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Abstract

Metastatic colorectal cancer (MCRC) is the second leading cause of cancer deaths in the
United States. More than 50% of patients with mCRC harbor mutations of the oncogenic
driver RAS (KRAS or NRAS). Because directly targeting most mutations of RAS is techni-
cally challenging, researchers have concentrated on targeting MEK, a downstream media-
tor of RAS. However, targeting MEK as single-agent therapy is ineffective in patients with
mCRC. We hypothesize that combining a MEK inhibitor with other agents can enhance the
efficacy of MEK targeting in mCRC. Unbiased high-throughput screening (HTS) was per-
formed to identify drugs that enhance the efficacy of MEK inhibitors. HTS was performed
with KRAS-mutated CRC cells using the MEK inhibitor trametinib as a “backbone” and two
“clinically ready” compound libraries approved by the U.S. Food and Drug Administration or
in clinical trials. HTS demonstrated that the combination of the SRC inhibitor dasatinib and
trametinib was synergistic in CRC cells in vitro (MTT and colony formation assays). Analysis
of markers for cell proliferation and apoptosis using fluorescence-activated cell sorting,
reverse-phase protein array, or Western blotting demonstrated decreased cell proliferation
and increased cell death when targeting both SRC and MEK as compared to single agents
in multiple CRC cell lines. However, combining dasatinib and trametinib in vivo at doses in
mice equivalent to doses used in humans failed to significantly enhance the antitumor activ-
ity of trametinib when compared to that of trametinib alone. These results underscore the
importance of performing careful preclinical in vivo validation studies using clinically relevant
doses as a prerequisite for translating in vitro findings to the clinic.
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Introduction

Colorectal cancer (CRC) is the second leading cause of cancer-related deaths in the United
States, with approximately 50,000 deaths each year [1]. Although the median overall survival
for patients with unresectable metastatic CRC (mCRC) has improved modestly, the response
rate for current systemic combination therapies is about 50%, and most patients die of their
disease within 2.5 years of diagnosis of metastasis [2]. Targeted therapies have improved sur-
vival over that with chemotherapeutics alone, but the benefits are still modest and only
increase the overall survival by a few months [3]. Among the new therapeutic approaches,
immunotherapies have proven to be effective in a subset of patients (4-5%) with mCRC who
have tumors with mismatch repair defects [4-6]. Thus, identifying and developing innovative
therapies are urgently needed for the majority (~95%) of patients with mCRC [7, 8].

CRC is a complex disease, with multiple factors playing important roles in treatment and
prognosis [9-13]. Mutated RAS (KRAS or RAS) dictates the biology of the disease; about 50%
of patients with mCRC have tumors harboring RAS mutations, contributing to therapy resis-
tance and poor outcomes [1, 2, 14-18]. Thus, developing therapies to target RAS has been a
logical step toward improving outcomes for a large group of patients with mCRC. However,
direct targeting of most RAS mutants has been technically challenging [19]. Only recently has
the KRAS G12C mutation been successfully targeted [20], and treatment with an inhibitor of
KRAS G12C both alone and in combination with cetuximab produced early encouraging
responses in patients with KRAS G12C-mutated CRC [21-23]. Due to historical challenges in
directly targeting RAS, investigators have concentrated on targeting MEK, a downstream
mediator of RAS. However, single agents targeting MEK in patients with RAS- or RAF-
mutated mCRC have not been effective [24]. In clinical trials, attempts to combine PI3K/AKT
inhibitors with MEK have also failed [25]. Preclinical studies demonstrating the efficacy of tar-
geting of Bcl-xL [26] or CDK4/6 [27, 28] in combination with MEK inhibitors have led to
early-phase clinical trials (NCT02079740 and NCT01037790) with outcomes pending.
Recently, combining autophagy inhibitors with MEK inhibitors in treatment of CRC and pan-
creatic cancer has shown promise in vitro and is being studied further in anticipation of
advancement to clinical trials [29-31]. However, more work must be done to identify success-
ful combination therapies to improve the efficacy of MEK inhibitors, specifically in patients
with RAS-mutated mCRC.

In this study, we hypothesized that MEK-targeted therapy for mCRC is most effective when
combined with other agents, either chemotherapeutics or targeted therapeutics, identified by
unbiased screening approaches. We performed 2D high-throughput screening (HTS) using
the MEK inhibitor trametinib as a backbone and two different clinically “ready” compound
libraries: 1) the National Cancer Institute oncology set V of approved compounds and 2) a cus-
tom set of clinical compounds either approved by the U.S. Food and Drug Administration or
tested in clinical trials. We identified the SRC inhibitor dasatinib as being synergistic with tra-
metinib in KRAS-mutant CRC cells in preliminary in vitro studies. We evaluated the efficacy
of this combination therapy further both in vitro and in vivo.

Materials and methods
Cell culture

The human CRC cell lines HCT116 (KRAS G13D), SW620 (KRAS G12V), DLD-1 (KRAS
G13D), LS174T (KRAS G12D), and SW480 (KRAS G12V) were purchased from the ATCC.
The CRC cell line HCP-1 (KRAS G12D) was developed in our laboratory and described previ-
ously [32]. The CRC cells were cultured in minimum essential medium. All media were
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supplemented with 5% fetal bovine serum (Atlanta Biologicals) and the recommended concen-
trations of vitamins, nonessential amino acids, penicillin/streptomycin, sodium pyruvate, and
L-glutamine (Thermo Fisher Scientific). All experiments were performed using cells within 15
passages. All cell lines were validated at The University of Texas MD Anderson Cancer Center
Cytogenetics and Cell Authentication Core facility. Before plating, the cell number and viabil-
ity were determined using a Cellometer (Nexcelom Bioscience) according to the manufactur-
er’s instructions.

2D High-throughput screening (HTS)

The compound library used in the primary screen to identify compounds synergistic with tra-
metinib consists of 242 U.S. Food and Drug Administration-approved and phase 3 investiga-
tional drugs acquired from the National Cancer Institute. All drugs were diluted in DMSO on
Echo certified low-dead-volume plates (Labcyte). All drugs were transferred from a low-dead-
volume source plate into assay plates using an Echo 550 liquid handling platform (Labcyte).
All wells containing CRC cells were treated with a fixed amount of DMSO (0.5%; v/v). For
combination assays, DMSO was backfilled to a final concentration of 0.5% (v/v) following the
addition of the drugs. Wells containing DMSO and media served as on-plate negative
controls.

For the 2D HTS screening CRC cells were plated on 384-well plates and allowed to attach to
the wells for 24 hours. The plates are then treated with drugs (alone and in combination) and
incubated for 72-96 hours. After incubation, the cells are fixed with methanol and stained
with DAPI, and images of them are taken for analyses. A rigor and reproducibility analysis of
the controls across assay plates demonstrated this to be a highly robust assay, with an average
z-prime (Z’) values ranging from 0.65-0.87 across all cell lines tested (S1 Fig).

2D monolayer screening

The optimal cell-seeding density for each CRC cell line was determined using a preliminary
growth assay. In the growth assay, five cell-seeding densities (125, 250, 500, 1,000, and 2,000
cells/well) were sampled at 0, 24, 48, 72, and 96 hours. Sustained logarithmic growth and
resolvable nuclei at the end of the experimental window were the criteria used to select initial
seeding densities. Cells were plated onto optical bottom 384-well clear plates (Greiner Bio-
One) using a multichannel pipette for growth assays or a Multidrop liquid dispenser (Thermo
Fisher Scientific) for screening assays. All cells were grown in a 37°C incubator with high
humidity and 5% CO,. For screening assays, cells were plated and allowed to recover over-
night, treated as described in the previous section, and incubated in the presence of each drug
for 72 hours. Plates were then fixed and DAPI-stained to facilitate cell counting. Briefly, media
were aspirated from wells using a BioTek plate washer, and 4% paraformaldehyde was added
to each well for 5 minutes at room temperature. The cells were then permeabilized with a 0.1%
(v/v) solution of Triton X-100/PBS and counterstained with DAPI (Thermo Fisher Scientific).
The plates were washed and kept in a 0.4% solution of paraformaldehyde/PBS. Plates were
then imaged using an IN Cell Analyzer 6000 (GE Healthcare) with a Plan Apo 4x/0.20 NA
objective (Nikon), which covers the entirety of each well. IN Cell Developer software (GE
Healthcare) was used to automatically count nuclei, and cell counts were exported to an Excel
spreadsheet (Microsoft Corporation).

MTT and colony formation assays

CRC cells (2,000-5,000) were plated in 96-well flat-bottom plates. After 24 hours, cells were
treated with trametinib, dasatinib, or both. The cells grew further for 72 hours, and their

PLOS ONE | https://doi.org/10.1371/journal.pone.0281063 March 23, 2023 3/21


https://doi.org/10.1371/journal.pone.0281063

PLOS ONE

Combining MEK and SRC inhibitors in colorectal cancer

survival was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reagent [33].

For colony formation assays, CRC cells were plated in six-well dishes (3,000-5,000 cells/
well) for 24 hours. Different numbers of cells were used as growth rates and colony formation
patterns of different CRC cells are different. Next, various drugs alone or in combination were
added to the wells at different doses as required, and cells were allowed to grow for an addi-
tional 7 days. The surviving colonies were stained with 0.05% methylene blue solution and
imaged, and the stained colonies were counted using Image] software (National Institutes of
Health) [34]. Cell-bound dye was then extracted from the wells using 1% SDS, and the optical
density of these extracted solutions was measured at 600 nm. Synergy of combining the drugs
was determined using the Bliss additivity model from the optical density values measured
from the extracted dyes.

For MTT assays HCT116 cells were treated with 1 nM trametinib, 25 nM dasatinib, and
combination of the two. DLD-1 cells were treated with 50 nM trametinib and 500 nM dasati-
nib. HCP-1 cells were treated with 10 nM trametinib and 1000 nM dasatinib. SW620 cells
were treated with 0.5 nM trametinib and 10 nM dasatinib. SW480 and LS174T cells were
treated with 1 nM trametinib and 500 nM dasatinib. Drug doses were determined by initially
treating each cell line with various doses of trametinib and dasatinib individually and identify-
ing doses that result in <50% cell growth inhibition.

Western blots

Proteins in CRC cell lysates were separated via SDS-PAGE following a standard protocol and
transferred to Immobilon PVDF membranes (EMD Millipore). Membranes were blocked
with 5% milk in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 hour followed by incu-
bation with a primary antibody (diluted in blocking buffer or 3% bovine serum albumin in
TBST) overnight. Membranes were then washed three times in TBST and reincubated with
horseradish peroxidase-labeled secondary antibodies for 1 hour, washed three times in TBST,
and exposed to autoradiography films. Signals on membranes were detected via chemilumi-
nescence (Thermo Fisher Scientific). Antibodies against pERK1/2 (cat. #9101; RRID:
AB_331646), ERK1/2 (cat. #4695; RRID:AB_390779), pAKT (cat. #9271; RRID:AB_329825),
AKT (cat. #9272; RRID:AB_329827), pSRC (cat. #6943; RRID:AB_10013641), SRC (cat. #2123;
RRID:AB_2106047), pFAK (cat. #3284; RRID:AB_10831810), FAK (cat. #3285; RRID:
AB_2269034), pMEK (cat. #9154; RRID:AB_2138017), MEK (cat. #9126; RRID:AB_331778),
PARP (cat. #9542; RRID:AB_2160739), cleaved PARP (cat. #9541; RRID:AB_331426), caspase
3 (cat. #9665; RRID:AB_2069872), and cleaved caspase 3 (cat. #9661; RRID:AB_2341188) were
obtained from Cell Signaling Technology. Antibodies against vinculin (cat. #sc-25336; RRID:
AB_628438) were purchased from Santa Cruz Biotechnology. All antibodies were used accord-
ing to the manufacturers’ specifications.

All CRC cell lysates were prepared in RIPA buffer with protease and phosphatase inhibitors
as described previously [35]. All tissue lysates were prepared by sonicating residual tumor
pieces obtained at the end of in vivo experiments and suspended in RIPA buffer with protease
and phosphatase inhibitors followed by centrifugation to remove cellular debris.

Reverse Phase Protein Array (RPPA)

RPPA analyses were performed at the MD Anderson Functional Proteomics RPPA Core Facil-
ity as described previously [36]. Briefly, cell lysates were serially diluted twofold for five dilu-
tions (from undiluted to 1:16 dilution) and arrayed on nitrocellulose-coated slides. Samples
were probed with antibodies using catalyzed signal amplification and visualized in a DAB
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colorimetric reaction. Slides were scanned on a flatbed scanner to produce 16-bit TIFF images
of the reacting spots, and spot densities were quantified using MicroVigene software (Vigene-
Tech). Relative protein levels in each sample were determined via interpolation of dilution
curves from the "standard curve" constructed by a script in the R computing language written
by members of the MD Anderson Department of Bioinformatics and Computational Biology.
Heat maps of proteins were generated using Cluster 3.0 software (http://bonsai.hgc.jp/~
mdehoon/software/cluster/software.htm) as a hierarchical cluster using Pearson correlation
and a center metric.

Flow cytometry

HCP-1, HCT116 and SW620 cells (0.1 x 10°) were seeded in six-well plates. After 24 hours,
trametinib, dasatinib, or both were added to the plates, and the cells were further grown for 72
hours. Cells were then washed and stained for annexin V and propidium iodide for 15 minutes
at room temperature in the dark using the FITC Annexin V Apoptosis Detection Kit I accord-
ing to the manufacturer’s protocol (BD Biosciences; cat. #556547; RRID:AB_2869082).

Patient-derived xenografts

KRAS-mutated CRC patient-derived xenografts (PDXs), C1138 (KRAS G13D), and C1142
(KRAS G12V), were obtained from a repository at MD Anderson Cancer Center through a
collaboration with Dr. E. Scott Kopetz. All PDXs were collected through a protocol approved
by the MD Anderson Institutional Review Board (IRB).

In vivo studies

PDXs verified to have KRAS mutations were initially grown subcutaneously in NOD scid
gamma mice as described previously [27, 37]. PDXs that grew to ~1 cm was collected from
euthanized animals and dissected into small (~2 mm) pieces. PDXs were implanted subcutane-
ously into flanks of anesthetized nude mice and allowed to grow to ~100-200 mm”. The ani-
mals were then randomized to treatment with a vehicle, trametinib, dasatinib, or both
trametinib and dasatinib. Each treatment group consisted of 10 mice. The drugs were prepared
as 10% PEG400 and 5% Tween 80 suspensions and administered via oral gavage (5 days on, 2
days off). Tumor sizes were measured twice every week using slide calipers by blinded
observers.

For in vivo studies using CRC cells, HCT116, SW620, or LS174T cells (1 x 10°) were subcu-
taneously implanted into flanks of nude mice as described previously [38]. Treatments and
tumor measurements were done as described above with 10 animals/ treatment group.

Ethics statement

All in vivo experiments utilizing PDXs were performed according to NIH NCI recommenda-
tions summarized in SOP50102: PDX Implantation, Expansion and Cryopreservation (Subcu-
taneous). Tumor specimens were obtained from patients with mCRC under a research
laboratory protocol (LAB10-0982) approved by UT MD Anderson Cancer Center Institutional
Review Board (IRB), and all patients provided written informed consent for specimens to be
used for research purposes including implantation in xenografts. Xenografts were established
in 6-8-week-old female NSG mice. All in vivo studies to determine drug efficacy were per-
formed using 6-8-week-old nude mice. Either male or female mice were used for experiments
with a specific tumor/PDX. All studies were performed in accordance with accepted guidelines
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for housing, euthanasia and treatment, under a protocol (# 00001368-RN00) approved by UT
MD Anderson Cancer Center Institutional Animal Care and Use Committee (IACUC).

Bliss synergy analysis

High-throughput combinatorial screens to identify drug synergy were performed by testing
varying stoichiometries of the anchor and probe drugs. This approach effectively minimizes
the false-negative rate and maximizes the chance of detecting synergistic interactions when
compared with a single-point or fixed-ratio experimental approach. To provide additional
rigor and automated outlier detection, the data were fit to a 3D surface using a support vector
machine-based method as described previously [39]. The theoretical additivity surface was
then calculated using a Bliss independence model [40]. Drug-drug interactions (antagonistic,
additive, or synergistic) were determined by comparing the empirically determined drug effect
on CRC cell survival with the theoretical Bliss independence.

Statistical analyses

All graphical representations of results and statistical analyses were done using Excel software.
Two-tailed Student t-tests were performed to compare groups, with the results expressed as
mean (+ SEM) values. P values less than 0.05 were considered significant. For in vitro assays,
all quantitative values had at least three replicates. For the in vivo studies, 8-10 tumors in each
treatment group were measured. 10 mice/group were estimated to provide a sample size to
achieve 80% power to detect differences in tumor growth of ~50% at a significance level of
0.05.

Results

HTS identified the SRC inhibitor dasatinib to be synergistic with the MEK
inhibitor trametinib in KRAS-mutated CRC cell lines

We performed 2D HTS screening to identify drugs that are synergistic with the MEK inhibitor
trametinib. We used trametinib as the base compound and performed multidose pairwise
combinations using 242 clinically relevant drugs as described previously [41]. Fig 1A depicts
the 2D HTS screening protocol. Initially, we subjected the KRAS mutated CRC cell lines
HCT116, SW480, and HCP-1 to the 2D high-throughput combinatorial screen. From the
resulting data, we calculated the cumulative excess over Bliss scores to provide a ranking of the
drug synergy. This revealed multiple synergistic drug pairs, which are summarized in Fig 1B.
Among these combinations, we identified classes of PI3K/mTOR, SRC, and receptor tyrosine
kinase inhibitors that are broadly synergistic with trametinib in KRAS-mutant cell lines.
Importantly, some of these classes were previously identified as synergistic to MEK inhibitors
and with our current knowledge of cell signaling pathways, these findings were anticipated;
these findings increased our confidence that this method provides relevant information [42-
45].

Although multiple PI3K/mTOR inhibitors demonstrated strong synergy with trametinib in
our HTS assays, previously described clinical evidence indicated that combining these two
classes of drugs leads to enhanced toxicity in patients [42]. Thus, we decided to examine the
efficacy of combined treatment of CRC cells with the SRC inhibitor dasatinib and trametinib
(Fig 1C). We proceeded to validate these classes of drugs using extended pairwise combination
analysis while also testing the generalizability of the combination of dasatinib and trametinib
in additional KRAS-mutant cell lines. In these assays, we validated that dasatinib was synergis-
tic with trametinib in four KRAS-mutated CRC cell lines (Fig 1D). The top panels in Fig 1D
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Fig 1. Use of HTS to identify drugs that are synergistic with trametinib. A, schematic of 2D HTS performed to identify drugs that are synergistic with
trametinib. B, table of synergy score values for drugs combined with trametinib. A subjective cutoff value greater than 0.5 was considered to indicate
synergy. The drugs tested (probes), their targets, and the synergy scores for the cell lines HCT116, SW480, and HCP-1 are shown. C, representative

pairwise synergy plots for CRC cells. The left panels show the experimentally observed growth inhibitory/cytotoxic activity (observed response) of single
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agents and all pairwise combinations of concentrations of trametinib and dasatinib. Concentrations of trametinib (x-axis) and dasatinib (y-axis) are shown
at log scale. The middle panels show the Bliss additivity surfaces subsequently calculated using the single-agent dose response. In both of these panels, blue
denotes negative control-like activity, and yellow denotes strong activity. In the right panel, the difference between the experimental observed response and
predicted Bliss surface is shown. Drug concentrations are shown at log scale. In this panel green denotes synergistic regions, and black denotes additive
regions. D, results of validation studies of the combination of trametinib and dasatinib. Various CRC cell lines were grown in the presence of trametinib
(x-axis) and dasatinib (y-axis) at extended concentration ranges. The top panels show the effects of various doses of single-agent and combination
treatment on cell growth (observed response) with blue denoting negative control-like activity and yellow denotes strong activity. The bottom panels show
the excess over Bliss as a measure of synergy at the same doses. The drug concentrations are shown at log scale. In the bottom panels green denotes
synergistic regions, and black denotes additive regions.

https://doi.org/10.1371/journal.pone.0281063.9001

demonstrate that the drug combination had a strong effect on inhibition of cell proliferation,
whereas the lower panels (the green areas represent excess over Bliss) indicate drug-synergy at
the same doses. Collectively, these data provided a strong rationale for advancing the combina-
tion of dasatinib with trametinib into additional in vitro and in vivo model systems.

Dual inhibition of SRC and MEK is synergistic in multiple KRAS-mutated
CRC cell lines

We determined the effect of the combination of dasatinib and trametinib on long-term cell
viability using a colony formation assay. In a panel of CRC cells with KRAS mutation, treat-
ment with this combination suppressed colony formation to a greater extent than did treat-
ment with either drug alone (Fig 2A). We measured the extent of cell growth retardation as
described in Materials and Methods and calculated the synergy of combining dasatinib and
trametinib using the Bliss model of synergy (S2 Fig). The differences from Bliss indicating syn-
ergy are represented as the numbers in the boxes at the bottom of Fig 2A.

We further validated the effect of the combination of dasatinib and trametinib on cell via-
bility using MTT assays. In each of six KRAS-mutated CRC cell lines, the combination had a
greater effect on inhibition of cell survival than did either dasatinib or trametinib alone or
DMSO (control) (Fig 2B).

The combination of dasatinib and trametinib inhibits compensatory
survival signaling pathways in multiple KRAS-mutated CRC cell lines

We treated HCT116 and SW620 cells with DMSO, trametinib, dasatinib, or the combination
of trametinib and dasatinib and performed Western blotting to determine the levels of differ-
ent signaling factors that are targets of the two drugs. We observed decreased pERK1/2 levels
in these cells (Fig 3), indicating target inhibition by trametinib. Notably, we also observed acti-
vation of members of the SRC signaling pathway (pSRC and pFAK) in CRC cells treated with
trametinib. These increases were abrogated when we treated CRC cells with dasatinib in com-
bination with trametinib.

Dual inhibition of SRC and MEK enhances levels of apoptotic markers in
multiple KRAS-mutated CRC cell lines

We determined the effects of combined treatment with dasatinib and trametinib on cell signal-
ing and apoptotic markers in HCT116 cells using an RPPA assay. We observed greater
increases in levels of cleaved caspase 7 and PARP in cells treated with the drug combination
than in untreated cells or cells treated with dasatinib or trametinib alone (Fig 4A). We also
observed greater decreases in levels of the markers of cell proliferation pPBMK1-ERKS5, pS6,
pRb, pCDK1, ¢c-Myg, and cyclin B1. Finally, we observed decreases in levels of pERK and
PSRC, which are markers of target inhibition by the two drugs. The RPPA data suggested that
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Fig 2. The combination of SRC and MEK inhibition is synergistic in multiple KRAS-mutated CRC cell lines. A, the results of colony formation assays
performed to demonstrate the synergy of trametinib and dasatinib in multiple KRAS-mutated CRC cell lines. Representative images of different cell lines
are shown. The numbers in the boxes below the images indicate synergy (excess over Bliss). C, control; T, trametinib; D, dasatinib; T+D, trametinib and
dasatinib. B, the results of MTT assays performed using different KRAS-mutated CRC cell lines to further validate the enhanced efficacy of combining
trametinib with dasatinib as compared with either drug alone or DMSO (control). All cells were treated for 72 hours. The data were normalized to control
(taken as 1.0) and relative cell growth were plotted. All data are presented as mean (+ SD) values. P values shown are for combination treatments when
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compared with trametinib. All P values were generated using the student ¢-test. Note: the ICs, was determined for each drug for every cell line using MTT
assays. Cells were treated with similar to or lower than the ICs, of each drug to demonstrate enhanced efficacy of the drug combinations.

https://doi.org/10.1371/journal.pone.0281063.9002

this drug combination can reduce the levels of proteins associated with cell proliferation while
enhancing markers of apoptosis as compared to dasatinib or trametinib alone.

We also measured induction of apoptosis of CRC cells via Western blotting and flow
cytometry. Western blotting showed significantly higher levels of cleaved PARP and cleaved
caspase 3 in HCT116, SW480 and SW620 but to a lower extent in HCP-1 cells treated with
dasatinib and trametinib than in cells treated with dasatinib or trametinib alone (Fig 4B).
Also, in our limited studies, annexin V staining of HCT116, HCP-1, and SW620 cells treated
with dasatinib, trametinib, or both showed higher numbers of total apoptotic cells after
treatment with the drug combination than after treatment with dasatinib or trametinib
alone (S3 Fig).
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Fig 3. Combined targeting of SRC and MEK inhibits compensatory survival signaling pathways in multiple KRAS-
mutated CRC cell lines treated with MEK inhibitors alone. Western blots performed to detect changes in the levels of the
signaling factors pSRC, pFAK, and pERK in multiple KRAS-mutated CRC cell lines are shown. Changes in
phosphorylation levels were compared with their respective total levels. Vinculin was used as a loading control. C, control;
T, trametinib; D, dasatinib; T+D, trametinib and dasatinib. The numbers below the blots denote the phospho-protein levels
relative to total protein levels in each sample (Control cells standardized to 1).

https://doi.org/10.1371/journal.pone.0281063.9003
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Fig 4. Combined SRC and MEK inhibition alters levels of multiple factors that regulate CRC cell proliferation and enhances apoptotic cell death in
multiple KRAS-mutated CRC cell lines. A, heat map of results of RPPA analyses done to detect factors that regulate CRC cell proliferation and apoptosis in
different KRAS-mutated CRC cell lines following treatment with trametinib (T), dasatinib (D), or both (T+D) for 48 hours. C, control. B, Western blots
performed to detect the apoptosis markers cleaved PARP, total PARP, cleaved caspase 3, and total caspase 3 in multiple KRAS-mutated CRC cell lines.
Vinculin was used as a loading control. The numbers below the blots denote the cleaved protein levels relative to total protein levels in each sample (Control

cells standardized to 1).

https://doi.org/10.1371/journal.pone.0281063.9004
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Dual inhibition of SRC and MEK does not significantly enhance tumor
growth inhibition in multiple KRAS-mutated CRC cell line-derived
xenografts or PDXs in vivo

We examined the efficacy of combining dasatinib with trametinib in in vivo models of KRAS-
mutated CRC. Initially, we performed pilot studies using mice with subcutaneous HCT116
tumors to identify the optimal doses of trametinib and dasatinib that are similar to drug doses
used in human patients (S3 Fig). We calculated animal-equivalent doses (AEDs) based on clin-
ical doses of trametinib and dasatinib as described previously [46]. We gave animals the AEDs
or two doses higher and lower than the AEDs. Based on our initial results, we determined that
0.2 mg/kg and 10 mg/kg of trametinib and dasatinib, respectively, are the optimum doses for
our in vivo synergy studies.

We used xenograft tumors generated using the KRAS-mutated CRC cell lines SW620,
HCT116, and LS174T for the in vivo studies. In these models, treatment with the combination
of dasatinib and trametinib produced greater suppression of tumor growth than that in dasati-
nib-treated and untreated control models (Fig 5A, S5 Fig). However, we found no significant
differences in suppression of tumor growth between the models treated with the drug combi-
nation and those treated with trametinib alone. Also, we did not observe significant differences
in the average xenograft tumor weight at the end of the experiments between the combination
treatment group and the dasatinib and trametinib monotherapy groups (Fig 5B, S5 Fig).

We also performed similar in vivo studies using KRAS-mutated CRC PDXs. In the C1138
(KRAS G13D) PDX model, the combination of dasatinib and trametinib produced a greater
reduction in tumor volume than that in control PDXs but not in PDXs treated with either
agent alone (Fig 5D). Similarly, in the C1142 (KRAS G12V) PDX model, the combination of
dasatinib and trametinib did not produce significantly greater tumor growth inhibition than
did dasatinib or trametinib alone (S5 Fig). Also, the average tumor weight in the combination
group did not differ significantly from those in the monotherapy groups at the end of the
experiments (Fig 5E, S5 Fig). Representative images of the tumors are shown in Fig 5C, 5F and
S6 Fig.

Finally, to determine the molecular effects of dasatinib and trametinib and their combina-
tion on target inactivation, we performed Western blotting using protein lysates from residual
SW620 xenograft tumors from all of the treatment groups after the end of the treatment regi-
men. Tumors treated with trametinib, either alone or in combination with dasatinib, had
lower pERK1/2 expression than did control or dasatinib-treated tumors (Fig 5G). Dasatinib
strongly inhibited levels of pSRC as a single agent. It also produced lower levels of pSRC in
combination with trametinib than that in control and trametinib-treated tumors, albeit not to
the same extent as in tumors treated with dasatinib only. Of note, the levels of pAKT were
markedly higher in the combination group than in the control and single-agent groups.

Discussion

About 50% of patients with mCRC harbor RAS (KRAS or NRAS) mutations. However, target-
ing KRAS mutations directly has been ineffective, and efforts at targeting MEK, a downstream
mediator of RAS, have led to treatment resistance through multiple resistance mechanisms,
especially in CRC patients. Thus, multiple studies have examined the efficacy of combining
MEK inhibitors with PI3K/AKT/mTOR [25, 47], Bcl-xL [26], CDK4/6 [27, 28], or autophagy
[29-31] inhibitors in preclinical models of various tumors, including CRC. Some of the combi-
nations have made their way to clinical trials. Some of them have not translated into improve-
ments in therapeutic outcomes, and others are in the early stages of clinical evaluation. Thus,
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Fig 5. Combination with dasatinib does not significantly enhance the efficacy of trametinib in vivo. KRAS-mutated SW620 cells were grown
subcutaneously in nude mice and subjected to treatment with vehicle (control), dasatinib (30 mg/kg), trametinib (0.3 mg/kg), or dasatinib and
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trametinib. KRAS-mutated CRC PDXs (C1138) were implanted subcutaneously in nude mice, which were given vehicle (control), dasatinib (10 mg/
kg), trametinib (0.2 mg/kg), or dasatinib and trametinib. Tumor volumes were measured on the days shown on the x-axes (tumors/PDXs implanted
on day 0). A and D, graphs of tumor growth. B and E, average weights of residual tumors plotted at the end of the experiments. C and F, images of
tumors harvested at end of experiments. Note: no significant differences in either tumor volume or tumor weight between the combination therapy
and trametinib groups were observed. G, Western blot performed using residual SW620 tumors at the end of in vivo experiments to determine the
effects of trametinib and dasatinib on target inactivation. Vinculin was used as a loading control for multiple blots measuring different proteins.
Only one representative vinculin blot is shown. C1-3, tumors harvested from 3 different control mice; T1-4, tumors harvested from 4 different
trametinib treated mice; D1-4, tumors harvested from 4 different dasatinib treated mice; T+D 1-4, tumors harvested from 4 different trametinib and
dasatinib treated mice. The numbers below the blots denote the phospho-protein levels relative to total protein levels in each sample (Set of control
cells with highest phospho-protein standardized to 1).

https://doi.org/10.1371/journal.pone.0281063.9005

to improve the efficacy of MEK inhibitors in patients with RAS-mutated CRC, development of
effective combination therapies is urgently needed.

Most combination strategies under investigation rely on preconceived notions of compen-
satory pathways (e.g., PI3K/AKT inhibitors added to MEK inhibitors [42, 48-51] inhibition of
proteins upstream of or downstream from MEK [52]. We hypothesized that MEK-targeted
therapy in patients with mCRC will be most effective when combined with other treatments,
specifically, either chemotherapy or targeted therapy, that are identified using unbiased screen-
ing approaches. In the present study, we performed HTS studies using the MEK inhibitor tra-
metinib (approved by the U.S. Food and Drug Administration for melanoma) as an anchor
with two different clinically “ready” compound library sets: 1) the National Cancer Institute
oncology set V and 2) a custom clinical set of compounds either approved by the U.S. Food
and Drug Administration or in clinical trials. Instead of trying to inhibit targets that could be
preconceived (e.g., based on our current understanding of the cellular signaling pathways) and
thus biased, our unbiased HTS studies allowed the biology of the CRC cells to determine the
best possible combinations that lead to maximum decrease in CRC cell growth. Using the Bliss
independence model for synergy in these HTS studies, we identified the SRC inhibitor dasati-
nib as one of the leading candidates for combination strategies with trametinib based on
strong synergistic activity of these two drugs.

Dasatinib, an oral inhibitor of Src family kinases, is a promising therapeutic agent (usually
when used in combination with another drug) for the treatment of several cancer types,
including chronic myelogenous leukemia, non-small cell lung cancer, small cell lung cancer,
advanced breast cancer, pancreatic cancer, prostate cancer, and head and neck squamous cell
carcinoma [53]. However, monotherapy with dasatinib in not effective against CRC [54].

Following our initial HTS studies, we validated our findings by examining the combination
of dasatinib and trametinib using different in vitro approaches with multiple KRAS-mutant
CRC cell lines. The ability of a number of these cell lines to form colonies after exposure to the
combination was markedly decreased, suggesting that inhibition of these targets leads to a
cytotoxic phenotype (Fig 2A). Also, measurement of cell proliferation via MTT assay showed
decreased cell survival following the combination treatment (Fig 2B). in addition, we evaluated
changes in different proteins involved in multiple signaling networks in CRC cells following
treatment with the drug combination. We observed activation of various members of the SRC
signaling pathway in CRC cells treated with trametinib, suggesting a possible bypass survival
mechanism following MEK inhibition. However, a reduction in the levels of pSRC and pFAK
were observed in CRC cells after treatment with dasatinib combined with trametinib (Fig 3).
RPPA analyses were performed with HCT116 cells treated with vehicle, trametinib, dasatinib
or combination of drugs. RPPA analyses of the combination treatment group indicated to a
decrease in various markers of cell proliferation including pERK, pSRC, pBMK1-ERKS5, pS6,
pRb, pCDK1, c-Myg, cyclin Bl and an increase in markers of apoptosis including cleaved cas-
pase 7 and PARP (Fig 4A), as compared to untreated or single agent treated sets. Thus, the
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RPPA data suggests that the combination of dasatinib and trametinib can reduce cell prolifera-
tion and induce apoptosis. These in vitro observations were further validated by an increase in
the levels of cleaved PARP and cleaved caspase 3 in CRC cells according to Western blot analy-
sis, indicating increased apoptosis following exposure to the drug combination (Fig 4B). Flow
cytometric analysis using annexin V also indicated more apoptotic cells in the combination
group than in the vehicle and monotherapy groups (S1 Fig). Taken together, the results of our
in vitro studies demonstrated that the efficacy of trametinib was significantly enhanced by the
addition of dasatinib and led to significant increases in the death of KRAS-mutated CRC cells.

To determine the efficacy of this drug combination in vivo, we performed studies using
KRAS-mutated CRC cell lines and PDXs. We ensured that the drug doses used in mice were
equivalent to those used in humans so that their efficacy closely resembled the possible efficacy
achievable in the clinic. We determined the AEDs as described previously [46] and based on
previous reports demonstrating evidence of drug doses that effectively led to target inhibition.
However, contrary to our in vitro data, the combination of dasatinib and trametinib did not
have significantly greater effects on tumor growth inhibition or tumor weight reduction than
did trametinib alone (Fig 5, S2 Fig). Only tumors generated from LS174T CRC cells showed a
slight trend toward tumor size reduction in the presence of the drug combination compared to
single agents. These observations were true for treatment strategies using either 0.2 mg/kg tra-
metinib and 10 mg/kg dasatinib based on our pilot studies performed to determine optimal
drug dosing or using 0.3 mg/kg trametinib and 30 mg/kg dasatinib, which were based on the
AEDs similar to the clinical maximum tolerated doses of these drugs. Notably, end point anal-
ysis of proteins from residual tumors using Western blotting showed decreased pERK and
PMEK levels in tumors treated with trametinib and decreased pSRC levels in tumors treated
with dasatinib, suggesting that the drugs successfully targeted MEK and SRC, respectively.
However, the combination treatment failed to reduce tumor growth significantly as compared
to the monotherapies. Additionally, residual tumors treated with the drug combination exhib-
ited an increase in the level of pAKT. Note: The drug combination did not increase the levels
of pAKT in vitro (data not shown). Activation of this compensatory survival pathway likely
provides a mechanism of the unexpected failure of the drug combination to enhance tumor
growth inhibition in vivo (Fig 5E). However, the underlying mechanisms leading to such com-
pensatory pathway activation in vivo remain yet unknown. One of the shortcomings of our
study is that the roles of other cell types in the tumor microenvironment (TME) including
fibroblasts and immune cells on reducing the efficacy of the drug combination have not been
elucidated. Previous studies in BRAF mutated melanoma have demonstrated that stromal
fibroblast mediated compensatory activation of the AKT pathway leads to reduced efficacy of
BRAF inhibitors [55, 56]. It is possible that similar mechanisms lead to reduced efficacy in
tumors treated with trametinib and dasatinib. If these cells do play important roles in reducing
the efficacy of the trametinib and dasatinib combination, more complex drug combinations
may have to be utilized to block the negative roles of these cells in the TME.

Researchers have examined the effects of the combination of SRC and MEK inhibitors on
other cancer types with activation of the MAPK pathway [57-59]. Initial success of these stud-
ies provides a rationale for combining SRC inhibitors with MEK inhibitors in clinical studies
[45, 60, 61]. This rationale is also supported by our in vitro studies that identifies dasatinib as a
drug that enhances the efficacy of trametinib against KRAS-mutated CRC. Although, our stud-
ies demonstrate significant drug synergy in vitro, failing to replicate it in vivo using multiple
KRAS-mutated CRC cell lines and PDXs highlight the importance of careful in vivo validation
studies in preclinical settings. Also, these studies underscore that preclinical validation studies
should be done with drug doses reflecting therapeutic doses used in humans. We believe that it
is important to report and publish negative studies where promising in vitro studies do not
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directly translate to success in more advanced in vivo studies with clinically relevant dosing of
drugs. Publication of negative studies will likely save other investigators time and money, and
possibly even provide a stimulus to better understand pharmacology in vivo and prevent rapid
but futile progression to clinical trials.

In this study we examined the efficacy of combining the MEK inhibitor trametinib with the
SRC inhibitor dasatinib to show that although this combination is synergistic in vitro, the
effects are less significant in vivo. While other MEK and SRC inhibitors that are available were
not examined, our studies did indicate that the drugs we used inhibited the intended targets.
Thus, it is likely that using clinically relevant doses of other MEK and SRC inhibitors will pro-
duce similar results. Also, a recent study indicated that CRC tumor with mutations in the G12
residue of KRAS may not benefit from combining SRC and MEK inhibitors [61]. However,
our in vivo studies with the CRC cell line HCT116 (KRAS G13D) and PDX C1138 (KRAS
G13D), both failed to demonstrate improve efficacy of combining MEK and SRC inhibitors.
Thus, we conclude that our studies strongly suggest that combining MEK and SRC inhibitors
may not provide any additional benefit to patients with KRAS mutated CRC as compared to
MEK targeting alone.

In summary, we performed unbiased HTS, identifying that the SRC inhibitor dasatinib is
synergistic with the MEK inhibitor trametinib in treating KRAS-mutant CRC. We found the
combinatorial effects of these two drugs to be synergistic, leading to significant cell growth
inhibition, decreased cell viability, and increased apoptosis in vitro. However, our in vivo stud-
ies using drug doses similar to doses achievable in the clinic failed to demonstrate significantly
greater tumor growth-inhibitory effects of the drug combination than those of single-agent
trametinib. Hence, our studies demonstrated that the combination of trametinib and dasatinib
will be ineffective for most RAS mutated tumors with rare exceptions and the biomarkers
identifying mediators of the resistance are unknown.

Supporting information

S1 Checklist. The ARRIVE guidelines 2.0: Author checklist.
(PDF)

S1 Fig. Statistical results of the 2D HTS assays. A, high-throughput assay statistical results.
The statistical data demonstrated a high Z’, which was calculated for 16 positive (SN38 [100
nM]) and 16 negative (DMSO) controls. The minimum significant ratio (MSR) was calculated
from an eight-point dose response curve tested in duplicate on each assay plate. B, graph of the
individual Z’ values for each plate. The data demonstrated high consistency in the assay and
no outliers. C, representative dose response curves for each assay plate. The data demonstrated
high reproducibility of dose response data and no assay drift.

(TIF)

S2 Fig. Bliss calculations for colony formation assays. Clonogenic analysis demonstrated
synergy of SRC and MEK inhibitors in multiple KRAS-mutated CRC cell lines. Colony forma-
tion assays were performed with multiple KRAS-mutated CRC cell lines. Cells were treated for
7 days and stained with a 0.5% methylene blue solution. Methylene blue incorporated in CRC
cells was extracted in 1% SDS, and absorbance of the extracted dye was measured using a plate
reader at 570 nM. All data are presented as mean (+ SD) values. A Bliss additivity model was
used to calculate excess over Bliss.

(TIF)

$3 Fig. Combining trametinib with dasatinib increases apoptosis in CRC cells in vitro.
Flow cytometry was performed to determine the effects of combined SRC and MEK inhibition
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on enhancement of apoptotic CRC cell death. HCT116, HCP-1, and SW620 cells were treated
with trametinib, dasatinib, or both for 72 hours. Cells were washed and stained for annexin V
and propidium iodide for 15 minutes at room temperature. The percentages of apoptotic cells
are shown in their respective quadrants. Q2, apoptotic cells; Q4, early apoptotic cells.

(TIF)

S4 Fig. Determination of the in vivo treatment doses of trametinib and dasatinib. KRAS-
mutated HCT116 cells were grown subcutaneously in mice. A, average tumor volumes in ani-
mals given a vehicle (control) or trametinib (0.1, 0.3, or 1.0 mg/kg; 5 days/week). B, average
tumor volumes in animals given a vehicle (control) or dasatinib (10, 25, or 50 mg/kg; 5 days/
week). Tumor volumes were measured on the days shown on the x-axes (tumors cells
implanted on day 0). Note: in this pilot study, each treatment arm had three or four animals.
Thus, statistical calculations are not shown.

(TIF)

S5 Fig. Efficacy of combining an SRC inhibitor with an MEK inhibitor in vivo. KRAS-
mutated CRC cells (HCT116 and LS174T) and CRC PDXs (C1142) were grown subcutane-
ously in mice, which were given a vehicle (control), dasatinib (10 mg/kg), trametinib (0.2 mg/
kg), or dasatinib and trametinib. Tumor volumes were measured on the days shown on the x-
axes (tumors implanted on day 0). A, C, and E, graphs of tumor growth. B, D, and F, average
weights of residual tumors at the end of the experiments. Note: no significant differences in
tumor volume or tumor weight between the combination therapy and trametinib groups were
observed.

(TIF)

S6 Fig. Effect of single-agent and combination treatment with trametinib and dasatinib on
tumor growth. KRAS-mutated CRC cells (LS174T, and HCT116) and CRC PDX (C1142)
were grown subcutaneously in mice, which were given a vehicle (C), trametinib (T), dasatinib
(D), or trametinib and dasatinib (T+D). Photographs of tumors harvested at the end of the
experiments are shown. The cell line and PDX names are shown at the bottom of each panel.
Note: all experiments were initiated with 10 mice per group. Some experimental animals died
or were euthanized for causes unrelated to treatment during the course of the studies.

(TIF)

S1 Raw images.
(PDF)
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