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ABSTRACT

Melanoma is a paradigm of aggressive tumors with a complex and heterogeneous genetic background.
Still, melanoma cells frequently retain developmental traits that trace back to lineage specification
programs. In particular, lysosome-associated vesicular trafficking is emerging as a melanoma-enriched
lineage dependency. However, the contribution of other lysosomal functions such as autophagy to
melanoma progression is unclear, particularly in the context of metastasis and resistance to targeted
therapy. Here we mined a broad spectrum of cancers for a meta-analysis of mRNA expression, copy
number variation and prognostic value of 13 core autophagy genes. This strategy identified heterozygous
loss of ATG5 at chromosome band 621 as a distinctive feature of advanced melanomas. Importantly,
partial ATG5 loss predicted poor overall patient survival in a manner not shared by other autophagy
factors and not recapitulated in other tumor types. This prognostic relevance of ATG5 copy number was
not evident for other 6921 neighboring genes. Melanocyte-specific mouse models confirmed that
heterozygous (but not homozygous) deletion of Atg5 enhanced melanoma metastasis and compromised
the response to targeted therapy (exemplified by dabrafenib, a BRAF inhibitor in clinical use). Collectively,
our results support ATG5 as a therapeutically relevant dose-dependent rheostat of melanoma progression.
Moreover, these data have important translational implications in drug design, as partial blockade of
autophagy genes may worsen (instead of counteracting) the malignant behavior of metastatic melanomas.
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Introduction

Cutaneous melanoma is the most lethal form of skin cancer and a
prime example of genetically complex neoplasms."* Specifically,
melanomas are the tumors with the highest mutational rate
described to date,” which adds to an increasing list of chromo-
somal defects, epigenetic changes and transcriptomic and proteo-
mic alterations."*” Moreover, melanoma cells are highly
dynamic, being able to switch phenotypes and expression profiles
depending on the cellular context or tumor stage.*” Therefore, a
main challenge in this pathology is to separate tumor drivers
from inconsequential byproducts of malignant transformation.'
Despite their inherent complexity, a fraction of melanomas
retain traits that trace back to melanocytes, their cell of origin.""'?
Best characterized of these lineage-specific features are melano-
some biogenesis and cellular pigmentation.'" Melanoma cells tune
these programs to maintain stemness and an appropriate rate of
proliferation/invasion,"> " as well as to bypass a variety of thera-
peutic agents.'®'® Yet, the key oncogene that modulates pigmenta-
tion, namely, the microphthalmia-associated transcription factor
MITF" can be inactivated by various transcriptional and post-
transcriptional mechanisms during melanoma progression.”***
Therefore, these findings suggest alternative modulators of the
melanocytic lineage in this disease. Performing a computational

cross-cancer analysis of transcriptomic profiles followed by gene
validation in human tissue specimens and in mouse models, we
have recently identified a cluster of lysosomal-associated genes
that are particularly enriched in melanoma, in a manner not
shared by more than 30 tumor types.** Mechanistically, melano-
mas were found to depend on lysosomal-associated degradation
to counteract a hyperactive influx of macropinosomes induced
at early stages of melanoma development.”>*® This lysosomal-
dependent vesicular trafficking was found to represent an
inherent vulnerability of melanoma cells,** a concept supported
by independent studies.'”” The specific contribution of other
lysosomal-associated processes such as (macro)autophagy to
melanoma initiation, progression and response to therapy is still
under evaluation.***’

Melanomas are long known for their ability to induce autopha-
gosome formation in response to a variety of endogenous stress-
inducing factors (e.g, deregulated BRAF>MAPK oncogenic
signals)’®* and external cues (including hypoxia, nutrient depriva-
tion, and a broad spectrum of therapeutic agents, among many
others).”>**** However, lysosomal-dependent degradation may
favor or inhibit cell survival, depending on the identity and/or
duration of the stimuli.**** Mechanisms underlying these dual
functions remain unclear. Multitumor genomic or transcriptomic
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profiles have not been performed to determine whether melano-
mas can regulate or target autophagy factors in a lineage-specific
manner. In particular, it is unclear whether melanomas spare the
core autophagy machinery from mutation, targeting instead other
genes (for example, regulators of the autophagy network) as
recently reported for glioblastomas and multiple carcinoma types.”
Indeed, the expression and function of factors involved in autopha-
gosome assembly is inconsistent across the melanoma litera-
ture.”®* Thus, autophagy genes such as MAPILC3 or BECNI may
be up- or downregulated depending on the study.’*>® In turn,
ATG7 and ATG5 may have opposing roles in melanoma initia-
tion.”>* Although ATG7 gene expression has not been formally
analyzed in human melanomas, targeted deletions in mice (i.e., in
the context of the Tyr:CreERT2;Braf;pten’* melanoma model)
suggest that the murine Atg7 gene acts as a tumor-promoting fac-
tor, with a key role in the resistance to the clinically relevant BRAF
inhibitor dabrafenib.” Inducible mouse models for Atg5 deletion
in melanocytes are not available, but expression studies support
suppressive functions in early-stage stage human melanoma.* The
extent to which ATGS5 contributes to melanoma metastasis is con-
founded by reports where both depletion and overexpression of
this protein compromise the tumorigenic potential of cultured mel-
anoma cell lines.***

Here we performed a meta-analysis of large multitumor
datasets to identify genomic and transcriptomic changes in the
autophagy machinery that can distinguish melanoma from
other malignant diseases. We used this strategy to interrogate
the mutational status, gene dosage, mRNA expression and
prognostic value of main effectors and modulators of autopha-
gosome formation. Chromosomal context was evaluated in the
assessment of overall patient survival to separate gene-specific
from loci-dependent effects. This approach revealed a distinct
impact of heterozygous ATG5 loss as a novel risk factor for
melanoma metastasis, a feature not recapitulated by other
tumor types. The dose-dependent contribution of ATG5 to
melanoma metastasis and response to targeted therapy (BRAF
inhibition) was further confirmed in a series of newly generated
animal models. These results illustrate how an otherwise het-
erogeneous autophagy machinery can still bear tumor-selective
drivers of metastatic potential and drug resistance.

Results

Selective ATG5 mRNA downregulation in melanoma
identified within a heterogeneous expression of the core
autophagy machinery

A comparative analysis of expression profiles was performed in
melanoma and a broad spectrum of cancer types to identify con-
served gene clusters that may inform on novel lineage-specific
tumor features. We were particularly interested in the core machin-
ery for autophagosome formation because, not being frequently
targeted in various carcinomas, it could represent a potential dis-
tinctive feature in melanoma, inasmuch as other lysosomal func-
tions related to vesicular trafficking.** To this end, we selected well-
known orthologs of the LC3/Atg8 protein (GABARAPL1 and
MAPILC3A), and a series of additional key modulators of phago-
phore initiation and maturation (ATG3, ATG4A, ATG5, ATG7,
ATG10, ATGI12, ATGI16L1, BECNI1, RBICC1, ULK1 and
ULK2).* mRNA expression of these genes was first screened
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through the Cancer Cell Line Encyclopedia (CCLE), which encom-
passes 61 cell lines from melanoma and 856 lines of over 22 differ-
ent cancer types.”> Hematopoietic tumors showed a distinct gene
expression pattern with a consistent downregulation of GABAR-
APL1 and MAPI1LC3A mRNA (Fig. 1, top panel), which we think
justifies future studies. Regarding solid tumors there was a high var-
iability in mRNA expression. In fact, Gene Set Enrichment Analy-
sis (GSEA) failed to identify any significant gene cluster in
melanoma (Fig. 1, top panel; false discovery rate (FDR) = 0.28).
This was in contrast to the melanoma-enriched endolysosomal fac-
tors®* (Fig. 1, bottom panel; FDR < 107%).

Despite the unconserved expression of the autophagy
machinery described above, the CCLE revealed a variable, albeit
significant, downregulation of ATG5 mRNA, particularly in
melanoma cell lines (Fig. 1; P = 8 X 10™% see Table S1). To
confirm these results, a meta-analysis of ATG5 mRNA expres-
sion was then performed on 11 independent multicancer data
sets (see Supplementary Information for a listing of these data-
sets and the corresponding identifiers). This included transcrip-
tomic profiles of the Cancer Genome Project repository
(Fig. 2A; N = 723; P = 9.5 x 10™°), the NCI60 panel, and a
series of transcriptomic profiles available through the Onco-
mine portal, which in total encompass over 2700 tumor cell
lines (see examples in Fig. SIA-C and Table S1 for additional
information). This approach confirmed ATG5 among the top
11-35% underexpressed genes in melanoma (see Table S1; data
on other tumor types are analyzed below).

Next, we interrogated the expression and genomic status of
ATGS5 and the other core autophagy factors in human mela-
noma specimens. To this end, we mined the Cancer Genome
Atlas (TCGA), the largest clinically annotated repository of
information on human tumor biopsies, which for melanoma
includes 478 samples." Here, ATG5 was also distinct from the
other autophagy genes analyzed. Thus, 70% of cases with
defects in this gene corresponded to mRNA downregulation
(see Fig. 2B). In contrast, the rest of the autophagy genes stud-
ied were affected primarily by mRNA upregulation (Fig. 2B).
Together, these results support a distinct regulation of ATG5
that separates this gene from other autophagy factors, and mel-
anoma from other tumor types.

Shallow chromosomal loss but not promoter methylation
targeting the ATG5 gene in melanoma

Next, we assessed mechanisms underlying ATG5 downregulation
in melanomas, and their impact in patient prognosis. Promoter
hypermethylation has been previously reported in 9 out of 13
early-stage melanomas.** Therefore, we interrogated the 478 tumor
specimens of the TCGA melanoma data set, 45% of which corre-
spond to patients with lymph node or distal metastases (stage III/
IV melanomas). In parallel, HOXD9 was used as a reference for a
known melanoma-methylated gene.** In this larger data set, the
ATGS5 promoter was found as hypomethylated (Fig. 3A; see differ-
ent profiles with respect to HOXD9). Moreover, Pearson and
Spearman rank bivariate analyses failed to identify any significant
correlation between ATG5 promoter methylation and overall
patient survival (Fig. 3B, N = 275, P= —0.049, r= —0.024). There-
fore, these new data support alternative mechanisms reducing
ATG5 mRNA levels in human melanoma tumors.
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Figure 1. Heterogeneous expression of core autophagy genes in melanoma and a broad spectrum of cancer types. GSEA heat map showing a differential enrichment of
the indicated autophagy genes across the Cancer Cell Line Encyclopedia (CCLE), which encompasses a total of 917 cell lines of indicated tumor types. The Lysosome Gene
Ontology gene set (GO:0005764), a melanoma-enriched feature, is included to visualize the distinct regulation of lysosomal-associated degradative processes. FDR values

for the autophagy vs the lysosome GO set are indicated on the right.

Fluorescence in situ hybridization (FISH) was then performed
to visualize ATG5 copy number. To this end, fluorescently
labeled probes were generated from the corresponding bacterial
artificial chromosome clones spanning the ATG5 locus at chro-
mosome band 6q21, as well as unrelated areas at 6p21.1 (see
Materials and Methods). As experimental systems, we selected
melanoma cell lines with mutations in the oncogenes BRAF (SK-
Mel-19, SK-Mel-29, G-361) or NRAS (SK-Mel-147), which rep-
resent characteristic alterations of this tumor type.*> As shown
in Fig. 3C, all these lines showed ATG5 copy number reduction,
suggesting that partial allelic loss may account for the reduced
transcript expression of this gene described above (Fig. 1 and
Fig S1). Partial ATGS5 allelic loss (shallow deletion) was further
identified in 63% and 70% of 2 independent multitumor cell line
panels (CCLE/GSE36133 and GSE7606, respectively; Fig. 3D),
and in 57% of the TCGA melanoma tumors (Fig. 3E).

Intriguingly, deep (homozygous) deletions were however,
rare, affecting only 2.3% of human melanomas (Fig. 3E). There-
fore, complete loss of this gene may be deleterious for mela-
noma progression. To functionally assess this hypothesis,
ATGS5 protein expression was depleted in 3 independent

human melanoma cell lines by a pool of 3 validated siRNAs
(Fig. S2A,B) or by 3 independent shRNA constructs (Fig. S2C,
D). These strategies reduced cell proliferation, consistent with
previous data in mouse melanoma cells.*' Importantly, ATG5
depletion significantly inhibits the invasive capacity of human
melanoma cells (Fig S2E), compromising cell viability particu-
larly under stress conditions that may be encountered during
metastasis, such as anoikis due to growth in suspension
(Fig. S2F and results not shown).

Heterozygous ATGS5 loss predicts poor overall survival in
melanoma patients

Given the heterogeneous expression of the autophagy machin-
ery (Fig 1) we then tested to what extent ATG5 copy number
could be physiologically relevant for patient prognosis. Ten-
year overall survival information was downloaded from NCI
datasets for ATCC melanoma patients. Interestingly, patients
with partial (shallow) ATG5 allelic loss had the worst prognosis
(Fig. 4A; N = 255, P = 0.0152). Overall survival and disease-
free survival were more compromised (P = 0.0019 and P =
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Figure 2. Consistent dowregulation of ATG5 mRNA expression in melanoma cell lines and tumor specimens. (A) Box plots depicting ATG5 mRNA expression (median cen-
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mens). Shown is information extracted from cBioPortal for melanoma cases (numbered at the bottom) with alterations in the indicated factors.

0.0059, respectively; see Figs. S3A,B) when considering longer
observation times (29 y), and both ATG5 copy number varia-
tion and mRNA downregulation. This impact on poor progno-
sis was consistent with shallow ATG5 loss accumulating in
advanced stage III/IV melanomas (Fig. 4B, left panel).

Next, copy number changes were interrogated for 12
additional autophagy genes in melanomas. Interestingly,
none of these factors were found subject to the degree of
copy loss identified for ATG5 (Fig. 4C). Instead, these genes
maintained a largely diploid status, with MAPLILC3A and
RBICCI amplified in about 40% of TCGA melanomas
(Fig. 4C). Regarding overall survival, aggregate copy number
changes were intriguingly significant for ATG10 (Fig. 4D),
which interestingly, is an E2-like ubiquitin ligase that trans-
fers ATG12 to ATG5 during autophagosome formation.*®
However, ATGI10 did not appear to undergo a significant
reduction in mRNA expression (Fig. 1), nor copy loss at
advanced stages of the disease (stages III and IV), where
ATGS5 shallow losses accumulate (Fig. 4B; see also ATGS,
another E2-like enzyme as a comparison). Therefore, these
results support a distinct downregulation of ATG5 in mela-
noma as a putative indicator of patient prognosis.

Prognostic value of ATG5 downregulation in melanoma
not shared by other 6q21-mapping genes and in other
tumor types

The long arm of chromosome 6 (including the ATGS5 locus at
6q21), has been reported to undergo copy number losses in

melanoma and other tumor types*” (see also www.cancerindex.
org). Therefore, we questioned whether the prognostic value
found for ATG5 copy number in melanoma was a selective fea-
ture of this gene or a broader consequence of larger changes
affecting this chromosomal area. To this end, the TCGA mela-
nomas were mined for genomic changes of factors mapping
within 1Mb upstream or downstream of ATG5 (Fig. 5A). These
include AIMI (absent in melanoma 1),*® BVES (blood vessel
epicardial substance) and POPDC3 (popeye domain containing
3), factors frequently downregulated in gastric cancer.”’ In
addition, we also included PRDM1 (PR domain 1), a tumor
suppressor in NK cell neoplasms;™ as well as QRSLI (gluta-
minyl-tRNA synthase [glutamine-hydrolyzing]-like 1) and
RTNA4IPI (reticulon 4 interacting protein 1), of unknown con-
tribution to tumorigenicity. Deep and shallow genomic dele-
tions were similar for all the genes analyzed (see examples for
ATG5 and PRDM]I in Fig. 5B, and additional information in
Fig. 5C). However, none of the genes studied showed mRNA
downregulation at the rate shown for ATG5 (Fig. 5C). More-
over, while various post-transcriptional modifications affect the
functional status and ultimate expression of these factors, for
example for AIM1,*® changes in copy number and mRNA
expression were not sufficient per se to define poor overall
patient survival (see P values in Fig. 5C).

Regarding other cancer types, there was a high variability in
ATG5 copy number in the CCLE-contained tumors
(not shown). Still, a meta-analysis of TCGA databases (with
over 2000 tumor biopsies analyzed) identified ATGS5 allelic loss
in different tumor types (see examples in Fig. 5D). Tumors
with ATG5 copy loss include bladder cancer (57% of N = 353
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respectively.

TCGA cases) as well as carcinomas of lung (49%, N = 486) and
liver (34%, N = 190). Nevertheless, ATG5 loss is not a general-
ized feature of all aggressive cancers, as defined for example for
colorectal carcinoma (14%, N = 360), or glioblastoma (13%, N
= 147) (Fig. 5D; see also Fig. S4). Moreover, in these tumor
types, aggregate changes in ATG5 copy number and mRNA
expression failed to reach significant differences in overall sur-
vival and disease-free survival (see Fig. 5D for the correspond-
ing p values). Therefore, while allelic losses at chromosomal
band 6q21 may occur in multiple neoplasms,” copy number
changes of ATG5 are particularly indicative of poor prognosis
in melanoma.

ATGS is dispensable for cellular pigmentation and nevi
formation in vivo

The meta-analyses discussed above in human specimens
strongly support an active contribution of ATG5 downregula-
tion to melanoma progression and metastasis, with a specific
selection for partial (heterozygous) loss of this gene. Genetically
engineered mice were then generated to validate this concept in
vivo. First, to define the contribution of ATG5 on the survival
and physiological roles (i.e., pigmentation) of normal melano-
cytes, a floxable Atg5 strain® (Atg5™™°*, herein referred to as
Atg5"M1ox for simplicity) was crossed into mice expressing
tamoxifen-inducible Cre recombinase under the control of the

Tyr (tyrosinase) promoter (Tyr::CreERT2).”> These mice devel-
oped normally, and neither mono nor biallelic deletion of Atg5
(herein indicated as Atg5™“ or atg5“’4, respectively) had an
impact on fur color (not shown). Therefore, we concluded that
in mice, Atg5 is dispensable for the viability or proliferation of
normal melanocytes. This is in contrast to deleterious effects of
conditional deletion of Atg5 in brain neural cells,”* which as
melanocytes, have a neural crest origin.

Next, the Tyr::CreERT2; Atg5"*"°* mice were subsequently
interbreed with a strain carrying a constitutively active
Braf’*®F allele expressed at the endogenous locus (Tyr:
CreERT2; Braf“*’“*)*® for the analysis of benign melanocytic
lesions (nevi). This is an important pending question as human
nevi are constituted of senescent cells®>*” with high ATG5 lev-
els.** Moreover, ATG5 was previously found to modulate pre-
mature senescence driven by oncogenic BRAF in cultured
melanocytes.” Intriguingly, our newly generated Tyr:
CreERT2;Braf“*'“*; Atg5"*/°* animals demonstrated that Atg5
copy number had no positive or negative contribution to the
development of hyperplastic melanocytic lesions induced by
Braf'*°" (Fig. 6A, see Fig. 6B for immunohistochemical analy-
sis of ATG5 protein expression in the indicated genetic back-
grounds). In these models, tamoxifen was administered
systemically to ensure a homogeneous onset of melanocytic
lesions (otherwise highly variable). This approach also allowed
for a simultaneous analysis of different anatomical areas,
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Figure 4. Prognostic value of shallow ATG5 deletions in melanoma not shared by other core autophagy genes. (A) Kaplan Meier curves for overall survival for melanoma
patients with diploid, partial losses (shallow deletions) or deep deletions of the ATG5 locus (N = 255). Log-rank p value for shallow deletion vs diploid ATG5 content
p = 0.0152. (B) Comparative distribution of TCGA melanoma patients at different stages of tumor progression (stage 0 to stage IV) as function of the genomic status of
the ATGS5, ATG3 or ATG10 loci (N = 255 melanomas). The corresponding genetic alterations are color coded as indicated. ND: cases with no defined staging classification.
(C) Graphical representation of the distribution of genomic changes in the indicated autophagy genes in the TCGA melanomas. (D) Overall survival (log-rank p value) of
patients with genetic changes and/or deregulated mRNA expression with respect to cases with diploid status of the indicated autophagy genes.

therefore discarding possible context-dependent effects of cuta-
neous melanocytes (see Fig. 6A for hyperpigmented lesions in
ears, paws and back skin of representative mice with different
Atg5 allelic status). Together, these results emphasize the rele-
vance of addressing gene function in vivo, particularly in the
skin, where surrounding keratinocytes and fibroblasts influence
melanocyte survival and functional status.”®

Inducible mouse models validate Atg5 heterozygous loss
as a key driver of malignancy in melanoma

A third animal model was generated to define the impact of
Atg5 copy number in melanoma development. To this end, the
Tyr::CreERT2; Braf““4;Atg5*°* mice were crossed into a
floxable strain that allows for a melanocyte-dependent deletion
of the tumor suppressor Pten’ (see Materials and Methods for
the MGI-standardized nomenclature of each of the individual
strains used). The Tyr::CreERT2;Braf“*“*;pten®’*;Atg5/1o~/lox
animals were then interbred for the analysis of siblings express-
ing both copies of Atg5 or bearing heterozygous or homozygous

deletions of this gene (i.e., Atg5™™, Atg5™* and atg5”4,
respectively).
In the context of Tyr:CreERT2;Braf“"'“*;pten“’*~ driven

melanomas, Atg5 copy number (altering as expected the pro-
tein expression of classical autophagy factors such as SQSTM1/
p62; see Fig. S5A) had a differential impact on tumor growth
depending on whether deletions affected one or the 2 alleles of
Atg5. Specifically, although melanomas could be developed in
all backgrounds (not shown), complete Atg5 knockdown
(athA/ 4) reduced the number and size of cutaneous melanoma
lesions in all anatomical areas, while instead, the Atg5+/ 4 coun-
terparts showed an accelerating tumor development (Fig. 7A,
B; see additional detail in Fig. S5A, where the SOX10 protein
was used as a marker for melanocytic cells). This behavior was
in contrast to a modest reduction in the growth of localized
melanomas reported for heterozygous Atg7 (Atg7*) in a simi-
lar Tyr::CreERT2;Braf“"'“*;pten®“strain.*

Regarding the less understood role of autophagy factors at
late stages of melanoma progression, the Tyr:CreERT2;Braf"
“Apten”’“mice revealed that Atg5 heterozygous deletion
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Figure 5. Prognostic features of ATG5 in melanoma not shared by neighboring genes at chromosome 6q21 or in other tumor types. (A) Schematic representation of genes
mapping within 1 Mb upstream and downstream from the ATG5 locus at 6g21. (B) Comparative allelic status of ATG5 and PRDM1 in TCGA melanomas with respect to
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values for overall survival (OS) estimated with respect to patients with no alterations in the indicated genes were extracted from cBioPortal for a 30-year observation
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patients with aggregate mRNA or copy number changes are also listed (in black).

enhanced lung metastasis with respect to Atg5™~ and particu-
larly to atg5*/# littermates, as evident by macroscopic exami-
nation (Fig. 7C, P = 0.024) or by detection of melanin-
expressing cells in serial histological sections (Fig. 7D). There-
fore, these data in mice provide a functional explanation for the
enrichment in heterozygous deletions found for ATG5 in
human melanoma cells and clinical specimens (Fig. 3D,E), and
the correlation between ATG5 copy number and melanoma
patient prognosis (Fig. 4A).

Heterozygous Atg5 loss reduces the response of Braf'°°°F;
pten“/“melanomas to targeted therapy

Next we assessed the potential therapeutic impact of Atg5 copy
number on the response to BRAF inhibitors, as these com-
pounds have been well demonstrated to induce autophagosome
formation in vitro and in vivo.*>%"%* Atg57", Atg5Y4 or
atg5*/* littermates of the Tyr:CreERT2;Braf“"'“*;pten®’* mice
were treated with dabrafenib as an example of a BRAF inhibitor
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Figure 6. Atg5 is dispensable for nevi formation driven by oncogenic Braf*®* in genetically modified mice. (A) Hyperproliferative pigmented lesions generated in the

FA/CA 5ﬂox/ﬂox

tamoxifen responsive Tyr:CreERT2;Bra mice crossed to Atg.

animals for assessment of Atg5 gene dosage (Atg5*~, Atg5™"* or atg5’“) in the melanocytic com-

partment. Shown are images of lesions generated in ears, paws or the back skin (the latter in insets) captured 6 mo after tamoxifen induction. Equivalent anatomical areas
in tamoxifen-untreated (noninduced) Tyr::CreERTZ;BraFA/CA,'Atg5+/ ~ control animals are also included as a reference. (B) Visualization of ATG5 protein levels by immuno-
histochemical staining (pink) of paraffin-embedded ear sections of animals of the indicated genotypes and treated as in (A). Nuclei were counterstained by hematoxilin.

The brown color corresponds to melanin.

in clinical use.”” Drug administration was initiated once mela-
nocyte hyperproliferation was activated (see Materials and
Methods). Dabrafenib significantly reduced tumor growth in
the Atg5™'~ cohorts, a response enhanced in the atg5“/“-driven
lesions (see examples of representative animals in Fig. 7E and
quantification as waterfall plots in Fig. 7F). In contrast, hetero-
zygous Atg5 loss, reflecting the most frequent situation in
human melanomas, compromised drug response (Fig. 7E,F),
with an accumulation of high-size tumors (Fig. 7G; Fig. S5B; P
< 0.001) that required euthanasia (not shown). Together, these

findings provide evidence for the relevance of ATG5 copy num-
ber, not only in melanoma initiation, but as a key modulator of
the metastatic potential of melanoma cells, and their response
to clinically relevant compounds.

Discussion

Solid cancers typically share a series of hallmarks (including
self-sufficiency in growth signals, evasion of apoptosis, limitless
replicative potential, sustained angiogenesis, and deregulation
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of metabolic pathways, among others)**®® which can be

acquired by deregulation of pathways with essential roles in a
broad spectrum of pathologies. For example, hyperactivation of
RAS>BRAF>MEK, PIK3CA>AKT, NOTCH or SHH signal-
ing pathways, as well as downregulation of PTEN or functional
inhibition of p53 are few examples of “classical” tumorigenic
events accumulated, albeit with varied incidence, in multiple
neoplasias, including melanoma.?® Cancer hallmarks can also
be ensued in a tumor-type or lineage-restricted manner.'? Sig-
naling cascades involved in melanosome maturation, and more
recently, vesicular trafficking linked to endolysosomal degrada-
tion, are characteristically wired in melanomas.'"*****”% Here
we showed that core drivers of (macro)autophagy, another
lysosomal-associated mechanism, are, however, expressed in a
highly heterogeneous manner, with no gene cluster identifiable
as a melanoma-associated signature. Nevertheless, and despite
this variability, this study identified selective allelic loss of
ATGS as a putative risk factor for the metastasis of cutaneous
melanomas, with no correlation with the mutational status of
RAS, BRAF or other melanoma-associated oncogenes. Impor-
tantly, the prognostic value of ATG5 copy number in mela-
noma was not shared by other core autophagy factors and not
recapitulated in a broad spectrum of cancer types. These results
were obtained by a triple approach: (i) a meta-analysis of 19
large multitumor data sets, which in total encompass more
than 2700 cell lines and 2000 clinical specimens in melanoma
and over 22 additional cancer types; (ii) functional studies in
cultured cells and (iii) melanocyte-specific mouse models that
mimic alterations in the BRAF oncogene and the PTEN tumor
suppressor characteristic of human melanomas.”> Additionally,
these genetically engineered mice further emphasize therapeu-
tic implications of ATG5 dosage in the resistance to dabrafenib,
a BRAF inhibitor actively used in melanoma treatment.”’

The autophagy core (namely, genes most directly involved
in autophagosome/autolysosome formation) was first described
in yeast as an ordered step-wise cascade.”® However, this
machinery is now known to be extremely intricate, with early
phagosome formation modulated by more than 700 protein-
protein interactions.*® These networks are in turn, further
influenced by multiple context-dependent feedback and feed-
forward signaling cascades.*>® Dissecting the impact of
autophagy in cancer has the added complication of rather
unconserved expression patterns, as recently demonstrated in
glioblastomas and 11 different carcinoma types by cross-cancer
profiling of molecular alterations.’> Here we extended this het-
erogeneity to melanomas and a broad spectrum of tumors of
various etiologies, emphasizing the need for functional valida-
tion in physiologically relevant systems. Indeed, without the
inducible mouse models generated in this study, an unsuper-
vised computational analysis may have missed the relevance of
ATGS5 heterozygosity in melanoma progression and response
to targeted therapy. Moreover, the inter-tumoral variability
shown here in human cancer databases may also underlie dif-
fering pro- or antitumorigenic roles of Atg5 loss for example
in models of liver carcinoma vs. lung adenocarcinomas,
respectively.”””’

This study also brings caution on the autophagy factors to be
selected when aiming to define prognostic relevance within a
given tumor type (for example, in screens for tumor
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biomarkers). In melanoma, we found ATG5 copy number dis-
tinctively significant in its correlation to disease-free survival.
While additional validation will be required from independent
datasets, these results may have important future translational
relevance. To date (and despite great progress in the identifica-
tion of pro-metastatic factors)>”' melanoma prognosis is
largely defined by histopathological criteria such as depth of
invasion of the primary lesions, which may be susceptible to
subjective interpretation.”>”* In this context, it is interesting to
note that the observed impact of ATGS5 heterozygosity on over-
all melanoma patient survival was not reproduced by copy
number changes of neighboring genes at the 6q21 locus, such
as AIM1, PRDM1, PREP or POPDC3, previously reported as
tumor suppressors.*** Of interest, 6q21 cytogenetic changes
are frequent in other melanoma subtypes, including uveal mel-
anomas, whose mechanisms of metastasis are still poorly
understood.”* Therefore, it is tempting to speculate that
ATG5 heterozygosity may also contribute to noncutaneous
melanomas.

The mouse models described here also illustrate the rele-
vance of assessing tumorigenic roles of autophagy factors in
vivo. In particular, finding that Atg5 was dispensable for
benign melanocytic lesions in the Tyr:CreERT2;Braf"/“* ani-
mals was rather surprising as this protein is highly expressed
in senescent human nevi.** Intriguingly, this was also the case
for Atg7 deletion in a similar inducible mouse strain (i.e. Tyr:
CreERT2;Braf“"'“*;atg7**)*®> Moreover, in the context of
cutaneous melanomas generated in the Tyr:CreERT2;Braf“"
“Apten”’* mice, both complete loss of Atg5 (this study) and
Atg7 (ref. 39) reduced tumor onset. This is consistent with the
notion derived from multiple studies, including ours, that mel-
anomas cannot sustain a complete blockade of autophagy.***’
Nevertheless, while Atg7"* had a minor impact on Tyr:
CreERT2;Braf"’““;pten* primary melanomas and their
response to dabrafenib,’® here we found heterozygous Atg5*4
to unexpectedly exacerbate both these processes. Moreover,
the potential clinical relevance of Atg5 gene dosage was fur-
ther emphasized by the enhanced metastatic potential of the
Atg5"* melanomas. The contribution of Atg7 to melanoma
metastasis has yet to be defined. Nevertheless, comparative
analyses of Atg5/ATG5 and Atg7/ATG?7, in mouse models and
human specimens, are granted as they may prove relevant to
identify differential regulators and functional targets of these
genes, for example, in the modulation of the tumor secre-
tome.”” In this context, an attractive possibility is that the par-
tial downregulation of ATG5 (but not ATG7) in melanomas
reflects a developmental program shared by the lineage-spe-
cific drivers MITF'"*” and RAB7°*** which act in part by pro-
viding a fine tuning to lysosomal-associated secretory
programmes.*®

Together, our results identified ATGS5 heterozygous loss as a
distinctive feature of aggressive melanomas, selectively exploit-
ing cytogenetic alterations at the chromosome 6q21 band, and
contributing to disease-free survival in a manner not shared by
other tumor types. Moreover, the reduced efficacy of dabrafe-
nib in the case of Atg5™/“-driven mouse melanomas raises cau-
tion with respect to incomplete inactivation of this gene in
clinical trials, as this may result in an unexpected worsening of
patient outcome.
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Materials and methods
Databases and statistical analyses

The 19 multitumor data sets used in this study for a meta-
analysis of the expression and genomic status of the autophagy
genes and of ATG5 neighboring factors mapping at chromo-
some 6q21 are listed in the Supplementary Information
(Tables S1 and S2, respectively). These tables also summarize
information on number of specimens and overall count of
tumor types, as well as platforms employed for estimation of
mRNA levels, copy number variation and mutation rates of the
indicated genes, with the corresponding GSE identifiers when
available. Data were extracted directly from the repositories or
via cBioPortal’® or Oncomine platforms. Gene set enrichment
analysis (GSEA) was applied to the indicated datasets for the
Gene Ontology lysosome GO:0005764 set and core autophagy
factors. Genes were ranked based on limma moderated ¢ statis-
tic. After Kolmogorov-Smirnoff testing, gene sets showing FDR
<0.25 were considered enriched between classes under com-
parison. For TCGA, mRNA levels correspond to RNA-
sequence data analyzed by expectation maximization (RSEM)
and normalized to cases with diploid gene status with the corre-
sponding data set; copy-number was determined using GISTIC
2.0. Heatmaps for copy number variation were prepared with
GENE-E. Statistical significance of bivariate analyses (mRNA
vs. copy number or methylation vs. survival rates) is presented
as a function of Pearson (P) or Spearman rank (r) correlations.
For assessment of clinical features (overall survival or disease-
free survival), Log-rank test P values < 0.05 were considered
significant.

Mouse models, quantification and treatment

Strains used in this study were as follows: Tyr::CreERT2/1Lru,>
Atg5tm1Myok,54 Braftmlecm (BrafCA/CA)55 and Ptel’lthMak.77 For
simplicity these lines are herein referred as to Tyr:CreERT2,
Atg5"¥N10x BrafCA/CA and  Pten % respectively. For the
analysis of nevi, crosses were set to generate Tyr:CreERT2;
Braf“*’“* mice expressing or lacking one or the 2 copies of
Atg5 (herein referred to as Atg5+/ o Atg5+/ 4 or atg5A/ 4, respec-
tively). In turn, melanomas were obtained in the Tyr:CreERT2;
Braf“*““;pten “’* background, also with different Atg5 copy
number. These benign and malignant lesions were induced in
12- to 14-wk-old animals by 100 ul intraperitoneal injection of
tamoxifen (Sigma, T5648; stock 8 mg/ml) for 3 consecutive d.
Growth of cutaneous lesions (> 80 tested per background) was
monitored by optical inspection and photographic followup at
different time points upon induction, with tumor diameters
scored by Image]. Tumors were also measured with calipers
after postmortem depilation. To estimate metastatic potential,
animals were euthanized at different time points for necropsy
and paraffin embedding of relevant tissues (lymph nodes, lung,
liver), for subsequent histopathological evaluation of protein
levels of ATG5, the melanocytic lineage (SOX10), or classical
autophagy targets (SQSTM1/p62). For assays of drug response
in vivo, dabrafenib (Selleckchem, $2807) was diluted in a 5%
glucose solution (Sigma, G8270) and administered at 10 mg/kg
orally, once a day, during 3 wk, treatment starting one wk after
tamoxifen induction. A minimum of 200 lesions were analyzed

per experimental condition. Response rates were represented as
the reduction in the size (diameter) and tumor number at the
indicated time points, and represented with respect to vehicle-
treated controls. To account for gender and variability, paired ¢
test was performed by comparing the averages calculated for
each gender and same genotype in each experiment. All experi-
ments with mice were performed in accordance with protocols
approved by the Institutional Ethics Committee of the CNIO
and the Instituto de Salud Carlos III.

Histology and immunohistochemistry

Hematoxylin and eosin stainings were performed in formalin-
fixed paraffin-embedded tissues. For immunohistochemistry,
we used the Discovery XT automated IHC platform (Roche/
Ventana Medical Systems, Tucson, AZ, US). Briefly, paraffin
sections were cut at 2 um. Sections were then deparaffinized in
xylene and rehydrated through a graded series of ethanol
(100%, 96%, 70%), using standard procedures. Heat-induced
antigen retrieval was performed with the Dako PT link and
Target retrieval solution (PT100/PT101 and S1699, respec-
tively), essentially as previously described.** Sections were incu-
bated with the corresponding primary antibody (see below) at
room temperature. Depending on the primary antibody, 2 dif-
ferent detection systems were used for visualization: (i) Ven-
tana UltraView Universal DAB visualization system (Roche,
760-500); or (ii) DISCOVERY OmniMap anti-Rb HRP (RUO)
detection system (Roche, 760-4311) and an intermediate RbaG
linker (Dako, E0466). Sections were finally washed, counter-
stained with Carazzis hematoxylin (Panreac Quimica,
2552981610), dehydrated through a graded alcohol series,
cleared in xylene and permanently mounted (Tissue-Tek GLas
mounting medium, Sakura Finetek, 1408GLas). For the detec-
tion of micrometastases, 100 serial sections were performed per
lung specimen. Hematoxilin and eosin-stained sections were
then scanned with an automated computerized image analysis
system (Ariol SL-50, Genetix Europe Limited, Hampshire, UK)
for visualization by independent investigators. Antibodies used
were as follows: ATG5 (abcam, ab108327); SOX10 (Santa Cruz
Biotechnology, sc-17342); and SQSTM1/p62 (Novus Biologi-
cals, NBP1-49956).

Fluorescence in situ hybridization (FISH)

To visualize ATG5 copy number, FISH was performed on rep-
resentative human melanoma cell lines (SK-Mel-19, SK-Mel-
29, SK-Mel-147, SK-Mel-103 and G-361). Bacterial artificial
clones were obtained from the BACPAC Resource Center of
the Children’s Hospital Oakland Research Institute (CHORI,
Oakland, CA, USA) spanning the ATG5 locus at 6q21 (RP11-
7G03, RP1-134E15, RP11-352K22 and CTD-2025]J24). Clones
that hybridize to 6p21.1 (RP11-342H9, RP4-669F6, RP11-
16912) were used as a reference to estimate Chr6 copy number.
ATG5 and reference probes were labeled with Spectrum Red
and Spectrum Green respectively, by nick translation (Vysis/
Abbot Laboratories, 32-801300) according to the manufac-
turer’s specifications. Dual-color FISH was performed in meth-
aphase spreads of the cell lines fixed with carnoy (methanol:
acetid acid 3:1). To this end, probes were denatured at 90°C for



5 min, codenatured with the sample at 80°C for 2 min and left
overnight to hybridize at 37°C in a humid dark chamber. After
post-hybridization washes, slides were counterstained with
DAPI in Vectashield mounting medium (Vector Laboratories,
H-1000). Fluorescence signals were scored in each sample by
counting the number of single-copy genes and control probe
signals in 300-500 well-defined nuclei (average of 400 counts).
Cell images were captured using a charge-coupled device cam-
era (Photometrics SenSys camera) connected to a computer
running the Chromofluor image analysis system (Cytovision,
Applied Imaging Ltd, UK).

Supplementary Methods include details on siRNA- and
shRNA-based ATG5 depletion in human melanoma cell lines,
and subsequent analyses of invasive potential and proliferative
capacity in adherent and nonadherent conditions (anoikis)
included in Supplementary Figures.

Abbreviations

AIM1 absent in melanoma 1

AKT AKT serine/threonine kinase

ATG3 autophagy-related 3

ATG4A autophagy-related 4A cysteine peptidase

Atg8 yeast autophagy-related 8

ATGI16L1 autophagy-related 16 like 1

BECN1 Beclin 1

BRAF B-Raf  proto-oncogene,  serine/threonine
kinase

BVES blood vessel epicardial substance

CCLE Cancer Cell Line Encyclopedia

FDR false discovery rate

FISH fluorescence in situ hybridization

GABARAPL1 GABA type A receptor associated protein like 1

GSEA gene set enrichment analysis

MAPILC3A  microtubule-associated protein 1 light chain 3 &

MAPILC3B  microtubule- associated protein 1 light chain 3 8

MAP2K/MEK mitogen-activated protein kinase kinase

MAPK mitogen-activated protein kinase

MITF melanogenesis associated transcription factor

PIK3CA phosphatidylinositol-4,5-bisphosphate 3-
kinase catalytic subunit o

POPDC3 popeye domain containing 3

PRDM1 PR domain 1

PREP prolyl endopeptidase

PTEN phosphatase and tensin homolog

QRSL1 glutaminyl-tRNA synthase (glutamine-hydro-
lyzing)-like 1

RB1CCl RB1 inducible coiled-coil 1

RTN4IP1 reticulon 4 interacting protein 1

RSEM RNA-sequencing by expectation
maximization

SEM standard error of the mean

SHH sonic hedgehog

SOX10 SRY-box 10

SQSTM1/p62  sequestosome 1

TCGA the Cancer Genome Atlas

Tyr tyrosinase

ULK1/2 unc-51 like autophagy activating kinase 1/2
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