

[37] RUFFOLO AM, SAMPATH AJ, KOZLOW JH, NEUMEIS-
TER MW. Melanoma of the Hands and Feet (With Recon-
struction). Clin Plast Surg 2021; 48: 687–698. https://doi.
org/10.1016/j.cps.2021.05.009

[38] MA W, XUE R, ZHU Z, FARRUKH H, SONG W et al. In-
creasing cure rates of solid tumors by immune checkpoint 
inhibitors. Exp Hematol Oncol 2023; 12: 10. https://doi.
org/10.1186/s40164-023-00372-8

[39] LUKE JJ, FLAHERTY KT, RIBAS A, LONG GV. Targeted 
agents and immunotherapies: optimizing outcomes in mela-
noma. Nat Rev Clin Oncol 2017; 14: 463–482. https://doi.
org/10.1038/nrclinonc.2017.43

[40] TEHRANIAN C, FANKHAUSER L, HARTER PN, RAT-
CLIFFE CDH, ZEINER PS et al. The PI3K/Akt/mTOR path-
way as a preventive target in melanoma brain metastasis. 
Neuro Oncol 2022; 24: 213–225. https://doi.org/10.1093/
neuonc/noab159

[41] FARHAN M, SILVA M, XINGAN X, ZHOU Z, ZHENG W. 
Artemisinin Inhibits the Migration and Invasion in Uveal 
Melanoma via Inhibition of the PI3K/AKT/mTOR Signal-
ing Pathway. Oxid Med Cell Longev 2021; 2021: 9911537. 
https://doi.org/10.1155/2021/9911537

[42] KIELBIK M, SZULC-KIELBIK I, KLINK M. Calreticulin-
Multifunctional Chaperone in Immunogenic Cell Death: 
Potential Significance as a Prognostic Biomarker in Ovarian 
Cancer Patients. Cells 2021; 10: 130. https://doi.org/10.3390/
cells10010130

[43] GIGLIO P, GAGLIARDI M, BERNARDINI R, MATTEI 
M, COTELLA D et al. Ecto-Calreticulin is essential for 
an efficient immunogenic cell death stimulation in mouse 
melanoma. Genes Immun 2019; 20: 509–513. https://doi.
org/10.1038/s41435-018-0047-7

[44] HU J, PEI W, JIANG M, HUANG Y, DONG F et al. DFNA5 
regulates immune cells infiltration and exhaustion. Cancer 
Cell Int 2022; 22: 107. https://doi.org/10.1186/s12935-022-
02487-0

[45] MEURS EF, GALABRU J, BARBER GN, KATZE MG, 
HOVANESSIAN AG. Tumor suppressor function of the 
interferon-induced double-stranded RNA-activated protein 
kinase. Proc Natl Acad Sci U S A 1993; 90: 232–236. https://
doi.org/10.1073/pnas.90.1.232

[46] WU B, SONG M, DONG Q, XIANG G, LI J et al. UBR5 pro-
motes tumor immune evasion through enhancing IFN-γ-
induced PDL1 transcription in triple negative breast cancer. 
Theranostics 2022; 12: 5086–5102. https://doi.org/10.7150/
thno.74989

https://doi.org/10.3906/biy-1909-20
https://doi.org/10.3906/biy-1909-20
https://doi.org/10.3892/or.2014.3410
https://doi.org/10.1186/1756-9966-31-8
https://doi.org/10.1186/1756-9966-31-8
https://doi.org/10.19746/j.cnki.issn.1009-2137.2019.02.020
https://doi.org/10.3390/cancers13081984
https://doi.org/10.3390/ijms222212276
https://doi.org/10.1098/rsob.140030
https://doi.org/10.1098/rsob.140030
https://doi.org/10.1016/j.tig.2022.03.013
https://doi.org/10.1161/circresaha.121.319374
https://doi.org/10.1186/s12943-021-01401-y
https://doi.org/10.1186/s12943-021-01401-y
https://doi.org/10.1016/j.stem.2020.04.016
https://doi.org/10.1038/cddis.2013.125
https://doi.org/10.1038/cddis.2013.125
https://doi.org/10.1016/j.bbrc.2007.06.087
https://doi.org/10.1080/15384047.2019.1640032
https://doi.org/10.3389/fimmu.2021.680407
https://doi.org/10.3389/fimmu.2021.680407
https://doi.org/10.7150/jca.69497
https://doi.org/10.1016/j.cps.2021.05.009
https://doi.org/10.1016/j.cps.2021.05.009
https://doi.org/10.1186/s40164-023-00372-8
https://doi.org/10.1186/s40164-023-00372-8
https://doi.org/10.1038/nrclinonc.2017.43
https://doi.org/10.1038/nrclinonc.2017.43
https://doi.org/10.1093/neuonc/noab159
https://doi.org/10.1093/neuonc/noab159
https://doi.org/10.1155/2021/9911537
https://doi.org/10.3390/cells10010130
https://doi.org/10.3390/cells10010130
https://doi.org/10.1038/s41435-018-0047-7
https://doi.org/10.1038/s41435-018-0047-7
https://doi.org/10.1186/s12935-022-02487-0
https://doi.org/10.1186/s12935-022-02487-0
https://doi.org/10.1073/pnas.90.1.232
https://doi.org/10.1073/pnas.90.1.232
https://doi.org/10.7150/thno.74989
https://doi.org/10.7150/thno.74989


192 Li LIANG, et al.

[47] WATANABE T, NINOMIYA H, SAITOU T, TAKANEZA-
WA S, YAMAMOTO S et al. Therapeutic effects of the PKR 
inhibitor C16 suppressing tumor proliferation and angiogen-
esis in hepatocellular carcinoma in vitro and in vivo. Sci Rep 
2020; 10: 5133. https://doi.org/10.1038/s41598-020-61579-x

[48] WATANABE T, IMAMURA T, HIASA Y. Roles of protein 
kinase R in cancer: Potential as a therapeutic target. Cancer 
Sci 2018; 109: 919–925. https://doi.org/10.1111/cas.13551

[49] DU HX, WANG H, MA XP, CHEN H, DAI AB et al. Eu-
karyotic translation initiation factor 2α kinase 2 in pancreat-
ic cancer: An approach towards managing clinical prognosis 
and molecular immunological characterization. Oncol Lett 
2023; 26: 478. https://doi.org/10.3892/ol.2023.14066

[50] ZHAO Y, ZHAO H, ZHANG D, QUAN Q, GE Y et al. 
YTHDF3 Facilitates eIF2AK2 and eIF3A Recruitment on 
mRNAs to Regulate Translational Processes in Oxaliplatin-
Resistant Colorectal Cancer. ACS Chem Biol 2022; 17: 1778–
1788. https://doi.org/10.1021/acschembio.2c00131

[51] CAI R, TRESSLER CM, CHENG M, SONKAR K, TAN Z 
et al. Primary breast tumor induced extracellular matrix re-
modeling in premetastatic lungs. Sci Rep 2023; 13: 18566. 
https://doi.org/10.1038/s41598-023-45832-7

[52] BUGAEVA O, MALINIEMI P, PRESTVIK WS, LEIVO 
E, KLUGER N et al. Tumour Suppressor Neuron Naviga-
tor 3 and Matrix Metalloproteinase 14 are Co-expressed in 
Most Melanomas but Downregulated in Thick Tumours. 
Acta Derm Venereol 2023; 103: adv00883. https://doi.
org/10.2340/actadv.v103.298

[53] DE ALMEIDA ROQUE A, DA LUZ JZ, SANTURIO MTK, 
NETO FF, DE OLIVEIRA RIBEIRO CA. Complex mixtures 
of pesticides and metabolites modulate the malignant phe-
notype of murine melanoma B16-F1 cells. Environ Sci Pol-
lut Res Int 2023; 30: 47366–47380. https://doi.org/10.1007/
s1356-023-25603-7

[54] KÜMPER M, HESSENTHALER S, ZAMEK J, NILAND S, 
PACH E et al. Loss of Endothelial Cell Matrix Metallopro-
teinase 14 Reduces Melanoma Growth and Metastasis by In-
creasing Tumor Vessel Stability. J Invest Dermatol 2022; 142: 
1923–1933.e1925. https://doi.org/10.1016/j.jid.2021.12.016

[55] HUGHES BG, FAN X, CHO WJ, SCHULZ R. MMP-2 is 
localized to the mitochondria-associated membrane of the 
heart. Am J Physiol Heart Circ Physiol 2014; 306: H764–770. 
https://doi.org/10.1152/ajpheart.00909.2013

[56] ISHIZUKA JJ, MANGUSO RT, CHERUIYOT CK, BI K, 
PANDA A et al. Loss of ADAR1 in tumours overcomes re-
sistance to immune checkpoint blockade. Nature 2019; 565: 
43–48. https://doi.org/10.1038/s41586-018-0768-9

[57] ZHOU S, YANG C, ZHAO F, HUANG Y, LIN Y et al. Dou-
ble-stranded RNA deaminase ADAR1 promotes the Zika 
virus replication by inhibiting the activation of protein ki-
nase PKR. J Biol Chem 2019; 294: 18168–18180. https://doi.
org/10.1074/jbc.RA119.009113

[58] CHUNG H, CALIS JJA, WU X, SUN T, YU Y et al. Hu-
man ADAR1 Prevents Endogenous RNA from Triggering 
Translational Shutdown. Cell 2018; 172: 811–824. https://
doi.org/10.1016/j.cell.2017.12.038

[59] KUMAR N, SETHI G. Telomerase and hallmarks of cancer: 
An intricate interplay governing cancer cell evolution. Can-
cer Lett 2023; 578: 216459. https://doi.org/10.1016/j.can-
let.2023.216459

[60] LEVANON EY, COHEN-FULTHEIM R, EISENBERG E. 
In search of critical dsRNA targets of ADAR1. Trends Genet 
2023; 40: 250–259. https://doi.org/10.1016/j.tig.2023.12.002

https://doi.org/10.1038/s41598-020-61579-x
https://doi.org/10.1111/cas.13551
https://doi.org/10.3892/ol.2023.14066
https://doi.org/10.1021/acschembio.2c00131
https://doi.org/10.1038/s41598-023-45832-7
https://doi.org/10.2340/actadv.v103.298
https://doi.org/10.2340/actadv.v103.298
https://doi.org/10.1007/s1356-023-25603-7
https://doi.org/10.1007/s1356-023-25603-7
https://doi.org/10.1016/j.jid.2021.12.016
https://doi.org/10.1152/ajpheart.00909.2013
https://doi.org/10.1038/s41586-018-0768-9
https://doi.org/10.1074/jbc.RA119.009113
https://doi.org/10.1074/jbc.RA119.009113
https://doi.org/10.1016/j.cell.2017.12.038
https://doi.org/10.1016/j.cell.2017.12.038
https://doi.org/10.1016/j.canlet.2023.216459
https://doi.org/10.1016/j.canlet.2023.216459
https://doi.org/10.1016/j.tig.2023.12.002

