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p32 promotes melanoma progression and metastasis by
targeting EMT markers, Akt/PKB pathway, and tumor
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Melanoma originates from melanin-producing cells called melanocytes. Melanoma poses a great risk because of its rapid ability to
spread and invade new organs. Cellular metastasis involves alteration in the gene expression profile and their transformation from
epithelial to mesenchymal state. Despite of several advances, metastatic melanoma being a key cause of therapy failure and
mortality remains poorly understood. p32 has been found to be involved in various physiological and pathophysiological
conditions. However, the role of p32 in melanoma progression and metastasis remains underexplored. Here, we identify the role of
p32 in the malignancy of both murine and human melanoma. p32 knockdown leads to reduced cell proliferation, migration, and
invasion in murine and human melanoma cells. Furthermore, p32 promotes in vitro tumorigenesis, inducing oncogenes and EMT
markers. Mechanistically, we show p32 regulates tumorigenic and metastatic properties through the Akt/PKB signaling pathway in
both murine and human melanoma. Furthermore, p32 silencing attenuates melanoma tumor progression and lung metastasis
in vivo, modulating the tumor microenvironment by inhibiting the angiogenesis, infiltration of macrophages, and leukocytes in
mice. Taken together, our findings identify that p32 drives melanoma progression, metastasis, and regulates the tumor
microenvironment. p32 can be a target of a novel therapeutic approach in the regulation of melanoma progression and metastasis.
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INTRODUCTION
Melanoma is identified as one of the most invasive form of skin
cancer derived from mutated melanin-producing cells or
melanocytes, resides predominantly in the skin. The early stages
of melanoma are not lethal and can be treated by surgical
removal. However, metastatic melanoma shows a poor prognosis
and becomes challenging at advanced stages [1, 2]. Novel
strategies like BRAF-targeted and immune therapies have played
a critical role in improving the disease outcomes in recent years,
but malignant melanoma still remains a perilous risk in humans
[3]. Metastasis is a complex process that modulates cancer cell’s
ability to infiltrate into the vasculature including lymphatic
vessels, migrate, and colonize at distant tissues/organs [4, 5].
Cancer cells undergo metastatic transformation that involves
various cellular and molecular changes including epithelial to
mesenchymal transition (EMT) of cancer cells is one of important
event that regulates cellular metastasis. Therefore, identification
of biomarkers and the underlying mechanisms that regulate EMT
will provide better insights of melanoma progression and
metastasis [6].

p32, also known as p33/C1QBP, is a ubiquitous anionic cellular
protein of 33kDa [7] implicated in various pathophysiological
conditions including inflammation and cancer [8-12]. p32 protein
is a doughnut-shaped trimer located primarily in mitochondria,

extracellular matrix, and intracellular compartments such as
nucleus, Golgi apparatus, cytoplasm, and cell membranes and is
involved in an array of ligand-mediated cellular responses [13].
P32 expression is found to be associated with various cellular
processes, including autophagy and cancer. An elevated level of
p32 protein has been found in the colon, pancreas, esophagus,
and lung adenocarcinomas [14-16] and has also been reported to
promote breast and prostate cancer [17]. Exogenous p32
promotes migration and invasion of melanoma cells [18].
Interaction of p32 with SAMMSON oncogene (long non-coding
RNA) promotes pro-oncogenic function of melanoma cells [19].
p32 is associated with downregulation of migration and prolifera-
tion in cervical squamous cell carcinoma via the p38/MAPK
signaling pathway [20]. Furthermore, a low level of p32 in renal
carcinoma tissues indicates the pleiotropic role of p32 in tumor
development [21]. However, the role of p32 in melanoma
progression and metastasis remains poorly understood.

In this study, we show the role of p32 in melanoma cell
tumorigenesis both in mice and humans. Further, p32 promotes
tumorigenesis in mice and human melanoma cells by regulating
the oncogenes expression, EMT markers, and Akt/protein kinase B
(PKB) pathway activation. Furthermore, our studies in in vivo mice
models show that p32 promotes tumor progression and
metastasis by controlling the tumor microenvironment.
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RESULTS

p32 silencing attenuates invasion, colony formation capacity,
migration, cell proliferation, and increase cell death in mice
and human melanoma cells in vitro

Cell proliferation and the capability of a single tumor cell to grow
into a colony are important characteristics of the cancer cells to
evaluate its tumorigenesis potential in vitro [22]. In order to
identify the role of p32 in melanoma, we evaluated the expression
levels of p32 in three different human melanoma SK-MEL-2, SK-
MEL-28, and A375 cell lines through immunofluorescence
(Supplementary Fig. 1) and further validated with western blot
analysis (Supplementary Fig. 2A) and measuring transcript levels
(Supplementary Fig. 2B) of p32 in these cells. Our results showed
the highest and profound expression of p32 in A375 cells. Next, to
identify the oncogenic properties, we checked the expressions of
oncogenes and EMT markers and our results show the higher
expression of oncogenes and EMT markers in A375 cells compared
to SK-MEL-2 and SK-MEL-28 (Supplementary Figs. 3 and 4). Based
on the highest expression of p32, oncogenes, and EMT markers,
human A375 cells were selected for further p32 studies in
melanoma and also the A375 cells are well reported for the most
aggressive melanoma [23] and murine B16F10 cell line, well
known effective murine tool for metastasis research. To find out
the possible role of p32 in melanoma tumorigenesis in vitro, we
silenced p32 in murine melanoma B16F10 cells and human
melanoma A375 cells using specific p32 shRNA and further our
immunoblot and transcript level analysis results showed profound
inhibition of p32 in both the murine (Fig. 1A) and human
melanoma cells (Fig. 1B). Cell proliferation, invasion, and the
capability of a single cell to grow into a colony are important
characteristics of the cancer cell to evaluate its tumorigenesis
potential in vitro [22]. To study the involvement of p32 in
invasiveness and proliferative capacity of these cells, we
performed transwell invasion and cell proliferation assay and
results showed p32 knockdown decreased invasion and prolifera-
tion of B16F10 and A375 cells (Fig. 1C, D). Next, clonogenic assay
was performed to study the impact of p32 on colony formation,
and the result showed small and a fewer numbers of colonies in
p32 silenced B16F10 and A375 cells compared to control cells,
respectively (Fig. 1E). We next determined whether p32 silencing
also leads to increase cell death in melanoma cells. Our results
showed that the percentage of annexin V and PI cells were higher
in p32 silenced B16F10 and A375 cells compared to control
(Fig. 1F and Supplementary Fig. 5A). In addition, p32 knockdown
in melanoma cells showed an increased cleaved PARP and
caspase 9 level which are hallmark of apoptosis (Supplementary
Fig. 5B), Suggesting the inhibition of p32 expression in melanoma
cells reduces the tumorigenicity by increasing the apoptosis.
Further, we investigated the role of p32 in migration/wound
healing and found that p32 silencing inhibited the migration of
B16F10 and A375 cells (Fig. 1G). Together, the in vitro findings
suggest the active role of p32 in melanoma tumorigenesis.

p32 regulates expression of oncogenes and EMT markers in
murine and human melanoma cells

Studies have shown that EMT markers and oncogenes expression
regulate in vitro cancer cell tumorigenic properties [22, 24] and our
results showed that p32 silencing inhibited the cell proliferation,
migration, colony formation capacity, and invasion in B16F10 and
A375 cells. Next, we investigated if p32 silencing alters oncogenes
expression, EMT mediators and downstream signaling pathways
implicated in B16F10 and A375 cells in vitro tumorigenesis. Our
immunoblot and gPCR results showed that the p32 downregulation
increased expression of epithelial marker (E-cadherin) in B16F10 cells.
Furthermore, p32 silencing decreased the expression of mesenchymal
markers including matrix metalloproteins (MMP2, MMP9, N-cadherin,
fibronectin, and vimentin) in both B16F10 and A375 cells and Snail
and Twist1 in both cell types, p32 downregulation also decreased
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oncogenes expression (cMyc and cyclin D1) in both B16F10 and A375
cells (Fig. 2A-C) and quantification of immunoblots analysis
(Supplementary Fig. 6A, B).

p32 is known to modulate the cellular properties and disease
pathogenesis through various downstream signaling pathways (ERK1/
2, p38, and Akt) [20, 21, 25, 26]. To identify the signaling pathways
that mediate the p32-dependent in vitro tumorigenesis in melanoma
cells, the phosphorylation levels of kinases were evaluated by
immunoblot analysis in control and p32 shRNA transfected B16F10
and A375 cells. p32 knocking down decreased the phosphorylation
levels of Akt both in B16F10 and A375 cells and ERK in A375 cells as
shown in immunoblot (Fig. 3A) and their densitometric quantification
(Supplementary Fig. 7). These results suggest an involvement of
oncogenes, EMT markers, and downstream signaling pathways in
p32-mediated tumorigenesis in melanoma cells.

p32 promotes murine and human melanoma cells
tumorigenesis via the Akt/PKB pathway

p32 knockdown decreased the activation of p38 in murine cells,
ERK in human cells, and Akt/PKB in both melanoma cell types. So,
we evaluated the involvement of p32-Akt/PKB axis in melanoma
cells tumorigenesis. Next, to identify if the p32 is involved in
in vitro tumorigenesis via the Akt/PKB signaling pathway in
B16F10 and A375 cells, we pre-treated control and p32 silenced
murine and human melanoma cells with phosphoinositide
3-kinase (PI3K) inhibitor LY294002 and confirmed that LY294002
treatment significantly inhibited Akt/PKB activation in both
B16F10 and A375 cells (Supplementary Fig 8A). Further, we
assessed cell migration, proliferation, and invasion after Akt/PKB
inhibitor LY294002 treatment in murine and human melanoma
cells. Our results showed a decrease in cell migration at 12- and
24-h time points (Fig. 3B), proliferation (Fig. 3C), and invasion
(Fig. 3D) in cells treated with inhibitor as compared to control cells
there was little decrease in proliferation and invasion but no
significant change in migration in p32 shRNA cells after Akt
inhibitor LY294002 treatment suggesting p32-dependent Akt
activation mainly leads these functions in melanoma. Next, we
explored the effect of Akt inhibitor on EMT markers and the
oncogenes in both murine and human melanoma cells. Our gPCR
results showed decreased expression of EMT markers including
matrix metalloproteins (E-cadherin, N-cadherin, fibronectin,
vimentin, Snail, Twist1, MMP2, and MMP9), and oncogenes (cMyc
and cyclin D1) in both the murine and human melanoma control
cells treated with inhibitor but there was no significant change in
the p32 shRNA with LY294002 treatment as compared to
p32 shRNA silenced mouse and human melanoma cells (Supple-
mentary Fig. 8B, C). These results confirm that p32 promotes
in vitro melanoma tumorigenesis via the Akt/PKB pathway.

p32 promotes murine melanoma progression and modulates
tumor microenvironment in vivo

To further investigate the role of p32 in tumor progression in vivo,
we injected control shRNA and p32 shRNA-treated B16F10 cells
subcutaneously in C57BL/6 mice and after 20 days mice were
euthanized. Tumor size and weight were measured. Mice showed
effectively reduced tumor formation (size and weight) injected
with p32 shRNA-transfected cells in comparison to control shRNA-
transfected cells as shown (Fig. 4A) and to identify the pattern,
shape, and structure of cell in these tumors, H&E staining of these
tissue sections was performed (Fig. 4B). Next, our immunohisto-
chemical analysis results showed decreased level of pAKT in the
tumors formed by p32 shRNA-transfected cells as compared to the
tumors formed by control shRNA-transfected cells (Supplementary
Fig. 9A). Furthermore, our qPCR results showed that the tumors
formed by p32 shRNA-transfected B16F10 cells show increased
expression of epithelial marker (E-cadherin) and decreased
expression of mesenchymal markers (N-cadherin, fibronectin,
and vimentin), Snail, and Twist as compared to the tumors
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Fig. 1 p32 silencing suppresses mouse B16F10 and human A375 melanoma cell tumorigenesis in vitro. A Imnmunoblot and relative mRNA
expression showing the level of p32 in ctrl ShRNA and p32 shRNA-treated B16F10 cells. B Immunoblot and relative mRNA expression showing
the level of p32 in ctrl shRNA and p32 shRNA-treated A375 cells. C Invasion assay showing the number of invading cells through transwell
chamber 12 h after stimulation with 5% FBS; D cell proliferation quantified by MTT assay after 24 and 48 h; E colony formation assay showing
colony numbers per well along with graphical representation. F Bar graph quantifying the percentage of annexin V and Pl staining in B16F10
and A375 cells and G wound-healing showing 0, 12, and 24 h post wounding and its graphical representation showing percentage wound
closure in ctrl ShRNA and p32 shRNA-treated B16F10 and A375 cells. All data are represented as mean + SD. Student’s t-test was used for all
statistical analyses, n =3 (****P < 0.0001,***P < 0.001, **P < 0.01, *P < 0.05).

formed by control shRNA-transfected B16F10 cells (Supplemen- immunohistochemical analyses were performed in tumor tissue
tary Fig. 9B). The tumor microenvironment plays an important role sections to study the effect of p32 knocking on the expression of
in cancer cell survival. The two-way communication between E-cadherin, vimentin, proliferation marker Ki-67, tumor angiogen-
tumor cells and non-resident cells regulates tumorigenesis and esis marker CD34, leukocytes maker (inflammatory cell recruit-
metastasis [27]. Further to investigate immune cell regulation, ment, CD45), and macrophage marker F4/80. p32 silenced B16F10
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Fig. 2 p32 silencing decreases the expression level of oncogenes and EMT markers both in mouse and human melanoma cells in vitro.
A Immunoblots showing the expression level of oncogenes and EMT markers and B, C relative mRNA level of various oncogenes and EMT
markers in ctrl sShRNA and p32 shRNA-treated B16F10 and A375 cells, respectively. All the data are represented as mean + SD. Student’s t-test

was used for all statistical analyses, n=3

cells subcutaneous tumors showed decreased proliferation (Ki-67),
angiogenesis (CD34), leukocyte (CDA45), macrophage (F4/80)
markers, and vimentin expression than control tumors (Fig. 4C)
confirming its involvement with p32-mediated melanoma tumor
progression.

p32 regulates lung metastasis controlling tumor
microenvironment of melanoma
Next, to study the role of p32 in melanoma cells lung metastasis,
we injected control and p32 shRNA-transfected B16F10 cells
intravenously through the tail vein in C57BL/6 mice, and our
results showed that the p32 shRNA-transfected B16F10 cells
developed a very less numbers as well as small tumor foci in lungs
(Fig. 5A) and their H&E staining of lung tissue sections showing
the tumors formation in these tissues (Fig. 5B).

In agreement to our tumor progression observation, in metastasis
study, lung tumors sections showed the lower expression of cell
proliferation marker Ki-67 and angiogenesis markers CD34 in p32-
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(***P<0.001, **P<0.01, *P<0.05).

silenced B16F10 cells (Fig. 5C). Furthermore, leukocytes (CD45) and
macrophage (F4/80) infiltration were also lower in p32-silenced
B16F10 cell tumors as represented with their quantification (Fig. 5C).

Association of p32 expression with melanoma metastasis and
patient survival

To investigate the association between p32 expression and survival in
patients with melanoma, Kaplan-Meier survival analysis was done of
481 samples using data from the TCGA databases from the UCSC
Xena browser and Kaplan—-Meier plotter tools. Our analysis showed
that the overall survival was associated with lower p32/clgbp
expression in patients with melanoma (Fig. 6A). To further validate the
role of p32 in promotion of murine and human melanoma cells
tumorigenesis, we examined the expression level of p32 in human
normal and malignant melanoma skin tissues and we found p32 is
highly expressed in malignant melanoma skin tissue as compared to
the normal skin tissue (Fig. 6B). Furthermore, we also determined the
Akt/PKB activation in human normal skin tissue and malignant

Cell Death and Disease (2021)12:1012
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Fig. 3 p32 silencing induces melanoma cell tumorigenesis via Akt/PKB pathway in melanoma cells. A Immunoblot showing the
phosphorylation levels of p-Akt, p-p38, and p-ERK in B16F10 and A375 melanoma cells after p32 silencing. B Wound-healing/scratch assay
showing cell migration; C cell proliferation at 24 and 48 h and D invasion assay showing the number of invading cells through transwell
chamber 12 h after stimulation with 5% FBS in ctrl shRNA and p32 shRNA-treated B16F10 and A375 cells with and without Akt/PKB inhibitor
LY294002 treatment. All the data are represented as mean + SD. Student’s t-test was used for all statistical analyses, n =3 (***P <0.001, **P <

0.01, *P < 0.05).

melanoma skin tissue and found higher activation of Akt/PKB in
malignant melanoma skin tissue compared to normal skin tissue
(Fig. 6C). These human melanoma results corelate our findings that
p32 regulates melanoma tumorigenesis and metastasis via modulat-
ing Akt/PKB signaling in mice melanoma, EMT markers, oncogenes
expression, and tumor microenvironment detailed as a schematic
diagram illustrated (Fig. 7).

Cell Death and Disease (2021)12:1012

DISCUSSION

p32 has been identified as a mediator of various pathological
conditions, including cancers. Though it is found to be involved in
regulating tumor progression, its role in melanoma tumorigenesis
and metastasis is not well understood. Here, our results establish
that p32 regulates in vitro malignancy in both murine and human
melanoma. In our study, we used B16F10 mouse melanoma cells,
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Fig. 4 p32 knockdown in mouse melanoma cells impairs their tumor-forming capacity and modulates tumor microenvironment in vivo.
A Representative images showing subcutaneous tumors size and weight and B representative H&E images of tumor section in C57BL/6 mice
injected with control and transfected B16F10 cells subcutaneously. C Immunohistochemical analysis of E-cadherin, vimentin, proliferation (Ki-
67), angiogenesis (CD34), leukocyte (CD45), and macrophage (F4/80) infiltration in subcutaneous tumors and bottom panel bar graphs
represent their quantification. All the data are represented as mean + SD. Student’s t-test was used for all statistical analyses, n =5 (**P < 0.01,

*P < 0.05).

a well known effective murine tool for metastasis research and
A375 human melanoma cells on the basis of higher levels of p32
as comparison to the other two cell lines SK-MEL-2 and SK-MEL-28.
In addition, A375 cells are well reported for the most aggressive
melanoma cells were selected. p32 silencing inhibits cellular
proliferation, migration, and invasion in murine (B16F10) and
human (A375) melanoma cells. Furthermore, we have shown that
p32 silencing inhibits B16F10 cell tumor development and lung
metastasis. Overall, data from this study confirm that p32
promotes melanoma cells tumorigenesis majorly by modulating
the Akt/PKB signaling pathway, EMT transition, and manipulating
the tumor microenvironment.

p32 (33 kDa) is a multi-functional protein ubiquitously expressed
in cells and is upregulated in various cancers, including mammary

SPRINGER NATURE

cancer tissues, and promotes metastasis and progression to
advanced stages [14-16]. It also regulates lamellipodia formation
and metastasis in human lung carcinoma A549 cells [26]. Studies
have shown that knocking down p32 impairs cellular growth in
cancer cells MDA-MB-435 [28-32]. Furthermore, C1gbp silencing in
MDA-MB-231 breast cancer cells reduces proliferation, migration,
and induces doxorubicin-induced apoptosis [24]. Although studies
on other cancers also suggest an involvement of p32 in
tumorigenesis and metastasis, recently it has been shown that
targeting gC1qR at the C1g-binding site can significantly reduce
mesothelioma tumor burden by increasing tumor cell apoptosis
and decreasing tumor angiogenesis [33] and ablation of p32
induces apoptosis in colorectal cancer cells [34] but its role in
melanoma remains mostly unknown. Previous studies have shown

Cell Death and Disease (2021)12:1012
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Fig. 5 p32 knockdown impairs mice melanoma cells lung metastasis and modulate associated tumor microenvironment in vivo. A
Representative images showing tumors in lung after intravenous injection of control and transfected B16F10 cells. B Representative H&E
images of lung tissue sections showing tumors in C57BL/6 mice injected with control and transfected B16F10 cells intravenously.
C Immunohistochemical analysis of proliferation (Ki-67), angiogenesis (CD34), leukocyte (CD45), and macrophage (F4/80) infiltration in
intravenous tumors from C57BL/6 mice after injecting control and shRNA-transfected B16F10 cells and right panel bar graphs represent their
quantification. All the data are represented as mean + SD. Student’s t-test was used for all statistical analyses, n =5 (***P < 0.001, **P < 0.01).

the involvement of exogenous p32 protein in migration and
invasion of B16F10 melanoma cells [18] and interaction of p32 with
SAMMSON oncogene promoting pro-oncogenic function [19]. Our
study has shown that knocking down p32 suppresses the various
in vitro tumorigenic properties of the murine and human
melanoma cells, including cell proliferation, migration/wound-
healing capacity, clonogenic potential, and invasiveness. Taken
together, our data establish that p32 promotes tumorigenic
properties of murine and human melanoma cells.

Snail and Twist are the hallmarks oncogenic transcription factors
that downregulate the expression of epithelial marker E-cadherin
and upregulate EMT markers fibronectin, c-Myc, cyclin D1, MMP2,
and MMP9 in various cancers [35-38]. In the present study, we
provide evidence that p32 promotes various carcinogenic proper-
ties of murine melanoma cell, and the expression of oncogenic
transcription factors Snail, Slug, and Twist together with various
key mesenchymal markers (N-cadherin, fibronectin, MMP2, and
MMP9) and oncogenes (c-Myc and cyclin D1) and further validation
on human melanoma cells (A375) signifies the involvement of p32

Cell Death and Disease (2021)12:1012

in melanoma progression, and metastasis. Our present data
indicate that p32 promotes melanoma cells’ tumorigenic proper-
ties via upregulation of oncogenes and mesenchymal markers, and
loss of epithelial markers.

p32 mediates tumor development by regulating the migratory
and invasive properties of cancer cells through various down-
stream signaling pathways, including p38 MAPK and GSK3/
-Catenin/L1CAM [20, 21]. Next, we evaluated the phosphoryla-
tion levels of signaling phospo-proteins and found less phosphor-
ylation of ERK/MAPK proteins on p32 silencing in human
melanoma cells but significant reduction in phosphorylation level
in Akt in both mouse and human melanoma cells. Earlier studies
on lung and breast cancer cells have shown reduced activation of
Akt and ERK in both cell surface neutralization and shRNA-based
silencing of p32 in A549 and MDA-MB-231 cells [25, 26]. We
further validated the Akt signaling pathway’s involvement in p32-
mediated tumorigenesis using AKT inhibitor LY294002 in mela-
noma cells and found that p32-mediated in vitro tumorigenic
properties of both murine B16F10 and human A375 melanoma
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Fig. 6 Assessment of the overall survival according to p32/ciqbp expression in patients with melanoma. A Survival plot data
(Kaplan-Meier plot; UCSC Xena browse tool) downloaded from TCGA Melanoma datasets illustrates better survival among melanoma patients
(n = 481) with lower p32/c1gbp expression levels. B Immunohistochemical analysis of p32 in human melanoma tissue microarray containing
normal and malignant melanoma tissue sections. C Immunohistochemical analysis of pAKT in human melanoma TMA containing normal and
malignant melanoma. All data are represented as mean + SD. Student’s t-test was used for all statistical analyses, n =3 (****P < 0.0001).

cells are Akt-dependent. Our present data indicate that p32 drives
tumorigenic properties of melanoma cells via Akt-dependent cell
proliferation, invasion and migration, confirming Akt/PKB as a
major signaling pathway involved in p32-mediated melanoma
tumor progression and metastasis.

It has been reported that p32 promotes tumor development in
glioma cells, breast cancer, and lung cancer cells [26, 29, 39]. Our
study on murine melanoma cell has identified that p32 promotes the
development of large size and weight of tumor in the subcutaneous
mice model. In addition, in vivo metastasis experiment showed that
P32 promotes melanoma cell metastasis showing larger tumor foci in
lungs. These in vivo findings give a new dimension to p32 studies in
cancers, specifically in melanoma progression and metastasis, strongly
advocating p32 as a tumor promoter and its role in melanoma tumor
development and metastasis.

SPRINGER NATURE

The tumor microenvironment consists of resident tumor cells and
non-resident immune cells together with connective tissues play an
important role in tumor development and metastasis [40]. Under-
standing the role of p32 in the regulation of mutual communication
between tumor cells and their microenvironment can be an attractive
therapeutic approach to target different mechanisms that promote
tumor progression. Our data show that p32 knockdown strongly
inhibits angiogenesis, proliferation markers, and further infiltration of
leukocytes and macrophages to subcutaneous and lung metastasized
melanoma tumors. Reports have established the involvement of
macrophages and angiogenesis markers in tumor progression, and
metastasis in various cancers [41-43]; however, future studies on p32
and tumor microenvironment, including immune cell types and their
orientation, will be critical to find out the precise mechanisms involved
in melanoma tumorigenesis. Furthermore, understanding how the
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presence of p32 in tumor cells regulates the communication between
tumor cells and their microenvironment to drive in vivo tumorigenesis
will be important. Our study shows that p32 is highly upregulated in
melanoma patients as compared to the normal skin tissues. We found
significant decrease in the level of p-Akt in both murine and human
melanoma cells on p32 silencing. Furthermore, Akt/PKB inhibitor
LY294002 treatment show decrease in the expression of twist which
upholds epithelial to mesenchymal transition [44] and snail which
stimulates cell migration [45]. Collectively our data supports that the
p32 plays a critical role in melanoma progression in both murine and
human cells by repression of various EMT markers and oncogenes via
Akt/PKB pathway which is known to alter EMT markers and
oncogenes in other cancers [44, 45]. Taken together, our data indicate
p32 as a mediator of melanoma tumorigenesis and its metastasis to
the lung by regulating the melanoma cells themselves and the
associated tumor microenvironment.

In conclusion, our study identifies p32 as a tumor promoter in
melanoma tumorigenesis and metastasis by promoting various tumor
cell properties via the Akt/PKB pathway, altering EMT markers in both
mice and human melanoma. Further, p32 promotes melanoma tumor
progression and metastasis in mice. Furthermore, p32 regulates
higher macrophages and leukocytes infiltration in the tumor milieu,
providing evidence that it manipulates the tumor microenvironment
to facilitate melanoma progression and metastasis. However, further
studies are required to elaborate the role of p32 in tumor
microenvironment regulation. Taken together, our study indicates
that p32 could be a unique future therapeutic target for controlling
the progression and metastasis of melanoma.

MATERIALS AND METHODS

Animals

All animal were bred and maintained in animal house facility of Institute of
Life Sciences. Animal protocols were approved by the Institute of Life
Sciences Animal Ethics Committee. All animals used in the experiments
were of C57BL/6 background (male) and 6-8 weeks of age.

Cell lines and cell culture

B16F10 (mouse) and A375, SK-MEL-2, and SK-MEL-28 (human) melanoma
cells were cultured in Dulbecco’'s modified Eagle’s medium (DMEM)
supplemented with 10% FBS, streptomycin (100 pg/ml), and penicillin

Cell Death and Disease (2021)12:1012

S. Sinha et al.

(100 unit/ml). Cells were maintained in an incubator with a humidified
atmosphere containing 5% CO, at 37 °C.

p32 lentiviral infection

High-titer p32 lentiviral particles from (TRCN0000066593 for mouse,
TRCN0000300658 for humans; Sigma-Aldrich) and control shRNA lentiviral
particles [46] (Santa Cruz Biotechnology) were used to knock down p32 in
B16F10 and A375 cells. Cells were cultured in 96-well plates and infected
with control shRNA, p32 shRNA in Opti-MEM. shRNA-infected cells were
left for 8 h at 37 °C and 5% CO,. The medium was replaced with the fresh
medium for 24 h. After 24 h of resting control shRNA and p32 shRNA-
transfected cells colonies were selected from cells grown in medium with
1 pug/ml puromycin. The puromycin-selected colonies were evaluated for
p32 silencing using western blotting for p32 expression.

Inhibitor treatment
Cells were treated with 5puM of Akt inhibitor (LY294002) for 1 h for cell
migration, proliferation, and cell invasion assays.

Cell invasion assay

The cell invasion assay was performed using six-well transwell units (SPL
inserts) with an 8-um pore size polycarbonate filter. The transwells were coated
with 1 mg/ml type | collagen and incubated at 4 °C overnight. After washing
with PBS, the wells were seeded with cells at a concentration of 2 x 10° cells/ml
in incomplete DMEM medium, and the bottom chambers were filled with
500 pl of cell medium containing 5% FBS. Cells were allowed to migrate
overnight for 16 h at 37°C and 5% CO,. After incubation, cells on the top
surface of the membrane (non-migrated cells) were scraped with a cotton
swab, whereas cells on the bottom side of the membrane (migrated cells) were
stained with 0.5% crystal violet dye in 10% formalin for 30 min. The cells were
then destained in PBS, and the membrane was left to air dry at room
temperature. Migrated cells were counted using a Carl Zeiss inverted
microscope (Carl Zeiss, Germany). Six independent areas per filter were
counted, and the mean number of migrated cells was calculated.

Cell proliferation assay

Cell viability assay was performed to check the proliferation rate of B16F10
and A375 cells and cells were seeded in 96-well cell culture plastic plates at
a density of 5x 10% cells/well. After incubation for 48 h, 100 ul of 3-(4,5-
fimethylthiazol-2-YI)-2,5-diphenyltetrazolium bromide 5 mg/ml for 4 h and
formazan crystals were dissolved by adding dissolving solution (DMSO:
isopropanol; 1:1) for 30 min. The absorbance of each well was acquired at
570 nm with the help of an ELISA plate reader.

Clonogenic assay

Clonogenic assay was performed to measure the growth ability of B16F10 and
A375 single cell to grow into a colony in vitro. Briefly, after transfecting B16F10
and A375 cells with p32 shRNA or scrambled control cells were seeded in
complete DMEM media at a density of 5 x 102 cells in six-well plates. The plates
were incubated for 2 weeks at 37 °C and then stained with 0.5% crystal violet.
Colonies with greater than 50 cells were counted manually.

Wound-healing assays

Cell migration ability of melanoma cells on 5% FBS treatment was detected
by scratch assay. Cells were seeded in 12-well plates at the density of 3 x 10°
cells/well. After 24 h when cells reached 90-100% monolayer confluence,
they were serum starved overnight. Post overnight serum starvation, a
straight scratch was artificially created in the cell monolayers with 200 pl
sterile pipette tip. Cells debris by the scratch was removed with phosphate-
buffered saline (PBS), and cultures were then supplemented with DMEM
medium alone and with 5% FBS for 24 h at 37 °C. Migration images were
captured using an inverted microscope (Carl Zeiss, Germany). The scratch
wound widths were measured under a microscope and the relative
percentage of wound closure was determined by comparing to control cells.

Quantitative PCR

Total RNA from ctrl shRNA and p32-shRNA-treated B16F10, A375, SK-MEL-2,
and SK-MEL-28 cells and tissue were isolated using Trizol (Invitrogen) and
further purified by pure link RNA Mini Kit (Ambion). Next, 2 ug of RNA was
reverse transcribed using a High-Capacity cDNA Reverse Transcription Kit
(Applied biosystems). Real-time PCR amplification was performed using

SPRINGER NATURE



S. Sinha et al.

10

SYBR green (Applied biosystems) and QuantStudio 6 flex Real-Time PCR
(Applied Biosystem). A complete list of PCR primers is shown in
Supplementary Table 1. All data were normalized to the housekeeping
gene GAPDH.

Immunoblot analysis

Total protein extract was obtained by homogenizing B16F10 and A375
cells in cell lysis buffer (Cell Signaling) added with 1 mM PMSF and 1 mM
sodium fluoride [47] and incubated at 4°C for 30 min, centrifuging for
1 min every 10 min. Cell lysates were centrifuged (12,000g, 15 min at 4 °C)
to remove the cell debris, and the supernatant was collected and stored at
—80°C for further use. Protein concentration was determined using the
Bradford protein assay method. Total protein extracts (40 ug) were then
electrophoresed in 10% SDS-PAGE gels. Proteins were transferred to
nitrocellulose membrane, and membranes were blocked in 1x Tris-
buffered saline (TBS) and 0.1% Tween-20 (TBST) with 5% non-fat milk at
room temperature for 1 h, followed by overnight incubation with diluted
primary antibody (Supplementary Table 2) in blocking buffer at 4 °C with
gentle shaking. After washing with TBST, the membrane was incubated at
room temperature for 1 h with polyclonal anti-rabbit and anti-mouse IgG
secondary antibodies conjugated to horseradish peroxidase (HRP)
(Amersham, 1:5000 dilution). Membranes were visualized with enhanced
chemiluminescence, followed by exposure to film.

In vivo tumorigenesis

C57BL/6 mice (6-8-weeks-old) were maintained in specific pathogen-free
conditions. All experimental protocols were approved by the Animal Ethics
Committee of Institute of Life Sciences and all experiments were
performed in accordance with the approved guidelines and regulations.
For the subcutaneous tumor model, B16F10 cells were transfected with
p32 shRNA or control shRNA and suspended with PBS at a concentration of
2% 10° cells/200 pl, and subcutaneously injected into C57BL/6 mice (n =4
for each group). The mice were observed for 2 weeks.

For lung metastasis study, control and p32 shRNA-transfected B16F10
cells were suspended with PBS at a concentration of 1x 10° cells/200 ul
and intravenously injected into C57BL/6 mice (n = 3 for each group). At the
end of the experiment (after 3 weeks), mice were euthanized, and the
lungs were collected. The B16F10 tumor specimens were fixed in 10%
formalin, embedded in paraffin, and sectioned at 5 um for histopatholo-
gical studies.

Immunofluorescence and confocal microscopy

For, immunofluorescent staining, cells were grown on cover glass were
fixed at room temperature for 5 min in 100% methanol (chilled at —20 °C).
After fixation, cells were washed with PBS and permeabilized with
permeabilization buffer (PBS containing 0.1% Triton X-100). Nonspecific
binding of antibody was blocked by incubation with 1% bovine serum
albumin (BSA) for 30 min at room temperature. Cells were incubated with
the primary antibody in 1% BSA in PBST in a humidified chamber overnight
at 4°C, then washed and stained with DAPI and conjugated secondary
antibodies. After mounting with Prolong Antifade gold reagent (life
technologies), the cells were visualized under a Leica CTR6500 confocal
microscope (Leica microsystems Wetzlar, Germany).

Histopathology and immunohistochemistry

Immunohistochemical staining were carried out using tumor tissue
samples and tissue microarrays purchased from Novus (NBP2-78131), In
brief, formalin-fixed, paraffin-embedded sections, including 16 tumor
tissues of melanoma, 6 tumor tissues of normal and nonmelanoma tumor
tissues of the skin in duplicates. Tumor tissues samples were fixed in 10%
formaldehyde solution before being embedded in paraffin wax. Paraffin-
embedded tissue were sectioned into 5um slices and mounted on
positively charged slides. Then the sections were deparaffinized in xylene
and hydrated (100% EtOH, 95% EtOH, 70% EtOH, 2x H,O (2 min each) 3x
distilled H,O (2 min each)). Then the sections were stained with Harris’
haematoxylin solution and washed with distilled water. Then sections were
counterstained with eosin followed by dehydration and xylene and DPX
mounting. For immunohistochemical assay, 3% hydrogen peroxide in
methanol was used for endogenous peroxidases blocking. These sections
were probed with E-cadherin (SC-7870), Vimentin (39325), Ki-67
(Ab15580), CD34 (sc-7324), CD45 (M0701, Dako), and F4/80 (sc-26643)
primary antibody overnight at 4°C. Tumor tissue sections slides were
subsequently incubated with HRP-tagged secondary antibody. Staining
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was visualized with DAB and counterstained with haematoxylin. The
images were taken by using a Leica microscope and image intensity was
quantified using ImageJ software.

Annexin V and propidium iodide staining

Apoptosis was assayed using the Annexin V-propidium iodide (PI) method
with a commercially available kit (Cell Signaling Technology) according to
the manufacturer’s instructions. Control shRNA and p32 shRNA-transfected
B16F10 cells and control shRNA and p32 shRNA-transfected A375 cells
were seeded in 10 cm? cell culture plates at 70-80% confluency; cells were
harvested washed twice with cold phosphate-buffered saline (PBS) and
resuspended in Annexin binding buffer according to the manufacturer’s
protocol. Cells were labeled by adding Annexin V-FITC and Pl in each
sample. Cell suspension was mixed and incubated for 10 min on ice in the
dark; samples were analyzed on a flow cytometer (Accuri C6, BD
Biosciences) for the detection of Annexin V and Pl-positive subpopulations.
All tests were performed in duplicates and experiments were
repeated twice.

Kaplan-Meier survival analysis

Association between p32/cigbp expression and melanoma patient
survival was assessed using the TCGA (The Cancer Genome Atlas) dataset.
Survival data of melanoma patients were obtained using UCSC Xena
Browser (http://xenabrowser.net). UCSC Xena Browser showed that TCGA
dataset contained n =481 cases of melanoma with c1gbp expression and
survival rate information, and we generated a Kaplan-Meier survival
analysis to analyze the relationship between p32/c1gbp gene expression
and overall survival in melanoma patients.

Statistical analysis

Data are presented as mean * standard deviation (SD) and analyzed using
Microsoft Excel and Graphpad Prism6.0 (GraphPad Software, La Jolla, CA).
Statistical analyses were conducted between the controls and the treated
experimental groups using Student’s t-test assuming two-tailed distribu-
tions, and differences were considered to be statistically significant with
P <0.05.

DATA AVAILABILITY

All other data are available from the corresponding author upon reasonable request.

REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA A Cancer J Clin.
2018;68:7-30.

2. Whiteman DC, Green AC, Olsen CM. The growing burden of invasive melanoma:
projections of incidence rates and numbers of new cases in six susceptible
populations through 2031. J Invest Dermatol. 2016;136:1161-71.

3. Luke JJ, Flaherty KT, Ribas A, Long GV. Targeted agents and immunotherapies:
optimizing outcomes in melanoma. Nat Rev Clin Oncol. 2017;14:463-82.

4. Gupta GP, Massague J. Cancer metastasis: building a framework. Cell
2006;127:679-95.

5. Valastyan S, Weinberg RA. Tumor metastasis: molecular insights and evolving
paradigms. Cell 2011;147:275-92.

6. Friedl P, Wolf K. Tumour-cell invasion and migration: diversity and escape
mechanisms. Nat Rev Cancer. 2003;3:362-74.

7. Dedio J, Jahnen-Dechent W, Bachmann M, Muller-Esterl W. The multiligand-
binding protein gC1qgR, putative C1q receptor, is a mitochondrial protein. J
Immunol. 1998;160:3534-42.

8. Li X, Equchi T, Aly RG, Chintala NK, Tan KS, Zauderer MG, et al. Globular C1q
receptor (gC1gqR/p32/HABP1) is overexpressed in malignant pleural mesothe-
lioma and is associated with increased survival in surgical patients treated with
chemotherapy. Front Oncol. 2019;9:1042.

9. Paasonen L, Sharma S, Braun GB, Kotamraju VR, Chung TD, She ZG, et al. New
p32/gC1gR ligands for targeted tumor drug delivery. Chembiochem.
2016;17:570-5.

10. Peerschke El, Ghebrehiwet B. The contribution of gC1qR/p33 in infection and
inflammation. Immunobiology 2007;212:333-42.

11. Peerschke El, Ghebrehiwet B. cC1qR/CR and gC1qR/p33: observations in cancer.
Mol Immunol. 2014;61:100-9.

12. Yenugonda V, Nomura N, Kouznetsova V, Tsigelny |, Fogal V, Nurmemmedov E,
et al. A novel small molecule inhibitor of p32 mitochondrial protein over-
expressed in glioma. J Transl Med. 2017;15:210.

Cell Death and Disease (2021)12:1012


http://xenabrowser.net

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

. Ghebrehiwet B, Lim BL, Kumar R, Feng X, Peerschke EIl. gC1qg-R/p33, a member of

a new class of multifunctional and multicompartmental cellular proteins, is
involved in inflammation and infection. Immunol Rev. 2001;180:65-77.

. Chen YB, Jiang CT, Zhang GQ, Wang JS, Pang D. Increased expression of hya-

luronic acid binding protein 1 is correlated with poor prognosis in patients with
breast cancer. J Surg Oncol. 2009;100:382-6.

. Dembitzer FR, Kinoshita Y, Burstein D, Phelps RG, Beasley MB, Garcia R. et al.

gC1qgR expression in normal and pathologic human tissues: differential expres-
sion in tissues of epithelial and mesenchymal origin. J Histochem and Cytochem.
2012;60:467-74.

. Rubinstein DB, Stortchevoi A, Boosalis M, Ashfag R, Ghebrehiwet B, Peerschke El,

et al. Receptor for the globular heads of C1q (gC1g-R, p33, hyaluronan-binding
protein) is preferentially expressed by adenocarcinoma cells. Int J Cancer.
2004;110:741-50.

. Zhang X, Zhang F, Guo L, Wang Y, Zhang P, Wang R, et al. Interactome analysis

reveals that C1QBP (complement component 1, q subcomponent binding pro-
tein) is associated with cancer cell chemotaxis and metastasis. Mol Cell Pro-
teomics. 2013;12:3199-209.

. Prakash M, Kale S, Ghosh |, Kundu GC, Datta K. Hyaluronan-binding protein 1

(HABP1/p32/gC1qR) induces melanoma cell migration and tumor growth by NF-
kappa B dependent MMP-2 activation through integrin a(v)B(3) interaction. Cell
Signal. 2011;23:1563-77.

. Leucci E, Vendramin R, Spinazzi M, Laurette P, Fiers M, Wouters J. et al. Melanoma

addiction to the long non-coding RNA SAMMSON. Nature. 2016;531:518-22.
Liu Z, Su YJ, Gu PQ, Ji ZY, Wang XG, Gao LJ. The role of the globular heads of C1q
receptor (gC1qR) gene in regulating apoptosis of human cervical squamous cell
carcinoma. Cell Physiol Biochem. 2012;30:1181-90.

Wang Y, Yue D, Xiao M, Qi C, Chen Y, Sun D, et al. C1QBP negatively regulates the
activation of oncoprotein YBX1 in the renal cell carcinoma as revealed by
interactomics analysis. J Proteome Res. 2015;14:804-13.

Kwak T, Drews-Elger K, Ergonul A, Miller PC, Braley A, Hwang GH. et al. Targeting
of RAGE-ligand signaling impairs breast cancer cell invasion and metastasis.
Oncogene. 2017;36:1559-72.

Rossi S, Cordella M, Tabolacci C, Nassa G, D’Arcangelo D, Senatore C, et al. TNF-
alpha and metalloproteases as key players in melanoma cells aggressiveness. J
Exp Clin cancer Res. 2018;37:326.

McGee AM, Douglas DL, Liang Y, Hyder SM, Baines CP. The mitochondrial protein
Clgbp promotes cell proliferation, migration and resistance to cell death. Cell
Cycle. 2011;10:4119-27.

Kim BC, Hwang HJ, An HT, Lee H, Park JS, Hong J. et al. Antibody neutralization of
cell-surface gC1qR/HABP1/SF2-p32 prevents lamellipodia formation and tumor-
igenesis. Oncotarget. 2016;7:49972-85.

Kim KB, Yi JS, Nguyen N, Lee JH, Kwon YC, Ahn BY, et al. Cell-surface receptor for
complement component C1q (gC1qR) is a key regulator for lamellipodia for-
mation and cancer metastasis. J Biol Chem. 2011;286:23093-101.

Quail DF, Joyce JA. Microenvironmental regulation of tumor progression and
metastasis. Nat Med. 2013;19:1423-37.

Fogal V, Zhang L, Krajewski S, Ruoslahti E. Mitochondrial/cell-surface protein p32/
gC1gR as a molecular target in tumor cells and tumor stroma. Cancer Res.
2008;68:7210-8.

Fogal V, Richardson AD, Karmali PP, Scheffler IE, Smith JW, Ruoslahti E. Mito-
chondrial p32 protein is a critical regulator of tumor metabolism via maintenance
of oxidative phosphorylation. Mol Cell Biol. 2010;30:1303-18.

Rae JM, Creighton CJ, Meck JM, Haddad BR, Johnson MD. MDA-MB-435 cells are
derived from M14 melanoma cells-a loss for breast cancer, but a boon for mel-
anoma research. Breast Cancer Res Treat. 2007;104:13-9.

Nerlich AG, Bachmeier BE. Density-dependent lineage instability of MDA-MB-435
breast cancer cells. Oncol Lett. 2013;5:1370-4.

Chambers AF. MDA-MB-435 and M14 cell lines: identical but not M14 melanoma?
Cancer Res. 2009;69:5292-3.

Peerschke E, Stier K, Li X, Kandov E, de Stanchina E, Chang Q, et al. gC1qR/HABP1/
p32 is a potential new therapeutic target against mesothelioma. Front Oncol.
2020;10:1413.

Noh S, Phorl S, Naskar R, Oeum K, Seo Y, Kim E, et al. p32/C1QBP regulates OMA1-
dependent proteolytic processing of OPA1 to maintain mitochondrial con-
nectivity related to mitochondrial dysfunction and apoptosis. Sci Rep.
2020;10:10618.

Carver EA, Jiang R, Lan Y, Oram KF, Gridley T. The mouse snail gene encodes a key
regulator of the epithelial-mesenchymal transition. Mol Cell Biol. 2001;21:8184-8.
Dai M, Al-Odaini AA, Fils-Aime N, Villatoro MA, Guo J, Arakelian A, et al. Cyclin D1
cooperates with p21 to regulate TGFbeta-mediated breast cancer cell migration
and tumor local invasion. Breast Cancer Res. 2013;15:R49.

Perez-Mancera PA, Gonzalez-Herrero |, Perez-Caro M, Gutierrez-Cianca N, Flores T,
Gutierrez-Adan A, et al. SLUG in cancer development. Oncogene 2005;24:3073-82.

Cell Death and Disease (2021)12:1012

S. Sinha et al.

38. Yang J, Mani SA, Donaher JL, Ramaswamy S, Itzykson RA, Come C, et al. Twist, a
master regulator of morphogenesis, plays an essential role in tumor metastasis.
Cell 2004;117:927-39.

39. Fogal V, Babic |, Chao Y, Pastorino S, Mukthavaram R, Jiang P, et al. Mitochondrial
p32 is upregulated in Myc expressing brain cancers and mediates glutamine
addiction. Oncotarget 2015;6:1157-70.

40. Schiavoni G, Gabriele L, Mattei F. The tumor microenvironment: a pitch for
multiple players. Front Oncol. 2013;3:90.

41. Kulmann-Leal B, Ellwanger JH, Chies JAB. A functional interaction between the
CCR5 and CD34 molecules expressed in hematopoietic cells can support (or even
promote) the development of cancer. Hematol. Transfus Cell Ther. 2020;42:70-6.

42. Nielsen SR, Schmid MC. Macrophages as key drivers of cancer progression and
metastasis. Mediators Inflamm. 2017;2017:9624760.

43. Singh S, Mehta N, Lilan J, Budhthoki MB, Chao F, Yong L. Initiative action of
tumor-associated macrophage during tumor metastasis. Biochim Open.
2017;4:8-18.

44. Vichalkovski A, Gresko E, Hess D, Restuccia DF, Hemmings BA. PKB/AKT phos-
phorylation of the transcription factor Twist-1 at Ser42 inhibits p53 activity in
response to DNA damage. Oncogene 2010;29:3554-65.

45. Henderson V, Smith B, Burton LJ, Randle D, Morris M, Odero-Marah VA. Snail
promotes cell migration through PI3K/AKT-dependent Rac1 activation as well as
PI3K/AKT-independent pathways during prostate cancer progression. Cell Adhes
Migr. 2015;9:255-64.

46. Ray R, Sinha S, Aidinis V, Rai V. Atx regulates skeletal muscle regeneration via
LPART and promotes hypertrophy. Cell Rep. 2021;34:108809.

47. Rahimi H, Salehiabar M, Barsbay M, Ghaffarlou M, Kavetskyy T, Sharafi A. et al.
CRISPR systems for COVID-19 diagnosis. ACS Sensors. 2021;6:1430-45.

ACKNOWLEDGEMENTS
The core facilities of the Institute of Life Sciences, Bhubaneswar is gratefully
acknowledged.

AUTHOR CONTRIBUTIONS

S.S. and SKS. contributed to experimental work, data analysis, and writing the
manuscript. S.S., S.K.S., N.J. and R.R. performed the experiments. V.R. contributed to
project planning, data analysis, writing the manuscript, and overall supervising this
study. SS acknowledges junior and senior research fellowships (No. 09/657(0053)/
2018-EMR-I) received by Council of Scientific and Industrial Research (CSIR), New
Delhi, India. SKS acknowledges the financial assistance from SERB N-PDF grant (PDF/
2017/001017), New Delhi, India.

FUNDING

This work was supported, in whole or in part, by Grants-in-Aid from the Department
of Biotechnology (DBT), New Delhi grant numbers, 102/IFD/SAN/2237, BT/PR13045/
BRB/10/1461/2015, Department of Science and Technology, grant number EMR/
2016/003932, and Institute of Life Sciences, Bhubaneswar, India core fund to VR.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS APPROVAL
All animal interventions were approved by the Animal Ethics Committee of Institute
of Life Sciences, Bhubaneswar, India.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-021-04311-5.

Correspondence and requests for materials should be addressed to Vivek Rai.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

SPRINGER NATURE

11


https://doi.org/10.1038/s41419-021-04311-5
http://www.nature.com/reprints
http://www.nature.com/reprints

S. Sinha et al.

12

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

SPRINGER NATURE

Cell Death and Disease (2021)12:1012


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	p32 promotes melanoma progression and metastasis by targeting EMT markers, Akt/PKB pathway, and tumor microenvironment
	Introduction
	Results
	p32�silencing attenuates invasion, colony formation capacity, migration, cell proliferation, and increase cell death in mice and human melanoma cells in�vitro
	p32 regulates expression of oncogenes and EMT markers in murine and human melanoma cells
	p32 promotes murine and human melanoma cells tumorigenesis via the Akt/PKB pathway
	p32 promotes murine melanoma progression and modulates tumor microenvironment in�vivo
	p32 regulates lung metastasis controlling tumor microenvironment of melanoma
	Association of p32 expression with melanoma metastasis and patient survival

	Discussion
	Materials and methods
	Animals
	Cell lines and cell culture
	p32 lentiviral infection
	Inhibitor treatment
	Cell invasion assay
	Cell proliferation assay
	Clonogenic assay
	Wound-healing assays
	Quantitative PCR
	Immunoblot analysis
	In vivo tumorigenesis
	Immunofluorescence and confocal microscopy
	Histopathology and immunohistochemistry
	Annexin V and propidium iodide staining
	Kaplan&#x02013;nobreakMeier survival analysis
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval
	ADDITIONAL INFORMATION




