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ORIGINAL ARTICLE

ALDHIA3 is epigenetically regulated during melanocyte
transformation and 1s a target for melanoma treatment

M Pérez-Alea’, K McGrail', S Sanchez-Redondo™'°, B Ferrer', G Fournet?, J Cortés*®, E Mufoz®, J Hernandez-Losa?, S Tenbaum®,

G Martin’, R Costello®, | Ceylan, V Garcia-Patos™® and JA Recio'

Despite the promising targeted and immune-based interventions in melanoma treatment, long-lasting responses are limited.
Melanoma cells present an aberrant redox state that leads to the production of toxic aldehydes that must be converted into less
reactive molecules. Targeting the detoxification machinery constitutes a novel therapeutic avenue for melanoma. Here, using 56
cell lines representing nine different tumor types, we demonstrate that melanoma cells exhibit a strong correlation between
reactive oxygen species amounts and aldehyde dehydrogenase 1 (ALDH1) activity. We found that ALDH1A3 is upregulated by
epigenetic mechanisms in melanoma cells compared with normal melanocytes. Furthermore, it is highly expressed in a large
percentage of human nevi and melanomas during melanocyte transformation, which is consistent with the data from the TCGA,
CCLE and protein atlas databases. Melanoma treatment with the novel irreversible isoform-specific ALDH1 inhibitor
[4-dimethylamino-4-methyl-pent-2-ynthioic acid-S methylester] di-methyl-ampal-thio-ester (DIMATE) or depletion of ALDH1A1
and/or ALDH1A3, promoted the accumulation of apoptogenic aldehydes leading to apoptosis and tumor growth inhibition in
immunocompetent, immunosuppressed and patient-derived xenograft mouse models. Interestingly, DIMATE also targeted the slow
cycling label-retaining tumor cell population containing the tumorigenic and chemoresistant cells. Our findings suggest that
aldehyde detoxification is relevant metabolic mechanism in melanoma cells, which can be used as a novel approach for melanoma

treatment.
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INTRODUCTION

Melanoma is the most lethal form of skin cancer with an
increasing incidence and poor prognosis.' Melanoma heteroge-
neity and tumor resistance to therapy hamper effective treatment
of melanoma. During the last few years, new drugs, such as BRAF
inhibitors or immunomodulatory therapies, have been developed;
however, long-lasting effects are minimal or are only effective in a
minority of patients,®™ highlighting the need for new therapeutic
alternatives.

Aldehyde dehydrogenases (ALDHs) enzymes have a key role in
the detoxification metabolism of aldehydes, which have a broad
spectrum of biological activities. ALDH activity is crucial to the
biosynthesis of retinoic acid, betaine and carnitine, alcohol
metabolism and cellular homeostasis.>~ They also can act as
esterases® and perform non-enzymatic functions, such as the
reduction of osmotic stress and protection from ultraviolet
exposure.®'® ALDHs are found in all subcellular compartments,
including the cytosol, endoplasmic reticulum, mitochondria and
the nucleus, with some even found in more than one location.'’

Recent evidence suggests that enhanced ALDH activity is a
hallmark of cancer stem cells (CSC) measurable by the ALDEFLUOR
assay, most likely due to multiple or distinct ALDH isozymes, the

contribution of each depending on the specific type of tumor.'?
High ALDH activity has been demonstrated in tumorigenic cells
from several tumor types, including myeloid leukemia,'® mam-
mary gland,' colon,’>'® liver,'”” pancreas'® and prostate."”
Although the existence of these types of cells is controversial in
melanoma, a role for ALDH1 in tumorigenesis and as a marker of
melanoma CSCs has been suggested.’®?' Moreover, other
investigations have shown that ALDHs could be key determinants
for the survival and drug resistance of cancer cells.??

The current development of ALDH inhibitors is being driven by
emerging clinical needs. However, pharmacological inhibitors
have been developed for only 3 of the 19 ALDH isozymes.”*
These are the enzymes involved in the metabolism of alcohol
(ALDH2) and the anticancer oxazaphosphorine drugs (ALDH1A1
and ALDH3A1).2* Among the molecules known to inhibit ALDH
activity, there are reversible inhibitors, competitive substrates or
molecules whose metabolic products mediate the ALDH
activity.?* Within these latter type of molecules, disulfiram,
which inhibits ALDH1A1 and ALDH2, is being evaluated in
clinical trials; however, it also inhibits carboxylesterase and
cholinesterase and causes a variety of physiological side
effects.?* Furthermore, its efficacy as an anticancer agent is still
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not established as it does not inhibit the growth of mouse
lymphoid cells overexpressing the Bcl2 gene.?

Di-methyl-ampal-thio-ester (DIMATE) is a novel competitive
irreversible inhibitor of ALDH1 and ALDH3.%® Although it inhibits
cancer cell growth irreversibly, this effect was reversible on normal
human prostate epithelial cells.>” Moreover, intraperitoneal
injection of DIMATE in an animal model appeared to be effective
in the prevention or treatment of peritoneal carcinomatosis.?®
Melanoma tumors produce a high amount of reactive oxygen
species (ROS) as a result of an increased metabolism of
transformed cells, immune reaction against the developing tumor,
ultraviolet radiation, melanin production and an altered antiox-
idant system.” Among the many actions of ROS in biological
systems, the peroxidation of unsaturated lipids is well
established®® and is of particular importance because it gives rise
to toxic aldehydes that are highly apoptogenic. Indeed, one such
toxic aldehyde malondialdehyde (MDA) is a chromatin cross-
linking agent' Another is 4-hydroxynonenal (HNE) that induces
apoptosis and whose apoptogenecity is inhibited when cells are
transfected by the ALDH3 gene>? For cells to survive, these
apoptogenic aldehydes must be metabolized and converted into
less reactive non-apoptogenic molecules. The oxidation of
aldehydes in general has been abundantly documented in the
literature for over 30 years. More recently, the oxidation of specific
aldehydes has been ascribed to particular ALDH isoforms.3?
Hence, targeting ALDHs could provide a novel avenue for
treatment, especially for melanoma, by increasing the accumula-
tion of pro-apoptotic molecules. Here, we show that the ALDHTA3
isoform is epigenetically deregulated during melanocyte transfor-
mation, switching its localization during establishment and
correlating with the production of high amounts of ROS.
Treatment of patient-derived tumors with DIMATE reduced tumor
growth by increasing apoptosis in cycling tumor cells and in a
slow cycling label-retaining cell sub-population.

RESULTS

The high amount of ROS in melanoma cells correlates with an
elevated ALDH1 activity

There is evidence for the presence of an aberrant redox state in
melanoma. Melanoma tumor cells have higher levels of super-
oxide anion (O3) and aberrant activation of transcription pathways
related to oxidative stress.>* In this context, initially, we confirmed
this observation by measuring the amount of ROS in 13 different
melanoma cell lines, including five patient-derived cell lines,
among other tumor cell types (a total of 56 cell lines from nine
different tumor types, Supplementary Figure S1A). Melanoma cells
showed the highest amounts of ROS compared with most of the
other tumor cell types (Figure 1a). ALDH isoforms have an
important role in a wide variety of metabolic processes3>3¢
Interestingly, melanoma cells had a consistently elevated activity
of ALDH1 (Figure 1b) and showed the strongest correlation
between the amount of ROS and the ALDH1 activity, among the
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other tumor cell types investigated (Figure 1c). Moreover,
melanoma cells showed an inverse correlation between the
amount of ROS and the ALDH1 activity (Figure 1c). Thus, these
results suggest an important role of ALDHs in melanoma
homeostasis.

ALDH1A3 is highly expressed in melanomagenesis and
progression

To date, 19 ALDH genes have been identified in the human
genome."" ALDH1 activity has been related to normal stem cells
(SCs) and CSCs.3” Although the increased activity of ALDH1 has
been correlated with poor prognosis in a number of tumor types,
melanoma appears to be an exception.*®*° Analysis of ALDH
isoform expression using the cancer cell line encyclopedia
database (CCLE) (http://www.broadinstitute.org/ccle) showed that
ALDH1A3 is the isoform most abundantly expressed in melanoma,
whereas ALDHTAT was moderately expressed and ALDH3AT was
almost absent (Supplementary Figure S1B). Similar results were
obtained when the mRNA expression data were analyzed from the
TCGA database (TCGA; cBioportal; http://www.cbioportal.org)
(Supplementary Figure S2). Consistent with this finding, our set
of melanoma cells expressed ALDH1A3 and not ALDH3A1, and
protein expression of isoform ALDH1A1 was variable among the
cell lines tested (Figure 1d). In contrast, normal human epidermal
melanocytes did not express ALDH1A3 and showed elevated
amounts of ALDH3A1 protein (Figure 1d). The switch in the
isoform protein expression observed in melanoma cells compared
with normal melanocytes was confirmed at the mRNA level.
ALDH1A3 mRNA was highly expressed in all melanoma cell lines,
whereas ALDH3A1 expression was mostly repressed and ALDH1A1
mRNA amounts were variable (Supplementary Figures S3A and B).
The marked change in ALDH1A3 mRNA and protein expression
observed in melanoma cells compared with melanocytes sug-
gested an epigenetic regulation of the gene. Analysis of a CpG
island located at the ALDH1A3 gene 5’-end regulatory sequence
showed that this region was highly methylated in normal
melanocytes, whereas melanoma cells lacked this modification
(Figure 1e and Supplementary Figure S3C). According to the
human protein atlas database (http://www.proteinatlas.org),
ALDH1A1 and ALDH1A3 were overexpressed in 25 and 60% of
the melanoma samples, respectively, ALDH3A1 was not expressed
and none of the isoforms were detected in normal tissue. These
results were also observed in our set of melanoma samples
(Supplementary Figures S3D and E). ALDH protein expression
analysis during melanoma progression (nevus, primary melanoma
and lymph node metastasis from the same patient) showed that
ALDHTA1 was present in the nucleus and cytoplasm of benign
lesions and was only detected in the cytoplasm of primary tumors
without significant changes in the amount of protein during
progression. In four out of five paired primary tumors and lymph
node metastases, the amount of ALDH1A1 tended to diminish in
the metastases (Figure 1f). Notably, ALDH1A3 appeared to be
nuclear in the most differentiated cells of the nevus, switching its

<
Figure 1.

Melanoma cells have elevated amounts of ROS, ALDH1 activity and express high amounts of ALDH1A3. (@) Amount of ROS in 56

different cell lines representing 9 different tumor types. The amount of ROS observed in each cell line and the mean ROS in each type of
tumor are shown (relative fluorescence units (RFUs)). (b) Graph shows the different amounts of ALDH1 activity in each cell line and the mean
ALDH1 activity in each tumor type. (c) Correlation between the amount of ALDH1 activity and ROS among different tumor cell types. Markers
for melanoma cells are in red. (d) Western blot showing the amounts of ALDH1A1, ALDH1A3 and ALDH3A1 in the different melanoma cell
lines. GAPDH is the loading control. (e) DNA methylation analysis of a CpG island located in the ALDH1A3 regulatory promoter region. Two
sets of primers covering the region (240 bp) were designed (CpG1 and CpG2). Analysis was performed in normal human epidermal
melanocytes (NHEM), BRAFV?F mutant cells (SKMel-28, A375) and NRAS?®" mutant cells (SKMel-103, SKMel-147 and patient-derived MMLN9).
(f) Immunohistochemistry of ALDH1A1 and ALDH1A3 in human samples. Expression of the different isoforms and subcellular localization are
shown in a nevus, superficial spreading melanoma (SSM) and lymph node metastasis (LNM), the latter two from the same patient. HScores
from ALDH1A1 and ALDH1A3 staining performed in nevi and SSM and HScores for the ALDH1A1 and ALDH1A3 staining of the paired SSM
and LNM samples from same patients are shown below. Arrows indicate melanophages. Bars represent 500 and 50 pm for the magnifications.
P-value was calculated by Student’s t-test.
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localization to the cytoplasm as cells become more undifferen-
tiated and grouped in typical nests. Primary melanomas showed a
significant increase in the cytoplasmic expression of ALDH1A3
compared with benign lesions that tended to decrease in the
paired lymph node metastasis (Figure 1f). Altogether, these results
indicate that ALDH isoforms are subjected to expression regula-
tion during melanocyte malignancy, whereas ALDH1A3 expression
and its subcellular localization are biomarkers for melanomagen-
esis and melanoma progression, respectively.

Inhibition of ALDH1 by DIMATE is cytotoxic for melanoma

Several studies have confirmed that increased ALDH activity is a
surrogate marker for human and murine cells with increased
proliferation and tumorigenic potential.*° The above results posit
melanoma as a candidate tumor for targeting the ALDH1 isoform.
DIMATE is an alpha, beta-acetylenic aminothiol ester, with specific
inhibitory activity against ALDH1 and ALDH3 isoforms.??’ We
determined the ICs, of DIMATE for all of the melanoma cell lines,
including five patient-derived cell lines and a mouse melanoma
cell line. The results showed that the 1Cs5, of DIMATE for melanoma
cells ranged between 3 and 15 pm, whereas the proliferation and
survival of normal melanocytes was not affected by this
compound (Figure 2a, Supplementary Table S1). Conventional
drugs, including dacarbazine, showed a lower efficacy toward
patient-derived cells (Supplementary Figure S4A). Melanoma was
among the tumor types more sensitive to DIMATE treatment
(Figure 2b, Supplementary Table S1). Furthermore, there was a
positive correlation between ALDH1 activity and the ICsy for
DIMATE and a negative correlation between the sensitivity of cells
to DIMATE and the ROS amount (Figures 2c and d), which is in
agreement with the inverse correlation between the amount of
ROS and the ALDH1 activity showed by these cells (Figure 1c).
Consequently, the sensitivity of cells to DIMATE diminished by
the addition of glutathione-monoethyl-ester or the ROS scavenger
N-acetyl-cysteine (Supplementary Figures S4B and C). However,
we did not observe significant differences in the ICso, ALDH1
activity or the amount of ROS between the cells harboring BRAF or
NRAS mutations (despite the low number of cell lines included in
each group) (Figure 2e). Thus, these results indicate that DIMATE is
effective against melanoma proliferation and survival.

DIMATE promotes the accumulation of HNE and MDA leading to
apoptosis

One of the consequences of the elevated amounts of ROS in
melanoma cells is the generation of apoptogenic aldehydes such
as MDA and HNE. Tumor cells protect themselves from the
apoptogenic effect of these aldehydes by the ALDHs that oxidize
them to their non-apoptogenic carboxylic acids.*' Treatment of
mouse and human melanoma cells harboring different genetic
backgrounds with DIMATE increased the amount of HNE adducts
in proteins, as early as 6 h after treatment (Figure 2f). DIMATE
caused apoptosis in a time course-dependent manner in all of the
cell lines tested (Figure 2g). The apoptotic response was also
observed at the molecular level with the increase of BAX and the
disappearance of BclX (Figure 2h).

DIMATE inhibits melanoma tumor growth with low toxicity

Next, we analyzed DIMATE efficacy as an inhibitor of in vivo tumor
growth. To this end, we used three different mouse models
including an immunocompetent mouse model and four different
melanoma cell lines comprising a mouse melanoma cell line, two
established human melanoma cell lines (harboring BRAFY6%°F or
NRAS®'" mutations) and patient-derived melanoma cells. The
immunocompetent mouse model showed that the maximum
effect of DIMATE was achieved at a 14 mg/kg regimen adminis-
tered 3 days per week. Administration of the drug daily did not
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increase tumor efficacy (Figure 3a), and according to weight
measurements and the blood parameters, we detected liver
toxicity only at 28 and 42 mg/kg under a daily treatment (7 days
per week) regimen (Figure 3a and Supplementary Table S2). These
data were also consistent with the bio-distribution of the drug in
rats where DIMATE could be still detected in the kidneys and liver
5 days after a single dose (20 mg/kg) while it was below detection
levels in the skin at 48h post treatment (Supplementary
Figure S4D). Independent of the dose and treatment regimen,
all of the treated tumors showed indications of the efficacy of
DIMATE as an ALDH inhibitor with positive staining for HNE and
MDA and as an apoptogenic compound with cleaved caspase-3
and extensive areas of necrosis (Figure 3b and Supplementary
Figure 5A). The molecular analysis of tumor samples correlated
with the pro-apoptotic effect of the aldehydes (Figure 3c). Analysis
of melanoma relevant pathways in tumor samples by immuno-
histochemistry did not reveal significant differences in the
activation of RAS or phosphatidylinositol 3 kinase pathways
according to the surrogate markers p-ERK1/2 and p-S6, respec-
tively. However, although samples were positive for the prolifera-
tion marker Ki67, they were mostly negative for cyclin D1
(Supplementary Figure S5B).

We investigated the in vivo drug efficacy using a BRAFY6°°
mutated cell line (SKMel-28) and cell line harboring an NRAS?®™
mutation (SKMel-103). DIMATE reduced tumor growth by approxi-
mately 60-70% in both cases after 2 weeks of treatment
(Figures 4a and b). We next investigated DIMATE activity against
patient-derived cells. Treatment of cells with DIMATE in vitro for
48 h led to the accumulation of HNE bound to proteins and
apoptosis (Figure 4c). DIMATE significantly reduced patient-
derived xenograft growth between 50 and 60% despite the
higher complexity of these cells expressing multiple ALDH
isoforms (Supplementary Figure S3B). Tumor growth reduction
was associated with the accumulation of toxic aldehydes bound to
proteins and apoptosis (Figure 4d).

DIMATE targets slow cycling label-retaining melanoma tumor cells

Tumor recurrence after chemotherapy is a major cause of patient
morbidity and mortality. Slow cycling, label-retaining tumor cells
exhibit a multifold increase in their ability to survive traditional
forms of chemotherapy and reenter the cell cycle.**** To study
whether DIMATE targets slow cycling cells, we infected patient-
derived cells with an inducible expression vector containing a
histone 2B—green fluorescent protein (GFP) (H2B-GFP) fusion
protein. Induction of the expression of H2B-GFP by the addition of
doxycycline for 3 days led to the labeling of 82% of the cell
population. After withdrawal of doxycycline, dividing cells lost half
of the dose with each cell division. Seven days after withdrawal,
only 3.4% of cells retained the marker (Supplementary Figure S6A).
We studied whether DIMATE targeted this slow cycling population
in vitro and in vivo. The slow cycling label-retaining cell population
was diminished upon DIMATE treatment in vitro (from 2.8%
untreated to 0.001% treated) (Figure 5a). To test this in vivo, we
induced the expression of H2B-GFP in patient-derived cells.
Induction (doxycycline treatment) was sustained until the tumors
reached a volume of 50-100 mm>. Then, the mice were
distributed into different groups of treatment in the absence of
doxycycline. At the end point of the experiment, human GFP-
positive cells (slow cycling cells) were isolated and quantified
(Figure 5b and Supplementary Figure S6B). We observed a
significant reduction the slow cycling cell population in
DIMATE-treated mice in a dose dependent manner (approximately
12%—untreated; 4%—7 mg/kg; 0.8%—14 mg/kg) (Figure 5b).
Thus, DIMATE is not only effective in reducing bulk tumor growth
but in addition, it targets the slow cycling label-retaining tumor
cell population.

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Figure 2. DIMATE reduces melanoma cells viability, promoting HNE-protein adducts leading to apoptosis. (a) Viability assay of melanoma cells

exposed to increasing concentrations of DIMATE. Cells were grouped according to their NRAS and BRAF mutational status. In names in bold
represent patient-derived cell lines, in green mouse melanoma cell line, NHEM represent normal human epidermal melanocytes. All of the
experiments were performed in triplicate (n = 3). (b) Graph showing the ICso concentrations in different tumor cell lines. Each dot corresponds
to a cell line. Red dots represent melanoma cell lines. Dark gray = very sensitive, medium gray = sensitive, light gray = resistant. (c) Graph
showing correlation between ALDH1 activity (GFSEF12 1.6 pm, RFU, relative fluorescence unit) and the ICs, for DIMATE in melanoma cell lines
(Correlation Pearson r (two tailed)). (d) Graph showing correlation between ROS (RFUs) abundance and the ICso for DIMATE in melanoma cell
lines (Correlation Pearson r (two tailed)). Values for all cell lines are shown in Supplementary Table S2. (e) Graphs showing the DIMATE ICs,
ALDH1AT1 activity and ROS amount according to the mutational status of the cell lines. Horizontal bars show the mean value. (f) DIMATE
treatment promotes the accumulation of HNE adducts and apoptosis. Western blot showing the accumulation of HNE-protein adducts. Cell
lines were either untreated (C) or treated with DIMATE (D) at their IC5q concentrations for 6 h. Asterisks mark the bands with an increased
accumulation of HNE adducts. Ponceau S staining of the membrane is shown for loading control. A representative experiment is presented
(n=3). (g) DIMATE treatment induces apoptosis. The same cell lines as in f were treated with DIMATE for 48 h ([DIMATE] = ICs, for each cell
line). Cells were collected at the different time points indicated. A representative experiment is presented (n = 3). (h) Western blot showing the
amounts of BclX and BAX in protein extracts from the cells treated as in g. Membrane staining with Ponceau S is shown as a loading control.
Experiments were repeated at least three times. Pl, propidium iodide.
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Figure 3. DIMATE treatment reduces in vivo tumor growth in an immunocompetent model by inducing apoptosis. (a) /In vivo tumor growth

curves in an immunocompetent mouse model (n=5 mice per group of treatment) using 37-31E cells. Two different regimens of treatment
(3 days per week or daily) and three different doses (14, 28 or 42 mg/kg) were used. A representative image of the tumor size in each
condition is shown. (b) DIMATE treatment causes the accumulation of HNE and MDA and apoptosis. Representative immunofluorescence
images of tumors from different treatment groups stained against HNE, MDA or cleaved caspase-3. Bars represent 500 and 50 pm in the
magnifications. (c) Western blot showing the expression of the apoptotic markers BclX, cleaved caspase-3 and BAX in tumor samples. GAPDH
is shown as a loading control, and anti-HNE is used to demonstrate the accumulation of these protein adducts after DIMATE treatment. Two
different tumors are shown per condition.
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Figure 4. DIMATE in vivo efficacy is genotype independent and is also efficient against patient-derived xenografts. (a) In vivo tumor growth of
NRAS mutant SKMel-103 cells (n =5 mice per group). (b) In vivo tumor growth of BRAF mutant cells SKMel-28 (n =5 mice per group). (c) MMLN9
patient-derived cells treated with DIMATE. Apoptosis was measured by flow cytometry at different time points of treatment. (Pl: propidium
iodide, Annexin V: GFP-annexin V). Western blot shows molecular markers of apoptosis upon DIMATE treatment. Ponceau S staining is shown
as a loading control. (d) /n vivo tumor growth curves of MMLN9 patient-derived cells (n =5 mice per group) treated with two different doses of
DIMATE. P-value was calculated by Student’s t-test. Graph below shows the tumor size within each group (n =5 mice per group). Western blot
shows the apoptosis molecular markers within the tumors. Ponceau S staining and GAPDH are shown as loading controls.
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Figure 5. DIMATE targets patient-derived slow cycling cells in vitro and in vivo. (@) MMLN9-H2B-GFP cells were treated with doxycycline for
5 days. Then, doxycycline was withdrawn for 9 days and the cells were treated with DIMATE (15 pM). The number of GFP-positive cells was
analyzed by flow cytometry. A representative experiment out of three is shown. (b) Scheme for the in vivo procedure to evaluate DIMATE’s
efficacy in targeting slow cycling patient-derived cells. Below, flow cytometry analysis of human cells isolated from xenograft tumors under
the different treatment conditions. Two tumors per condition are shown. The graph shows the percentage of slow cycling cells isolated in

each group (n=4 tumors). P-value was calculated by Student's t-test. APC, allophycocyanin; PI, propidium iodide.
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Targeting ALDH1AT and ALDH1A3 by short hairpin RNA (shRNA)
mimics the effect of DIMATE inhibiting cell proliferation, survival
and in vivo tumor growth

Next, we genetically validated DIMATE’s targets (ALDH1A1 and
ALDH1A3) by generating three melanoma cell lines (BRAFY6°E
mutant SKMel-28, NRAS®®'" SKMel-103 and patient-derived cell
NRAS®®'® mutated MMLN9) infected with an inducible system
expressing either a scrambled-shRNA, ALDH1A1-shRNA or
ALDHI1A3-shRNA (Supplementary Figure S7A). Knockdown of
either ALDHTAT or ALDH1A3 significantly decreased cell prolifera-
tion in three-dimensional growth assays in all of the cell lines
without variations in the number of colonies formed. However,
simultaneous knockdown of both isoforms significantly reduced
the number of colonies and cells (Figure 6a and Supplementary
Figure S7B). Similar results were observed when we tested the
melanospheres formation capability. Depletion of ALDH1A3 or
ALDH1AT and ALDH1A3 significantly reduced the number of
melanospheres in the three different cell lines tested (Figure 6b
and Supplementary Figure S7C). The above results were validated
in the three cell lines using three different small interfering RNA
sequences for each gene (Supplementary Figure S8), and
correlated with a significant increase in apoptotic cells at 9 and
12 days after shRNA induction (Figure 6c). Furthermore, in vivo
tumor growth experiments using SKMel-103 cells showed that
knocking down either ALDH1AT or ALDH1A3 reduced tumor
growth and silencing both isoforms impeded tumor development
(Figure 6d). These data are also consistent with the mechanism of
action of DIMATE, suggesting that inhibition of ALDH1AT1,
ALDH1A3, or both compromises cell proliferation and survival.

DISCUSSION

Melanomas possess many types of oxidative species that are
important mediators of tumor transformation and progression of
the disease. To protect themselves from these anomalies, tumor
cells have developed antioxidant measures and enzymatic
adjustments necessary to avoid toxic accumulation and promote
their survival. These detoxification enzymes provide valuable
targets for melanoma treatment. Here, we have shown that
melanomas induce the expression of a specific detoxification
enzyme (ALDH1A3). This enzyme, among other functions, helps to
manage the indirect harmful effects of ROS, such as the
production of toxic aldehydes, and reveals a new feature that
can be exploited therapeutically. Specifically, our results show the
efficacy of the novel molecule DIMATE as an inhibitor of ALDH1
activity that on one hand leads to tumor reduction and on the
other also targets the sub-population of slow cycling label-
retaining cells, targeting the more tumorigenic and
chemoresistant cells.

According to their ROS production and ALDHTA activity,
melanoma tumors are posited as one of the best candidate/s to
target ALDH1 within solid tumors. The elevated ALDH1 activity
correlated with the mRNA and protein expression amounts of
ALDH1A1 and ALDH1A3 isoforms. ALDH1A1 and ALDH1A3 have
been suggested as melanoma CSC markers and proteins involved
in metastasis.2>2'*® However, the existence of this cell population
enriched in ALDH activity in melanoma is still controversial.53%44
Our results, supported by data analysis from three public
databases, show that the ALDHIA3 isoform is expressed in
melanoma cells and not in normal melanocytes, most likely due
to epigenetic changes, and whose regulation needs further
characterization. This result argues against previous reports
suggesting that these proteins are only expressed in a small
percentage of cells within melanoma tumors.2%3® Interestingly,
nevi showed ALDH1A3 nuclear expression in differentiated cells
that switched to cytoplasmic expression in less differentiated cells
within the nevus. Moreover, its cytoplasmic expression increased

© 2017 Macmillan Publishers Limited, part of Springer Nature.

Targeting aldehyde metabolism in melanoma
M Pérez-Alea et al

significantly during progression (superficial spreading melanoma),
suggesting its possible role as a biomarker during the establish-
ment of malignancy. The physiological significance of the
increased expression and change of localization of ALDHTA3
during melanoma progression is unknown; however, ALDH1A1
and ALDH1A3 have functional roles in melanoma,®® lung®® and
breast*®*’ cancer cell migration and invasion, through a mechan-
ism that has not been established and requires further
investigation.

The correlation between a high amount of ROS and ALDH1
activity in melanoma cells suggests the dependence of these cells
on ALDH:s for detoxification because of the oxidative processes. In
fact, as previously demonstrated in vitro in leukemia, prostate and
bone marrow cells,***” melanoma cells were sensitive to DIMATE
treatment leading to apoptosis, including patient-derived cells.
Apoptosis was preceded by the generation of HNE and MDA
aldehydes, generating HNE/protein adducts, most likely produced
as a consequence of lipid peroxidation induced by ROS.*® The
ability of HNE to form adducts with proteins is the major
deleterious event promoted by this molecule.*® At high concen-
trations, HNE causes cell cycle arrest??°%*"  disturbs
differentiation®>>* and triggers cell death. Importantly, targeting
ALDH1A1 and ALDH1A3 with DIMATE reduced in vivo tumor
growth, including patient-derived xenografts. DIMATE was very
well tolerated, promoting systemic alterations only at high
concentrations in a daily administration without any obvious
therapeutic benefit over a 3 days per week regime. These results
are consistent with the bio-distribution of the drug where DIMATE
can be detected in liver and kidney 48 h after treatment while it is
barely detected in skin, thus, high dose daily treatments may lead
to an excessive accumulation of DIMATE in these organs. As
normal melanocytes do not express ALDH1A1 and ALDH1A3
isoforms, DIMATE could be mainly acting on tumor cells. More-
over, we did not detect any common side effects in mice
described for disulfiram (an ALDH inhibitor), such as skin reactions,
drowsiness or unusual tiredness.

In addition, it has been suggested that ALDH1A isoenzymes are
markers of melanoma SCs. Depletion of ALDHITAT decreased
tumorigenicity, tumor growth and metastasis of human
melanoma.?® Our results and the data analysis from three different
public databases suggest that between 20 and 60% of the tumors
expressed moderate to large amounts of ALDH1A3 and ALDH1A1.
This finding does not exclude that the more tumorigenic and/or
chemoresistant subset of cells also expresses these proteins. We
exploited the slow cycling feature associated with the chemore-
sistant cell reservoir to confirm that DIMATE was also targeting
these cell sub-populations in vitro and in vivo. DIMATE had an
additional therapeutic value by also targeting a subset of cells that
could contain the more tumorigenic and chemoresistant cells. In
relation to this finding, silencing ALDH1AT and ALDH1A3 reduced
the in vitro viability, the proliferation in three-dimensional cultures
and melanospheres formation promoting apoptosis and markedly
reduced cell tumorigenicity, thus validating DIMATE’s targets. The
synergic effect observed with the simultaneous ablation of both
isoforms (ALDHTAT and ALDH1A3) is consistent with the experi-
mental evidence supporting multi-enzyme isoform participation
within the same tumor, where more than one ALDH isoform may
be contributing to the progression, exerting some overlapping
functions.>® ALDHs stand out among the expansive group of CSC
markers because of their widespread association with different
types of solid tumors and the multiplicity of their biological
functions, including retinoic acid signaling, antioxidant protection,
osmoregulation, drug metabolism and structural support
(reviewed in Rodriguez-Torres and Allan>*). Thus, DIMATE would
be acting by inhibiting some or all of these critical processes, most
of them exacerbated in both bulk tumor cells and in slow cycling
tumor cells.
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The results presented provide evidence supporting the expres-
sion of ALDH1A3 as a biomarker of melanocyte evolution to
malignancy, which is correlated with the elevated amount of ROS
present in melanoma cells, and the detoxification mechanisms
that these tumor cells express. Indeed, ALDHT1A1 and ALDH1A3
are shown to be critical for the survival and tumorigenicity of
melanoma cells. Targeting ALDH1A1 and ALDH1A3 with the novel
competitive irreversible inhibitor DIMATE, reduced melanoma
tumor growth while simultaneously eliminated slow cycling cells,
containing the reservoir of chemoresistant tumor cells. Together,
these results offer a novel therapeutic opportunity for melanoma
treatment targeting a specific cell metabolic pathway.

MATERIALS AND METHODS
Reagents

The isopropyl 3-p-thiogalactoside (IPTG), doxycycline and the Ponceau S
solution were obtained from Sigma-Aldrich Quimica (Madrid, Spain). Ficoll
Paque was from BD Biosciences (Madrid, Spain). Horseradish linked to
peroxidase and fluorescence secondary antibodies were from GE
Healthcare (Little Calfont, UK) and Thermo Scientific (Fremont, CA, USA),
respectively. Anti-HNE, anti-MDA and Ki67 antibodies were purchased from
Abcam (Cambridge, UK). Anti-phospho ERK1/2, anti-cleaved caspase-3,
anti-p-S6 and anti-BAX were purchased from Cell Signaling (Leiden, The
Netherlands). Anti-ALDH1A1 and anti-hTRA-1-85/CD147 antibodies were
from R&D Systems (Minneapolis, MN, USA). Anti-ALDH1A3 was from
Abgent (San Diego, CA, USA) and anti-ALDH3A1 was from Sigma-Aldrich.
Anti-Bcl-xL was from Biolegend (Fell, Germany), anti-GAPDH was from
Trevigen (Gaithersburg, MD, USA), anti-TRP-1 was from Millipore (Teme-
cula, CA, USA), anti-ERK2 was from Santa Cruz Biotechnology (Heidelberg,
Germany) and anti-cyclin D1 and anti-Trp-1 were from Thermo Scientific.
Sorafenib, salirasib, cisplatin, carboplatin, dacarbazine and paclitaxel were
purchased from Sellekchem (Deltaclon, S.L, Madrid, Spain). 4-Dimethyla-
mino-4-methyl-pent-2-ynthioic acid-S methylester (DIMATE) was provided
by Advanced BioDesign (Saint Priest, France).

Cancer cell lines

Melanoma samples from patients were collected during surgical opera-
tions with the informed consent of the patients and the Vall d’Hebron
Hospital ethical committee approval PR(AG)59/2009. Tumor samples,
including both primary and metastatic lesions (18 different samples
7 paired tumors from same patient), and 23 nevi were obtained as paraffin-
embedded material.

For patient-derived melanoma cells (MMPG3, MMLN8, MMLN9, MMLN10
and MmBr12), tumors were disaggregated by mechanical and enzymatic
disruption®® and cultured in Melanocyte Growth Medium M2 (PromoCell
GmbH, Heidelberg Germany) supplemented with antibiotics. Normal
human epidermal melanocytes were obtained from PromoCell (Heidel-
berg, Germany) and were cultured in melanocyte growth medium M2
(PromoCell). 37-31E mouse melanoma cells were described previously.>®>”
MMLN9 patient-derived cells were infected immediately after tumor
disaggregation either with the doxycycline inducible construct rtTA2-H2B-
GFP (containing the fusion protein Histone 2B (H2B-GFP)) or rtTA2-GFP
expression vectors (generated by S Tenbaum, HG Palmer’s Lab, VHIO,
Barcelona, Spain).

Xenograft-derived cancer cells of breast, ovary and colon tumors were
provided by Advanced BioDesign. UACC-903 cells were a gift from J Trent
(P Pollock, Tgen, Phoenix, AZ, USA). SkMel-147 and SKMel-103 cells were
obtained from M Soengas (CNIO Madrid, Spain). H1650, H1975, HCC2935,
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HCC4006, H1299, Hop62, H820 and H23 were generously gifted to us by
Dr Yokota (Institute of predictive and personalized Medicine of Cancer,
Barcelona, Spain). LNCap, PC3, DU145, MIA PaCa-2, SK-OV-3, OVCAR-3 and
OVCAR-4 were obtained from R Paciucci and A Santamaria (VHIR,
Barcelona, Spain). MeWo, SKMel-28, A375, G361, HCC827, H441, A549,
H522, MCF-7, MDA-MB-231, MDA-MB-468, U-87, HL-60, Kasumi-1 and
THP-1 cells were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). UACC-903, LNCap, PC3, OVCAR-3, OVCAR-4,
H1650, H1975, HCC2935, HCC4006, H1299, Hop62, H820, H23, HCC827,
H441, H522, HL-60, Kasumi-1 and THP-1 cells were cultured in RPMI. MIA
PaCa-2, A549, SKMel-103, SkMel-147, A375, G361, MCF-7, MDA-MB-231 and
MDA-MB-468 were maintained in Dulbecco’s modified Eagle’s medium.
DU145, SKMel-28, MeWo and U-87 were cultured in Eagle's minimal
essential medium and SK-OV-3 was cultured in McCoy’s 5 A medium.
All of the media were supplemented with 10% fetal bovine serum,
2 mm L-glutamine, 100 IU/ml penicillin and 100 pg/ml streptomycin. Cells
were grown at 37 °C and 5% CO, conditions and tested for mycoplasma
contamination.

Immunoblots

Cells were lysed in RIPA lysis buffer, equal amounts of protein were
subjected to sodium dodecyl sulfate—polyacrylamide gel electrophoresis
and transferred to a polyvinylidene difluoride membrane. Immunoblots
were performed as previously described.*®>’

Detection of total ROS and ALDH1 activity

Cellular ROS production was measured using the total ROS/superoxide
detection kit (Enzo Life Science, Lausen, Switzerland), following the
manufacturer’s instructions. ALDH1 activity assay was performed using the
fluorescence probe GFSEF12 (Advanced BioDesign, patent applica-
tion:1657324) (ALDH1: Vmax/K,= 105.04; ALDH2: Vmax/K, =37.69;
ALDH3: Vmax/K,, =18.29). Cells were seeded into 96-well plates. For
ALDH1 activity, cells were incubated with GFSEF12 (1.6 pm) for 60 min at
37 °C. Fluorescence was detected using an Appliskan fluorescence
microplate reader (Thermo Scientific) (ex= 530-560 nm, Em=
590-600 nm). DIMATE was used as control for the specific interaction of
GFSEF12 with the ALDH1 isoenzymes. For the evaluation of the drug effect
in the presence of a ROS scavenger, 1x10° cells were plated in six-well
plates and pre-treated with N-acetyl-cysteine (5 mM) (Sigma-Aldrich) or
with the reduced glutathione-monoethyl-ester analog for 30 min before
addition of DIMATE. After the indicated times (6, 12 and 24 h), cell viability
was calculated using Trypan blue exclusion dye (0.1%, Sigma-Aldrich) and
a hemocytometer (Marienfeld, Germany). The results are expressed as
percentage (%) of cell death.

Quantitative reverse transcriptase—PCR

Total RNA extraction was performed using TRIzol (Thermo Scientific)
following the manufacturer's instructions. Complementary DNA was
generated using the Superscript Il first-strand synthesis SuperMix (Thermo
Fisher). Quantitative PCR analysis was performed using the SYBR Green
PCR Master Mix Kit (Applied Biosystems Inc., Foster City, CA, USA) and the
ABI Prism 7900HT Fast Real-Time PCR System (Applied Biosystems Inc.).
Primer sequences for the different ALDHs isoforms are shown in the
Supplementary Figure S3. hVIM, hACTB and hSF3AT genes were used for
normalization.

DNA methylation detection

GDNA was obtained from human cells. Genomic DNA was fragmented into
300-500-bp fragments using a Covaris ultra-sonicator (Covaris, Woburn,

<
Figure 6.

Depletion of ALDHTAT and ALDH1A3 impedes in vitro and in vivo tumor growth and viability, promoting apoptosis. (a) Three-

dimensional colony formation assay using SKMel-28, SKMel-103 and MMLN?9 patient-derived cells stably transduced with an IPTG-inducible
expression system for either shALDH1A or shALDH1A3 or both. Graphs show the size of the colonies and the colony number for each
condition (n =50 colonies per condition). P-value was calculated by t-test. The experiments were performed in triplicate. (b) Melanospheres
formation assay using same cells as in a. Graphs show the number of melanospheres formed in six independent experiments (dots) under the
different conditions. P-value was calculated by t-test. (c) Depletion of ALDH1A1 and/or ALDH1A3 induces apoptosis. Percentage of apoptotic
cells at 9 and 12 days after IPTG (5 mm) treatment measured by PI: propidium iodide, Annexin V: GFP-annexin V staining. A representative
experiment out of three is shown. P-value was calculated by Student's t-test. (d) In vivo tumor growth of SKMel-103 cells stably transduced
with an IPTG-inducible expression system for either shALDH1A or shALDH1A3 or both. Table shows the number mice developing tumors in

each group. P-value was calculated by a two-tailed binomial test.
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MA, USA). Fragmented DNA was then subjected to methylation analysis
using a MethylCap kit (Diagenode, Liége, Belgium) according to the
manufacturer's recommended protocol. SYBR green real-time PCR (Applied
Biosystems) was performed using two sets of primers for the ALDH1A3
promoter CpG islands (see table in Supplementary Figure S3C) to quantify
the specific isolated methylated DNA. The manufacturer provided the
primers for CpG islands of TSH2B, which was used as a positive control for
methylation, and primers for GAPDH, which was used as a control for non-
methylation. Melting curves were analyzed to confirm methylation-specific
PCR products.

Cytotoxicity assays

Cells were seeded into 96-well cell culture plates. The growth-inhibitory
effect of the drugs was analyzed using an in vitro, Resazurin based toxicity
assay, following the manufacturer’s instructions (Sigma-Aldrich). The drug
response was quantified by the half maximal inhibitory concentration (ICs()
and determined by non-linear regression analysis of log-dose/response
curves. The cut-off value to define cell resistance to DIMATE was
determined statistically (above ICs, geometric mean+s.d.). The in vitro
threshold value for high sensitivity to DIMATE was defined as < ICsq
geometric mean. All of the time points were performed in triplicate.

Apoptosis assays

Cells were stained with either annexin V-GFP or annexin V-allophycocyanin
together with propidium iodide and evaluated for apoptosis by flow
cytometry according to the manufacturer's protocol (Biovision, Milpitas,
CA, USA).

Small interfering RNA and shRNA assays

For transient experiments, cells were transfected with either a scrambled
small interfering RNA or three different small interfering RNAs targeting
ALDHTAT or ALDHIA3 from Invitrogen-Thermo Scientific (see
Supplementary Figure S8A for sequences). For the inducible system, cells
were infected with hu-ALDH1A1 and/or hu-ALDH1A3 Mission-custom
shRNA lentiviral particles (pLKO-puro-3xLacO-shALDH1A1, pLKO-puro-
3xLacO-shALDH1A3) (Sigma-Aldrich) (sequences of shRNAs are depicted
in Supplementary Figure S7A). The control vector used was a pLKO
backbone based IPTG-inducible non-targeting shRNA (pLKO-puro-IPTG-
-3xLacO-shNT (SHC332V; Sigma-Aldrich). For shRNA expression, culture
medium was supplemented with 5 mm IPTG, routinely, for 7 days.
Knockdown efficiency was evaluated by quantitative reverse transcrip-
tase—PCR and western blot analysis.

Soft agar clonogenicity assay and melanospheres formation assay

For clonogenicity assays, 10 000 cells were seeded into 0.4% low melting
point agarose (Lonza, Barcelona, Spain) on top of a 1% agarose layer. The
cells were incubated in complete supplemented media, in the presence or
absence of IPTG (1 mm), under growth conditions, for 3 weeks. Colonies
were observed under an inverted microscope (NIKON eclipse TE2000-S,
Amsterdam, The Netherlands) at x4 magnification. Ten microscopic fields
were randomly chosen from each well and the data were shown as the
meanz*s.e. from three independent experiments. For melanospheres
formation, 5x 10° single cells were plated in ultralow-attachment plates
(Corning, Madrid, Spain) in PromoCell CSC medium, following the
manufacturer’s protocol (PromoCell GmgH, Heidelberg, Germany). Cells
were maintained at 37 °C in a humidified atmosphere containing 5% CO,.
Every second day fresh media, with or without IPTG (5 mm), were added
into the cell cultures. Cells were grown under these conditions for 21 days
and subsequently, spheres were counted and photographed.

Immunohistochemistry and immunofluorescence

Formalin-fixed paraffin-embedded tumor samples were subjected to
immunocytochemistry according to the manufacturer’s antibody protocol.
Samples were developed either by using secondary antibodies linked to
horseradish peroxidase or secondary antibodies linked to a fluorophore.
Immunostaining was performed on 4 um sections from formalin-fixed
paraffin-embedded tissues. Staining was performed either manually or on
an automated immunostainer Beckmarck XT (Ventana Medical Systems,
Tucson, AZ, USA). Antibodies were visualized by the UltraView Universal
DAB detection Kit (Ventana Medical Systems). Samples were evaluated by
two independent pathologists.

Oncogene (2017) 5695-5708

Animal experiments

All of the mice were cared for and maintained in accordance with animal
welfare regulations under an approved protocol by the Institutional Animal
Care and Use Committee of Vall d’Hebron Research Institute (VHIR). For
xenograft animal models, 5 x 10° human SKMel-103, SKMel-28 or MMLN9-
H2B-GFP cells were subcutaneously implanted in 8-week-old females
athymic Nude-FoxnTnu mice (n= 5 per group) (Envigo, Indianapolis, IN,
USA). For the syngeneic model, tumors were generated as previously
described.®*” When the tumors reached a volume between 50 and
100 mm3, mice with similarly sized tumors were randomized into
treatment cohorts (n= 6 per group). Treated groups received an i.p.
injection of DIMATE (14, 28 or 42 mg/kg) once every third day for
3-4 weeks or daily. Control groups were treated with vehicle (Hepes
10 mm).

Mice bearing MMLN9-H2B-GFP tumor xenografts received doxycycline
to regulate the expression of H2B-GFP. Mice received either (1) normal
drinking water, (2) drinking water with 0.2 mg/ml doxycycline, (3) drinking
water with 0.2 mg/ml doxycycline as in 2° except that doxycycline
was withdrawn at the starting time of treatment (when tumors were
50-100 mm?>) or (4) and (5) drinking water with 0.2 mg/ml doxycycline
(same schedule as in ‘3’) in combination with i.p. injection of 7 mg/kg or
14 mg/kg of DIMATE, respectively.

For in vivo inducible shRNA expression, one million MMLNO cells infected
with lentiviral particles (pLKO-puro-3xLacO-shALDH1A1, pLKO-puro-3xLa-
cOsh-ALDH1A3, and pLKO-puro-IPTG-3xLacO-shNT) were implanted sub-
cutaneously. Mice received 20 mm IPTG in drinking water (bottles
were changed three times per week). Tumors were measured with a
digital Vernier caliper, and the mice weighed twice a week. Tumor
volume was calculated with the following equation: tumor volume
(mm3)=(length><width><height)/2. The results are presented as tumor
volume meanz+s.e.

Blood tests

Blood from animals were obtained at the end point of the experiments.
Blood samples were always collected during the same time interval in the
afternoon (1500 to 1530 hours) after a fasting period of 5h. For
hematology, blood was collected in microtubes containing EDTA. The
tests were performed on a Hemavet 950FS Multi Species Hematology
System (Drew Scientific, Waterbury, CT, USA) programmed with mouse
hematology settings. Sample processing and system maintenance were
performed as described in the manufacturer's operating instructions. For
enzymatic measures, the samples were analyzed using a chemistry
analyzer (SPOTCHEM EZ, Arkray Factory, Inc., AT Amstelveen, The Nether-
lands) using dry chemistry technology. Kidney and hepatic enzymatic
panels were used for each sample following the manufacturer’s
recommendations.

Isolation of MMLN9-H2B-GFP cells from tumor xenografts and
FACS analyses

Tumors were excised, minced into <1 mm pieces, and enzymatically
dissociated. Cell suspensions were passed through a 100 um cell strainer
(BD Biosciences, Franklin Lakes, NJ, USA), and single cells were collected by
centrifugation at 400 g for 5 min. To remove red blood cells and cellular
debiris, cells were incubated for 10 min with RBC lysis buffer (eBioscience,
San Diego, CA, USA), washed with Dulbecco’s modified Eagle’s medium
and layered on 7.5 ml Ficoll Paque. Following centrifugation at 400 g for
25 min, the cells were collected from the interphase and washed with
phosphate-buffered saline.

For flow cytometry analysis, the cells were incubated with an
allophycocyanin-labeled CD147 antibody for 1 h at 4 °C. Following staining,
the cells were washed and resuspended in fluorescence-activated cell
sorting (FACS) buffer. Propidium iodide was added to the final solution to
distinguish live/dead cells. The quantification of human GFP-positive cells
was performed on a FACS-Fortessa (BD Biosciences, San Jose, CA, USA). To
eliminate the mouse cell population, CD147-negative cells were excluded
from the analysis.

Statistical analyses

ImageJ software (NIH, Bethesda, MD, USA) was used for the quantification
of the signal, and GraphPad Prism (GraphPad Software, Inc.,, La Jolla, CA,
USA) v6.0d was used for the graphic representation and statistical analysis
of the data. The significance of the differences between groups in mouse
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experiments was determined using analysis of variance analysis in
GraphPad Prism v6.0d. Tukey’s test was used in the post analysis, and
the differences were considered significant if the P-value was <0.05.
Comparisons between groups were performed with Student's t-test using
GraphPad Prism v6.0d. All of the statistical analyses were two-sided, and P-
values < 0.05 were considered significant.
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