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Abstract

Combined BRAF and MEK inhibition is a standard of care
in patients with advanced BRAF-mutant melanoma, but
acquired resistance remains a challenge that limits response
durability. Here, we quantitated in vivo ERK1/2 activity and
tumor response associated with resistance to combined BRAF
andMEK inhibition inmutant BRAF xenografts.We found that
ERK1/2 pathway reactivation preceded the growth of resistant
tumors. Moreover, we detected a subset of cells that not only
persisted throughout long-term treatment but restored ERK1/
2 signaling and grew upon drug removal. Cell lines derived
from combination-resistant tumors (CRT) exhibited elevated
ERK1/2 phosphorylation, which were sensitive to ERK1/2

inhibition. In some CRTs, we detected a tandem duplication
of the BRAF kinase domain.Monitoring ERK1/2 activity in vivo
was efficacious in predicting tumor response during intermit-
tent treatment. We observed maintained expression of the
mitotic regulator, polo-like kinase 1 (Plk1), in melanoma
resistant to BRAF andMEK inhibitors. Plk1 inhibition induced
apoptosis inCRTs, leading to slowed growth of BRAF andMEK
inhibitor–resistant tumors in vivo. These data demonstrate the
utility of in vivoERK1/2pathway reporting as a tool tooptimize
clinical dosing schemes and establish suppression of Plk1 as
potential salvage therapy for BRAF inhibitor and MEK inhib-
itor–resistant melanoma.

Introduction
Both targeted therapeutic strategies and immune checkpoint

blockade have advanced treatment options for patients with
cutaneous melanoma (1). Fifty percent of melanoma harbor
V600E/K–mutant forms of BRAF, which encode constitutively
active kinases that enhance MEK-ERK1/2 signaling to promote
growth and survival (2, 3). Mutant BRAF is druggable with RAF
inhibitors including vemurafenib and dabrafenib (4) and ver-
tical inhibition with MEK inhibitors improves response rates,

progression-free survival, and overall survival (5–8). To date,
the BRAF and MEK combination therapies of dabrafenib with
trametinib, vemurafenib with cobimetinib, and encorafenib
with binimetinib are FDA-approved for mutant BRAF V600E/
K melanoma (9, 10).

Despite these improvements, resistance to targeted inhibitors
still develops in most patients. Mechanisms of resistance to BRAF
monotherapy have been well characterized (reviewed in ref. 11).
Studies on resistance to combined BRAF andMEK inhibitors have
also implicated ERK1/2–reactivating alterations (12), which are
driven by similar, but amplified, mechanisms of resistance to
BRAF monotherapy (13). Although the importance of ERK1/2
signaling is established, the degree of ERK1/2 pathway inhibition
and the timing of reactivation and signaling have not been
examined during treatment and after progression during BRAF
and MEK inhibition.

Here, we used an in vivo reporter system to monitor ERK1/2
activity throughout initial response and subsequent resistance
to combined BRAF and MEK inhibitors (14). We found that
combination treatment abolished ERK1/2 signaling, and reac-
tivation was associated with regrowth of residual disease and
acquired resistance. Given previous data and clinical interest
in the use of intermittent dosing to mitigate toxicities and to
delay resistance onset, we also established the utility of the
reporter system as a potential tool for schedule optimization.
Using a phospho-proteomics array to probe for potential
salvage therapy targets, we found that expression of polo-
like kinase 1 (Plk1) associated with resistance, which when
inhibited reduced growth and induced cell death in combina-
tion treatment-resistant melanoma.
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Materials and Methods
Cell culture

1205Lu cells (donated by Dr. Meenhard Herlyn, Wistar Insti-
tute, Philadelphia, PA in 2005) were cultured in MCDB153
medium containing 2% FBS, 20% Leibovitz L-15 medium, with
5 mg/mL insulin. A375 cells (purchased fromATCC in 2005) were
cultured inDMEMwith 10%FBS. Cell lineswere authenticated by
sequencing at the NRAS and BRAF loci, and by short-tandem
repeat analysis (completed July 2016). Combination-resistant
tumor (CRT) cells were cultured in the same medium as parental
cells with the addition of PLX4720 (1 mmol/L) and PD0325901
(35 nmol/L; refs. 15, 16). These levels maintain the same RAF
inhibitor to MEK inhibitor ratio as used for in vivo experiments.
PLX4720 was provided by Dr. Gideon Bollag (Plexxikon Inc.).
PD0325901, SCH772984, GSK461364, and BI 6727 were pur-
chased from Selleck Chemicals.

Western blotting
Protein lysates were prepared in Laemmli sample buffer, sep-

arated by SDS-PAGE, and proteins were transferred to polyviny-
lidene difluoride membranes. Immunoreactivity was detected
using HRP-conjugated secondary antibodies (CalbioTech) and
chemiluminescence substrate (Thermo Fisher Scientific) on a
Chemidoc MP Imaging System (Bio-Rad). Primary antibodies
used are listed in the Supplementary Materials.

Annexin V/PI analysis
Cells were treated for 72 hours at which time floating

and adherent cells were washed and incubated with 5 mL
Annexin V-APC (BD Biosciences) in 100 mL of binding buffer
and 0.02 mg/mL propidium iodide for 15 minutes at room
temperature. Cells were analyzed on the FACS Calibur or BD
LSR II flow cytometers. Explanation of statistics performed can
be found in the Supplementary Materials.

S-phase entry analysis
S-phase incorporation was measured using the Click-it EdU

Alexa Fluor 647 Flow Cytometry assay kit as per the manufac-
turer's instructions (Molecular Probes). EdU staining was quan-
tified on the BD FACSCalibur and datawere analyzedwith FlowJo
software.

Xenograft experiments
Humanmutant BRAFmelanoma cells (1205LuTR reporter and

A375) were injected intradermally into athymic nude mice (1 �
106 cells/mouse) and allowed to grow. Size-matched tumorswere
placed into two treatment arms: chow laced with either vehicle or
combination BRAF þMEK inhibitors (200 PPM PLX4720 plus 7
PPM PD0325901). For the Plk1 experiment, similar methods
were used to inject CRT 13 cells into mice on the combo chow.
Formed tumors were removed from chow 1 day before treatment
with 25 mg/kg/dose of GSK461364 or 5% DMSO PBS vehicle
control by intraperitoneal injections Mice were treated every
2 days until the conclusion of the experiment. Luciferase activity
and tumor volume were monitored 3 times a week for 21 days,
described in detail in the Supplementary Material. GSK461364
was purchased from AdooQ BioScience, LLC for in vivo experi-
ments. All animal experiments were conducted in accordance
with and approved by an Institutional Animal Care and Use
Committee (IACUC).

IncuCyte live cell imaging assay
IncuCyte (Essen Bioscience) imaging of Calcein-AM (BD

Biosciences) was used to measure viable cells. Cells were treated
with indicated drugs for 72 hours, washed twice with PBS, then
incubated for 5 minutes with 0.1 mmol/L Calcein-AM PBS
mixture. Green fluorescence was imaged and quantified with
the IncuCyte. Experiments were performed in triplicate, and
statistical analysis performed using a two-tailed t test assuming
equal variance with error bars representing SEM.

Reverse phase protein analysis
Cells were seeded in 6-well plates in medium containing

DMSO or 1 mmol/L PLX4720 þ 35 nmol/L PD0325901 for
24 hours. Lysates from three independent experiments were
processed and analyzed, as described previously (17).

Statistical analysis of tumor volume
Following injection, tumor volume and mouse weight were

measured three times per week. In the BRAF inhibitor þ MEK
inhibitor experiments, tumor volumes from both continuous
and intermittent treatment groups were compared using the
Wilcoxon rank sum with P values adjusted for multiple testing
using the Hochberg method (18). Survival curves for the Plk1
experiment were calculated with a log-rank test, using tumor
volume > 1,200 mm3 as the endpoint.

Analysis of patient datasets
Analysis of normalized microarray expression data for tumors

taken from patients before, during, or after dabrafenib, vemur-
afenib, or dabrafenib þ trametinib treatment downloaded from
NCBI's Gene Expression Omnibus (GEO) database (accession
number GSE99898) was performed using R (version 3.4.3). Data
were retrieved from GEO via the GEOquery package (version
2.46.15; ref. 19).

Results
ERK1/2 signaling was reduced with BRAF plus MEK inhibitor
treatment in vivo but was reactivated in acquired resistant
xenografts

To initially develop tumors resistant to BRAF plus MEK inhi-
bitors (combo), we used the well-characterized mutant V600E
BRAF model, A375. Established A375 xenografts were treated
continuously with either vehicle or combo chow. Eleven of the
twelve combo-treated xenografts shrunk to a nonpalpable mass
and were considered to have regressed completely (Fig. 1A).
Prolonged treatment (>77 days) led to the development of
acquired resistance with the regrowth of three CRTs. In a second
independent experiment, one A375-derived CRT (CRT 24)
emerged from twelve starting tumors (Fig. 1B). To test the dura-
bility of regression on the remaining 11 undetectable xenografts,
we stopped treatment on day 91. Within 14 days, eight tumors
regrew indicating the presence of a subpopulation of tolerant cells
that persisted during long-term treatment. We termed these
combination-tolerant tumors (CTT). Overall, these experiments
show that combo treatment leads to drug-resistant melanoma.
They also reveal that cells often persisted during long-term treat-
ment and grew after drug removal.

To examine ERK1/2 activity in resistant and tolerant cells
during combo treatment, we used the 1205LuTR ERK1/2 reporter
model in which luciferase activity is driven by pathway
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Figure 1.

Melanoma xenografts developed resistance to prolonged combination BRAF inhibitor plus MEK inhibitor treatment in vivo. A, Humanmutant BRAFmelanoma
A375 cells were injected intradermally into athymic nude mice and allowed to form palpable tumors. Mice were then given chow laced with either vehicle (n¼ 8)
or combination BRAF inhibitor plus MEK inhibitor (200 PPM PLX4720þ 7 PPM PD0325901; n¼ 12). Graphed is tumor volume, as measured with digital calipers,
versus time in days. Three resistant tumors arose in this cohort by day 91 (CRT 13, CRT 14, and CRT 15). B, Tumor volumes of an independent cohort of combo-
treated A375 xenografts (n¼ 12). One CRT emerged on day 42, and the remaining 11 CTTs grew after drug removal on day 91. C, 1205LuTR ERK1/2 reporter cells
were used in similar experiments. Twomice developed acquired resistant tumors (CRT 20 and CRT 21). Tumor-free mice (n¼ 6) remained on drug until day 77, at
which time point drug was removed. Tumors emerged in 2 mice following drug removal on days 84 and 88 and were termed combination-tolerant tumors (CTT
22 and CTT 23). D, Xenograft models of 1205LuTR ERK1/2 reporter cells in mice that were fed either vehicle or combination drug were imaged for firefly
luciferase. Representative images are shown frommice on days 0 and 4. E, Average ratios of firefly luciferase intensity to tumor volume. Combination-resistant
and -tolerant tumors were imaged for firefly luciferase on the day of tumor harvest.
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activation (14). All established 1205LuTR reporter xenografts
regressed to nondetectable levels (Fig. 1C). After prolonged
treatment, two of eight tumors (CRT 20 and21) regrew. Cessation
of therapy in the remaining 6 mice on day 77 led to regrowth of
two CTTs. Before combo, 1205LuTR ERK1/2 reporter xenografts
showed high levels of luciferase, whichwere dramatically reduced
in all combo-treated mice by day 11 (Fig. 1D and E). Increased
ERK1/2 activity was observed in CRT 20 and CRT 21, as well as in
the CTTs that emerged following drug removal (Supplementary
Fig. S1A). ERK1/2 signaling was restored in nonpalpable residual
disease on day 77 in CTT 22 and on day 83 in CTT 23. (Supple-
mentary Fig. S1B). Overall, these data show ERK1/2 reactivation
associated with both relapse of combo-resistant tumors and
regrowth of tolerant tumors after cessation of treatment.

CRT-derived cell lines maintained phosphorylated ERK1/2 and
features of resistance in vitro

Cell lines were established from CRTs 20 and 21 (1205LuTR
reporter parental) and CRTs 13, 14, and 15 (A375 parental)
xenografts. As expected, combo treatment of parental cells greatly
reduced ERK1/2 phosphorylation (Fig. 2A and B). In contrast,
phosphorylated ERK1/2 levels were maintained in BRAF/MEK
inhibitor–treated CRT-derived cell lines. While phosphorylated
AKT level was unaffected by combination treatment in CRTs 20
and 21, phosphorylation increased in CRTs 14 and 15 upon
combination treatment. The difference in basal AKT phosphor-
ylation between the cell linesmay reflect the PTEN-deficient status
of 1205LuTR reporter compared with the PTEN-proficient A375
cells (20).Western blot analysis showed that combo-treated CRT-
derived lines expressed cell-cycle progression markers: cyclin A2,
cyclin D1, and phosphorylated RB. These findings were corrob-
orated by functional data showing drugged CRTs progressing
through G1–S phase of cell cycle (Supplementary Fig. S2A and
S2B). Combo treatment inhibited the growth of parental cells
lines, whereas CRTs were either unaffected or had a growth
advantage during treatment (Fig. 2C). Finally, combo treatment
significantly increased parental cell line death, as measured by
Annexin V and propidium iodide staining (Fig. 2D). In contrast,
combo treatment did not alter cell death in any CRTs except CRT
13, in which apoptosis was decreased by approximately 50%.
These data show that cell lines derived from combo-resistant
melanoma maintain ERK1/2 phosphorylation, which associated
with enhanced proliferation and abrogation of cell death during
combo drug treatment.

Combo-resistant cells harbored BRAF kinase duplication and
remained sensitive to direct targeting of ERK1/2

To identify a mechanism for ERK1/2 reactivation and resis-
tance, we performed targeted sequencing on 4 vehicle-treated
and 5 progressing combo-treated tumors to examine the muta-
tional status of genes previously implicated in melanomagenesis
(31 full genes and the exons of 62 other genes). Tumor-derived
sequences were compared with a pool of 16 unmatched controls
to filter out germline variants. Notably, the mutational status
remained unchanged in KRAS, NRAS, HRAS, MEK1/2, and CDK4
(Table 1). ERK1/2 reactivation in resistant tumors has been linked
to amplified mutant BRAF and aberrantly spliced mutant
BRAF isoforms (21, 22), but neither were detected in the CRTs
(Supplementary Fig. S3A). We instead observed a high molecular
weight (�140 kDa) form of BRAF in 3 of 5 CRTs, present in both
1205LuTR and A375-derived lines. This BRAF protein was

detected with N-terminal and C-terminal BRAF epitopes (Sup-
plementary Fig. S3B and S3C). Furthermore, all siRNAs directed at
sequences across the BRAF transcript effectively knocked down
expression of both 140 kDa and 90 kDa V600E BRAF isoforms in
CRT 13 (Supplementary Fig. S3D). We recently identified a
tandem repeat of exons 10–18 in a patient-derived xenograft that
progressed on vemurafenib and in a dabrafenib plus trametinib-
resistant melanoma generated in vitro (23). To test whether CRTs
contained this duplicated kinase domain, we performed PCR
across the noncanonical exon 18 – exon 10 junction (Supple-
mentary Fig. S3E andS3F). Sanger sequencingof the resultingPCR
products confirmed the 18-10 exon fusion in CRTs 20, 21, and 13
but lack of expression in parental cells (Supplementary Fig. S3G).
These findings were corroborated by RNA-seq data from resistant
lines (Table 2) and add to evidence linking a BRAF kinase
duplication with pathway reactivation and resistance (23).

Tumors progressing on BRAF plus MEK inhibitors often reac-
tivate the MEK–ERK1/2 pathway (9, 24). This suggests that
vertical pathway inhibition selects for ERK1/2–driven mechan-
isms of resistance, and potentially results in a larger pool of
melanoma sensitive to downstream targeting of ERK1/2. Con-
versely, CRTs with increased mutant BRAF expression may aug-
ment pathway activity enough to confer some level of protection
from ERK1/2 inhibition (24). To determine whether CRTs were
sensitive to targeting ERK1/2, we used a selective ERK1/2 inhib-
itor, SCH772984 (25). SCH772984 suppressed phosphorylation
of the ERK1/2 target, p90RSK, and the cell-cycle marker, RB, and
induced cell death in all lines (Supplementary Fig. S3H and S3I).
We did not observe an additive effect on cell death with the triple
combination except in CRT 15, suggesting that ERK1/2 inhibition
alone may be sufficient to suppress signaling and induce apo-
ptosis. These data show that tumors resistant to combined BRAF
and MEK inhibitors treatment remain susceptible to ERK1/2
inhibition.

In vivo ERK1/2 reporting predicted tumor response to
intermittent treatment

Despite improved efficacy, toxicities from inhibiting BRAF,
MEK1/2, and ERK1/2 (either as monotherapies or in combina-
tion) have led to clinical testing of intermittent dosing (26).
Because preclinical models of these efforts are limited, we used
a characterized in vivo reporter system to monitor ERK1/2 activity
and tumor response during intermittent combo treatment. Estab-
lished 1205LuTR reporter tumors were treated either continu-
ously or intermittently using a 1 week on, 1 week off schedule.
Complete and durable responses were observed in 5 of 9 con-
sistently treated xenografts, while the other 4 xenografts relapsed
between days 28 and 49 (Supplementary Fig. S4A). In contrast, 1
of 10 xenografts in the intermittent dosing arm regressed
completely and durably (Fig. 3A). Intermittently treated tumors
were significantly larger than those in the continuous group on
day 42, at which time they were switched to constant dosing
(Fig. 3B). Responses were mixed in tumors that changed treat-
ment schedules, 4 of which were reduced by over 50%, while
tumor regression was less robust in the other 5, with the earliest
relapse observed on day 53. All 8 switched xenografts regrew
during treatment.

Continuous treatment lowered firefly luciferase intensity and
tumor volume (Fig. 3C and D). Ultimately, progression was
associated with reactivation of ERK1/2 signaling. In the intermit-
tent treatment arm, ERK1/2 activity closely tracked treatment
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status, with a delay between changes in luciferase expression
induced by switching to and from the "on-drug" and "off drug"
states. Tumor volume lagged but followed the ERK1/2 reporter
changes. The residual effects of addingor removing drugon tumor
size persisted from 3.5 to 7 days after treatment change (Fig. 3E).
To maximize resolution while modeling intermittent dosing,
luciferase and tumor volumes were obtained 3 times a week
from day 0 to day 21. Accounting for the lag in tumor volume

changes, we modeled luciferase as a predictor of tumor volume
to determine the utility of the reporter system in this setting.
The luciferase expression 0, 3.5, or 7 days prior to tumor mea-
surement significantly predicted tumor volume during intermit-
tent dosing (Fig. 3E). Taken together, luciferase expression
data accounted for 78% of changes in tumor volume (multiple
R-squared¼ 0.78; Fig. 3F). When characterizing cell lines derived
from these resistant tumors, we found variable reactivation of
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Cell lines generated from CRTs displayed ERK1/2 reactivation.A,Western blots of lysates frommatched parental cell lines: 1205LuTR reporter for CRT 20 and 21;
and A375 for CRT 13, 14, and 15 were blotted for signaling proteins and cell-cycle progression markers as indicated (n¼ 3). B,Quantification of pERK1/2 intensity
normalized to loading control in parental cells and CRTs. Shown are the mean and SEM of five independent experiments; � , P < 0.05. C, Parental cells (1205LuTR
and A375) and CRTs (20, 21, 13, 14, and 15) were grown for 72 hours in either vehicle (DMSO) or 1 mmol/L PLX4720 and 35 nmol/L PD0325901 and then assayed
for 2D growth by measuring live cell confluence. Shown are the mean and SEM of three independent experiments; � , P < 0.05; ��� , P < 0.001 (n¼ 3). D, Parental
cells and CRTs were grown for 72 hours in either vehicle (DMSO) or 1 mmol/L PLX4720 and 35 nmol/L PD0325901 and then processed for Annexin V and PI
staining as markers for early and late apoptosis (� , P < 0.05; �� , P < 0.01; n¼ 3).
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ERK1/2 signaling (Supplementary Fig. S4B); the tandem dupli-
cation of the BRAF kinase domain was not detected in these lines
(Supplementary Fig. S4C). Collectively, these data show that
noninvasivemonitoringof ERK1/2 activity quantitatively predicts
tumor response to intermittent combo treatment regimens and
that resistance to intermittent treatment is associated with reac-
tivation of ERK1/2.

Plk1 inhibition was effective against combined BRAF and MEK
inhibitor–refractory melanoma in vitro and in vivo

Persistent reactivation of ERK1/2 associated with resistance to
direct targeting ofmutant BRAF,MEK, or ERK1/2 (27) implies the
need to identify actionable downstream pathways for salvage
therapy. To identify such pathways, we used a reverse phase
protein array (RPPA) analysis to evaluate phospho-proteomic
changes in the CRTs. Forty-seven proteins and phosphoproteins
were significantly altered in at least one CRT compared with
parental lines (Supplementary Fig. S5A). Eleven proteins were
significantly modified in all treated CRTs including increased
expression of positive cell-cycle regulators, CDK1 and cyclin B1
(Fig. 4A). We validated these data via Western blot analysis and
foundmaintained expression of phospho-CDK1 andCyclin B1 in
combo-treated resistant cell lines (Fig. 4B), which was consistent
with EdU data showing cell-cycle progression while on treatment
(Supplementary Fig. S2A and S2B).

Pathway analysis of combo-altered proteins revealed signifi-
cant enrichment of the mitotic G2–G2–M phases pathway in all
CRTs (Fig. 4C). A375-derived CRTs were also enriched for addi-
tional pathways including Plk1 regulation at G2–M, G2–M tran-
sition, centrosome protein recruitment, and centrosome matura-
tion. Because Plk1 is central to all processes mentioned above, we
examined its expression in treated parental and combination-
resistant cell lines (28–31). Plk1 expression appeared indepen-
dent of resistance status in 1205LuTR cells and their combo-

resistant counterparts because they were similarly modulated in
response to combo. Conversely, combo abolished Plk1 expres-
sion inparental A375s, butwas largelymaintained inCRTs 13 and
14, and was moderately reduced in CRT 15 (Fig. 4B).

To determine how Plk1 expression affects tumor growth and
response to combo, we modulated Plk1 gene expression in CRTs
and parental cell lines. Knockdown of Plk1 by siRNA induced cell
death in parental and CRT cell lines (Fig. 4D and E; Supplemen-
tary Fig. S5B), suggesting Plk1 expression is involved in tumor cell
survival. To directly test whether Plk1 could confer resistance to
combo, we generated 1205LuTR Plk1 cells, which inducibly
expressed exogenous Plk1 when treated with doxycycline
(Fig. 4F). Exponential growth rate analysis indicated that whereas
treatment with combo abrogated growth rate of controls, Plk1
overexpression reversed the effect at comparative doses (Fig. 4G;
Supplementary Fig. S5C). These data suggest that Plk1 expression
is directly involved in the growth of melanoma tumor cells and
resistance to combo therapy.

Given the apparent difference in Plk1 expression between
treated A375 parental cells and their combo-resistant counter-
parts, we used CRTs 13, 14, and 15 to test whether pharmacologic
Plk1 inhibition could be an effective second-line therapy for
combo-resistant tumors. We used GSK461364, a targeted inhib-
itor with >390-fold selectivity for Plk1 relative to Plk2 and
Plk3 (32). Treatment increased expression of phospho-histone
H3 (pHH3), a mitotic arrest marker and biochemical readout for
Plk1 inhibition (33). GSK461364 treatment decreased cell count
and S-phase progression (Fig. 5A andB; Supplementary Fig. S5D).
Next, we treated primary human melanocytes to test toxicity
in healthy tissue and observed no effect of Plk1 inhibition
on cell count (Supplementary Fig. S5D). Cell line sensitivity to
GSK461364 mirrored Plk1 changes during combo treatment,
minimal death of A375 cells, robust killing of CRTs 13 and 14,
and a moderate response in CRT 15 (Fig. 5C; Supplementary
Fig. S5E). Comparison of the fitted slopes of dead cells in
increasing drug concentrations confirmed enhanced killing in
CRTs compared with A375 (Fig. 5C). Similar analysis was per-
formed using BI 6727, a less potent Plk1 inhibitor exhibiting 6-
and 65-fold superior activity against Plk2 andPlk3 over Plk1 (34).
BI 6727 strongly induced death inCRTs 13 and14 and amoderate
response inA375 andCRT15 (Supplementary Fig. S5F). Together,
these data suggest that pharmacologic Plk1 inhibition induces
robust cell death of CRT cell lines.

Next, usingWestern blot analysis, we investigated the apoptotic
mechanismbywhich Plk1 inhibition causedCRTdeath (Fig. 5D).
Plk1 treatment increased expression of the apoptotic effector, Bak,
and augmented PARP and caspase-3 cleavage. Both Bcl-XL and
Mcl-1 inhibit apoptosis by sequestering Bak (35). We did not

Table 1. Mutational status of xenografts

Cell line BRAF BRAF zyg NRAS HRAS KRAS MEK1 MEK2 CDK4 CDKN2A (p16INK4a) PTEN

1205LuTR Vehicle 5 V600E het WT WT WT WT WT K22Q WT W274X
1205LuTR Vehicle 6 V600E het WT WT WT WT WT K22Q WT WT
CRT 20 V600E het WT WT WT WT WT K22Q E61X, E69X W274X
CRT 21 V600E het WT WT WT WT WT K22Q WT W274X
A375 Vehicle 7 V600E hom WT WT WT WT WT WT E61X, E69X WT
A375 Vehicle 8 V600E hom WT WT WT WT WT WT E61X, E69X WT
CRT 13 V600E hom WT WT WT WT WT WT E61X, E69X WT
CRT 14 V600E hom WT WT WT WT WT WT E61X, E69X WT
CRT 15 V600E hom WT WT WT WT WT WT E69X WT

NOTE: Targeted sequencing on vehicle-treated and progressing combo-treated tumors to examine the mutational status of well-characterized melanoma drivers
and suppressors.

Table 2. BRAF double kinase was not detected in parental cells

Total reads 9–10 18–10 18–18 18–19

1205LuTR 75 0 1 35
CRT20 76 29 3 26
CRT21 91 25 8 35
Unique reads 9–10 18–10 18–18 18–19
1205LuTR 58 0 1 31
CRT 20 61 22 3 21
CRT 21 71 20 8 33

NOTE: To count reads spanning the putative 18–10 splice junction, as well as
canonical splice junctions 9–10, 18–18, and 18–19, we used BLAST to determine
short sequences at the relevant end of each exon. RNA seq data from cell lines
indicated were mapped to canonical BRAF or to the BRAF kinase duplication
junction.
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detect any changes in Bcl-XL levels; however, the expression of
Mcl-1 decreased in a dose-dependent manner. Because Plk1 is a
member of themitoticDNAdamage checkpoint (36) and reduced
Mcl-1 has been linked to the impaired repair of damaged
DNA (37), we also tested for expression pH2AX as a read-out
forDNAdamage (Fig. 5E). Plk1 treatment significantly intensified
DNAdamage as shownbyWestern blot and immunofluorescence
analysis of pH2AX foci (Fig. 5E). These data imply Plk1 inhibition
promotes inductionof the intrinsic apoptotic pathway inCRTs via

Mcl-1 degradation, which correlated with increased Bak protein
and DNA damage.

To establish Plk1 inhibitor efficacy in resistant tumors in vivo,
we implanted combo-treatedmice with CRT 13 cells and allowed
them to grow. Preformed xenografts were then taken off combo
1 day before treatment with either vehicle or GSK461364. All
vehicle-treatedmice had to be sacrificed because of tumor burden
by day 7; whereas, GSK461364 delayed tumor growth (Fig. 5F).
Survival analysis showed that GSK461364 treatment significantly
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Modeling of tumor volume using in vivo ERK1/2 pathway activation. A and B, 1205LuTR reporter xenografts were treated continuously (n¼ 9) for 84 days or
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extended mouse survival compared with vehicle treatment–
treated mice (Fig. 5G). Overall these data suggest that Plk1
expression is a driver of BRAF-mutant melanoma resistant to
BRAF andMEK inhibitor combinations and that targeting Plk1 in
vitro and in vivo is a possible salvage treatment strategy.

Plk1 expression was elevated in patients progressing on BRAF
or BRAF plus MEK inhibitors

To analyze Plk1 expression in large datasets, we used theCancer
Cell Line Encyclopedia (38) and the Cancer Therapeutics
Response Portal (39) and cross-referenced the viability of mutant

Figure 4.

Plk1 is involved in resistance to BRAF and MEK inhibition. A, Heatmap showing the significant fold change for proteins in all CRTs relative to parental. B,Western
blot analysis of cell-cycle progression proteins and Plk1 expression in combo. C, Heatmap of pathways found to be significantly enriched in at least 2 of the
comparisons. "NS" represents pathways that were not found to be significant, and "NT" represents pathways that were not tested because of the comparator
having less than the number of proteins needed to represent the pathway. D,Western blot analysis of Plk1 in CRTs after siRNA knockdown of Plk1 (n¼ 3).
E, Percent cell death, as determined by Annexin and PI staining, in parental and CRT cell lines after siRNA knockdown of Plk1; ��� , P < 0.001 (n¼ 2–4). F,Western
blot analysis of Plk1 in 1205LuTR Plk1 after 24 hours of doxycycline (dox) treatment; �P < 0.05 (n¼ 3). G, Cell growth of 1205LuTR Plk1 cells� dox (24 hours
pretreatment) treated with PLX4720 and PD'901 represented as normalized cell number over time (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001; n¼ 3).

Sanchez et al.

Mol Cancer Ther; 18(9) September 2019 Molecular Cancer Therapeutics1644

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/18/9/1637/1862910/1637.pdf by guest on 19 M
ay 2023



BRAFmelanoma (n¼ 37) with response to Plk1, BRAF, andMEK
inhibitors. Area under the curve (AUC) analysis revealed a subset
of cell lines that were resistant to BRAF inhibitors but were
sensitive to Plk1 targeting agents suggesting Plk1 efficacy in an
expanded set of BRAF-mutant human melanoma (Fig. 6A). To
corroborate with patient data, we analyzed a microarray dataset

(GSE99898) of tumors taken from patients before treatment
(PRE), early during treatment (EDT), or after resistance developed
(PROG) to BRAF or BRAFþMEK inhibitors for changes in expres-
sion of genes involved in the regulation of Plk1 activity at G2–M
transition (40). Using a paired sample analysis, we observed that
30 of 79 genes belonging to this pathway were differentially
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Plk1 inhibition induces cell death, leading to tumor growth delay of CRTs. A,Western blot analysis of cell lines treated for 24 hours with the indicated dose and
probed for readout of Plk1 inhibition (n¼ 3). B, EdU incorporation of cells treated with Plk1 inhibitor (GSK461364; 50 nmol/L) for 72 hours; ��, P < 0.01 (n¼ 3).
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p-H2AX, MCL-1, BCL-XL, Bak, cleaved PARP, and cleaved caspase-3 after treatment with Plk1 inhibitor (GSK461364, n¼ 3). E, Immunofluorescent staining of
p-H2AX in CRT14 after treatment with 20 nmol/L GSK461364; � , P < 0.05 (n¼ 3). F, Tumor growth, indicated by change in volume over time, of CRT 13 tumors
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expressed in at least one time point (Fig. 6B). When analyzed in
aggregate, we detected significantly higher Plk1 levels in the
progressing tumors compared with those early during treatment
(Fig. 6C). To examine Plk1 expression changes in individual
patients, we analyzed matched tumors samples throughout the
treatment course. In line with our in vitro data, Plk1 decreased
compared with baseline upon treatment, but was unchanged in
progressing tumors (Fig. 6D). Enhanced Plk1 expression was
observed in advancing tumors comparedwith tumors responding
to treatment; however, it did not reach significance. This may be

attributed to the small number of matched tumors that existed in
these two time points. These patient data reinforce our findings
and highlight the role and clinical relevance of Plk1 in the context
of drug resistance in mutant BRAF melanoma.

Discussion
Reactivation of MEK-ERK1/2 signaling is a prevalent mecha-

nismof resistance toBRAFmonotherapy and combinedBRAFand
MEK inhibition (12–14, 41), but efforts characterizing the degree

Figure 6.

Plk1 expression changes in patients throughout stages of treatment. A, Heatmap of the area under drug response dose curve (AUC) data for mutant BRAF
melanoma cell lines (n¼ 37), for BRAF, MEK, and Plk1 inhibitors from the Cancer Therapeutic Response Portal (CTRP v2.1) dataset. Missing drug sensitivity data
are colored in gray. B, Heatmap of median-centered expression data for significantly altered genes (>50% fold-change) in the regulation of Plk1 activity at G2–M
transition gene set for pretreatment (PRE), early-during treatment (EDT), and progressing on treatment (PROG) samples taken from patient tumors before,
during, or after dabrafenib, vemurafenib, or dabrafenib plus trametinib treatment. Samples were separated on the basis of treatment time points (row 1). KEGG
cell-cycle genes are indexed in black next to the gene name. Box plot showing normalized log2 Plk1 expression in all samples (C) and matched samples from
patients with PRE, EDT, and PROG tumors (D). A linear model was used for statistical analysis of the aggregate (nonpaired) Plk1 tumors and paired samples.
Letters in the brackets identify which subimage accurately represents the samples used.
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of response or addressing challenges of vertical pathway inhibi-
tion are lacking. Here, we provide a preclinical model to study
ERK1/2 activity and resistance to combined BRAF and MEK
inhibition in vivo. We detected both drug resistance and tolerance
to BRAF and MEK inhibitors. ERK1/2 signaling was reactivated
during acquired resistance and after treatment cessation of toler-
ant xenografts. Cell lines generated from resistant tumors
remained sensitive to direct ERK1/2 inhibition, which induced
apoptosis. We used our reporter system to temporally and quan-
titatively model response to intermittent dosing of combined
BRAF andMEK inhibitors in mutant BRAF xenografts. Finally, we
used a high-throughput protein array and identified Plk1 as a
potential therapeutic target for combination-resistantmelanoma.

Tolerance to targeted inhibitors is attributed to nongenetic
changes in phenotype allowing tumors to persist until they
acquire permanent resistance mechanisms (32). Previous work
identified altered cell cycling concurrent with dedifferentia-
tion (33), upregulated receptor tyrosine kinase expression and
G-coupled protein signaling (34–36), and changes in chromatin
remodeling (37, 38) as being associated with tolerance to short-
termMEK–ERK1/2 pathway targeted inhibitor treatment. A recent
report examining cancers that withstood treatment showed a
selective dependence on the lipid hydroperoxidase, GPX4, for
survival, which was shared across a range of cancers and targeted
therapies (42). Consistent with the existence of a pool of drug-
tolerant persister cells, we observed regrowth of residual disease
after removal of sustained treatment. Given the clinical implica-
tions, defining and targeting the mechanism underlying CTT
resilience could be a fruitful area for future research.

One recent study in a patient-derived xenograft model dem-
onstrated that an intermittent schedule of combined BRAF,
MEK, and, ERK1/2 inhibitors was superior to sequential admin-
istration of three monotherapies (43). They proposed a model
whereby the triple combination stifled selection of BRAF-
amplified clones whose increased basal ERK1/2 activity con-
ferred resistance to the next treatment. While the extent of
inhibition has been previously associated with response and
resistance (2, 3), these findings emphasize the importance of
characterizing the kinetics and degree of ERK1/2 pathway
activation in vivo. When examining the utility of ERK1/2 report-
ing in this context, we found ERK1/2 signaling was low in
tolerant cells, and drug removal led to pathway reactivation
followed by tumor growth. In contrast, ERK1/2 activity was
increased in nearly all acquired resistant tumors, which is
consistent with current literature (12, 13, 21, 44). We did not
detect a difference in the onset of resistance between contin-
uous and weekly on–off dosing schemes. Importantly, we
selected a weekly design as a baseline to generate a model,
rather than to evaluate a specific schedule. Changes in ERK1/2
activity during intermittent dosing significantly predicted
tumor volume, providing proof-of-concept that quantitative
pathway monitoring can be used as a tool to optimize future
clinical trials.

Using a high-throughput protein expression array, we detected
increased expression of the mitotic regulator, Plk1, in combo-
treated resistant cell lines. Targeting Plk reduced expression of
phospho ERK1/2 in CRT 15 but remained mostly unchanged in
CRTs 13 and 14, suggesting that Plk1 inhibitor–mediated anti-
tumor effects may be independent of the ERK1/2 signaling. Plk1

inhibitor treatment of CRTs reduced expression of prosurvival
moleculeMCL-1 and increased levels of theDNAdamagemarker,
p-H2AX. We hypothesize that Plk1 inhibition leads to intrinsic
apoptosis via Mcl-1 loss, DNA damage, and cell death. These data
correlated to a significant increase in the survival of CRT tumor–
bearing animals treated with Plk1 inhibitor as a salvage therapy.
Several preclinical studies have demonstrated the efficacy of Plk1
inhibition as a first-line treatment for melanoma (45–47). Our
findings, which are supported by patient data, provide new
evidence for a role for Plk1 in therapeutic resistance and suggest
that targeting Plk1 may be a valuable salvage therapy for patients
progressing on the combination of BRAF plus MEK inhibitors.

Vertically targeting multiple nodes along the same pathway,
whilemore efficacious, can be limited by toxicities. Here, we show
monitoring ERK1/2 in vivoduring intermittent dosing is predictive
of tumor response, which may be used to design treatment
schemes optimized for safety and efficacy. We also demonstrate
the selective killing of resistant cells by Plk1 inhibitors. Together,
our data provide insight on strategic and therapeutic avenues that
may be employed in melanoma during treatment or after pro-
gression on BRAF plus MEK inhibitors.
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