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ARTICLE INFO ABSTRACT

Keywords: The mitogen-activated protein kinase (MAPK/ERK) pathway is pivotal in controlling the proliferation and sur-

ALDH1A1 vival of melanoma cells. Several mutations, including those in BRAF, exhibit an oncogenic effect leading to

Is\llelanoma increased cellular proliferation. As a result, the combination therapy of a MEK inhibitor with a BRAF inhibitor
temness

demonstrated higher efficacy and lower toxicity than BRAF inhibitor alone. This combination has become the
preferred standard of care for tumors driven by BRAF mutations.

Aldehyde dehydrogenase 1A1 (ALDH1A1) is a known marker of stemness involved in drug resistance in
several type of tumors, including melanoma. This study demonstrates that melanoma cells overexpressing
ALDH1A1 displayed resistance to vemurafenib and trametinib through the activation of PI3K/AKT signaling
instead of MAPK axis. Inhibition of PI3K/AKT signaling partially rescued sensitivity to the drugs. Consistently,
pharmacological inhibition of ALDH1A1 activity downregulated the activation of AKT and partially recovered
responsiveness to vemurafenib and trametinib. We propose ALDH1A1l as a new potential target for treating
melanoma resistant to MAPK/ERK inhibitors.

Target therapy resistance
RAF/MEK inhibitors resistance

1. Introduction reconstruct their heterogeneity [2]. CSCs possess the ability to expand

into multiple progenitor lineages and are recognized for their inherent

Cutaneous melanoma, due to its high heterogeneity and metastatic
potential, represents the most lethal form of skin cancer. The incidence
of melanoma has been increasing in recent years. The prognosis for this
tumor is unfavorable, particularly in advanced and metastatic stages of
the disease. The progression and aggressiveness of melanoma are
attributable to the high plasticity of tumor cells, thus resulting in po-
tential for dissemination and resistance to drug treatments [1].

Tumors, including melanoma, harbour heterogeneous clones of
cancer stem cells (CSCs) that represent key properties for survival and
self-renewal. Melanoma CSCs are a group of quiescent self-renewing cell
types pre-existing in primary tumors and located within tumor niches
that have an enriched functional potential to drive cancer growth, to

resistance to anticancer therapies. CSCs evade anticancer therapies by
remaining quiescent, turn off apoptotic pathways, manage reactive ox-
ygen and nitrogen species (ROS, RNS) and reprogram the tumor
microenvironment (TME) to their advantage [3,4].

In recent years, the combination therapy with protein kinase in-
hibitors (PKIs) of BRAF and MEK, such as vemurafenib and trametinib,
has improved the management of unresectable and metastatic cutaneous
melanoma. Mutations in BRAF are found in over 50% of melanomas,
with BRAFY9%F substitutions accounting for 90 % of these cases. This
and other oncogenic mutations (e.i. BRAFV099D) activate the down-
stream kinase MEK/ERK within the MAPK pathway, promoting tumor-
igenesis [5]. Targeting this BRAF mutant kinase by protein kinases
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inhibitors (BRAFi and MEKi) demonstrates a striking response in
melanoma.

Although the inhibitors have ameliorated the survival rates in sig-
nificant proportion of patients, many patients who receive BRAFi +
MEKi therapy have a limited duration of response, and a predictive
biomarker for response has not been identified, suggesting that primary
and acquired resistance against BRAFi + MEKi therapy remains an
important clinical issue and an unmet medical need.

The current National Comprehensive Cancer Network 2021 and
European Society of Medical Oncology guidelines (2019) recommend
that the preferred first-line treatment for advanced and metastatic
BRAF-mutated melanoma should include therapies with immune
checkpoint inhibitors (ICIs) rather than combination therapy with
BRAFi + MEKi [6]. In patients with advanced melanoma with a BRAF
V600 mutation, the first-line combination consisting of the triplet of
vemurafenib + cobimetinib + atezolizumab has demonstrated longer
duration of antitumor responses and superiority of progression free
survival compared with the BRAFi + MEKi doublet, thus receiving
recent FDA approval.

Additionally, because stemness is also a mechanism of resistance to
ICIs, understanding the molecular mechanisms that support it is an
important goal for more effective targeted therapy.

Several resistance mechanisms have been identified, ranging from
the activation of various receptor tyrosine kinases (RTKs) to the trig-
gering of alternative signaling pathways such as PI3K/AKT pathway [7].
Many stemness markers have been identified in solid tumors, including
aldehyde dehydrogenase 1A1 (ALDH1A1). ALDH1A1 identifies CSCs in
multiple cancers, including breast cancer and melanoma, among others
[8]. This enzyme belongs to the ALDH superfamily, which is involved in
the oxidation of exogenous and endogenous toxic aldehydes to their
respective carboxylic acids. Within the ALDH1A family, ALDH1A1 and
ALDH1A3 have been shown to be associated with cellular self-
protection, differentiation, expansion, tumor progression and therapy
resistance [8]. Based on this evidence, we have previously demonstrated
the contribution of ALDH1A]1 in rewiring the tumor microenvironment,
promoting neoplastic progression and angiogenesis in breast cancer and
melanoma cells [3,9].

Increased expression and activity of ALDH1A1 are putative markers
of resistance to chemotherapeutic agents. Indeed, ALDH1A1 converts
cyclophosphamide into 4-hydroperoxycyclophosphamide, which is an
inactive excretory byproduct [10]. Moreover, ALDH1A1 enrichment has
been detected in head and neck cancer cell lines exhibiting resistance to
cisplatin and 5-fluorouracil [11]. More recently, involvement of
ALDH1AL in resistance of other anticancer treatments, including PKIs,
has been documented [12,13], but its action is still unknown.

Indeed, apart from attributing drug resistance to its CSC phenotype-
related traits, the molecular mechanism whereby ALDH1 itself induces
resistance to PKIs remains unknown.

In light of the complexities related to ALDH1A1 influence on cancer
drug response, the present study has investigated the link between
ALDH1A1 expression in melanoma cells and the intrinsic resistance to
PKIs in 2D and 3D in vitro tumor models. Our study demonstrates that
ALDHI1AL1 activity and expression confer intrinsic PKIs resistance in
melanoma cells, reprogramming growth and survival signaling from
MEK/ERK to PI3K/AKT.

2. Materials and methods
2.1. Data collection and bioinformatics analyses

The Cancer Genome Atlas (TCGA) database stores high-throughput
and clinical data of various tumors from many organs. Transcript pro-
files of 473 melanoma patients belonging to the TGCA-SKMC project
(https://portal.gdc.cancer.gov/projects/TCGA-SKCM) ~ were down-
loaded and filtered depending on ALDH1A1 expression. Each patient
case was linked to its clinical history in order to evaluate differences in
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melanoma prognosis over ALDH1A1 expression. Further, an additional
filtering on “site_of_resection_or_biopsy” was applied by retaining only
those observations related to skin tissue. Tumor stages were classified in
three major groups: Tis-TO, T1-T2, T3-T4.

We highlighted the correlation between ALDH1A1 and the mela-
noma stage/size (Tis-TO vs T1-T2 vs T3-T4), patients’ vital status (alive
vs dead) and expression in primary or metastatic tumor. Statistical
comparisons regarding ALDH1A1 gene expression were performed in
the R environment (v. 4.3.1) by employing the Kruskal.test R function
for multiple group comparison and the pairwise.wilcox.test R function
with Bonferroni correction method for pairwise comparisons.

2.2. Chemicals and reagents

The ALDH1A1 inhibitor CM037 was purchased from ChemDiv Inc.
(San Diego, CA, USA). CM037 was dissolved in dimethyl sulfoxide
(DMSO) (10 mM). Vemurafenib, a potent inhibitor of BRAFV60°, and
trametinib, a highly specific and potent MEK1/2 inhibitor, were from
Selleck Chemicals LLC (Houston, TX, USA) and were dissolved in DMSO
(vemurafenib at 10 mM and trametinib at 12.6 mM). Phosphoinositide
3-kinase (PI3K) inhibitor LY294002 (dissolved in DMSO at 50 mM),
DMSO, CelLytic MT Cell Lysis Reagent, TWEEN 20, Phosphate Buffered
Saline (PBS) and lentiviral particles used to achieve a stable knockdown
of target signal were provided by Merck KGaA (Darmstadt, Germany).
Lentiviral particles used to generate stable ALDH1A1l overexpressed
cultures were from OriGene Technologies (Rockville, MD, USA). The kit
for fast staining (fast Panoptic) was from PanReac AppliChem ITW Re-
agents (Darmstadt, Germany).

2.3. Cell lines and culture conditions

Human malignant melanoma A375 and WM-266-4 cells were pur-
chased from American Type Culture Collection (Manassas, VA, USA).
Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 4500
high glucose (Euroclone SpA, Milan, Italy) supplemented with 10 % fetal
bovine serum (FBS; Euroclone SpA, Milan, Italy), 2 mM glutamine, 100
units/ml penicillin and 0.1 mg/ml streptomycin (Merck KGaA, Darm-
stadt, Germany). Tumor cells were cultured in 10 cm diameter Petri
dishes maintained in a humidified atmosphere with 5 % CO». Melanoma
cells were propagated by splitting 1:8 twice a week. To achieve a stable
ALDH1A1 knockdown (ALDH1A1KD), 1.5 x 10° melanoma cells were
seeded on 6-multiplates. When 70 % of confluence was reached, the cells
were transduced with lentiviral particles (Merck KGaA Darmstadt,
Germany) carrying a scrambled (SC; pLKO.1-puro Empty Vector Control
Transduction Particles also from Merck KGaA Darmstadt, Germany) or
two ALDH1A1 short hairpin (sh)RNA sequences (TRC N 0,000,276,459
and TRC N 0000276397). The sequences express the puromycin-
resistant gene (ALDH1A1KD). A MOI (Multiplicity of Infection) of 10
was applied. The cells were incubated at 37 °C and after 36 h selection
began by puromycin treatment for 3 days (2 ug/ml) (Thermo Fisher
Scientific, Inc. Waltham, Massachusetts, USA). Stable knockdown was
validated by western blot. Selected cells were maintained in complete
medium with puromycin (1 ug/ml). The sequence of plasmid inserted in
clone 1 cells (ShA) was: 5-CCG GCA CCG ATT T-GA AGA TTC AAT ACT
CGA GTA TTG AAT CTT CAA ATC GGT GTT TTTG-3". The sequence of
plasmid inserted in clone 2 cells (ShB) was: 5-CCG GCT CTA GCT TTG
TCA TAG TTA TCT CGA GAT AAC TAT GAC AAA GCT AGA G-TT TTTG-
3'. To obtain stable ALDH1A1 overexpressed cultures (ALDH1A1+ ), 1.5
x 10° melanoma cells were seeded on 6-multiplates. Lentiviral particles
containing nucleotide sequences encoding for ALDH1Al (Origene
RC200723 LentiORF particles, ALDH1A1 (Myc-DDK tagged) — Human,
Rockville, MD, USA) were used to infect the cells. The empty vector for
overexpression was from OriGene Technologies, Inc. (Rockville, MD,
USA) (cat. no. PS100001). A MOI of 10 was applied. The cells were
incubated at 37 °C and at 36 h post-infection, G418 (400 pg/ml) (Merck
KGaA Darmstadt, Germany) was added to cells and selection was


https://portal.gdc.cancer.gov/projects/TCGA-SKCM

V. Ciccone et al.

A
350
o 300
c
T =
D= 250
-0
<E
I 200
o
g
< 2150
g e
= o
E 5 100
[
€ g
o
Tis-TO TI-T2 T3-T4
(o3
350
o 300
o
55
o= 250
<k
T o 200
g5
2 150
@
25
£ g100
[T
© 50
0

Primary tumor Metastatic

Biochemical Pharmacology 224 (2024) 116252

= N N I
a =3 a o
=) ° =) =)

expression [TPM]
2
o

Relative ALDH1A1 gene

a
o

o

Alive Dead

Fig. 1. Increased expression of ALDH1A1 is associated with advanced tumor stage in TCGA-SKCM database. (A). Increased expression of ALDHI1A1l was
associated with advanced tumor stage in TCGA- SKCM database. (B). Relative ALDH1A1 expression in TCGA-SKCM cases which have different living statuses (alive or
dead). (C). Relative ALDH1A1 expression in TCGA-SKCM cases in primary or metastatic tumor. (N = 295).

allowed for 10 days. ALDH1A]1 + cells were generated by G418 selection
for 10 days. Stable ALDH1A1 overexpression was validated by western
blot. Selected cells were maintained in a complete medium with G418
(400 pg/ml) as reported previously [3]. All melanoma cells were
expanded and used until 20 passages.

2.4. MTT assay

Cell survival was quantified by MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide, Merck KGaA, Darmstadt, Germany).
Melanoma cells (3 x 10%) were seeded in 96-multiwell plates in medium
with 10 % FBS. The next day the cells were treated with increasing
concentrations of vemurafenib (0 uM-10 pM), trametinib (0 uM-10 pM)
or LY294002 and then grown in complete medium with 10 % FBS at
37 °C. After 24, 48 and 72 h the medium was removed and MTT was
added in cell cultures and incubated for 4 h at 37 °C. DMSO (Merck
KGaA Darmstadt, Germany) was used to dissolve the formazan salt. Data
are reported as the fold change of absorbance measured at 540 nm/well
as reported [14], taking as reference the untreated cells.

2.5. Clonogenic assay

For clonogenic assay, cells were plated in 6-multiwell plates (at a
density of 100 cells/well) in a medium containing 10 % FBS, kept in a
humidified incubator at 37 °C and 5 % CO- for 24 h and then treated.
When appropriate, cells were pre-treated for 30 min (at 37 °C) with
CMO037 (10 uM every 24 h) and then treated with vemurafenib (1 uM) or
trametinib (1 pM) in medium with 10 % FBS and kept in a humidified
incubator for one week. Where indicated, cells were treated with
LY294002 at concentration of 1 pM and 5 pM every 48 h. Colonies (>50
cells) were fixed adding fixing for fast staining (panoptic No.1) for 15
min at room temperature and then stained using eosin for fast staining
(Panoptic No. 2) for 15 min at room temperature followed by blue dye
for fast staining (Panoptic No; Azur B based; PaneReac AppliChem ITW
Reagents, Darmstadt, Germany) for 15 min at room temperature. Data
are expressed as number and size of colonies [15].

2.6. In vitro tumorsphere formation

The tumorsphere formation assay is an in vitro surrogate that enables
the evaluation of sphere formation from dispersed tumoral cells. Mela-
noma cells (2 x 10° cells/well in 1.5 ml of medium) were distributed
into ultralow attachment 6-well plates as reported [9]. Tumorspheres
were grown in DMEM-F12 medium (Lonza group Ltd Basel,
Switzerland), supplemented with penicillin/streptomycin, L-glutamine
(Merck KGaA Darmstadt, Germany), and 10 % FBS for 4 days. During
tumorsphere formation, they were treated with vemurafenib (1 uM) and
trametinib (1 uM) given every 48 h, in the presence/absence of CM037
(with CM037 1 uM pre-treatment for 30 min at 37 °C and then readded
every 48 h). Where indicated, tumorspheres were also treated with
LY294002 at concentration of 1 pM and 5 pM each day. After 4 days,
tumorspheres were collected and lysed for protein extraction.

2.7. Western blot

Western blot was performed on cell culture lysates and tumor-
spheres. Melanoma cells (3 x 10°/dish) were seeded in 60 mm Petri
plates. After adherence, cells were starved for 18 h and where appro-
priate, pre-treated for 30 min with CM037 (10 uM) and treated with/
without vemurafenib (1 pM) or trametinib (1 pM) in medium with 10 %
FBS for 4 or 24 h. At the end, cells were washed 2x with cold Dulbecco’s
Phosphate Buffered Saline (PBS) (Merck KGaA Darmstadt, Germany)
and lysed on ice with CelLytic™ MT Cell Lysis Reagent supplemented
with 2 mM NagVO4 and 1x Protease inhibitor cocktail for mammalian
cells (Merck KGaA Darmstadt, Germany) as described previously [16].
Tumorspheres after 4-day treatment were collected and centrifuged at
300 g for 2 min at 4 °C and the pellets were lysed on ice as reported
above. Cell lysates (derived from cell cultures or tumorspheres) were
centrifuged at maximum speed for 20 min at 4 °C and the supernatants
were then collected. Bradford assay was used to determine the protein
concentration. Proteins (50 pg/sample) were separated by poly-
acrylamide gel electrophoresis (Bolt 4 to 12 %, Bis-Tris, 1.0 mm, Mini
Protein Gel, 10-well, from Thermo Fisher Scientific, Inc.). Proteins were
transferred onto a nitrocellulose membrane (iBlot 2 Transfer Stacks,
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Fig. 2. ALDH1A1 expression in melanoma cells confers resistance to PKIs-reduced survival. Western blot analysis of A375 (A) and WM-266-4 (C) (SCR,
ALDH1AIKD clones shA and shB, ALDH1A1+ ) cultured in 10 % FBS for 48 h. Gel shown is representative of three experiments with similar results. Quantification of
ALDHI1ALI in A375 (B) and WM-266-4 (D). Arbitrary Densitometry Units (A.D.U.) + SD were reported as ALDH1A1 vs f-actin (n = 3). * p < 0.05 and *** p < 0.001
vs. ALDH1A1+ . Survival (MTT test) in A375 treated with increasing concentrations of vemurafenib (E) and trametinib (F) for 48 h (10 % FBS). *p < 0.05 and **p <
0.01 vs ALDH1A1+ . (G). Caspase 3 cleavage in A375 cells treated with vemurafenib (V) and trametinib (T) (1 uM each) for 4 h. Gel shown is representative of three
experiments with similar results. (H). Quantification of blots shown in (G). Arbitrary Densitometry Units (A.D.U.) & SD were reported as Cleaved-Caspase 3/ Caspase
3 vs B-actin (n = 3). *p < 0.05 and **p < 0.01 vs untreated cells. Survival of WM-266-4 treated with vemurafenib (I) and trametinib (J) for 48 h (in medium with 10
% FBS). *p < 0.05 and **p < 0.01 vs ALDH1A1+. (K). Caspase 3 cleavage in WM-266-4 cells treated with trametinib (T) (1 pM) for 4 h. Gel shown is representative of
three experiments with similar results. (L). Quantification of blot shown in (K). Arbitrary Densitometry Units (A.D.U.) + SD were reported as Cleaved-Caspase 3/
Caspase 3 vs p-actin (n=3). *p < 0.05 and **p < 0.01 vs untreated cells.
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Fig. 2. (continued).

nitrocellulose, regular size from Thermo Fisher Scientific, Inc.). Next,
membranes were blocked with 5 % non-fat dried milk for 1 h at room
temperature, and then incubated at 4 °C overnight with primary anti-
body including anti-ALDH1A1 (rabbit, 1:1000, cat. n.54135), anti-
caspase 3 (rabbit, 1:1000, cat. n.9662), anti-cleaved caspase-3
(Aspl75) (rabbit, 1:1000, n. 9661), anti-pERK1/2 (rabbit 1:2000 cat
n.4370S), anti-ERK1/2 (rabbit 1:1000 cat n.9102S), anti-pAKT (ser473)
(rabbit 1:1000 cat n. 9271S), anti-AKT (mouse 1:2000 cat n.29208S),
anti-BRAF (rabbit 1:1000 cat n.14814), anti-DUSP1 (rabbit 1:1000 cat
n.35217S), anti-DUSP6 (rabbit 1:1000 cat n. 39441S), anti-CD133
(rabbit 1:1000 cat. no. 64326), anti-Nanog (rabbit 1:1000 cat. no.
3580) and anti-SOX2 (rabbit 1:1000 cat. no. 3579) antibodies. All an-
tibodies were from Cell Signaling Technology, Inc. (Danvers, Massa-
chusetts, USA). Anti-f-actin antibody (mouse, 1:10,000, cat. no.
MABT825) was from Merck KGaA (Darmstadt, Germany). The mem-
branes were washed three times (with PBS and TWEEN20 0.5 %) and
then incubated with secondary antibodies, HRP conjugated (anti-rabbit,
1:2500, cat. n. W401B; anti-mouse 1:2500, cat. n. W402B, both from
Promega Corporation Madison, Wisconsin, USA) at room temperature
for 1 h. At the end of incubation, membranes were washed with PBS and
TWEEN20 0.5 % (Merck KGaA. (Darmstadt, Germany) three times. The
analysis of protein bands was conducted using ChemiDoc XRS (Bio-Rad
Laboratories, Inc. Milan, Italy) after incubating at room temperature for
2 min with an enhanced chemiluminescent substrate (Bio-Rad Labora-
tories, Inc. Milan, Italy) [14]. Each experiment was performed at least
three times. Densitometry analysis of immunoblots was performed using
Fiji software (64-bit Java 1.8.0_172). The results, presented as arbitrary
density units (A.D.U.) + SD, were normalized against total protein and
subsequently f-actin.

2.8. Statistical analysis

The results presented are either indicative or the mean of a minimum
of three separate experiments, each conducted in triplicate. Statistical
analysis was performed using one-way ANOVA test followed by the
Bonferroni test and the unpaired Student t-test when appropriate
(GraphPad Prism 7; GraphPad Software, Inc.). P < 0.05 was considered
to indicate a statistically significant difference.

3. Results

3.1. In melanoma cases ALDH1A1 gene is upregulated in a stage-
dependent manner and is associated to worst prognosis

Tumor progression and chemotherapy resistance were usually
caused by melanoma CSCs [17,18]. In order to understand the impact of
ALDH1A1 in melanoma, we investigated the expression profile of 295
TCGA melanoma cases.

Firstly, we found that ALDH1A1 gene expression was upregulated in
a stage-dependent manner (Fig. 1A). The clinical data of the T stage was
closely correlated with ALDH1A1 expression, the advanced stage was
along with the higher expression of ALDH1A1. An increase was observed
in T1-T2 and T3-T4 stage compared with Tis-TO (Fig. 1A). Furthermore,
patients with higher ALDH1A1 expression tend to have a worse prog-
nosis, evaluated as vital status (alive or dead) (Fig. 1B) and development
of metastasis (Fig. 1C).

This result relates melanoma progression with the gene expression of
ALDH1Al.

3.2. ALDH1A1 overexpression confers intrinsic resistance to PKIs-
induced apoptosis in melanoma cells

Intrinsic ALDH1A1 serves an important role in stemness, progression
and drug response in several solid tumors [8,19]. In order to investigate
the role of ALDH1A1 pathway in intrinsic resistance to PKIs in mela-
noma cells, first we used a loss- and gain-of function strategy. The pre-
sent study employed the following cell lines: A375 mutated BRAF
(V600E) and WM-266-4 metastatic mutated BRAF(V600D) melanoma
cells. We created cellular models knocked down for ALDH1A1 (ALD-
H1A1KD) in A375 and WM-266-4 cells. Melanoma ALDH1A1KD were
obtained by using two different shRNA (A and B). For gain-of function
model, A375 ALDH1Al+ and WM-266-4 ALDH1Al+ cells were
generated (Fig. 2A-D). Melanoma cells transduced with a scrambled
sequence were labeled as SCR cells and used as control.

To find out if ALDH1A1 influenced melanoma response to PKIs, a
cytotoxicity test (MTT test) on cells grown in monolayer was performed.
Under growth-promoting condition of medium with 10 % serum, after
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images of clonogenic assay in WM-266—4 treated with vemurafenib (V) and trametinib (T). After 7 days of incubation, cells were fixed, stained, and photographed.

48 h of treatment, A375 ALDH1Al+ showed a lower response to
vemurafenib (Fig. 2E) and trametinib (Fig. 2F) starting from 100 nM up
to 10 uM, compared with ALDH1A1KD or SCR cells. PKIs are associated
with pro-apoptotic response, the preferred outcome of tumor therapy
[20]. Based on these results, we used the concentration of 1 uM and we
observed that, after 4 h of treatment, vemurafenib and trametinib
remarkably promoted cleavage of caspase 3, the ultimate mediator of
apoptosis pathway, in A375 SCR and ALDH1A1KD cells, but not in A375
ALDH1A1+ (Fig. 2G-H). Similar results were observed in WM-266-4, as
vemurafenib and trametinib were not able to reduce cell survival in

ALDH1A1+ cells (Fig. 2I-J) and trametinib failed to enhance caspase 3
activation in these cells (Fig. 2K-L).

From all these data it results that melanoma ALDH1A1+ cells show a
reduced response to vemurafenib and trametinib, which leads to
impaired activation of apoptosis.

3.3. ALDHI1AI1 confers intrinsic resistance to PKIs and maintains stem-
like properties in melanoma cells

ALDH1A1 is considered a stemness marker for many tumors,
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Fig. 3. (continued).

including melanoma [8]. To establish the effect of vemurafenib and
trametinib on the stemness of melanoma cells, in vitro tumorspheres
were set up. In melanoma cells, ALDH1A1KD suppressed the formation
of spheroids (Fig. 3A-B for A375 and Fig. 3G-H for WM-266-4, Un-
treated cells). By contrast, spheres derived from melanoma ALDH1A1+
were denser respect to SCR and ALDH1A1KD, with regular shape and
more homogeneous structure (Fig. 3A-B for A375 and Fig. 3G-H for WM-
266-4). The dimension and number of melanoma ALDH1A1+ tumor-
spheres were higher than that of SCR and ALDH1A1KD cells. Molecular
analysis revealed a larger activation of pAKT in A375 ALDH1Al+
tumorspheres, in agreement with the maintenance of stemness pheno-
type (evaluated as tumorspheres formation ability) [21] (Fig. 3C-D).
More importantly, high expression of ALDH1A1 enhanced the resistance
to PKIs in melanoma tumorspheres, as the number and structure of SCR
and ALDH1A1KD melanoma spheres were reduced in presence of
vemurafenib and trametinib, while no change was observed for mela-
noma ALDH1A1+ spheres (Fig. 3A-B for A375 and Fig. 3G-H for WM-

266-4). At molecular level, to corroborate the results obtained in
monolayer, the analysis of apoptosis marker was performed. A signifi-
cant activation of caspase 3 was observed in A375 and WM-266-4
ALDH1A1KD tumorspheres after treatment with vemurafenib and tra-
metinib (Fig. 3E-F for A375 and Fig. 3I-J for WM-266-4), while in
melanoma ALDH1A1+ cells the expression remains similar to the un-
treated condition.

ALDH1A1 overexpression also promoted colony formation ability by
A375 cells (Fig. 3K). The number of clones was similar among SCR,
ALDH1A1KD and ALDH1Al+ cells, but the structure of A375
ALDH1A1+ clones was more compact, aggregated and with regular
edges (Fig. 3K-L). Of note, SCR and ALDH1A1KD melanoma cells
showed a reduction of clones when treated with vemurafenib and tra-
metinib (Fig. 3M-N for A375 and Fig. 3P-Q for WM-266-4), while
melanoma ALDH1A1+ cells continued to exhibit high clonogenicity.

Collectively, these findings suggest that ALDH1A1 mediates stem-
ness phenotype and resistance to PKIs in melanoma cells.
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3.4. ALDHIA1 mediates PKIs resistance in melanoma cells by PI3K/AKT
pathway activation

Recent research suggests that heightened compensatory signaling via
the PI3K/AKT axis may play a critical role in driving resistance in the
late stages of the RAF/MEK pathway. [22]. To assess the status of KRAS-
related signaling pathways and previously reported mechanisms of MEK
inhibitor resistance in the RAF/MEK-resistant cells, we performed
immunoblot analysis of key downstream effectors. On these bases, we
explored the expression and activation of MAPK/ERK and PI3K/AKT
signaling in melanoma cells expressing different levels of ALDH1A1.

Western blot analysis revealed that ALDH1A1 expression in A375
cells induced AKT activation and reduced ERK1/2 phosphorylation,
indicating the existence of a relation between ALDH1A1 and PI3K/AKT
expression (Fig. 4A-B). On the contrary, ERK1/2, the major indicator of
active MAPK signaling, was phosphorylated in the control condition
(medium with 10 % FBS) in A375 SCR and A375 ALDH1A1KD, sug-
gesting their greater sensitivity to drugs inhibiting this pathway. A375
ALDH1A1+ displayed a substantially reduced phospho-ERK in com-
parison to their parental counterparts, indicating that these cell lines
have bypassed the necessity of the MAPK signaling pathway for their
growth.

To determine whether reduced MAPK/ERK signaling and increased
PI3K/AKT axis were responsible for the resistance to PKIs observed in
melanoma cells with high ALDH1A1 expression, time course experi-
ments were performed in the three cell lines exposed to vemurafenib or
trametinib. Western blot showed that in A375 SCR and A375 ALD-
H1A1KD after 15 min of treatment, trametinib inhibited ERK1/2 acti-
vation (Fig. 4C-D). Consistently, vemurafenib after 30 min reduced
ERK1/2 activation (Fig. 4E-F). In A375 ALDH1A1+ we detected no
activation of ERK1/2, even under basal condition, which explains the
ineffectiveness of the drug.

Next, to deeper investigate the regulation of MAPK/ERK signaling
pathway, the expression of dual-specificity phosphatase 1 (DUSP1) and
6 (DUSP6) was assessed. In A375 ALDH1Al+ we found a strong
downregulation of DUSP6 expression, consistent with its regulation in
an ERK signaling activation-dependent manner (Fig. 4G-H) [23]. DUSP1
levels did not change in all the cell lines analyzed (Fig. 4G-H). Similar
results were obtained in WM-266—4, in which a high activation of AKT

was observed in WM-266-4 ALDH1A1+ in association with vemur-
afenib and trametinib resistance (Fig. 4I-K). Furthermore, even in WM-
266-4 SCR and ALD1A1KD after 30 min of treatment, vemurafenib and
trametinib have been shown to be effective in reducing the activation of
ERK1/2, an effect not observed in WM-266-4 ALDH1A1+ (Fig. 4L-M).

Next, to prove the dependency of melanoma ALDH1A1+ by PI3K/
AKT signaling, a colony formation test was performed in presence of
LY294002, a PI3K inhibitor. We found that in A375 ALDH1A1+ cells the
treatment with LY294002 (5 pM) significantly reduced their clonoge-
nicity ability, in terms of clone size, but not in number (Fig. 5A-C). A375
ALDHI1A1+ clones showed the highest sensitivity to LY294002, sug-
gesting a strict dependance of these cells to PI3K/AKT pathway in
cloning phenotype. Further, to demonstrate that the PI3K/AKT pathway
regulates the maintenance of stem-like phenotype in melanoma cells,
western blot analysis was performed on ALDH1A1 + tumorspheres. As
reported in Fig. 5D-E, LY294002 treatment caused a significant reduc-
tion of expression of the stemness markers Nanog and SOX2, with a
slight effect on CD133 levels.

MTT survival test revealed an overlapping profile of LY294002
sensitivity among A375 SCR, A375 ALDH1A1KD and A375 ALDH1A1+
cells after 24 h (Fig. 6A), 48 h (Fig. 6B) and 72 h (Fig. 6C) of treatment.
Finally, to determine whether PI3K/AKT pathways influenced resistance
to PKIs, MTT assay was performed in A375 ALDH1A1+ in presence of
vemurafenib or trametinib and LY294002. As reported in Fig. 6D, PI3K/
AKT inhibition reversed vemurafenib resistance in A375 ALDH1A1-+ up
to 1 pM. Consistently, a rescue of trametinib sensitivity was also
observed in A375 ALDH1A1+ co-treated with LY294002 (Fig. 6E).

Our data suggest the involvement of PI3K/AKT in maintaining
melanoma cell stemness, which in turn is responsible for PKIs resistance.

3.5. ALDHI1A]1 engymatic activity partially regulates PI3K/AKT
activation, and its blocking enhances sensitivity to PKIs

Finally, to explore the contribution of ALDH1A1 enzymatic activity
on stable phosphorylation of AKT in ALDH1A1+, a pharmacological
approach was used. As reported in Fig. 7A-B, the treatment of
ALDH1Al1+ cells with CMO37, a selective enzyme inhibitor of
ALDH1AL1, leads to significant decrease of AKT activation. To prove the
role of ALDH1A1 metabolic activity on the sensitivity of melanoma cells
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to PKIs, a survival test was performed in presence of CM037.

In both ALDH1A1+, A375 and WM-266-4 cells, the combination of
CMO037 with vemurafenib or trametinib, as well as with vemurafenib in
combination with trametinib, resulted in significant reduced cell sur-
vival compared with PKIs alone (Fig. 7C and E), indicating that inhibi-
tion of ALDH1A1 enzymatic activity might restore MAPK sensitivity by
reducing AKT activation. Further, the clonogenicity ability of melanoma
ALDH1A1+ cells was investigated. As shown in Fig. 7D, CM037 com-
bined with vemurafenib or trametinib enhanced the antitumor activity
of PKIs compared with vemurafenib and trametinib alone.

Altogether, the data demonstrate that overexpression of tumor-
derived ALDH1A1 mediates intrinsic resistance to RAFi/MEKi in mela-
noma cells by activating PI3K/AKT signaling.

4. Discussion
The present study aimed to assess the contribution of ALDH1A1 in

melanoma on intrinsic resistance to RAFi/MEKIi, beside its association
with tumor progression. We demonstrated that high expression of

ALDH1A1 in melanoma cells suppressed ERK1/2 activation and conse-
quently vemurafenib and trametinib activity, while maintaining the
stemness phenotype and activating PI3K/AKT signaling, a common
mechanism of adaptive resistance to RAF/MEK inhibition [24,25]. Ev-
idence of the specificity of PI3K/AKT signaling in ALDH1A1 + mela-
noma resistance to vemurafenib and trametinib was further achieved by
pharmacological inhibition of this axis with the inhibitor LY294002,
which improved sensitivity to the two drugs. The enzymatic activity of
ALDHIAL is responsible for independence from MAPK signaling and
dependency on PI3K/AKT signaling, as CM037, the selective ALDH1A1
inhibitor, partially restored sensitivity to PKIs.

ALDH1A]1, located in the cytosol, is an enzyme expressed in various
solid tumors, contributing to stem-like characteristics, aggressive traits,
and resistance to therapy. [3,9,26,27]. Although the significance of
ALDH1AL1 in CSCs in conferring multidrug resistance to cytotoxic agents
as 5-fluorouracil [28] or cyclophosphamide [29] but also to target
therapy [30,31] has been described in several reports, a functional role
of ALDH1A1 in resistance to vemurafenib and trametinib has not been
determined. Indeed, although ALDH1A1 has been identified as one of
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Fig. 4. (continued).

the 15 proteins responsible for resistance to MAPK inhibitors in resistant
melanoma cells [13], the enzyme function has not been thoroughly
investigated. Moreover, while the metabolic activity of ALDH1A1 may
explain the detoxification of cyclophosphamide and some other drugs
that act through an aldehydic intermediate, and consequently their
resistance, the association between ALDH1A1 activity/expression and

10

the mechanism of resistance to other drugs is still poorly known.
Overall, ALDH1A1l-mediated drug resistance involves a complex
interplay of various mechanisms including detoxification, anti-apoptotic
functions, modulation of DNA repair, and alteration of nucleotide
metabolism. Undoubtedly, sustaining the status of CSCs capable of
inducing cell cycle arrest (quiescent state) might bolster CSCs’ resistance
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to chemotherapy and radiotherapy [32].

In the present study we observed that ALDH1Al overexpression
ensures cell survival in melanoma cells treated with vemurafenib and
trametinib by inhibiting apoptosis in 2D and 3D cell culture models.
Melanoma cells overexpressing ALDH1A1 showed the highest stem-like
properties evaluated as tumorspheres formation and clonal expansion
ability, which were not influenced by PKIs. Many signaling pathways
such as WNT, TGFp, PI3K/AKT, EGFR, and JAK/STAT are commonly
activated in CSCs of various tumors to regulate their self-renewal and
differentiation state. Hence, the activation of these pathways could
potentially be crucial in promoting the proliferation of CSCs and
consequently contributing to therapy resistance [33,34]. In our paper
we found an hyperactivation of PI3K/AKT in tumorspheres derived from
ALDH1A1 + melanoma cells, which was observed in the same cells
cultured in 2D, suggesting a critical role of this axis in the maintenance
of stem-like properties of melanoma and resistance to PKIs [35]. On the

11

contrary, we found a reduction of ERK1/2 phosphorylation, consistent
with MAPK axis suppression, corroborated by impairment of DUSP6
expression which is tightly regulated by ERK1/2 signaling [36]. ERK1/2
function as downstream kinases in the BRAF-MAPK signaling pathway,
where they phosphorylate nuclear transcription factors governing cell
growth and survival. The phosphorylation of ERK1/2 is frequently
employed as a marker for the activation of the MAPK signaling cascade
[37,38]. Of note, in our study the expression of ALDH1ALI significantly
impaired ERK1/2 phosphorylation but did not affect its expression.
These observations lead us to assume a non-transcriptional regulation of
ERK1/2 by ALDH1Al, although some papers have documented a nu-
clear accumulation of ALDH1A1 associated with a poor prognosis in
colon cancer [39], and more recently, a report showed an interaction of
ALDHI1A1 with B-catenin in esophageal squamous cell carcinoma up-
stream of drug resistance [40].

Activation of the PI3K/AKT signaling pathway might contribute to
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Fig. 6. PIBK/AKT inhibition improves PKIs sensitivity of melanoma cells. Survival in A375 SCR, ALDH1A1KD and ALDH1A1+ treated with increasing con-
centrations of LY294002 for 24 (A), 48 (B) and 72 h (C) in medium with 10 % FBS. (D). Survival of A375ALDH1A1+ exposed to increasing concentration of
vemurafenib and LY294002 (5 uM) for 48 h in 10 % FBS. **p < 0.01 vs untreated cells. ## p < 0.01 vs vemurafenib alone. (E). Survival of A375ALDH1A1+ exposed
to increasing concentrations of trametinib and LY294002 (5 uM) for 48 h in medium with 10 % FBS. **p < 0.01 vs untreated cells. # p < 0.05 vs trametinib alone.

the decreased sensitivity to RAFi/MEKi in human melanoma cell lines,
as compensatory survival network toward a dedifferentiated phenotype
[41]. Indeed, in ALDH1Al + melanoma cells the treatment with
LY294002, a PI3K inhibitor, enhanced vemurafenib and trametinib ef-
ficacy in ALDH1A1 + melanoma cells, suggesting that the reduction of
the stem-like cell phenotype might improve cell sensitivity to PKIs
compared to parental cells. These findings agree with Yoon and co-
workers, which showed as PI3K/AKT signaling regulated Nanog to
play a critical role in sarcoma CSC maintenance [42].

The molecular mechanism involved in this shift is not completely
known, but several hypotheses can be made. Our data show as in
ALDHI1A1 + melanoma cells pharmacological inhibition of ALDH1A1
(by using CM037) reduces the hyperactivation of AKT, and partially
restores responsiveness to vemurafenib and trametinib. As ALDH1A1
mainly converts retinaldehyde to retinoic acid (RA), this finding sug-
gests that RA might contribute to the activation of AKT signaling cascade
to protect cells against cell death, with a precedence over the activation
of ERK1/2 phosphorylation, as previously reported [43,44]. RA, acting
via its nuclear receptors, can also crosstalk with MAPK signaling to
stimulate or suppress ERK1/2 phosphorylation, depending on cellular
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context [45,46]. Further, recent observations showed as RA reduces RAF
association with kinase suppressor of Rasl (Ksrl), the scaffolding pro-
tein that facilitates the assembly of the MAPK kinases [47,48]. Further
studies are required to assess the role of ALDH1Al-derived RA in
resistance to PKIs in melanoma cells.

ALDHs also reduce oxidative damage at cellular and tissue levels by
averting the buildup of aldehydes from both endogenous and exogenous
sources. ALDHs act as scavenger of ROS because of their ability in
metabolizing the aldehydic products generated by the effect of ROS on
polyunsaturated fatty acids (PUFAs) present in membrane phospholipids
(lipid peroxidation), and inhibition of ALDHs is associated with
increased levels of ROS [49]. ROS have been reported to activate the
receptors of EGF and PDGF, though without corresponding ligands,
which can stimulate MAPK signaling and the subsequent activation of
ERK [50]. The hypothetical involvement of ROS scavenging by
ALDH1A1 needs however to be deepened in relation to reduced ERK
signaling activation and acquired resistance to RAFi/MEKi. A recent
study suggests that the stability and subsequent phosphorylation of ERK
could potentially be influenced by the levels of tubulin acetylation, a
crucial factor in stabilizing microtubules [51]. ALDH1A1-RA signaling
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could regulate the deposition of both activating and repressive epige-
netic marks on histones at target gene promoters.

In conclusion, this work demonstrates that ALDH1A1 overexpression
in human melanoma is involved in tumor resistance to RAFi/MEKi by
shifting to a stem-like/dedifferentiated phenotype PI3K/AKT-mediated.
We conclude that ALDH1A1 may be considered a marker for identifying
a subtype of progressive melanoma and a new potential therapeutic
target to recover tumor cell sensitivity to PKIs.
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