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Abstract

Background Melanoma, an aggressive skin cancer caused by BRAF or NRAS mutations, is characterized by the
hyperactivation of the MAPK pathway. Despite the initial clinical success of RAF and MEK inhibitors in BRAF V60OE-
mutant melanoma, resistance mechanisms, including MAPK pathway reactivation, compromise their efficacy. This
study investigated PHI-501, a next-generation pan-RAF/DDR dual inhibitor, as a potential strategy for overcoming this
resistance.

Methods The anti-proliferative activity of PHI-501 was evaluated in parental and acquired drug-resistant melanoma
cell lines and compared with clinically relevant RAF inhibitors. Mechanistic studies included analyses of ERK, AKT,
and DDR1/2 phosphorylation, as well as transcriptomic profiling of resistance-associated pathways. In vivo efficacy
was assessed using xenograft models of SK-MEL-3 melanoma cells with acquired resistance to dabrafenib alone or to
combined dabrafenib plus trametinib treatment.

Results PHI-501 exhibited greater cytotoxic activity than conventional RAF inhibitors in acquired drug-resistant
melanoma cells. PHI-501 suppressed MAPK and PI3K/AKT signaling, as evidenced by reduced phosphorylation of
ERK, AKT, and DDR1/2. Transcriptomic profiling revealed coordinated downregulation of key resistance-associated
signaling pathways. In xenograft models derived from melanoma cells resistant to RAF inhibitor monotherapy or
combined RAF/MEK inhibition, PHI-501 significantly inhibited tumor growth.

Conclusion PHI-501 exhibited potent anti-tumor activity in models of drug-resistant melanoma through dual
targeting of RAF and DDR1/2. These findings support further preclinical evaluation of PHI-501 for MAPK inhibitor—
resistant melanoma.
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Background

Melanoma, an aggressive form of skin cancer with
high metastatic potential, presents notable challenges
in advanced stages owing to its poor prognosis [1, 2].
Genetic alterations, particularly mutations in BRAF
and NRAS, are frequently observed in melanomas.
These mutations result in hyperactivation of the mito-
gen-activated protein kinase (MAPK) pathway, which
drives uncontrolled cell proliferation and tumor pro-
gression [3]. Targeted therapies such as BRAF and
MEK inhibitors have demonstrated significant clinical
success in patients with BRAF (V600E) mutations [4].
However, their long-term effectiveness is frequently
compromised by both intrinsic and acquired resis-
tance, representing a major unresolved challenge in
melanoma treatment.

Current first-line therapies for advanced or metastatic
melanoma are primarily determined by BRAF muta-
tional status. For BRAF V600-mutant melanoma, which
accounts for approximately 45% of cases, the standard of
care (SoC) consists of combined BRAF and MEK inhi-
bition [5, 6]. FDA-approved regimens based on type I
BRAF inhibitor—-MEK inhibitor combinations, such as
dabrafenib plus trametinib, encorafenib plus binimetinib,
and vemurafenib plus cobimetinib, have significantly
improved clinical outcomes, achieving objective response
rates (ORR) of 64-76% and extending median progres-
sion-free survival (PFS) to 11-14.5 months, compared to
only 5-8 months with BRAF inhibitor monotherapy [7,
8]. Despite these initial gains, the durability of response
is limited by the inevitable emergence of acquired resis-
tance, typically within 9-11 months [9].

Reactivation of MAPK signaling, including RAF
dimer—dependent paradoxical activation associated
with type I RAF inhibitors, represents a key limitation
of current therapeutic strategies. Type II RAF inhibi-
tors are currently being developed to mitigate this para-
doxical activation. These inhibitors target both active
and dimeric RAF complexes, offering broader efficacy
against BRAF V600E, NRAS-mutant melanoma, and
BRAF non-V600E (Class II/III) mutations [10, 11].
Several Type II RAF inhibitors are currently under-
going clinical trials, including tovorafenib (DAY101),
naporafenib (Erasca, Phase 3), belvarafenib (Hanmi,
Phase 1b), exarafenib (Kinnate, Phase 1b), and NST-
628 (Nested Therapeutics, Phase 1) [12-14]. Notably,
tovorafenib (DAY101) has recently become the first type
II RAF inhibitor to receive FDA approval as a mono-
therapy for pediatric patients with relapsed or refrac-
tory low-grade glioma (LGG) harboring BRAF fusions,
rearrangements, or V600 mutations, highlighting the
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clinical potential of this class of drugs beyond mela-
noma [15-16].

Discoidin domain receptors DDR1 and DDR2 are col-
lagen-activated receptor tyrosine kinases that regulate
tumor—extracellular matrix (ECM) interactions and pro-
mote invasion, migration, and survival in melanoma and
other cancers [17, 18]. In melanoma, DDR1/2 expression
increases with disease progression and contributes to
matrix-mediated tolerance to MAPK-targeted therapies,
in part through NF-kB—associated survival signaling [19].
Preclinical studies have shown that DDR inhibition can
exert direct anti-tumor effects as monotherapy in colla-
gen-rich contexts and can further enhance the efficacy
of BRAF/MEK inhibitors by overcoming ECM-driven
adaptive resistance in melanoma models [20, 21]. Early
clinical evidence supporting DDR targeting has emerged
from multi-kinase inhibitors with anti-DDR activity, such
as dasatinib and sitravatinib, although selective DDR1/2
inhibitors remain in early stages of clinical development
[22, 23].

PHI-501 is a novel, orally bioavailable Type II pan-RAF/
DDR dual inhibitor specifically designed to suppress both
RAF signaling and DDR1/2 activity. By concurrently
targeting these pathways, PHI-501 aims to provide a
broader spectrum of pathway inhibition, addressing key
resistance mechanisms such as paradoxical MAPK reac-
tivation and ECM-mediated survival signaling. Reflecting
its clinical potential, PHI-501 recently achieved a sig-
nificant regulatory milestone, receiving Investigational
New Drug (IND) approval from the Ministry of Food and
Drug Safety (MFDS) of the Republic of Korea in 2025,
enabling initiation of a Phase 1 clinical trial.

In this study, we evaluated the therapeutic potential
of PHI-501 in both parental and drug-resistant mela-
noma models. PHI-501 demonstrated superior anti-
proliferative effects compared to conventional RAF
and MEK inhibitors in multiple melanoma cell lines.
Mechanistically, PHI-501 effectively suppressed the
MAPK and PI3K/AKT/mTOR pathways, induced tran-
scriptional reprogramming, and significantly reduced
tumor growth in xenograft models derived from resis-
tant melanoma cells. These findings suggest that PHI-
501 is a promising therapeutic candidate to address the
unmet clinical need to overcome resistance to mela-
noma therapy.

Methods
Cell culture
SK-MEL-2, SK-MEL-3, A375P, and A375M cells were
purchased from the Korean cell line bank. SK-MEL-24,
SK-MEL-28, SK-MEL-29, RPMI7951, and SH4 cells
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were purchased from the American Type Culture
Collection (ATCC) and SK-MEL-30 cells were pur-
chased from Deutsche Sammlung von mikroorganis-
men und Zellkulturen (DSMZ). Cells were maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM) or
Roswell Park Memorial Institute 1640 medium (RPMI
1640) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin at 37 °C and 5%
CO,.

Generation of drug-resistant cell lines

To generate drug-resistant melanoma cell lines, parental
cells were seeded in 100-mm tissue culture dishes and,
after 24 h, exposed to the indicated drug(s) at an initial
concentration corresponding to 1/100 of the parental
Gls. Cells were continuously maintained under drug
pressure with subculturing performed every 72 h, fol-
lowed by re-exposure to drug(s) on the subsequent day.
Drug concentrations were increased in a stepwise man-
ner (1.5-2-fold) once cells regained stable proliferative
capacity comparable to that of parental cells. This escala-
tion process was continued over prolonged culture until
cells exhibited sustained growth at the target selection
dose. To comprehensively validate the establishment and
stability of acquired resistance, each drug-resistant mela-
noma model was characterized using multiple comple-
mentary approaches. These included (i) CCK-8—based
cytotoxicity assays to quantify drug sensitivity, (ii) clo-
nogenic survival assays to assess long-term proliferative
capacity under drug treatment, (iii) immunoblot analy-
sis of MAPK and related signaling pathways, (iv) tran-
scriptomic profiling by RNA sequencing, and (v) in vivo
xenograft studies to evaluate resistance phenotypes in a
physiological context. Collectively, these analyses con-
firmed the successful establishment and stability of
chronic acquired-resistant melanoma models.

PHI-501 compound sourcing and preparation

PHI-501 was provided by Pharos iBio Co., Ltd. The com-
pound was of GMP grade (Batch No. 30012A001) with
a purity of 98.31% (as-is basis), as confirmed by the cer-
tificate of analysis. Identity was verified by FT-IR spec-
troscopy, and the levels of related substances, residual
solvents, water content, and elemental impurities were all
within acceptable specification limits. PHI-501 was dis-
solved in 100% DMSO to prepare a stock solution and
stored at — 20 °C until use.

In vivo xenograft study
SK-MEL-3DR cells were subcutaneously injected
into the right flank of 6-week-old BALB/c nude mice.
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Mice were randomly assigned to each group (n=9 per
group). Treatment was initiated when the tumor volume
reached approximately 200 mm?®. The vehicle or respec-
tive drug was administered orally once daily for dab-
rafenib and twice daily for PHI-501 for 16 consecutive
days. Tumor volume and body weight were measured
daily. The tumor volume (mm?®) was calculated as (L x
W?)/2. Tumor growth inhibition (TGI) was calculated
as follows: TGI = [(tumor volume of control group) -
(tumor volume of treated group)] / (tumor volume of
control group) x 100.

Cell preparation for SDS-PAGE

Cells were washed twice with PBS and harvested using
radioimmunoprecipitation assay (RIPA) buffer (ELPIS
Biotech, Daejeon, South Korea) containing a protease
inhibitor cocktail (GenDEPOT, Barker, TX, USA). The
samples were centrifuged at 13,000 rpm for 10 min at
4 °C, and the supernatants were collected in fresh e-tubes
for RIPA of soluble samples. Protein concentration was
measured using the Bradford protein assay (BIO RAD,
Hercules, CA, USA) and 5x SDS sample buffer (Biose-
sang, Yongin, South Korea) was added to the samples and
heated at 95 °C for 5 min.

Western blotting

Equal amounts of protein in SDS sample buffer were
resolved on 12% polyacrylamide Bis-Tris gels in run-
ning buffer (25 mM Tris, 250 mM glycine, 0.1% SDS)
using sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). Proteins were then trans-
ferred to a polyvinylidene fluoride (PVDF) membrane
(Merck Millipore, Darmstadt, Germany) and blocked
with 5% BSA in TBST (0.1% Tween-20 in TBS) for 1 h
at room temperature. The membranes were incubated
overnight at 4 °C with primary antibodies diluted in 5%
BSA in TBST as indicated in the text: p-DDR1 (Cell Sig-
naling Technology, CST14531), p-DDR1/2 (R&D Sys-
tems, MAB25382), p-AKT (Cell Signaling Technology,
CST4058), AKT (Cell Signaling Technology, CST9272),
p-MEK (Cell Signaling Technology, CST9121), p-ERK
(Cell Signaling Technology, CST9101), ERK (Cell Sig-
naling Technology, CST9102), Cyclin D1(Cell Signal-
ing Technology, CST2978), and Survivin (Cell Signaling
Technology, CST2808). After washing, the membranes
were incubated with goat anti-rabbit or goat anti-mouse
secondary antibodies conjugated to horseradish per-
oxidase (Invitrogen, Carlsbad, CA, USA). diluted in
1x TBS for 1 h, and immunoreactivity was detected
using an enhanced chemiluminescence substrate for
horseradish peroxidase (HRP) (Elpisbio, Daejeon,
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Korea; #EBP-1071), followed by chemiluminescence
imaging (ImageQuant 800). Each membrane was re-
validated with anti-GAPDH (Santa Cruz Biotechnol-
ogy, sc-32233) or P-actin (Santa Cruz Biotechnology,
sc-47778) antibodies and used as a control for protein
quantification.

Cell viability assay

To quantify cell viability under each experimental con-
dition, the CCK-8 assay was performed using the Cell
Counting Kit-8 assay (Dojindo, Kumamoto, Japan) fol-
lowing the manufacturer’s instructions. Cells were seeded
in a 96-well cell culture plate and treated with various
concentrations of the drug for 48 h. Ten microliters of
CCK-8 solution was added to each well of the plate and
incubated for 2—4 h in an incubator. The absorbance was
measured at 450 nm using a microplate reader (VERSA
Max).

Clonogenic assay

Cells were seeded at a low density of 100-200 cells per
well in six-well culture plates, depending on the growth
characteristics of each cell line, and allowed to adhere
overnight. Following seeding, plates were not moved to
minimize satellite colony formation. The next day, the
indicated compounds were added to the culture medium
without changing the medium, and drug treatment was
maintained throughout the 14-day incubation period.
After 14 days, colonies were gently washed with PBS,
fixed, and stained for 30 min at room temperature using
a solution containing 0.5% (w/v) crystal violet (Sigma,
V5265), 20% methanol, and 4% paraformaldehyde in PBS.
Colonies consisting of 250 cells per colony were counted
manually.

Bioinformatical analysis of RNA-seq data

RNA sequencing (RNA-seq) was performed on five mela-
noma cell lines, including both parental and resistant
models, with three biological replicates per condition.
Total RNA was extracted and sequenced by Macro-
gen Inc., using the Illumina HiSeq 2500 platform. Raw
sequencing data were processed for quality control, read
alignment, and quantification of the transcripts. Differ-
ential expression analysis was conducted using DESeq2
in R. GSEA was performed using GSEA software ver-
sion 4.2.3, with hallmark gene sets (h.all.v7.0. symbols.
gmt), and KEGG (c2.cp.kegg.v6.1. symbols.gmt) to assess
pathway-level changes following PHI-501 treatment.
The enrichment results were ranked based on normal-
ized enrichment scores (NES) and false discovery rates
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(FDR<0.25). Visualizations, including Principal compo-
nent analysis (PCA) plots, heat maps, and bubble plots,
were generated using R (v4.4.3) and GraphPad Prism
(v7.0).

Whole-exome sequencing and variant analysis
Whole-exome sequencing (WES) was performed on
parental melanoma cell lines (A375 and SK-MEL-2)
and their independently derived acquired-resistant
counterparts (A375DTR and SK-MEL-2BR). Genomic
DNA was extracted using standard protocols, and
exome sequencing was conducted by Macrogen Inc.
Exome libraries were prepared using the SureSe-
lect V6-Post capture kit and sequenced using a high-
throughput run mode with a paired-end read length of
101 bp x 2.

Single-nucleotide variants (SNVs) were identified
from WES data and annotated using ClinVar clini-
cal significance (CLINSIG_CLINVAR) and gnomAD
allele frequency (gnomAD_AF) databases. Variants
were filtered to retain those classified as Likely patho-
genic, Likely risk allele, Pathogenic, Pathogenic/Likely
pathogenic, or risk factor, with an additional filtering
criterion of gnomAD_AF <0.001. To facilitate focused
analysis, a predefined variants-of-interest gene set
comprising 41 genes was curated, encompassing
MAPK pathway core components, RTK/PI3K bypass
signaling, melanoma lineage regulators, and adaptive/
DDR-related pathways.

Copy number variation (CNV) analysis was performed
using WES BAM files by calculating read depth ratios
across genomic regions. Chromosomal coordinates were
annotated to corresponding genes based on the human
reference genome (hg38). CNV states were defined
according to read depth ratio thresholds as follows: dele-
tion (<0.25x), loss (<0.5%), gain (>2x), and amplification
(>4x). Genome-wide CNV profiles, chromosome-level
CNV distributions, and gene-level copy number altera-
tions were compared between parental and acquired-
resistant melanoma cell lines.

Quantification and statistical analysis

All statistical analyses were performed using R software
(version 4.4.3) and GraphPad Prism (v7.0). Data are pre-
sented as the mean + SEM of at least three independent
experiments.

Survival analysis: Kaplan—Meier survival curves were
generated using the GEPIA2 web tool (http://gepia2.c
ancer-pku.cn) for overall survival and disease-free sur-
vival across all TCGA solid cancer types. Patients were
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stratified into high (top 25%) and low (bottom 25%)
expression groups for both DDR1 and DDR2 expression.
Statistical significance was determined using the log-rank
test for survival analysis.

Proteomic analysis: Reverse phase protein array
(RPPA) data for skin cutaneous melanoma (SKCM)
samples were obtained from The Cancer Genome Atlas
(TCGA) and Cancer Cell Line Encyclopedia (CCLE).
Differentially expressed proteins were identified using
the limma2 package (3.62.2) in R, and a volcano plot
was constructed to visualize significant changes, with
log2 fold-change on the x-axis and —logl0(p-value) on
the y-axis.

Correlation analysis: Heat maps displaying corre-
lation patterns were generated using the pheatmap
package in R Studio, and Pearson correlation coeffi-
cients were calculated between DDR1/2 and key sig-
naling proteins. Statistical significance is denoted by *
p<0.05, ** p<0.01, and *** p<0.001. The relationship
between gene expression and inhibitor sensitivity was
evaluated using expression data from the DepMap
portal (24Q4 release) (https://depmap.org/portal/) and
drug response data from the Genomics of Drug Sensi-
tivity in Cancer (GDSC2) database (https://www.can-
cerrxgene.org).

Comparisons between experimental groups: Statistical
comparisons between two groups were conducted using
an unpaired two-tailed Student’s t-test, while compari-
sons involving multiple groups were analyzed using one-
way analysis of variance (ANOVA) followed by Tukey’s
post hoc test.

Multiple comparison correction: P-values less than
0.05 were considered statistically significant. For mul-
tiple comparisons, p-values were adjusted using the Ben-
jamini—Hochberg method to control the false discovery
rate.

Reporting statistical details: Statistical significance was
defined as *p<0.05, **p<0.01, and ***p<0.001, unless
otherwise indicated. Specific statistical tests, significance
levels, and number of biological replicates are provided
in the figure legends.

Reagents and resources

All antibodies, reagents, chemical compounds, cell lines,
animal models, datasets, and software used in this study
are listed in Supplementary Table S3, along with vendor
information, catalog numbers, and Research Resource
Identifiers (RRIDs).

Page 5 of 23

Results

MAPK inhibitor-resistant melanoma cells exhibit enhanced
DDR1/2 related signaling

To elucidate the mechanisms underlying resistance to
MAPK pathway inhibitors, we established drug-resis-
tant melanoma cell lines by chronically exposing SK-
MEL-2, SK-MEL-3, and A375 cells to RAF and MEK
inhibitors. BRAF V600E-mutant SK-MEL-3 and A375
cells were selected for resistance to dabrafenib and tra-
metinib, reflecting the standard targeted therapies used
in BRAF-mutant melanoma. In contrast, NRAS-mutant
SK-MEL-2 cells (Q61R), which are generally less respon-
sive to type I RAF inhibitors due to MAPK pathway
reactivation, were exposed to the type II RAF inhibitor
belvarafenib, which has shown activity in NRAS-mutant
melanoma models. Using this approach, we gener-
ated belvarafenib-resistant SK-MEL-2 (SK-MEL-2BR)
and dabrafenib-, trametinib-, or dual-resistant deriva-
tives of SK-MEL-3 and A375 cells (SK-MEL-3DR/TR/
DTR and A375DR/TR/DTR). These cell lines exhibited
robust resistance phenotypes, as validated by clono-
genic assays. While parental cell lines exhibited near-
complete inhibition of colony formation at 0.1-0.3
uM, drug-resistant cell lines displayed minimal inhibi-
tion across this range, with sustained or enhanced clo-
nogenic survival observed at higher concentrations
(Fig. 1a, b). Resistant cell lines demonstrated substantial
increases in half-maximal growth inhibitory concen-
tration (Gls,) values, ranging from tens-fold to several
thousand-fold increases, with GI;, values for dabrafenib
and belvarafenib being indeterminable, confirming a
profound loss of drug sensitivity (Fig. 1c; Table S1).
Consistent with these functional resistance phenotypes,
basal pERK levels were maintained or increased in resis-
tant models relative to parental cells. Whereas parental
cells showed clear pERK suppression upon exposure
to the corresponding MAPK pathway inhibitor(s) used
to generate resistance, resistant cells failed to suppress
pERK under the same treatments (Fig. 1d).

RNA sequencing and Gene Set Enrichment Analysis
(GSEA) of parental and drug-resistant melanoma cells
revealed altered MAPK pathway activity indicators,
consistent with the increased p-ERK levels observed in
western blot analysis (Fig. 1le). Notably, KRAS signal-
ing DN was consistently downregulated across all four
drug-resistant cell lines, whereas KRAS signaling UP
and mTORCI1 signaling were enriched in belvarafenib-
and trametinib-resistant cells (Fig. le). GSEA also
revealed the upregulation of several other pathways,
including the P53 pathway, apoptosis, IL-2/STAT5
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(See figure on previous page.)

Fig. 1 MAPK inhibitor-resistant melanoma cells exhibit enhanced DDR1/2 signaling. (A) Clonogenic assay showing the validation of drug-resistant cell
lines. (B) Quantification of clonogenic assay shown in Fig. 1A. Data are presented as relative colony formation (%) normalized to the control group and
expressed as the mean +SEM, n=3 replicates. Statistical significance was determined by two-way ANOVA. * p <0.05, # p<0.001, T p<0.001, ¥ p<0.0001.
(C) Cell viability assay of RAF and MEK inhibitors in parental cells and drug-resistant cells for 48 h. Data are presented as the mean+SEM, n=3 replicates.
(D) Western blot analysis of pERK and pAKT signaling responses in parental and resistant melanoma cells following 48-h treatment with vehicle or the
corresponding resistance-selecting drug(s) at 1 uM. (E) Bubble plot representing Gene Set Enrichment Analysis (GSEA) using hallmark gene set compar-
ing parental and resistant melanoma cells. Pathway enrichment was calculated using GSEA, with color indicating NES (blue =downregulated, red =up-
regulated) and bubble size representing —log10(p-value). (F) SK-MEL-2 and SK-MEL-2BR cells were stimulated with type | collagen (40 pg/ml) for 18 h to

activate DDR signaling

signaling, and IL-6/JAK/STAT3 signaling, in all resis-
tant cell lines.

Moreover, epithelial-mesenchymal transition (EMT)
was significantly upregulated in SK-MEL-2BR and SK-
MEL-3TR cells (Fig. 1e). One of the key regulators of
EMT in solid tumors is discoidin domain receptors
(DDRs), a family of collagen-binding receptor tyrosine
kinases (RTKs) that integrate extracellular matrix (ECM)-
derived signals to modulate cell adhesion, migration,
and survival [24, 25]. DDRs play a critical role in ECM
remodeling, tumor invasion, and pro-survival signaling,
contributing to therapeutic resistance in various can-
cers, including melanoma [26]. Additionally, IL-6/JAK/
STAT3 and TNF-a/NF-«B signaling pathways, both of
which are modulated by DDR activity, were among the
most enriched pathways in drug-resistant melanoma
cells, further linking DDR activation to adaptive stress
responses associated with acquired resistance [27, 28].
Whole-exome sequencing analysis showed no substantial
changes in major driver mutations or genome-wide alter-
ation patterns in A375DTR and SK-MEL-2BR compared
with their respective parental melanoma cells (Supple-
mentary Fig. S1a-S1j).

To explore whether DDR activation in drug-resistant
melanoma cells is functionally linked to their ability to
survive MAPK inhibition, we examined the effects of
collagen stimulation on DDR signaling. Collagen stimu-
lation significantly enhanced DDR1 phosphorylation in
SK-MEL-BR cells but not in parental cells, suggesting
that DDR signaling is not only upregulated in resistant
melanoma but is also more responsive to ECM-derived
signals (Fig. 1f).

DDR1 and DDR2 are associated with MAPK pathway

activation and therapeutic resistance in melanoma

We analyzed pan-cancer survival data from The Cancer
Genome Atlas (TCGA) to assess the clinical relevance
of DDR1 and DDR2 expression in cancer progression.
Kaplan—Meier analysis showed a significant associa-
tion between high DDR2 expression and poorer overall

survival (HR=1.2, p=0.00032). In contrast, although
high DDR1 expression showed a trend toward poorer
survival, this association did not reach statistical signifi-
cance (HR=1.1, p=0.076) (Fig. 2a).

To identify activated signaling networks in BRAF- and
NRAS-mutant melanoma, we performed proteomic pro-
filing of SKCM samples using RPPA data obtained from
TCGA and the Cancer Cell Line Encyclopedia (CCLE).
This analysis revealed the upregulation of total AKT and
phosphorylated MEK]1, indicating the activation of the
MAPK and PI3K/AKT pathways (Fig. 2b and Supple-
mentary figure S2a).

Subsequently, we assessed the relationship between
DDR1/2 expression and key MAPK and AKT pathway
genes in TCGA-SKCM melanoma samples (Fig. 2c).
Both DDR1 and DDR2 were significantly positively
correlated with MAPK-related genes (RAF1, BRAF,
MAPK1, and MAP2K1) and AKT pathway genes
(AKT1, AKT2, AKT3, PIK3CA, PIK3CB, PTEN, and
MTOR). In the CCLE-SKIN dataset, DDR1 expression
was significantly correlated with AKT3 and PIK3CD,
whereas DDR2 expression was correlated with
MAP2K2, BRAF, KRAS, AKT3, and MTOR (Supple-
mentary Figure S2b).

Based on these observations, we assessed whether
DDR1 expression could predict the sensitivity of mela-
noma cell lines to MAPK pathway inhibitors. We corre-
lated DDR1 levels (DepMap) with LN(ICs,) values from
GDSC2 for dabrafenib and trametinib. DDR1 expression
was positively associated with LN(ICs,) for both drugs
(dabrafenib: r=0.416, p=0.0221, N=30; trametinib:
r=0.376, p=0.0338, N=32), indicating that higher DDR1
levels corresponded to reduced sensitivity (Fig. 2d).
DDR1 expression also showed significant positive corre-
lations with LN(ICs,) values across a broader panel of 11
MAPK pathway inhibitors, supporting DDR1 as a predic-
tive marker of MAPK inhibitor response (Supplementary
Figure S2c).

These findings indicate that DDR signaling activa-
tion is functionally linked to MAPK and AKT signaling
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Fig.2 DDR1 and DDR2 are associated with MAPK pathway activation and therapeutic resistance in melanoma. (A) Kaplan-Meier survival analysis show-
ing patient outcomes based on DDR1 and DDR2 expression levels across all TCGA cancer types. Patients were stratified into high (top 25%) and low
(bottom 25%) expression groups, and overall survival (OS) was analyzed. (B) Proteomic analysis of BRAF/NRAS-mutant SKCM. Box plots demonstrate
differential expression of AKT and phosphorylated MEK1 (pMEK1-5217/5221) between wild-type and mutant groups. (C) Correlation heatmaps between
DDR1/2 and key genes in the MAPK and AKT signaling pathways in TCGA-SKCM samples. Color intensity represents the correlation value, with red indicat-
ing a positive correlation. Significance levels are indicated by asterisks (* p <0.05, ** p < 0.01, *** p <0.001). (D) Correlation analysis revealing DDR1 expres-
sion (DepMap) and MAPK pathway inhibitor sensitivity (GDSC2) in melanoma cell lines. Scatter plots depicting correlations between DDR1 expression

levels and IC50 to Dabrafenib (left) and Trametinib (right)

pathway activity in melanoma and support the co-target-
ing of RAF and DDR as a promising strategy to overcome
MAPK inhibitor resistance in BRAF- and NRAS-mutant
melanomas.

PHI-501 is a pan-RAF/DDR dual kinase inhibitor

PHI-501, a next-generation dual kinase inhibitor, targets
both pan-RAF and DDRs. The chemical structure of PHI-
501 is shown in Fig. 3a. To evaluate kinase selectivity, a
comprehensive kinome-wide inhibition profiling assay
was performed using 1 uM of PHI-501.

In silico docking models were generated to elucidate
the molecular mechanisms of action. These models
revealed that PHI-501 occupied the ATP-binding cleft
of the representative kinase domains, forming predicted
hydrogen bonds and hydrophobic interactions with con-
served hinge-region residues (Fig. 3b).

The activity of PHI-501 against DDR kinases was
evaluated using two orthogonal platforms: KINOM-
EScan screening across a 10-point dilution series
revealed IC;, values of 0.30 nM for DDR1 and 8.57 nM
for DDR2 (Fig. 3c). A HotSpot catalytic assay corrobo-
rated these findings, demonstrating inhibitory poten-
cies of 15.12 nM for DDR1 and 2.15 nM for DDR2
(Fig. 3d).

To assess RAF family targeting, HotSpot dose-
response assays were performed on recombinant ARAF,
BRAF, BRAF V600E, CRAF, and additional BRAF V600
variants (V600A/D/E/K, G464V, and L597V). These
assays yielded IC;, values ranging from 1.5 to 27.8 nM
(Fig. 3e and f). An expanded HotSpot screen across
diverse BRAF alterations, including non-V600 point
mutants, insertion mutants, and oncogenic BRAF
fusions, demonstrated IC,, values in the nanomolar
range across all variant classes (Supplementary Figure
S3a, S3b; Table S2).

We evaluated the anti-proliferative activity of PHI-
501 in ten melanoma cell lines, including eight with
BRAF V600E mutations and two with NRAS Q61

mutations. PHI-501 effectively suppressed the growth
of all cell lines, with GI;, values ranging from 0.09262
to 2.058 uM. These results highlight the efficacy of
PHI-501 against BRAF- and NRAS-induced mela-
nomas (Fig. 3g). To further verify the selectivity of
PHI-501, we evaluated its effects on three non-tumor
fibroblast cell lines, including skin-derived (Detroit
551 and CCD-986sk) and colon-derived (CCD-18Co)
fibroblasts. PHI-501 showed markedly higher GI;,
values (28.16-91.67 uM) in these normal cells, con-
firming that its anti-tumor activity is not due to non-
specific cytotoxicity (Fig. 3h).

PHI-501 inhibits MAPK signaling in both BRAF- and NRAS-
mutant melanoma

PHI-501 inhibited DDR, MEK, ERK, and AKT phos-
phorylation in eight melanoma cell lines harboring BRAF
V600E or NRAS Q61 mutants in a dose-dependent man-
ner at 24 and 48 h post-treatment. Furthermore, it sup-
pressed the expression of cyclin D1 and survivin, which
are key markers of cell proliferation and differentiation
(Fig. 4a and Supplementary Figure S4a).

To further investigate transcriptional changes
induced by PHI-501, RNA-seq was performed in SK-
MEL-2 and SK-MEL-3 cells, which revealed wide-
spread alterations in gene expression (Supplementary
Figure S34 and S4c). Subsequent GSEA analyses dem-
onstrated significant downregulation of the MAPK
signaling pathway and suppression of multiple onco-
genic programs including E2F, MYC, and KRAS sig-
naling (Fig. 4b and Supplementary Figure S4d and
Sde).

To determine whether PHI-501 retained its inhibi-
tory activity under collagen-induced DDRI1 activation,
SK-MEL-3 and A375 cells were treated with PHI-501 in
the presence of collagen, and PHI-501 dose-dependently
inhibited pDDR1, pERK, and pAKT levels (Fig. 4C and D,
and Supplementary Figure S4F).
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Fig. 3 PHI-501 is a novel pan-RAF/DDRs dual kinase inhibitor. (A) Chemical structure of PHI-501. (B) Predicted docking pose of PHI-501 within the ATP-
binding pocket. (C) KINOMEScan profiling of PHI-501 against DDR1 and DDR2 across a concentration series. (D) Kinase HotSpot assay of PHI-501 inhibition
of DDR1 and DDR2. (E) Kinase HotSpot assay of PHI-501 against ARAF, BRAF, BRAF V60OE, and CRAF. (F) Kinase HotSpot Assay ICs, values (nM) for ARAF,
BRAF, CRAF, and BRAF mutants (V600A, V600D, V600E, V600K, G464V, and L597V). (G) Half-maximal growth inhibitory concentration (Glsy) of PHI-501 in 10
melanoma cell lines harboring BRAF(VE0OE) or NRAS (Q61R or Q61K) mutations. PHI-501 (0.001-10 uM) or DMSO (vehicle) for 48 h. (H) Cell viability assay

of PHI-501 in Detroit551, CCD-986sk, and CCD-18Co cells for 48 h

Type I RAF inhibitors such as vemurafenib and dab-
rafenib have been shown to induce paradoxical activa-
tion, particularly in RAS-mutant melanoma models,
by promoting RAF dimerization and reactivating
downstream signaling pathways. Consistent with this
observation, in NRAS Q61K-mutant SK-MEL-2 cells,
vemurafenib and dabrafenib failed to suppress ERK
phosphorylation, with vemurafenib inducing para-
doxical ERK activation as early as 2 h after treatment.
Conversely, PHI-501 effectively inhibited ERK phos-
phorylation in a dose-dependent manner from 2 to
48 h, demonstrating sustained suppression of RAF-
mediated signaling (Fig. 4e and f). In dose-response
experiments, PHI-501 inhibited AKT phosphorylation
starting at 0.1 uM, with complete inhibition observed
at 1 and 10 pM. Conversely, vemurafenib activated
ERK phosphorylation at all concentrations, whereas
dabrafenib exhibited paradoxical activation at lower
doses, with inhibition observed only at 10 uM (Fig. 4g
and h). These findings suggest that PHI-501 over-
comes paradoxical activation and provides broader
suppression of adaptive survival signaling compared
to Type I RAF inhibitors in both BRAF- and NRAS-
mutant melanoma.

PHI-501 overcomes resistance to RAF and MEK inhibitors in
melanoma cells
PHI-501 demonstrated enhanced inhibition of colony
formation in a dose-dependent manner across resis-
tant melanoma cell lines compared with belvarafenib,
dabrafenib, trametinib, and the combination of dab-
rafenib plus trametinib. At concentrations as low as 0.1
uM, PHI-501 markedly reduced colony formation in all
resistant cell lines examined. In contrast, resistant cells
continued to form colonies following prolonged expo-
sure to 10 uM belvarafenib, dabrafenib, trametinib, or
dabrafenib plus trametinib (Fig. 5a, Supplementary fig-
ure S5A).

Cytotoxicity assays demonstrated that PHI-501
retains robust anti-proliferative activity across an
expanded panel of acquired-resistant melanoma cell

lines (Fig. 5b and c). Notably, PHI-501 maintained
submicromolar GIs, values in BRAF-mutant resistant
models, whereas dabrafenib and belvarafenib exhib-
ited markedly reduced efficacy. In NRAS-mutant SK-
MEL-2-derived resistant cells, PHI-501 remained active
while dabrafenib lacked detectable cytotoxicity and bel-
varafenib displayed limited activity. In dual-resistant
models, the standard-of-care dabrafenib plus trametinib
combination showed higher GI;, values than PHI-501
monotherapy, with SK-MEL-3DTR at 16.61 uM versus
0.497 uM (=33.4-fold) and A375DTR at 0.847 puM ver-
sus 0.262 pM (= 3.23-fold).

To benchmark PHI-501 against other inhibitors of
the same pharmacological class, we further compared
its anti-proliferative activity with additional type
II RAF inhibitors, including naporafenib and tovo-
rafenib, alongside belvarafenib, across a panel of eight
melanoma cell lines comprising parental and acquired-
resistant A375 and SK-MEL-3 models (Supplemen-
tary Figure S5B and S5C). Across both parental and
resistant contexts, PHI-501 consistently exhibited the
lowest Gls, values among the tested type II RAF inhib-
itors, indicating superior and more uniform potency.
These results demonstrate that the enhanced anti-
proliferative activity of PHI-501 is maintained even in
direct comparisons within the type II RAF inhibitor
class.

Across resistant melanoma models, MAPK pathway
inhibitors did not consistently suppress MAPK sig-
naling and were frequently accompanied by increased
pAKT (Fig. 5D). Specifically, dabrafenib either failed
to suppress pERK or required a high concentration
(10 uM) to achieve inhibition, which was often accom-
panied by an increase in pAKT. While belvarafenib
reduced pERK levels in certain cell lines, it was associ-
ated with the most pronounced induction of pAKT. In
the dual-resistant SK-MEL-3DTR model, the standard-
of-care dabrafenib plus trametinib combination failed
to reduce pERK and increased pAKT. In contrast, PHI-
501 suppressed pDDR1/2, pERK, and pAKT in both
single- and dual-resistant models in a dose-dependent
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Fig.4 PHI-501 inhibits MAPK signaling in both BRAF- and NRAS-mutant melanoma. (A) Western blot analysis of four BRAF-mutant and two NRAS-mutant
melanoma cell lines treated with PHI-501 (1 and 10 uM) for 24 h. (B) SK-MEL-2 and SK-MEL-3 cells were treated with PHI-501 (10 uM) for 48 h, and GSEA was
performed using the KEGG MAPK signaling pathway gene set. (C) Western blot analysis of the dose-dependent effect of PHI-501 on SK-MEL-3 cells under
type | collagen (40 pg/ml) stimulation for 48 h. (D) Quantification of pAKT and pERK levels normalized to 3-actin from the western blot analysis shown
in (C). Data are presented as mean = SEM from three independent experiments. (E) Time-dependent inhibitory effects of PHI-501 (1 uM) compared to
vemurafenib (1 uM) in SK-MEL-2 cells. (F) Quantification of pERK normalized to total ERK and pAKT normalized to total AKT from the western blot analysis
shown in (E). Data are presented as mean+SEM from three independent experiments. (G) Dose-dependent inhibitory effects of PHI-501 compared to
vemurafenib in SK-MEL-2 cells. (H) Quantification of pERK normalized to total ERK and pAKT normalized to total AKT from the western blot analysis shown
in (G). Data are presented as mean + SEM from three independent experiments
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manner, with inhibition starting at 1 uM and substan-  PHI-501 modulates transcriptional profiles in parental and
tial suppression at 10 uM. These observations suggest  resistant melanoma cells

that PHI-501 effectively suppresses MAPK signaling To further elucidate transcriptional responses to PHI-
while preventing the compensatory AKT activation 501, we performed RNA sequencing on six melanoma
commonly observed with conventional RAF and MEK  cell lines, including parental and resistant cells. Princi-
inhibitors. pal component analysis (PCA) was performed for the
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Fig. 5 PHI-501 Effectively Inhibits Growth and Suppresses MAPK and DDR Signaling in Drug-Resistant Melanoma Cells. (A) Clonogenic assay
comparing the inhibitory effects of PHI-501 against belvarafenib, dabrafenib, trametinib, and the combination of dabrafenib plus trametinib
(DAB+TRA) in drug-resistant melanoma cells. (B) Dose-response curves and Gls, values of belvarafenib, dabrafenib, dabrafenib + trametinib, and
PHI-501 in resistant melanoma cells. Cells were treated with inhibitors (0.001-10 uM) or DMSO (vehicle) for 48 h. Data are presented as mean + SEM.
(C) Table summarizing the Gls, values shown in Fig. 5B. (D) Immunoblot analysis of pDDR1/2, pERK, pAKT and B-actin in resistant melanoma cell
lines (SK-MEL-2BR, SK-MEL-2CR, SK-MEL-3DR, SK-MEL-3TR, and SK-MEL-3DTR) following 48-h treatment with the indicated inhibitors (1 or 10 uM).
(E) Principal component analysis (PCA) of RNA-seq data from six melanoma cell lines (SK-MEL-2, SK-MEL-3, SK-MEL-2BR, SK-MEL-3DR, SK-MEL-3TR,
and SK-MEL-3DTR) treated with 10 uM PHI-501 for 48 h. (F) Hierarchical clustering heatmap displaying the top 1000 most variable genes across all
five cell lines treated with or without PHI-501. (G) GSEA enrichment plots for the MAPK signaling pathway in drug-resistant cells following PHI-501

treatment

SK-MEL-2 (parental and BR) group and the SK-MEL-3
(parental, DR, TR, and DTR) group. In both groups, sam-
ples were separated along PC1 according to control and
PHI-501—treated conditions, with PC1 explaining 35.19%
of the total variance in the SK-MEL-2 group and 40.9%
in the SK-MEL-3 group. Biological replicates clustered
consistently within each condition (Fig. 5e). Consistently,
volcano plots of differential gene expression in resis-
tant models further demonstrated broad transcriptional
reprogramming following PHI-501 treatment (Supple-
mentary Figure S6a).

Hierarchical clustering of the 1000 most variable genes
further demonstrated that PHI-501 induced marked
transcriptional changes in both parental and resistant
melanoma cells (Fig. 5f). Kyoto Encyclopedia of Genes
and Genomes (KEGG) and Hallmark GSEA performed
in both parental and RAF-resistant melanoma cells fol-
lowing PHI-501 treatment consistently revealed pathway
suppression. KEGG analysis showed significant down-
regulation of the MAPK signaling pathway gene set,
and Hallmark analysis similarly demonstrated marked
decreases in PI3K/AKT/mTOR signaling, KRAS signal-
ing UP, and epithelial-mesenchymal transition gene sets
(Supplementary Figure S6b and S6c). Notably, GSEA
enrichment plots for MAPK signaling, PI3K/AKT/mTOR
signaling, KRAS signaling UP, and epithelial-mesen-
chymal transition highlighted significant pathway sup-
pression, with PHI-501 demonstrating inhibitory effects
in resistant cells as well as in parental cells (Fig. 5g and
Supplementary Figure S6d-S6f).

PHI-501 demonstrates in vivo antitumor efficacy in
dabrafenib/trametinib-resistant melanoma models

The pharmacokinetic properties of PHI-501 were evalu-
ated in BALB/c nude mice following a single intravenous

(1 mg/kg) or oral (10 mg/kg) administration. After oral
administration, PHI-501 exhibited rapid absorption (Tmax
= 0.5 h), achieving a Cnx of 3.68 pug/mL, with a termi-
nal half-life of 2.4 h and a high absolute bioavailability
(Fig. 6a and b).

To assess the in vivo efficacy of PHI-501 in over-
coming acquired resistance, we established two xeno-
graft models: the dabrafenib-resistant SK-MEL-3DR
and the dabrafenib/trametinib combination-resistant
SK-MEL-3DTR. In the SK-MEL-3DR model, PHI-501
(30 mg/kg, b.i.d.) treatment resulted in a remarkable
tumor growth inhibition (TGI) rate of 72.12%, sig-
nificantly outperforming both the vehicle and dab-
rafenib (100 mg/kg, q.d.) groups (Fig. 6¢). While the
dabrafenib-treated group showed a TGI of -7.42%,
confirming the robustness of this resistance model,
PHI-501 led to significant reductions in both tumor
weight and volume (Fig. 6¢ and e). Consistent with
these observations, immunoblotting of excised SK-
MEL-3DR tumors revealed that PHI-501 significantly
suppressed the phosphorylation of DDR1/2, MEK1/2,
and ERK1/2, whereas changes in AKT phosphoryla-
tion were not statistically significant (Fig. 6f and g).
To further evaluate PHI-501 in a more clinically chal-
lenging context, we performed xenograft studies using
the SK-MEL-3DTR model, which mimics resistance to
BRAF/MEK combination therapy. In this model, PHI-
501 demonstrated the most potent anti-tumor activity
and was the only treatment that achieved a statistically
significant reduction in tumor growth compared to
the vehicle control (p=0.0012) (Fig. 6h, Supplemen-
tary Figure S7d). No significant body weight loss was
observed in either model during PHI-501 treatment
(Supplementary Fig. S7a—c). These findings high-
light PHI-501 as a promising therapeutic strategy to
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Fig. 5 (continued)

overcome dabrafenib and trametinib resistance in
melanoma by targeting the critical signaling pathways
involved in tumor survival and progression.

Discussion

Targeted therapies, including BRAF and MEK inhibi-
tors and immune checkpoint blockade, have signifi-
cantly improved the survival rates of patients with
advanced melanoma [29, 30]. For BRAF V600-mutant
melanoma (40-50% of cases), combination therapy offers
enhanced initial response rates and survival benefits

L Ly i.uummnuunw LA filuumluumnn WL

P =0.001

[31]. However, these responses are typically transient,
with most patients developing resistance within 12-15
months through MAPK pathway reactivation (via sec-
ondary RAS mutations, BRAF splice variants, or ampli-
fication), compensatory PI3K—AKT signaling, alternative
RTK upregulation, and tumor microenvironment remod-
eling [32, 33]. NRAS-mutant melanoma (15-20% of
cases) presents a significant therapeutic challenge. MEK
inhibitors provide only modest benefits, whereas RAF
inhibitors are clinically ineffective owing to the wild-type
RAF paradox [34]. Consequently, most NRAS-mutant
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Fig.6 PHI-501 demonstrates in vivo antitumor efficacy in dabrafenib/trametinib-resistant melanoma models. (A) Plasma concentration—time profiles of
PHI-501 (i.v. at 1 mg/kg and p.o. at 5, 10, or 30 mg/kg, n=3). (B) Pharmacokinetic parameters for PHI-501 after i.v. (1 mg/kg) and p.o. (10 mg/kg) dosing,
including Co, Camax, Tmax, AUGf, elimination half-life (t/,), clearance (CL), volume of distribution (Vdss), and oral bioavailability. (C) SK-MEL-3DR xenograft
in BALB/c nude mice. Vehicle or PHI-501 was orally administered as indicated (n=9). Data are presented as the mean+SEM. (D) Tumor weights at the
endpoint of the study for the SK-MEL-3DR xenograft model. Data are presented as the mean=SD. (E) Representative tumor images from SK-MEL-3DR
xenograft in each treatment group at the study endpoint. (F) Western blot analysis of tumors from SK-MEL-3DR xenograft pDDR1/2, pMEK, pERK, pAKT,
and B-actin. (G) Quantification of pDDR1/2, pMEK, pERK, and pAKT normalized to -actin from the western blot analysis shown in (F). Data are presented
as mean = SEM (n=9). (H) SK-MEL-3DTR xenograft in BALB/c nude mice. Vehicle, dabrafenib+trametinib, belvarafenib or PHI-501 was orally administered
as indicated (n=5). Data are presented as the mean + SEM
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Fig. 6 (continued)

patients rely on immunotherapy, leaving limited options  signaling and adaptive resistance mechanisms in mela-
for those who are unresponsive to immune checkpoint noma. Our study introduced PHI-501, a dual pan-RAF/
inhibition [35]. DDR1/2 inhibitor, as a novel approach to address these
Recent therapeutic strategies have focused on the challenges in BRAF- and NRAS-driven melanoma. PHI-
comprehensive MAPK pathway targeting and resistance 501 demonstrated superior efficacy in overcoming resis-
mechanisms [36, 37]. “Paradox breaker” pan-RAF inhibi-  tance compared to existing agents, required lower doses,
tors (e.g., naporafenib) and ERK inhibitors show promise and exhibited favorable pharmacokinetics and toxicity
in early trials, particularly for NRAS-mutant disease [38].  profiles.
However, resistance often re-emerges through adaptive These findings provide preclinical evidence that PHI-
mechanisms, such as ARAF mutations or microenviron- 501 attenuates MAPK- and DDR-associated signaling
ment-driven escape [39]. Current approaches have inad-  and exhibits anti-tumor activity in experimental models
equately addressed tumor plasticity and the contribution = of MAPK inhibitor—resistant melanoma. Potential trans-
of collagen-dense microenvironments to treatment lational considerations, including biomarkers related to
resistance. DDR1/2 expression, ECM-associated transcriptional pro-
This landscape highlights the urgent need for innova-  grams, or MAPK pathway activation, remain as hypoth-
tive therapies that concurrently target both canonical eses requiring further validation. Likewise, any potential



Kim et al. Cancer Cell International (2026) 26:159

implications for immune exclusion or combination strat-
egies with immune checkpoint blockade remain to be
empirically determined, as these were not evaluated in
immunocompetent models. Such possibilities warrant
dedicated future studies to fully assess complex tumor—
immune and tumor-stroma interactions.

PHI-501 has recently been cleared by the Korean
Ministry of Food and Drug Safety (MEDS) for a Phase
1 clinical trial, which will allow for the initial evaluation
of its safety and biological activity in humans. While the
current study focused on melanoma, the dual inhibi-
tion of pan-RAF and DDR1/2 might also be relevant in
other oncology contexts where MAPK activation and
collagen-rich stroma contribute to resistance. Future
research would be required to empirically determine
whether these preclinical findings can be extended to
other malignancy types and to identify relevant predic-
tive biomarkers.

Limitations of the study

Despite these findings, our study has several limitations.
First, while increased DDR1/2 expression and signaling
changes were consistently observed in resistant models,
the present study does not include functional gain- or
loss-of-function experiments to establish a causal role
for DDR1 or DDR2 in driving resistance. Second, our
in vivo efficacy data were generated in xenograft mod-
els derived from BRAF V600E (class 1) melanoma, and
we did not evaluate PHI-501 in NRAS-mutant xeno-
graft models or in melanoma models harboring class
2/3 BRAF alterations. Third, because the xenograft stud-
ies were performed in immunodeficient mice, we could
not assess tumor—immune interactions or test combina-
tions with immune checkpoint blockade. Future studies
incorporating NRAS-mutant xenografts, patient-derived
xenografts, 3D organoids, and genetically engineered
mouse models will be important to evaluate PHI-501 in
more physiologically relevant preclinical contexts and to
define determinants of response and potential resistance
mechanisms.

Conclusion

PHI-501 is a dual inhibitor targeting pan-RAF and
DDR1/2 kinases and, in our experimental models, sup-
pressed MAPK- and DDR-associated signaling. Across
BRAF- and NRAS-mutant melanoma cell models with
acquired resistance to MAPK pathway inhibitors, PHI-
501 showed anti-tumor activity in vitro and in xenograft
studies, together with a pharmacokinetic profile and tol-
erability in mice consistent with further investigation.
Collectively, these results support further preclinical
evaluation of PHI-501 in models of resistance to current
MAPK-targeted therapies and help inform the design of
future translational studies.
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