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Introduction: Approximately 50% of melanomas harbor an activating BRAFV600E
mutation. Standard of care involves a combination of inhibitors targeting mutant BRAF
and MEK1/2, the substrate for BRAF in the MAPK pathway. PTEN loss-of-function
mutations occur in ~40% of BRAFV600E melanomas, resulting in increased PI3K/AKT
activity that enhances resistance to BRAF/MEK combination inhibitor therapy.

Methods: To compare the response of PTEN null to PTEN wild-type cells in an
isogenic background, CRISPR/Cas9 was used to knock out PTEN in a melanoma
cellline that harbors a BRAFV600E mutation. RNA sequencing, functional kinome
analysis, and drug synergy screening were employed in the context of BRAF/
MEK inhibition.

Results: RNA sequencing and functional kinome analysis revealed that the loss of
PTEN led to an induction of FOXD3 and an increase in expression of the FOXD3
target gene, ERBB3/HER3. Inhibition of BRAF and MEK1/2 in PTEN null,
BRAFV600E cells dramatically induced the expression of ERBB3/HER3 relative
to wild-type cells. A synergy screen of epigenetic modifiers and kinase inhibitors
in combination with BRAFi/MEKi revealed that the pan ERBB/HER inhibitor,
neratinib, could reverse the resistance observed in PTEN null, BRAFV60O0E cells.
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Conclusions: The findings indicate that PTEN null BRAFV600E melanoma
exhibits increased reliance on ERBB/HER signaling when treated with clinically
approved BRAFi/MEKi combinations. Future studies are warranted to test
neratinib reversal of BRAFiI/MEKi resistance in patient melanomas expressing
ERBB3/HER3 in combination with its dimerization partner ERBB2/HER2.

KEYWORDS

melanoma, kinase inhibitor, drug synergy, ERBB3, resistance

Introduction

While the genetic subset of mutations that contribute to melanoma
are heterogeneous, ~50% of melanomas have an activating
BRAFV600E mutation, which results in constitutive activation of the
MEK1/2-ERK1/2 mitogen-activated protein kinase (MAPK) pathway
(1). Aberrant ERK1/2 signaling leads to uncontrolled melanoma
proliferation (2). The current clinical standard of care involves
targeting BRAFV600E (or V600K) and MEK1/2, which elicits a
potent antiproliferative response by inhibiting the ERK1/2 pathway
(3-5). Despite improved response rates and extended progression-free
survival with the combination of BRAFV600E and MEK1/2 inhibitors
(BRAFi/MEKi), the development of resistance to these therapies and
subsequent recurrence of disease remains a major clinical challenge (6,
7). Evaluation of factors influencing resistance identified loss-of-
function mutations within the tumor-suppressor gene PTEN
(phosphatase and tensin homolog deleted on chromosome 10),
which occurs in 40% of sporadic melanomas and in up to 70% of
melanoma cell lines (8, 9). PTEN is the second most commonly
mutated tumor-suppressor gene in cancers, second only to p53
(TP53), and is altered in various cancer types including glioblastoma,
endometrial, breast, thyroid, and prostate cancers (10, 11). PTEN lipid
phosphatase activity acts as a negative regulator of PI3K signaling by
dephosphorylating PIP3 (phosphatidylinositol 3,4,5 tri-phosphate) to
produce PIP2 (phosphatidylinositol 4,5 bi-phosphate). Functional
PTEN loss activates PI3K/AKT signaling, which is a critical mediator
of growth, survival, and apoptosis (12). Braf mutation in cooperation
with Pten loss facilitates tumor formation and metastasis to distal
organs in murine models of melanoma (13). PI3K pathway activation
via loss of PTEN, which can suppress BIM-mediated apoptosis, or
concurrent loss of PTEN and RBI, leads to BRAFi resistance in
preclinical melanoma models (14-16). Clinically, patients with PTEN
loss experience shorter progression-free survival when treated with the
BRAFi, dabrafenib (17). Functional PTEN inactivation also confers
resistance to anti-PD-1 immunotherapy in a preclinical model of
melanoma due to increased expression of immunosuppressive
cytokines in response to PI3K-AKT activation (18).

Here, we investigated the consequence of PTEN loss on BRAFi/
MEKi resistance using RNA-seq and a chemical proteomics method
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(MIB/MS) to interrogate the functional kinome (19). The forkhead
box D3 (FOXD3) transcription factor and its target gene ERBB3
(HER3), a pseudokinase of the ERBB/HER receptor tyrosine kinase
family, were induced in PTEN null BRAFV600E melanoma. ERBB3
(HER3) is a member of the epidermal growth factor receptor (EGFR)
family that includes EGFR, ERBB2 (HER2), and ERBB4 (HER4).
ERBB3 (HER3) is activated by neuregulin-1 or neuregulin-2, but since
it lacks kinase activity, heterodimerization with another family
member is required for downstream signaling. ERBB3/HER3 can
directly bind to the regulatory p85 subunit of PI3Ks and drive PI3K/
AKT signaling. RNA sequencing evidence of a potential FOXD3-
ERBB3/HER3 signaling axis functioning as an adaptive regulator to
BRAFV600E/MEK]1/2 inhibition led us to explore the kinase response
of BRAFV600E, PTEN null A375 melanoma cells. MIB/MS profiling
of the global kinome revealed increased inhibitor bead capture of
ERBB3/HER3 and AKT1/AKT3, indicating functional ERBB3/HER3-
PI3K/AKT pathway activation. Drug synergy screens identified
synergy between inhibitors targeting ERBB/HER kinases and
BRAFI/MEKI. Treatment of PTEN null melanoma cells with BRAFi/
MEKi therapy and the pan-ERBB/HER inhibitor, neratinib,
attenuated growth when compared with either treatment alone.
These results suggest that BRAF mutant, PTEN-deficient melanomas
can adaptively shift to ERBB/HER dependence in response to BRAFi/
MEKi and provide critical insight into the potential treatment of
intrinsic or acquired resistance due to PTEN loss.

Materials and methods
Cell culture

The human melanoma cell lines used, A375 and SK-MEL-181,
and the HEK293T line were obtained from Lineberger
Comprehensive Cancer Center that were authenticated by short-
tandem repeat (STR) testing. Cell lines were routinely tested by
DAPI staining for mycoplasma. Cell lines were passaged no longer
than 4-6 weeks for all experiments performed. Cells were cultured
in DMEM (A375, HEK293T) or RPMI (SK-MEL-181),
supplemented with 5% FBS and 1% penicillin-streptomycin.
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RNA interference

Short hairpin RNA constructs were purchased from Addgene.
The pLKO.1-PTEN-shRNA-1320 plasmid (plasmid #25638, gift
from Todd Waldman) was used to downregulate PTEN
expression. The pLKO.1 puro scramble plasmid (plasmid #1864,
gift from David Sabatini) was used as a non-targeting control.
Transfection of pLKO.1 plasmids, psPAX2 (plasmid #12260, gift
from Didier Trono), and pMD2.G (plasmid #12259, gift from
Didier Trono) into HEK293T cells was performed using
jetPRIME transfection reagent according to the manufacturer’s
instructions (89129-922, Polyplus-transfection). Supernatant was
collected 48 h after transfection, syringe-filtered (0.45 um), and
used for transduction of target cells in the presence of 8 pg/ml
polybrene for 48 h before puromycin selection and maintenance
(2.5 pg/ml) for 1 week prior to experiments.

PI3K-overexpressing cell lines

The pLP-LNCX-PIK3CA-WT (plasmid #25633) and pLP-
LNCX-PIK3CA-H1047R (Plasmid #25635, gifts from Todd
Waldman) plasmids were purchased from Addgene. Plasmids were
transfected into PLAT-A cells (20). The supernatant was collected
48 h later, filtered through 45 um, and used to infect A375 cells (with
8 ug/ml polybrene). Two days later, polyclonal populations were
selected and maintained in medium with 250 pg/ml G418.

Immunoblotting

Melanoma cell lines were lysed in ice-cold multiplexed inhibitor
bead (MIB) lysis buffer (50 mmol/L HEPES, 150 mmol/L NaCl,
0.5% Triton X-100, 1 mmol/L EDTA, 1 mmol/L EGTA, pH 7.5)
supplemented with complete protease inhibitor cocktail (Roche)
and 1% phosphatase inhibitor cocktails 2 and 3 (Sigma), and filtered
lysates were boiled in 1x SDS sample buffer for 10 min at 100°C.
Equal amounts of lysate were separated by SDS-PAGE, transferred
to nitrocellulose membrane, blocked with 5% milk in TBS, and
subjected to immunoblotting with the following primary antibodies:
PTEN, phospho-ERK1/2 (218/222), phospho-AKT (S473),
phospho-AKT (T308), AKT, HER2, FOXD3, and HER3 from Cell
Signaling Technology; SOX10 and ERK2 from Santa Cruz
Biotechnology. Secondary antibodies used were goat anti-rabbit-
HRP or goat anti-mouse-HRP from Pierce Biotechnology.
SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific) was used, and images were collected on a Bio-Rad
ChemiDoc. Immunoblotting was performed at least three times,
and representative images are shown.

CRISPR/Cas9-mediated deletion of PTEN

CRISPR/PTEN KO plasmid (sc-400103) and PTEN HDR plasmid
(sc-400103-HDR) pools were purchased from Santa Cruz. 2 ug of each
plasmid was transfected into A375 cells using jetPRIME reagent, and
cells were selected with 2.5 pg/ml puromycin for 1 week. Sanger
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sequencing identified three unique sgRNA sequences in the pool
targeting human PTEN (cctacctctgcaattaaatt, ttatccaaacattattgcta, and
accgccaaatttaattgcag). Single-cell clones were isolated by limiting
dilution and screened by western blotting for loss of detectable
PTEN expression. PTEN KO clones and the parental A375 line were
then infected with Ad-Cre-GFP adenovirus (approximate MOI 30,
resulting in ~95%-99% GFP positive cells) from Vector Biolabs (Cat.
No. 1700).

Immunofluorescent cell staining

Cells were fixed with 4% paraformaldehyde in Krebs S-buffer
for 10 min and permeabilized in 0.2% Triton X-100 in PBS for
5 min at room temperature. Cells were blocked for 30 min in PBS
containing 5% BSA. The primary antibody, diluted to 1:100 in PBS
containing 5% BSA, was applied for 3 h at ambient temperature.
This was followed by extensive washes in PBS. The fluorescent dye-
conjugated secondary antibody and phalloidin dye were diluted to
1:400 in 5% BSA in PBS and applied for 1 h at ambient temperature
followed by extensive washes in PBS. Cells were stained with 0.2 pg/
ml Hoechst 33342 for 10 min at room temperature. The dye was
washed out and Fluoromount-G (Electron Microscopy Sciences)
was used as the mounting medium for fixed cells on coverslips.
Fluorescent images were acquired on a Zeiss LSM800 confocal
microscope using a 63x objective. The commercial antibody used
for immunohistochemistry was purchased from Cell Signaling
Technology (rabbit anti-PTEN). Alexa Fluor 568 (goat anti-
rabbit), Phalloidin (Alexa Fluor 488), and Hoechst 33342 were
purchased from Thermo Fisher Scientific. Staining was performed
once on three technical replicates.

Dose—-response curves

Dose-response curves were performed in 384-well plates. Cells
were plated 1 day prior to first treatment using a BioTek microplate
dispenser. The following day, cells were dosed with drug using a
Beckman Coulter Biomek FX instrument. Cells were treated
with 0.001 nM-100 nM dabrafenib in half log doses and 0.0001
nM-10 nM trametinib in half log doses and in combination.
For screening validation, triple-combination dose-response curves
were performed by adding 100 nM neratinib to dabrafenib/
trametinib combination treatment. DMSO was used as a negative
control for growth inhibition on each plate. Plates were incubated at
37°C for 96 h and lysed by adding 10 pl CellTiter-Glo reagent
(Promega, Cat. No. G7570) to 50-ul cell media. Luminescence was
measured using a PHERAstar FS instrument, and growth inhibition
was calculated relative to DMSO-treated wells. Dose-response curves
were performed three times, with six technical replicates at each dose.
Representative results from a single experiment are shown.

Cell line growth assays

The growth assays were performed in 96-well plates. Cells were
plated 1 day prior to first treatment. For multiday treatments, media

frontiersin.org


https://doi.org/10.3389/fonc.2024.1191217
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

DuBose et al.

containing fresh drug were changed every 3 days unless otherwise
noted. Live cells were stained with Hoechst 33342 at 1:10,000 in PBS
for 20 min at 37°C and imaged/counted with a Thermo Cellomics
ArrayScan VTI at 12 frames per well. Growth assays were
performed using six technical replicates and at least twice, with
representative data shown from a single experiment.

Crystal violet colony formation assays

Crystal violet assays were performed in six-well plates, with
three technical replicates per condition. Cells were plated at a low
density (2,000 cells per well) 1 day prior to first treatment. After 7
days, cells were rinsed with PBS, fixed in methanol (10 min, —20°C),
and stained with 0.5% crystal violet for 20 min. Images were
collected, and then crystal violet was solubilized with 30% acetic
acid and quantified by absorbance at 600 nm. Crystal violet colony
formation assays were performed at least three separate times and
representative data are shown.

Senescence-associated beta-
galactosidase staining

Cells were seeded in six-well dishes 1 day prior to drug
treatment. After a 96-h treatment with DMSO, 100 nM neratinib,
10 nM dabrafenib, and 1 nM trametinib, or the combination of dab/
tram and neratinib, cells were rinsed in PBS and then fixed and
processed for senescence-associated (SA)-beta-galactosidase
staining according to the manufacturer’s protocol (Senescence
Beta-Galactosidase Staining Kit, Cell Signaling Technology, Cat.
No. 9860). Nuclei were counterstained with Hoechst 33342 prior to
imaging. Experiments were performed three times, and
representative data are shown.

3D spheroid assay

A375 wild-type, PTEN KOS5, and PTEN KOL11 cells were plated
in low-adhesion round-bottom 96-well plates in biological
triplicate. For spheroids, 5,000 cells were plated per well.
Spheroids were given 72 h to form before beginning drug
treatment. Before beginning drug treatment and at end point (7
days), brightfield images were captured using a Celigo instrument.
Following imaging, spheroids were lysed in CellTiter-Glo 3D
(Promega, Cat. No. G9681) by adding 50 pl reagent to 150-pul cell
media. Plates were rotated at 150 rpm for 30 min before
luminescence was read using a PHERAstar FS.

Compounds

Information on compounds used in screening and subsequent
validation experiments is listed in Supplementary Table S4.
Dabrafenib, trametinib, vemurafenib, cobimetinib, encorafenib,
and binimetinib were purchased from Selleck and dissolved in
DMSO. Cultures were treated with 0.1% DMSO as control.
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Epigenetic/kinase inhibitor
synergy screening

The optimal dose range for dabrafenib and trametinib was
determined for each cell line screened across half log doses.
Dabrafenib/trametinib screens were performed in 6 x 6 dose-
response matrices. A375 wild-type, KO5, and KO11 cell lines
were treated with 3 nM-1 uM dabrafenib/trametinib in half log
doses. Cells were seeded in 384-well plates using a BioTek
microplate dispenser. The following day, cells were dosed with
drug using a Beckman Coulter Biomek FX instrument. The
screening library was tested for growth inhibition alone or in
combination across six doses of the screening library: 0.1 nM, 1
nM, 10 nM, 100 nM, 1 uM, and 10 uM. Bortezomib (1 uM) was
included as a positive control or 0.1% DMSO as a negative control
for growth inhibition on each plate. Plates were incubated at 37°C
for 96 h and lysed by adding 10 ul CellTiter-Glo reagent (Promega,
Cat. No. G7570) to 50-ul cell media. Luminescence was measured
using a PHERAstar FS instrument, and growth inhibition was
calculated relative to DMSO-treated wells. The full drug library
synergy screen was performed once, and selected compounds and
combinations were used for validation as indicated.

Drug synergy analysis

Drug synergy scores were generated using the SynergyFinder
package 1.6.17%. Bliss scores were calculated without baseline
correction and using default parameters with the exception that
Emin was specified as 0 and Emax as 100 (Supplementary Table S5).
Synergy was assessed across individual doses of each library
compound to generate six possible scores per compound. To be
considered a hit, a given compound had to generate a positive mean
synergy score for at least one dose tested in the PTEN KO cell lines
screened. Hits were then ranked by the mean of all synergy scores
produced in the drug combination matrix. Synergy scores represent
the percent growth inhibition induced by a drug combination which
exceeded the expected growth inhibition. Expected growth
inhibition was calculated based on the effect of each drug as a
single agent.

RNA isolation, RNA-seq library preparation,
sequencing, and analysis

PBS-washed A375 cell pellets were snap frozen on dry ice and
sent to GENEWIZ Azenta Life Sciences (South Plainfield, NJ) for
mRNA sequencing in biological triplicate. RNA was isolated from
snap-frozen cell pellets using the RNeasy Plus Mini Kit (Qiagen)
according to the manufacturer’s protocol with the optional DNase I
treatment (Qiagen) for 15 min. Libraries were prepared using the
NEBNext Ultra II RNA Library Prep with PolyA selection, 500 ng
input, 10 PCR amplification protocols. Paired-end sequencing (2 x
150 bp) of equimolar amounts of each library was performed on an
Mumina HiSeq 4000. Sequence reads were trimmed to remove
possible adapter sequences and nucleotides with poor quality using
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Trimmomatic v.0.36 w (average 23.5 x 10° reads per sample, mean
quality score 35.2, mean 92.5% reads Q 230). The trimmed reads
were mapped to the Homo sapiens GRCh38 reference genome
available on ENSEMBL using the STAR aligner v.2.5.2b. The STAR
aligner is a splice aligner that detects splice junctions and
incorporates them to help align the entire read sequences. BAM
files were generated as a result of this step. After alignment to
GRCh38, mean 97.4% reads were successfully aligned. Unique gene
hit counts were calculated by using featureCounts from the Subread
package v.1.5.2. The hit counts were summarized and reported
using the gene_id feature in the annotation file. Only unique reads
that fell within exon regions were counted. After extraction of gene
hit counts, the gene hit counts table was used for downstream
differential expression analysis. Using DESeq2 (21), a comparison of
gene expression between defined groups of samples was performed.
The Wald test was used to generate p-values and log2 fold changes.
Genes with an adjusted p-value < 0.05 (BH method) and absolute
log2 fold change > 1 were called as differentially expressed genes for
each comparison and displayed as volcano plots. DESeq2 results for
pairwise comparisons are provided as Supplementary Table S3.

Raw counts were imported into iDEPv0.96 (22) and
preprocessed using default parameters, and normalized counts
(Supplementary Table S1) were used for unsupervised
hierarchical clustering and k-means clustering using default
parameters (top 2,000 genes, Pearson correlation, average linkage
for hierarchical clustering and top 2,000 genes, four clusters for K-
means clustering). K-means clustering heatmap data are provided
as Supplementary Table S2.

TCGA skin cutaneous melanoma
expression analysis

From cbioportal.org, we identified cutaneous melanoma
samples in the TCGA PANCAN data set harboring BRAFV600E
or BRAFV600K mutations (23, 24). Within this data set, we
compared the expression of SOX10, FOXD3, ERBB2, and ERBB3
in samples with PTEN alterations (driver mutations (missense,
nonsense, frameshift) or predicted homozygous deletion), n = 43,
to those without, n = 143, using expression data obtained from
xenabrowser.net (25). Samples with nulls were excluded. Outliers
were removed using GraphPad Prism Robust regression and outlier
removal (ROUT) method (Q = 1%). Statistical analysis between
groups was performed using two-tailed unpaired Student’s t test. P
< 0.05 was considered significant.

Outliers:
PTEN wt PTEN mut
SOX10 2 0
FOXD3 3 1
ERBB2 1 0
ERBB3 4 0
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Multiplexed inhibitor bead chromatography
and mass spectrometry (MIB/MS) analysis

MIB/MS experiments were performed as described previously
(19, 26). Briefly, snap-frozen melanoma cells were lysed in ice-cold
MIB lysis buffer (150 mmol/L NaCl). Extracts were sonicated 3 x 10
seconds, clarified by centrifugation, and syringe-filtered (0.22 pm)
prior to Bradford assay quantitation of concentration. Equal
amounts of total protein (0.3 mg) were gravity-flowed over MIB
columns in high salt MIB lysis (1 mol/L NaCl). Bound protein was
eluted twice with 0.5% SDS, 1% [B-mercaptoethanol, 100 mmol/L
Tris-HCI, pH 6.8 for 15 min at 100°C. Eluate was treated with DTT
(5 mmol/L) for 25 min at 60°C and 20 mmol/L iodoacetamide for
30 min in the dark. Following spin concentration using Amicon
Ultra-4 (10k cutoff) to approximately 100 pL, samples were
precipitated by methanol/chloroform, dried in a SpeedVac, and
resuspended in 50 mmol/L HEPES (pH 8.0). Tryptic digests were
performed overnight at 37°C and peptides further cleaned using C-
18 spin columns according to the manufacturer’s protocol (Pierce).
Peptides were resuspended in 2% ACN and 0.1% formic acid. 40%
of the final peptide suspension was injected onto a Thermo EASY-
Spray 75 um x 25 cm C-18 column and separated on a 180-min
gradient (5%-40% ACN) using an EASY nLC-1000. Raw files were
processed for label-free quantification (LFQ) by MaxQuant LFQ
using the UniProt/Swiss-Prot human database. Kinases with fewer
than 2 razor+unique peptides were excluded. Normalized LFQ
intensities were imported into Perseus software. In Perseus, LFQ
intensities were log,-transformed and missing values were imputed
by column using default parameters for each sample to enable
comparison (Supplementary Table S6).

Data availability

The RNA-seq datasets generated during and/or analyzed during
the current study are available in the Gene Expression Omnibus (GEO)
(Accession no. GSE255541). The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD033866
(Username: reviewer_pxd033866@ebi.ac.uk, Password: qst3pRLr)
and PXDO033921 (Username: reviewer_pxd033921@ebi.ac.uk,
Password: 02pkX3Zp). All other data generated and/or analyzed
during this study are included in this article (and its Supplementary
Information Files).

Results

PTEN loss in BRAFV600E melanoma cells
decreases sensitivity to dabrafenib/
trametinib-induced growth arrest

PTEN expression was inhibited by shRNA in A375 and SK-
MEL-181 human melanoma cell lines, both of which express
BRAFV600E and wild-type PTEN (27) (Figure 1).
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Knockdown of PTEN in BRAFV600E melanoma cell lines. (A) A375 and (B) SK-MEL-181 cells expressing non-targeting (scrambled control) shRNA or
shRNA targeting PTEN were generated by lentiviral infection and puromycin selection. Polyclonal populations were harvested and immunoblotting
performed using the indicated antibodies. ERK2 was used as a loading control. Full-length blots are presented in Supplementary Figure S9. (C) A375
and (D) SK-MEL-181 cells were treated with DMSO (control) or the indicated dose of dabrafenib/trametinib for 96 h prior to viability measurement
using CellTiter-Glo. Dabrafenib (1x) and trametinib (0.1x) were used at 10:1 dose ratio. Mean +/- SD, n = 6. Indicated p-values were calculated using

the extra sum of squares F-test in Prism.

Immunoblotting confirmed decreased PTEN protein levels with
shRNA knockdown in both the A375 and SK-MEL-181 cells as well
as increased phosphorylation of AKT, consistent with predicted
activation of the PI3K pathway (Figures 1A, B) (9). Treatment of
both PTEN knockdown lines relative to control cells with increasing
concentrations of dabrafenib (BRAFi) and trametinib (MEKi)
showed a decrease in sensitivity to growth inhibition with PTEN
loss compared with control (Figures 1C, D).

Activation of the PI3K-AKT pathway via mutations in the
PI3Ko. gene, PIK3CA, have also been observed in melanoma (28).
To determine if activated PI3K would mimic PTEN loss in
BRAFV600E melanoma, Flag-tagged wild-type PI3K (PI3KWT)
and the activated PIK3CA H1047R mutant were ectopically
expressed in A375 cells (Supplementary Figure S1A). The
H1047R mutation increases catalytic activity of PI3K (29).
Expression of PIK3CA H1047R decreased the sensitivity to
dabrafenib/trametinib growth inhibition relative to expression of
wild-type PIK3CA (Supplementary Figures S1B, C). The findings
indicate PTEN loss, and activating PI3K mutations confer
comparable resistance to BRAFi/MEKi.

To better model the effects of PTEN loss, CRISPR/Cas9 was
employed to delete PTEN in the A375 melanoma cell line. Isogenic
clones were isolated and their PTEN expression levels determined
by immunoblotting (Figure 2A). As ERK2 levels appeared reduced
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in KO7, we confirmed that ERK2 was a suitable loading control and
not an off-target of PTEN disruption by repeating the transfection
and selection and utilizing additional loading controls, at baseline
and in response to drug treatment (Supplementary Figures S1A, B).
Two independent clones, PTEN null 5 and PTEN null 11 (KO5 and
KO11) were chosen for further characterization based on their
similar morphologies and growth rates to the wild-type A375 cells.
Similar to the PTEN shRNA knockdown cells, PTEN null KO5 and
KO11 cells had increased phospho-AKT with no change in
phospho-ERK relative to parental wild-type cells (Figure 2B).
Immunofluorescent staining of PTEN confirmed lack of
expression in the PTEN null KO5 and KO11 cells with no overt
morphological changes as a result of PTEN loss (Figure 2C).
Dose-response relationships of BRAFi/MEKi by dabrafenib/
trametinib in PTEN null KO5 and KO11 and parental A375 cells
were assessed to determine changes in drug sensitivity with loss of
PTEN expression. Similar to PTEN shRNA knockdown cells, PTEN
null cells showed a diminished sensitivity to growth inhibition with
increasing concentrations of dabrafenib/trametinib compared with
wild-type A375 cells. The half maximum inhibitory concentration
(ICsp) was analyzed over multiple experiments and demonstrated a
highly reproducible, significant change in ICs, resulting from PTEN
loss. The disruption of PTEN resulted in a 6.5-fold and 10-fold
increase in KOS5 and KO11 ICs,, respectively, relative to the wild-

frontiersin.org


https://doi.org/10.3389/fonc.2024.1191217
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

DuBose et al. 10.3389/fonc.2024.1191217

A B A375
A
o° o
.\\6\*98 ,«)\‘(\ ,‘@\‘(\
§m CRISPR-Cas9 PTEN KO Clone # A ° °
S
§ 1 23 4 5 6 7 8 1 PAKT S473 —
I
PTEN pAKT T308 |
- e -
I
PTEN
¢ ooeoeoeoee e S
PERK1/2 T202/Y204 |
- }— -
ERK2 !

o

Hoechst PTEN actin

dabrafenib/rametinib
15 p<0.0001
) =
g = .
=} 101 T
g &
< 154
2 S 5
= =
i 3
e 0
102 10° 102 wildtype KOS KO11
dabrafenib [nM]
0.1x trametinib
E F DMSO dab/tram
A375 = — -
121 g
= Sk
. 101 T e
B E g
x 81 % 100
T 6 £g
g 59
= 4 p<0.0001 8 €S
o B < ga 50
21 ’]E] 32
0 g (R - 4,,“ . O-Ig
0 2 4 6 8 2
days treatment - = 0
) ) S wildtype KOS5  KO11
-o- wild type DMSO -a- wild type dab/tram X dabltram: -+ - I

-+ KO5 DMSO - KOS dab/tram
-= KO11 DMSO = KO11 dab/tram

FIGURE 2

CRISPR-mediated PTEN loss decreases sensitivity of BRAFV600E melanoma cells to combined dabrafenib/trametinib inhibition. (A) A375 cells were
transfected with a single-guide RNA pool targeting human PTEN and selected with puromycin. Single-cell clones were isolated, harvested, and
immunoblotting was performed with the indicated antibodies. ERK2 was used as a loading control. Full-length blots are presented in Supplementary
Figure S8. (B) A375 wild-type, PTEN null 5 (KO5), and PTEN null 11 (KO11) cell lines were harvested for immunoblotting with the indicated antibodies.
ERK2 was used as a loading control. Full-length blots are presented in Supplementary Figure S10. (C) A375 wild-type, KO5, and KO11 cell lines were
grown on glass cover slips, fixed, and immunofluorescent staining was performed for PTEN, actin (Phalloidin), and Hoechst 33342 (nuclear marker)
Scale bar, 20 ym. (D) A375 wild-type, KOS5, and KO11 cell lines were treated with DMSO (control) or the indicated dose of dabrafenib/trametinib for
96 h prior to viability measurement using CellTiter-Glo. Dabrafenib (1x) and trametinib (0.1x) were used at a 10:1 dose ratio. Graphical representation
of a single experiment. Bar plot of delta ICsq values calculated by comparing fold change in ICsg in the wild-type vs. each PTEN KO cell line.
Indicated p-values were calculated using two-tailed t-tests, n = 7. (E) Six-day cell growth curves across A375 wild-type, KO5, and KO11 cell lines
treated with DMSO (control) or 10/1 nM dabrafenib/trametinib. Mean +/- SD, n = 6. Indicated p-values were calculated using two-tailed t-tests

(F) One-week crystal violet assays in wild-type, KOS5, and KO11 cell lines. Cells were dosed with DMSO (control) or 10/1 nM dabrafenib/trametinib

Bar plot represents quantification of crystal violet stain, mean +/- SD, n = 3. Indicated p-values were calculated using two-tailed t-tests. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001

type cells (Figure 2D). A similar shift in sensitivity to growth  resistance being a function of PTEN loss and not the specific
inhibition was seen with additional FDA-approved BRAFI/MEKi ~ BRAFi/MEKi combination (Supplementary Figures S3A, B).

drug combinations, including encorafenib/binimetinib and Short- and long-term growth assays were performed on the
vemurafenib/cobimetinib (30, 31), consistent with the observed = A375 wild-type and PTEN KO5 and KO11 cells. In the short term,
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6-day cell growth assays, the dabrafenib/trametinib combination
was able to strongly inhibit growth of wild-type cells, but PTEN null
K05 and KOL11 cells continued to grow at a modest but significant
proliferative rate (Figure 2E). Growth was also assayed in 1 or 2-to-
4-week crystal violet assays where cells were fixed at identical time
points (Figure 2F) after seeding or were allowed to reach confluence
(Supplementary Figure S4). The data obtained were consistent,
demonstrating that PTEN null cells continued to proliferate when
compared with PTEN wild-type cells in the presence of
dabrafenib/trametinib.

Transcriptomic changes induced by
PTEN loss

We next sought to identify the gene expression changes and
potential signatures underlying the modest but significant BRAFi/
MEKi resistance observed with PTEN loss. RNA sequencing (RNA-
seq) was performed in biological triplicate on the PTEN null clones
(KO5 and KOL11), wild-type PI3K (PIK3CA)-expressing, activated
PI3K (PIK3CA HI1047R)-expressing, and wild-type A375 cells to
define changes in the transcriptome with loss of PTEN expression and
during acute (1 day) and chronic (7 day) exposure to dabrafenib and
trametinib in combination. Principal component analysis (PCA)
revealed that principal component 1 (PC1, 34% variance) likely
reflects exposure to dabrafenib/trametinib (dab/tram) treatment
compared with DMSO, whereas principal component 2 (PC2, 12%
variance) modestly reflects treatment duration and genotype (PTEN
or ectopic PI3K status) (Figure 3A, Supplementary Table 1).
Unsupervised hierarchical clustering revealed similar patterns in
the expression data (Supplementary Figure S5A).

To assign and interpret meaning from the most differentially
expressed genes, K-means clustering was performed on the most
variable 2,000 genes and those with HGNC-approved official gene
symbols were displayed (Figure 3B). Default settings of four clusters
revealed gene expression patterns that could be defined by genotype
and/or drug exposure. Dabrafenib/trametinib exposure led to the
upregulation and sustained expression of cluster 2 genes, a gradual
increase in cluster 1 gene expression, and rapid and sustained
downregulation of cluster 4 genes. In contrast, cluster 3 genes
were marked by lower expression in PTEN KO clones,
irrespective of drug treatment.

Enrichment analysis of Gene Ontology (GO) Biological Process
using iDEP0.96 (22) was performed, and the 10 most significant
processes are shown (Figures 3C-E, Supplementary Figure S5,
Supplementary Table 2). Genes that were upregulated over time
(cluster 1) were associated with response to biotic stimuli, immune
response, and defense response (Figure 3C). Genes that were more
rapidly upregulated in response to dabrafenib/trametinib (cluster 2)
were associated with adhesion and ion/cation transport
(Supplementary Figure 5B). Genes whose downregulation was
associated with PTEN status belonged to Go Biological Process
pathways related to neurogenesis, neuronal differentiation
development, and morphogenesis. These data are in agreement
with glioblastoma models where PTEN loss induces dramatic
transcriptomic changes and a different phenotypic state from
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the wild type (32). Consistent with growth inhibition observed in
all cell lines in response to dabrafenib/trametinib, irrespective of
PTEN status, cluster 4 genes were associated with cell-cycle
progression and mitosis (Figure 3D). Cell lines with overexpression
of PIK3CA or the active mutant (PIK3CA-H1047R) were notably
distinct, possibly due to ectopic expression rather than the use of
genome editing of the PIK3CA gene. Due to the use of overexpressed
PI3K and the higher frequency of PTEN alterations observed in
patients, we elected to focus further experiments on the PTEN
KO lines.

To identify potential therapeutic targets in the kinome, we
investigated the altered transcripts encoding kinases in A375 cells
at baseline (DMSO) compared with the PTEN KO clones.
Differentially expressed genes were identified using DESeq2 (21),
and kinase genes were annotated using kinome.org (Figures 3F, G,
Supplementary Table 3) (33). Notable significant kinases
upregulated at baseline in PTEN KOS5 and PTEN KOI11
cells included metabolic kinases such as phosphoglycerate kinase
1 (PGKI), pyruvate dehydrogenase kinase 4 (PDK4), hexokinase
2 (HK2), and adenylate kinase 4 (AK4). These findings are
consistent with a regulatory role for PTEN as a metabolic switch
and its loss contributing to the Warburg effect and a shift toward
glycolysis (34).

A common upregulated kinase gene in both PTEN KO5 and
PTEN KO11 cells at baseline was ERBB3/HER3, which had been
previously shown to respond to FOXD3 adaptive upregulation in
response to BRAF inhibition (33, 35). We wanted to determine
whether ERBB3/HER3 expression was elevated in human
melanoma tumors having mutant or deleted PTEN versus
melanoma with wild-type PTEN at baseline. Analysis of human
melanoma tumor transcriptome data (RNA-seq) from The Cancer
Genome Atlas (TCGA) indicated that the expression of ERBB3/
HER3, key transcriptional activator FOXD3, and the critical ERBB3/
HER3 dimeration partner, ERBB2/HER2, were significantly elevated
in BRAFV600E/K mutant melanoma tumors with PTEN alterations
(n = 44) versus those with wild-type PTEN (n = 143) (Figure 3H).
Thus, loss of the tumor-suppressor PTEN is associated with
upregulated ERBB2/HER2, ERBB3/HER3, and FOXD3 expression
in BRAF mutant human melanoma.

Activation of the SOX10-FOXD3-ERBB3/
HER3 regulatory axis is enhanced by
PTEN loss

Inhibition of the BRAFV600E-MEK1/2-ERK1/2 pathway in
melanoma has been shown by Shao and colleagues to block ERK
phosphorylation-dependent SOX10 sumoylation, leading to
enhanced SOX10 binding at the FOXD3 promoter and
stimulating the SOX10-FOXD3-ERBB3/HER3 transcriptional axis
(36). Analysis of PTEN-altered, BRAFV600E/K mutant melanoma
tumors from TCGA indicated that SOX10 expression was
significantly upregulated when compared with BRAFV600E/K
mutant, PTEN unaltered tumors (Figure 4A). Given the modest
but significant capacity of PTEN loss to confer dabrafenib/
trametinib resistance, we next examined the effect of drug
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FIGURE 3

PTEN loss alters the transcriptomic landscape of BRAFV600E melanoma. (A) Principal component analysis (PCA) of A375 wild-type, PTEN KOS5, PTEN
KO11, wild-type PIK3CA (PI3K) overexpressing, and mutant PIK3CA-H1047R (H1047R) overexpressing transcriptomes from three mRNA-seq
biological replicates. Component 1 (dab/tram treatment) accounts for the largest possible variance (34%) in the data set. (B) K-means clustering (set
to 4) of the top 2,000 genes (variable expression) was performed using iDEP0.96. Clusters and gene pattern associations are graphically illustrated at
the right. (C-E) Pathway enrichment from the clusters shown in (B) was performed (GO Biological Process Pathway) using iDEP0.96, and the top 10
most significant pathways are shown for clusters 1, 3, and 4. (F, G) DESeq2 was used to identify differentially expressed genes in KO5 (F) or KO11

(G) cells versus wild-type A375 cells at baseline (DMSO). Kinases were annotated and log2 fold change in DESeq2 normalized counts and the —log10
adjusted P-values used for the volcano plot. (H) ERBB3/HER3, FOXD3, and ERBB2/HER2 log, read counts from BRAFV600E/K mutant, PTEN
unaltered, or BRAFV600E/K mutant, PTEN altered skin cutaneous melanoma patient samples accessed from TCGA database (cbioportal.org).
Indicated p-values were calculated in GraphPad Prism using an unpaired, two-sample Student's t-test. *P < 0.05, **P < 0.01.

treatment on the cell line models. Exposure to the BRAFi/MEKi
combination of dabrafenib/trametinib for 1 day (1d) led to striking
upregulation of JUN, SOX2, SOX4, MAF, and FOXD3 with similar
expression changes observed in wild type, PTEN KOS5 (Figures 4B,
C), and PTEN KO11 (Supplementary Figure S6). Downregulated
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genes, consistent with the gene signatures identified in cluster 4
(Figure 3E), included the cell cycle regulator E2F1 and members of
the PEA3 subfamily of E26 transformation-specific (ETS)
transcription factors—ETVI, ETV4, and ETV5—which are
oncogenic transcription factors responsive to MAPK signaling
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FIGURE 4
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Dabrafenib/trametinib treatment enhances the SOX10-FOXD3-ERBB3/HER3 signaling axis PTEN null melanoma. (A) SOX10 log, read counts from
BRAFV600E/K mutant, PTEN unaltered, or BRAFV600E/K mutant, PTEN altered skin cutaneous melanoma patient samples accessed from TCGA

database (cbioportal.org). Indicated p-value was calculated in GraphPad Prism using an unpaired, two-sample Student's t-test. *P < 0.05.

(B-F) DESeq2 was used to identify differentially expressed genes in wild-type (B) or KO5 (C) cells, 1 day after 100 nM/10 nM dabrafenib/trametinib
treatment, or in wild-type (D), KO5 (E), or KO11 (F) cells 7 days after treatment with 100 nM/10 nM dabrafenib treatment versus baseline (DMSO).
Transcription factors were annotated and log2 fold change in DESeg2-normalized counts and the —log10 adjusted P-values used for the volcano
plot. (E) A375 wild-type, KOS5, and KO11 cell lines were treated with DMSO (0) or with 100/10 nM dabrafenib/trametinib for 1 or 7 days. Cells were
harvested, and immunoblotting for the indicated proteins in the HER/FOXD3 and ERK/AKT axes was performed. FOXD3 has a predicted molecular
weight of 60 kDa. A non-specific ~75-kDa band is marked with an asterisk. ERK2 was used as a loading control. Full length blots are presented in
Supplementary Figure S11. (F) A375 wild-type, KOS5, and KO11 cells were treated with DMSO (0) or with 100 nM/10 nM dabrafenib/trametinib for 1 or
7 days. Cells were harvested and lysates used for MIB/MS kinome profiling. The heat map displays the normalized MIB binding values (log, label-free
quantification (LFQ) intensities) for the indicated kinases. (G) Venn diagram of the average log, fold change of MIB binding in PTEN KO (clones 5 and
11) vs. wild type for top 25 kinases with increased binding at 7 days of 100/10 nM dabrafenib/trametinib treatment (two biological replicates). The
common kinases with increased functional enrichment in PTEN null cell lines in response to dabrafenib/trametinib treatment are highlighted in red.
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(Figures 4B, C) (37). Given that the PTEN KO clones required 7
days or more for observable growth during dabrafenib/trametinib
treatment, we next compared the expression of transcription
factors at the later time point (Figures 4D, E). Surprisingly, the
expression of specific transcription factors that were unique
to the PTEN KO clones was not readily apparent. FOXD3
expression remained elevated compared with untreated cells of
the same genotype after 7 days of treatment, but STAT1/STAT2
signaling (interferon signaling) and ATF3 (stress signaling) were
uniquely increased at the longer time point. Interestingly, RNA
expression of kinases in the PTEN KO clones after 7 days of
treatment suggested increased glycolysis compared with the wild
type with increased expression of AK4 and HK2 (Supplementary
Figure S6). PTEN KO clones also both had significantly lower
expression of FGFR2 after 7 days of dab/tram treatment when
compared with wild-type cells.

Given that the level of FOXD3 transcription at baseline was
higher in PTEN KO cells, we next examined the protein levels of
factors involved in its function in melanoma cells. Immunoblotting
revealed increased protein expression of the SOX10-FOXD3-
ERBB3/HER3 axis with inhibition of ERK1/2 activity and
increased activation-dependent phosphorylation of AKT at T308/
$473 (Figure 4G). These data suggested that signaling through the
FOXD3-ERBB3/HER3 axis was augmented in PTEN KO clones,
but was not driven predominantly by transcription.

To analyze the functional kinome and potentially identify
critical targets, we employed our multiplexed kinase inhibitor
bead (MIB) enrichment coupled with mass spectrometry (MS) in
A375 cells (wild-type and PTEN KO clones) treated for 1 or 7 days
with dabrafenib and trametinib. Using type 1 (ATP competitive)
kinase inhibitors coupled to sepharose beads enriches for
kinases from cell lysates based on activity state, expression,
and bead affinity (19, 26, 38). At the protein level, functional
MIB/MS kinome profiling showed an increase in ERBB3/HER3
and AKT1/3 binding to the inhibitor beads, whereas BRAF
and MEK1/2 exhibited decreased MIB binding, consistent
with dabrafenib and trametinib mechanisms of action
(Figure 4F). Comparing PTEN knockout to wild-type cells in
independent replicate experiments showed that ERBB3/HER3 and
AKT3 were two of the highest bound/captured kinases after chronic
(7 day) dabrafenib/trametinib treatment, demonstrating their
functional activity in MIB binding resulting from loss of PTEN
(Figure 4G). Together, these data indicate that BRAFi/MEKi
leads to a sustained ERBB/AKT response with its amplitude
governed by PTEN status.

Synergy screens identify a ERBB/HER
kinase vulnerability in PTEN null A375 cells
treated with dabrafenib/trametinib

We sought to identify vulnerabilities that could be targeted to
reverse the resistance to dabrafenib/trametinib treatment of PTEN
null cells. A drug synergy screen of a 175-compound, small-
molecule library was used to identify inhibitors that could
synergize with dabrafenib/trametinib treatment. The compound
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library, enriched for inhibitors of epigenetic modifiers and
protein kinases, including ERBB/HER inhibitors (Supplementary
Table S1), was used in 6 x 6 dose-response matrices to screen
for synergy in combination with dabrafenib and trametinib in
the PTEN null cell lines (Figure 5A). Synergy was measured
using the Bliss independence model (Bliss) (Supplementary Table
S5). Screening identified two irreversible pan-ERBB/HER
inhibitors, afatinib and neratinib, as top hits with synergistic Bliss
scores in the PTEN null cell lines (Figures 5B, C). 3D mapping of the
synergy landscape of PTEN null cells shows synergistic Bliss scores
across all dose combinations of afatinib or neratinib with
dabrafenib/trametinib using both KO11 cells (Figure 5D) and
KOS5 cells (Supplementary Figures S7A, B). Many compounds
including the inactive stereoisomer of the BET bromodomain
inhibitor, JQ1(-), did not show synergy with dabrafenib/
trametinib (Figure 5D).

Afatinib and neratinib are FDA-approved drugs for the treatment
of non-small cell lung cancer and HER2+ breast cancer, respectively
(39, 40). ERBB2/HER2 is the preferred heterodimerization partner of
ERBB3/HER3, transcriptionally upregulated in PTEN null cells, and
this signaling complex activates PI3K/AKT and MAPK pathways.
Additional compounds were identified in our screening data, such as
ibrutinib (a Bruton’s tyrosine kinase, or BTK, inhibitor). In addition
to irreversibly inhibiting BTK, ibrutinib has been shown to have off-
target effects as a pan-ERBB/HER family inhibitor in HER2+ breast
cancer (41, 42). Analysis of BTK expression levels from the RNA-seq
data set revealed that BTK was not expressed in the KO5 or KO11 cell
lines (not shown). Therefore, the synergy associated with ibrutinib in
the PTEN null cells is likely due to off-target inhibition of ERBB/
HER receptors.

HER2/HER3 heterodimer activation stimulates the ERK1/2
MAPK and PI3K-AKT pathways, AKT inhibitors did not display
synergy with dabrafenib/trametinib, most likely due to the high
dose (10 uM) required to see significant growth inhibition in
combination with increasing doses of dabrafenib/trametinib
(Figure 5E). The AKT inhibitor GSK690693 inhibited growth
by 50% for PTEN null cells at 10 uM, but not wild-type cells at
baseline in the absence of dabrafenib/trametinib. A similar
difference was observed with the PI3K alpha (PIK3CA)
selective inhibitor, alpelisib (BYL719) (Supplementary Figure
S7C), consistent with enhanced growth dependence on the PI3K-
AKT pathway in PTEN null cells.

Neratinib mediates reversal of dabrafenib/
trametinib resistance in PTEN null
melanoma cells

PTEN null cells have a diminished sensitivity to growth inhibition
with increasing concentrations of dabrafenib/trametinib compared
with wild-type A375 cells (Figures 2D-F), and ERBB/HER kinase
inhibitors were found to reverse the diminished sensitivity
(Figures 5B-D). In combination with 100 nM neratinib, the ICs,
for dabrafenib/trametinib shifted from 5.1 nM to 1.9 nM and from
13.6 nM to 4.9 nM in KO5 and KO11 cells, respectively (Figure 6A).
There was no significant change in ICs, for wild-type A375 cells. A
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FIGURE 5

Drug synergy screen against dabrafenib and trametinib in BRAFV600E, PTEN-null melanoma cells. (A) Schematic of the synergy screening approach.
A375 wild-type cells or PTEN KO clones were plated in 384-well plates and treated 96 h with 6 X 6 concentration matrix of library compound in
combination with dabrafenib and trametinib. Cell growth was measured with CellTiter-Glo, and drug synergy was measured using the SynergyFinder
package. (B) Synergistic compound rankings using Bliss scoring for dabrafenib/trametinib screen in the KO11 cell line. Synergy scores denote the
percent inhibition observed following combination treatment, which exceeded the expected growth inhibition as calculated by the bliss
independence model. (C) 96-h dose-response curves from the complete drug synergy screen show growth inhibition across all doses of the library
compound for top synergistic hits, afatinib and neratinib in the KO11 cell line. (D) 3D drug interaction landscapes produced using SynergyFinder
between dabrafenib/trametinib and neratinib/afatinib or JQ1 (-) in the KO11 cell line following 96-h drug treatment. (E) 96-h dose—-response curves
show synergistic growth inhibition between dabrafenib/trametinib and GSK690693 (AKT inhibitor) only at the 10-uM dose in PTEN null cell lines

similar shift in dabrafenib/trametinib sensitivity with neratinib was
observed with SK-MEL-181 cells having shRNA knockdown of
PTEN, with no significant shift in IC50 for wild-type SK-MEL-181
cells (Supplementary Figures S8A, B). In 9-day growth assays,
dabrafenib/trametinib in combination with neratinib inhibited
growth of PTEN null cells significantly greater than dabrafenib/

trametinib treatment in the absence of neratinib (Figure 6B). The
triple combination of neratinib with dabrafenib/trametinib also
significantly inhibited growth of PTEN null cells in long-term 4
week growth assays (Figures 6C, D), demonstrating the ability of
ERBB/HER kinase inhibition to durably suppress resistance of PTEN
null cells to dabrafenib/trametinib treatment.
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FIGURE 6

Neratinib synergizes with dabrafenib/trametinib inhibition to reverse resistance in BRAFV600E, PTEN null cells. (A) A375 wild-type, KO5, and KO11
cell lines were treated for 96 h with the indicated dose of dabrafenib/trametinib (dab/tram), 100 nM neratinib, or all three drugs (triple combination)
prior to viability measurement using CellTiter-Glo. Dabrafenib (1x) and trametinib (0.1x) were used at a 10:1 dose ratio with or without 100 nM
neratinib. Indicated p-values calculated using the extra sum of squares F-test in Prism. (B) 9-day cell growth curves across A375 wild-type, KO5, and
KO11 cell lines treated with DMSO (control), 10/1 nM dabrafenib/trametinib, 100 nM neratinib, or all three drugs (triple combination). Cells were fixed
if confluent before 9 days elapsed. Mean +/- SD, n = 6. Indicated p-values were calculated using two-tailed t-tests. (C) Four-week crystal violet
assays in wild-type, KOS5, and KO11 cell lines. Cells were dosed with DMSO, 10/1 nM dabrafenib/trametinib, 100 nM neratinib, or all three drugs (triple
combination). (D) Bar plot represents quantification of crystal violet stain in (c), mean +/- SD, n = 3. Indicated p-values were calculated using two-
tailed t-tests. (E-G) Senescence-associated beta-galactosidase staining in A375 wild-type (E), KO5 (F), and KO11 (G) cell lines following 96-h drug
treatment. Cells were dosed with DMSO, 10 nM/1 nM dabrafenib/trametinib, 100 nM neratinib, or the triple combination. Nuclei were counter-
stained with Hoechst 33342. (H) Bar plot represents quantification of percent of beta-galactosidase positive cells treated and stained as in (E-G). At
least 200 cells were counted in biological triplicate. (I, J) 3D spheroids with A375 wild-type, KO5, and KO11 cell lines treated 7 days with DMSO, 10/1
nM dabrafenib/trametinib, 100 nM neratinib, or all three drugs (triple combination). Brightfield images were taken at 7 days. Cell viability was
measured at endpoint with CellTiter-Glo 3D reagent. Mean +/- SD, n = 3. Indicated p-values were calculated using two-tailed t-tests. *P < 0.05, **P
< 0.01, ***P < 0.001, ****P < 0.0001
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In 2D cultures of A375 cells, dabrafenib/trametinib treatment
caused a significant induction of senescence-associated beta-
galactosidase staining (Figures 6E-H). Senescence was greater in the
wild-type A375 cells than KO5 or KO11 PTEN null cells treated with
dabrafenib/trametinib. Whereas neratinib alone did not
induce significant senescence, neratinib in combination
with dabrafenib/trametinib significantly increased the number of
senescent PTEN null cells. Lastly, we performed 3D spheroid
assays to assess the potency of growth inhibition of BRAFi/MEKi
with or without neratinib. As shown in Figures 6I, J, the
triple combination of dabrafenib/trametinib plus neratinib
significantly inhibited the growth of both wild-type and PTEN null
cells greater than dabrafenib/trametinib alone. Similar to 2D cultures,
neratinib alone in 3D cultures had a modest effect on growth of wild-
type and PTEN null cells. Collectively, these data demonstrate that
FDA-approved inhibitors of the ERBB pathway can suppress BRAFi/
MEKIi resistance elicited by PTEN loss in BRAF mutant melanoma.

Discussion

40% of BRAFV600E melanomas harbor PTEN loss-of-function
mutations that enhance resistance to BRAF/MEK combination
inhibitor therapy (6, 14). PTEN is a well-defined tumor suppressor
in many cancers, including melanoma, that negatively regulates the
activity of the PI3K/AKT pathway (12). While preclinical studies have
shown efficacy (43), inhibitors of PI3K and AKT so far have not had
significant clinical benefit in treating PTEN null cancers, including
melanoma. The recent FDA approval of capivasertib in combination
with fulvestrant for hormone receptor-positive, ERBB2/HER2-negative
breast cancer (and genetic evidence of PIK3CA, AKTI, or PTEN
alteration) suggests that this inhibitor should be explored in similarly
altered melanoma. Our goal in this study was to define targetable
proteins whose expression and/or activity is increased by loss of PTEN
and whose inhibition could exploit a vulnerability, allowing the reversal
of the resistance to dabrafenib/trametinib treatment seen in PTEN
null melanoma.

We used CRISPR to delete PTEN from A375 human melanoma
cells so that our comparison of phenotypes and pharmacological
response to therapeutic inhibition of target kinases would be in an
isogenic background. PTEN null A375 cells have a significantly
diminished cell growth inhibition in response to dabrafenib/
trametinib treatment, even when ERK1/2 activity remains inhibited.
These results suggest that BRAFV600E, PTEN-deficient melanoma
cells can rapidly undergo an adaptive shift to a BRAF-MEK1/2-ERK1/
2-independent growth stimulatory pathway in response to BRAFi/
MEKi combinations. Transcriptomic analysis (RNA-seq) of wild-type
and PTEN null A375 cells showed that ERBB3/HER3 was the most
upregulated protein kinase with loss of PTEN expression and was
confirmed to be functionally activated by MIB/MS kinome profiling.
The increased expression was driven by the well-characterized SOX10-
FOXD3-ERBB3/HERS3 transcriptional axis (33, 36, 44). In contrast, an
adaptive resistance response described by Bernards and colleagues has
been described, where low SOX10 expression led to a high TGF-beta/
EGFR BRAFi-resistant phenotype (45). SOX10 knockout in melanoma
cell lines shifted cells to a more invasive, less proliferative phenotype
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with dramatically reduced ERBB3/HER3 expression (46). Both studies
utilized the A375 cell line, underscoring the need to appreciate the
heterogeneity of expression and multiple resistance mechanisms that
can arise in tissue culture. Using isogenic wild-type and PTEN
knockout lines, our data suggest that PTEN status could be an
important determinant of the adaptive resistance mechanisms
adopted by melanoma in response to BRAFi/MEKi.

We additionally observed evidence of a dramatic phenotypic
state change at the metabolic level—increased kinase expression
suggesting an increase in glycolysis. Hexokinase 2 (HK2)
phosphorylates glucose and represents the rate-limiting first step
of glycolysis. HK2 has been linked to p53 and PTEN-deficient
prostate cancer, where the loss of PTEN was shown to lead to
amplified HK2 translation (47). The development of selective and
potent inhibitors of HK2 is ongoing to target glycolysis dependence
in many cancers (48). Here, we focused on methods and approaches
that bias toward identifying receptor tyrosine kinases (RTKs), such
as MIB/MS proteomics and a drug screen that focused on RTK and
TK inhibitors and epigenetic inhibitors. However, ongoing studies
should investigate this possibility in melanoma models as a
potential avenue of therapy to combat BRAFi/MEKi resistance.

The induction of ERBB3/HER3 with PTEN loss is consistent
with analysis of human melanoma RNA expression data from
TCGA, where both ERBB2/HER2 and ERBB3/HER3 transcripts
are elevated in BRAF mutant, PTEN altered melanoma tumors
compared with those with wild-type PTEN. The functional
significance of ERBB3/HER3 expression in primary melanomas
and metastases has been studied by immunohistochemistry that
determined elevated levels of ERBB3/HER3 expression was a
prognostic marker for poor survival (49). However, the analysis
did not take into consideration PTEN status.

Synergy screens clearly identified the pan-ERBB/HER inhibitors,
neratinib and afatinib, as the most effective inhibitors to reverse the
shift in IC50 for dabrafenib/trametinib treatment of PTEN null
melanoma cells. The disruption of feedback due to MAPK pathway
inhibition had been described by Rosen and colleagues in the context
of single agent BRAFi, where RAF dimers and the activation of
numerous receptor tyrosine kinases was observed. The combination
of BRAFi PLX4720 and neratinib (to target EGFR/ERBB) was highly
effective in a xenograft model (50). Dent et al. recently demonstrated
the effectiveness of neratinib in treating a panel of BRAF mutant
melanoma patient-derived xenografts as a single agent or in
combination with HDACi (51). Given the concept of genome-
driven oncology for precision medicine (52), our studies provide
impetus for the assessment of ERBB/HER expression in BRAF
mutant, PTEN-deficient human melanoma samples, particularly
when resistance arises to BRAFi/MEKi combinations. The
mechanistic basis for the augmented FOXD3-ERBB3/HER3
signaling observed in the context of PTEN loss requires further
study. The amplified AKT activity could directly or indirectly lead
to epigenetic regulation or enhanced protein stability that could
contribute to and reinforce the adaptive ERBB3/HER3 response to
BRAFi/MEKi. Furthermore, given the success of immune checkpoint
inhibition in BRAF-mutant melanoma, the impact of ERBB/HER
inhibition on the tumor microenvironment should be analyzed.
Limitations of our study include the potential bias of the drug
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library that was screened, the need for increased cell line numbers
(ideally those that are PTEN wild type), and a need for in vivo testing
(ideally in an immune-competent setting).

Nevertheless, there remains a clinical need for viable strategies
where metastatic melanoma patients exhibit intrinsic or acquired
resistance to BRAFI/MEKi that is driven by PTEN loss. Given that
PTEN inactivation also seems to dampen the potential impact of
immune checkpoint therapies (18, 53), the identification of additional
targets or approaches is a pressing need. Based on our findings, we
contend that the strategic use of neratinib with BRAFi/MEKi in
ERBB2/HER2-ERBB3/HER3-dependent BRAFV600E melanoma
with inactivated PTEN has the potential to enhance durability of
tumor responses and improve patient outcome (Figure 7).

Data availability statement

The RNAseq datasets generated during and/or analyzed during
the current study are available in the Gene Expression Omnibus
(GEO) (Accession no. GSE255541). The mass spectrometry
proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset
identifier PXD033866 and PXD033921. All other data generated
and/or analyzed during this study are included in this article (and
its Supplementary Information Files).

Ethics statement

Ethical approval was not required for the studies on
humans in accordance with the local legislation and institutional

Frontiers in Oncology

15

requirements because only commercially available established cell
lines were used. Ethical approval was not required for the studies
on animals in accordance with the local legislation and
institutional requirements because only commercially available
established cell lines were used.

Author contributions

ED, GJ, and SA wrote the manuscript. ED, SB, BG, SD, and SA
performed the experiments. ED, SB, JB, GJ, and SA contributed to
conception, assay development, and experimental design. DM, ED,
NS, SR, and SA performed statistical and bioinformatic analysis. All
authors contributed to the article and approved the
submitted version.

Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article. This
study was funded by the Melanoma Research Alliance Academic-
Industry Partnership Award (#310979 to GJ) in collaboration
with Glaxo Smith Kline and Novartis Pharmaceutical, an IBM
and R.J. Reynolds Junior Faculty Development Award from
UNC-CH (to SA), and the National Institute of General
Medical Sciences (NIGMS) (R35 GM130312 to JB). The funder
was not involved in the study design, collection, analysis,
interpretation of data, the writing of this article, or the decision
to submit it for publication.

frontiersin.org


https://doi.org/10.3389/fonc.2024.1191217
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

DuBose et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. N. Cancer Genome Atlas. Genomic classification of cutaneous melanoma. Cell.
(2015) 161:1681-96. doi: 10.1016/j.cell.2015.05.044

2. Ascierto PA, Kirkwood JM, Grob JJ, Simeone E, Grimaldi AM, Maio M, et al. The
role of BRAF V600 mutation in melanoma. J Transl Med. (2012) 10:85. doi: 10.1186/
1479-5876-10-85

3. Long GV, Hauschild A, Santinami M, Atkinson V, Mandala M, Chiarion-Sileni V,
et al. Adjuvant dabrafenib plus trametinib in stage III BRAF-mutated melanoma. N
Engl ] Med. (2017) 377:1813-23. doi: 10.1056/NEJMoal708539

4. Spain L, Julve M, Larkin J. Combination dabrafenib and trametinib in the
management of advanced melanoma with BRAFV600 mutations. Expert Opin
Pharmacother. (2016) 17:1031-8. doi: 10.1517/14656566.2016.1168805

5. Eroglu Z, Ribas A. Combination therapy with BRAF and MEK inhibitors for
melanoma: latest evidence and place in therapy. Ther Adv Med Oncol. (2016) 8:48-56.
doi: 10.1177/1758834015616934

6. Wagle N, Van Allen EM, Treacy DJ, Frederick DT, Cooper ZA, Taylor-Weiner A,
et al. MAP kinase pathway alterations in BRAF-mutant melanoma patients with
acquired resistance to combined RAF/MEK inhibition. Cancer Discovery. (2014)
4:61-8. doi: 10.1158/2159-8290.CD-13-0631

7. Proietti I, Skroza N, Bernardini N, Tolino E, Balduzzi V, Marchesiello A, et al.
Mechanisms of acquired BRAF inhibitor resistance in melanoma: A systematic review.
Cancers (Basel). (2020) 12(10), 218-28. doi: 10.3390/cancers12102801

8. Guldberg P, thor Straten P, Birck A, Ahrenkiel V, Kirkin AF, Zeuthen J.
Disruption of the MMACI1/PTEN gene by deletion or mutation is a frequent event
in Malignant melanoma. Cancer Res. (1997) 57:3660-3.

9. Stahl JM, Cheung M, Sharma A, Trivedi NR, Shanmugam S, Robertson GP. Loss
of PTEN promotes tumor development in Malignant melanoma. Cancer Res. (2003)
63:2881-90.

10. Li J, Yen C, Liaw D, Podsypanina K, Bose S, Wang SI, et al. PTEN, a putative
protein tyrosine phosphatase gene mutated in human brain, breast, and prostate
cancer. Science. (1997) 275:1943-7. doi: 10.1126/science.275.5308.1943

11. Steck PA, Pershouse MA, Jasser SA, Yung WK, Lin H, Ligon AH, et al.
Identification of a candidate tumour suppressor gene, MMACI, at chromosome
10g23.3 that is mutated in multiple advanced cancers. Nat Genet. (1997) 15:356-62.
doi: 10.1038/ng0497-356

12. Maehama T, Dixon JE. The tumor suppressor, PTEN/MMACI,
dephosphorylates the lipid second messenger, phosphatidylinositol 3,4,5-
trisphosphate. J Biol Chem. (1998) 273:13375-8. doi: 10.1074/jbc.273.22.13375

13. Dankort D, Curley DP, Cartlidge RA, Nelson B, Karnezis AN, Damsky WE]Jr.,
et al. Braf(V600E) cooperates with Pten loss to induce metastatic melanoma. Nat Genet.
(2009) 41:544-52. doi: 10.1038/ng.356

14. Paraiso KH, Xiang Y, Rebecca VW, Abel EV, Chen YA, Munko AC, et al. PTEN
loss confers BRAF inhibitor resistance to melanoma cells through the suppression of
BIM expression. Cancer Res. (2011) 71:2750-60. doi: 10.1158/0008-5472.CAN-10-2954

15. Shao Y, Aplin AE. Akt3-mediated resistance to apoptosis in B-RAF-targeted
melanoma cells. Cancer Res. (2010) 70:6670-81. doi: 10.1158/0008-5472.CAN-09-4471

16. Xing F, Persaud Y, Pratilas CA, Taylor BS, Janakiraman M, She QB, et al. Concurrent
loss of the PTEN and RB1 tumor suppressors attenuates RAF dependence in melanomas
harboring (V600E)BRAF. Oncogene. (2012) 31:446-57. doi: 10.1038/0nc.2011.250

17. Bucheit AD, Chen G, Siroy A, Tetzlaff M, Broaddus R, Milton D, et al. Complete
loss of PTEN protein expression correlates with shorter time to brain metastasis and
survival in stage ITIB/C melanoma patients with BRAFV600 mutations. Clin Cancer
Res. (2014) 20:5527-36. doi: 10.1158/1078-0432.CCR-14-1027

18. Peng W, Chen JQ, Liu C, Malu S, Creasy C, Tetzlaff MT, et al. Loss of PTEN
promotes resistance to T cell-mediated immunotherapy. Cancer Discovery. (2016)
6:202-16. doi: 10.1158/2159-8290.CD-15-0283

Frontiers in Oncology

16

10.3389/fonc.2024.1191217

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2024.1191217/
full#supplementary-material

19. Duncan JS, Whittle MC, Nakamura K, Abell AN, Midland AA, Zawistowski ]S,
et al. Dynamic reprogramming of the kinome in response to targeted MEK inhibition
in triple-negative breast cancer. Cell. (2012) 149:307-21. doi: 10.1016/j.cell.2012.02.053

20. Morita S, Kojima T, Kitamura T. Plat-E: an efficient and stable system for
transient packaging of retroviruses. Gene Ther. (2000) 7:1063-6. doi: 10.1038/
5j.gt.3301206

21. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550.
doi: 10.1186/s13059-014-0550-8

22. Ge SX, Son EW, Yao R. iDEP: an integrated web application for differential
expression and pathway analysis of RNA-Seq data. BMC Bioinf. (2018) 19:534.
doi: 10.1186/512859-018-2486-6

23. Cerami E, Gao ], Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio
cancer genomics portal: an open platform for exploring multidimensional cancer
genomics data. Cancer Discovery. (2012) 2:401-4. doi: 10.1158/2159-8290.CD-12-0095

24. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al. Integrative
analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci
Signal. (2013) 6:pll. doi: 10.1126/scisignal 2004088

25. Goldman M]J, Craft B, Hastie M, Repecka K, McDade F, Kamath A, et al.
Visualizing and interpreting cancer genomics data via the Xena platform. Nat
Biotechnol. (2020) 38:675-8. doi: 10.1038/s41587-020-0546-8

26. Brighton HE, Angus SP, Bo T, Roques J, Tagliatela AC, Darr DB, et al. New
mechanisms of resistance to MEK inhibitors in melanoma revealed by intravital
imaging. Cancer Res. (2018) 78:542-57. doi: 10.1158/0008-5472.CAN-17-1653

27. Jeck WR, Parker J, Carson CC, Shields JM, Sambade M], Peters EC, et al.
Targeted next generation sequencing identifies clinically actionable mutations in
patients with melanoma. Pigment Cell Melanoma Res. (2014) 27:653-63.
doi: 10.1111/pecmr.12238

28. Silva JM, Deuker MM, Baguley BC, McMahon M. PIK3CA-mutated melanoma
cells rely on cooperative signaling through mTORC1/2 for sustained proliferation.
Pigment Cell Melanoma Res. (2017) 30:353-67. doi: 10.1111/pcmr.12586

29. Bader AG, Kang S, Vogt PK. Cancer-specific mutations in PIK3CA are
oncogenic in vivo. Proc Natl Acad Sci U.S.A. (2006) 103:1475-9. doi: 10.1073/
pnas.0510857103

30. Ascierto PA, McArthur GA, Dreno B, Atkinson V, Liszkay G, Di Giacomo AM,
et al. Cobimetinib combined with vemurafenib in advanced BRAF(V600)-mutant
melanoma (coBRIM): updated efficacy results from a randomised, double-blind, phase
3 trial. Lancet Oncol. (2016) 17:1248-60. doi: 10.1016/S1470-2045(16)30122-X

31. Dummer R, Ascierto PA, Gogas HJ, Arance A, Mandala M, Liszkay G, et al.
Overall survival in patients with BRAF-mutant melanoma receiving encorafenib plus
binimetinib versus vemurafenib or encorafenib (COLUMBUS): a multicentre, open-
label, randomised, phase 3 trial. Lancet Oncol. (2018) 19:1315-27. doi: 10.1016/S1470-
2045(18)30497-2

32. Duan S, Yuan G, Liu X, Ren R, Li J, Zhang W, et al. PTEN deficiency
reprogrammes human neural stem cells towards a glioblastoma stem cell-like
phenotype. Nat Commun. (2015) 6:10068. doi: 10.1038/ncomms10068

33. Abel EV, Basile KJ, Kugel CH 3rd, Witkiewicz AK, Le K, Amaravadi RK, et al.
Melanoma adapts to RAF/MEK inhibitors through FOXD3-mediated upregulation of
ERBBS3. ] Clin Invest. (2013) 123:2155-68. doi: 10.1172/JCI65780

34. Garcia-Cao I, Song MS, Hobbs RM, Laurent G, Giorgi C, de Boer VC, et al.
Systemic elevation of PTEN induces a tumor-suppressive metabolic state. Cell. (2012)
149:49-62. doi: 10.1016/j.cell.2012.02.030

35. Basile KJ, Abel EV, Aplin AE. Adaptive upregulation of FOXD3 and resistance to
PLX4032/4720-induced cell death in mutant B-RAF melanoma cells. Oncogene. (2012)
31:2471-9. doi: 10.1038/0nc.2011.424

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2024.1191217/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2024.1191217/full#supplementary-material
https://doi.org/10.1016/j.cell.2015.05.044
https://doi.org/10.1186/1479-5876-10-85
https://doi.org/10.1186/1479-5876-10-85
https://doi.org/10.1056/NEJMoa1708539
https://doi.org/10.1517/14656566.2016.1168805
https://doi.org/10.1177/1758834015616934
https://doi.org/10.1158/2159-8290.CD-13-0631
https://doi.org/10.3390/cancers12102801
https://doi.org/10.1126/science.275.5308.1943
https://doi.org/10.1038/ng0497-356
https://doi.org/10.1074/jbc.273.22.13375
https://doi.org/10.1038/ng.356
https://doi.org/10.1158/0008-5472.CAN-10-2954
https://doi.org/10.1158/0008-5472.CAN-09-4471
https://doi.org/10.1038/onc.2011.250
https://doi.org/10.1158/1078-0432.CCR-14-1027
https://doi.org/10.1158/2159-8290.CD-15-0283
https://doi.org/10.1016/j.cell.2012.02.053
https://doi.org/10.1038/sj.gt.3301206
https://doi.org/10.1038/sj.gt.3301206
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s12859-018-2486-6
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1038/s41587-020-0546-8
https://doi.org/10.1158/0008-5472.CAN-17-1653
https://doi.org/10.1111/pcmr.12238
https://doi.org/10.1111/pcmr.12586
https://doi.org/10.1073/pnas.0510857103
https://doi.org/10.1073/pnas.0510857103
https://doi.org/10.1016/S1470-2045(16)30122-X
https://doi.org/10.1016/S1470-2045(18)30497-2
https://doi.org/10.1016/S1470-2045(18)30497-2
https://doi.org/10.1038/ncomms10068
https://doi.org/10.1172/JCI65780
https://doi.org/10.1016/j.cell.2012.02.030
https://doi.org/10.1038/onc.2011.424
https://doi.org/10.3389/fonc.2024.1191217
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

DuBose et al.

36. Han S, Ren Y, He W, Liu H, Zhi Z, Zhu X, et al. ERK-mediated phosphorylation
regulates SOX10 sumoylation and targets expression in mutant BRAF melanoma. Nat
Commun. (2018) 9:28. doi: 10.1038/s41467-017-02354-x

37. OhS, Shin S, Janknecht R. ETV1, 4 and 5: an oncogenic subfamily of ETS transcription
factors. Biochim Biophys Acta. (2012) 1826:1-12. doi: 10.1016/j.bbcan.2012.02.002

38. Klaeger S, Heinzlmeir S, Wilhelm M, Polzer H, Vick B, Koenig PA, et al. The target
landscape of clinical kinase drugs. Science. (2017) 358:1-16. doi: 10.1126/science.aan4368

39. Ben-Baruch NE, Bose R, Kavuri SM, Ma CX, Ellis MJ. HER2-mutated breast cancer
responds to treatment with single-agent neratinib, a second-generation HER2/EGFR tyrosine
kinase inhibitor. J Natl Compr Canc Netw. (2015) 13:1061-4. doi: 10.6004/jnccn.2015.0131

40. Ricciuti B, Baglivo S, De Giglio A, Chiari R. Afatinib in the first-line treatment of
patients with non-small cell lung cancer: clinical evidence and experience. Ther Adv
Respir Dis. (2018) 12:1753466618808659. doi: 10.1177/1753466618808659

41. Chen J, Kinoshita T, Sukbuntherng J, Chang BY, Elias L. Ibrutinib inhibits ERBB
receptor tyrosine kinases and HER2-amplified breast cancer cell growth. Mol Cancer
Ther. (2016) 15:2835-44. doi: 10.1158/1535-7163.MCT-15-0923

42. Wang X, Wong J, Sevinsky CJ, Kokabee L, Khan F, Sun Y, et al. Bruton's tyrosine
kinase inhibitors prevent therapeutic escape in breast cancer cells. Mol Cancer Ther.
(2016) 15:2198-208. doi: 10.1158/1535-7163.MCT-15-0813

43. Lassen A, Atefi M, Robert L, Wong DJ, Cerniglia M, Comin-Anduix B, et al.
Effects of AKT inhibitor therapy in response and resistance to BRAF inhibition in
melanoma. Mol Cancer. (2014) 13:83. doi: 10.1186/1476-4598-13-83

44, Prasad MK, Reed X, Gorkin DU, Cronin JC, McAdow AR, Chain K, et al. SOX10
directly modulates ERBB3 transcription via an intronic neural crest enhancer. BMC
Dev Biol. (2011) 11:40. doi: 10.1186/1471-213X-11-40

Frontiers in Oncology

17

10.3389/fonc.2024.1191217

45. Sun C, Wang L, Huang S, Heynen GJ, Prahallad A, Robert C, et al. Reversible and
adaptive resistance to BRAF(V600E) inhibition in melanoma. Nature. (2014) 508:118—
22. doi: 10.1038/nature13121

46. Capparelli C, Purwin TJ, Glasheen M, Caksa S, Tiago M, Wilski N, et al.
Targeting SOX10-deficient cells to reduce the dormant-invasive phenotype state in
melanoma. Nat Commun. (2022) 13:1381. doi: 10.1038/s41467-022-28801-y

47. Wang L, Xiong H, Wu F, Zhang Y, Wang ], Zhao L, et al. Hexokinase 2-mediated
Warburg effect is required for PTEN- and p53-deficiency-driven prostate cancer
growth. Cell Rep. (2014) 8:1461-74. doi: 10.1016/j.celrep.2014.07.053

48. Shan W, Zhou Y, Tam KY. The development of small-molecule inhibitors targeting
hexokinase 2. Drug Discovery Today. (2022) 27:2574-85. doi: 10.1016/j.drudis.2022.05.017

49. Reschke M, Mihic-Probst D, van der Horst EH, Knyazev P, Wild PJ, Hutterer M,
et al. HER3 is a determinant for poor prognosis in melanoma. Clin Cancer Res. (2008)
14:5188-97. doi: 10.1158/1078-0432.CCR-08-0186

50. Lito P, Pratilas CA, Joseph EW, Tadi M, Halilovic E, Zubrowski M, et al. Relief of
profound feedback inhibition of mitogenic signaling by RAF inhibitors attenuates their activity
in BRAFV600E melanomas. Cancer Cell. (2012) 22:668-82. doi: 10.1016/j.ccr.2012.10.009

51. Dent P, Booth L, Poklepovic A, Kirkwood JM. Neratinib kills B-RAF V600E
melanoma via ROS-dependent autophagosome formation and death receptor
signaling. Pigment Cell Melanoma Res. (2022) 35:66-77. doi: 10.1111/pcmr.13014

52. Hyman DM, Taylor BS, Baselga J. Implementing genome-driven oncology. Cell.
(2017) 168:584-99. doi: 10.1016/j.cell.2016.12.015

53. Cabrita R, Mitra S, Sanna A, Ekedahl H, Lovgren K, Olsson H, et al. The role of
PTEN loss in immune escape, melanoma prognosis and therapy response. Cancers
(Basel). (2020) 12:1-13. doi: 10.3390/cancers12030742

frontiersin.org


https://doi.org/10.1038/s41467-017-02354-x
https://doi.org/10.1016/j.bbcan.2012.02.002
https://doi.org/10.1126/science.aan4368
https://doi.org/10.6004/jnccn.2015.0131
https://doi.org/10.1177/1753466618808659
https://doi.org/10.1158/1535-7163.MCT-15-0923
https://doi.org/10.1158/1535-7163.MCT-15-0813
https://doi.org/10.1186/1476-4598-13-83
https://doi.org/10.1186/1471-213X-11-40
https://doi.org/10.1038/nature13121
https://doi.org/10.1038/s41467-022-28801-y
https://doi.org/10.1016/j.celrep.2014.07.053
https://doi.org/10.1016/j.drudis.2022.05.017
https://doi.org/10.1158/1078-0432.CCR-08-0186
https://doi.org/10.1016/j.ccr.2012.10.009
https://doi.org/10.1111/pcmr.13014
https://doi.org/10.1016/j.cell.2016.12.015
https://doi.org/10.3390/cancers12030742
https://doi.org/10.3389/fonc.2024.1191217
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Neratinib, a pan ERBB/HER inhibitor, restores sensitivity of PTEN-null, BRAFV600E melanoma to BRAF/MEK inhibition
	Introduction
	Materials and methods
	Cell culture
	RNA interference
	PI3K-overexpressing cell lines
	Immunoblotting
	CRISPR/Cas9-mediated deletion of PTEN
	Immunofluorescent cell staining
	Dose–response curves
	Cell line growth assays
	Crystal violet colony formation assays
	Senescence-associated beta-galactosidase staining
	3D spheroid assay
	Compounds
	Epigenetic/kinase inhibitor synergy screening
	Drug synergy analysis
	RNA isolation, RNA-seq library preparation, sequencing, and analysis
	TCGA skin cutaneous melanoma expression analysis
	Multiplexed inhibitor bead chromatography and mass spectrometry (MIB/MS) analysis
	Data availability

	Results
	PTEN loss in BRAFV600E melanoma cells decreases sensitivity to dabrafenib/trametinib-induced growth arrest
	Transcriptomic changes induced by PTEN loss
	Activation of the SOX10-FOXD3-ERBB3/HER3 regulatory axis is enhanced by PTEN loss
	Synergy screens identify a ERBB/HER kinase vulnerability in PTEN null A375 cells treated with dabrafenib/trametinib
	Neratinib mediates reversal of dabrafenib/trametinib resistance in PTEN null melanoma cells

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


