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Abstract

Resistance to combined BRAF and MEK inhibition remains a major barrier to durable dis-
ease control in BRAF-mutant melanoma. Acyclic retinoid (ACR; peretinoin) is a clinically
studied retinoid, but its activity in MAPK inhibitor-resistant melanoma remains incom-
pletely defined. Here, we established A375P-derived dabrafenib plus trametinib-resistant
clones and evaluated ACR mainly in the A375PDTR-D clone as an in vitro proof-of-concept
model. Resistant clones retained higher viability and failed to suppress ERK phosphory-
lation under dabrafenib plus trametinib treatment. In A375PDTR-D cells, ACR reduced
short-term viability and clonogenic growth and was associated with decreased STAT3
Tyr705 phosphorylation, reduced EGFR, Cyclin D1, and Cyclin B expression, and increased
p27KIP1. ACR did not detectably suppress AKT, MEK/ERK, or basal JNK phosphorylation
under the tested conditions. These findings support further investigation of ACR as a candi-
date non-MAPK adjunct strategy; however, generalizability to broader melanoma models,
formal drug-interaction status, direct cell-cycle/apoptosis effects, clinically achievable
exposure, and in vivo efficacy remain to be established.
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1. Introduction

Cutaneous melanoma remains a leading cause of cancer-related death despite ad-
vances in prevention and treatment. Globally, its incidence continues to rise, with over
325,000 new cases and approximately 57,000 deaths estimated in 2020, suggesting a public
health burden that exceeds its proportion among all cancers [1,2]. Cutaneous melanoma
acquires signaling plasticity under strong selective pressure, sustaining its proliferation,
invasion, and metastasis.

Among these, the BRAF/MEK/ERK (MAPK), JAK/STAT, PI3K/AKT, and JNK/c-
Jun pathways are clinically common and significant, supporting tumor growth, survival,
and metastasis through a mutually complementary network of interactions among their
components. First, BRAF/MEK/ERK (MAPK) is the primary driver of melanoma; MAPK
signaling is hyperactivated by BRAF (V600E/K) activating mutations and NRAS/NF1/KIT
abnormalities, promoting cell cycle entry, proliferation, and progression [3]. The JAK/STAT
axis, particularly STAT3, is often constitutively activated in melanoma and contributes to
its survival, motility, and metastasis. STAT3 is activated downstream of RTK and Src and is
further induced by MAPK inhibition, supporting adaptive invasion [4].
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The PI3K/AKT pathway is frequently dysregulated due to the loss or reduction in
PTEN or upstream RTK activation, enhancing resistance to apoptosis, promoting prolifera-
tive and survival signaling, and interacting with MAPK output to contribute to malignancy
and therapeutic resistance [5]. The JNK/c-Jun pathway is also implicated in melanoma ma-
lignancy, and JNK/c-Jun activation is associated with increased proliferation and shorter
disease-free intervals in patients with melanoma. Pharmacological JNK inhibition has
been reported to reduce c-Jun phosphorylation, suppress cell migration, and restore sensi-
tivity to BRAF inhibition [6]. Collectively, these pathways function in a complementary
and sometimes compensatory manner to drive cell cycle progression, survival signal-
ing, epithelial-mesenchymal transition (EMT)-like plasticity, invasion, and organ-specific
metastasis in cancer cells.

From a molecular biology perspective, BRAF activating mutations (mainly V600E,
followed by V600K) are observed in approximately 40-50% of cutaneous melanomas
and determine both tumor biology and therapeutic strategies [7-10]. BRAF and MEK
inhibitors, particularly in combination therapy (e.g., dabrafenib plus trametinib), have
surpassed previous standard treatments in both metastatic and postoperative adjuvant
settings, significantly improving response rates, progression-free survival (PFS), and overall
survival (OS) [11-14]. However, it has been reported that resistance to these anticancer
agents is almost inevitable, often emerging within a few months and limiting the duration
of therapeutic effectiveness [12,13,15-17]. This suggests the need for therapeutic strategies
targeting non-MAPK survival pathways that can complement MAPK-targeted therapies.

Resistance mechanisms to BRAF/MEK inhibition are diverse, with MAPK reacti-
vation being the most prevalent. Other contributing factors include NRAS mutations,
MEK1/2 mutations, BRAF amplification or splice variants, and pathway rewiring [15-17].
Additionally, receptor tyrosine kinase (RTK) signaling and PI3K-AKT activation can sup-
port cell survival via bypass pathways, with PDGFR(, IGFIR, and, in some cases, the
epidermal growth factor receptor (EGFR)/HER family involved in adaptive/acquired
resistance [15-20]. Furthermore, changes in cell state, transcriptional reprogramming (e.g.,
MITF-AXL balance), transmission of resistance factors via extracellular vesicles, and the
tumor microenvironment have been reported to enhance the resilience of melanoma to
therapeutic pressure [16,18-20]. In other words, even under dual MAPK blockade by
BRAF/MEK inhibitors, tumors can maintain proliferation and survival through non-MAPK
pathways, indicating potential opportunities for further therapeutic intervention.

Clinically, immune checkpoint inhibitors (anti-PD-1/anti-CTLA-4) have established
durable disease control in many patients with advanced melanoma [21,22], and recent
treatment-sequencing studies support immunotherapy-first strategies for many patients
with BRAF V600-mutant metastatic disease [23,24]. Nevertheless, BRAF/MEK-targeted
therapy remains essential in selected adjuvant settings, in patients requiring rapid disease
control, and after immunotherapy failure. Therefore, combination or sequential concepts
with agents acting on non-MAPK survival pathways remain relevant for delaying resistance
and extending disease control.

Retinoids regulate proliferation, differentiation, and apoptosis in a multifaceted man-
ner through RAR/RXR-dependent transcriptional control and RAR-independent mecha-
nisms. Among them, acyclic retinoids (ACR; peretinoin) have been the most extensively
studied in clinical settings for preventing the recurrence of hepatocellular carcinoma (HCC),
with trial results suggesting the suppression of secondary cancers after curative treat-
ment [25-29]. Mechanistically, studies on various tumor types have reported that ACR and
related retinoids regulate cell cycle/survival checkpoints by reducing EGFR Cyclin D1 lev-
els, increasing cell cycle inhibitors such as p27X"1, and suppressing STAT3 activity [30-35].
In liver cancer and squamous cell carcinoma models, ACR decreased p-EGFR, p-STATS3,
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and ERK levels, suppressed Cyclin D1 transcription, and promoted retinoid-responsive
gene groups [30,32,35]. Although these findings are disease-dependent, they support the
repositioning of ACR beyond HCC as a small molecule that inhibits proliferative signaling
and G1/S control at multiple nodes with low-to-moderate toxicity.

In BRAF/MEK inhibitor-resistant melanoma, the ideal combination adjuvant agent
should act downstream or in parallel to the MAPK pathway to avoid redundancy and
induce cell cycle arrest. Retinoids suppress the survival and proliferation programs that
persist after BRAF/MEK inhibition. Therefore, in this study, ACR (peretinoin) was inves-
tigated as a candidate adjuvant agent under conditions of resistance to dabrafenib plus
trametinib. Using the human melanoma cell line A375P and a resistant strain established
by long-term dual-inhibition exposure (A375PDTR), we tested the hypothesis that ACR
exerts a complementary antitumor effect independent of MAPK pathway inhibition. Fur-
thermore, it is known that activation of STAT3 promotes cell proliferation by enhancing the
expression of Cyclin B1 and Cyclin D1, while suppressing the expression of p27XIP1. [36-41].
Specifically, it was hypothesized that ACR decreases the survival rate and colony-forming
ability of resistant cells, induces rewiring characterized by reductions in EGFR, Cyclin B1,
and Cyclin D1, increases in p27XI"!, and suppression of STAT3 phosphorylation, while
having minimal influence on the phosphorylation of AKT, MEK/ERK, and JNK. This is
consistent with the literature evidence that ACR regulates EGFR/STAT3 and cell cycle
output rather than directly inhibiting MAPK [30-35]. If demonstrated, this would provide
a rationale for using non-MAPK therapeutic levers to reduce the viability of dabrafenib
plus trametinib-resistant melanoma cells.

In this study, we evaluated the effects of ACR on melanoma, particularly on
BRAF/MEK inhibitor-resistant cancer cells, an area where insights into the multi-pathway
regulation of ACR, as demonstrated in HCC and squamous cell carcinoma, are insufficient.
Furthermore, we believe that low-toxicity small molecules that do not amplify MAPK
pathway-related adverse events could be advantageous as part of long-term maintenance
strategies for resistant cases of melanoma. Overall, we propose the potential utility of ACR
as an agent that acts through a pathway distinct from MAPK-targeted therapies in BRAF
V600-mutant melanoma. Considering the urgent epidemiological need and the benefits
and limitations of BRAF/MEK inhibitor, EGFR/STAT3 inhibition, and cell cycle regulation,
we aimed to verify that ACR can suppress survival and colony formation in dual inhibitor-
resistant melanoma while having minimal effect on MAPK/AKT/JNK phosphorylation.
This is directly linked to combination designs with dabrafenib plus trametinib, high-
lighting the potential of retinoid-based adjunct strategies to delay resistance and prolong
disease control.

2. Results

2.1. ACR Further Reduces Viability Under Selected Dabrafenib and Trametinib Conditions in
Parental A375P Cells

To evaluate the growth-suppressive effect of ACR under selected dabrafenib plus
trametinib conditions in parental A375P melanoma cells harboring BRAFV600E, cells
were exposed to dabrafenib, trametinib, and ACR for 72 h, and cell viability was mea-
sured (Figure 1). In the absence of ACR, dabrafenib plus trametinib treatment led to a
concentration-dependent decrease in cell viability, indicating that A375P cells are sen-
sitive to dual MAPK inhibition. When ACR (20 uM) was combined, cell viability was
further reduced under several drug conditions compared with the corresponding con-
ditions without ACR. These data indicate that ACR can further reduce viability under
selected in vitro combination conditions; however, formal Bliss, Loewe, ZIP, HSA, or Chou-
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Talalay combination-index analyses were not performed, and the present data should not
be interpreted as demonstrating synergy or additivity.

120

=100

®
o
k3

*k

[22]
o
T

*%

N
o
T
*
*

Relative cell viability (%

*k

N
o
T

dek

0
Dab (UM) 0 3 10 0 3 10
Tra (UM) 0 0.3 1 0 0.3 1

ACR - +

Figure 1. ACR enhances the antitumor effect of dabrafenib/trametinib in parental A375P cells. A375P
cells were treated with dabrafenib (Dab) and trametinib (Tra), in combination with ACR (20 uM), for
72 h. Values are expressed as percentages normalized to the mean of the vehicle (DMSO) control. Bars
indicate mean £ SD (n = 4). Statistical analysis was performed using one-way ANOVA, followed
by the Tukey—Kramer multiple-comparison test. Asterisks indicate significant differences from the
vehicle group (** p < 0.01). Sharps Indicates significant differences between the non-exposed and
ACR-exposed to ACR at the same concentrations of Dab + Tra (## p < 0.01).

2.2. Establishment and Characterization of Dabrafenib Plus Trametinib-Resistant
A375P Derivatives

A375P cells were exposed to a combination of dabrafenib and trametinib for
six months, and four single-cell-derived resistant clones (A375PDTR-A-D) were gener-
ated. Figure 2A,B show the representative morphology of the parental strain and one
resistant clone (A375PDTR-D). The drug responses of parental A375P and four A375PDTR
clones to dabrafenib and trametinib were compared. Under combination treatment, each
resistant clone consistently showed higher survival rates than the parental strain under
the same drug conditions (Figure 2C). These results indicate that each clone acquired drug
resistance. To examine the changes in intracellular signaling pathways associated with
drug resistance, we measured ERK activity. In parental A375P cells, combination treatment
with dabrafenib and trametinib significantly decreased p-ERK1/2 levels, whereas no such
decrease was observed in resistant clones (Figure 2D,E). These results demonstrate that
even under dual BRAF/MEK inhibitor treatment, resistant clones are characterized as
drug-resistant clones. To confirm the generality of these findings, the same analyses were
performed on A375PDTR-B and A375PDTR-C cells. In these independent clones, no signifi-
cant decrease in p-ERK1/2 was observed following combination treatment with dabrafenib
and trametinib (Supplementary Figure S1), supporting consistent ERK suppression failure
across clones.

2.3. ACR Reduced the Short-Term Viability and Long-Term Clonogenic Survival of the Resistant
Clone A375PDTR-D

To evaluate the antitumor effect of ACR on melanoma cells after acquiring drug
resistance, A375PDTR-D cells were treated with dabrafenib, trametinib, and ACR, and
their viability was measured. Under multiple dabrafenib—trametinib exposure conditions,
combined treatment with ACR further reduced cell viability compared to conditions with-
out ACR (Figure 3A). Next, the clonogenic ability of drug-resistant melanoma cells was
assessed using a colony assay. Visible decreases in both colony numbers and sizes were
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observed after ACR treatment. Quantitative analysis further showed that colony numbers
were significantly reduced by ACR at 20 and 30 uM (Figure 3C). These results indicate that
ACR suppresses both short-term viability and long-term clonogenic ability in dabrafenib
plus trametinib-resistant melanoma cells, suggesting its potential as a novel drug candidate
for resistant melanomas.
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Figure 2. Establishment of resistant A375PDTR clones through long-term exposure to dabrafenib plus
trametinib. The parental A375P cell line was exposed stepwise to dabrafenib (Dab) + trametinib (Tra)
for 6 months, resulting in the establishment and evaluation of four resistant clones (A375PDTR-A-D).
(A,B): Representative morphologies of A375P (A) and A375PDTR-D (B) cells. (C): Dose-dependent
survival rate (72 h) upon combined Dab + Tra treatment in A375P and A375PDTR-A to D. Results
were normalized to the average of the vehicle (DMSO) control and expressed as percentages. Bars
indicate mean + SD (n = 4). Statistical analysis was performed using one-way ANOVA, followed by
the Tukey—Kramer multiple comparison test. Asterisks indicate statistically significant differences
compared with the vehicle (DMSO) control in parental A375P cells (** p < 0.01). Sharps indicate
significant differences compared with parental A375P cells under the same dabrafenib plus trametinib
condition (## p < 0.01). (D): Changes in ERK1/2 phosphorylation levels upon exposure to Dab + Tra
in each cell line. (E): The relative amounts of p-ERK2/ERK2 were quantified and normalized to the
vehicle = 100% for each cell line. Bars indicate mean + SD (n = 4). Statistical analysis was performed
using one-way ANOVA (Tukey—Kramer), with statistical significance compared to the vehicle control
within the same cell line, indicated by (** p < 0.01).
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Figure 3. ACR significantly suppressed the survival rate and colony-forming ability of dabrafenib
plus trametinib-resistant melanoma cells. (A): Relative survival rate of A375PDTR-D cells after 72 h
of treatment with dabrafenib (Dab), trametinib (Tra), and ACR. Values were normalized to the mean
of the vehicle (DMSO) control and expressed as a percentage. Bars represent the mean + SD (1 = 5).
Statistical analysis was performed using one-way ANOVA followed by the Tukey-Kramer multiple
comparison test. The asterisks indicate significant differences compared to the vehicle (DMSO) control
(** p < 0.01). Sharps in the figure indicate significant differences between 20 uM and 30 uM ACR at
the same Dab + Tra concentration (## p < 0.01). (B): Representative image of the colony formation
assay of A375PDTR-D cells. (C): Quantification of colony numbers. Values were normalized to the
mean of the vehicle (DMSO) control and expressed as a percentage. Bars represent the mean + SD
(n = 4). Statistical analysis was performed using one-way ANOVA followed by the Tukey-Kramer
multiple comparison test. Asterisks indicate significant differences compared to the vehicle (DMSO)
control (** p < 0.01). Sharps in the figure indicate significant differences between ACR concentrations
(##p <0.01).

2.4. ACR Suppresses STAT3 Activation in the Resistant Clone A375PDTR-D

The JAK/STAT axis, particularly STAT3, is often constitutively activated in melanoma
and contributes to cell survival, motility, and metastasis. STAT3 is activated downstream of
RTKSs and Src and is further induced by MAPK inhibition to support adaptive invasion [4].
To determine whether ACR treatment was associated with changes in STAT3 activation, we
examined phospho-STAT3 (Tyr705) levels in A375PDTR-D cells. In the absence of ACR,
no clear changes were observed in phospho-STAT3 (Tyr705) levels. In the presence of
ACR, phospho-STAT3 (Tyr705) levels were reduced regardless of the presence or absence
of dabrafenib and trametinib (Figure 4). These results indicate that, under the tested
conditions, ACR treatment was associated with reduced STAT3 Tyr705 phosphorylation.
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Figure 4. ACR reduces STAT3 phosphorylation (Tyr705) in dabrafenib plus trametinib-resistant
melanoma cells. (A): Western blot analysis of phospho-STAT3 (Tyr705) and total STAT3 in A375PDTR-
D cells. (B): Changes in phospho-STAT3 levels following ACR treatment in dabrafenib plus trametinib-
resistant cells. Values are expressed as percentages normalized to the mean of the vehicle (DMSO)
control. The bars represent the mean =+ SD (n = 4). Statistical analysis was performed using one-way
ANOVA followed by the Tukey—Kramer multiple comparison test. Asterisks indicate significant dif-
ferences compared to the vehicle (DMSO) control (** p < 0.01). Sharps indicate significant differences
depending on the presence or absence of ACR at the same concentration of Dab + Tra (## p < 0.01).

2.5. ACR Did Not Detectably Suppress AKT, MEK/ERK, or Basal [NK Phosphorylation in
A375PDTR-D Cells

The PI3K/AKT pathway is frequently disrupted by upstream changes in PTEN or
RTK activity, which not only enhance resistance to apoptosis and promote growth and
survival signals, but also interact with MAPK signaling to contribute to drug resistance [5].
To determine whether the antitumor effect of ACR involves the PI3K/AKT pathway, we
examined the changes in phospho-AKT levels in A375PDTR-D cells. Consequently, ACR
treatment did not affect phospho-AKT levels, regardless of the presence or absence of
dabrafenib plus trametinib (Figure 5).

The BRAF/MEK/ERK (MAPK) pathway is one of the most highly activated path-
ways in melanoma, and MAPK signaling is excessively activated by BRAF (V600E/K)
activating mutations or NRAS/NF1/KIT abnormalities, thereby promoting proliferation
and invasion [3]. To determine whether ACR treatment was accompanied by detectable
changes in the MAPK pathway, we examined the changes in phospho-MEK and ERK levels
in A375PDTR-D cells. Under the tested conditions, ACR treatment did not detectably
suppress phospho-MEK or phospho-ERK levels, regardless of the presence or absence of
dabrafenib and trametinib (Figure 6).
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Figure 5. ACR did not detectably suppress AKT phosphorylation in dabrafenib plus trametinib-
resistant melanoma cells under the tested conditions. (A): Western blot analysis of phospho-AKT
and total AKT in A375PDTR-D cells. (B): Changes in phospho-AKT levels following ACR treatment
in dabrafenib plus trametinib-resistant cells. Values are presented as percentages normalized to the
mean of the vehicle (DMSO) control. Bars indicate the mean + SD (n = 3). No significant difference
was observed versus vehicle (one-way ANOVA followed by Tukey-Kramer).

The JNK/c-Jun pathway is involved in melanoma malignancy, and JNK/c-Jun ac-
tivation has been associated with increased cell proliferation and shortened relapse-free
periods [6]. To clarify whether ACR treatment was accompanied by detectable changes
in basal JNK/c-Jun signaling, we examined the changes in phospho-JNK levels in
A375PDTR-D cells treated with ACR. Under the tested conditions, ACR treatment did
not detectably suppress phospho-JNK levels, regardless of the presence or absence of
dabrafenib plus trametinib (Figure 7).

These findings indicate that, under the tested conditions, ACR is associated with
STAT3 attenuation and changes in EGFR/cell-cycle regulatory proteins, whereas AKT,
MEK/ERK, and basal JNK phosphorylation were not detectably suppressed.

2.6. ACR Modulates EGFR and Cell-Cycle Regulators in A375PDTR-D Cells

It has been reported that ACR and related retinoids are involved in the expression
and activity of EGFR, which is upstream of the JAK/STAT pathway, as well as Cyclin
D1, Cyclin B1, and p27KIP1, which are related to cell-cycle control [30-35]. To assess
whether ACR-associated growth reduction was accompanied by changes in EGFR and
cell-cycle/JAK/STAT-related proteins, we examined changes in the expression of EGFR,
Cyclin D1, Cyclin B1, and p27KIP1. Regardless of the presence or absence of dabrafenib
plus trametinib, ACR treatment significantly decreased EGFR, Cyclin D1, and Cyclin Bl
levels and significantly increased p27KIP1 levels (Figure 8). These results suggest that
ACR treatment is associated with reduced EGFR expression and changes in JAK/STAT
pathway-related proteins, which may contribute to reduced proliferation.
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Figure 6. ACR did not detectably suppress MEK/ERK phosphorylation in dabrafenib plus trametinib-
resistant melanoma cells under the tested conditions. (A): Western blot analysis of p-MEK, total MEK,
p-ERK1/2, and total ERK1/2 in A375PDTR-D cells. (B-D): Changes in p-MEK and p-ERK2 levels
following ACR treatment of dabrafenib plus trametinib-resistant cells. Values were normalized to
the mean of the vehicle (DMSO) control and are displayed as percentages. Bars indicate mean & SD
(n = 3). No significant difference was observed versus vehicle (one-way ANOVA followed by
Tukey—Kramer).

A
p-JNK - 86 kDa

INK|[ s - 86 kDa

ACR(uM) 0 0 0 20
Dab. (nM) O 0 3 3
Tra.(uM) O 0 03 03

Figure 7. Cont.

https://doi.org/10.3390/ijms27146245


https://doi.org/10.3390/ijms27146245

Int. J. Mol. Sci. 2026, 27, 6245

10 of 19

250

200 r

150 r

100 r

p-JNK/ JNK (%)

50 r

o L1
ACR (uM) 0
Dab. (nM) 0
Tra.(uM) O

1
20
0 3 3
0 0.3 0.3

Figure 7. ACR did not detectably suppress basal JNK phosphorylation in dabrafenib plus trametinib-
resistant melanoma cells under the tested conditions. (A): Western blot of phospho-JNK and total JNK
in A375PDTR-D cells. (B): Changes in phospho-JNK levels in dabrafenib plus trametinib-resistant
cells after ACR treatment. Values are expressed as a percentage normalized to the mean of the vehicle

(DMSO) control. Bars represent the mean = SD (1 = 3). No significant difference was observed versus
vehicle (one-way ANOVA followed by Tukey—Kramer).
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Figure 8. In dabrafenib plus trametinib-resistant melanoma cells, the levels of EGFR, Cyclin D1 and
Cyclin B1 were reduced, whereas the level of pZ7KIP1 was increased. (A): Western blot analysis of
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EGFR, Cyclin D1, Cyclin B1 and p27KIP1 in A375PDTR-D cells. Tubulin was detected as a loading
control. (B-E): Densitometric quantification of EGFR (B), Cyclin D1 (C), Cyclin Bl (D) and pZ7KIP 1
(E). Each signal was normalized to tubulin, then normalized to the mean value of the vehicle (DMSO)
control, and expressed as a percentage. Bars represent the mean £ SD (n = 4). Statistical analysis was
performed using one-way ANOVA, followed by Tukey-Kramer multiple comparisons. Asterisks
indicate significant differences compared to the vehicle group (** p < 0.01). Sharps indicate a significant
difference in the presence or absence of ACR at the same concentration of Dab + Tra (## p < 0.01).

3. Discussion

In this study, four dabrafenib (D) + trametinib (T)-resistant clones established from
A375P demonstrated higher survival rates than the parental line, even under dual MAPK
inhibition, and failed to suppress ERK phosphorylation upon dabrafenib plus trame-
tinib exposure, thereby confirming both functional and biochemical resistance. Under
these conditions, ACR (peretinoin) reduced short-term viability and clonogenic growth
of A375PDTR-D cells. Consistent with an association-based model, ACR treatment was
accompanied by reduced STAT3 phosphorylation (Tyr705), decreased EGFR, Cyclin D1,
and Cyclin B1 levels, and increased p27KIP1. These findings suggest changes in receptor-
signaling and cell-cycle regulatory outputs, but they do not establish a causal pathway or
direct G1/S arrest. In contrast, AKT, MEK/ERK, and basal JNK phosphorylation were not
detectably suppressed under the tested conditions. Taken together (Figure 9), these findings
support an association-based working model in which ACR reduces in vitro growth in
A375-derived dabrafenib plus trametinib-resistant melanoma cells without demonstrating
pathway causality or MAPK/AKT/JNK pathway independence.

[ R?S J [ Pi3k ) JAK |
(MEKK | [ BRAFVeorE |

( MIJ'(K | MéKEﬂ[ A
( J:IKD] ( EI;KD] STATY)
)

[ c-Jun ][ c-Fos ]

\
(CyclinB¥)( CyclinD¥)[  p27A )

Molecules verified
in this study

A
3
O

V  Downregulated

[0 Nochange A Upregulated

Figure 9. Proposed working model based on the associations observed in this study. Under
BRAF/MEK inhibitor resistance (dabrafenib plus trametinib), ERK phosphorylation is not suffi-
ciently suppressed (incomplete MAPK inhibition). ACR was associated with reduced STAT3 Tyr705
phosphorylation and changes in EGFR/cell-cycle regulators, while AKT, MEK/ERK, and basal
JNK phosphorylation were not detectably suppressed under the tested conditions (Figures 5-8).
These molecular changes coincided with reduced short-term viability and clonogenic growth
in A375PDTR-D cells (Figure 3). This model is hypothesis-generating and does not establish
pathway causality.

Acquired resistance to BRAF/MEK inhibition is multifaceted, and several studies
have described mechanisms such as NRAS/MEK gene mutations, BRAF gene amplification
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and splice variants, MAPK reactivation through downstream pathway rewiring, and
survival bypass pathways involving RTKs and PI3K/AKT signaling [15-20,42-44]. In
early mechanistic studies, Nazarian et al. presented increased PDGFRf expression and
NRAS mutations as mutually exclusive drivers of BRAF inhibitor resistance, highlighting
both RTK bypass signaling and RAS-dependent pathway reactivation [15]. Subsequent
integrative studies have demonstrated RTK-driven adaptive responses, including those
involving the ERBB family, transcriptional state changes, and the influence of the tumor
microenvironment [17,42—44]. The finding in this study that A375PDTR cells failed to
show a decrease in p-ERK is consistent with this trend and supports the need to examine
non-MAPK adjunct strategies.

Among RTKs, EGFR/HER-family signaling is relevant to resistance in BRAF-mutant
melanoma. Sun et al. demonstrated that some BRAF-inhibitor-resistant melanoma cells
acquire EGFR expression and that EGFR can enhance proliferation under BRAF/MEK inhi-
bition [43]. Epigenetic upregulation of EGFR and overactivation of the EGFR/PI3K/AKT
pathway have also been reported in BRAF inhibitor-resistant cutaneous melanoma [45],
while FOXD3-mediated ERBB3 upregulation provides another ligand-responsive escape
route [42]. These studies support the broader concept that RTK/ERBB-family context
can influence response to BRAF/MEK inhibition. In this study, the decrease in EGFR
protein expression level by ACR (Figure 8) is consistent with classical findings that retinoid
treatment can reduce EGFR-related signaling in other tumor models [32]. A recent ex-
ploratory biomarker analysis from the phase IIl COLUMBUS study further supports the
clinical relevance of ERBB-family and tumor-context biomarkers in BRAF/MEK-targeted
therapy [46]. In that analysis, clinical benefit from encorafenib plus binimetinib versus
vemurafenib varied according to molecular features, including tumor ERBB2 expression
context. Although our study examined EGER rather than ERBB2 and used an in vitro A375-
derived resistant model, these clinical transcriptomic data support the broader concept
that RTK/ERBB-family context can influence response to BRAF/MEK inhibition and may
identify bypass states relevant to resistance. Therefore, the COLUMBUS analysis is cited as
clinical context for ERBB-family relevance in targeted therapy, not as direct evidence that
ERBB2 was involved in the present model.

STAT3 integrates RTK/Src/JAK pathways and regulates transcriptional programs
related to cell survival, invasion, and immune-context signaling. Vultur et al. demonstrated
that MEK/BRAF inhibition can induce STAT3 signaling and invasive behavior in human
melanoma models and that STAT3 inhibition was particularly effective in a 3D context [47].
The reduction in p-STAT3 by ACR (Figure 4) is also consistent with previous reports
that ACR and related retinoids affect EGFR/STAT3- and cell-cycle-associated signaling in
other tumor contexts [30-35]. In the present study, however, these observations should be
interpreted as associations, because rescue or perturbation experiments were not performed
to prove that STAT3 attenuation is required for ACR-mediated growth reduction.

Excessive Cyclin D1 levels and reduced p27KIP1 levels are typical drivers of G1
progression. Retinoids have classically been shown to affect Cyclin D1 turnover/expression
and p27KIP1 regulation [30-35,48,49]. In this study, ACR treatment was associated with
reduced Cyclin D1 and Cyclin B1 levels and increased p27KIP1 in resistant melanoma
cells. These changes are consistent with reduced proliferative output, but direct cell-cycle
distribution, DNA-synthesis, and apoptosis assays were not performed. Thus, the present
data support an association-based model linking ACR treatment to altered EGFR/STAT3
and cell-cycle regulatory proteins, rather than proving direct G1/S or G2/M arrest.

ACR/retinoids have been reported to affect p-ERK levels and EGFR-related signaling
in liver and other tumor systems [26,32,35]. However, in the drug-resistant melanoma
system studied here, no significant changes were observed in p-AKT, p-MEK/ERK, or
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p-JNK levels. This finding should be interpreted cautiously because the AKT, MEK/ERK,
and JNK immunoblot analyses were performed with n = 3, and the JNK assay lacked a
pathway-activation positive control. Nevertheless, the observed changes in STAT3/EGFR
and cell-cycle regulatory proteins suggest that downstream transcriptional and prolif-
erative outputs may remain modifiable even when proximal MAPK signaling is not
detectably suppressed.

Even as adjuvant therapy, dabrafenib plus trametinib prolongs recurrence-free sur-
vival, with sustained effects demonstrated at five years [12], and long-term outcomes of
BRAF/MEK-targeted therapy in metastatic melanoma have also been reported [13]. Im-
mune checkpoint inhibition has also improved long-term survival in advanced melanoma,
with 10-year CheckMate-067 data reported for nivolumab plus ipilimumab [22]. Treatment-
sequencing studies support immunotherapy-first approaches for many patients with BRAF-
mutant metastatic melanoma, while targeted therapy remains clinically important in se-
lected contexts [23,24]. Within this clinical ecosystem, our data suggest that ACR may
modulate EGFR/STAT3 and cell-cycle regulatory outputs in vitro without detectable sup-
pression of MAPK/AKT/JNK phosphorylation under the tested conditions. These prop-
erties support further preclinical evaluation of ACR as a candidate non-MAPK adjunct
strategy, but formal drug-interaction analyses, clinically achievable exposure, tolerability
in melanoma models, and in vivo efficacy remain to be established.

Peretinoin (ACR) has been clinically studied mainly in the hepatocellular carcinoma
setting [27,50,51]. The consistent trends observed in this study, including decreased EGFR,
p-STAT3, and Cyclin D1 levels and increased p27KIP1, are broadly consistent with previous
retinoid-related studies. However, ACR was used at 20-30 uM in vitro in the present
melanoma experiments; reported clinical plasma exposure after oral peretinoin dosing is
lower than this range [50], and whether these concentrations are achievable in melanoma
tissue after clinically used peretinoin dosing is unknown. Therefore, the pharmacological
gap between the in vitro concentration range and clinically achievable exposure should be
treated as a limitation rather than as evidence of direct translational feasibility.

Strategies to delay or overcome BRAF/MEK inhibitor resistance include vertical
MAPK inhibition, RTK/Src or ERBB-family blockade, FAK/YAP-related interventions, and
combination with immunotherapy [15-20,42-45,47,52-54], but each comes with challenges
such as toxicity and cross-resistance. In this study, we focused on ACR, which was associ-
ated with changes in the EGFR-STAT3-cell-cycle regulatory axis, and showed its potential
for further evaluation as a non-MAPK adjunct candidate with dabrafenib plus trametinib.
These association-based features suggest that ACR may reduce proliferative output even
when proximal signaling is buffered. Going forward, verification related to interaction
analysis (Bliss/Loewe/ZIP/HSA) and timing sequences (simultaneous/sequential) will
be necessary.

This study has several important limitations. First, the ACR-response experiments
were performed mainly in one A375-derived resistant clone, A375PDTR-D. Although four
resistant clones were generated and additional clones supported failure of ERK suppres-
sion under dabrafenib plus trametinib, the effects of ACR on viability, colony formation,
STAT3 phosphorylation, EGFR, and cell-cycle regulators were not validated across multiple
independent clones or patient-derived melanoma models. Therefore, the findings should
be interpreted as in vitro proof-of-concept data rather than as evidence of a broadly general-
izable effect in resistant melanoma. Second, the molecular basis of resistance in A375PDTR
clones was not defined by genomic or transcriptomic profiling, and resistance mechanisms
such as BRAF amplification or splice variants, NRAS/MEK alterations, RTK rewiring, and
MITF/AXL state changes remain unresolved. Third, the observed decreases in p-STAT3,
EGFR, Cyclin D1, and Cyclin B1 and the increase in p27KIP1 are associative; rescue, knock-
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down, or pharmacological comparator studies were not performed to establish that EGFR
or STAT3 suppression is required for ACR-mediated growth reduction. Fourth, formal
drug-interaction analyses were not performed, so the effects of ACR with dabrafenib plus
trametinib cannot be classified as synergistic or additive. Fifth, direct assays of cell-cycle
distribution, DNA synthesis, apoptosis, or cell death were not performed, and metabolic
viability and colony assays cannot distinguish cytostatic effects from apoptosis or metabolic
suppression. Sixth, all experiments were performed in vitro, without animal efficacy, toler-
ability, or immune-context evaluation. Seventh, the n = 3 immunoblot analyses for AKT,
MEK/ERK, and JNK may be underpowered to exclude modest pathway changes, and
the JNK immunoblotting did not include a pathway-activation positive control; therefore,
nonsignificant results should not be interpreted as definitive evidence of pathway inde-
pendence. Finally, ACR was used at 20-30 pM in vitro; the relationship between these
concentrations and clinically achievable peretinoin exposure remains uncertain. These
issues define the next experimental steps required before clinical translation can be inferred.

4. Materials and Methods
4.1. Cell Lines, Authentication, and General Culture

Cell culture: The human melanoma cell line A375P was supplied by the American Type
Culture Collection (Manassas, VA, USA) and cultured in RPMI-1640 medium supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin (FUJIFILM Wako Chemicals,
Osaka, Japan) at 37 °C in 5% CO;. The cells were routinely subcultured every 2-3 days to
maintain exponential growth. Mycoplasma contamination was tested using a MycoAler
Mycoplasma Detection Kit (Lonza, Basel, Switzerland) and was found to be negative for
mycoplasma. For the experimental assays, cells were seeded at appropriate densities to
ensure logarithmic growth during the treatment period.

4.2. Establishment of Dabrafenib Plus Trametinib-Resistant Clones

A375P cells were cultured for six months while being exposed to gradually increasing
concentrations of dabrafenib and trametinib. The selection protocol started at 100 nM
dabrafenib plus 1 nM trametinib. The dabrafenib concentration was increased by approxi-
mately 10 nM at approximately 1-week intervals until reaching 250 nM, while trametinib
was co-administered and ultimately maintained at 10 nM. Cells were maintained continu-
ously in drug-containing medium, with medium replacement every 3 days, and passaged
from approximately 10-20% to 80-90% confluence. After six months of exposure, four
single-cell-derived clones (A-D) were isolated and expanded. Unless otherwise specified,
clone D (A375PDTR-D) was used in the main figures, whereas clones B and C were used in
Supplementary Figure S1 to assess whether ERK suppression failure was also observed in
additional resistant clones.

4.3. Reagents and Treatments

Acyclic retinoids were purchased from Sigma-Aldrich (St. Louis, MO, USA), and
dabrafenib and trametinib were purchased from Funakoshi (Tokyo, Japan). Rabbit poly-
clonal antibodies against ERK1/2, phospho-STAT3 (Tyr705), STAT3, Epidermal growth
factor receptor (EGFR), phospho-AKT, p27XF!, phospho-JNK1/2 and JNK1/2 were put-
chased from Cell Signaling Technology (Danvers, MA, USA). Mouse monoclonal antibod-
ies against phospho-ERK1/2, Cyclin B1 and alpha-tubulin were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Antibodies against AKT, phospho-MEK, MEK, and Cy-
clin D1 were purchased from Cell Signaling Technology and used as primary antibodies
for immunoblotting.
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4.4. Cell Viability Assay

Cell viability was assessed using the resazurin method [ready-to-use solution; Tokyo
Chemical Industry, Tokyo, Japan]. Briefly, cells were seeded in 96-well plates at a density of
5 x 103 cells per well and allowed to adhere overnight. Cells were treated with various
concentrations of acyclic retinoids with /without dabrafenib and trametinib for 72 h, and
cells treated with an equivalent volume of dimethyl sulfoxide (vehicle) served as the
negative control. After treatment, ready-to-use resazurin solution was added at a volume
equal to 10% of the cell culture medium volume, and the cells were incubated for 2 h.
Finally, the absorbance of each well was measured at 570 nm using a microplate reader
(Model 630; Bio-Rad Laboratories, Hercules, CA, USA). Cell viability was expressed as the
percentage of OD of control wells treated with dimethyl sulfoxide (100%).

4.5. Colony Formation Assay

A375PDTR-D cells were seeded in 6-well plates at a density of 1.0 x 103 cells/well
and cultured for 10 days in medium containing vehicle or ACR, with ACR maintained
throughout the assay until visible colonies formed. Colonies were fixed, stained, and
counted as colonies containing > 50 cells. Data are presented as mean =+ SD (n = 4). The
experiment was conducted in accordance with the standardized in vitro clonogenic assay
guidelines [55].

4.6. Immunoblotting

Cells treated with or without reagents were washed twice with ice-cold phosphate-
buffered saline and lysed in 100 pL of lysis buffer [20 mM HEPES (pH 7.4), 150 mM
NaCl, 12.5 mM B-glycerophosphate, 1.5 mM MgCl2, 2 mM Ethylene Glycol Bis(beta-
aminoethylether)-N,N,N,N-tetraacetic acid (EGTA), 10 mM NaF, 2 mM dithiothreitol,
1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 20 ng/mL aprotinin, and 0.5% Triton
X-100]. The inhibitor-containing lysis buffer was prepared immediately before use; labile
protease/phosphatase inhibitors, including sodium orthovanadate, phenylmethylsulfonyl
fluoride, and aprotinin, were added fresh at the time of lysis. Whole cell lysates were
resolved by sodium dodecyl sulfate—polyacrylamide gel electrophoresis and transferred
to a ClearTrans PVDF membrane (FUJIFILM Wako Chemicals). The membranes were
immunoblotted with antibodies described earlier, and the bound antibodies were visu-
alized with horseradish peroxidase-conjugated antibodies against rabbit or mouse IgG
(Calbiochem, Darmstadt, Germany) using ImmunoStar Zeta or InmunoStar LD (FU]JI-
FILM Wako Chemicals). Images were captured using a Lumicube (Liponics, Tokyo, Japan).
The bands were quantified using Just TLC software (version 4.7, Liponics, Tokyo, Japan).
Protein expression was normalized to that of «-tubulin.

4.7. Statistical Analysis

All experiments were performed independently at least thrice. Data are presented
as mean = standard deviation (SD). Statistical analyses were performed using JMP Pro
(version 16.0.0; SAS Institute, Cary, NC, USA). Prior to the analyses, the normality of
the data distribution was assessed using the Shapiro-Wilk test, and the homogeneity of
variance was tested using Levene’s test. Multiple group comparisons were conducted
using one-way analysis of variance, followed by Tukey —Kramer post hoc tests. Statistical
significance was set at p < 0.05.

5. Conclusions

In A375-derived dabrafenib plus trametinib-resistant melanoma cells, ACR reduced
short-term viability and clonogenic growth in vitro and was associated with reduced

https://doi.org/10.3390/ijms27146245


https://doi.org/10.3390/ijms27146245

Int. J. Mol. Sci. 2026, 27, 6245 16 of 19

STAT3 Tyr705 phosphorylation, lower EGFR, Cyclin D1, and Cyclin B1 expression, and
increased p27KIP1. Under the tested conditions, ACR did not detectably suppress AKT,
MEK/ERK, or basal JNK phosphorylation. These data support further evaluation of ACR as
a candidate non-MAPK adjunct strategy, but the present study does not establish pathway
causality, formal synergy, broad model generalizability, clinically achievable exposure, or
in vivo efficacy.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/ijms27146245/s1.

Author Contributions: Conceptualization, .Y.; methodology, M.N. and LY.; investigation, M.N.,
M.K. and H.H.; formal analysis, M.N. and LY.; writing—original draft preparation, M.N. and L.Y.;
writing—review and editing, M.N., M.K., H.H. and L.Y.; supervision, LY. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported in part by the Ministry of Education, Culture, Sports, Science
and Technology (MEXT) Grants-in-Aid for Scientific Research (C) (grant number 22K12393).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to their being part of an ongoing study.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. TARC. Melanoma of Skin Factsheet (2024 Update). Available online: https://gco.iarc.who.int/media/globocan/factsheets/cance
rs/16-melanoma-of-skin-fact-sheet.pdf (accessed on 3 July 2026).

2. Arnold, M;; Singh, D.; Laversanne, M.; Vignat, J.; Vaccarella, S.; Meheus, F,; Cust, A.E.; de Vries, E.; Whiteman, D.C.; Bray, F.
Global Burden of Cutaneous Melanoma in 2020 and Projections to 2040. JAMA Dermatol. 2022, 158, 495-503. [CrossRef] [PubMed]

3. Guo, W.; Wang, H.; Li, C. Signal pathways of melanoma and targeted therapy. Signal Transduct. Target. Ther. 2021, 6, 424.
[CrossRef] [PubMed]

4. Niu, G,; Bowman, T.; Huang, M.; Shivers, S.; Reintgen, D.; Daud, A.; Chang, A.; Kraker, A.; Jove, R.; Yu, H. Roles of activated Src
and Stat3 signaling in melanoma tumor cell growth. Oncogene 2002, 21, 7001-7010. [CrossRef] [PubMed]

5. Madhunapantula, S.V.; Mosca, PJ.; Robertson, G.P. The Akt signaling pathway: An emerging therapeutic target in malignant
melanoma. Cancer Biol. Ther. 2011, 12, 1032-1049. [CrossRef] [PubMed]

6. Kappelmann, M.; Bosserhoff, A.; Kuphal, S. AP-1/c-Jun transcription factors: Regulation and function in malignant melanoma.
Eur. J. Cell Biol. 2014, 93, 76-81. [CrossRef] [PubMed]

7. Ascierto, P.A.; Kirkwood, J.M.; Grob, ]J.J.; Simeone, E.; Grimaldi, A.M.; Maio, M.; Palmieri, G.; Testori, A.; Marincola, EM.;
Mozzillo, N. The role of BRAF V600 mutation in melanoma. J. Transl. Med. 2012, 10, 85. [CrossRef] [PubMed]

8. Greaves, W.O.; Verma, S.; Patel, K.P; Davies, M.A.; Barkoh, B.A.; Galbincea, ].M.; Yao, H.; Lazar, A.].; Aldape, K.D.; Medeiros, L.J.;
et al. Frequency and spectrum of BRAF mutations in a retrospective, single-institution study of 1112 cases of melanoma. J. Mol.
Diagn. 2013, 15, 220-226. [CrossRef] [PubMed]

9. Hannan, E.J.; O’Leary, D.P; MacNally, S.P; Kay, E.W,; Farrell, M.A.; Morris, P.G.; Power, C.P; Hill, A.D.K. The significance of
BRAF V600E mutation status discordance between primary cutaneous melanoma and brain metastases: The implications for
BRAF inhibitor therapy. Medicine 2017, 96, e8404. [CrossRef] [PubMed]

10. Castellani, G.; Buccarelli, M.; Arasi, M.B.; Rossi, S.; Pisanu, M.E.; Bellenghi, M.; Lintas, C.; Tabolacci, C. BRAF Mutations
in Melanoma: Biological Aspects, Therapeutic Implications, and Circulating Biomarkers. Cancers 2023, 15, 4026. [CrossRef]
[PubMed]

11.  Robert, C.; Karaszewska, B.; Schachter, J.; Rutkowski, P.; Mackiewicz, A.; Stroiakovski, D.; Lichinitser, M.; Dummer, R.; Grange, F,;
Mortier, L.; et al. Improved overall survival in melanoma with combined dabrafenib and trametinib. N. Engl. ]. Med. 2015, 372,
30-39. [CrossRef] [PubMed]

12.  Long, G.V,; Hauschild, A.; Santinami, M.; Atkinson, V.; Mandala, M.; Chiarion-Sileni, V.; Larkin, J.; Nyakas, M.; Dutriaux, C.;

Haydon, A.; et al. Adjuvant Dabrafenib plus Trametinib in Stage III BRAF-Mutated Melanoma. N. Engl. |. Med. 2017, 377,
1813-1823. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27146245


https://www.mdpi.com/article/10.3390/ijms27146245/s1
https://gco.iarc.who.int/media/globocan/factsheets/cancers/16-melanoma-of-skin-fact-sheet.pdf
https://gco.iarc.who.int/media/globocan/factsheets/cancers/16-melanoma-of-skin-fact-sheet.pdf
https://gco.iarc.who.int/media/globocan/factsheets/cancers/16-melanoma-of-skin-fact-sheet.pdf
https://gco.iarc.who.int/media/globocan/factsheets/cancers/16-melanoma-of-skin-fact-sheet.pdf
https://doi.org/10.1001/jamadermatol.2022.0160
https://www.ncbi.nlm.nih.gov/pubmed/35353115
https://doi.org/10.1038/s41392-021-00827-6
https://www.ncbi.nlm.nih.gov/pubmed/34924562
https://doi.org/10.1038/sj.onc.1205859
https://www.ncbi.nlm.nih.gov/pubmed/12370822
https://doi.org/10.4161/cbt.12.12.18442
https://www.ncbi.nlm.nih.gov/pubmed/22157148
https://doi.org/10.1016/j.ejcb.2013.10.003
https://www.ncbi.nlm.nih.gov/pubmed/24315690
https://doi.org/10.1186/1479-5876-10-85
https://www.ncbi.nlm.nih.gov/pubmed/22554099
https://doi.org/10.1016/j.jmoldx.2012.10.002
https://www.ncbi.nlm.nih.gov/pubmed/23273605
https://doi.org/10.1097/MD.0000000000008404
https://www.ncbi.nlm.nih.gov/pubmed/29310328
https://doi.org/10.3390/cancers15164026
https://www.ncbi.nlm.nih.gov/pubmed/37627054
https://doi.org/10.1056/NEJMoa1412690
https://www.ncbi.nlm.nih.gov/pubmed/25399551
https://doi.org/10.1056/NEJMoa1708539
https://www.ncbi.nlm.nih.gov/pubmed/28891408
https://doi.org/10.3390/ijms27146245

Int. J. Mol. Sci. 2026, 27, 6245 17 of 19

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Robert, C.; Grob, ].J.; Stroyakovskiy, D.; Karaszewska, B.; Hauschild, A.; Levchenko, E.; Chiarion Sileni, V.; Schachter, J.; Garbe, C.;
Bondarenko, I; et al. Five-Year Outcomes with Dabrafenib plus Trametinib in Metastatic Melanoma. N. Engl. ]. Med. 2019, 381,
626-636. [CrossRef] [PubMed]

Tanda, E.T.; Vanni, L; Boutros, A.; Andreotti, V.; Bruno, W.; Ghiorzo, P.; Spagnolo, F. Current State of Target Treatment in BRAF
Mutated Melanoma. Front. Mol. Biosci. 2020, 7, 154. [CrossRef] [PubMed]

Nazarian, R.; Shi, H.; Wang, Q.; Kong, X.; Koya, R.C,; Lee, H.; Chen, Z.; Lee, M.K; Attar, N.; Sazegar, H.; et al. Melanomas acquire
resistance to B-RAF(V600E) inhibition by RTK or N-RAS upregulation. Nature 2010, 468, 973-977. [CrossRef] [PubMed]
Fallahi-Sichani, M.; Becker, V.; Izar, B.; Baker, G.J.; Lin, ]J.R.; Boswell, S.A.; Shah, P; Rotem, A.; Garraway, L.A.; Sorger, P.K.
Adaptive resistance of melanoma cells to RAF inhibition via reversible induction of a slowly dividing de-differentiated state. Mol.
Syst. Biol. 2017, 13, 905. [CrossRef] [PubMed]

Proietti, I.; Skroza, N.; Bernardini, N.; Tolino, E.; Balduzzi, V.; Marchesiello, A.; Michelini, S.; Volpe, S.; Mambrin, A.; Mangino, G.;
et al. Mechanisms of Acquired BRAF Inhibitor Resistance in Melanoma: A Systematic Review. Cancers 2020, 12, 2801. [CrossRef]
[PubMed]

Vella, L.J.; Behren, A.; Coleman, B.; Greening, D.W.; Hill, A.F.; Cebon, J. Intercellular Resistance to BRAF Inhibition Can Be
Mediated by Extracellular Vesicle-Associated PDGFRbeta. Neoplasia 2017, 19, 932-940. [CrossRef] [PubMed]

Pastwinska, J.; Karas, K.; Karwaciak, I.; Ratajewski, M. Targeting EGFR in melanoma—The sea of possibilities to overcome drug
resistance. Biochim. Biophys. Acta Rev. Cancer 2022, 1877, 188754. [CrossRef] [PubMed]

Zhong, J.; Yan, W.; Wang, C.; Liu, W,; Lin, X.; Zou, Z.; Sun, W.; Chen, Y. BRAF Inhibitor Resistance in Melanoma: Mechanisms and
Alternative Therapeutic Strategies. Curr. Treat. Options Oncol. 2022, 23, 1503-1521. Correction in Curr. Treat. Options Oncol. 2022,
23,1877-1878. [CrossRef] [PubMed]

Seth, R.; Agarwala, S.S.; Messersmith, H.; Alluri, K.C.; Ascierto, P.A.; Atkins, M.B.; Bollin, K.; Chacon, M.; Davis, N.; Faries, M.B,;
et al. Systemic Therapy for Melanoma: ASCO Guideline Update. . Clin. Oncol. 2023, 41, 4794—4820. [CrossRef] [PubMed]
Wolchok, J.D.; Chiarion-Sileni, V.; Rutkowski, P.; Cowey, C.L.; Schadendorf, D.; Wagstaff, J.; Queirolo, P.; Dummer, R.; Butler,
M.O,; Hill, A.G,; et al. Final, 10-Year Outcomes with Nivolumab plus Ipilimumab in Advanced Melanoma. N. Engl. ]. Med. 2025,
392,11-22. [CrossRef] [PubMed]

Ascierto, P.A.; Mandala, M.; Ferrucci, P.F.; Guidoboni, M.; Rutkowski, P.; Ferraresi, V.; Arance, A.; Guida, M.; Maiello, E.;
Gogas, H.; et al. Sequencing of Ipilimumab Plus Nivolumab and Encorafenib Plus Binimetinib for Untreated BRAF-Mutated
Metastatic Melanoma (SECOMBIT): A Randomized, Three-Arm, Open-Label Phase II Trial. J. Clin. Oncol. 2023, 41, 212-221.
[CrossRef] [PubMed]

Atkins, M.B.; Lee, S.J.; Chmielowski, B.; Tarhini, A.A.; Cohen, G.I.; Truong, T.G.; Moon, H.H.; Davar, D.; O’'Rourke, M.;
Stephenson, ].J.; et al. Combination Dabrafenib and Trametinib Versus Combination Nivolumab and Ipilimumab for Patients with
Advanced BRAF-Mutant Melanoma: The DREAMseq Trial-ECOG-ACRIN EA6134. |. Clin. Oncol. 2023, 41, 186-197. [CrossRef]
[PubMed]

Muto, Y.; Moriwaki, H.; Ninomiya, M.; Adachi, S.; Saito, A.; Takasaki, K.T.; Tanaka, T.; Tsurumi, K.; Okuno, M.; Tomita, E.; et al.
Prevention of second primary tumors by an acyclic retinoid, polyprenoic acid, in patients with hepatocellular carcinoma. N. Engl.
J. Med. 1996, 334, 1561-1567. [CrossRef] [PubMed]

Komi, Y.; Sogabe, Y.; Ishibashi, N.; Sato, Y.; Moriwaki, H.; Shimokado, K.; Kojima, S. Acyclic retinoid inhibits angiogenesis by
suppressing the MAPK pathway. Lab. Investig. 2010, 90, 52-60. [CrossRef] [PubMed]

Honda, M.; Yamashita, T.; Yamashita, T.; Arai, K.; Sakai, Y.; Sakai, A.; Nakamura, M.; Mizukoshi, E.; Kaneko, S. Peretinoin,
an acyclic retinoid, improves the hepatic gene signature of chronic hepatitis C following curative therapy of hepatocellular
carcinoma. BMC Cancer 2013, 13, 191. [CrossRef] [PubMed]

Okada, H.; Takabatake, R.; Honda, M.; Takegoshi, K.; Yamashita, T.; Nakamura, M.; Shirasaki, T.; Sakai, Y.; Shimakami, T.; Nagata,
N.; et al. Peretinoin, an acyclic retinoid, suppresses steatohepatitis and tumorigenesis by activating autophagy in mice fed an
atherogenic high-fat diet. Oncotarget 2017, 8, 39978-39993. [CrossRef] [PubMed]

Woo, H.Y.; Yoo, S.Y.; Heo, J. Peretinoin, an Acyclic Retinoid, for the Secondary Prevention of Hepatocellular Carcinoma. Molecules
2021, 26, 295. [CrossRef] [PubMed]

Boyle, J.O.; Langenfeld, J.; Lonardo, F; Sekula, D.; Reczek, P.; Rusch, V.; Dawson, M.I.; Dmitrovsky, E. Cyclin D1 proteolysis: A
retinoid chemoprevention signal in normal, immortalized, and transformed human bronchial epithelial cells. J. Natl. Cancer Inst.
1999, 91, 373-379. [CrossRef] [PubMed]

Suzui, M.; Masuda, M.; Lim, J.T.; Albanese, C.; Pestell, R.G.; Weinstein, I.B. Growth inhibition of human hepatoma cells by acyclic
retinoid is associated with induction of p21(CIP1) and inhibition of expression of cyclin D1. Cancer Res. 2002, 62, 3997-4006.
[PubMed]

Shimizu, M.; Suzui, M.; Deguchi, A.; Lim, ].T.; Weinstein, I.B. Effects of acyclic retinoid on growth, cell cycle control, epidermal
growth factor receptor signaling, and gene expression in human squamous cell carcinoma cells. Clin. Cancer Res. 2004, 10,
1130-1140. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27146245


https://doi.org/10.1056/NEJMoa1904059
https://www.ncbi.nlm.nih.gov/pubmed/31166680
https://doi.org/10.3389/fmolb.2020.00154
https://www.ncbi.nlm.nih.gov/pubmed/32760738
https://doi.org/10.1038/nature09626
https://www.ncbi.nlm.nih.gov/pubmed/21107323
https://doi.org/10.15252/msb.20166796
https://www.ncbi.nlm.nih.gov/pubmed/28069687
https://doi.org/10.3390/cancers12102801
https://www.ncbi.nlm.nih.gov/pubmed/33003483
https://doi.org/10.1016/j.neo.2017.07.002
https://www.ncbi.nlm.nih.gov/pubmed/28963969
https://doi.org/10.1016/j.bbcan.2022.188754
https://www.ncbi.nlm.nih.gov/pubmed/35772580
https://doi.org/10.1007/s11864-022-01006-7
https://www.ncbi.nlm.nih.gov/pubmed/36181568
https://doi.org/10.1200/JCO.23.01136
https://www.ncbi.nlm.nih.gov/pubmed/37579248
https://doi.org/10.1056/NEJMoa2407417
https://www.ncbi.nlm.nih.gov/pubmed/39282897
https://doi.org/10.1200/JCO.21.02961
https://www.ncbi.nlm.nih.gov/pubmed/36049147
https://doi.org/10.1200/JCO.22.01763
https://www.ncbi.nlm.nih.gov/pubmed/36166727
https://doi.org/10.1056/NEJM199606133342402
https://www.ncbi.nlm.nih.gov/pubmed/8628336
https://doi.org/10.1038/labinvest.2009.110
https://www.ncbi.nlm.nih.gov/pubmed/19841617
https://doi.org/10.1186/1471-2407-13-191
https://www.ncbi.nlm.nih.gov/pubmed/23587162
https://doi.org/10.18632/oncotarget.18116
https://www.ncbi.nlm.nih.gov/pubmed/28591717
https://doi.org/10.3390/molecules26020295
https://www.ncbi.nlm.nih.gov/pubmed/33435572
https://doi.org/10.1093/jnci/91.4.373
https://www.ncbi.nlm.nih.gov/pubmed/10050872
https://www.ncbi.nlm.nih.gov/pubmed/12124333
https://doi.org/10.1158/1078-0432.ccr-0714-3
https://www.ncbi.nlm.nih.gov/pubmed/14871993
https://doi.org/10.3390/ijms27146245

Int. J. Mol. Sci. 2026, 27, 6245 18 of 19

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Borriello, A.; Cucciolla, V.; Criscuolo, M.; Indaco, S.; Oliva, A.; Giovane, A.; Bencivenga, D.; Iolascon, A.; Zappia, V,;
Della Ragione, F. Retinoic acid induces p27Kip1 nuclear accumulation by modulating its phosphorylation. Cancer Res. 2006, 66,
4240-4248. [CrossRef] [PubMed]

Alao, J.P. The regulation of cyclin D1 degradation: Roles in cancer development and the potential for therapeutic invention. Mol.
Cancer 2007, 6, 24. [CrossRef] [PubMed]

Jin, Y;; Teh, S.S.; Lau, H.L.N.; Xiao, J.; Mah, S.H. Retinoids as anti-cancer agents and their mechanisms of action. Am. J. Cancer Res.
2022, 12, 938-960. [CrossRef] [PubMed]

Wu, E; Buckley, S.; Bui, K.C.; Yee, A.; Wu, H.Y,; Liu, J.; Warburton, D. Cell cycle arrest in GO/G1 phase by contact inhibition and
TGF-beta 1 in mink Mv1Lu lung epithelial cells. Am. J. Physiol. 1996, 270, L879-L888. [CrossRef] [PubMed]

Maity, A.; Hwang, A.; Janss, A.; Phillips, P.; McKenna, W.G.; Muschel, R.]J. Delayed cyclin Bl expression during the G2 arrest
following DNA damage. Oncogene 1996, 13, 1647-1657. [PubMed]

Leslie, K.; Lang, C.; Devgan, G.; Azare, J.; Berishaj, M.; Gerald, W.; Kim, Y.B.; Paz, K.; Darnell, ].E.; Albanese, C.; et al. Cyclin D1 is
transcriptionally regulated by and required for transformation by activated signal transducer and activator of transcription 3.
Cancer Res. 2006, 66, 2544-2552. [CrossRef] [PubMed]

Luo, J; Yan, R;; He, X; He, J. Constitutive activation of STAT3 and cyclin D1 overexpression contribute to proliferation, migration
and invasion in gastric cancer cells. Am. J. Transl. Res. 2017, 9, 5671-5677. [PubMed]

Zhang, D.; Wang, Y.; Liang, Y.; Zhang, M.; Wei, J.; Zheng, X.; Li, F; Meng, Y.; Zhu, N.W,; Li, J.; et al. Loss of p27 upregulates
MnSOD in a STAT3-dependent manner, disrupts intracellular redox activity and enhances cell migration. J. Cell Sci. 2014, 127,
2920-2933. [CrossRef] [PubMed]

Wu, Z,; Liao, B.; Ying, J.; Keung, J.; Zheng, Z.; Ahola, V.; Xiong, W. Simultaneous cyclin D1 overexpression and p27(kip1)
knockdown enable robust Muller glia cell cycle reactivation in uninjured mouse retina. eLife 2025, 13, RP100904. [CrossRef]
[PubMed]

Abel, E.V,; Basile, KJ.; Kugel, C.H., 3rd; Witkiewicz, AK,; Le, K; Amaravadi, RK.; Karakousis, G.C.; Xu, X.; Xu, W,;
Schuchter, L.M.; et al. Melanoma adapts to RAF/MEK inhibitors through FOXD3-mediated upregulation of ERBB3. J. Clin.
Investig. 2013, 123, 2155-2168. [CrossRef] [PubMed]

Sun, C.; Wang, L.; Huang, S.; Heynen, G.J.; Prahallad, A.; Robert, C.; Haanen, J.; Blank, C.; Wesseling, J.; Willems, S.M.; et al.
Reversible and adaptive resistance to BRAF(V600E) inhibition in melanoma. Nature 2014, 508, 118-122. [CrossRef] [PubMed]
Kakadia, S.; Yarlagadda, N.; Awad, R.; Kundranda, M.; Niu, J.; Naraev, B.; Mina, L.; Dragovich, T.; Gimbel, M.; Mahmoud, F.
Mechanisms of resistance to BRAF and MEK inhibitors and clinical update of US Food and Drug Administration-approved
targeted therapy in advanced melanoma. OncoTargets Ther. 2018, 11, 7095-7107. [CrossRef] [PubMed]

Wang, J.; Huang, S.K.; Marzese, D.M.; Hsu, S.C.; Kawas, N.P.,; Chong, K K.; Long, G.V.; Menzies, A.M.; Scolyer, R.A.; Izraely, S.;
et al. Epigenetic changes of EGFR have an important role in BRAF inhibitor-resistant cutaneous melanomas. J. Investig. Dermatol.
2015, 135, 532-541. [CrossRef] [PubMed]

Dummer, R.; Deng, S.; Xie, T.; Pathan, N.; Saffari, H.; Robert, C.; Arance, A.; de Groot, ] W.B.; Garbe, C.; Gogas, H.].; et al.
Exploratory Analysis of Biomarkers and Treatment Outcomes from the COLUMBUS Study in BRAF V600E /K-Mutant Advanced
or Metastatic Melanoma. Clin. Cancer Res. 2026, 32, 1266-1276. [CrossRef] [PubMed]

Vultur, A.; Villanueva, J.; Krepler, C.; Rajan, G.; Chen, Q.; Xiao, M.; Li, L.; Gimotty, P.A.; Wilson, M.; Hayden, J.; et al. MEK
inhibition affects STAT3 signaling and invasion in human melanoma cell lines. Oncogene 2014, 33, 1850-1861. [CrossRef] [PubMed]
Langenfeld, J.; Kiyokawa, H.; Sekula, D.; Boyle, J.; Dmitrovsky, E. Posttranslational regulation of cyclin D1 by retinoic acid: A
chemoprevention mechanism. Proc. Natl. Acad. Sci. USA 1997, 94, 12070-12074. [CrossRef] [PubMed]

Spinella, M.].; Freemantle, S.J.; Sekula, D.; Chang, J.H.; Christie, A.].; Dmitrovsky, E. Retinoic acid promotes ubiquitination and
proteolysis of cyclin D1 during induced tumor cell differentiation. J. Biol. Chem. 1999, 274, 22013-22018. [CrossRef] [PubMed]
Okusaka, T.; Ueno, H.; Ikeda, M.; Morizane, C. Phase I and pharmacokinetic clinical trial of oral administration of the acyclic
retinoid NIK-333. Hepatol. Res. 2011, 41, 542-552. [CrossRef] [PubMed]

Shimakami, T.; Honda, M.; Shirasaki, T.; Takabatake, R.; Liu, F.; Murai, K.; Shiomoto, T.; Funaki, M.; Yamane, D.; Murakami, S.;
et al. The acyclic retinoid Peretinoin inhibits hepatitis C virus replication and infectious virus release in vitro. Sci. Rep. 2014, 4,
4688. [CrossRef] [PubMed]

Titz, B.; Lomova, A.; Le, A.; Hugo, W.; Kong, X.; Ten Hoeve, J.; Friedman, M.; Shi, H.; Moriceau, G.; Song, C.; et al. JUN
dependency in distinct early and late BRAF inhibition adaptation states of melanoma. Cell Discov. 2016, 2, 16028. [CrossRef]
[PubMed]

Molnar, E.; Garay, T.; Donia, M.; Baranyi, M.; Rittler, D.; Berger, W.; Timar, J.; Grusch, M.; Hegedus, B. Long-Term Vemurafenib
Exposure Induced Alterations of Cell Phenotypes in Melanoma: Increased Cell Migration and Its Association with EGFR
Expression. Int. J. Mol. Sci. 2019, 20, 4484. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27146245


https://doi.org/10.1158/0008-5472.CAN-05-2759
https://www.ncbi.nlm.nih.gov/pubmed/16618747
https://doi.org/10.1186/1476-4598-6-24
https://www.ncbi.nlm.nih.gov/pubmed/17407548
https://doi.org/10.3390/app12052584
https://www.ncbi.nlm.nih.gov/pubmed/35411232
https://doi.org/10.1152/ajplung.1996.270.5.L879
https://www.ncbi.nlm.nih.gov/pubmed/8967524
https://www.ncbi.nlm.nih.gov/pubmed/8895510
https://doi.org/10.1158/0008-5472.CAN-05-2203
https://www.ncbi.nlm.nih.gov/pubmed/16510571
https://www.ncbi.nlm.nih.gov/pubmed/29312519
https://doi.org/10.1242/jcs.148130
https://www.ncbi.nlm.nih.gov/pubmed/24727615
https://doi.org/10.7554/eLife.100904
https://www.ncbi.nlm.nih.gov/pubmed/40178080
https://doi.org/10.1172/JCI65780
https://www.ncbi.nlm.nih.gov/pubmed/23543055
https://doi.org/10.1038/nature13121
https://www.ncbi.nlm.nih.gov/pubmed/24670642
https://doi.org/10.2147/OTT.S182721
https://www.ncbi.nlm.nih.gov/pubmed/30410366
https://doi.org/10.1038/jid.2014.418
https://www.ncbi.nlm.nih.gov/pubmed/25243790
https://doi.org/10.1158/1078-0432.CCR-25-3262
https://www.ncbi.nlm.nih.gov/pubmed/41537702
https://doi.org/10.1038/onc.2013.131
https://www.ncbi.nlm.nih.gov/pubmed/23624919
https://doi.org/10.1073/pnas.94.22.12070
https://www.ncbi.nlm.nih.gov/pubmed/9342364
https://doi.org/10.1074/jbc.274.31.22013
https://www.ncbi.nlm.nih.gov/pubmed/10419526
https://doi.org/10.1111/j.1872-034X.2011.00800.x
https://www.ncbi.nlm.nih.gov/pubmed/21501352
https://doi.org/10.1038/srep04688
https://www.ncbi.nlm.nih.gov/pubmed/24732793
https://doi.org/10.1038/celldisc.2016.28
https://www.ncbi.nlm.nih.gov/pubmed/27648299
https://doi.org/10.3390/ijms20184484
https://www.ncbi.nlm.nih.gov/pubmed/31514305
https://doi.org/10.3390/ijms27146245

Int. J. Mol. Sci. 2026, 27, 6245 19 of 19

54. Cook, FA,; Cook, SJ. Inhibition of RAF dimers: It takes two to tango. Biochem. Soc. Trans. 2021, 49, 237-251. [CrossRef] [PubMed]
55.  Franken, N.A.; Rodermond, H.M.; Stap, J.; Haveman, J.; van Bree, C. Clonogenic assay of cells in vitro. Nat. Protoc. 2006, 1,
2315-2319. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27146245


https://doi.org/10.1042/BST20200485
https://www.ncbi.nlm.nih.gov/pubmed/33367512
https://doi.org/10.1038/nprot.2006.339
https://www.ncbi.nlm.nih.gov/pubmed/17406473
https://doi.org/10.3390/ijms27146245

	Introduction 
	Results 
	ACR Further Reduces Viability Under Selected Dabrafenib and Trametinib Conditions in Parental A375P Cells 
	Establishment and Characterization of Dabrafenib Plus Trametinib-ResistantA375P Derivatives 
	ACR Reduced the Short-Term Viability and Long-Term Clonogenic Survival of the Resistant Clone A375PDTR-D 
	ACR Suppresses STAT3 Activation in the Resistant Clone A375PDTR-D 
	ACR Did Not Detectably Suppress AKT, MEK/ERK, or Basal JNK Phosphorylation in A375PDTR-D Cells 
	ACR Modulates EGFR and Cell-Cycle Regulators in A375PDTR-D Cells 

	Discussion 
	Materials and Methods 
	Cell Lines, Authentication, and General Culture 
	Establishment of Dabrafenib Plus Trametinib-Resistant Clones 
	Reagents and Treatments 
	Cell Viability Assay 
	Colony Formation Assay 
	Immunoblotting 
	Statistical Analysis 

	Conclusions 
	References

