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Abstract
Background  Phosphodiesterase type 4D (PDE4D) breaks down cyclic AMP (cAMP) reducing the signaling of this 
intracellular second messenger which plays a major role in melanocyte pathophysiology. In advanced melanoma, 
expression of PDE4D is increased, plays a role in tumor invasion and is negatively associated with survival. In the 
current work, we investigated the role of PDE4D in the resistance of BRAF-mutated melanoma to mitogen-activated 
protein kinase (MAPK) pathway-targeted therapy.

Methods  Established human melanoma cell line sensitive and resistant to BRAF and MEK inhibitors and tumor 
tissues from melanoma patients were used in this study. Immunoblotting was used to analyze protein expression 
and quantitative reverse transcription-PCR was used to analyze mRNA expression. DNA methylation analysis was 
evaluated via bisulfite treatment followed by quantitative PCR. Cell viability was measured by clonogenic assays or 
spheroid cultures. Cell xenograft experiments in immunodeficient mice were used to validate the results in vivo.

Results  Analysis of baseline tumors from patients with BRAFV600E-mutated melanoma treated with MAPK inhibitors 
showed that higher PDE4D expression in situ predicted worse survival in patients. Furthermore, acquired resistance to 
BRAF and MEK inhibitors was associated with overexpression of PDE4D in situ and ex vivo. The overexpression of the 
PDE4D5 isoform in melanoma cells resistant to targeted therapies was explained by demethylation or deletion of a 
CpG island located upstream of the PDE4D5 promoter. We further showed that PDE4D overexpression allowed RAF1 
activation, promoting a switch from BRAF to RAF1 isoform in BRAF-mutated melanoma, favoring resistance to BRAF 
and MEK inhibitors. As a result, pharmacological inhibition of PDE4 activity impeded the proliferation of resistant cells 
ex vivo and in vivo. The anti-tumorigenic activity of PDE4 inhibitor was achieved via inhibition of the Hippo pathway 
which plays an important role in resistance to targeted therapies.

Conclusions  In summary, our research showed that PDE4D drives rewiring of the MAPK pathway in BRAF-mutated 
melanoma resistant to MAPK inhibitors and suggests that PDE4 inhibition is a novel therapeutic option for treatment 
of BRAF-mutated melanoma patients.
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Background
Metastatic melanoma is the most dangerous skin can-
cer and a leading cause of cancer in young adults. In 
approximately half of patients, the tumorigenic processes 
involve a mutation in the BRAF gene which induces 
the production of an abnormal BRAF protein constitu-
tively activating the MAPK (mitogen-activated protein 
kinase) pathway [1]. The discovery of this mechanism 
fueled the development of targeted therapies to specifi-
cally block the action of abnormal BRAF in cancer cells 
using BRAF and MEK inhibitors. The response to these 
MAPK inhibitors (MAPKi) is very rapid and sometimes 
spectacular, with the cessation of tumor progression, but 
this response is unfortunately brief, with disease recur-
rence or progression occurring after a median of 11–15 
months from the start of treatment due to the develop-
ment of resistance [2]. The mechanisms of melanoma 
resistance to MAPKi are still partially understood but 
the most common mechanism is the re-activation of the 
MAPK pathway due to rewiring of the signaling pathway, 
demonstrating that melanoma cells are highly dependent 
on MAPK pathway activation [3]. MAPK reactivation 
under MAPKi treatment is often associated with activa-
tion of RAF1 (also called CRAF) either because the pro-
tein is overexpressed, or because it is activated by RAS, 
or because it hetero-dimerizes with another kinase of 
the RAF family [4]. However, the molecular mechanism 
allowing rewiring of the MAPK pathway in melanoma 
resistant to therapy is not fully understood.

The RAF kinase family consists of three isoforms, 
ARAF, BRAF and RAF1, located directly downstream of 
RAS and upstream of MEK1/2. The RAF family kinases 
possess a similar structure and can all activate MEK, 
but are differently regulated by other signaling pathways 
[5]. For instance, melanocytes use BRAF to activate the 
MAPK pathway because RAF1 is inhibited by the cAMP 
pathway in these cells [6, 7]. The very high rate of onco-
genic BRAF mutations underlines its fundamental role 
in melanocyte biology and in melanoma. Nevertheless, 
while RAF1 did not originally appear to play a major role 
in melanoma, we and others revealed the importance 
of this kinase in activating the MAPK pathway in RAS-
mutated melanoma [7, 8]. In these cells, BRAF is unable 
to recruit the MAPK pathway because its phosphoryla-
tion by ERK inhibits its interaction with RAS. To escape 
this negative regulation of BRAF by ERK, melanoma 
cells carrying a RAS mutation use the RAF1 isoform to 
activate the MAPK pathway. This rewiring of the MAPK 
pathway in these melanomas is associated with disrupted 
cAMP signaling allowing RAF1 activation [9].

cAMP is a second messenger produced in melanocytes 
downstream of melanotropic hormones such as α -MSH 
(alpha-melanocyte stimulating hormone) which binds 
to the type 1 melanocortin receptor (MC1R). The cAMP 
pathway is closely associated with melanocyte differen-
tiation, as it stimulates the expression of several specific 
enzymes involved in melanin synthesis [10]. The cAMP 
pathway is under the spatiotemporal control of phospho-
diesterases (PDE) which constitute the only pathway for 
degradation of cellular cAMP. There are eight different 
families of PDEs capable of degrading cAMP and more 
than 30 different isoforms generated by different promot-
ers and alternative splicing [11]. The isoforms differ by 
their unique N-terminal end which regulates their cellu-
lar localization and modulate their activity [12]. Amongst 
them, phosphodiesterase 4 (PDE4) constitutes a major 
component exerting cAMP hydrolytic activity in mela-
nocytes and melanoma. PDE4 enzymes are categorized 
into four subtypes (PDE4A, PDE4B, PDE4C and PDE4D) 
whose activity is regulated via their phosphorylation by 
several kinases, including ERK, allowing signaling cross-
talk between the cAMP pathway and the MAPK pathway 
[13].

We have previously shown that PDE4 activity is 
increased in RAS mutated melanoma compared to mela-
nocytes, disrupting the cAMP pathway and allowing 
RAF1 activation [7, 9]. Therefore, as the activation of 
RAF1 is a mechanism of resistance to MAPKi in BRAF-
mutated melanoma, we hypothesized that PDE4 could 
also be involved in resistance to targeted therapies by 
MAPKi in BRAF-mutated melanoma. We focused our 
analysis on PDE4D whose expression is increased in 
patients with advanced melanoma and has been nega-
tively associated with survival [14, 15]. We show that 
PDE4D expression is associated with resistance to tar-
geted therapies in BRAF-mutated melanoma patients 
and is increased in resistant cell lines due to demethyl-
ation of a CpG island upstream of the PDE4D5 promoter. 
PDE4D5 overexpression allows RAF1 activation and 
increases the number of drug-persistent cells in response 
to BRAF and MEK inhibitors. PDE4 inhibition impedes 
the proliferation of resistant cells in vitro and in vivo by 
inhibiting the hippo pathway.

Methods
Patient cohort
A cohort of patients with unresectable advanced mela-
noma harboring a BRAF V600 mutation were identi-
fied from the French prospective MELBASE biobank at 
Saint-Louis hospital, Paris (ClinicalTrials.gov identifier: 
NCT02828202, CPP Ile-de-France XI, number 12027, 
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2012). Patients had been treated with BRAF plus MEK 
inhibitors, and had available tumor samples taken before 
starting targeted therapies. All patients provided written 
informed consent prior to enrollment.

Reagents, plasmids and siRNA
Vemurafenib (V600E-BRAF inhibitor), cobimetinib 
(MEK inhibitor) and decitabine (DNA methyltransfer-
ase inhibitor) were obtained from Seleckhem (Houston, 
TX, USA). pCMV-Flag-YAP-5SA and pCMV-Flag-YAP-
5SA/S94A were a gift from Kunliang Guan (Addgene 
plasmid # 27371; http://n2t.net/addgene:27371; RRID: 
Addgene_27371 and Addgene plasmid # 33103; ​h​t​t​p​:​/​
/​n​2​t​.​n​e​t​/​a​d​d​g​e​n​e​:​3​3​1​0​3​​​​​; RRID: Addgene_33103). For 
stable YAP expression, YAP-5SA and YAP-5SA/S94A 
were subcloned in the PEF6/V5-His-TOPO® vector (Invi-
trogen, Cergy Pontoise, France). Melanoma cells were 
transfected with JetPEI (Polyplus-transfection, Illkirch, 
France) according to the manufacturer’s instructions 
and cells were selected by blasticidin (10  µg /ml; Sigma 
Aldrich Chimie, Saint-Quentin-Fallavier, France) for 
further analysis. Stealth RNAi™ siRNA targeting BRAF, 
RAF1 (Supplementary Table 1) or negative controls (Invi-
trogen, Cergy Pontoise, France) were transfected using 
Lipofectamine RNAiMAX (Invitrogen, Cergy Pontoise, 
France) following the manufacturer instructions and cells 
were lysed after 72 h.

Cell culture and proliferation assays
A375, SK-MEL-28 and Dauv1 melanoma cell lines were 
cultured in RPMI 1640 or DMEM (Invitrogen, Cergy 
Pontoise, France) containing 10% (v/v) fetal calf serum 
(FCS; Perbio, Bredières, France), L-glutamin (2 mM; Invi-
trogen, Cergy Pontoise, France) and antibiotics (100 U/
mL of penicillin and 1000 µg/mL of streptomycin; Invi-
trogen, Cergy Pontoise, France). The identity of the cell 
lines used in this study was confirmed by NGS. Genera-
tion of melanoma cell lines resistant to BRAF and MEK 
inhibitors were derived from A375, SK-MEL-28 and 
Dauv1 by culture with increasing doses of vemurafenib up 
to 10 µM as previously described [16]. Resistant cells are 
constantly grown in the presence of 10 µM vemurafenib 
however, for studying the short-term effect of treatments, 
cells are deprived of serum and vemurafenib 24hrs before 
treatment. A375 transfected with the empty vector and 
A375 overexpressing PDE4D5 (A375 + PDE4D5) were 
previously described [15]. For clonogenic assays, mela-
noma cell lines were seeded at low density and treated 
3 time a week with inhibitors or vehicle-only (DMSO) 
control. Cells were fixed and stained after two weeks with 
0.5% (v/v) crystal violet + 20% methanol and analyzed. 
Persister cells were generated by treating A375 cells 
with vemurafenib and cobimetinib for 72  h. The same 
number of residual cells were then either plated at a low 

density in six-well plates for clonogenic assay or plated 
in 96 well plates for BrdU assay. BrdU proliferation assay 
was done using the 5-Bromo-2’-deoxy-uridine Labelling 
and Detection Kit III (Roche Diagnostics GmbH, Roche 
Applied Science, Mannheim, Germany) following the 
manufacturer instructions. For spheroid culture, 2000 
cells were seeded in ultra-low-attachment 6-well plates 
in DMEM/F12 medium supplemented with 1X B27 
(Invitrogen, Cergy Pontoise, France), 10 ng/mL of basic 
fibroblast growth factor (Peprotech, Neuilly-Sur-Seine, 
France), 20 ng/mL of epidermal growth factor (Peprot-
ech, Neuilly-Sur-Seine, France), and 5  µg/mL of insulin 
(Sigma Aldrich Chimie, Saint-Quentin-Fallavier, France) 
and treated with inhibitors or vehicle-only (DMSO) 
control for 10 days. For EC50 measurement, cells were 
seeded at 5 × 103 cells/well into a 96-well plate in tripli-
cate and treated with 8 concentrations of inhibitor (from 
10 µM to 0.1 nM). Proliferation was monitored using an 
IncuCyte® Live-Cell Analysis System with repeated scan-
ning every 3 h for 72 h (Sartorius, Göttingen, Germany). 
Growth inhibition and EC50 values for individual com-
pounds were calculated using the IncuCyte® software 
v2019B.

RT-qPCR analyses
Total RNA was isolated from frozen or FFPE tissue sec-
tions using Trizol reagent (Thermo Fisher Scientific, 
Waltham, USA) and RNeasy FFPE kit (Qiagen, Hilden, 
Germany) according to the manufacturer’s protocol. RNA 
quantity and quality were assessed using a NanoDrop 
ND-1000 spectrophotometer (NanoDrop Technologies, 
Wilmington, USA). First-strand cDNA was synthesized 
using a High-Capacity cDNA Archive Kit (Applied-
Biosystems) according to the manufacturer’s protocol. 
Transcript levels were measured in duplicate by RT-
qPCR using Perfect Master Mix SYBR Green (Thermo 
Fisher Scientific, Waltham, USA) on LightCycler-480 
(Roche). For cultured cells and mouse tumors, total RNA 
was extracted using Nucleospin RNA kit (MACHEREY-
NAGEL GmbH & Co., KG Duren, Germany). First-strand 
complimentary DNA was synthesized using a Go Script 
Reverse Transcription System (Promega, Madison, WI, 
USA). Transcript levels were measured in duplicate by 
RT-qPCR using the Power SYBR Green kit (applied bio-
systems). Transcript levels were normalized using the 
expression of 2 housekeeping genes, β-ACTIN and β2 
microglobulin transcripts. Sequences of primers used 
for qPCR are in Supplementary Table 1. For RNAseq 
experiments, cells were treated for 24  h with inhibi-
tors or DMSO control, total RNA was extracted using 
Nucleospin RNA kit (MACHEREY-NAGEL GmbH & 
Co., KG Duren, Germany) and the whole transcriptome 
sequencing was achieved by Integragen (France) and 
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analysed using the Galileo RNAseq Application. RNAseq 
data are available upon reasonable request.

Promoter reporters and dual-luciferase assay
For reporter luciferase assays a 1541  bp region of the 
PDE4D locus (chromosome 5 Reference GRCH38.p14: 
59770051–59768510) containing the published PDE4D5 
promoter [17] was amplified using genomic DNA from 
A375 cells and cloned into the firefly luciferase vec-
tor pGL4.10 vector (Promega, Madison, WI, USA) as 
described previously [18]. The Renilla luciferase reporter 
vector pRL-TK was used as a control. Melanoma cells 
were transfected with JetPEI (Polyplus-transfection, 
Illkirch, France) according to the manufacturer’s instruc-
tions and 24  h after transfection, cells were harvested, 
and dual-luciferase assay was performed using the Dual-
Luciferase® Reporter Assay System (Promega, Madison, 
WI, USA).

Western blotting and antibodies
Melanoma cells were lysed using RIPA buffer supple-
mented with phosphatase and proteinase inhibitor cock-
tails (PhosSTOP and cOmplete Mini, EDTA-free; Roche). 
Whole-cell lysates were resolved by SDS-polyacrylamide 
gel electrophoresis and transferred on nitrocellulose 
membranes. Membranes were probed with the follow-
ing primary antibodies: Flag, β-ACTIN, α -ACTININ, 
p-ERK, ERK, p-MEK, MEK, p259-RAF1, p338-RAF1, 
p-LATS1 (S909), LATS1, p-YAP1 (S397), YAP1, (Cell 
Signaling Technology, Danvers, MA, USA), PDE4D (Pro-
teintech), RAF1 (BD Transduction Laboratories), BRAF 
(Santa Cruz Biotechnology) and p43-RAF1 [7]. Proteins 
were revealed with a SuperSignal® West Pico Chemilumi-
nescent Substrate (Thermo Scientic, Rockford, IL, USA) 
on an ImageQuant imaging system and quantified using 
Image J software (NIH). For measuring its kinase activity, 
RAF1 was immunoprecipitated from cellular extract and 
its activity toward MEK was measured in vitro as previ-
ously described [9].

DNA methylation analysis
To evaluate methylation of the CpG island upstream of 
the PDE4D5 promoter, the DNA underwent bisulfite con-
version of cytosine to uracil. The bisulfite conversion and 
subsequent purification was performed with the EpiTect 
Bisulfite kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s instructions. Following bisulfite conver-
sion, the modified DNA template is distinguishable from 
the original template at methylated cytosines and there-
fore the methylated sequences are selectively amplified 
with primers specific for methylation. Bisulfite specific 
primers that are complementary to the converted DNA 
were designed using the Methyl Primer Express Software 
v1.0 (Supplementary Table 1) and the methylated DNA 

quantified by qPCR using the Power SYBR Green kit 
(applied biosystems).

Animal studies and treatments
For melanoma cell xenograft experiments, immunode-
ficient female athymic mice (Swiss-nude), aged 5 weeks, 
were purchased from Charles River Laboratories (Saint 
Germain Nuelles, France). The mice were acclimatized for 
1–2 weeks before tumor injection. Animal housing, han-
dling and all procedures involving mice were performed 
in accordance to Directive 2010/63/EU and all protocols 
were approved by the Committee on the Ethics of Ani-
mal Experiments of the French Ministry of Agriculture 
(Permit Number: APAFIS#11775-2017101316112852 v2). 
For each treatment procedure, 10 mice were inoculated 
subcutaneously with 4.106 SK-MEL-28 or SK-MEL-28R1 
cells. All the treatments started when tumor volume 
reached 80±30 mm3. The size of tumors was assessed 
with a caliper (large diameter = D and small diameter = d) 
to obtain the volume V = D x (d)2/2 twice a week for three 
weeks. Mice were randomized into groups of 10 mice and 
treated with control, vemurafenib (10 mg/kg once daily, 
oral gavage), roflumilast (5 mg/kg once daily, oral gavage) 
or the combination of both. For in vivo use, vemurafenib 
was dissolved in 4% DMSO + 30% PEG 300 + 5% Tween 80 
whereas roflumilast was dissolved in 30% PEG400 + 0.5% 
Tween80 + 5% propylene glycol according to Manufactur-
er’s instructions.

Statistical analysis
Statistical analyses for in vitro and in vivo data were per-
formed with GraphPad Prism v6.0 software (GraphPad, 
San Diego, CA) using the Student’s t-test. All data are 
expressed as mean ± standard deviation (SD) from at least 
three independent experiments. For patient data, statis-
tical analyses were performed with R (R Foundation for 
statistical computing, Vienna Austria). The median value 
of PDE4D expression measured by quantitative RT-PCR 
was 10.27 (PDE4D/b2m x1011). All group comparisons 
were done using one-way ANOVA followed by Tukey 
post-hoc test. All statistical tests were considered to be 
significant when P-values lower than 0.05 were obtained. 
Progression free survival was estimated with the Kaplan 
Meier method and comparison was assessed with the 
log-rank test.

Results
PDE4D is overexpressed in melanoma and cell lines 
resistant to targeted therapies
To gain insight into the involvement of PDE4D in resis-
tance to targeted therapies, we first analyzed the expres-
sion levels of PDE4D at baseline in a panel of 31 human 
melanoma biopsy samples from patients with metastatic 
melanoma treated with BRAF and MEK inhibitors. We 
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showed that PDE4D expression at baseline is associated 
with poor progression-free survival (PFS) in patients 
treated with targeted therapies (Fig.  1A, P = 0.043). In 
2 patients for whom we had biopsies before treatment 
and at resistance, we observed that PDE4D expres-
sion increased upon treatment suggesting a correlation 

between overexpression of PDE4D and acquired resis-
tance to treatment (Fig. 1B).

To evaluate this hypothesis in vitro, we established 
experimental models of BRAF mutated melanoma cell 
lines with acquired resistance to BRAF (vemurafenib) and 
MEK (cobimetinib) inhibitors. From each parental cell 
line, A375 and SK-MEL-28, we derived two independent 

Fig. 1  PDE4 expression is associated with response to BRAFi + MEKi in BRAF-mutated melanoma. A Progression-free survival probability in advanced mel-
anoma patients treated with BRAFi + MEKi (n = 31) according to the mRNA expression of PDE4D in tumor samples (below the median range, n = 15, blue; 
above the median range, n = 16, red). B Relative mRNA expression of PDE4D in tumors at baseline (black) and at progression (white) upon BRAFi + MEKi 
from 2 advanced melanoma patients with a median expression of PDE4D. C A375 and its resistant derivatives A375R1 and A375R2 were treated with 
vemurafenib 3 µM (V3) or DMSO (D) as a control for 24 h. The effect on PDE4D expression and ERK phosphorylation (pERK) was measured by immunoblot, 
total ERK and β-ACTIN served as a loading control. D mRNA level of total PDE4D as well as PDE4D7 and PDE4D5 isoforms was quantified by quantitative by 
RT-PCR, normalized to GAPDH mRNA level, in A375 and its resistant derivatives A375R1 and A375R2. Bars represent mean+/-SD and results are representa-
tive of 3 independent experiments per line, **** P < 0.0001; unpaired Student t-test
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resistant cell lines, A375R1 and A375R2, and SK-
MEL-28R1 and SK-MEL-28R2, by selective growth 
in a medium containing increasing concentrations of 
the BRAF inhibitor. To evaluate the resistance of these 
cell lines to MAPKi, we measured the EC50 of vemu-
rafenib and cobimetinib for the proliferation of parental 
and resistant cell lines. A375R1 and A375R2 showed a 
20-to-50-fold increased resistance to vemurafenib and 
a 20-to-45-fold increased resistance to cobimetinib in 
comparison to A375 parental cell line. SK-MEL-28R1 
and SK-MEL-28R2 showed a 120-to-180-fold increased 
resistance to vemurafenib and a 17-to-30 fold increased 
resistance to cobimetinib in comparison to SK-MEL-28 
parental cell line (Supplemental Table 2). Next, we ana-
lyzed protein expression of PDE4D in melanoma cell 
lines sensitive or resistant to BRAF and MEK inhibitors. 
A375R1 and A375R2 resistant cells exhibited a markedly 
increased expression of PDE4D relative to the parental 
cell line (Fig.  1C, D). Interestingly, parental SK-MEL-28 
presented a high level of PDE4D expression which was 
not significantly increased in resistant SK-MEL-28R1 and 
SK-MEL-28R2 cells (Supplemental Fig. 1A). We therefore 
established resistant cells from a third BRAF-mutated cell 
line called Dauv1 which expressed a low level of PDE4D, 
and showed that Dauv1R1 and Dauv1R2 resistant cells 
exhibited a markedly increased expression of PDE4D 
relative to the parental cell line, similar to that observed 
in resistant A375 cells (Supplemental Fig. 1B). To under-
stand the mechanism of resistance to MAPK inhibition, 
A375 parental and resistant cells were treated with 3 
µM vemurafenib and the effect on ERK phosphorylation 
was evaluated by Western blot. Western blot analyses 
revealed that ERK phosphorylation was strongly reduced 
in parental A375 cells treated with vemurafenib. How-
ever, in A375R1 and A375R2 resistant cells, phosphoryla-
tion was maintained despite treatment with vemurafenib 
(Fig.  1C) demonstrating that resistance was associated 
with reactivation of the MAPK pathway in these cells. 
Similar results were obtained with SK-MEL-28 and 
Dauv1 (Supplementary Fig.  1). We used reverse tran-
scription followed by real-time PCR to identify the 
PDE4D isoforms expressed in parental and resistant mel-
anoma cells. We found that A375 resistant cell lines not 
only expressed more PDE4D than parental cells, but they 
also expressed different isoforms. Using specific probes, 
we found that parental A375 cells expressed mainly the 
PDE4D7 isoform, whereas resistant A375R1 and A375R2 
cells expressed the PDE4D5 isoform (Fig.  1D). A simi-
lar increase in PDE4D5 expression was observed in 
resistant DAUV1R1 and DAUV1R2 cells compared to 
parental DAUV1 cells (Supplemental Fig.  1C). Parental 
SK-MEL-28 cells already mainly expressed the PDE4D5 
isoform, and its expression was only slightly increased in 

resistant SK-MEL-28R1 and SkMMel28R2 cells (Supple-
mental Fig. 1C).

Following these results, we evaluated the expression of 
the PDE4D5 isoform in the panel of human melanoma 
biopsy samples which had been previously analyzed. We 
showed a tendency for an association of PDE4D5 expres-
sion with shorter PFS, although the difference was not 
statistically significant (Supplemental Fig.  2A). We also 
observed that PDE4D5 expression increased upon treat-
ment for the 2 patients for which we had biopsies before 
and after treatment (Supplemental Fig.  2B) suggesting 
that expression of the PDE4D5 isoform is, at least par-
tially, associated with resistance to treatment.

Methylation of a CpG island upstream of the PDE4D5 
promoter inhibits its activity
Because the PDE4D5 isoform possesses its own pro-
moter, we investigated the activity of this promoter in 
the different cell lines to try to understand the differ-
ing expression of PDE4D5 between A375, Dauv1 and 
SK-MEL-28 cells, and between sensitive (parental) and 
resistant A375 cells. We first sequenced the PDE4D5 
promoter in sensitive and resistant SK-MEL-28 and 
A375 cells, and did not find any genetic variation from 
the published sequence which could explain the dif-
ference in expression (data not shown). To evaluate the 
activity of this promoter in cells expressing different 
level of PDE4D5, we cloned the 1541 bp long promoter 
in front of a luciferase reporter gene and transfected the 
constructs in A375, Dauv1 and SK-MEL-28 cells. The 
PDE4D5 promoter induced a strong luciferase activity 
compared to the vector lacking the promoter element, 
demonstrating the strong activity of the PDE4D5 pro-
moter in all cell lines (Fig. 2A). The robust activity of the 
PDE4D5 promoter in parental A375 cells which do not 
express significant level of PDE4D5 suggests that epigen-
etic mechanisms may inhibit the endogenous PDE4D5 
promoter accessibility in these cells. Epigenetic modi-
fications could also explain the difference in expression 
of PDE4D5 in sensitive versus resistant A375 cells. In 
accordance, we identified a CpG island upstream of the 
PDE4D5 promoter suggesting a possible role for meth-
ylation in controlling PDE4D5 expression (Fig.  2B). 
Interestingly, this CpG island is located in a region of 
chromosome 5 which was described as deleted in SK-
MEL-28 (Fig.  2B) but not in A375 cells. We first con-
firmed the deletion of this fragment in our SK-MEL-28 
cell line by next generation sequencing (data not shown) 
reinforcing the importance of this region in inhibiting the 
PDE4D5 promoter. To test this hypothesis, we treated 
the cells with decitabine (DAC), a DNA-demethylating 
agent, and quantified expression of PDE4D5 by quan-
titative RT-PCR. DAC induced a significant increase in 
PDE4D5 expression in A375 and Dauv1 cells but not in 
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Fig. 2 (See legend on next page.)
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SK-MEL-28 cells which already expressed a significantly 
higher level of PDE4D5 (Supplementary Fig. 2C). More-
over, whereas DAC induced a significant increase in 
PDE4D5 expression in A375 parental cells it only induced 
a slight increase in resistant cells (Fig. 2C) suggesting that 
methylation may inhibit the PDE4D5 promoter in sen-
sitive A375 cells but not resistant ones. To compare the 
methylation status of the CpG island in sensitive versus 
resistant A375 cells, we used bisulfite treatment followed 
by quantitative PCR. We used primer couples located at 
different sites on the CpG island (Fig. 2B). For each set of 
primers, the results showed a significantly higher meth-
ylation level in sensitive parental A375 cells compared 
to resistant A375R1 and A375R2 cells, confirming a role 
of methylation at this CpG island in regulating PDE4D5 
expression. Demethylation of the CpG island, or its dele-
tion, could therefore explain the expression of PDE4D5 in 
melanoma cells resistant to targeted therapies.

PDE4D overexpression activates RAF1
We have previously shown that PDE4 activity is increased 
in RAS mutated melanoma to promote a switch from the 
BRAF to RAF1 isoform in the MAPK pathway [9]. We 
therefore hypothesized that overexpression of PDE4D 
in resistant cells could promote RAF1 activation, allow-
ing MAPK activation in these cells in the presence of a 
MAPKi. To first evaluate the importance of RAF1 in 
MAPK activation in resistant cells, we used siRNA to 
specifically inhibit BRAF or RAF1 isoforms in sensi-
tive and resistant A375 cells. As expected, when RAF1 
was depleted in A375 parental cells, ERK activity was 
not affected whereas it was strongly inhibited (77%) 
when BRAF was depleted (Supplemental Fig.  3). Inter-
estingly, however, when RAF1 was depleted in A375R1 
and A375R2 resistant cells, ERK activity was significantly 
inhibited by around 50% whereas BRAF depletion did 
not affect ERK activation in these cells (Supplemental 
Fig. 3). These results demonstrate that it is RAF1, rather 
than BRAF, which is required for ERK activity in resistant 
cells. To investigate whether PDE4D overexpression is 
able to regulate RAF1 activity in BRAF-mutated cells, we 
overexpressed PDE4D5 in A375 sensitive cells and mea-
sured RAF1 phosphorylation and activity. PDE4D5 over-
expression induced a reduction of RAF1 phosphorylation 

on S43 and S259, which are known to be phosphory-
lated by the protein kinase A (PKA) downstream of the 
cAMP pathway and known to inhibit RAF1 activity. In 
contrast, an increase in S338 phosphorylation known 
to be associated with RAF1 activation was observed in 
cells overexpressing PDE4D5 (Fig.  3A). To confirm the 
increase in RAF1 activity associated with these phos-
phorylation events, RAF1 was immunoprecipitated and 
its kinase activity against MEK measured in vitro. A sig-
nificant 2-fold increase in RAF1 activity was observed in 
PDE4D5 expressing cells compared to parental cells lead-
ing to increased ERK phosphorylation in A375 + PDE4D5 
cells (Fig.  3B and Supplementary Fig.  4A). On the con-
trary when PDE4D was inhibited by roflumilast, a PDE4 
inhibitor, RAF1 kinase activity was significantly reduced 
(Fig.  3B and Supplementary Fig.  4A), demonstrating 
that PDE4D overexpression is able to regulate RAF1 
activity by inhibiting the cAMP pathway. To evaluate 
whether PDE4D can promote a switch from BRAF to 
RAF1 isoform in BRAF mutated cells, we evaluated the 
importance of RAF1 in MAPK activation in cells overex-
pressing PDE4D5. We used siRNA to specifically inhibit 
BRAF or RAF1 isoforms in parental A375 cells and in 
the resistant cells overexpressing PDE4D5. RAF1 deple-
tion significantly reduced ERK activity by around 50% 
in the resistant cells whereas the reduction of activity 
was not significant in parental A375 cells. ERK activity 
was strongly (90%) inhibited in both cell lines by BRAF 
depletion (Fig.  3C). Taken together, our results sug-
gest that although PDE4D5 overexpression cannot pro-
mote a complete switch from BRAF to RAF1 isoform, it 
increases RAF1 activation and supports its contribution 
to MAPK activation in BRAF-mutated cells.

PDE4D5 overexpression increases drug-tolerant persister 
cells
To evaluate whether RAF1 activation induced by PDE4D5 
overexpression could induce resistance to MAPKi, we 
compared the EC50 of vemurafenib and cobimetinib for 
the proliferation of parental A375 and resistant cell lines. 
Overexpression of PDE4D5 induced a 6-fold increased 
resistance to vemurafenib and a 2-fold increased resis-
tance to cobimetinib in comparison to the A375 paren-
tal cell line (Sup Table 2). When RAF1 was silenced by 

(See figure on previous page.)
Fig. 2  Methylation of a CpG island upstream of the PDE4D5 promoter inhibits its activity. A Luciferase reporter construct containing the PDE4D5 pro-
moter sequence (pGL4-PDE4D5) was transfected in triplicate into A375, Dauv1 and SK-MEL-28 cell lines. The construct without the promoter used as a 
control (pGL4). Cells were harvested 24 h post transfection and reporter expression was analyzed using the Dual-Luciferase assay system. B Schematic 
representation of the PDE4D locus on chromosome 5. The PDE4D5 promoter is indicated by P, the sequence deleted in SK-MEL-28 is indicated by an 
orange arrow, the CpG island is indicated by a black line and the 3 regions amplified for analyzing DNA methylation are indicated below the line (M2, 
M4 and M5). C mRNA level of the PDE4D5 isoform was quantified by quantitative by RT-PCR, normalized to GAPDH mRNA level, in A375 and its resistant 
derivatives A375R1 and A375R2 treated 24 h with DMSO or decitabine (DAC). D the DNA extracted from A375, A375R1 and A375R2 underwent bisulfite 
conversion of cytosine to uracil and the methylated sequences were selectively amplified with primers specific for methylation at 3 sites in the CpG island 
(M2, M4 and M5) by qPCR. Bars represent mean+/-SD and results are representative of 3 independent experiments per line. **P < 0.01, ***P < 0.001, **** 
P < 0.0001; unpaired Student t-test
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Fig. 3 (See legend on next page.)
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siRNA in resistant cells, the EC50 of vemurafenib and 
cobimetinib was reduced back to that observed in the 
parental A375 cells (Supplementary Fig. 4B). These data 
demonstrate that PDE4D5 induces a partial resistance 
to BRAF and MEK inhibitors by activating RAF1. We 
also evaluated the ability of PDE4D5 overexpression to 
increase the formation of drug-tolerant persister cells, 
which are a reservoir for resistant cells. We exposed 
parental A375 and resistant cell lines to lethal concentra-
tions of vemurafenib or cobimetinib. After 72 h of treat-
ment, most of the cells had died and only a small fraction 
of drug-tolerant cells remained. We evaluated the resid-
ual ERK activity in these cells and observed a significant 
2-fold increase in residual ERK phosphorylation com-
pared to parental A375 cells (Fig. 4A). We evaluated the 
capacity of the remaining cells to proliferate using BrdU 
and showed that although vemurafenib and cobimetinib 
were cytotoxic in both cell lines, PDE4D5 overexpression 
significantly increased proliferation (Fig.  4B). We also 
compared the ability of these drug-tolerant persister cells 
to form colonies using a clonogenic assay. We observed 
that overexpression of PDE4D5 significantly increased by 
2-fold the formation of clones by drug-tolerant persister 
cells (Fig. 4B). Together, these results demonstrate that by 
increasing RAF1 activity in BRAF-mutated cells, PDE4D5 
induces a partial resistance of the MAPK pathway to 
BRAF and MEK inhibitors. This leads to an increase in 
drug-tolerant persister cells which could favor the emer-
gence of resistant clones after genetic alterations.

PDE4 inhibition reduces proliferation of MAPKi-resistant 
melanoma cells in vitro and in vivo
To gain insight into the therapeutic potential of target-
ing PDE4D in melanoma resistant to targeted therapies, 
we evaluated the effect of the PDE4 inhibitor roflumilast 
on melanoma proliferation. A375 and SK-MEL-28 cells 
and their resistant derivatives R1 and R2 were treated 
with roflumilast alone or combined with vemurafenib, 
and the effect on colony formation was evaluated. We 
confirmed that A375R1, A375R2, SK-MEL-28R1 and SK-
MEL-28R2 celles were resistant to treatment with vemu-
rafenib (Fig.  5A). However, roflumilast reduced colony 
formation by 36–39% for A375R1 and A375R2 cells, and 
by 54–72% for SK-MEL-28R1 and SK-MEL-28R2 cells. 
The combination of vemurafenib and roflumilast further 

inhibited colony formation by 87–91% for A375R1 and 
A375R2 cells, and by 67–89% for SK-MEL-28R1 and SK-
MEL-28R2 cells (Fig.  5A). We confirmed these results 
on Dauv1 and their resistant derivatives R1 and R2 with 
the particularity that Dauv1R1 and Dauv1R2 are depen-
dent on vemurafenib for growth and therefore do not 
form colonies in absence of vemurafenib (Supplemen-
tary Fig.  5). However, the combination of vemurafenib 
and roflumilast reduced colony formation by 80% for 
Dauv1R1 and Dauv1R2 cells compared to vemurafenib 
alone.

Formation of spheroids by tumor cells cultured in non-
adherent conditions has been described as a characteris-
tic of less differentiated cancer cells with a higher ability 
to form tumors. Spheres are enriched in cells with char-
acteristics of tumor initiating cells [19, 20], which are 
involved in recurrence and drug resistance [21]. There-
fore, we cultivated BRAF-mutated melanoma cells as 
spheroids to uphold the effects of PDE4 inhibition in a 
model more representative of tumor growth than cells 
grown as monolayers. Parental and resistant A375 and 
SK-MEL-28 cells grown as melanospheres were treated 
with roflumilast alone or in combination with vemu-
rafenib. We showed that the sphere size of parental and 
resistant cells was significantly reduced by roflumilast 
monotherapy as well as in combination with vemurafenib 
(Fig.  5B). In resistant cells, while vemurafenib alone 
increased sphere size, the combination of roflumilast 
and vemurafenib reduced sphere growth by 52–84% for 
A375R1 and A375R2 cells, and by 90% for SK-MEL-28R1 
and SK-MEL-28R2 cells compared to vemurafenib alone 
(Fig. 5B).

In light of these ex vivo results, we next investigated 
whether the PDE4 inhibitor could inhibit tumor growth 
in vivo. We grafted parental and resistant SK-MEL-28 
cells in nude mice because these cells express the high-
est level of PDE4D and showed the best response ex 
vivo. Once the tumor reached 80±30 mm3 the mice were 
treated with vemurafenib, roflumilast or the combination 
of both and the tumor growth was monitored regularly. 
After 21 days, we observed an inhibition of SK-MEL-28 
parental cell tumor size by vemurafenib or roflumilast 
alone, although this was not significant. However, the 
combination of vemurafenib and roflumilast induced a 
significant reduction in SK-MEL-28 parental cell tumor 

(See figure on previous page.)
Fig. 3  PDE4D induced RAF1 reactivation in BRAF mutated melanoma cell lines. A Expression of PDE4D and phosphorylation of RAF1 on S43 (p43), 
S259 (p259) and S338 (p338) in A375 transfected with empty vector and A375 overexpressing PDE4D5 (A375 + PDE4D5). Total RAF1 served as a loading 
control. B RAF1 was immunoprecipitated from A375 transfected with empty vector and A375 overexpressing PDE4D5 (A375 + PDE4D5) treated for 24 h 
with DMSO (D) or 10µM Roflumilast (R10) and its kinase activity toward MEK measured in vitro. Quantification of the phosphorylated MEK (pMEK) signal 
normalized to total MEK signal is presented as mean +-SD and results are representative of 3 independent experiments per line. C A375 transfected with 
empty vector and A375 overexpressing PDE4D5 (A375 + PDE4D5) were transfected with siRNA control (si-Ctrl), targeting BRAF (si-BRAF) or RAF1 (si-RAF1) 
siRNA. The effect on BRAF and RAF1 expression and on ERK phosphorylation (pERK) was measured by immunoblot, total ERK served as a loading control. 
Quantification of the pERK signal normalized to total ERK signal is presented below the blots as mean +/-SD and results are representative of 3 indepen-
dent experiments per line. *P < 0.05, ***P < 0.001, **** P < 0.0001; unpaired Student t-test
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Fig. 4 (See legend on next page.)
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size compared to the control group (P = 0.01; Fig. 5C and 
Supplemental Fig.  7). The SK-MEL-28R1 cells formed 
tumors resistant to vemurafenib treatment. While roflu-
milast alone only slightly reduced the size of tumor after 
18 days of treatment, the combination of vemurafenib 
and roflumilast induced a significant reduction in SK-
MEL-28R1 cell tumor size compared to the vemurafenib 
alone group (P = 0.02; Fig. 5C and supplementary Fig. 7A).

PDE4 inhibition suppresses melanoma growth through 
inactivation of the Hippo pathway
Next, we sought to determine the molecular mechanism 
by which the PDE4 inhibitor, roflumilast, inhibited mela-
noma growth. The significant reduction of cell viability by 
the combination of roflumilast and vemurafenib in resis-
tant cells prompted us to first investigate the canonical 
oncogenic pathways, PI3K/AKT and MAPK/ERK. Inter-
estingly, our results showed no effect of the inhibitors 
on ERK or AKT phosphorylation in any of the cell lines 
(data not shown). To better understand the impact of 
PDE4 inhibition, we then compared the mRNA expres-
sion profiles between control samples and vemurafenib 
or roflumilast treated samples. A RNA seq analysis was 
done on A375, A375R1, SK-MEL-28 and SK-MEL-28R1 
cells after 24  h of treatment with vemurafenib, roflumi-
last and the combination of both. We used a previously 
described melanoma BRAFV600E signature [22] and 
confirmed that expression of these genes was modified 
by vemurafenib in parental A375 and SK-MEL-28 cell 
lines but not in resistant A375R1 and SK-MEL-28R1 cells 
(Supplementary Fig. 8A). In contrast, roflumilast had no 
effect on the BRAFV600E signature in parental or resis-
tant cell lines confirming that PDE4 inhibitor did not act 
on the MAPK pathway (Supplementary Fig. 8A).

Because recent work showed that cAMP acts as a 
tumor suppressor in a wide range of human cancers 
through inactivation of the Hippo protein YAP [23], 
we evaluated the effect of roflumilast on a melanoma 
YAP signature [24]. We first showed that expression of 
these genes was increased in resistant cells compared 
to parental cells confirming the activation of the Hippo/
Yap pathway in resistant melanoma cell lines (Supple-
mentary Fig.  8B). Furthermore, this analysis revealed a 
general inhibition of expression of genes associated with 
the Hippo pathway in melanoma cells treated with the 
PDE4 inhibitor (Fig.  6A and supplementary Fig.  8B). In 
resistant A375R1 and SK-MEL-28R1 cells, the effect on 

the Hippo/YAP signature was stronger when combining 
vemurafenib with roflumilast (Fig.  6A and supplemen-
tary Fig. 8B). To confirm this observation, we measured 
by quantitative RT-PCR the expression of the canonical 
Hippo pathway-dependent genes, CCN1 (also known as 
CYR61) and CCN2 (also known as CTGF) and observed 
a significant reduction in expression of both YAP target 
genes in response to roflumilast (Fig. 6B). We also evalu-
ated CCN1 and CCN2 mRNA expression by quantita-
tive RT-PCR in SK-MEL-28R1 cell tumors treated with 
vemurafenib alone or the combination of vemurafenib 
and roflumilast. We observed a significant reduction 
of CCN1 expression in tumors treated with roflumilast 
and a decrease, although not significant, of CCN2 in 
tumors treated with the PDE4 inhibitor (Supplementary 
Fig.  7B). Because these findings suggested that roflumi-
last suppressed cell growth by preventing YAP activation, 
we measured phosphorylation of YAP and its upstream 
kinase LATS1 in parental and resistant cells. Treatment 
of cells with roflumilast induced the phosphorylation of 
LATS1 and the concomitant phosphorylation of its tar-
get YAP. Numerous studies have established that most 
upstream signals regulate YAP activity by influencing 
its phosphorylation, abolishing YAP binding to 14-3-3 
and increasing its nuclear localization. Therefore, the 
phosphorylation of YAP has been widely recognized as 
an indicator of its cellular localization and inactivation 
[25]. Taken together, our results suggest that roflumilast 
suppresses cell growth by activating cAMP-PKA medi-
ated activation of LATS1 leading to YAP phosphorylation 
and inhibition. To confirm the role of YAP phosphory-
lation in roflumilast-mediated cell growth suppression, 
A375R1 and SK-MEL-28R1 cell lines were transfected 
with the 5SA mutant of YAP2 where five key regulatory 
S are mutated to A, rendering YAP2 constitutively active. 
As a control, we used the S94A YAP2 mutant that cannot 
interact with TEADs therefore abolishing YAP-induced 
gene expression [26]. Roflumilast treatment alone or in 
combination with vemurafenib decreased colony forma-
tion in A375R1 and SK-MEL-28R1 cells expressing the 
inactive 5SA-S94A YAP2 mutant. In contrast, roflumilast 
failed to inhibit cell growth in cells expressing the YAP 
5SA mutant (Fig.  6D and E), demonstrating that PDE4 
inhibition suppressed cell growth by inducing YAP phos-
phorylation and hence inhibiting the Hippo pathway.

(See figure on previous page.)
Fig. 4  PDE4D5 overexpression increases drug-resistant persister cells. A parental A375 and A375 + PDE4D5 cell lines were treated with 10µM vemu-
rafenib (V10), a combination of 1µM vemurafenib and 0.1µM cobimetinib or DMSO control for 72 h. ERK phosphorylation (pERK) was measured by immu-
noblot in the fraction of drug-resistant cells remaining, total ERK served as a loading control. Quantification of the ratio pERK/ERK on non-saturating blots 
is shown beside the blot as mean +-SD and results are representative of 3 independent experiments per line. B and C parental A375 and A375 + PDE4D5 
cell lines were treated with 10µM vemurafenib (V10), a combination of 1µM vemurafenib and 0.1µM cobimetinib or DMSO control for 72 h and the ability 
of these drug-resistant persister cells to proliferate was evaluated by BrdU labeling (B) or clonogenic assay (C). Bars represent mean+/-SD and results are 
representative of 3 independent experiments per line. *P < 0.05, ***P < 0.001, **** P < 0.0001; unpaired Student t-test



Page 13 of 18Delyon et al. Cell Communication and Signaling          (2024) 22:559 

Fig. 5 (See legend on next page.)
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Discussion
The cAMP signaling pathway is an essential regulator 
of many physiological processes such as proliferation, 
migration and angiogenesis. Because these processes are 
also involved in tumor growth, modulating cAMP level 
could be of great interest in the control of tumor prolifer-
ation. In general, basal cAMP concentrations are lower in 
many tumor cells compared to healthy cells and therefore 
increasing cAMP concentrations can slow down tumor 
cell growth and chemotaxis and increase differentiation 
or apoptosis in many cancer cells [27]. In melanoma, 
however, the cAMP pathway has been shown to have 
both tumor-promoting and tumor-suppressive proper-
ties as well as a role in sensitization and resistance to tar-
geted therapy [28]. These discrepancies may be explained 
by differences in the duration as well as the localization 
of the cAMP signal which are regulated by the activity 
of both the adenylyl cyclase and the phosphodiesterase 
enzymes [29]. Amongst the family of phosphodiesterases, 
PDE4D is one of the PDE4 isoforms highly expressed in 
a variety of cancers. PDE4D was previously suggested 
as a potential oncogene in several human solid cancers, 
including breast cancer, hepatocellular carcinoma, pan-
creatic ductal adenocarcinoma, renal cell carcinoma and 
prostate tumors [30–35]. We have previously shown that 
PDE4D was overexpressed in advanced melanoma and 
metastases, and associated with worse prognosis [15]. In 
BRAF-mutated melanoma cell lines, PDE4D overexpres-
sion promoted invasion through its interaction with focal 
adhesion kinase via the scaffolding protein RACK1 [15]. 
The PDE4D gene was also found to be negatively associ-
ated with survival in patients with metastatic melanoma 
lesions using gene expression profiling [14].

In the present study, we explored the role of PDE4D in 
the resistance of BRAF-mutated melanoma to targeted 
therapy. We demonstrated in a panel of human BRAF-
mutated melanoma biopsy samples that PDE4D expres-
sion in situ could separate short and long responders 
to MAPK inhibitors. We demonstrated a close associa-
tion between PDE4D expression and poor prognosis in 
patients treated with MAPKi. For 2 patients for which we 
had biopsies before and after treatment, we observed that 
PDE4D expression increased upon treatment confirm-
ing the correlation between overexpression of PDE4D 
and resistance to treatment in vivo. We reproduced this 

observation in two melanoma cell lines in which acquired 
resistance was associated with a markedly increased 
expression of PDE4D compared to parental cell lines.

The PDE4D locus codes for 9 different isoforms that 
differ in terms of the length and complexity of their 
N-terminal regulatory domains, which regulate sub-
strate specificity, tissue expression profile and subcellular 
localization. This is important because isoform-specific 
targeting could enable selective restoration of cAMP 
signaling in affected compartments without disturb-
ing cyclic nucleotide signaling elsewhere, avoiding side 
effects [11]. We identified the PDE4D5 isoform as the 
main isoform expressed in resistant melanoma cell lines 
as well as melanoma biopsies from resistant tumors. How 
PDE4D5 is expressed in resistant cells remains to be fully 
elucidated, but we postulate that demethylation of a CpG 
island upstream of the PDE4D5 promoter may explain 
the increase in PDE4D5 expression. In agreement, dele-
tion of a fragment of chromosome 5 encompassing this 
CpG island in the SK-MEL-28 parental cell line was 
associated with high expression of PDE4D5. Moreover, 
microdeletions in the PDE4D locus, affecting only the 
intragenic regions of PDE4D, have been identified in 
a range of solid primary tumors and established cancer 
cell lines [30]. These microdeletions, affecting regions in 
the first exons, were associated with high PDE4D mRNA 
and protein expression. Finally, in the “Genomic Classi-
fication of Cutaneous Melanoma”, fusion of the PDE4D 
gene to multiple partner genes was identified in 5 sam-
ples [36]. In each case, the region encompassing the CpG 
island was removed by the fusion whereas the PDE4D 
catalytic domain remained intact. Altogether, these data 
suggest that expression of PDE4D, and in particular the 
PDE4D5 isoform, is restricted by epigenetic modification 
such as methylation upstream of the PDE4D5 promoter, 
and that removal of these epigenetic modifications or 
deletion of this inhibitory region allows PDE4D5 expres-
sion in tumors in general, and in melanoma in particular.

By regulating the cAMP pathway, PDE4D plays a 
major role in the cross-talk between the cAMP and the 
MAPK pathways which are essential in regulating the 
fate of melanocytes and melanoma [37]. cAMP-acti-
vated PKA exerts regulatory effects on components of 
the MAPK pathway, inhibiting RAF1 directly, whereas it 
can also activate BRAF, albeit indirectly [28]. Tumor cells 

(See figure on previous page.)
Fig. 5  PDE4 inhibition reduced cell proliferation in vitro and tumor growth in vivo of BRAFi-resistant melanoma cells. A A375, SK-MEL-28 their resistant 
derivatives (R1 and R2) were seeded in duplicate at low density and treated 3 time a week with DMSO (Ctrl), 10 µM vemurafenib (V), 10 µM roflumilast (R) 
or the combination of both inhibitors. After 2 weeks, cells were fixed, stained and the number of clones quantified. Bars represent mean+/-SD of 3 inde-
pendent experiments. B A375, SK-MEL-28 their resistant derivatives (R1 and R2) were seeded in duplicate at low density in ultra-low-attachment plates 
and treated with DMSO (Ctrl), 1 µM vemurafenib (V), 10 µM roflumilast (R) or the combination of both inhibitors for 10 days. After 10 days, the spheroid 
size was measured. Bars represent mean +/- SD and results are representative of 3 independent experiments per line. C mice were inoculated subcutane-
ously with SK-MEL-28 or SK-MEL-28R1 and when the tumors volume reached 80±30 mm3 they were treated with control, vemurafenib (V), roflumilast 
(R) or the combination of both (V + R). The tumor size after three weeks of treatment is presented as mean+/-SD. *P < 0.05, **P < 0.01, ***P < 0.001, **** 
P < 0.0001; unpaired Student t-test
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exhibiting PDE4D overexpression and therefore cAMP 
depletion are incapable of PKA-mediated RAF1 inhibi-
tion allowing RAF isoform switching which is necessary 
to maintain ERK activation in tumor cells. We have pre-
viously shown that this RAF isoform switch induced by 
PDE4 overexpression happens in RAS-mutated mela-
noma [8, 9]. Similarly, we showed here that when BRAF 
activity is suppressed by inhibitors, MAPK is rewired 
to allow the development of acquired resistance by 
inducing RAF1-dependent ERK activation. PDE4D5 

overexpression increased RAF1 activation, inducing par-
tial resistance of the MAPK pathway to BRAF and MEK 
inhibitors. This led to an increase in drug-tolerant per-
sister cells known to represent a major survival mecha-
nism against BRAF and MEK inhibitor treatment in 
melanoma [38]. These cells will later become resistant 
cells by acquiring genetic alterations, such as RAS muta-
tions, promoting a complete switch from BRAF to RAF1 
isoform in resistant cells.

Fig. 6  PDE4 inhibition suppresses melanoma growth though inactivation of the Hippo pathway. A A375, SK-MEL-28 and their resistant derivatives 
A375R1 and SK-MEL-28R1 were treated with vemurafenib 1 µM (V), roflumilast 10 µM (R) or the combination of both (V + R) for 24 h and the ARN ex-
tracted. The global expression of all mRNA was evaluated by RNAseq and the expression of a series of 34 genes from the hippo pathway in melanoma 
[24] showing differential expression in response to roflumilast (R) in the four cell lines is presented as a heat map. B mRNA level of CCN1 and CCN2 was 
quantified by quantitative by RT-PCR, normalized to GAPDH mRNA level, in A375, SK-MEL-28 and their resistant derivatives A375R1 and SK-MEL-28R1. Bars 
represent mean+/-SD and results are representative of 3 independent experiments per line. C A375, A375R1, SK-MEL-28 and SK-MEL-28R1 were treated 
with DMSO, vemurafenib 1 µM (V1), roflumilast 10 µM (R10) or the combination of both (V1 + R10) for 24 h. The effect on LATS1 phosphorylation (pLATS1), 
YAP1 phosphorylation (pYAP1) was measured by immunoblot, total LATS1, YAP1 and α -ACTININ served as a loading control. D The level of YAP mutants 
in resistant A375R1 and SK-MEL-28R1 stably expressing the active mutant YAP 5SA or the inactive mutant YAP 5SA S94A was measured by immunoblot 
(Flag), β-ACTIN served as a loading control. E resistant A375R1 and SK-MEL-28R1 stably expressing the active mutant YAP 5SA or the inactive mutant YAP 
5SA S94A were seeded in duplicate at low density and treated 3 time a week with DMSO, 10 µM vemurafenib (V), 10 µM roflumilast (R) or the combina-
tion of both inhibitors (V + R). After 2 weeks, cells were fixed, stained and the number of clones quantified. Bars represent mean+/-SD of 3 independent 
experiments. *P < 0.05, **P < 0.01, ***P < 0.001, **** P < 0.0001; unpaired Student t-test
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Besides the potential role of PDE4D as a predictive fac-
tor in resistance to targeted therapy, it could also repre-
sent a good candidate for therapy in resistant melanoma. 
Indeed, we found that PDE4 inhibition exhibited signifi-
cant antitumor activity both ex vivo and in vivo against 
melanoma cell lines resistant to targeted therapies. In the 
present study, we demonstrated that roflumilast reduced 
the colony formation of three melanoma cell lines as 
well as their resistant derivatives. In the latter, the PDE4 
inhibitor counteracted the pro-proliferative effect of 
the BRAF inhibitor. We confirmed these results on cells 
grown as spheroids where the combination of roflumilast 
and vemurafenib reduced sphere growth of resistant cell 
lines. Finally, we demonstrated that the combination of 
vemurafenib and roflumilast induced a significant reduc-
tion in tumor size in vivo in xenograft models. This is 
in agreement with our recent data showing a significant 
inhibition of proliferation of RAS mutated melanoma 
resistant to MEK inhibitors with the combination of 
roflumilast and cobimetinib [39]. The anti-proliferative 
effect of PDE4 inhibition has also been reported in other 
types of cancer such as hepatocellular carcinoma, lung, 
prostate, colorectal cancer and medulloblastoma [40–
44]. In lung cancer, roflumilast was shown to act syner-
gistically with platinum-based agents to induce apoptosis 
[45]. Similarly, roflumilast was shown to enhance cispla-
tin-induced cytotoxicity in prostate cancer cell lines [46]. 
Finally, Mishra et al. demonstrated that PDE4D played 
a pivotal role in acquired resistance of breast cancer to 
tamoxifen, and that combining PDE inhibition with 
tamoxifen suppressed tumor growth better than each 
drug alone [32].

To gain insight into the molecular mechanism of pro-
liferation inhibition by PDE4 inhibition, we conducted an 
RNA-seq assay to identify signaling pathways modulated 
by roflumilast. We showed that roflumilast did not inhibit 
the MAPK pathway in resistant melanoma but instead 
modulated the Hippo/YAP pathway. This result implies 
that although PDE4D overexpression promotes a switch 
from BRAF to RAF1 isoform which favors drug-tolerant 
persister cells, once the cells become resistant, PDE4D 
overexpression becomes necessary to maintain resistance 
by activating the Hippo/YAP pathway. We confirmed 
the changes in expression of the canonical Hippo-path-
way-dependent genes CCN1 and CCN2 by qRT-PCR in 
cells and in tumors treated with roflumilast. We further 
showed that increasing cAMP level with PDE4 inhibitor 
induced LATS1 phosphorylation which in turn phos-
phorylated YAP, inactivating it. Expression of a con-
stitutively active mutant of YAP rescued the cells from 
proliferation inhibition confirming that PDE4 inhibition 
suppressed cell growth by inducing YAP phosphorylation 
and hence inhibiting the Hippo pathway in resistant cells. 
The Hippo/YAP signaling pathway plays a pivotal role 

in tumorigenesis, and was also recently closely associ-
ated with the occurrence of resistance in melanoma [47]. 
These results are in agreement with recent work showing 
that cAMP acts as a tumor suppressor in a wide range of 
human cancers through inactivation of the Hippo protein 
YAP inside the nucleus [23].

Conclusions
In conclusion, our study revealed that PDE4D is aber-
rantly over-expressed in resistant melanoma, where it 
is a predictor of a poor response to MAPKi. Moreover, 
inhibition of PDE4D blocked the growth of melanoma 
tumors in vivo, supporting the role of PDE4D as a novel 
player in resistance to BRAF and MEK inhibitors in mela-
noma, and a potential target for the treatment of resistant 
tumors. However, the use of PDE4 inhibitors in cancer 
therapy should be investigated with caution because 
cAMP exerts suppressive effects on B and T lymphocytes 
[48]. Nevertheless, recent data showed that roflumilast 
did not antagonize the clinical activity of checkpoint 
blockers in an in vivo syngeneic lymphoma model [49]. 
Moreover, data from the three roflumilast trials, which 
included more than 9000 patients with COPD, did not 
show an increase in lung cancer diagnosis [50] paving the 
way for the use of PDE4D inhibitors in cancer therapy.
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