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A B S T R A C T

Oncogenic KRAS signaling plays a critical role in pancreatic ductal adenocarcinoma (PDAC) biology. Recent
studies indicate that the combination of MEK and BCL-xL inhibition is synthetically lethal and holds promise for
some types of solid cancers, however, patient response was poorly observed in PDAC predominantly due to
amplified EGFR signaling. Here, we leverage the advantage of the combinational treatment strategy and designed
a triplet regimen targeting the comprehensive RAS activation networks through simultaneously blocking MEK/
BCL-xL/EGFR. The cytotoxicity of trametinib (MEK inhibitor), DT2216 (BCL-xL degrader) and afatinib (pan-
EGFR inhibitor) and their combination was tested in patient-derived, primary PDAC cells using a live cell im-
aging system. Patient-derived xenograft (PDX) model was employed for the evaluation of the therapeutic efficacy
and safety of the combinational regimen. Targeted pathway cascades activities were analyzed using multiplex
phosphor-immune assays. In vitro comparisons showed the addition of afatinib as a third agent was statistically
superior compared to a doublet of trametinib+DT2216 in suppressing cell growth and inducing cell death in all
cell lines tested. This triplet similarly demonstrated significant superiority over the doublet of MEK/BCL-xL
inhibition in the in vivo murine model. The triplet regimen was well tolerated in vivo. Overall tumor growth
rates were significantly reduced in doublet treatment compared to controls, and further reduced in the triplet
treatment group. Pathway analysis revealed the addition of afatinib in triplet regimen further inhibited PI3K/
AKT effectors of p90RSK, p70S6K, and GSK3α/β along with a secondary pathway of P38 MAPK. Our study
identifies an important contribution of EGFR inhibition to elevate the response of PDAC, supporting a clinical
assessment of this triplet combination in patients.

Introduction

Approximately sixty-two thousand new cases account for approxi-
mately 50,000 deaths each year from pancreatic cancer, making it the
third most common cause of cancer deaths in the US [1]. The majority of
new cases present with advanced and incurable disease. These patients
are managed primarily with palliative, systemic regimens of chemo-
therapy. The best available regimens are associated with overall survival

in the range of just under 1 year [2]. Precision approaches are rarely
indicated and essentially untested and thus unproven. Hence there is a
great need for new therapeutic options for patients with pancreatic
cancer.

More than 90% of pancreatic cancers and a large proportion of lung,
colorectal, and other cancers are associated with RAS mutations. The
recent development of KRAS-targeting drugs, while more promising in
other cancers, their clinical efficacy in pancreatic cancer is still under
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evaluation [3]. Using a synthetic lethal shRNA screen in RASmutant cell
lines, Corcoran and colleagues identified BCL-xL as a critical target that
cooperates with MEK inhibitors to enhance their activity in RAS mutant
cell lines [4]. This observation was translated into a clinical trial
combining a MEK inhibitor with a BCL-xL inhibitor in patients with
several types of RAS mutant cancers and identified a striking response
rate in refractory gynecologic cancers (across subtypes of cervical,
endometrial and ovarian) but, no response in other solid tumor types
with RAS mutations, such as colorectal, non-small cell lung cancer, and
pancreatic cancer [5]. Previous investigations showed that inhibition of
the MAP kinase pathway in RAS mutant PDAC cell lines results in
upregulation of EGFR/HER-family pathway activity, with consequent
signaling down the PI3K/AKT pathway negating the potential activity of
MEK inhibition [6]. It was further shown that the combination of
anti-EGFR therapy with MEK inhibition abolished MEK induced
signaling through the PI3K/AKT pathway, resulting in significant
anti-cancer activity [7,8]. The concept of combining a MEK inhibitor
with anti-EGFR therapy has emerged in gastrointestinal oncology that
EGFR inhibition is necessary for MAPK-targeted therapy [9]. This
concept was tested in colorectal cancer patients whose tumor contained
a BRAF mutation [10]. This combination was shown to be associated
with significant activity when compared with standard second line
chemotherapy in this selected patient population, alas it has only
resulted in modest antitumor activity in pancreatic cancer in a phase II
clinical trial [11].

Taken together, the above preclinical and clinical investigations
suggest that optimal inhibition of RAS-mutant cancers may require the
combination of RAS/MEK inhibition with a BCL-xL inhibitor/degrader
plus continued inhibition of surface receptors, in particular EGFR to
prevent downstream of MEK signaling via the PI3K/AKT pathway [12].
We tested this hypothesis in RAS-mutant, early passage pancreatic
cancer cell lines derived from either the primary or a metastatic site of
patients with pancreatic cancers, given that these cancers are often also
EGFR driven [13]. Small molecule inhibitors of BCL-xL have been
associated with on-target and dose-limiting platelet toxicity. Thus, we
also investigate two novel BCL-xL proteolysis targeting chimeras
(PROTACs) degraders of BCL-xL in combination with MEK inhibition.
Furthermore, as one mechanism of resistance to anti-EGFR therapy in-
cludes upregulation of alternative members of the HER family of growth
receptors, we focus on a pan-HER-receptor kinase inhibitor.

Materials and methods

Cells and culture

Patient-derived PDAC cell lines, PDAC1, PDAC2, PDAC-lm1, and
PDAC-lm3 were generated from patients who had operations performed
at the University of Florida, Department of Surgery with informed
consent under University of Florida IRB protocol 201600873. All cell
lines were authenticated by short tandem repeat profiling [14]. Cells
were grown in Advanced DMEM-F12 medium supplemented with 10 %
FBS and 1 % anti–anti. Cell viability was tested using trypan blue
staining on TC20 automated cell counter and only batches with cell
viability over 98 % were used for experiments. For monoculture, cells
were plated in at 2000 cells per well in 96-well flat-bottom and allowed
overnight attachment before treatment. All experiments were performed
in technical quintuplicate and repeated three times.

Drug response assay

All drugs including trametinib (MEK1 and MEK2 kinases inhibitor,
GSK1120212), afatinib (an irreversible pan-EGFR inhibitor), and Navi-
toclax (BCL-2 and BCL-xL dual inhibitor, ABT-263) were purchased from
AdooQ bioscience (Irvine, CA) and dissolved in DMSO to make a con-
centration of 100 µM stock. PROTACs DT2216 and 753b are synthesized
as previously described [15,16]. Doublet treatment consisted of the

combination of trametinib plus navitoclax or DT2216 or 753B; afatinib
was added in addition for triplet treatment. Drugs were diluted to a final
concentration of 0.5 µM. The Incucyte S3 (Satorius) live-cell imaging
system was used for the measurements of drug response. Cell growth
was assessed by confluence and cell death was labelled with Cytotox NIR
Dye (for counting dead cell integrated intensity over total cell area).

In vivo model

The study was performed with IACUC approval. Eight weeks-old
male NSG mice were subcutaneously inoculated with 2.5×105 of
PDAC-lm1 tumor cells to establish tumor xenografts. When the tumor
volume exceeded 100 mm3, the animals were randomized into three
groups of 15mice to receive treatments with vehicle, doublet, and triplet
treatments, respectively. All drugs were administered bi-weekly by the
intraperitoneal (i.p.) route at the concentrations of trametinib: 2 mg kg-
1, DT2216: 15 mg kg-1, and afatinib: 80 mg kg-1. For i.p. administration
of trametinib and afatinib, the selection of the doses for these drugs were
calculated according to others’ work ([17-20], and the dose of DT2216 is
based on our previous experience (recommended by D. Zhou). Animal
weights and xenograft tumor size were monitored and recorded twice a
week. Tumor volume was calculated based on the formula of½ (length x
width2). All animals were euthanized when the tumor reached humane
endpoints or at the end of the experiment, except for animals euthanized
for tumor harvest for mechanistic studies of pathway inhibition 4 hours
after the 3rd dose (n = 3 per group).

Multiplex immunoassays

Three multiplexes were employed to assess the targeting molecules.
These included: Bio-Plex Pro RBM apoptosis panel 2 multiplex assay
detecting BAD, BAX/BCL-2 dimer, BCL-xL, Bim, andMCL-1; Bio-plex Pro
cell signaling AKT 8-plex panel detecting AKT(Ser473), BAD(Ser136),
GSK3α/β(Ser21/Ser9), IRS-1(Ser636/Ser639), mTOR(Ser2248), p70S6K
(Thr389), (19,20)PTEN(Ser380), and S6 ribosomal protein(Ser235/Ser236);
and MAPK 9-plex panel detecting ATF-2(Thr71), ERK1/2(Thr202/185/
Tyr204/187), HSP27(Ser78), JNK(Thr183/Tyr185), MEK1(Ser217/Ser221),
p38 MAPK (Thr180/Tyr182), p53 (Ser15), p90RSK(Ser380), and STAT3
(Ser727).

Statistical analysis

To assess the differential growth rates between treatment groups, we
utilized linear mixed models by R package lme4. The longitudinal
measurements of tumor sizes were set as the dependent variable. The
predictors included the treatment group, time, and the interaction be-
tween time and treatment. To ensure parity, we adjusted for the initial
size of the tumor as a covariate. The interaction term represents the
difference in growth rate (denoted as change in tumor size per hour)
between the two treatment groups. This method of analysis was con-
ducted individually for each pair of treatment groups, as well as for each
cell line. Group comparisons were performed using GraphPad Prism v10
software. Unpaired Welch’s test was used to compare two groups and
one-way or two-way analysis of variance (ANOVA) was used for multi-
ple groups. False discovery rate adjusted p-value (q-value) [21] was set
at 0.05 as statistical significance cut off.

Results

Inhibition of MEK, BCL-xL, and EGFR (triplet) treatment
reduced PDAC cell growth and enhanced apoptosis in vitro. KRAS
via downstream MEK drives the MAPK signaling pathways to promote
cell proliferation and prevent apoptosis. To test whether the addition of
EGFR-family inhibitors can further increase the efficacy of blocking this
aberrant signaling in PDAC cells, we targeted EGFR-family receptors
with afatinib in combination with baseline doublet treatment of
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trametinib and one-of-three BCL-xL targeting strategies: the small
molecule inhibitor navitoclax or the PROTACs DT2216 or 753B [11,12].
A live-cell imaging platform was employed to monitor cell growth as
well as cell death during treatment (Fig. 1). Complete data for individual
drug efficacy assessments and various three drug-combinations is pre-
sented in Suppl. Figure S1 for cell growth and Suppl. Figure S2 for cell
death measurements. Moderate cell growth suppression was observed
for mono-drug treatment, and among the various agents, trametinib
monotherapy appears most effective. Navitoclax and afatinib are less
potent as single agents (Fig. 2A). The PROTACs DT2216 and 753b
appear more effective in inducing apoptosis than navitoclax. In line with
the findings from other laboratories [22], trametinib profoundly
inhibited cell proliferation as shown in all four cell lines. The degraders
of DT2216 and 753B induced cell death in three and two of the four cell
lines, respectively, showing potency over the inhibitor navitoclax
(Fig. 2A). When comparing doublet against triplet treatments and
importantly, supporting our hypothesis, we found that blocking
EGFR-family signaling with afatinib in addition to MEKi/BCL-xLi
resulted in greater growth inhibition and increased cytotoxicity. The
synergy was superior with DT2216 compared to navitoclax or 753B; the
DT2216-combined triplet regimen effectively suppressed cell growth
and induced cell death in all four primary human pancreatic cancer cell

lines tested (Fig. 2B).
It is not surprising that each cell lines responded differently to the

treatment, and this phenomenon was first suspected due to their KRAS
mutation status. The cell lines tested in this study either carry a KRAS
G12D or G12V mutation, however, there is no clear connection with the
response to the doublet or triplet treatments. For a better understanding
of the genomic makeup that might be associated with the differential
response, we looked at the data in DepMap (https://depmap.org/portal)
where 32 PDAC cell lines were reported with single treatments of tra-
matinib and afatinib respectively. Among these cell lines, 14 cell lines
appear responsive (-log2 fold change, LFC < 0) to both drugs, 14 cell
lines responsive to trametinib but resistant (-log2 fold change, LFC > 0)
to afatinib, and the remaining 4 cell lines are resistant to both drugs
(Suppl. Table S1 and Fig. 6a). Although it is noticeable that KRAS G12V
mutation appears to correlate with the cell lines that respond to both
trametinib and afatinib, and KRAS G12D appears more trametinib
responsive and afatinib resistant, there is no definite correlation in our
data as demonstrated in Fig. 6a. This observation is in line with previous
findings [11]. With further investigation of full mutation status from
COSMIC data, 121, 143 and 48 unique genes are clustered in the groups
of responsive to both drugs, responsive to trametinib but resistant to
afatinib, and resistant to both drugs respectively. KEGG pathway

Fig. 1. Live cell imaging assessment of treatment responses. (A) Phase contrast images of live and dead cells. A set of four representative images of PDAC1 cells were taken at
20x magnification from time points of day 0, 12 hours, day 1, and day 2 as indicated. Cytotox NIR Dye (red) staining indicates dead cells. (B) Quantification of cell
proliferation in cultures was assessed by confluence (area covered by cells), and (C) Quantification of dead cells was measured by Cytotox NIR Dye staining (ratio of
integrated intensity of red staining over total cell area). Growth rate and death rates were plotted with y-axis reporting rate change against x-axis in elapsed hours.
Experiments were performed in quintuplicates and four images were taken from each well. A q-value < 0.05 was considered statistically significant.
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analysis shows the cell lines that are sensitive to both drugs carry mutant
genes enriched in Pancreatic Cancer and EGFR Tyrosine Kinase Inhibitor
Resistant pathways (Fig. 6b).

Triplet targeting EGFR with MEK and BCL-xL inhibition results
in in vivo synergism. To further preclinical evaluation of the triplet
regimen, we evaluated the in vivo efficacy in the PDAC-lm1 cell inocu-
lated in NOD-SCID mice. Tumor-bearing mice were treated with doublet
or triplet regimens and compared between one another and to vehicle
controls (DT2216 was selected for BCL-xL degradation based upon in
vitro data). Overall tumor growth rates were significantly lower in both
doublet (10.7 mm3/day, q = 0.0017) and triplet treatment groups (1.37
mm3/day, q < 0.0001) compared to control (27.9 mm3/day) (Fig. 3A.)
Importantly and in support of our hypothesis, the triplet regimen out-
performed the doublet regimen and significantly reduced tumor growth
rates (q < 0.001). The statistically significant reduction in tumor pro-
gression between the two regimens was observed as early as at dose 3 (q
= 0.0024). At the end of the experiment, approximately 50 % of tumors
had actually shrunk in the triplet treatment group, while 25 % and 60 %
tumors continued to grow over 3 times of size in doublet and vehicle
treatment groups, respectively (Fig. 3B). No significant body weight loss
was detected in the mice during treatment period for all groups
(Fig. 3C), except measurement at dose 2 (3 days post-dose 1) where the
average body weight of mice in triplet treatment group was 3 % less than
controls (q = 0.046).

Altered EGFR/RAS regulated survival signaling pathway cas-
cades in treated xenograft tumors. In order to gain insights on the
survival signaling pathways impacted during the treatments that sup-
pressed tumor growth, phosphorylation status of key members in the
EGFR/RAS signaling pathways were probed using multiplex immune
assays (key pathway cascades tested are shown in Fig. 4). Based on the
previously established fitness-for-purpose modeling in xenograft models
([23], a subset of xenograft tumors was collected 4 hours after

administration of the 3rd dose. In line with the in vivo data of suppressed
tumor growth in both doublet and triplet groups, induced apoptosis was
confirmed by decreased BCL-xL protein levels and increased levels of
BAD in both groups in comparison to controls (Fig. 5A). A direct effect
from trametinib that led to decreased p-MEK1(Ser217/221) and p-ERK1/2
(Thy202/185, Tyr204/187) in both doublet and triplet treatment groups
compared to vehicle alone was clearly observed (q < 0.0001, Fig. 5B),
along with the decreased phosphorylation of p-STAT3 on residue Ser727.
Phosphorylation at Ser727 residue is reported to mediate STAT3 trans-
locating into mitochondria in favor of metabolic synthesis for cell pro-
liferation and survival, and the cooperative role of Ser727 is reported
needed for the full activation of STAT3 in pancreatic cancer [24,25]. In
addition, phosphorylation of p-IRS1(Ser636/639), p-AKT(Ser473), and
p-p70S6K(Thr389) was reduced in these doublet- and triplet-treated tu-
mors (Fig. 5C). IRS1 is suggested for MAPK and PI3K cross-signaling in
regulating AKT-involved cell proliferation in pancreatic cancer cells [26,
27]. These data suggest decreased activities in signaling cascades of
MEK-ERK1/2 and possibly a collateral activity that simultaneously tar-
geted the pathway of IRS-PI3K-AKT in response to treatments. A trend in
decreased p-mTOR(Ser2248) did not reach statistical significance and
phosphorylation of p-JNK(Thr183/Tyr185), but p-PTEN(Ser380) remained
unchanged.

To explore the mechanism driving the further benefit observed in the
in vivo triplet treatment, decreased p-AKT phosphorylation was deter-
mined in the triplet vs doublet treatment, together with decreases in
phosphorylation levels of two AKT direct effectors, p-GSK3α/β(Ser21/9)
and p-p70S6K(Thr389) (Fig. 5D) In addition, phosphorylation of p90RSK
(Ser380), a direct downstream substrate of ERK1/2, was also diminished
(q < 0.05). Investigating two other EFGR/RAS regulated MAPK path-
ways, decreased phosphorylation of p38 MAPK(Thr180/Tyr182) but not
JNK(Thr183/Tyr185) was detected (Figs. 4 and 5D). These data indicate a
possible alternative pathway of suppression of survival signals

Fig. 2. Treatment effectiveness comparison of various combinations. (A) Mono-treatment of the five compounds on cell growth and cell death assessed on four
PDAC patient-derived cell lines. x-axis is scaled by ratio of rate change between the individual compounds and the control treatment of DMSO. Ratio of changes
comparing to DMSO control for decreased cell growth was scaled towards the left and increased cell death was scaled towards the right. Green and red bars indicate
significant changes and gray bars indicate changes without statistical significance. * q < 0.05, ** q < 0.01, *** q < 0.001; and (B) Comparisons between triplet
treatment of MEK, BCL-xL, and EGFR inhibition vs doublet inhibition of MEK and BCL-xL. Growth rates are indicated by green dots (light green for doublet and dark
green for triplet treatments), and cell death rates are indicated by red dots (light red for doublet and dark red for triplet treatment). Difference between rates that met
statistical significance (q < 0.05) were boxed and the associated q value is indicated.
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attributed only to afatinib administration. As a result, BCL-xL was more
effectively downregulated with the triplet treatment as shown in Fig. 5A
(q < 0.05).

Discussion

Combinations of targeted agents are more likely to be synergistic
than combinations involving chemotherapy or other targeted therapy
such as EMK and BRAF inhibition [28,29]. Yet, a recent clinical study
has shown PDAC patients did not respond to the combined BCL-xL and
MEK inhibition strategy. As proof of concept, in this study we demon-
strate the combination response of a triplet treatment regimen that
simultaneously targeted EGFR/MEK/BCL-xL. This effective drug com-
bination was demonstrated in pancreatic cancer patient-derived cell
cultures as well as in an in vivo model. It is important to note that the
designed triplet treatment regimen was also well-tolerated in vivo. Our

study indicates that this combination regimen could be potentially
effective for certain patients with KRAS mutant tumors even beyond
pancreatic cancer, especially where the EGFR pathway is aberrantly
activated by a variety of potential mechanisms [30].

Our study also expands upon investigations exploring the survival
signaling pathways impacted by such treatments. Our data reveals po-
tential new mechanisms of signaling with MEK and/or EGFR inhibition
in pancreatic cancer cells. In line with the experimental observation of
restricted tumor growth in mice in both doublet and triplet treatment
groups, we observed the downregulated BCL-xL and upregulated BAD
expression levels in treated xenograft tumors may be attributed to the
double effects of suppressed ERK and AKT signaling. One of the novel
findings is the STAT3 phosphorylation at Ser727 that was decreased in
MEK inhibited tumors compared to controls. p-STAT3(Ser727) is mainly
triggered by ERK1/2, p38 MAPK, JNK, and H-7-kinase [31]. It is re-
ported that STA3 and AKT signaling cooperate in the prostate cancer

Fig. 3. In silico analysis of molecular basis of PDAC cell lines in response to trametinib and afatinib. (A) DepMap data of cell lines with KRAS mutation in response to
trametinib and afatinib. Both x- and y-axis are log2 fold changes. Each dot represents one cell lines and KRAS mutation statues are colored as illustrated; (B) KEGG
enriched pathways analysis. Genes with mutations in 14 PDAC cell lines that are sensitive to both trametinib and afatinib were subjected to ShinyGO 0.80 [ShinyGO
0.80 (sdstate.edu)]. FDR cutoff was set at <0.0001 with minimum 10 genes per pathway. Lollipop dots indicate fold enrichment.
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development and progression [32]. STAT3 activity in pancreatic cancer
is well-established [25,31,33] and dual inhibition of STAT3 phosphor-
ylation at Tyr705 and Ser727 has recently been suggested for optional
pancreatic cancer treatment [34]. Decreased levels of p-STAT3(Ser727)
inhibits proliferation and migration of pancreatic cancer cells ([35], in
line with our observation of significantly decreased p-STAT3(Ser727)
occurring even in doublet treatment without the help of afatinib. These
data provide insight for trametinib effects upon noncanonical STAT3
pathway activation in reducing pancreatic cancer cell proliferation.

Another intriguing finding is the unexpected IRS1 phosphorylation
decrease in response to MEK inhibition. Ser636 is located in a MAPK-
consensus phosphorylation site [36]. IRS1 is phosphorylated at res-
idue Ser636 in pancreatic cancer cells and suggesting a role in regulating
proliferation, invasion and metastasis of pancreatic cancer through
MAPK and PI3K pathways [26]. In our study, decreased Ser636/639

phosphorylation of IRS1 was found in treated tumors, in line with pre-
vious report of MAPK inhibition with PD98059 dramatically reducing
the phosphorylation of IRS1 on Ser636 in skeletal muscle cells from

Fig. 4. Impact of the triplet regimen on tumor growth in vivo as compared to controls. Mice bearing PDAC-lm1 subcutaneous xenograft tumors were randomly
divided into three groups and treated with vehicle (n = 12), doublet of trametinib and DT2216 (n = 12), and triplet of trametinib, DT2216, and afatinib (n = 14).
Tumor volumes were normalized to their volume on dose 1 (day 0) for comparisons. Tumor growth kinetics were plotted as indicated with mean ±/ SEM (A) and
individually (B), and mice body weight (mg) was plotted in (C) against treatment periods. **** q < 0.0001.
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patients with type 2 diabetes [36].
Lastly, further EGFR blockade in triplet treatment enhanced the anti-

apoptotic signals through various survival pathways cascades via
dephosphorylation/inactivation that were additive compared to doublet
treatment, i.e., p-p70S6K, p-GSK3α/β, p-p90RSK, and p-P38 MAPK. We
revealed novel pathways solely related to EGFR inhibition in pancreatic
cancer cells, firstly through simultaneously enhanced inhibition of two
of the three major MAPK cascades of ERK and p38 but not JNK. Afatinib
alone can inhibit p38 MAPK phosphorylation in lung cancer cells [37].
p90RSK as a direct substrate of ERK1/2 has not been previously reported
targeted by EGFR inhibitors. We also discovered an added supportive
effort of inhibition of p38 MAPK by afatinib. Secondly and equally
important, triplet treatment enhanced inhibition of the PI3K/AKT
pathway. Both RAS/MEK/ERK and RAS/PI3K/AKT are the two funda-
mental and dysregulated EGFR downstream signaling pathways
contributing to pancreatic cancer [38]. Recent studies also show
promising results and invoking treatment strategies associating
PI3K/AKT inhibitors with MAPK inhibitors [39].

BCL-xL as a well-validated cancer target, its use as cancer therapy
however is limited due to its on-target and dose-limiting normal tissue
toxicity of its inhibitors (e.g., navitoclax) [40]. We initially included a
triplet treatment group using the combination of tramatinibi, afatinib
and navitoclax. Alas, we encountered significant toxicity problem in this
triplet combination from the 1st dose that led to an early termination (in
a group of 5 mice, none surpassed the 3rd dose). On the contrary and as
one of the strengths in this study, we incorporate the BCL-xL PROTAC,
DT2216, a safer and more potent senolytic agents than Bcl-xl inhibitors
as demonstrated in our previous studies [41,42].

Body weight loss as toxicity was not observed in our study during

treatment. The safety of double inhibition of MEK and EGFR was also
observed by others when an anti-EGFR antibody is used in combination
with trametinib in a murine colorectal cancer model [43]. However, we
are aware that this is one of the limitations of our study to measure body
weight alone as a measurement for toxicity. Despite that weight loss
measurement as a common and straightforward evaluation for
dose-limiting toxicity in in vivo therapeutic testing ([44,45], body
weight loss is not a sufficient readout of toxicity (safety) in clinical
practice, especially in combination therapies. Each single drug has its
own dose-limiting toxicity, when combined, amplified risks of toxicity
have been observed, and thus it is important to access the safety in
depth. For example, the common side effects of both trametinib and
afatinib are skin irritation, diarrhea, and nausea. Fortunately, studies
have shown that with appropriate treatment, these side effects can be
managed, minimizing patient discomfort and reducing the need for
therapy interruption or discontinuation in clinical trial [46]. While
combinational target regimens show promise in cancer treatments,
challenges remain in determining the optimal doses for safety. Another
limitation of this study is the dose selections were not fully optimized
and treatment duration is relatively short (6 doses over 17 days). During
the short-term treatment, we have not observed resistance even in
doublet treated group as it was expected - a major shortcoming of
short-term treatment. Futher experimentation with lower doses and
longer treatment are indicated to assess true clinical applicability and
reduce side effects. For example, low doses (<30 % of what is required
for full inhibition of cell viability) combination of
EGFR+RAF+MEK+ERK inhibitors in lung cancer preclinical model
resulted durable responses without associated toxicity [47].

Fig. 5. Key signaling molecules in the targeted pathways. Cascades in EGFR/RAS regulated pathways are arranged and connected based upon IPA canonical/
established signaling networks, including EGF, Insulin Receptor, STAT3 Pathway, PI3K/AKT Signaling, and Pancreatic adenocarcinoma Signaling. Molecules tested
in the immune-plexes are colored nodes and uncolored nodes represent untested molecules. Phosphorylation of tested molecules are illustrated with a “p” in a circle.
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Conclusion

We demonstrated improved efficacy of pan-EGFR inhibition with
afatinib to further diminish bothMAPK and PI3K/AKT survival signaling
from the MEK/BCL inhibition via enhanced targeting of AKT down-
stream cascades of GSK3 and uncovered a second route of p38 MAPK
pathway activation. Whether these observations are purely due to the

simple effect of additional afatinib or the combined effects of the three
compounds needs further investigation. Our data support the theory of
the salvage feedback of EGFR signaling during the MEK inhibition
treatment and suggest a rescue treatment strategy. Moreover, exploring
the complex signaling pathway in combination could offer breakthrough
therapeutics for pancreatic cancer.

Fig. 6. Doublet and triplet treatments affecting molecules in MAPK and PI3K pathways. PDAC-lm1 subcutaneous xenograft tumors were treated with vehicle, a
doublet regimen of trametinib/DT2216, or a triplet regimen of trametinib/DT2216/afatinib. Three mice from each group were sacrificed 4 hours after dose 3
administration and tumors were collected and analyzed using the three immune-plex kits, (A) Expression levels of BCL-xL and BAD by concentration of ng/ml, (B)
Phosphorylation status (p-) of p-MEK1, p-ERK1/2, and the substrate of p-STAT3, (C) Phosphorylation status (p-) of p-IRS1, p-AKT, and p-p70S6K, and (D) Phos-
phorylation status (p-) of p-GSK3α/β, p-p90RSK, p-P38 MAPK, and p-JNK. All phosphorylation sites are as labeled and fluorescent intensity (y-axis) indicate levels of
phosphorylation. Bar graphs for mean ±/ SEM. *q < 0.05, **q < 0.01, ****q < 0.0001, ns = not statistically significant.
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