
ARTICLE OPEN

HSPB8 counteracts tumor activity of BRAF- and NRAS-mutant
melanoma cells by modulation of RAS-prenylation and
autophagy
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Cutaneous melanoma is one of the most aggressive and lethal forms of skin cancer. Some specific driver mutations have been
described in multiple oncogenes including BRAF and NRAS that are mutated in 60–70% and 15–20% of melanoma, respectively. The
aim of this study was to evaluate the role of Small Heat Shock Protein B8 (HSPB8) on cell growth and migration of both BLM
(BRAFwt/NRASQ61R) and A375 (BRAFV600E/NRASwt) human melanoma cell lines. HSPB8 is a member of the HSPB family of chaperones
involved in protein quality control (PQC) system and contributes to chaperone assisted selective autophagy (CASA) as well as in the
regulation of mitotic spindle. In cancer, HSPB8 has anti- or pro-tumoral action depending on tumor type. In melanoma cell lines
characterized by low HSPB8 levels, we demonstrated that the restoration of HSPB8 expression causes cell growth arrest, reversion
of EMT (Epithelial-Mesenchymal Transition)-like phenotype switching and antimigratory effect, independently from the cell
mutational status. We demonstrated that HSPB8 regulates the levels of the active prenylated form of NRAS in NRAS-mutant and
NRAS-wild-type melanoma cell lines. Consequently, the inhibition of NRAS impairs the activation of Akt/mTOR pathway inducing
autophagy activation. Autophagy can play a dual role in regulating cell death and survival. We have therefore demonstrated that
HSPB8-induced autophagy is a crucial event that counteracts cell growth in melanoma. Collectively, our results suggest that HSPB8
has an antitumoral action in melanoma cells characterized by BRAF and NRAS mutations.
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INTRODUCTION
Melanoma represents the most aggressive form of skin cancer. In
its evolution to metastatic stage, it has a poor prognosis and high
mortality rates despite many therapeutic options, which include
surgery, radiotherapy, chemotherapy and immunotherapy. In
addition, specific targeted therapies have been recently devel-
oped against somatic mutations in melanoma related genes
regulating cell proliferation, migration, and apoptosis [1–3]. These
mutations can occur in driver and mutually exclusive genes, such
as BRAF and NRAS. Although other genes may be mutated in
melanomas with concurrent BRAF or NRAS mutations, the
melanoma classification falls in three-group based on the
presence of: (i) mutant BRAF, (ii) mutant NRAS, (iii) or non-BRAF-
mutant / non-NRAS-mutant [4]. About 50% of melanoma patients
present mutations in BRAF gene which encodes a protein
activating the mitogen-activated protein kinase (MAPK), which
favors cell proliferation and survival. Among all BRAF mutations,
most result in the substitution of the valine at position 600, with
90% represented by the BRAFV600E, and several minor V600
mutations (e.g., BRAFV600K, BRAFV600D, and BRAFV600R) [5]. The
targeted therapies selectively inhibit BRAFV600E activity in

unresectable or metastatic melanoma (e.g., Vemurafenib and
Dabrafenib) [6, 7].
RAS proteins belong to a superfamily of small GTPase proteins

that regulate cell growth, survival, differentiation. The three RAS
isoforms (NRAS, KRAS, and HRAS) are frequently mutated in cancer
and constitutively activate intracellular signaling through a variety
of pathways (mainly the MAPK and PI3K/Akt pathways) inducing
cell-cycle dysregulation, pro-survival behavior, and cellular pro-
liferation [8]. NRAS, the first oncogene identified in melanoma, is
the one predominantly mutated among the RAS isoforms in
melanoma (15–30% of cases) [9]. NRAS mutations occur at a
glutamine in position 61 (NRASQ61R, NRASQ61K, NRASQ61L) in 80%
of the cases, while 6% of mutations involve amino acids at
positions 12 and 13 (NRASG12V, NRASG13R) [10].
Targeted therapies for NRAS-mutant melanoma have been

hampered by the high number of NRAS mutations and no one is
available at present [11, 12]. Alternative therapeutic approaches
have been proposed either to target the RAS/GTP interaction
[13, 14] or to inhibit post-translational modification like prenyla-
tion or farnesylation, responsible for RAS insertion into the cell
membrane [15]. To date, the targeted therapy for NRAS-mutant
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melanoma is based on MEK inhibitors, unfortunately with efficacy
lower than that designed for BRAF-mutant melanoma [16, 17].
The Small Heat Shock Protein B8 (HSPB8) (also known as small

stress protein-like protein (sHSP22) or protein kinase H11(H11)), is
a member of the HSPB family of chaperones involved in the
chaperone assisted selective autophagy (CASA) [18, 19]. HSPB8
exerts different activities [20], being involved in the protein quality
control (PQC) in several neurodegenerative diseases [21–26] and
in the regulation of mitotic spindle formation during mitosis
[27, 28].
In cancer, HSPB8 exerts dual and opposite role depending on its

expression levels and on cell type [27]. One relevant HSPB8
activity in cancer is linked to its pro-autophagic function
mentioned above. Indeed, recently prognostic prediction model
based on autophagy-related gene (ARG) signature studies
conducted in a variety of tumors to correlate clinical stage and
survival with autophagy genes indicated HSPB8 as a prognostic
ARG for tumor progression. In particular, HSPB8 overexpression
correlates to high risk of recurrence and metastasis in breast
cancer [29], hepatocarcinoma [30–33], and head and neck
squamous cell carcinoma [34, 35], while low levels of HSPB8 are
associated with negative prognosis in prostate cancer [36, 37].
The relevance of HSPB8 in melanoma has already been studied,

but with conflicting results. Indeed, some investigators showed
that HSPB8 is more expressed in melanoma cell lines and in
patient biopsies compared to melanocytes and nevi [38], while
others found that HSPB8 is downregulated by DNA hypermethyla-
tion in melanoma [39, 40].
Here, we elucidate the role of HSPB8 on cell growth, phenotype

switching, and migration of human melanoma cell lines char-
acterized by different driver mutations. We found that HSPB8
regulates RAS-prenylation both in NRAS-mutant and NRAS-wild-
type melanoma cell lines, inhibiting the Akt/mTOR molecular
pathway. Furthermore, we demonstrate that the HSPB8-mediated
autophagy activation is a crucial event to prevent proliferation and
migration of both BRAF- and NRAS-mutant melanoma.

MATERIALS AND METHODS
Antibodies and reagents
Mouse anti-HSPB8 (MAB4987) was from R&D System-Biotechne (Minnea-
polis, MN, USA). Rabbit anti-HSPB8 (PA5-76780) and rabbit anti-SQSTM1/
p62 (PA5-20839) were from ThermoFisher Scientific (Waltham, MA, USA).
Rabbit anti-E-cadherin (#3195), rabbit anti-N-cadherin (#13116), rabbit anti-
vimentin (#5741), rabbit anti-ERK1/2 (#4695), rabbit anti-pERK1/2 (#4370),
rabbit anti-cyclin D (#2926), rabbit anti-CDK4 (#12790), rabbit anti-Akt1
(#2938), rabbit anti-pAkt (Ser473) (#9271), rabbit anti-mTOR (#2983), rabbit
anti-p-mTOR (Ser 2448) (#5536), rabbit anti-ATG5 (#12994) were from Cell
Signaling (Danvers, MA, USA). Rabbit anti-BRAFV600E (RM8) was from
RevMAb Biosciences (San Francisco, CA, USA). Mouse anti-pan-RAS (C-4)
(sc-166691) was from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Rabbit anti-LC3 (L8918) and mouse anti-alpha-tubulin (T6199) were from
Sigma–Aldrich (St. Louis, MO, USA). Rabbit and mouse Horseradish-
peroxidase-conjugated secondary antibody were from Cell Signaling.
3-Methyladenine (3-MA) (S2767) was from Selleckchem (Munich, Ger-
many). Chloroquine (CQ) (C6628) was from Sigma–Aldrich.

Cell culture
The human BLM (BRAF-wild-type) melanoma cell line was provided by Dr.
G.N. van Muijen (Department of Pathology, Radbound University Nijmegen
Medical Center, Nijmegen, The Netherlands). This cell line is a subline of
BRO melanoma cells isolated from lung metastases after subcutaneous
inoculation of nude mice with BRO cells [41]. We confirmed the NRASQ61R

mutation by Sanger sequencing analysis.
The human A375 (BRAFV600E-mutant) melanoma cell line and MCF-7

breast cancer cell line were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA). A375 cell line was authenticated
using Short Tandem Repeat (STR) analysis (ATCC).
The human WM1552/5p (BRAFV600E-mutant) and WM115 (BRAFV600D-

mutant) melanoma cell lines were provided by Dr. R. Giavazzi that

obtained these cells from Dr. M. Herlyn (Wistar Institute, Philadelphia, PA)
[42, 43]. The human IGR-39 (BRAF V600E-mutant) melanoma cell line, kindly
provided by Dr. C. La Porta, was obtained from Leibniz-Institut DSMZ-
Deutsche Sammlung von Mikroorganismen and Zellkulturen GmbH (38124
Braunschweig, Germany). Primary human melanocytes were provided by
Dr. F. Crovato (Regional Reference Centre for Human Epidermis in vitro
Culture and Bank for Tissue Cryopreservation, Niguarda Hospital, Milano,
Italy).
BLM, A375, IGR-39, WM1552/5p, WM115 cells were routinely cultured in

DMEM supplemented with 10% FBS, glutamine (1 mmol/l) and antibiotics
(100 IU/ml penicillin G sodium and 100 μg/ml streptomycin sulfate). MCF-7
cells were routinely cultured in RPMI 1640 medium supplemented with
10% FBS, glutamine (1 mmol/l) and antibiotics (100 IU/ml penicillin G
sodium and 100 μg/ml streptomycin sulfate). Cells were cultured in
humidified atmosphere of 5% CO2/95% air at 37 °C.

RT-qPCR
Cells were plated at 5 × 104 cells/well in six-well multiwell plates and after
48 h were harvested and centrifuged 5min at 100 × g at 4 °C; pellets were
resuspended in 600 μL of TRI Reagent (#T9424; Sigma–Aldrich) and total
RNA isolated according to manufacturer’s instructions. RNA quantification
was carried out by absorbance at 260 nm. One microgram of total RNA was
treated with DNAse I (AMPD1; Sigma–Aldrich), and reverse transcribed into
cDNA using the High-Capacity cDNA Reverse Transcription Kit (4368813;
Life Technologies) according to the manufacturer’s protocol. All primers for
real-time PCR were designed using the program Primer 3.
The primers were synthesized by MWG Biotech (Ebersberg, Germany)

with the following sequence:

HSPB8_F: 5’-ATACGTGGAAGTTTCAGGCA-3’
HSPB8_R: 5’-TCTCCAAAGGGTGAGTACGG-3’
SQSTM1/p62_F: 5’- CCAGAGAGTTCCAGCACAGA-3’
SQSTM1/p62_R 5’- CCGACTCCATCTGTTCCTCA-3’

The evaluated efficiency of each set of primers was close to 100% for
both target and reference gene. Real-time PCR was performed using the
CFX 96 Real-Time System (Bio-Rad) in a 10 μL total volume, using the iTaq
SYBR Green Supermix (Bio-Rad), and with 500 nM primers.
PCR cycling conditions were as follows: 94 °C for 10min, 40 cycles at

94 °C for 15 sec and 60 °C for 1 min.
Melting curve analysis was performed at the end of each PCR assay as a

control for specificity. Data were analyzed and values were normalized to
those of RPLP0:

RPLP0_F: 5’-GTGGGAGCAGACAATGTGGG-3’
RPLP0_R: 5’-TGCGCATCATGGTGTTCTTG-3’

All statistics were performed with ΔCt values.

Mutational analysis
To analyze the presence of the NRAS mutation in BLM cells we have
amplified NRAS using the following primers:

NRAS_F: 5’-AAGTCAGGACCAGGGTGTCA-3’
NRAS_R: 5’-CCGGGGTCTCCAACATTTTTC-3’

PCR cycling conditions were as follows:
5 min at 95 °C, 35 cycles at: 95 °C 30 sec, 57 °C 30 sec, 72 °C 60 sec, 5 min

at 72 °C.
The amplification product was separated by agarose gel electrophoresis

and the 725 bp amplicon was sequenced by Sanger Methods (Eurofins
Genomics).
The results of sequencing were processed by Snap Gene Viewer

5.0.4 software.

Transient overexpression of HSPB8
BLM and A375 cells were seeded in six-well plates at 5 × 104 cells/well.
After 24 h, cells were transfected with 1 µg of pcDNA3.1 (mock) or pCI-
HSPB8, pCI-HSPB8K141E, and pCI-HSPB8K141N [44] by Lipofectamine 3000
(L300001) (Invitrogen-ThermoFisher Scientific) according to the manufac-
turer’s instructions. Transfection was performed for 24, 48, and 72 h.

siRNA ATG5
To silence endogenous ATG5 expression, BLM and A375 cells were
transfected with 20 nM negative control siRNA (NC siRNA) (#6568) and
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20 nM ATG5 siRNA I (#6345) (Cell Signaling) by Lipofectamine RNAi max
Reagent (13778) (Invitrogen-ThermoFisher Scientific) according to the
manufacturer’s instructions. Transfection was performed for 72 h.

Cell proliferation assay
BLM and A375 cells were plated at the density of 5 × 104 cells/well in six-
well plates. After 24 and 48 h of overexpression of HSPB8 protein (wild-
type or mutated) the cells were harvested and counted by hemocyt-
ometer. Each proliferation assay was repeated three times.

MTT viability assay
BLM and A375 cells were seeded at a density of 3 × 104 cells/well in 24-well
plates. After 24 h or 48 h of mock or HSPB8 overexpression the medium
was changed with MTT (3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide) solution (0.5 mg/ml) in DMEM without phenol red and
FBS; cells were incubated at 37 °C for 30min and formazan precipitate was
dissolved with isopropanol. Absorbance at 550 nm was measured through
an EnSpire Multimode Plate reader (PerkinElmer, Milano, Italy).

Western blotting
For Western Blot (WB) studies cells were seeded in 6 cm dishes at the density
of 8 × 104 cells/dish. At the end of experiments, cells were washed with PBS
and lysed with RIPA buffer (0.05mol/L Tris HCl pH 7.7, 0.15mol/L NaCl, 0.8%
SDS, 10mmol/L EDTA, 100μM/L NaVO4, 50mmol/L NaF, 0.3mmol/L PMSF,
5mmol/L iodoacetic acid) containing leupeptin (50 μg/ml,), aprotinin (5 μl/ml),
and pepstatin (50 μg/ml). Protein extract (EP) concentration was determined
using BCA protein assay kit (ThermoFisher Scientific). Fifteen to thirty-five
micrograms of EP was separated through SDS gel electrophoresis and
transferred to PVDF (for LC3 analysis) or nitrocellulose membranes. After
blocking with non-fat dried milk, membranes were incubated at 4 °C overnight
using the specific antibodies: mouse anti-HSPB8 (1:1000), rabbit anti-HSPB8
(1:1000), rabbit anti-E-cadherin (1:1000), rabbit anti-N-cadherin (1:1000), rabbit
anti-vimentin (1:1000), rabbit anti-ERK1/2 (1:1000), rabbit anti-pERK (1:1000),
rabbit anti-cyclin D1 (1:1000), rabbit anti-Akt1 (1:1000), rabbit anti-pAkt (Ser473)
(1:1000), rabbit anti-mTOR (1:1000), rabbit anti-p-mTOR (1:1000), rabbit anti-
BRAFV600E (1:1000), mouse anti-pan-RAS (1:1000), rabbit anti-LC3 (1:1000),
rabbit anti-SQSTM1/p62 (1:3000), rabbit anti-ATG5 (1:1000), mouse anti-alpha-
tubulin (1:2000).
Peroxidase-conjugated secondary anti-rabbit or anti-mouse antibodies

were used for 1 h at room temperature and the membranes were
processed using enhanced chemiluminescence kit Cyanagen Ultra
(Cyanagen, Bologna, Italy).
In each WB experiment tubulin expression was evaluated as a loading

control.
Uncropped WB images are available in Supplementary materials.

Migration assay
Cell migration assay was performed using a 48-well-Boyden chamber
(NeuroProbe, Inc., Gaithersburg, MD, USA) containing 8 µm polycarbonate
membranes (Nucleopore, Concorezzo, Milan, Italy). Membranes were coated
on one side with 50 µg/ml laminin or 50 µg/ml fibronectin rinsed once with
PBS, and then placed in contact with the lower chamber containing DMEM
medium. BLM and A375 cells were transfected with pCI-hHSPB8. At the end of
transfection, the cells were collected and added (105 cells) to the top of each
chamber and allowed to migrate through coated filters for 4 h. The migrated
cells attached on the lower membrane surfaces were fixed, stained with
Diffquik (Biomap, Italy) and counted in standard optical microscopy (20X).
The results of three separate experiments of migration are presented.

Each experimental group consisted of 12 samples.

Membrane-bound RAS prenylated
To measure membrane-bound RAS prenylated, cells were harvested in PBS
buffer, sonicated and centrifugated at 800 × g for 10 min at 4 °C. The
supernatants were collected and centrifugated at 18,000 × g for 30 min at
4 °C. The pellets containing plasma membrane fractions (Mb) were
collected and resuspended in RIPA buffer. Protein concentration of Mb
was determined using BCA protein assay kit (ThermoFisher Scientific). Ten
micrograms of Mb was separated through SDS gel electrophoresis.

Immunofluorescence
For immunofluorescence studies the cells were seeded at 3 × 104 cells/well on
polylysine-coated coverslips in 24-well plates. After 48 h, cells were fixed with

3% paraformaldehyde / 2% sucrose. Cells were washed with PBS and
permeabilized with 0.1% Triton X-100 in PBS for 20min followed by incubation
in blocking solution (1% horse serum in PBS) for 1 h. Cells were incubated with
the following antibodies diluted in PBS with 3% BSA overnight at 4 °C: mouse
anti-HSPB8 (1:300), rabbit anti-LC3 (1:500). The cells were washed with PBS and
incubated with secondary antibodies conjugated with TRITC AlexaFluor 594 for
detection of HSPB8 (1:1000) or FITC AlexaFluor-488 for detection of LC3
(1:2000). Nuclei were stained with Hoechst (dilution 1:10,000). Labeled cells
were examined under Zeiss Axiovert 200 microscope (Zeiss, Oberkochen,
Germany) with ×40 or ×63/1.4 objective lens linked to a Coolsnap Es CCD
camera (Ropper Scientific-Trenton, NJ, USA).
Cell morphology was analyzed by phase-contrast microscopy (PC) or

differential interference contrast microscopy (DIC).

Statistical analysis
All experiments were performed three times and the results were analyzed
by unpaired Student’s t-test or by one-way analysis of variance ANOVA,
followed by Dunnet or Bonferroni post-test using the PRISM software
(GraphPad Software, La Jolla, Ca, USA).

RESULTS
Effect of HSPB8 overexpression on growth and viability in
BLM and A375 cells
In this study, we investigated HSPB8 protein expression and its
role in melanoma cell lines carrying different mutations.
We initially analyzed HSPB8 gene expression in 103 samples of

skin cutaneous melanoma patients of the TCGA study as well as
200 normal tissue (skin) of the GTEx studies available in OncoDB
database [45]. The comparison between skin cutaneous mela-
noma and matched normal samples clearly shows that human
HSPB8 gene expression is downregulated in skin cutaneous
melanoma (Fig. 1a).
We then analyzed HSPB8 expression levels in different

melanoma cell lines compared with human melanocytes and
the MCF-7 breast cancer cells highly enriched in HSPB8 [46, 47].
The analysis was carried out in a panel of human melanoma cell

lines: BLM (NRASQ61R-mutant), A375 (BRAFV600E-mutant), IGR-39,
WM1552 (BRAFV600E-mutant), and WM115 (BRAFV600D-mutant). WB
analysis (Fig. 1b) shows that HSPB8 protein level is variable among
melanoma cell lines, but always lower than in MCF-7 cells.
Therefore, we assessed whether the different HSPB8 protein

levels observed in melanoma cells were due to regulation of
transcription or translation/stability by analyzing its mRNA level by
RT-qPCR (Fig. 1c) demonstrating that HSPB8 mRNA levels
recapitulate that of its protein levels found in WB. Only, WM115
cells show very low HSPB8 protein level with very high mRNA
level. Due to the marked heterogeneity of HSPB8 expression
profile, to better understand the role of HSPB8 we selected the
BLM and A375 cell lines characterized by low or very low HSPB8
levels, respectively.
Exogenous HSPB8 was thus overexpressed in BLM cells for 24, 48,

and 72 h. High levels of HSPB8 were found already at 24 h and the
protein remained stable up to 72 h (Fig. 1d). The same experimental
approach was applied to A375 cells. WB analysis shows that HSPB8
expression was maximum 24 and 48 h after transfection (Fig. 1e).
Notably, HSPB8 overexpression induced a significant decrease of cell
proliferation both in BLM and A375 cell lines (Fig. 1f, g).
To better characterize the antiproliferative effect, we analyzed

the effect of HSPB8 overexpression on cell viability by MTT assays.
The results shown in Fig. 1h, i demonstrate that HSPB8 exerts a
cytotoxic effect in both cell lines.
Therefore, HSPB8 exerts an antitumoral action both in BLM and

A375 cells.

Effect of HSPB8 overexpression on cell phenotype and
motility in BLM and A375 cells
Malignant melanomas are characterized by a high invasive and
metastatic behaviors. These characteristics are often linked to a
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switching of the cellular phenotype. This phenomenon, that
resembles the Epithelial-Mesenchymal Transition (EMT),
involves the decrease of E-cadherin, the increase of mesench-
ymal proteins (N-cadherin, vimentin) and causes a migratory
and invasive phenotype in melanomas [48, 49].

We then analyzed BLM and A375 cell lines phenotype in basal
conditions of endogenous HSPB8 (Fig. 2a). Phase-contrast
microscopy (PC) images show that BLM cells present a
mesenchymal-like morphology, while A375 cells show an
apparent epithelial-like phenotype. Morphological changes

Fig. 1 Expression of HSPB8 in melanoma cell lines. a Analysis of HSPB8 gene expression in skin cutaneous melanoma (SKCM) vs normal
tissue (skin) as reported in OncoDB database. Scatter plot represents the mean of HSPB8 expression value (red line) obtained from RNA-Seq
data normalized using Transcripts Per Million (TPM). Student’s t-test (****p < 0.0001) b HSPB8 expression levels in different melanoma cell lines
compared with human melanocytes and MCF-7 breast cancer cells. Tubulin was used as loading control. Three independent biological
samples for each condition were analyzed (N= 3), bar graph represents the mean optical density ± SD. c HSPB8 mRNA expression in different
melanoma cell lines analyzed by RT-qPCR. Data have been normalized to the amount of RPLP0 mRNA. Bar graph represents the mean of four
independent biological samples (N= 4) ±SD. d, e HSPB8 WB analysis of BLM (d) and A375 (e) cells overexpressing HSPB8. f, g Cell count assay
was performed in BLM (f) and A375 (g) cells overexpressing HSPB8. Four independent biological samples for each condition were analyzed
(N= 4), bar graph represents the mean relative cell count ± SD. Statistical analysis was performed using Student’s t-test (*p < 0.05 vs. mock
24 h; ***p < 0.001 vs. mock 24 h and 48 h). h, i Cell viability assay was performed in BLM (h) and A375 (i) cells overexpressing HSPB8. Six
independent biological samples for each condition were analyzed (N= 6), bar graph represents the mean relative cell viability ± SD. Statistical
analysis was performed using Student’s t-test (**p < 0.01 vs. mock 24 h; ***p < 0.001 vs. mock 24 h and 48 h).
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characterized by cellular rounding occurs in cells that over-
expressed HSPB8 compared to cells with low levels of HSPB8 in
both cellular models (Fig. 2b). We then analyzed this phenotype
switching by evaluating the expression of EMT markers. The

WBs show that both cell lines express low levels of E-cadherin
and high levels of N-cadherin and vimentin, compatibly with
mesenchymal-like phenotypes. HSPB8 overexpression induces a
reversion of EMT-like phenotype increasing E-cadherin levels
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and reducing N-cadherin and vimentin expression in BLM and
A375 cells respectively (Fig. 2c, d).
Since the reversion of EMT-like phenotype may modulate

migration of tumoral cells, we analyzed the effect of HSPB8
overexpression in BLM and A375 cell migration by Boyden’s
chamber.
Preliminary experiments demonstrated that both cell lines

migrate similarly on both laminin and fibronectin (data not
shown), so we conducted migration assay using laminin-coated
membrane. The HSPB8 overexpression significantly reduced BLM
(Fig. 2e, f) and A375 (Fig. 2g, h) migration compared to control and
mock cells.
Taken together, these results show that the loss of HSPB8

contributes to melanoma transformation and its re-expression can
reduce tumor aggressiveness acting on phenotype switching and
migratory capacity, regardless of the mutational status of cells.

Effect of HSPB8 overexpression on RAS expression and
activity in BLM and A375 cells
To deeply investigate the molecular mechanisms responsible for
HSPB8 antitumoral activity, we analyzed the effect of HSPB8
overexpression on the signaling pathways controlled by NRAS
and BRAF.
In BLM cells, NRAS pathway is constitutively active due to

NRASQ61R mutation resulting in MAPK and Akt/mTOR pathways
activation.
First, we analyzed the effect of HSPB8 overexpression on RAS

expression.
The results in Fig. 3a show an increase of RAS expression with a

clear upshift in samples overexpressing HSPB8. This might be due
to a lower apparent molecular weight of prenylated RAS, since the
unprenylated RAS form is characterized by a reduced mobility in
SDS-PAGE compared to prenylated RAS. Prenylated active form of
RAS is more hydrophobic and localizes in plasma membrane. The
analysis of RAS levels in plasma membranes (Mb) after HSPB8
overexpression highlights the reduction of the prenylated form of
RAS (Fig. 3b), indicating a decreased RAS activity in BLM cells.
We analyzed the main factors involved in the MAPK signaling

pathway constitutively activated by NRAS mutation, analyzing
pERK, ERK, cyclin D1, and CDK4 expression. Results show that
HSPB8 overexpression reduced ERK phosphorylation and
decreased the expression of cyclin D1, while CDK4 was unchanged
(Fig. 3c). This confirms the ability HSPB8 to reduce NRAS activity
and consequently the activation/expression of proteins that
stimulate cell-cycle progression. Since NRAS regulates Akt/mTOR
signaling activation, we analyzed the Akt and mTOR activity
demonstrating that HSPB8 overexpression reduced their phos-
phorylation (Fig. 3d).
These results suggest that HSPB8 modulates MAPK and Akt/

mTOR pathways (Fig. 3e) acting on RAS-prenylation.
Similarly, experiments performed on A375 cells BRAFV600E-

mutant, which determines a constitutive activation of MAPK
pathway, show that HSPB8 can increase unprenylated RAS (Fig.

4a) reducing its active form localized in Mb (Fig. 4b) without
modifying BRAFV600E expression (Fig. 4a). In A375 cells, HSPB8
overexpression did not modify ERK phosphorylation and cyclin
D1 expression (Fig. 4c), whilst it reduced both Akt and mTOR
phosphorylation (Fig. 4d) as observed in BLM cells. In A375 cells,
HSPB8 possibly acts on NRASWT while BRAF mutation hampers
the effects of HSPB8 on MAPK pathway, differently from BLM
cells where BRAF is wild-type (Fig. 4e).
Collectively, these results demonstrate that HSPB8 acts both on

mutated and wild-type NRAS proteins, and this event is crucial to
explain antitumoral effects in melanoma cell lines.

Effect of HSPB8K141E and HSPB8K141N overexpression on RAS
expression and activity in BLM and A375 cells
In order to gain information on the molecular mechanism by
which HSPB8 exerts its action in melanoma, we transiently
transfected mutated forms of HSPB8 (HSPB8K141E and
HSPB8K141N) in BLM (Fig. 5a) and A375 cells (Fig. 5b). HSPB8K141E

and HSPB8K141N are characterized by an altered capability to
dimerize and to interact with the HSPB8 co-chaperone Bcl2-
Associated Athanogene 3 (BAG3) [19]. The results show that the
overexpression of the two HSPB8 mutants prevented the
increase of unprenylated NRAS (Fig. 5c, d) and the reduction
of Akt phosphorylation both in BLM and A375 cells (Fig. 5e, f).
Moreover, HSPB8K141N and HSPB8K141E expression was unable
to reduce BLM and A375 cell proliferation as observed in
HSPB8WT overexpressing cells confirming that the events
activated by HSPB8 are specific and generated by the protein
in its native form (Fig. 5g, h).

Effect of HSPB8 overexpression on autophagy in BLM and
A375 cells
It is known that HSPB8, together with its co-chaperone BAG3,
exerts a pro-autophagic activity [18]. We therefore evaluated a
possible autophagy activation following HSPB8 overexpression
in BLM and A375 cells. HSPB8 overexpression increased LC3-II /
LC3-I ratio (Fig. 6a, b) and LC3 puncta (Fig. 6c) in both cell lines.
HSPB8 overexpression also increased the SQSTM1/p62 (p62)
protein and mRNA levels in both BLM (Fig. 6d, e) and A375 cells
(Fig. 6f, g). We therefore analyzed whether the accumulation of
p62 was due to an impairment of autophagic flux, testing LC3
and p62 protein levels after HSPB8 overexpression in the
presence of chloroquine (CQ, an inhibitor of lysosomal activity).
In both cell lines, CQ treatment of HSPB8 overexpressing cells
resulted in an increase of LC3-II and p62 levels suggesting that
the autophagic flux was not impaired by HSPB8 overexpression
(Fig. 6h, i).

Involvement of HSPB8-induced autophagy in BLM and A375
cell proliferation
Further, to examine if autophagy activation is involved in HSPB8
antitumoral activity we analyzed the effect of HSPB8 overexpression
in presence of 3-Methyladenine (3-MA, an inhibitor of the early steps

Fig. 2 Effect of HSPB8 overexpression on cell phenotype and motility in BLM and A375. a Immunofluorescence analysis of HSPB8
espression in BLM and A375 cells. Nuclei were stained by Hoechst. Cell morphology was analyzed by phase-contrast microscopy (PC) Scale bar,
20 μm. b HSPB8 expression (red) was carried out by immunofluorescence in BLM and A375 cells overexpressing HSPB8 (48 h). Nuclei were
stained by Hoechst. Cell morphology was analyzed by Differential Interference Contrast microscopy (DIC). Scale bar, 20 μm. c, d WB analysis of
E-cadherin, N-cadherin, and vimentin in BLM (c) and A375 (d) cells overexpressing HSPB8 (48 h). Tubulin was used as loading control.
e, f Cellular motility of BLM cells was analyzed by Boyden’s chamber assay. Control (C), mock and HSPB8 overexpressed cells (for 48 h) were
analyzed in migratory assays on laminin-coated membranes. Representative images of migrated cells in each condition are shown (e). The
graph reports the quantification of migrated cells/mm2. One-way Anova followed by Bonferroni post-hoc test (***p < 0.001 vs. C and mock)
was performed. (N= 12). (f). g, h Cellular motility of A375 cells was analyzed by Boyden’s chamber assay. Cells were analyzed in migratory
assays on laminin-coated membranes 48 h after transfection. Representative images of migrated cells in each condition are shown (g). The
graph reports the quantification of migrated cells/mm2. One-way ANOVA followed by Bonferroni post-hoc test was performed (***p < 0.001
vs. C and mock). (N= 12) (h).
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Fig. 3 Effect of HSPB8 overexpression on NRAS pathway in BLM cells. a WB analysis of RAS protein level in BLM cells overexpressing HSPB8
(48 h). Tubulin was used as loading control. bWB analysis of RAS protein levels in plasma membranes (Mb) of BLM cells expressing HSPB8 (48 h)
compared with total protein extracts (EP). c Effect of HSPB8 overexpression (48 h) on MAPK pathway. Tubulin was used as loading control. Three
independent biological samples for each condition were analyzed (N= 3), bar graph represents the mean optical density ± SD. Statistical
analysis was performed using One-way ANOVA followed by Bonferroni post-hoc test (**p < 0.01 vs. C and mock ***p < 0.001 vs. C and mock).
d Effect of HSPB8 overexpression (48 h) on Akt/mTOR pathway. Tubulin was used as loading control. Three independent biological samples for
each condition were analyzed (N= 3), bar graph represents the mean optical density ± SD. Statistical analysis was performed using One-way
ANOVA followed by Bonferroni post-hoc test (**p < 0.01 vs. C and mock). e Schematic representation of HSPB8 effect on NRASmut activity.
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of the autophagic process). We found that 3-MA blocked the
autophagic process (Fig. 7a) and counteracted the antiproliferative
effect induced by HSPB8 overexpression in BLM cells (Fig. 7b).

To clarify the functional relationship between autophagic
activation and HSPB8-induced RAS-prenylation inhibition, we
evaluated the effect of 3-MA on RAS expression demonstrating
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that autophagy inhibition does not modify the effect of HSPB8 on
unprenylated form of RAS (Fig. 7a).
Since 3-MA could also inhibit other signaling pathways, we

analyzed the role of autophagy on the HSPB8 antiproliferative
effect downregulating the expression of autophagic gene ATG5.
We performed ATG5 silencing for 72 h followed by HSPB8

overexpression in the last 48 h.
WBs shown in Fig. 7c confirm the HSPB8 overexpression and a

significant reduction of ATG5 protein levels in presence of ATG5
siRNA. The autophagy inhibition was confirmed by LC3-II/LC3-I
decrease (Fig. 7c).
The ATG5 siRNA counteracted the antiproliferative effect

induced by HSPB8 overexpression in BLM cells (Fig. 7d).
Overlapping results were obtained in A375 cell line (Fig. 7e–h).
These results suggest that the autophagy induced by HSPB8

overexpression is a crucial cellular process for cell proliferation
regulation and that its inhibition counteracts the antitumoral role
of HSPB8 overexpression in melanoma cells.

DISCUSSION
In recent years, several studies focused on the role of HSPB8 in
tumors, with conflicting results. Some studies demonstrated that
HSPB8 is highly expressed in breast cancers [46, 47, 50–55],
myeloma [56], ovarian cancer [57], gastric cancer [58], lung cancer
[59], and cholangiocarcinoma [60] where it increases cell
proliferation, migration and tumorigenic activity. Conversely, other
studies showed that HSPB8 is downregulated in leukemia and
lymphoma [61], glioblastoma [62, 63], hepatocarcinoma [64, 65],
prostate cancer [39, 66, 67], melanoma [39, 40, 68–70] and its
upregulation contributes to induce cell death and chemosensitiv-
ity generating an overall antitumoral effect.
The aim of this work was therefore to better clarify the role of

HSPB8 in human melanoma with specific mutational status.
Our studies then focused on melanoma cells carrying the Q61R

NRAS mutation (BLM cells) or the V600E BRAF mutation (A375
cells), representing the main mutations identified in melanoma
patients. Both cell types express very low HSPB8 levels, and
restoration of HSPB8 expression exerts an antiproliferative and
cytotoxic activity independently of the mutation characterizing
the two cell lines analyzed. These data are in line with previous
studies [39, 40, 68–70] suggesting that HSPB8 acts as tumor
suppressor in melanoma and its downregulation may promotes
melanoma tumorigenesis.
Also, the studies of EMT-like reversion and cellular migration,

the first event of an invasive process, confirmed the antitumoral
effects of HSPB8 in melanoma. In fact, while HSPB8 exerts a pro-
migratory ability in breast cancer [46], intrahepatic cholangiocar-
cinoma [60] and ovarian cancer [57], in which HSPB8 plays a pro-
tumoral role, we found that HSPB8 reduces the migratory
properties of both cell lines analyzed highlighting how this
protein can reduce the metastatic potential of melanomas with
different mutational status. Thus, it is likely that the loss of the
HSPB8 protection contributes to the development of metastatic
melanoma. We thus analyzed the molecular mechanism asso-
ciated to HSPB8 antitumoral action, focusing on the signal
transduction pathways constitutively activated by the specific

mutations present in the cell lines used. With this approach, we
clearly demonstrated the existence of a link between HSPB8 and
the prenylation status of RAS. Indeed, in BLM cells, we evaluated
the impact of HSPB8 on NRAS expression and found that its
overexpression induces a biochemical modification of RAS
compatible with a change in its prenylation. Notably, prenylation
induces the RAS protein to shuttle from cytoplasm to the plasma
membrane where it acquires its active status. Conversely, the
unprenylated RAS accumulates in the cytoplasm in its inactive
status. Indeed, the decreased expression of RAS in BLM membrane
preparations after overexpression of HSPB8 confirms the ability of
HSPB8 to reduce the active form of RAS. Overlapping results were
obtained in A375 cells where the expression of BRAFV600E was not
modified by the overexpression of HSPB8.
The role of prenylation on RAS activity is well characterized and

many anticancer molecules exploit the ability to inhibit this
process [71]. Several studies proved that the inhibition of RAS-
prenylation regulates tumoral growth and invasion [72, 73], while
RAS de-prenylation overcomes drug resistance [74]. On these
bases, in melanoma, the inhibition of RAS-prenylation has been
suggested as a possible therapy in NRAS-mutant tumors [75].
Therefore, our results demonstrate the relevance of HSPB8 in
counteracting melanoma aggressiveness, via a decrease in RAS-
prenylation that reduces the activity of this protein.
We also demonstrated that the activation of the transduction

pathways regulated by the specific mutations characterizing our
cellular models is modified by HSPB8. In fact, we found that HSPB8
overexpression counteracts the ERK phosphorylation, inhibiting
the MAPK pathway and reducing cyclin D expression in BLM cells.
Also, the Akt/mTOR pathway is controlled by HSPB8 leading to a
reduction of Akt and mTOR phosphorylation. Conversely, only Akt
and mTOR phosphorylation were inhibited in A375 cells,
demonstrating that HSPB8 is unable to counteract the effects of
the constitutive activation of mutated BRAF. These results confirm
that HSPB8 regulates RAS activity both in NRAS-mutant and NRAS-
wild-type melanoma cells.
Of interest, these data are in line with those obtained in other

type of cancers, demonstrating that HSPB8 repressed hepatocar-
cinoma progression and migration by downregulation of PI3K/Akt
signaling pathway [64].
The overexpression of mutated HSPB8 (HSPB8K141E and

HSPB8K141N) in both cell lines abolished HSPB8 ability to induce
RAS de-prenylation, Akt dephosphorylation and the protective
antiproliferative activity. This confirms that HSPB8 is active in its
native conformation, while the HSPB8 mutations, that determine a
protein structure modification, abrogate this activity. This phe-
nomenon could be due to the inability of HSPB8 to recruit the
molecular co-chaperones such as BAG3, an hypothesis that find
support in the loss of function of HSPB8K141E and HSPB8K141N [76].
It is known that HSPB8 is involved in autophagy [18, 77], and

that autophagy is deeply involved in tumorigenesis and cancer
progression. In the early stage of cancer progression, autophagy
preserves cell survival through cellular catabolism. During the late
stage of tumorigenesis autophagy is hyperactivated as reported
by numerous studies describing that dysfunctional autophagy is
associated with several pathophysiological processes, including
cancer [78].

Fig. 4 Effect of HSPB8 overexpression on NRAS pathway in A375 cells. a WB analysis of RAS and BRAFV600E protein levels in A375 cells
overexpressing HSPB8 (48 h). Tubulin was used as loading control. b WB analysis of RAS protein levels in plasma membranes (Mb) of BLM cells
expressing HSPB8 (48 h) compared with total protein extracts (EP). c Effect of HSPB8 overexpression (48 h) on MAPK pathway. Tubulin was
used as loading control. Three independent biological samples for each condition were analyzed (N= 3), bar graph represents the mean
optical density ± SD. Statistical analysis was performed using One-way ANOVA. d Effect of HSPB8 overexpression (48 h) on Akt/mTOR pathway.
Tubulin was used as loading control. Three independent biological samples for each condition were analyzed (N= 3), bar graph represents the
mean optical density ± SD. Statistical analysis was performed using One-way ANOVA followed by Bonferroni post-hoc test (**p < 0.01 vs. C and
mock ***p < 0.001 vs. C and mock). e Schematic representation of HSPB8 effect on NRASwt and BRAFmut activity.
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Fig. 5 Effect of HSPB8K141E and HSPB8K141N overexpression on NRAS pathway in BLM and A375 cells. a, b WB analysis of HSPB8 in BLM (a)
and A375 (b) cells overexpressing HSPB8K141E and HSPB8K141N for 24, 48, and 72 h. c, d WB analysis of RAS protein levels in BLM (c) and A375
cells (d) overexpressing HSPB8K141E, HSPB8K141N, and HSPB8 (48 h). e, f Effect of mutant HSPB8 overexpression (48 h) on Akt and p-Akt in BLM
(e) and A375 (f) cells. Tubulin was used as loading control. Three independent biological samples for each condition were analyzed (N= 3), bar
graph represents the mean optical density ± SD. g, h Cell count assay was performed in BLM (g) and A375 cells (h) expressing mutant HSPB8
(48 h). Four independent biological samples for each condition were analyzed (N= 4), bar graph represents the mean relative cell
viability ± SD. Statistical analysis was performed using Student’s t-test (**p < 0.01 vs. mock; (***p < 0.001 vs. mock).
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Fig. 6 Effect of HSPB8 overexpression on autophagy in BLM and A375 cells. a, b WB analysis of LC3 in BLM (a) and A375 (b) overexpressing
HSPB8 (48 h). c LC3 puncta (green) and HSPB8 expression (red) were carried out by immunofluorescence in BLM and A375 cells overexpressing
HSPB8 (48 h). Nuclei were stained by Hoechst. Scale bar, 20 μm. d, f Protein expression of p62 in BLM (d) and A375 (f) cells overexpressing HSPB8
(48 h). The quantification results were calculated over three individual experiments. Bar graph represents the mean optical density ± SD. Statistical
analysis was performed using One-way ANOVA followed by Bonferroni post-hoc test (**p< 0.01 vs. Control (C) and mock; ***p< 0.001 vs. Control (C)
and mock). e, g p62 mRNA levels in BLM (e) and A375 (g) cells overexpressing HSPB8 (24 h). Data have been normalized to the amount of RPLP0
mRNA. Bar graph represents the mean of three independent biological samples (N= 3) ±SD. Statistical analysis was performed using Student’s t-test
(*p< 0.05 vs. mock). h, iWB analysis of LC3 and p62 in BLM (h) and A375 (i) cells overexpressing HSPB8 (48 h) treated with CQ 10 μM for the last 24 h
of transfection.
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Indeed, autophagy can either activate cell survival or trigger
cell death of tumor cells [79]. Our results demonstrated that
HSPB8 overexpression promotes the autophagic flux
both in BLM and A375 cells. Notably, the autophagy inhibitor

3-MA and genetic inhibition of autophagy by ATG-5
silencing counteracted HSPB8 antiproliferative activity, demon-
strating that HSPB8-activated autophagy exerts an antitumoral
action.
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In conclusion, in melanoma HSPB8 counteracts proliferative and
migratory cellular phenotype by enhancing inactive unprenylated
RAS and autophagy (Fig. 8). Thus, the HSPB8 expression might
represent a promising factor for the onset and the progression of
melanoma.

DATA AVAILABILITY
All data generated during this study are included in this published article and its
supplementary files. The raw data analyzed during the current study are available
from the corresponding author on reasonable request.

REFERENCES
1. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SAJR, Behjati S, Biankin AV,

et al. Signatures of mutational processes in human cancer. Nature.
2013;500:415–21.

2. Cancer Genome Atlas Network. Genomic classification of cutaneous melanoma.
Cell. 2015;161:1681–96.

3. Domingues B, Lopes JM, Soares P, Pópulo H. Melanoma treatment in review.
Immuno Targets Ther. 2018;7:35–49.

4. Palmieri G, Colombino M, Casula M, Manca A, Mandalà M, Cossu A, et al. Mole-
cular pathways in melanomagenesis: what we learned from next-generation
sequencing approaches. Curr Oncol Rep. 2018;20:86.

5. Ito T, Tanaka Y, Murata M, Kaku-Ito Y, Furue K, Furue M. BRAF heterogeneity in
melanoma. Curr Treat Options Oncol. 2021;22:20.

6. Chapman PB, Hauschild A, Robert C, Haanen JB, Ascierto P, Larkin J, et al.
Improved survival with vemurafenib in melanoma with BRAF V600E mutation. N
Engl J Med. 2011;364:2507–16.

7. Livingstone E, Zimmer L, Vaubel J, Schadendorf D. BRAF, MEK and KIT inhibitors
for melanoma: adverse events and their management. Chin Clin Oncol. 2014;3:29.

8. Muñoz-Couselo E, Adelantado EZ, Ortiz C, García JS, Perez-Garcia J. NRAS-mutant
melanoma: current challenges and future prospect. Onco Targets Ther.
2017;10:3941–7.

9. Malumbres M, Barbacid M. RAS oncogenes: the first 30 years. Nat Rev Cancer.
2003;3:459–65.

10. Lee JH, Choi JW, Kim YS. Frequencies of BRAF and NRAS mutations are different
in histological types and sites of origin of cutaneous melanoma: a meta-analysis.
Br J Dermatol. 2011;164:776–84.

11. Wilson MA, Zhao F, Letrero R, D’Andrea K, Rimm DL, Kirkwood JM, et al.
Correlation of somatic mutations and clinical outcome in melanoma patients
treated with Carboplatin, Paclitaxel, and sorafenib. Clin Cancer Res.
2014;20:3328–37.

12. Lim SY, Menzies AM, Rizos H. Mechanisms and strategies to overcome resistance
to molecularly targeted therapy for melanoma. Cancer. 2017;123:2118–29.

13. Baines AT, Xu D, Der CJ. Inhibition of Ras for cancer treatment: the search con-
tinues. Future Med Chem. 2011;3:1787–808.

14. Mandalà M, Merelli B, Massi D. Nras in melanoma: targeting the undruggable
target. Crit Rev Oncol Hematol. 2014;92:107–22.

15. Garay T, Kenessey I, Molnár E, Juhász É, Réti A, László V, et al. Prenylation
inhibition-induced cell death in melanoma: reduced sensitivity in BRAF mutant/
PTEN wild-type melanoma cells. PLoS ONE. 2015;10:e0117021.

16. Solit DB, Garraway LA, Pratilas CA, Sawai A, Getz G, Basso A, et al. BRAF mutation
predicts sensitivity to MEK inhibition. Nature. 2006;439:358–62.

Fig. 7 Involvement of HSPB8-induced autophagy in BLM and A375 cell proliferation. a, b BLM cells were pre-treated with or without 1 mM
3-MA for 1 h before HSPB8 overexpression (48 h). WB analysis of LC3 and RAS protein were carried out (a) and the effect on cell proliferation
was evaluated by cell count (b). Data are mean ± SD of four independent biological samples (N= 4). Each experiment was repeated three
times. Statistical analysis was performed using One-way ANOVA followed by Bonferroni post-hoc test; (*p < 0.05). c WB analysis of ATG5 and
LC3 in BLM cells transfected with 20 nM negative control siRNA (NC) or ATG5 siRNA for 72 h and HSPB8 overexpression (48 h). d Effect of ATG5
siRNA on proliferation of BLM cells overexpressing HSPB8. Data are mean ± SD of four independent biological samples (N= 4). Each
experiment was repeated three times. Statistical analysis was performed using One-way ANOVA followed by Bonferroni post-hoc test;
(*p < 0.05; **p < 0.01). e, f A375 cells were pre-treated with or without 1 mM 3-MA for 1 h before HSPB8 overexpression (48 h). At the end of the
treatment WB analysis of LC3 and RAS protein were carried out (e) and the effect on cell proliferation was evaluated by cell count (f). Four
independent biological samples for each condition were analyzed (N= 4), bar graph represents the mean relative cell viability ± SD. Each
experiment was repeated three times. Statistical analysis was performed using One-way ANOVA followed by Bonferroni post-hoc test
(*p < 0.05, **p < 0.01). g WB analysis of ATG5 and LC3 in A375 cells transfected with 20 nM negative control siRNA (NC) or ATG5 siRNA for 72 h
and HSPB8 overexpression (48 h). h Effect of ATG5 siRNA on cell proliferation of A375 cells overexpressing HSPB8. Data are mean ± SD of four
independent biological samples (N= 4). Each experiment was repeated three times. Statistical analysis was performed using One-way ANOVA
followed by Bonferroni post-hoc test; (*p < 0.05; **p < 0.01).

Fig. 8 Mechanisms at the basis of the antitumoral activity of HSPB8 in melanomas cell lines. When expressed in melanoma cell lines,
HSPB8 favors the unprenylated form of RAS over the prenylated form, inhibiting the RAF/MEK/ERK pathway, and facilitates autophagy.
Therefore, HSPB8 exerts an antitumoral activity by inhibiting (i) the epithelial-mesenchymal transition (EMT)-like switching, (ii) migration, and
(iii) proliferation. This figure was partly generated using Servier Medical Art templates, provided by Servier, licensed under a Creative
Commons Attribution 3.0 Unported License; https://smart.servier.com.

R. Cristofani et al.

13

Cell Death and Disease          (2022) 13:973 

https://smart.servier.com


17. Vanni I, Tanda ET, Dalmasso B, Pastorino L, Andreotti V, Bruno W, et al. Non-BRAF
mutant melanoma: molecular features and therapeutical implications. Front Mol
Biosci. 2020;7:172.

18. Carra S, Seguin SJ, Landry J. HspB8 and Bag3: a new chaperone complex tar-
geting misfolded proteins to macroautophagy. Autophagy. 2008;4:237–9.

19. Shemetov AA, Gusev NB. Biochemical characterization of small heat shock pro-
tein HspB8 (Hsp22)–Bag3 interaction. Arch Biochem Biophys. 2011;513:1–9.

20. Li F, Xiao H, Hu Z, Zhou F, Yang B. Exploring the multifaceted roles of heat shock
protein B8 (HSPB8) in diseases. Eur J Cell Biol. 2018;97:216–29.

21. Carra S, Sivilotti M, Zobel TC, Lambert H, Landry J. HspB8, a small heat shock
protein mutated in human neuromuscular disorders, has in vivo chaperone
activity in cultured cells. Hum Mol Genet. 2005;14:1659–69.

22. Rusmini P, Cristofani R, Galbiati M, Cicardi ME, Meroni M, Ferrari V, et al. The role
of the heat shock protein B8 (HSPB8) in motoneuron diseases. Front Mol Neu-
rosci. 2017;10:1–9.

23. Cristofani R, Crippa V, Vezzoli G, Rusmini P, Galbiati M, Cicardi ME, et al. The small
heat shock protein B8 (HSPB8) efficiently removes aggregating species of
dipeptides produced in C9ORF72-related neurodegenerative diseases. Cell Stress
Chaperones. 2018;23:1–12.

24. Cristofani R, Rusmini P, Galbiati M, Cicardi ME, Ferrari V, Tedesco B, et al. The
regulation of the small heat shock protein B8 in misfolding protein diseases
causing motoneuronal and muscle cell death. Front Neurosci. 2019;13:1–13.

25. Cristofani R, Crippa V, Cicardi ME, Tedesco B, Ferrari V, Chierichetti M, et al. A
crucial role for the protein quality control system in motor neuron diseases. Front
Aging Neurosci. 2020;12:1–21.

26. Tedesco B, Cristofani R, Ferrari V, Cozzi M, Rusmini P, Casarotto E, et al. Insights on
human small heat shock proteins and their alterations in diseases. Front Mol
Biosci. 2022;9:1–27.

27. Cristofani R, Piccolella M, Crippa V, Tedesco B, Montagnani Marelli M, Poletti A,
et al. The role of HSPB8, a component of the chaperone-assisted selective
autophagy machinery, in cancer. Cells. 2021;10:335.

28. Fuchs M, Luthold C, Guilbert SM, Varlet AA, Lambert H, Jetté A, et al. A role for the
chaperone complex BAG3-HSPB8 in actin dynamics, spindle orientation and
proper chromosome segregation during mitosis. PLoS Genet. 2015;11:e1005582.

29. Li X, Zhang H, Liu J, Li P, Sun Y. Five crucial prognostic-related autophagy genes
stratified female breast cancer patients aged 40–60 years. BMC Bioinforma.
2021;22:580.

30. Wang J, Miao Y, Ran J, Yang Y, Guan Q, Mi D. Construction prognosis model
based on autophagy-related gene signatures in hepatocellular carcinoma. Bio-
mark Med. 2020;14:1229–42.

31. Yang C, Wang Y, Xue W, Xie Y, Dong Q, Zhu C. Competing endogenous RNA
(ceRNA) network analysis of autophagy-related genes in hepatocellular carci-
noma. Pharmgenomics Pers Med. 2020 13:445–62.

32. Yang W, Niu L, Zhao X, Duan L, Li Y, Wang X, et al. Development and validation of
a survival model based on autophagy-associated genes for predicting prognosis
of hepatocellular carcinoma. Am J Transl Res. 2020;12:6705–22.

33. Wang S, Yang D, Kong W. Prediction of overall survival rate in patients with
hepatocellular carcinoma using an integrated model based on autophagy gene
marker. Front Genet. 2021;12:647309.

34. Jin Y, Qin X. Development of a prognostic signature based on autophagy-
related genes for head and neck squamous cell carcinoma. Arch Med Res.
2020;51:860–7.

35. Yang C, Mei H, Peng L, Jiang F, Xie B, Li J. Prognostic correlation of an autophagy-
related gene signature in patients with head and neck squamous cell carcinoma.
Comput Math Methods Med. 2020;2020:7397132.

36. Schlomm T, Luebke AM, Sültmann H, Hellwinkel OJC, Sauer U, Poustka A, et al.
Extraction and processing of high quality RNA from impalpable and macro-
scopically invisible prostate cancer for microarray gene expression analysis. Int J
Oncol. 2005;27:713–20.

37. Hu D, Jiang L, Luo S, Zhao X, Hu H, Zhao G, et al. Development of an autophagy-
related gene expression signature for prognosis prediction in prostate cancer
patients. J Transl Med. 2020;18:160.

38. Smith C, Yu YX, Kulka M, Aurelian L. A novel human gene similar to the protein
kinase (PK) coding domain of the large subunit of herpes simplex virus type 2
ribonucleotide reductase (ICP10) codes for a serine-threonine PK and is expres-
sed in melanoma cells. J Biol Chem. 2000;275:25690–9.

39. Gober MD, Smith CC, Ueda K, Toretsky JA, Aurelian L. Forced expression of the
H11 heat shock protein can be regulated by DNA methylation and trigger
apoptosis in human cells. J Biol Chem. 2003;278:37600–9.

40. Smith C, Li B, Liu J, Lee KS, Aurelian L. The Levels of H11/HspB8 DNA methylation
in human melanoma tissues and xenografts are a critical molecular marker for 5-
Aza-2’-deoxycytidine therapy. Cancer Invest. 2011;29:383–95.

41. Ecsedi S, Hernandez-Vargas H, Lima SC, Vizkeleti L, Toth R, Lazar V, et al. DNA
methylation characteristics of primary melanomas with distinct biological
behaviour. PLoS ONE. 2014;9:e96612.

42. Moschetta M, Pretto F, Berndt A, Galler K, Richter P, Bassi A, et al. Paclitaxel
enhances therapeutic efficacy of the F8-IL2 immunocytokine to EDA-fibronectin-
positive metastatic human melanoma xenografts. Cancer Res. 2012;72:1814–24.

43. Satyamoorthy K, DeJesus E, Linnenbach AJ, Kraj B, Kornreich DL, Rendle S. et al.
Melanoma cell lines from different stages of progression and their biological and
molecular analyses. Melanoma Res. 1997;7 (Suppl 2):S35–42.

44. Crippa V, Sau D, Rusmini P, Boncoraglio A, Onesto E, Bolzoni E, et al. The small
heat shock protein B8 (HspB8) promotes autophagic removal of misfolded pro-
teins involved in amyotrophic lateral sclerosis (ALS). Hum Mol Genet.
2010;19:3440–56.

45. Tang G, Cho M, Wang X. OncoDB: an interactive online database for analysis of
gene expression and viral infection in cancer. Nucleic Acids Res.
2022;50:D1334–9.

46. Piccolella M, Crippa V, Cristofani R, Rusmini P, Galbiati M, Cicardi ME, et al. The
small heat shock protein B8 (HSPB8) modulates proliferation and migration of
breast cancer cells. Oncotarget. 2017;8:10400–15.

47. Piccolella M, Cristofani R, Tedesco B, Chierichetti M, Ferrari V, Casarotto E, et al.
Retinoic acid downregulates hspb8 gene expression in human breast cancer cells
MCF-7. Front Oncol. 2021;11:652085.

48. Huang F, Santinon F, Flores González RE, Del Rincón SV. Melanoma plasticity:
promoter of metastasis and resistance to therapy. Front Oncol. 2021;11:756001.

49. Li FZ, Dhillon AS, Anderson RL, McArthur G, Ferrao PT. Phenotype switching in
melanoma: implications for progression and therapy. Front Oncol. 2015;5:31.

50. Yang C, Trent S, Ionescu-Tiba V, Lan L, Shioda T, Sgroi D, et al. Identification of
cyclin D1- and estrogen-regulated genes contributing to breast carcinogenesis
and progression. Cancer Res. 2006;66:11649–58.

51. Sun X, Fontaine JM, Bartl I, Behnam B, Welsh MJ, Benndorf R. Induction of Hsp22
(HspB8) by estrogen and the metalloestrogen cadmium in estrogen receptor-
positive breast cancer cells. Cell Stress Chaperones. 2007;12:307–19.

52. Trent S, Yang C, Li C, Lynch M, Schmidt EV. Heat shock protein B8, a cyclin-
dependent kinase-independent cyclin D1 target gene, contributes to its effects
on radiation sensitivity. Cancer Res. 2007;67:10774–81.

53. Shi JJ, Chen SM, Guo CL, Li YX, Ding J, Meng LH. The mTOR inhibitor AZD8055
overcomes tamoxifen resistance in breast cancer cells by down-regulating
HSPB8. Acta Pharm Sin. 2018;39:1338–46.

54. Miao W, Fan M, Huang M, Li JJ, Wang Y. Targeted profiling of heat shock pro-
teome in radioresistant breast cancer cells. Chem Res Toxicol. 2019;32:326–32.

55. Wang S, Zhang X, Wang H, Wang Y, Chen P, Wang L. Heat shock protein 27
enhances SUMOylation of heat shock protein B8 to accelerate the progression of
breast cancer. Am J Pathol. 2020;190:2464–77.

56. Hamouda MA, Belhacene N, Puissant A, Colosetti P, Robert G, Jacquel A, et al. The
small heat shock protein B8 (HSPB8) confers resistance to bortezomib by pro-
moting autophagic removal of misfolded proteins in multiple myeloma cells.
Oncotarget. 2014;5:6252–66.

57. Suzuki M, Matsushima-Nishiwaki R, Kuroyanagi G, Suzuki N, Takamatsu R, Furui T,
et al. Regulation by heat shock protein 22 (HSPB8) of transforming growth factor-
α-induced ovary cancer cell migration. Arch Biochem Biophys. 2015;571:40–9.

58. Shen J, Li M, Min L. HSPB8 promotes cancer cell growth by activating the
ERK‑CREB pathway and is indicative of a poor prognosis in gastric cancer
patients. Oncol Rep. 2018;39:2978–86.

59. Yu LL, Wang Y, Xiao ZK, Chen SS. Heat shock protein B8 promotes proliferation
and migration in lung adenocarcinoma A549 cells by maintaining mitochondrial
function. Mol Cell Biochem. 2021;476:187–97.

60. Shu B, Zhou Y, Liang Q, He C, Li F. HSPB8 promoted intrahepatic cholangio-
carcinoma progression by enhancing epithelial-mesenchymal transition and
autophagy. Exp Mol Pathol. 2021;123:104691.

61. Cui XY, Wang N, Yang BX, Gao WF, Lin YM, Yao XR, et al. HSPB8 is methylated in
hematopoietic malignancies and overexpression of HSPB8 exhibits antileukemia
effect. Exp Hematol. 2012;40:14–21.

62. Badri KR, Modem S, Gerard HC, Khan I, Bagchi M, Hudson AP, et al. Regulation
of Sam68 activity by small heat shock protein 22. J Cell Biochem.
2006;99:1353–62.

63. Modem S, Chinnakannu K, Bai U, Reddy GPV, Reddy TR. Hsp22 (HspB8/H11)
knockdown induces Sam68 expression and stimulates proliferation of glio-
blastoma cells. J Cell Physiol. 2011;226:2747–51.

64. Matsushima-Nishiwaki R, Toyoda H, Takamatsu R, Yasuda E, Okuda S, Maeda A,
et al. Heat shock protein 22 (HSPB8) reduces the migration of hepatocellular
carcinoma cells through the suppression of the phosphoinositide 3-kinase (PI3K)/
AKT pathway. Biochim Biophys Acta Mol Basis Dis. 2017;1863:1629–39.

65. Yamada N, Matsushima-Nishiwaki R, Kobayashi K, Takahata S, Toyoda H, Kumada
T, et al. Cellular functions of small heat shock proteins (HSPB) in hepatocellular
carcinoma. Curr Mol Med. 2021;21:872–87.

66. Yao J, Chen Y, Nguyen DT, Thompson ZJ, Eroshkin AM, Nerlakanti N, et al. The
homeobox gene, HOXB13, regulates a mitotic protein-kinase interaction network
in metastatic prostate cancers. Sci Rep. 2019;9:9715.

R. Cristofani et al.

14

Cell Death and Disease          (2022) 13:973 



67. Kim EH, Cao D, Mahajan NP, Andriole GL, Mahajan K. ACK1-AR and AR-HOXB13
signaling axes: epigenetic regulation of lethal prostate cancers. NAR Cancer.
2020;2:zcaa018.

68. Sharma BK, Smith CC, Laing JM, Rucker DA, Burnett JW, Aurelian L. Aberrant DNA
methylation silences the novel heat shock protein H11 in melanoma but not
benign melanocytic lesions. Dermatology. 2006;213:192–9.

69. Li B, Smith CC, Laing JM, Gober MD, Liu L, Aurelian L. Overload of the heat-shock
protein H11/HspB8 triggers melanoma cell apoptosis through activation of
transforming growth factor-beta-activated kinase 1. Oncogene. 2007;26:3521–31.

70. Smith C, Lee KS, Li B, Laing JM, Hersl J, Shvartsbeyn M, et al. Restored expression
of the atypical heat shock protein H11/HspB8 inhibits the growth of genetically
diverse melanoma tumors through activation of novel TAK1-dependent death
pathways. Cell Death Dis. 2012;3:e371.

71. Soleimani A, Amirinejad M, Rahsepar S, Vazirian F, Bahrami A, Ferns GA, et al.
Therapeutic potential of RAS prenylation pharmacological inhibitors in the
treatment of breast cancer, recent progress, and prospective. J Cell Biochem.
2019;120:6860–7.

72. Wang M, Casey PJ. Protein prenylation: unique fats make their mark on biology.
Nat Rev Mol Cell Biol. 2016;17:110–22.

73. Zhang Y, Peng X, Zheng Q. Ropivacaine inhibits the migration of esophageal cancer
cells via sodium-channel-independent but prenylation-dependent inhibition of
Rac1/JNK/paxillin/FAK. Biochem Biophys Res Commun. 2018;501:1074–9.

74. Molica S, Mauro FR, Giannarelli D, Lauria F, Cortelezzi A, Brugiatelli M, et al. Dif-
ferentiating chronic lymphocytic leukemia from monoclonal B-lymphocytosis
according to clinical outcome: on behalf of the GIMEMA chronic lymphoproli-
ferative diseases working group. Haematologica. 2011;96:277–83.

75. Boespflug A, Caramel J, Dalle S, Thomas L. Treatment of NRAS-mutated advanced
or metastatic melanoma: rationale, current trials and evidence to date. Ther Adv
Med Oncol. 2017;9:481–92.

76. Echaniz-Laguna A, Geuens T, Petiot P, Péréon Y, Adriaenssens E, Haidar M, et al.
Axonal neuropathies due to mutations in small heat shock proteins: clinical, genetic
and functional insights into novel mutations. Hum Mutat. 2017;38:556–68.

77. Yang J, Carra S, Zhu WG, Kampinga HH. The regulation of the autophagic network
and its implications for human disease. Int J Biol Sci. 2013;9:1121–33.

78. Lei Y, Klionsky DJ. The emerging roles of autophagy in human diseases. Bio-
medicines. 2021;9:1651.

79. Das S, Shukla N, Singh SS, Kushwaha S, Shrivastava R. Mechanism of interaction
between autophagy and apoptosis in cancer. Apoptosis. 2021;26:512–33.

AUTHOR CONTRIBUTIONS
RC, MP, and RMM performed the experiments and analyzed the results. RC, RMM, and
AP designed the study and wrote the paper. BT and MMM contributed to perform
experiments, to study design and manuscript revision. All authors read and approved
the final manuscript.

FUNDING
This research was funded by: Fondazione Telethon, Italy (n. GGP19128 to AP);
Kennedy’s disease association (2018 grant to RC); Fondazione Cariplo, Italy (n. 2021-
1544 to RC); Fondazione AriSLA, Italy (n. MLOpathy to AP; Target-RAN to AP);
Association Française contre les Myopathies, France (AFM Telethon n. 23236 to AP);
Italian Ministry of University and Research (MIUR), PRIN—Progetti di ricerca di
interesse nazionale (n. 2017F2A2C5 to AP); Agenzia Italiana del Farmaco (AIFA)
(Co_ALS to AP); Fondazione Regionale per la Ricerca Biomedica (FRRB) (Regione
Lombardia, TRANS_ALS, project nr. 2015-0023, to AP); Università degli Studi di
Milano, piano di sviluppo UNIMI—linea B (to RC); Italian Ministry of University and
Research (Progetto Dipartimenti di Eccellenza).

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-022-05365-9.

Correspondence and requests for materials should be addressed to Angelo Poletti
or Roberta Manuela Moretti.

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.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium 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) 2022

R. Cristofani et al.

15

Cell Death and Disease          (2022) 13:973 

https://doi.org/10.1038/s41419-022-05365-9
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	HSPB8 counteracts tumor activity of BRAF- and NRAS-mutant melanoma cells by modulation of RAS-prenylation and autophagy
	Introduction
	Materials and methods
	Antibodies and reagents
	Cell culture
	RT-qPCR
	Mutational analysis
	Transient overexpression of HSPB8
	siRNA ATG5
	Cell proliferation assay
	MTT viability assay
	Western blotting
	Migration assay
	Membrane-bound RAS prenylated
	Immunofluorescence
	Statistical analysis

	Results
	Effect of HSPB8 overexpression on growth and viability in BLM and A375 cells
	Effect of HSPB8 overexpression on cell phenotype and motility in BLM and A375 cells
	Effect of HSPB8 overexpression on RAS expression and activity in BLM and A375 cells
	Effect of HSPB8K141E and HSPB8K141N overexpression on RAS expression and activity in BLM and A375 cells
	Effect of HSPB8 overexpression on autophagy in BLM and A375 cells
	Involvement of HSPB8-induced autophagy in BLM and A375 cell proliferation

	Discussion
	References
	Author contributions
	Funding
	COMPETING INTERESTS
	ADDITIONAL INFORMATION




