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Single-cell transcriptomics of NRAS-mutated
melanoma transitioning to drug resistance reveals
P2RX7 as an indicator of early drug response
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In brief

Randic et al. elucidate the heterogeneity
of NRAS-mutant melanoma cells
following drug exposure and the
transition to a drug-resistant state.
Molecular programs related to
transmembrane transport and migration,
among others, define the slow
proliferating melanoma state. The
transcriptional landscape shifts toward
an immune response signature during
prolonged treatment.
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SUMMARY

Treatment options for patients with NRAS-mutant melanoma are limited and lack an efficient targeted drug
combination that significantly increases overall and progression-free survival. In addition, targeted therapy
success is hampered by the inevitable emergence of drug resistance. A thorough understanding of the mo-
lecular processes driving cancer cells’ escape mechanisms is crucial to tailor more efficient follow-up ther-
apies. We performed single-cell RNA sequencing of NRAS-mutant melanoma treated with MEK1/2 plus
CDKA4/6 inhibitors to decipher transcriptional transitions during the development of drug resistance. Cell lines
resuming full proliferation (FACs [fast-adapting cells]) and cells that became senescent (SACs [slow-adapting
cells]) over prolonged treatment were identified. The early drug response was characterized by transitional
states involving increased ion signaling, driven by upregulation of the ATP-gated ion channel P2RX7.
P2RX7 activation was associated with improved therapy responses and, in combination with targeted drugs,

could contribute to the delayed onset of acquired resistance in NRAS-mutant melanoma.

INTRODUCTION

Melanoma is characterized by a high somatic mutational load
and significant tumor heterogeneity and plasticity,’ which
hamper the development of “one for all” therapeutic ap-
proaches. Hyperactivation of the MAPK signaling pathway due
to BRAF mutations occurs in ~50% of patients, while genetic al-
terations in the NRAS proto-oncogene GTPase (NRAS™") affect
~25% of all patients with melanoma, resulting in a highly aggres-
sive malignancy with a growing incidence.” NRAS™"* melanoma
most frequently occurs in chronically sun-exposed, elderly pa-
tients, and to date, no efficient targeted therapy combinations
have been approved for this melanoma subtype.® Current treat-
ments for advanced NRAS™! patients include immunotherapy,
radiation, chemotherapy, and MEK inhibition. However, not all
patients tolerate immunotherapy, while in others it has no
benefit.* Therefore, alternative therapeutic options, which can
be administered before or after immunotherapy, are needed.®
Given the constitutive activation of MAPK signal transduction

in NRAS™!' melanoma, the application of anti-MEK drugs
(MEKI) is currently being tested in in vitro studies and clinical tri-
als.>®” However, patient responses to MEKi are limited in time,
with insufficient improvement over the chemotherapeutic drug
dacarbazine.”® To improve the therapeutic effect of MEKI,
several clinical trials are currently testing the combination of
MEKi with other targeted drugs (https://clinicaltrials.gov/).’
Disruption of cell-cycle progression with CDK4/6 inhibitors
(CDK4/6is) has been described as a promising companion to
MEKi in NRAS™" melanoma.'®"" Yet, despite the initial benefit
of MEKi and CDK4/6i co-therapy,'? melanoma cells eventually
learn to cope with the treatment. Described pathways for survival
of MEKi/CDK4/6i treatment include upregulation of MAPK and
PI3K signaling by activation of KRAS, ® pre-existing PIK3CAE?45K
cell subpopulations,* and increased phopho-Sé levels.'' Under-
standing the transitional processes conferring treatment resis-
tance and assessing the transcriptional dynamics of cell states
at the single-cell resolution provide a unique opportunity to define
distinct cell populations that give rise to drug-resistant cell states.
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By dissecting cellular heterogeneity, recent single-cell profiling of
drug-exposed melanoma has provided deeper insights into
transcriptional evolution toward drug resistance, especially in
BRAF™ ! melanoma.'®~'® However, a similar dataset was so far
not available for treated NRAS™" melanoma. In this study, we
investigated cellular mechanisms that govern tolerance to
combined MEKi/CDK4/6i by single-cell RNA sequencing
(scRNA-seq) of four NRAS™! melanoma cell lines over a pro-
longed treatment period until drug resistance was reached. In
addition to previously described melanoma states,'*'®"® our
time-series setup (Figure 1A) allowed us to distinguish cell states
involved in fast adaptive processes and delayed or slower re-
sponses to targeted treatment.

Our analysis revealed the involvement of the purinergic
ATP-gated ion channel P2RX7 in early cell response to tar-
geted therapy. However, controversy exists about whether
P2RX7 should be inhibited or activated, and this likely de-
pends on the type and stage of the tumor as well as the
type of therapy that is applied.”® Here, we show that high
levels of P2RX7 are associated with initial NRAS™" melanoma
treatment response, whereas hyperactivation of P2RX7 in
combination with MEKi/CDK4/6i delays the onset of acquired
drug resistance.

RESULTS

Characterization of NRAS™" melanoma cell line
responses under MEK/CDK4/6 inhibition
To investigate the development of drug resistance in NRAS-mu-
tation-based melanoma, we used three commercial NRAS™"
melanoma cell lines (IPC298, SKMel30, and MelJuso) and one
primary line (M20) established from an NRAS™" patient. For
these cell lines, we first established optimal concentrations of
MEKis (binimetinib, cobimetinib, and trametinib) and CDK4/6is
(palbociclib and ribociclib) (Figure S1) and pairwise combinations
of two of them (binimetinib and palbociclib) (Figure S2). As ex-
pected, the combination matrix indicated a decreasing inhibition
over time, suggesting drug resistance. For the subsequent time-
series experiments, the averaged cell-line-specific IC5q values of
binimetinib (27 nM [M20], 110 nM [MelJuso], 35 nM [SKMel30],
and 16 nM [IPC298]) and 1 uM palbociclib for all cell lines were
used. The time points for single-cell transcriptomic measure-
ments were chosen to represent both early and late transcrip-
tional adaptations to treatment (1, 4, and 33 days; Figure 1A),
and untreated samples (0 day) were used as a control condition.
Interestingly, IPC298 and SKMel30 cells were proliferating
already after 33 days of treatment, whereas M20 and MelJuso
cells did not resume proliferation during this period (Figures 1A
and 1B). Based on this difference, we will refer to the IPC298
and SKMel30 lines as fast-adapting cells (FACs) and to the
Melduso and M20 lines as slow-adapting cells (SACs). Reactiva-
tion of the MAPK and PI3K pathways in FAC lines (Figure 1B) with
rapid re-entry into the cell cycle (Figure 1C) was detected once
they became adapted to combined drugs. Moreover, partial
restoration of protein expression and phosphorylation of the
CDK4/6 downstream target RB1 was detected in long-term
treated FACs (Figure 1B), whereas complete pRB rebound was
observed under a MEKi-therapeutic regimen (Figure S3). As ex-
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pected, FACs resumed cellular proliferation under MEKi or
CDK4/6i monotherapy within 33 days (Figure S4A).

Next, we observed that combined therapy affected the levels
of RB and pRB and prevented signal transduction through the
MAPK and PI3K pathways even after 33 days of drug exposure
in SAC lines (Figure 1B). Monotherapeutic effects of MEKi in
SACs were sustained over time, while CDK4/6i treatment was
tolerated, as shown by a significant increase in pRB levels (Fig-
ure S3). SACs reacted to treatment with cell-cycle arrest indi-
cated by reduced Ki-67 staining (Figure 1C) and became fully se-
nescent upon MEKi and CDK4/6i prolonged exposure
(Figure 1D). In contrast to the combined treatment, extended
exposure to monotherapy induced neither cell-cycle arrest (Fig-
ure S4A) nor senescence, with the exception of long-term CDK4/
6i treatment of M20 cells (Figure S4B). Single or combined MEK/
CDKA4/6 inhibition induced cell-cycle arrest rather than apoptosis
(Figures 1E and S4C). Taken together, MEKi/CDK4/6i evoked
diverse cell survival programs, suggesting that patients also
might rapidly relapse under such a treatment combination.

Single-cell transcriptomic profiling of MEKi/CDK4/6i-
treated NRAS™"* melanoma cells

To profile transcriptional transitions from a drug-sensitive to a
resistant phenotype, we isolated and sequenced ~48,000 cells
from all four cell lines at four different time points (0, 1, 4, and
33 days). After quality control and filtering (Figure S5), the
scRNA-seq data of ~15,000 cells were integrated and batch-
corrected based on the cell line origin (Figure 1F).

First, all cell lines and time points were considered together.
Interestingly, FACs that re-entered proliferation after 33 days
clustered together with untreated cells, predominantly found in
the G2M/S phase (Figure 1F). Treated SACs, in contrast, cluster
in G1 at all time points, illustrating a rapid induction of an
enduring cytostatic program. By employing Slingshot pseudo-
time analysis,”’ pseudotime trajectories were reconstructed by
ordering cells based on minimal differences in their transcrip-
tomes. Indeed, after a long treatment, FACs moved back toward
the initial untreated cell state, while SACs were still arrested in
the G1 phase (Figure 1G).

Next, we investigated gene signatures previously related to
melanoma heterogeneity and resistance to targeted therapy
(Table $1)."'%22 MITF high/AXL low, mesenchymal, and
pigmentation signatures were observed in early NRAS™"! mela-
noma-treated states (1 and 4 days). Cell populations correspond-
ing to the non-proliferating SACs expressed genes characteristic
of MITF low/AXL high, neural, invasive, migratory, and epithelial-
mesenchymal transition (EMT)-like phenotypes (Figure S6A),
previously described in treated BRAF™' melanoma.'*?? The
expression of marker genes indicative of resistance to MEKi
and/or CDK4/6i in NRAS™" melanoma was analyzed across
time points (Figure S6B). This analysis revealed increased gene
levels of cyclin D1 (CCND1), in agreement with previous findings
on NRAS™ ! melanoma drug resistance.'"'>'* As expected, the
mRNA levels of cell-cycle-related kinases (CDK1, CDK2) were re-
activated in 33-days-treated FACs, while they remained inhibited
in senescent SACs. In contrast to prior findings where MEKIi
was combined with CDK4/6i,"""®"* we detected no increase
in mTOR and RBS6KB1 in long-term drug-exposed cells
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Figure 1. Phenotypic characterization of cell lines: Combined therapy induces a switch to both fast (FACs) and slow (SACs) adaptive states
(A) Schematic representation of NRAS™" melanoma cell response upon treatment with MEK1/2 and CDK4/6 inhibitors.

(B) Effects of MEK1/2i and CDK4/6i combined therapy on drug target downstream signaling. Phosphorylated and total levels of RB, ERK, and S6 were assessed in
untreated (0 day) and treated (1 day, 4 days, and 33 days) melanoma cell lines by immunoblotting. Vinculin was used to confirm equivalent loading. Molecular
weights are shown in kilodaltons.

(C) Cell proliferative activity determined with Ki-67 (red), and DAPI (blue) staining was used to mark nuclei.

(D) Senescence B-galactosidase (SA-B-gal) activity was confirmed in non-proliferating SACs (MelJuso and M20).

(E) The activity of caspase-3 upon MEKi/CDK4/6i treatment was measured by an AC-DEVD-AFC apoptosis assay, revealing the absence of apoptosis in response
to drug exposure for 1 and 4 days. Plotted data represent the mean + SD obtained from three biological replicates. One-way ANOVA, followed by multiple
comparisons test, was utilized to calculate p values (ns, not significant; **p < 0.001).

(F) Treated NRAS™" melanoma cells exhibit heterogeneous cell responses. The four presented graphs represent integrated data of cell lines included in the study
(top left), cell-cycle phase (top right), and days of cell treatment (bottom), visualized by UMAP dimensionality reduction.

(G) Slingshot single-cell pseudotemporal ordering based on the overall transcriptional program, colored by cell-cycle position, shows transcriptional dynamics
corresponding to cell-cycle restart.
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(Figure S6B). Similar to Hayes et al.,'® we found decreased RPS6

gene and pS6 levels in treated SACs, while S6 gene expression
and protein pS6 levels were increased in 33-days-treated FAC
lines (Figures 1B and S6B).

Treated NRAS™ " melanoma cells exhibit

heterogeneous transcriptional responses

Considering the two general drug response types of FACs and
SACs, we hypothesized that combined MEKIi/CDK4/6i therapy
may induce specific NRAS™" melanoma subpopulations with
distinct fate trajectories, ultimately leading to tumor growth ad-
vantages. Thus, we performed unsupervised clustering on all
cell lines, regardless of treatment duration. Eleven clusters
were identified (Figure 2A), and the cell line composition of
each cluster was assessed and grouped by content similarity
(Figure 2B). Treated cells of all four cell lines and time points
group in clusters 0, 4, 6, and 8, which contain almost no un-
treated cells, while cluster 10 is made up almost entirely of un-
treated SKMel30 cells (Figure 2B). Clusters 7 and 9 mostly
consist of intermediate (1 and 4 days) time points of SKMel30,
IPC298, and M20 lines, while cluster 3 is predominantly formed
by Melduso early treated cells. Upon long-term drug exposure,
treated FACs congregate together with untreated states (0 day)
in clusters 1, 2, and 5 (Figure 2B), which contain hardly any cells
from the intermediate time points. Long-term treated MelJuso
and M20 cells are abundant within clusters 6, 8, and 4.

Next, we computed differentially expressed genes (DEGs) of
each cluster compared with all others (Figure 2C). Among the
top DEGs expressed within cluster 0, which is mostly composed
of intermediate time points, are tyrosinase-related protein 1
(TYRPT1), the antiapoptotic factor MTRNR2L1, and P2RX7.
Meanwhile, elevated levels of the IFI6 gene are seen in cluster
4, containing cells from all four lines at 4 and 33 days of treat-
ment. De-differentiation markers ALCAM and NGFR*® are
among the top DEGs in cluster 3, which mostly contains
Melduso cells from intermediate time points (Figure 2C and
Table S2). Based on DEGs between clusters, we further as-
sessed which pathways are enriched in each cluster (Figure 2D
and Table S2). “Transmembrane transport” emerged as the
most relevant term in cluster 0. Several genes involved in inter-
feron signaling (e.g., IFI6, IFI27, IFIT3, and MX1) were upregu-
lated under treatment with peak expression levels at 4 and
33 days (clusters 4 and 6; Figures 2D and Table S2). As ex-
pected, the expression levels of genes involved in the targeted
signaling pathways (MAPK and cell cycle), such as E2F2,
PCNA, and TOP2A, strongly decrease under treatment, in
contrast to clusters 2 and 5, which are enriched in genes involved
in proliferation. Next, we checked DEGs in each cell line sepa-
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rately. Upon removal of a potential bias introduced by cell-cycle
genes, key signatures in each time point did not change signifi-
cantly, suggesting robust annotations (Table S3).

To compare the dynamics of gene expression between time
points, we mapped cells along trajectories of transcriptional
changes (Figures 2E and S7) using Monocle’s pseudotime.®
Multiple branches corresponding to various trajectories are fol-
lowed by cells with distinct transcriptional programs. Untreated
cells are mostly distributed along the upper left branch, while in-
termediate time points are found along all other branches. Clus-
ters 1, 2, and 5, containing both 0 and 33 days FACs, appear on
the upper left branch together with cluster 10. The upper right
branch mostly consists of 33-days-treated SACs (cluster 6) and
treated MelJuso cells at all time points (Figures 2E and S7A). In
addition, treated IPC298, M20, and SKMel30 cells group along
lower branches corresponding to intermediate pseudotimes (Fig-
ure S7A). This analysis confirms that transcriptional states of
SACs at 33 days are diverse (multiple branches) but distinct
from the untreated state, whereas FACs’ transcriptional state at
33 days reverts back to the untreated state. This becomes even
more pronounced when analyzing cellular distributions in one-
dimensional (1D) pseudotime (Figure S7B). By merging different
branches corresponding to the same pseudotime and plotting
the corresponding density of cells, we observed that distributions
from untreated and long-term treated samples have almost no
overlap for SAC lines (Figure S7B, right column, first and third
rows). For MelJuso in particular, these two distributions lie at
the opposite extremes of pseudotime. In contrast, in FACs there
is considerable overlap between the untreated and the treated
cell distributions (Figure S7B, left column, first and third rows).

Targeted therapy triggers ion transport in FACs and
SACs and initiates immune response programs in FACs
To scrutinize the effects of early drug exposure and analyze if
NRAS™ subpopulations exist that either intrinsically resist ther-
apy or rapidly acquire traits that allow them to escape drug pres-
sure, we assessed transcriptional programs of FACs and SACs
separately at each time point. In Figure 3, we combined uniform
manifold approximation and projection (UMAP) dimensionality
reduction and unsupervised clustering to characterize transi-
tions of the cell populations between transcriptional states
over time, with heatmaps showing the top 3 DEGs per cluster.
Gene set enrichment analysis (GSEA) was used to establish
the most enriched signatures for each cluster (Table S4), which
are highlighted in Figure 3. Already after 1 day of treatment,
both SACs and FACs responded with considerable adaptations
of gene expression, especially in genes involved in ion trans-
membrane transport and cell-cell signaling, e.g., P2RX7, PLP1,

Figure 2. Unsupervised clustering reveals cell populations across time points

(A) Eleven clusters of cells were obtained when performing unsupervised clustering of integrated data from all cell lines and treatment durations.

(B) Relative abundance of cells for each time point and cell line, within each cluster.

(C) Top differentially expressed genes (DEGs) between the clusters obtained from all treatment phases and cell lines together. The size of the circles indicates the

percentage of cells in each cluster that express a given gene.

(D) Heatmap of the relative average expression of the DEGs corresponding to biologically relevant enriched pathways for selected clusters, identified by the log-
fold change in cells in one cluster compared with all other cells (with adjusted p < 0.05).

(E) Pseudotemporal ordering of cells from all cell lines and time points, arising from the temporal dynamics of transcriptional changes and depicting the phenotype
switch toward cell static/proliferative states; cells are colored by their pseudotime value (first subpanel), time point of treatment (second), cell line (third), and the

cluster they belong to (fourth).
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S100B, and SOX4 (Figures 3A, 3B, and S8 and Table S4). Inter-
estingly, although the “transmembrane transport-related state”
(subsequently referred to as “trans-state™) is predominant in
FACs after 1 day of treatment (Figure 3A, UMAP plots), most
FACs switch to an “immune-like state” over time (4 and
33 days), reminiscent of an antiviral immune response, in which
IFI6 displays the highest upregulation (Figures 3A and S8A and
Table S4). In contrast to FACs, in which the trans-state is re-
placed by an immune-like state, SACs retain high expression
of genes involved in the trans-state, such as P2RX7 and SOX4,
regardless of treatment duration (Figure S8B). Next to the
trans-state, upon 1 day of treatment, SACs also switch into a
cell subpopulation enriched in cell migration (“migratory state”;
cluster 4) (Figure 3B). Cells with similar signature were also found
after 4 days (cluster 3) of therapy. FN1, PLP1, SEMAS3B,
SEMASC, and LOXL2 are among the top DEGs within migra-
tion-enriched clusters (Table S4). In addition, high expression
of NGFR and THBST, previously described in the neural crest
stem cell (NCSC)-like state,’ is found in this cluster. Trans-
and migratory state also have a certain number of shared en-
riched pathways (Table S4). Thus, they most likely represent
the two extremes of transcriptional programs of the same cell
population rather than two mutually exclusive populations. After
33 days of therapy the migratory state does not appear as a
separate cluster, whereas the cluster enriched in adhesion
emerges as an independent state (Figures 3B and Table S4).

Compared with gene signatures previously described in mela-
noma plasticity and drug resistance, ' %°>" a subset of cells highly
expressing pigmentation markers is found within the trans-like
clusterin FACs and SACs (Figure S9). Furthermore, cells highly ex-
pressing pigmentation-related genes also persist over time in the
FACs immune-like state. Cells with an invasive/migratory pheno-
type (reminiscent of a mesenchymal-like state) are found in both
untreated and MEKIi/CDK4/6i-treated FAC lines (Figures S9A-
S9C). Similarly, cells with the previously described mesen-
chymal-like phenotype are also found within SAC untreated and
treated trans-like states (Figures S9D-S9F). Notably, cells ex-
pressing NCSC markers, in particular neural crest cells,'>?° are
not detected in FAC lines (Figures S9A-S9C), while they are pre-
sent in SAC trans- and migratory-like states (Figures S9D-S9F).

Next, we identified a cluster that involves untreated and
treated cells, appearing in both FACs and SACs, with similar
top DEGs. We termed this cluster “intrinsically resistant (inres)-
state” due to its assumed intrinsic potential to evade therapeutic
pressure and retain a similar transcriptional signature (Figures 3A
and 3B and Table S4). The inres-state is characterized by high
expression of the long non-coding RNAs MALAT1 and NEATT,
previously described in metastatic/invasive melanoma,”*=° as
well as AP000769.1 and GABPB1-AS1 (Figures 3A, 3B, and S8
and Table S4). These genes might therefore represent markers
for intrinsic drug resistance.

To predict gene-regulatory networks and regulon activity in
different melanoma subpopulations, we applied the single-cell
gene-regulatory network inference and clustering (SCENIC)
method (Figure 4).°" SCENIC revealed that upon 1 day of ther-
apy, DEGs in the FACs trans-state are regulated by transcription
factors (TFs) SOX4, JUN, and MITF, the activity of which has
been previously associated with both mesenchymal-like (JUN
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and SOX4) and melanocytic (MITF) states.'®?”*? The immune-
like state (appearing after 4 days in FACs) also displays the activ-
ity of the interferon-related TFs STAT1, STAT2, IRF7, JUND, and
MXD4 (Figure 4A and Table S5). In 1- and 4-days-treated SACs,
the TFs ETS1, SOX4, STAT2, and JUN display increased activity
in the trans-state (Clu 0) (Figure 4B and Table S5). POU3F2,
CREBS5, and NFATC2 are among regulons that are specific to
the SAC migratory state after 1 day (Clu 4) and 4 days (Clu 3)
of treatment, whereas MITF activity is not detected. Last, many
regulons are found in the inres-state in both SACs and FACs,
where among the shared ones are IRF3, SP1, ZNF274, and
STATS3 (Figures 4A and 4B and Table S5).

Overall, we identified transcriptional states characteristic of
transport signaling at 1 day of treatment in both FACs and
SACs, mostly driven by ETS1, SOX4, and JUN, as well as acti-
vated immune response signatures taking over the transcrip-
tional landscape in 4-days-treated FACs.

Transcriptional changes in treated NRAS™" melanoma
reveal switches toward senescent-like or proliferative
phenotypes

Upon analysis of genes that may drive FACs’ accelerated ability
to re-enter the cell cycle compared with SACs, we confirmed
programs involved in ion transport and migration (Figures 5A,
5B, and S10A), while a decrease in expression levels of genes
involved in proliferation characterized 33-days-treated SACs.
As seen before, genes that are highly expressed in 33 day
FACs are enriched in immune response programs. Yet, differ-
ences between 0- and 33-days-treated FACs are not as striking
as in the case of SACs.

Considering that the trans-state occurs in early drug-exposed
FACs and at all time points in SACs, we speculated that SAC
lines would eventually overcome the state of senescence and
re-enter the cell cycle. Indeed, we observed that, after 3 months
of therapy, both MelJuso and M20 eventually resisted the com-
bined MEKIi/CDK4/6i, escaped cell-cycle arrest, and resumed
proliferation (Figures 5C and S10B). These findings are sup-
ported by augmented levels of pRB, diminished activity of
B-gal (Figures 5D and 5E), and higher binimetinib ICsq values in
comparison with sensitive cells (Figures S1 and S10C).

To assess which genes are associated with delayed drug
resistance, we plotted the top DEGs that are shared between
FAC intermediate time points and all treated SAC time points
(Figure 5F). This intersection includes P2RX7, SOX4, JUN,
ADAM23, PLP1, and COL4A3BP, indicating their involvement
in the maintenance of a senescent, non-proliferative cell state.
Further, IFI6 is significantly expressed in FACs (1, 4, and
33 days) and only in 33 days SACs and may contribute to an
eventual switch toward the on-drug proliferative state. DEGs
shared between all treated cells are S100B, TYRP1, and TU-
BA1A and may implicate transcriptional activities that persist
over time and support a drug-resistant phenotype.

Next, we compared correlations and shared DEGs between
treated FAC and SAC lines in our study and recently published
data from Rambow et al.'® representing different phases of
BRAF™" melanoma treatment, where phase 1 describes early
drug response; phase 2, “minimal residual disease” (MRD);
and phase 3, completely drug-resistant melanoma cells."® While
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Figure 3. Discrete effects of MEK1/2i and CDK4/6i combined treatment in SACs and FACs at each time point separately

UMAP plots of the different treatment phases in FACs (A) and SACs (B), each treated time point compared with untreated cells, and corresponding unsupervised
clustering. Heatmaps depict the top three DEGs in each cluster.
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Figure 4. SCENIC analysis reveals transcriptional factors and their target genes in short-term treated NRAS™* melanoma cells

(A and B) Heatmaps showing average regulon activities (scored by AUCell) in each cluster upon 1 and 4 days of treatment in FACs (A) and SACs (B). The indicated
regulons represent the highly active ones in the trans-state (Clu 0: 1 day FACs, 1 day SACs, and 4 days SACs), as well as the migratory state in SACs after 1 day
(Clu 4) and 4 days (Clu 3) of treatment. Plots represent treated cluster-specific regulators calculated by regulon specificity score (rss), where the top 5 regulons are

shown.

all treated SACs (1, 4, and 33 days) and early treated FACs (1 and
4 days) mostly correlate with phases 1 and 2, drug-resistant
33-days-treated FACs resemble the profiles of drug-resistant
phase 3 (Figure S11A). Interestingly, TYRP1 is found among
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genes expressed at all time points of treatment in our and Ram-
bow et al.’s'® melanoma datasets (Figures S11B and S11C).
SOX4, PLP1, TFAP2A, and CD36 are among the commonly sig-
nificant DEGs between intermediate time points of SACs and
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FACs and phases 1 and 2. Resistant melanoma cells in phase 3
share markers implicated in immune states (IFI27 and MX1) with
our long-term treated FACs (Figure S11B), while IFIT3 is highly
expressed at all time points of SACs and resistant melanoma
cells in phase 3 (Figure S11C).

Gene clustering based on gene expression across pseudo-
time was performed by Monocle (Figure 5G), considering a se-
lection of genes shared among distinct phenotypes. We plotted
the dynamics of expression of these genes and visualized their
pseudotime dependency, i.e., how their expression varies
across pseudotime. From the mapping in Figure 2E, we can
identify early pseudotime values corresponding to untreated
and 33-days-treated FACs. These values correspond to those
of the upper left branch of the images in Figure 2E (dark blue in
the top image) and those on the left of the pseudotime axis in Fig-
ure 5G. Late pseudotime values (pale blue in the top image of
Figure 2E and right side of the horizontal axis of Figure 5G)
matched to 33 days SAC time points, with all treated 1 and
4 days cells corresponding mainly to intermediate values (the
central part of Figure 5G). Here, P2RX7 and SOX4 are highly ex-
pressed at intermediate and late pseudotime values, while JUN
is exclusively highly expressed at late pseudotime values.

P2RX7 expression levels mark responses to targeted
treatment in NRAS™"* melanoma

Since we observed in all cell lines the trans-state with high
P2RX7 levels after early drug exposure and especially after
33 days of treatment (Figures 3A and 5A), we assessed if the
expression of P2RX7 is associated with the proliferative status
of NRAS™* melanoma cells following single/combined treat-
ment. We confirmed that P2RX7 mRNA and protein levels were
elevated upon early treatment involving MEK:i in all cell lines
(Figures 6A and 6B). The antibody used here recognizes a pro-
tein of around 78 kDa, which corresponds to the predicted mo-
lecular weight of the full-length splice variant P2RX7A. While
we focus here on the P2RX7A isoform, we also detected a similar
upregulation of the shorter isoform, P2RX7B, upon inhibition of
MEK and CDK4/6 in four of five tested NRAS™" melanoma cell
lines (data not shown).

Upon resuming proliferation (Figures 1C and S4A), P2RX7 pro-
tein levels decreased in treated FACs (Figure 6A). Likewise, when
after ~3 months treated SACs eventually restored proliferation,
P2RX7 protein levels dropped to control levels (Figure 6A), sug-
gesting that higher P2RX7 levels are indeed indicative of the on-
drugs NRAS™* melanoma proliferative status. This is supported

Cell Reports

by decreased levels of P2RX7 protein and mRNA in 33 days-
treated-SAC lines, which re-enter the cell cycle after monother-
apy, in contrast to non-proliferating SACs exposed to 33 days of
combined treatment (Figures 6A and 6B).

Next, we analyzed if elevated levels of P2RX7 in NRAS™ ! mel-
anoma cells undergoing cytostatic growth arrest might also be
accompanied by metabolic reprogramming. P2RX7 was stimu-
lated with its non-selective agonist 2/(3')-O-(4-benzoylbenzoyl)
adenosine-5'-triphosphate (BzATP), which in previous studies
was demonstrated to be ~10-30 times more potent in P2RX7
activation compared with normal ATP,%*** followed by Seahorse
quantitative kinetic profiling of mitochondrial and glycolytic ATP
production rates. Combined treatment reduced overall ATP pro-
duction, confirming the cytostatic effect of MEKi/CDK4/6i at 1
and 4 days of treatment. Conversely, activation of P2RX7 chan-
nels by BzATP restored the produced glyco- and mitoATP to un-
treated control levels (Figure 6C). Interestingly, in SACs
(Melduso), only glycoATP levels were affected, indicating a
switch to oxidative phosphorylation (OXPHOS) metabolism.
Along these lines, tonic P2RX7 stimulation has previously been
shown to enhance mitochondrial potential and OXPHOS effi-
ciency, while P2RX7 overstimulation has been related to a
decreased mitochondrial potential resulting in cell death.*®
Extracellular ATP levels strongly increased after 4 days of treat-
ment, concomitant with decreased ATP consumption rates
(Figures S12A and S12B).

Together, these results indicate that high levels of active P2RX7
could be a useful marker for a general response to treatment, as
levels drop in cells that have become resistant to therapy. This
notion is supported by the fact that high expression of P2RX7 is
associated with significantly longer overall and progression-free
survival in NRAS™" melanoma patients (Figure S13A). Remark-
ably, this beneficial effect is not seen in BRAF™ melanoma pa-
tients (Figure S13B), indicating a possible connection between
P2RX7-induced metabolic rewiring and NRAS mutational status.
Furthermore, heterogeneous P2RX7 expression was found in tu-
mor tissues of a small cohort of patients with melanoma (harboring
NRAS™" [5 patients] or BRAF™ [5 patients] or being NRAS-/
BRAF wild type [4 patients]) by using an antibody targeting the N
terminus of P2RX7, but also across melanoma cell lines
(Figures S14A-S14E and Table S6). Overall, NRAS™" melanoma
appeared to have higher P2RX7 expression, but this finding re-
quires confirmation in a larger cohort including treatment-naive
and resistant patient samples. Therefore, next to the detected
levels of P2RX7 in NRAS™! melanoma that are enhanced by

Figure 5. Dynamic changes result in a cellular transition to a melanoma proliferative drug-resistant state
(A) DEGs between integrated (0 day) and 33-days-treated integrated SACs (left) and FACs (right).
(B) Gene set enrichment analysis (GSEA) shows the top enrichment of gene sets in 33-days-treated versus untreated cells. Each dot represents a log2-fold

change in one of the genes describing a given gene signature.

(C) Ki-67 activity in Melduso (SAC) upon very-long-term drug exposure of ~3 months.

(D) Upon prolonged treatment (~3 months), SACs also re-enter cell-cycle progression, as shown by phosphorylated RB and ERK levels. Vinculin levels were used
as a western blot loading control. Molecular weights are shown in kilodaltons.

(E) Upon prolonged (~3 months) treatment, SA-B-gal activity diminished in both SAC lines, compared with 33 days treatment.

(F) Common genes found among top DEGs between 1 day (top) or 4 days (bottom) and 33 days of treatment. Cell lines were grouped at each time point based on
proliferative cell fate upon long-term therapy exposure (SAC and FAC).

(G) Expression heatmap showing kinetic trends of common DEGs shared between early treated FACs and long-term drug-exposed (33 days) SACs plotted in
pseudotime, with columns representing pseudotime points. The rainbow color scale indicates gene expression, with red being very high and blue being very low.
Genes that co-vary similarly across pseudotime cluster together.
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MEK/CDK4/6 inhibition, we hypothesize that an additional P2RX7
activation might support the cytostatic drug effect. Indeed, simul-
taneous exposure to BzZATP and combined MEKi/CDK4/6i treat-
ment significantly decreased growth in both NRAS™ melanoma
FAC (SKMel30) and SAC (MelJuso) lines grown in 2D (Figures 6D
and S15), as well as in 3D spheroid models (Figures 6E, 6F, and
S16). Interestingly, combined MEKi and CDK4/6i treatment was
much more potent in 3D models compared with regular 2D tissue
culture, killing most cells after 14 days. Therefore, we could not
observe an augmented tumoricidal effect of P2RX7 stimulation
(Figures 6E, 6F, S16A, and S16B).

Mechanistically, P2RX7 is known to mediate Ca2* influx, which
results in increased production of reactive oxygen species
(ROS).%5°8 Consequently, we examined if elevated ROS levels
mediate the cytotoxic effects of P2RX7 stimulation. Indeed,
high intracellular ROS levels were induced by CDK4/6 and
MEK co-inhibition within 1 and 4 days (Figures 7A and 7B).
Simultaneous P2RX7 activation with BzATP further increased
ROS levels, and this effect was abolished when P2RX7 was
silenced by siRNA (Figure 7B). Similarly, inhibition of P2RX7 by
a specific antagonist, A-740003, enhanced the growth of
MEKIi/CDK4/6i/BzATP-exposed SACs (Melduso) (Figure 7C),
but also diminished ROS production induced by P2RX7 stimula-
tion (Figure 7D). P2RX7 inhibition did not affect the cellular
growth of drug-naive and treated NRAS™" melanoma cell lines
(Figure S17). Notably, BzATP did not have an impact on ROS
production in FACs (SKMel30), probably due to their phenotypic
properties to rapidly resist therapeutic effects (Figure S18). Over-
all, activation of P2RX7 channels alongside targeted treatment
led to higher levels of ROS in SACs (Figure 7B), which could sup-
port the induction of cell death in treated melanoma cells.

DISCUSSION

Tumor heterogeneity and plasticity prevent sustained responses
to targeted therapies and allow cancer cells to eventually adapt
to known treatments.®*“° Melanoma, with its extremely high
numbers of somatic mutations,” is notorious for its ability to
escape cytostatic orimmune-modulating treatments, and clonal
selection of resistant cells following tumor therapy is a commonly
occurring phenomenon.*°

Diverse molecular signatures and functional profiles of BRAF™
and NRAS™! melanoma cells have been described, which can
explain dynamic cellular responses, sensitivity, or resistance to
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drugs.*"*? Previously, single-cell profiling of treated BRAF™ mel-
anoma has identified different phenotypic states, including NCSC-
like, pigmented, invasive, starved, and stress-like cellular
states.’®'® Rambow and colleagues coined the term “minimal re-
sidual disease,” which describes melanoma drug-tolerant cell
states, in which both expansion of pre-existing cell populations
and de novo transcriptional reprogramming may occur under
pharmacological perturbation.'®*® Detecting early resistance
would be clinically beneficial, as it would allow switching treatment
regimens before patients deteriorate further.*” Much less informa-
tion is available on the plasticity of NRAS™" melanoma. Thus, we
conducted a single-cell study on NRAS™" melanoma transcrip-
tional states at different time points (0, 1, 4, and 33 days) under
MEKIi/CDK4/6i treatment, allowing us to characterize both intrinsi-
cally and de novo drug-resistant NRAS™" cell subpopulations.

Immediate responses to treatment revealed a melanoma
trans-state, which is highly enriched in genes involved in ion
transmembrane transport, particularly Ca®* transport, such as
P2RX7, S100B, and PLP2. Moreover, a striking interferon gene
signature was detected after 4 days in FACs, which might allow
cells to rapidly respond to drug-induced stress.** SAC lines were
undergoing longer cell-cycle arrest in comparison to FACs and
only after 3 months of treatment switched toward a proliferative
phenotype. Therefore, before transitioning into a differentiated
(proliferative) melanoma state enriched in a signature that is
characterized by interferon-induced genes, all MEKi/CDK4/6i-
treated cells went through the above-mentioned trans-state.
Next to the trans-state, we found both EMT and migration signa-
tures in treated SAC lines. While elevated MITF expression was
found in FACs, together with other TFs related to the trans-state
(SOX4 and JUN), in the SAC migratory state, we observed
POUS3F2 regulon activity, whereas MITF activity was diminished.
Indeed, MITF activity was found to be mutually exclusive to
POU3F2.?"*° The trans-state of NRAS™" melanoma is reminis-
cent of senescence and correlates with overall better patient
response. Indeed, once cells adapt to treatment, P2RX7 levels
go down and proliferation resumes.

Previously, accelerated growth of P2RX7-expressing cancers,
including melanoma, has been described.>® P2RX7 activation
provokes cellular senescence and impairs tumoricidal potential
of tumor-infiltrating lymphocytes (TILs) in melanoma. Induction
of senescence in T effector memory cells upon P2RX7 activation
is accompanied by upregulated mitochondrial ROS and cell-cy-
cle cyclin-dependent kinase inhibitor 1A (encoding p21) levels.*®

Figure 6. Effects of combined MEKi/CDK4/6i treatment on P2RX7 expression and function

(A and B) Effects of single and combined therapy on P2RX7 protein levels (A; 78 kDa, corresponding to the molecular weight of P2RX7A; vinculin served as a
loading control [molecular weights of proteins are presented in kDa]) and P2RX7 mRNA levels (B; mean values + SD from three biological replicates are plotted) in
FACs, SACs, and prolonged (~3 months) treated SACs (protein levels only).

(C) ATP production rates after serial injection of oligomycin and rotenone/antimycin A in 0 (ctrl), 1, and 4-days-treated cells, with and without pre-injection of
100 puM BzATP (P2RX7 agonist). Both mitoATP and glycoATP production rates were assessed. Mean values + SD from three biological replicates were
calculated.

(D) Growth of MelJuso and SKMel30 cells over 14 days of combined binimetinib (MEKIi) and palbociclib (CDK4/6i) inhibition with and without activation of P2RX7
(100 uM BzATP). Confluency was measured at day 14 in an IncuCyte ZOOM live-cell microscope (representative results of mean values + SD of three technical
replicates).

(E) Growth of MelJuso and SKMel30 cells in 3D over time of MEK/CDK4/6 co-inhibition.

(F) Viability of melanoma cells representing SACs (MeldJuso) and FACs (SKMel30) grown in 3D for 14 days in the presence or absence of MEKi/CDK4/6i with and
without BzZATP measured by CellTiterGlo (mean values + SD from three biological replicates are shown). For (B), (C), (D), and (F), statistical significance was
determined by one-way ANOVA, followed by multiple comparisons test; ns, not significant; *p < 0.05; ***p < 0.001; ***p < 0.0001.
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Figure 7. The impact of drug exposure on
ROS production in NRAS™" melanoma

(A) ROS production after short-term (1 and 4 days)
exposure to combined MEKIi/CDK4/6i therapy in
Melduso (SAC) and SKMel30 (FAC) cells. Cell
exposure to H,O, for 30 min served as a positive
control. Mean values + SD from three biological
replicates are plotted.

(B) ROS production following P2RX7 silencing
and/or activation with 100 uM BzATP in untreated
or 4 days binimetinib/palbociclib-treated (B/P)
Melduso cells. RNAiMax, transfection reagent
alone; NC, negative control siRNA. Bars indicate the
mean values + SD from three biological replicates.
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(C) Growth curves of SACs (MelJuso) during MEK/
CDK4/6 co-inhibition alone or with P2RX7 activation
(100 uM BzATP) and/or P2RX7 antagonist A-740003
(1 uM), measured in an IncuCyte ZOOM live-cell
microscope (representative results of mean of two
technical replicates +SEM).

(D) ROS production after 4, 7, and 10 days of MEKi
(binimetinib [B]) and CDK4/6i (palbociclib [P]) treat-
ment (B/P) with or without BzATP (100 puM) and
A-740003 (1 uM). For (A) and (B), statistical signifi-
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along with enhanced mitochondrial func-
tion and reduced expression of some
exhaustion markers. Herein, P2RX7 ago-
nism has been suggested as a novel ther-
apeutic approach to enhance the effect of
adoptive cell therapy.”® Similarly, we

H B/P M B/P+BzATP M B/P + BzATP + A-740003

On the other hand, the progression of B16 melanoma acceler-
ated in P2RX7-deficient mice due to a strong reduction in inflam-
matory infiltrates. This indicated the requirement of P2RX7
expression in tumoricidal response. Those findings are in agree-
ment with our results demonstrating that a triple therapeutic
approach involving P2RX7 activation with BzATP, CDK4/6i,
and MEKIi not only postpones the onset of melanoma MEKi/
CDK4/6i resistance, but also impairs cellular growth in both
SAC and FAC lines (Figure 6). However, administration of the
P2RX7 antagonist A740003 increased immune infiltration in
B16 melanoma, ultimately reducing P2RX7-dependent tumor
growth (possibly due to CD4* T cell infiltration).*” Therefore, in
contrast to our findings, P2RX7 blockade has been suggested
as a potent therapeutic approach and promoter of inflammatory
infiltration in melanoma.*”**® Yet, the most-used P2RX7 antago-
nists (A740003 and AZ10606120) have not been clinically as-
sessed against cancer and failed in clinical trials to treat inflam-
matory diseases.”” In contrast, another study using the B16
melanoma model reported that transient P2RX7 stimulation
with BzATP-enhanced CD8" T cell-mediated tumor control,

found an enhanced antitumoral effect of
targeted therapy in NRAS™" melanoma
cells when combined with P2RX7 activa-
tion that was abrogated by a specific
P2RX7 antagonist (Figure 7C). This is in agreement with Douguet
et al., who demonstrated that positive modulation of P2RX7 with
HEI3090 in murine melanoma models inhibits tumor growth and
enhances efficacy of anti-PD-1 immunotherapy through IL-18
production and activation of NKand CD4* T cells.** Thus, the se-
lective intervention with ion signaling following activation or inhi-
bition (depending on the cancer and the context) of P2RX7 chan-
nels might represent a promising option to delay onset of drug
resistance or improve overall responses to targeted treatments.

Mechanistically, tonic P2RX7 activation supports cellular
growth, while low-level and prolonged opening of this receptor
results in increased cell death. Therefore, P2RX7 activity
may support either tumor progression or tumoricidal re-
sponses.”’ Indeed, high levels of extracellular ATP increased
Ca®* influx,”®> whereas prolonged activation caused large
pore opening in ATP-rich microenvironments®® followed by
augmented ROS levels and apoptosis.®*>® Therefore, given
the TCGA data and preliminary results on high P2RX7 expression
in tissue samples and cell lines (Figure S14), one could speculate
that excessive P2RX7 activation in NRAS™!-treated cells might
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have cytotoxic/cytostatic effects, which would not affect normal
cells with lower basal P2RX7 levels. Furthermore, we showed
that P2RX7 stimulation further increased already high ROS levels
induced by MEKIi/CDK4/6i targeted therapy. Along these lines,
recent findings by Eichhoff et al. demonstrated that MEKIi-
treated NRAS™" melanoma cells with elevated baseline levels
of ROS are particularly sensitive to pharmacological ROS
induction.®*

Overall, we demonstrated that, by inducing augmented ROS
levels, P2RX7 activation supports the cytostatic effect of com-
bined targeted therapy and prevents the occurrence of drug
resistance and, therefore, may be beneficial in the treatment of
patients with melanoma harboring NRAS mutations. Concomi-
tant activation of P2RX7 together with targeted treatments might
be a promising approach to delay onset of drug resistance and
thus prolong the window of efficacy of available or novel
compounds.

Last, PI3K signaling has been previously described in
NRAS™ melanoma drug resistance.” During early drug expo-
sure in cells of the trans-state, we confirmed the downregulation
of downstream PI3K targets. This is in line with previous findings
where high levels of eATP and activation of P2RX7 were found to
block the PI3K pathway, ultimately resulting in cellular growth in-
hibition, while physiological Ca®* levels were required to main-
tain basal PI3K signaling.”®

To our knowledge, P2RX7 has not been previously implicated
in NRAS™! melanoma drug responses. Here we show that
P2RX7 is transiently induced in melanoma cells responding to
MEKIi/CDK4/6i, but expression returns to baseline once cells
have adapted to treatment, as evidenced by their re-entering
the cell cycle and resuming proliferation. Concomitant induction
of P2RX7 together with joint inhibition of MAPK signaling and
cell-cycle progression could therefore represent a promising
combination to prolong treatment effects and delay onset of tar-
geted drug resistance. Moreover, P2RX7 expression levels could
be explored in larger cohorts of patients with melanoma for their
potential as a marker indicating the stage of response to targeted
treatments.

Limitations of the study

The experimental approach to sequence NRAS™"' melanoma
cell lines with Drop-Seq turned out to yield high-quality
scRNA-seq data suitable for the tracing of distinct cellular states
emerging at different time points under targeted inhibitor treat-
ment. However, we are aware that 10x Genomics Chromium
(10x) can provide higher sensitivity (capturing more transcripts),
which could be used to confirm the states we describe here and/
or to potentially refine some of the transcriptional profiles or to
find additional ones that we might have missed.

The very strong effect of MEK and CDK4/6 co-inhibition in our
3D models masked potential effects of P2RX7 activation. Once
more potent activators of P2RX7 are available, such compounds
should be tested alongside other targeted drug combinations in
NRAS™" mouse models to show the effects of P2RX7 activation.
Also, the P2RX7-positive modulator HEI3090 could be tested
together with MEKi/CDK4/6 co-inhibition in an NRAS™" mela-
noma in mouse model. Finally, to extend our findings on the
induction of ROS, other scavengers could be applied. We
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have tested NAC (N-acetyl-L-cysteine) and did not see an effi-
cient scavenging effect for ROS, but with other scavengers
or different experimental setups, this could possibly be
achieved.
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Gene expression matrix
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M20

DSMZ Leibniz Institut
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Dr. Dagmar Kulms
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Stuart et al.”®
Trapnell et al.”*
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GSEA, v4.0.3 Subramanian et al.*” https://www.gsea-msigdb.org/gsea/
index.jsp

fGSEA v1.21 Korotkevich et al.*® http://bioconductor.org/packages/devel/
bioc/vignettes/fgsea/inst/doc/
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SCENIC v1.2.0 Aibar et al.®’ https://scenic.aertslab.org/

Slingshot Street et al.”’ Bioconductor

CFX Manager software BIO-RAD Cat# 1845000

FlowJo software, v10.8.1
Prism, v9

Treestar Inc
GraphPad Software

https://www.flowjo.com/
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scientific-software/prism/

Other

Cytation 5 Cell Imaging Multi-Mode Reader
IncuCyte ZOOM live cell microscope
NanoDrop2000 Spectrophotometer
Seahorse Xfe96 analyser

BioTek

Essen BioScience
Isogen Life Science
Agilent Technologies

N/A
N/A
N/A
N/A

RESOURCE AVAILABILITY

Lead contact
Further requests for resources and reagents should be directed to the lead contact.

Materials availability
This study did not generate new unique reagents.

Data and code availability
® The scRNA-seq data has been deposited in GEO under the accession number GSE230538.
® The code employed for the scRNA-seq data analysis is publicaly available on GitHub at the public repository: https://github.
com/tijanaran/NRAS-mutant_melanoma_Single-cell_RNA_Seq.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

The NRAS™ " melanoma cell lines used in this study SKMel30, IPC298, and MelJuso were purchased from DSMZ (Leibniz Institute),
and M20 was provided by Dr. D. Kulms (University of Dresden, Germany). The MEKIi/CDK4/6i-resistant melanoma cell lines were
generated by exposure of drug-sensitive cell lines to 1 M Palbociclib and 1xIC50 Binimetinib (as indicated in the results section)
for 33 days. All cells were cultured in RPMI 1640 medium with ultraglutamine (Lonza BioWhittaker, Basel, Switzerland), supplemented
with 10% FCS (Fetal Calf Serum, GIBCO ThermoFisher Scientific, Gent, Belgium). In addition, 1% PS (10,000 U/mL Penicillin and
10,000 U/mL Streptomycin, Lonza BioWhittaker, Basel, Switzerland) was added to SKMel30, IPC298, and MelJuso culture media.
Cells were maintained at 37°C in a humidified atmosphere containing 5% CO, and regularly tested for mycoplasma contamination.

3D melanoma model
Cells were seeded at a density of 0.25 x 10* cells/well in RPMI in 96-well Biofloat ULA plates (Facellitate). Drug treatment with
respective CDK4/6i (Palbociclib) and MEK:i (Binimetinib) amounts and stimulation with 100 uM BzATP (Santa Cruz Biotechnology)
started simultaneously 48h post seeding. Drugs and BzATP were replenished every 3-4 days for a total of 14 days. Images were
taken before medium change on a Cytation 5 Cell Imaging Multi-Mode Reader (BioTek, Winooski, VT).

At the end of the treatment, cells were lysed and viability was measured with CellTiterGLO 3D Viability assay (Promega) according
to the manufacturer’s protocol.
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METHOD DETAILS

Reagents

MEK inhibitors Binimetinib, Cobimetinib, and Trametinib were purchased from MedKoo Biosciences, MedChemExpress, and Sell-
eck Chemicals (Houston, USA), respectively. CDK4/6 inhibitor Palbociclib was purchased from Selleck Chemicals (Houston, USA)
and Ribociclib (LEEO11) from Chemietek. P2RX7 antagonists KN-62 and A-740003 were supplied from Selleck Chemicals. Binime-
tinib, Cobimetinib, Trametinib, Ribociclib, A-740003, and KN-62 were reconstituted with DMSO, and Palbociclib with water accord-
ing to the manufacturer’s instructions. The P2RX7 agonist BzATP triethylammonium salt was purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA) and reconstituted in water.

Cell viability assays

Dose-response curves and determination of IC50 values

Generation of dose-response curves and determination of half-maximal inhibitor concentration (IC50) values of drugs used in this
study were performed in black 96-well pclear plates (Greiner). Briefly, cells were seeded at a density of 0.5 x 10* cells/well in
100 pL of RPMI medium. Drugs were diluted in a 3-fold dilution series, where starting amounts for Palbociclib, Ribociclib, KN-62,
and A-740003 were 10 puM, while 1 uM was the initial concentration for Binimetinib, Trametinib, and Cobimetinib. Cell viability
was determined with the PrestoBlue Cell Viability Reagent (ThermoFisher Scientific). Upon 3 days of treatment, microplate readers
CLARIOstarR (BMG Labtech) and Cytation 5 Cell Imaging Multi-Mode Reader (BioTek, Winooski, VT) were used for measurements of
fluorescence intensity. The IC50 experiments were performed in technical and biological triplicates. Dose-response curves and IC50
values were generated with GraphPad Prism 9 and determined with the non-linear log (inhibitor) vs response-variable slope (four pa-
rameters) equation. Only results with the R? value above 0.92 were considered.

Combination matrix

Both short (3d) and long (30d) treated cells with MEKi plus CDK4/6i therapy were seeded in 96-well black pclear plates at a density of
5,000 cells/well. The concentrations of each inhibitor were pre-defined with respect to each inhibitor’s IC50 value. Determined inhib-
itor amounts were assayed in combined dilution series and at a constant ratio. After 72h of drug exposure, cells were incubated with
the PrestoBlue Cell Viability Reagent (ThermoFisher Scientific), microplate readers CLARIOstarR (BMG Labtech) and Cytation 5 Cell
Imaging Multi-Mode Reader (BioTek, Winooski, VT) were used for measurements of fluorescence intensity. Percentage of inhibition
was calculated using the SynergyFinder software (https://synergyfinder.fimm.fi).>°

Immunoblotting and antibodies

Cell lysis was performed on ice with cold lysis buffer (30 mM Tris/HCI pH 6.7, 5% glycerol, 2.5% B-mercaptoethanol, and 1% SDS),
and protein lysates were further analysed by SDS-PAGE. The detection of enhanced chemiluminescence signals was performed as
previously described.®®®! Primary antibodies used in the study were: anti-phospho-RB (Ser780) (1:1000), anti-RB (1:2000), anti-
phospho-ERK1/2 (Tyr202/Tyr204) (1:2000), anti-ERK1/2 (1:1000), anti-phospho-S6 ribosomal protein (pSer235/236) (1:1000), anti-
S6 ribosomal protein (1:1000), anti-phospho-MEK (pSER217/221) (1:1000), anti-MEK (1:1000), anti-P2RX7 (E1E8T) (1:1000), and
anti-Vinculin (1:1000). All primary and HRP-conjugated secondary antibodies were purchased from Cell Signalling Technology (Bos-
ton, MA, USA).

Immunofluorescence staining

Staining with Ki-67 antibody was performed in 8-well p-slides (Ibidi GmbH). Cells were fixed with 4% PFA. The primary, anti-Ki-67
polyclonal antibody (Abcam, 1:500) was incubated overnight at 4°C. Incubation with secondary Alexa Fluor 647-conjugated donkey
anti-rabbit IgG antibody (1:500, Life Technologies) was carried out for 1h at room temperature. DAPI (1:1000, ThermoFisher Scien-
tific, Gent, Belgium) was used for nuclear counterstaining. Olympus IX83 inverted fluorescence microscope was used for detection of
Ki-67 immunofluorescence.

Caspase-3 activity assay

To measure caspase-3-mediated apoptosis in untreated and MEKi/CDK4/6i-exposed NRAS™ ! melanoma, cells were seeded in
black 96-well pclear plates and treated with single/combined inhibitors for 1 or 4 days. Treatment with staurosporine (10 uM, Cayman
chemicals, ) for 24h served as positive control. Cells were lysed with a buffer containing 6mM dithiothreitol (6 mM) and 75 mM fluo-
rogenic AC-DEVD-AFC (Santa Cruz Biotechnology, Santa Cruz, CA, USA), for 30 min at RT. Fluorescence intensity of cleaved AFC
was measured by the Cytation 5 Cell Imaging Multi-Mode Reader (BioTek, Winooski, VT).

Senescence beta-galactosidase (SA-Bgal) activity assay

Senescence was assessed with the B-Galactosidase Staining Kit (Cell Signalling Technology, Boston, MA, USA) following the man-
ufacturer’s instructions. Untreated and MEKi and/or CDK4/6i treated cells were seeded onto 24-well plates at 70-80% confluence.
Following cell fixation with 1xFixing Solution for 15min, cells were incubated with 1x SA-Bgal staining at 37°C overnight. Expression of
SA-BGal activity was monitored via color brightfield imaging at 10X magnification on the Cytation 5 Cell Imaging Multi-Mode Reader
(BioTek, Winooski, VT).
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Real-time proliferation assay

To analyse cell proliferation upon MEKIi/CDK4/6i treatment and/or P2RX7 stimulation (100uM BzATP) and/or P2RX7 inhibition (1uM
A-740003), 25 x 10° MelJuso or SKMel30 cells were seeded in 24- or 12-well plates. Treatments started 24h after seeding and
cellular growth was monitored over time by capturing phase contrast images with IncuCyte ZOOM live cell microscope (Essen
BioScience).

Single-cell RNA-sequencing

Droplet-based scRNA-Sequencing (Drop-Seq) and droplets generation were performed according to a previously published design
of the in-house fabricated microfluidic device.®”°® All steps of single-cell suspension acquisition and Drop-Seq data pre-processing
were performed as previously described.®®

Single-cell RNA-sequencing data analysis

Drop-Seq data pre-processing

The FASTQ files were assembled from the raw BCL files using the bcl2fastq converter and processed through the FASTQC codes
(Babraham bioinformatics) to check for consistency in library qualities. The FASTQ files were then merged and converted into bi-
naries using PICARD’s FastqToSam algorithm. The sequencing reads were converted into a digital expression matrix (DGE) using
the Drop-Seq bioinformatics pipeline.®*

Quality filtering of single-cell data

We sequenced a total of 48000 NRAS™ " melanoma cells (3000 untreated cells and 3000 cells at each time point of treatment (1, 4,
and 33 days) for each of the four cell lines). We considered for further analysis the first 1000 cells based on total mMRNA to filter out
empty beads with damaged cells. We chose this threshold based on visual inspection of the knee plot representing cumulative mRNA
count over cell number. The value of 1000 was selected to be after the knee of all time points to assure that we included all high-qual-
ity measurements. To test the robustness of this parameter choice we also verified that preliminary results were similar for a value of
800 cells. During quality control, we additionally excluded from further analysis outlier cells that expressed less than 300 and above
8000 genes (Figure S5), this last cut-off to remove measurements that could potentially represent cell doublets. In addition, cells with
mitochondrial mMRNA content over 15% of the total, or expressing more than 25% of housekeeping genes, or less than 15 house-
keeping genes, were considered low-quality and removed for downstream analysis (Figure S5). This finally results in 14883 high-qual-
ity cells employed for the study.

Dimensionality reduction and clustering of the scRNA-Seq data

Downstream analysis was performed employing the single-cell analysis tool Seurat v4.0.2. A global-scaling logarithmic normalization
method was applied by default Seurat approach.®® Each normalized matrix was then scaled by a linear transformation to centre the
mean gene expression for all cells. The most variable genes were extracted for principal component analysis (PCA). The top PCs were
used in further exploration of the data, such as Uniform Manifold Approximation and Projection (UMAP) dimensionality reduction, and
clustering. For analysis that included multiple samples, integration through anchoring®® was applied. A subset of highly variable
genes was selected to perform the integration. Differential expression analysis was performed through the FindMarkers function
in Seurat, and statistically significant markers were extracted for contrast groups based on an adjusted p-value, with a threshold
of 0.05.

Gene set enrichment analysis (GSEA)

Pathway Enrichment Analysis was performed with GSEA 4.0.3 software from the Broad Institute.>”®> For each analysis, gene set
permutations were run 1000 times to obtain a normalized enrichment score (NES). We contemplated results with normalized p-val-
ue < 0.05, false discovery rate (FDR) < 0.05, and NES > 1.6. In addition, enrichment analysis was also conducted with f{GSEA by us-
ing the Hallmark (h.all.v7.5.1.symbols.gmt) and Gene ontology gene sets (c5.all.v7.5.1.symbols.gmt) obtained from the Molecular
Signatures Database. Only enriched pathways with adjusted p < 0.05 were considered.

SCENIC

SCENIC analysis was run using the default parameters on (SCENIC v1.2.0).%" Briefly, we applied GRNboost and RcisTarget pack-
ages to identify co-expression between TF binding motifs and target genes. The AUCell package was utilized to calculate regulon
enrichment scores. We also checked the regulon specificity score (RSS)®® by SCENIC calsRSS function.

Pseudotime inference

Slingshot pseudotime®’ and Monocle2 pseudotime®* were applied to assess cell lineage and pseudotemporal cell ordering.

RNA extraction and quantitative PCR

Total RNA was isolated from three biological replicates each consisting of technical triplicates using the Quick-RNA™ Mini-Prep Kit
(ZYMO Research, Irvine, CA, USA), according to the manufacturer’s instructions. RNA was quantified with NanoDrop2000 Spectro-
photometer (Isogen Life Science, Utrecht, The Netherlands). The iScriptTM cDNA Synthesis kit (Bio-Rad, Hercules, CA, USA) was
utilized for cDNAs synthesis. Quantitative real-time PCR (QPCR) and analysis was carried out as previously described.®” The se-
quences of primers (5’ —3') used in this study were P2RX7 (F: CGGAAAGAGCCTGTCATCA; R: TGTAGTCTGCGGTGTCAAAGA),
HPRT (F: TGGACAGGACTGAACGTCTT; R: GAGCACACAGAGGGCTACAA), TBP (F: TGATCTTTGCAGTGACCCAG; R: CGCTGGAA
CTCGTCTCACTA), PPIA (F: CAGACAAGGTCCCAAAGACA; R: CCATTATGGCGTGTGAAGTC).
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Small interfering RNAs and transfection

P2RX7 siRNA was obtained from Horizon Discovery. siRNA transfections were performed using Lipofectamine RNAIMAX (Invitrogen,
Thermo Fisher Scientific, Gent, Belgium) according to the manufacturer’s instructions. Cells were transfected 24h after MEKi/CDK4/
Bi-treatment initiation with 20 nM siRNA or Negative Control (NC) for a total of 72h.

Flow cytometry and ROS activity

The generation of reactive oxygen species (ROS) was quantified with the fluorogenic probe 5-(and 6)-chloromethyl-
2',7'-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (Thermo Fisher Scientific, Gent, Belgium), used at a concentration of
5 u M. 400 u M hydrogen peroxide (Carl ROTH, Karlsruhe, Germany) served as positive control. Dead cell populations were excluded
by staining with Live/Dead Fixable Near-IR Dead Cell stain (Thermo Fisher Scientific, Gent, Belgium). CM-H2DCFDA fluorescence
was measured by Flow Cytometry and analysed by FlowJo v10.8.1 software.

Seahorse and real-time ATP rate assay

Seahorse XFe96 analyser (Agilent Technologies) was used to measure Oxygen Consumption Rate (OCR) and Extracellular Acidifi-
cation Rate (ECAR). Obtained values were used to calculate ATP production rate from glycolysis and mitochondria. Briefly, cells
were seeded in a poly-D-lysine coated Seahorse 96-well plate in RPMI. On the day of the assay, cells were washed with Seahorse
XF RPMI (pH 7.4) supplemented with 10 mM glucose, 2 mM glutamine, and 1 mM pyruvate, and incubated in a non-CO2 incubator at
37°C for 1h. Sequential injections of 1.5 uM Oligomycin and 0.5 uM Rotenone/AntimycinA allowed calculation of glycolytic and mito-
chondrial ATP production rates according to manufacturer’s instructions. For measurements with BzZATP, 100 uM final concentration
was injected preceding Oligomycin and Rotenone/AntimycinA.

ATP consumption and production assay

To measure the ATP production and consumption rates, we utilized the ATP Determination Kit (ThermoFisher Scientific). To deter-
mine ATP consumption rates, we stimulated untreated and 1d/4d-treated cells with 2 uM ATP in HBSS with Calcium and Mag-
nesium (+/+) (Gibco, ThermoFisher Scientific) and followed the manufacturer’s protocol to determine consumed ATP amounts cor-
responding to ATP leftovers in the supernatants. Upon 1h of ATP addition, 10 puL of supernatant was transferred to a white
96-Lumitrac plate (Greiner) to proceed with luciferase measurements. ATP production rates were estimated directly from 10 pL
of HBSS +/+ supernatant from untreated, 1d- and 4d-treated cells, without additional ATP stimulation. Simultaneously with lucif-
erase measurements, we performed nuclei staining with Hoechst 33342 (ThermoFisher Scientific) on the attached cells for normal-
isation purpose. Luciferase measurements and fluorescent reading were done on the Cytation 5 Cell Imaging Multi-Mode Reader
(BioTek, Winooski, VT).

Survival analysis

We utilized the cBioPortal database (http://www.cbioportal.org) to obtain skin cutaneous melanoma data from the Cancer Genome
Atlas (TCGA, PanCancer data) and assess the effect of P2RX7 mRNA expression on the overall and progression-free survival of
NRAS™*' and BRAF™" melanoma patients. Upon patient stratification based on P2RX7 median expression, corresponding
Kaplan-Meier survival curves were plotted in cBioPortal.

Human melanoma samples and P2RX7 immunohistochemistry

Anonymized formalin-fixed and paraffin-embedded (FFPE) tissue samples from routine diagnostics were subjected to P2RX7
immunohistochemistry. The use of fully anonymized human material was approved by the ethics committee (CNER (Comité na-
tional d’éthique de recherche), reference Nr. 1121-278). Minimal clinical data such as age, sex and final pathological diagnoses
were included (see Table S6). In brief, immunohistochemistry was performed on 2-3 um thick slices of 14 melanoma patients
(NRAS™t: n=5; BRAF™": n=5; wild-type: n=4) on the automated IHC staining system Dako Omnis (Agilent, Santa Clara, California,
USA) using rabbit-anti-human-P2RX7 antibody HPA034968 (MERCK Life Science BV; 1:500). The staining procedure included
heat and chemical treatment of the slides with EnVision FLEX TRS at low pH at 97°C (30 min), incubation with primary rabbit-
anti-P2RX7 antibody (20 min) and 3 min endogenous enzyme block with EnV FLEX Peroxidase-Blocking solution. Signal enhance-
ment was achieved by incubating slides with EnV Flex + Rabbit LINKER (10 min). EnV FLEX/HRP labeled polymer (20 min)
was used as secondary antibody, followed by incubation with the EnVision FLEX HRP Magenta Substrate Chromogen for
5 min. Slides were counterstained with hematoxylin and mounted with coverslipping film Tissue-Tek (Sakura, Staufen, Germany).
Slides were then scanned in the Philips IntelliSite Pathology Solution Ultrafast Scanner 1.6, digitized, and transferred to a com-
puter screen. Brightness, gain, and contrast were all kept constant during image acquisition. Melanoma tissue and normal skin
adjacent to the tumour tissue were then assessed for immunoreactivity (negative, weak, moderate, or strong) to P2RX7 (see
also Figure S14).
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QUANTIFICATION AND STATISTICAL ANALYSIS
One-way ANOVA followed by multiple comparison tests was employed to conduct statistical analyses. P-values equal to or less than
0.05 were considered significant. The figure legends contain the information regarding the number of biological replicates and the

statistical details for each analysis. All the methods for scRNA-seq data analysis are described in section: single-cell RNA-
sequencing data analysis.
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