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Pancreatic ductal adenocarcinoma (PDAC) remains an aggres-
sive disease that is expected to become the second cause of cancer
fatalities during the next decade. As therapeutic options are limited,
novel targets, and agents for therapeutic intervention are urgently
needed. Previously, we identified potent positive crosstalk between
insulin/IGF-1 receptors and G protein-coupled (GPCR) signaling
systems leading to mitogenic signaling in PDAC cells. Here, we
show that a combination of insulin and the GPCR agonist neuro-
tensin induced rapid activation of Src family of tyrosine kinases
(SFK) within PANC-1 cells, as shown by FAK phosphorylation at
Tyr*’®77 and Tyr®", sensitive biomarkers of SFK activity within
intact cells and Src*'® autophosphorylation. Crucially, SFKs pro-
moted YAP nuclear localization and phosphorylation at Tyr**’, as
shown by using the SFK inhibitors dasatinib, saracatinib, the

Introduction

One of the deadliest types of cancer has been and still is pancreatic
ductal adenocarcinoma (PDAC). An estimated 48,220 patients will
succumb to this disease, putting PDAC as the third leading cause of
cancer mortality in the United States (1). Furthermore, PDAC is
projected to become the second leading cause of cancer-related deaths
before 2030 (2). Considering the failure to date to treat PDAC, there is
an urgent need to identify novel targets and therapeutic agents to treat
this devastating disease.

There is consensus about the importance of mutated KRAS (encod-
ing KRAS) in the initiation of PDAC, occurring in >90% of human
PDAC (3), a notion supported by preclinical models of the disease (4).
Although a critical role of KRAS mutations in PDAC development is
generally accepted, recent studies demonstrated that KRAS is dispens-
able for the survival of the most aggressive subtype of PDAC, that is,
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preferential YES1 inhibitor CH6953755, siRNA-mediated knock-
down of YES1, and transfection of epitogue-tagged YAP mutants in
PANC-1 and Mia PaCa-2 cancer cells, models of the aggressive
squamous subtype of PDAC. Surprisingly, our results also demon-
strate that exposure to SFK inhibitors, including dasatinib or
knockdown of YES and Src induces ERK overactivation in PDAC
cells. Dasatinib-induced ERK activation was completely abolished
by exposure to the FDA-approved MEK inhibitor trametinib. A
combination of dasatinib and trametinib potently and synergisti-
cally inhibited colony formation by PDAC cells and suppressed the
growth of Mia PaCa-2 cells xenografted into the flank of nude mice.
The results provide rationale for considering a combination(s) of
FDA-approved SFK (dasatinib) and MEK (e.g., trametinib) inhi-
bitors in prospective clinical trials for the treatment of PDAC.

the squamous subtype tumors (5). Therefore, it is important to identify
additional oncogenic drivers that might represent targetable vulner-
abilities of the disease.

The structurally related nonreceptor Src family of tyrosine kinases
(SFK) have been implicated in the regulation of cellular cytoskeletal
organization, migration, and proliferation, and involved in invasion
and metastasis in multiple solid tumors, including PDAC (6-8). The
SFK comprises 12 members two of which, Src and YESI, are expressed
prominently in human PDAC cell lines (9). An early study demon-
strated that administration of the SFK inhibitor dasatinib (10) pre-
vented metastatic dissemination in preclinical models of PDAC but
did not interfere with the growth of the primary tumor (11). Subse-
quent clinical trials in PDAC patients using dasatinib in combination
with gemcitabine (12, 13) or 5-fluorouracil and oxaliplatin (14) failed
to demonstrate significant clinical benefit in patients with PDAC.
The mechanism(s) leading to dasatinib resistance in PDAC are
poorly understood.

Intriguingly, SFKs phosphorylate wild type and oncogenic (G12D)
KRAS on tyrosine residues (Tyr’> and Tyr®!), thereby inducing
conformational changes that inhibit KRAS stimulation of RAF/
MEK/ERK (15, 16). Conversely, the pro-oncogenic tyrosine phospha-
tase SHP2 (17, 18), which dephosphorylates KRAS (19), promoted
RAF/MEK/ERK signaling. Consequently, SFK-mediated tyrosine
phosphorylation of KRAS in PDAC could function in a tumor-
suppressive capacity via KRAS inactivation (15, 19) and thus, SFK
inhibitors could induce KRAS hyper-activation.

Given the apparent inhibitory effects of SFK on KRAS-dependent
signaling, we hypothesized that SFKs promote progression of
PDAC acting through a downstream target(s) that circumvents
the requirement of KRAS-stimulated proliferation. A plausible can-
didate is the transcriptional co-activator YES1-Associated Protein
(YAP), a major effector of the Hippo, growth factor, G protein-
coupled receptor (GPCR) and integrin signaling pathways and a key

AAC_R American Association
for Cancer Research’

AACRJournals.org | 1652


http://crossmark.crossref.org/dialog/?doi=10.1158/1535-7163.MCT-21-0964&domain=pdf&date_stamp=2022-10-17
http://crossmark.crossref.org/dialog/?doi=10.1158/1535-7163.MCT-21-0964&domain=pdf&date_stamp=2022-10-17

regulator of development, organ-size, tissue regeneration, and
tumorigenesis (20-22). When localized in the nucleus, YAP binds
and activates predominantly the TEA-domain DNA-binding tran-
scription factors (TEAD 1-4) thereby stimulating the expression of
multiple genes. Recent evidence indicates that YAP acts as a potent
oncogene in PDAC (23-25). Accordingly, YAP is overactive in PDAC
tumor samples (26-28) and higher expression of YAP is correlated
with poorer survival in patients with PDAC (25, 29). Importantly, YAP
is highly activated in the squamous subtype of PDAC (30), which
exhibits reduced dependency on KRAS for survival (31, 32). Accord-
ingly, amplification and overexpression of Yap can substitute for
mutant Kras expression in promoting PDAC in preclinical mod-
els (26). Several studies in other cell types indicated that SFKs lead
to YAP activation (33-35), but the mechanisms are cell-context
dependent and the role of SFKs in YAP regulation in pancreatic
cancer cells has not been examined before.

In previous studies, we identified potent positive crosstalk between
insulin/IGF-1 receptors and GPCR signaling systems leading to
mitogenic signaling in PDAC cells (36). Subsequently, we reported
that stimulation of these cells with insulin and the GPCR agonist
neurotensin promoted YAP nuclear localization and activity (37).
Here, we demonstrate that the SFKs play a major role in mediating
YAP nuclear localization and colony growth of pancreatic PANC-1
and Mia PaCa-2 cancer cells, models of the aggressive squamous
subtype of PDAC (32). Mechanistically, the SFK members YES and Src
stimulate YAP phosphorylation on Tyr**’ and the phosphorylation of
this residue plays a critical role in the regulation of YAP nuclear
localization. Finally, we demonstrate that exposure of PDAC cells to
SFK inhibitors, including dasatinib (10), induces ERK activation and
that a combination of SFK inhibitor and MEK inhibitor potently
inhibited colony formation by these cells and suppressed the growth of
Mia PaCa-2 cells xenografted into the flank of nude mice. The results
provide rationale for considering a combination(s) of FDA-approved
SFK (e.g., dasatinib) and MEK (e.g., trametinib) inhibitors in pro-
spective trials for the treatment of PDAC.

Materials and Methods

Cell culture

PANC-1 and Mia PaCa-2 were maintained in DMEM supplemen-
ted with 10% FBS. Capan-2 were maintained in McCoy’s 5A medium
supplemented with 10% FBS. Human pancreatic cancer cell lines were
obtained from ATCC on the following dates: PANC-1 (February 2021,
April 2021, April 2022), Mia Paca-2 (February 2021, April 2021, April
2022), and Capan 2 (August 2021). These cell lines were tested for
mycoplasma and authenticated by the ATCC using short-tandem
repeat analysis. All cell lines were used within 15 passages after
recovery from frozen stocks. No authentication or mycoplasma testing
was done by the authors.

Western blot analysis

The cultures were directly lysed in 2 x SDS-PAGE sample buffer
[200 mmol/L Tris-HCI (pH 6.8), 2 mmol/L EDTA, 0.1 M Na3;VOy,, 6%
SDS, 10% glycerol, and 4% 2-mercaptoethanol], followed by SDS-
PAGE and transfer to Immobilon-P membranes (Millipore). Mem-
branes were blocked with 5% nonfat dried milk in PBS and then
incubated overnight with the desired antibodies diluted in PBS con-
taining 0.1% Tween. Primary antibodies bound to immunoreactive
bands were visualized by enhanced chemiluminescence (ECL) detec-
tion with horseradish peroxidase-conjugated anti-mouse or anti-
rabbit antibody and a FUJI LAS-4,000 mini luminescent image
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analyzer. Quantification of the bands was performed using the FUJI
Multi Gauge V3.0 analysis program.

Immunofluorescence

Immunofluorescence of PDAC cells was performed by fixing the
cultures with 4% paraformaldehyde followed by permeabilization
with 0.4% Triton X-100. Cultures were then incubated for 2 hours at
25°C in blocking buffer (BB), consisting of PBS supplemented
with 5% BSA, then incubated at 4°C overnight with a YAP mouse
mAb (1:200) diluted in BB. Bound primary antibody was detected
using Alexa Fluor 488-conjugated goat-anti mouse (1:1,000) for
1 hour at 25°C. Nuclei were stained using a Hoechst 33342 stain
(1:10,000). Images were captured as uncompressed 24-bit TIFF files
captured with an epifluorescence Zeiss Axioskop and a Zeiss
(Achroplan 40/0.75W objective) and a cooled (—12°C) single CCD
color digital camera (Pursuit, Diagnostic Instruments) driven by
SPOT version 4.7 software. Alexa Fluor 488 signals were observed
with a HI Q filter set 41001 and TRITC images with a HI Q filter set
41002¢ (Chroma Technology).

Image analysis

For YAP localization the average fluorescence intensity in the
nucleus and just outside the nucleus (cytoplasm) was measured to
determine the nuclear/cytoplasmic ratios. All Image analysis was
performed using Zeiss analysis imaging software. The selected cells
displayed in the appropriate figures were representative of 80% of the
population.

siRNA and plasmid transfections

All siRNA transfection experiments were performed using Lipo-
fectamine RNAIMAX (Life Technologies) following manufacturer’s
instructions. The siRNA concentration used was 10 nmol/L.

PANC-1 and Mia PaCa-2 cells were transfected with the plasmid
containing a ¢cDNA encoding FLAG-tagged YAP wild type and
mutants from Addgene by using Lipofectamine 3000 (Invitrogen) as
suggested by the manufacturer. Analysis of the cells transiently
transfected was performed 24 hours after transfection.

Colony formation assay

For cell colony formation, 500 PANC-1, Mia PaCa-2, or Capan-2
cells were plated into 35 mm tissue culture dishes in DMEM containing
10% FBS. After 24 hours of incubation at 37°C, cultures were incubated
with DMEM or McCoy’s medium containing 3% FBS either in the
absence or presence of tramenitib, dasatinib, or their combination.
Colonies, consisting of at least 50 cells, were stained with Giemsa.
Colony numbers from at least three dishes per condition were deter-
mined after 8 to 10 days of incubation and repeated in three to five
independent experiments. The combination index (CI) was calculated
using the equation CI = TCx/Tx + DCx/Dx, where Tx and Dx
represented concentrations of trametinib (T) or dasatinib (D) added
singly to produce x% inhibition, whereas TCx and DCx were the
concentrations of trametinib and dasatinib in combination to elicit the
same effect. CI < 1 indicated synergism.

gqRT-PCR

RNA was extracted to measure gene expression. Following cDNA
synthesis, real-time qPCR was performed using CTGF- or CYR6I-
specific primers. CTGF or CYR61 mRNA expression levels were
normalized to 185 mRNA levels. Data are presented as the mean of
three replicates with error bars representing SEM. All reactions were
performed using the Applied Biosystems StepOne system and TagMan
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Fast Advanced Master Mix. The following primers were used CTGF
(Assay ID: Hs01026927_g1), CYR61 (Assay ID: Hs99999901_s1), and
18S (Assay ID: Hs99999901_s1) all were from Life Technologies.

Mice xenografts

Early passage Mia PaCa-2 cells were harvested, and 4 x 10° cells
were implanted into the right flanks of 5-week-old male nu/nu mice
(weight 20.5 g & 0.8, mean & SEM, n = 32). The male nu/nu mice were
maintained in a specific pathogen-free facility at the University of
California at Los Angeles. The animals were randomized into control
and treated groups (8 mice per group). Treatment was initiated when
the tumors reached a mean diameter of 3 to 4 mm, and the first day of
treatment in both cases was designated as day 0. Mice were treated
three times weekly with either control vehicle or dasatinib (10 mg/kg)
or trametinib (0.5 mg/kg) or a combination of dasatinib and trame-
tinib. Compounds were administered by oral gavage in 80 mmol/L
citrate solution with 0.5% hydroxypropylmethyl cellulose and 0.2%
Tween-80. Tumor volume (V) was measured with an external caliper
and it was calculated as V = 0.52 (length x width?). All animal
experiments in this study were approved by the UCLA Chancellor’s
Animal Research Committee (protocol no.: 2011-118).

Materials

DMEM, McCoys’s medium, FBS, goat anti-mouse IgG secondary
antibody conjugated to Alexa Fluor 488 (Thermo Fisher Scientific,
Catalog No. A-11029; RRID:AB_2534088). Primary antibodies used
were as follows: phospho-FAK Tyr861 (Thermo Fisher Scientific,
Catalog No. 44-626-G; RRID:AB_2533703 final dilution 1:1,000); YAP
(63.1, Santa Cruz Biotechnology, Catalog No. sc-101199; RRID:
AB_1131430, final dilution 1:200), GAPDH (Santa Cruz Biotechnol-
ogy, Catalog No. sc-365062; RRID:AB_10847862, final dilution 1:500),
phospho-YAP Tyr357 (Abcam, Catalog No. ab62751; RRID:
AB_956486, final dilution 1:1000); Flag, DYKDDDDK Tag (9A3)
Mouse mAb (Cell Signaling Technology, Catalog No. 8146; RRID:
AB_10950495, final dilution 1:500), YAP (Cell Signaling Technology,
Catalog No. 14074; RRID:AB_2650491 final dilution 1:1,000), phos-
pho ERK1/2 (Thr202/Tyr204, Cell Signaling Technology, Catalog No.
9106; RRID:AB_331768, final dilution 1:1,000), ERK1/2 (Cell Signal-
ing Technology, Catalog No. 4696), phospho-FAK (Tyr576/577, Cell
Signaling Technology, Catalog No. 3281; RRID:AB_331079, final
dilution 1:1,000), FAK (Cell Signaling Technology, Catalog No.
3285; RRID:AB_2269034, final dilution 1:1000), YES (Cell Signaling
Technology, Catalog No. 3201, RRID:AB_11178531, final dilution
1:1,000), Src (Cell Signaling Technology, Catalog No. 2123; RRID:
AB_2106047, final dilution 1:1,000) and Src Y416, (Cell Signaling
Technology, Catalog No. 6943; RRID:AB_10013641, final dilution
1:1,000). Dasatinib (S1021), Saracatinib (AZD0530, #S1006),
PP2 (#S7008), Trametinib (#S1021), and KPT-330 (# S7252) were
all from Selleckchem. CH6953755 (HY135299) was from Medchem-
express LLC. All RT-qPCR reagents were obtained from Thermo
Fisher Scientific. pcDNA Flag Yapl (Addgene plasmid; RRID:
Addgene_18881) and pcDNA Flag Yapl Y357F (Addgene plasmid;
RRID:Addgene_18882) were gifts from Yosef Shaul; pCMV-flag
S127A YAP was a gift from Kunliang Guan (Addgene plasmid;
RRID:Addgene_27370). siRNAs were from Santa Cruz Biotechnolgy
(Src no. sc-29228 and YESI no. sc-29860). All other reagents were of
the highest grade available.

Statistical analysis
Each experiment was repeated three times independently. Unless
otherwise noted, data are presented as mean £+ SEM. Differences in
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YAP nuclear/cytoplasmic ratios, protein phosphorylation, and colony
formation were determined using Student ¢ test and were considered
significant if P < 0.05. The growth of Mia PaCa-2 cells xenografted in
the flank of nude mice was analyzed by ANOVA.

Data availability statement

Data were generated by the authors and included in the article. The
data generated in this study are available within the article and its
supplementary data files.

Results

Association of SFK expression with unfavorable prognosis and
YAP expression in PDAC

As a first step to define the role of SFK members in patients with
PDAC, we used an interactive open-access database (www.proteina
tlas.org/pathology). We found that higher expression of YESI is
significantly associated with unfavorable prognosis (survival) in
PDAC (Fig. 1A). Only 7% of the patients with higher levels of YES1
expression survived for 5 years whereas 51% of the subset with the
lower levels of YES1 mRNA survived for 5 years or more (P < 0.001).
Higher expression of Src is also associated with unfavorable prognosis
(P<0.015) in PDAC (Supplementary Fig. S1). These findings not only
are inconsistent with a tumor suppressive role of SFKs in PDAC but
imply that SFKs, especially YESI, are pro-oncogenic. However, the
mechanism(s) involved remain poorly understood.

Current evidence indicates that the transcriptional co-activator
YAP plays a major role in PDAC development (25, 30, 38, 39). Using
the web-based Gene Expression Profiling Analysis (GEPIA) tool (40),
we found a strong correlation between YES1 and YAP mRNA expres-
sion in PDAC (R = 0.7; P = 1.6e—27; Fig. 1B). We also found a
statistically significant correlation between Src and YAP mRNA
expression in PDAC (Supplementary Fig. S1). The associations of
YES and Src with patient survival and YAP expression prompted us to
examine the mechanism(s) by which SFKs regulate YAP activity in
human PDAC cells.

SFK is rapidly activated in response to stimulation of PDAC cells
with neurotensin and insulin

Previously, we demonstrated potent positive crosstalk between
insulin/IGF-1 receptors and GPCR signaling systems leading to PDAC
cell proliferation (36, 37, 41) but the effect of crosstalk on SFK activity
was not determined. To assess SFK activity in intact PDAC cells, we
determined the phosphorylation of focal adhesion kinase (FAK) at the
activation loop Tyr*”*”7, a sensitive biomarker of SFK activity within
intact cells (42, 43). Stimulation of PANC-1 cells with 5 nmol/L
neurotensin and 10 ng/mL insulin induced a marked increase in FAK
phosphorylation at Tyr*”*”7, which was prominent at the earliest
time-point examined (1 min) and persisted for at least 120 minutes
(Fig. 1C). Treatment with the SFK inhibitor dasatinib (10) abolished
basal and stimulated FAK phosphorylation at Tyr*’®*”” (Fig. 1D).
Saracatinib, a different anilinoquinazoline inhibitor of SFK activity,
also inhibited FAK phosphorylation at Tyr*’®*”” in these cells
(Fig. 1D; Structure of inhibitors in Supplementary Fig. S2). SFK
activation in response to agonists was also evident in cells transferred
to serum-free medium for 24 hours or not subjected to prior serum
starvation (Fig. 1E). Stimulation with neurotensin and insulin also
induced FAK phosphorylation at Tyr™’**”” in Mia PaCa-2 cells, an
effect prevented by dasatinib or saracatinib treatment (Fig. 1F).

Stimulation with neurotensin and insulin also increased FAK
phosphorylation at Tyr®®, another site phosphorylated by SFKs and

MOLECULAR CANCER THERAPEUTICS


http://www.proteinatlas.org/pathology
http://www.proteinatlas.org/pathology
http://www.proteinatlas.org/pathology

Interplay Between Src, YAP, and ERK in PDAC Cells

Figure 1. A B

SFK is associated to PDAC. A and B, Association of YEST .. 1Ok = | Pvalue=16e-27 - - .
expression with unfavorable prognosis and YAP expres- £ 08 YES1 s 5 R=0.7 P
sion in PDAC. C, SFK is rapidly activated in response to % ' : o - -
stimulation of intact PDAC cells with neurotensin and | 4r

insulin. Time-course of FAK Y*’®/577 phosphorylation in -§ 0.6 | Low (n=81) @

PANC-1 cells stimulated with 5 nmol/L neurotensin and f‘ 0.4 < 3}F

10 ng/mL insulin (NT+1). Immunoblotting of cell g = \L 8"

lysates was done to determine phosphorylated FAK E 0.2 ... _‘L - |

YS76/577 total FAK, and GAPDH. D, Dasatinib or sar- 5  [-High (n=95 2r

acatinib treatment (1 hour) prevents FAK Y®76/577 ? 9 1 - '3 : '5 — 7 :I 2' = :'5 A é '6

phosphorylation in PANC-1 cells stimulated with NT+I
for 1 hour. E, FAK Y*7%/577 phosphorylation occurs in
serum starved (24 hours) or nonstarved PANC-1 cells. C
Dasatinib (1 umol/L) treatment was for 1 hour prior to
stimulation with NT-+1. F, FAK Y37%/577 phosphorylation
in Mia PaCa-2 cells treated with dasatinib (1 umol/L)

or saracatinib (10 pmol/L) for 1 hour prior to stimula- FAK
tion with NT+I. G, Dasatinib or saracatinib prevent FAK
Y8 and Src Y*'® phosphorylation in PANC-1 cells GAPDH

stimulated with NT+I.

D

p- FAK Y576/577

Years Log, (YAP1 TPM)

NT +1

P-FAKYs7s/577"‘--—-———— ——

— L —— - — — — —

0 1 25 5 10 20 30 45 60 90 120
Time (minutes)

- + - 4+ - 4+ - + - + NT+I

FAK 5 Sn s s s w—"——— —

GAPDH
- 1 0.1 10 1 pmol/L
Dasatinib Saracatinib
No starvation Serum-Starvation A -+ _ + - + NT+1
— - — 5-576/577 — -

NT+l - =

Dasatinib = *+

G

p-FAK YB61
FAK

p-Src Y416
GAPDH

of Src on Tyr*'¢, a key autophosphorylation site in the members of the
family (44). Exposure to dasatinib or saracatinib prevented the
increase in the phosphorylation of FAK at Tyr®" and SFK on Tyr*'®
(Fig. 1G). Collectively, the representative Western blots shown
in Fig. 1 indicate that stimulation with neurotensin and insulin elicits
rapid SFK activation in PDAC cells.

SFK inhibitors prevent nuclear YAP localization and tyrosine
phosphorylation in PDAC cells stimulated with neurotensin and
insulin

Next, we determined whether SFK inhibition prevents YAP
nuclear import in PDAC cells. Previously, we showed that cell
density regulates YAP localization in PANC-1 and Mia PaCa-2. At
low cell density, YAP was predominantly localized in the nuclei of
these cells, whereas YAP was prominently in the cytoplasm (there-
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fore inactive) of confluent PDAC cells (37, 41). In agreement with
previous results (37, 41), stimulation with neurotensin and insulin
induced robust YAP nuclear localization in confluent PANC-1 cells.
Exposure to dasatinib, saracatinib or PP2, a different SFK inhibitor,
blocked the nuclear import of YAP (Fig. 2A). Accordingly, SFK
inhibitors markedly decreased the expression of the YAP/TEAD-
regulated genes CTGF and Cyr61 induced by neurotensin and
insulin in PANC-1 cells (Supplementary Fig. S3A). Similarly, SFK
inhibitors prevented YAP nuclear import in Mia PaCa-2 (Fig. 2B)
and Capan 2 cells (Supplementary Fig. S3B). The quantification of
the nuclear/cytoplasmic immunofluorescence ratio of YAP in mul-
tiple cells is shown in Fig. 2C (PANC-1), Fig. 2D (Mia PaCa-2), and
Supplementary Fig. S3C (Capan 2). These results indicate that the
SFKs play a major role in promoting YAP nuclear localization in
PDAC cells.
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To identify the mechanism(s) by which SFK regulate YAP local-
ization in pancreatic cancer cells, we determined the effect of neuro-
tensin and insulin on YAP tyrosine phosphorylation in PDAC cells. As
shown in Fig. 3A, stimulation with these agonists induced a marked
increase in the phosphorylation of YAP at Tyr>>” in PANC-1 cells,
which was prominent within 10 minutes and persisted for at least 120
minutes. Dasatinib or saracatinib treatment markedly attenuated the
increase in YAP phosphorylation at Tyr*>’ (Fig. 3B; quantification
in Fig. 3C). Neurotensin and insulin also induced a time-dependent
increase in YAP Tyr*> phosphorylation in Mia PaCa-2 cells (Sup-
plementary Fig. S4A). Dasatinib or saracatinib treatment also
decreased YAP Tyr*”” phosphorylation in these cells (Supplementary
Fig. S4B). Similar results were obtained with Capan-2 cells (Supple-
mentary Figs. $4C and S$4D).

As indicated above, YES1 is the SFK member strongly correlated
with unfavorable PDAC prognosis and YAP expression. Recently,
the aminopyrazole derivative CH6953755 has been identified as a
preferential YES1 tyrosine kinase inhibitor (45). We determined
whether this inhibitor also prevents YAP phosphorylation at Tyr*>’
in PDAC cells. Exposure of PANC-1 cells to CH6953755 prior
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to stimulation with neurotensin and insulin prevented YAP
phosphorylation at Tyr**’ (Fig. 3D) and nuclear translocation
(Supplementary Fig. S5).

To substantiate the results obtained with chemical inhibitors, we
determined whether siRNA-mediated knockdown of YES1 averts YAP
phosphorylation at Tyr*”. Transient transfection of PANC-1 cells
with siRNAs targeting YES1 decreased the level of YES1 protein and
prevented the increase in YAP phosphorylation at Tyr>>” induced by
neurotensin and insulin (Fig. 3E; quantification in Fig. 3F). Collec-
tively, the results show, for the first time, that YES1 plays a major role in
mediating YAP phosphorylation on Tyr**” and nuclear localization in
response to crosstalk between GPCR and insulin receptor signaling
pathways in PDAC cells.

Effect of SFK inhibitors on YAP localization and colony-forming
ability in low-density cultures of PANC-1 cells

As mentioned above, cell density regulates YAP localization in
PANC-1 and Mia PaCa-2. Atlow cell density, YAP was localized in the
nuclei of these cells, whereas YAP was prominently in the cytoplasm of
confluent cultures of PDAC cells (37, 41). In agreement with these
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Figure 3.

YAP tyrosine phosphorylation in PANC-1 cells. A, Time-
course of YAP Y37 phosphorylation in response to
5 nmol/L neurotensin and 10 ng/mL insulin (NT+I).
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response to NT-+I. Irrelevant lanes were spliced out
(indicated by a vertical line).
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findings, YAP was localized prominently in the nucleus of PANC-1
and Mia PaCa-2 cells growing at low cell densities (Fig. 4A and B).
Dasatinib or saracatinib treatment induced a striking relocalization of
YAP from the nucleus to the cytoplasm (Fig. 4A and B). These results
indicate that SFK controls the localization of YAP in low-density,
rapidly growing human PDAC cells.

To determine the role of YAP phosphorylation in the regulation of
YAP localization in PDAC cells, we used wild type and mutant FLAG-
tagged YAP expressed in low-density cultures of PANC-1 cells. As
shown with the endogenous YAP, the wild-type FLAG-YAP localized
predominantly in the nucleus of low-density PANC-1 cells and
redistributed to the cytoplasm in response to dasatinib treatment
(Fig. 4C). Phosphorylation of Ser'”” by the LATS1/2 of the Hippo
pathway is a recognized mechanism by which YAP is retained in the
cytoplasm. Accordingly, expression of FLAG-YAP with Ser'®” mutat-
ed to Ala (FLAG-S127A-YAP) localized in the nucleus. Interestingly,
dasatinib treatment induced cytoplasmic localization of FLAG-S127A-
YAP, implying that tyrosine phosphorylation overrides regulation
through the Hippo pathway (Fig. 4C). Crucially, a FLAG-YAP with
Tyr357 mutated to Phe (FLAG-Y357F-YAP) was excluded from the
nucleus of low-density PANC-1 cells, indicating that YAP phosphor-
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ylation on Tyr*” plays a critical role in controlling YAP localization.
Interestingly, FLAG-Y357F-YAP accumulated in the nucleus of cells
treated with KPT-330, a potent inhibitor of exportin 1 (XPO-1), the
major nuclear-cytoplasmic exportin (Fig. 4C). Similar results were
obtained when the FLAG-YAP plasmids were transfected to low-
density cultures of Mia PaCa-2 cells (Fig. 4D). The results indicate
that FLAG-Y357F-YAP is not permanently sequestered in the
cytoplasm but enters into the nucleus from where it is excluded
via XPO-1 and imply that YAP phosphorylation on Tyr*’ inter-
feres with its nuclear export.

Having established that either SFK inhibitors or mutation
of Tyr*” to Phe promotes cytoplasmic YAP localization in
PANC-1 cells, we next determined whether the SFK inhibitors
also inhibit the proliferation of these cells. As shown in Fig. 4E,
dasatinib inhibited colony formation by PANC-1 cells in a dose-
dependent manner.

SFK inhibitors stimulate ERK activity in intact PDAC cells
Although the preceding results suggest that dasatinib could be

useful in the treatment of PDAC through inhibition of the SFK/YAP

axis, clinical trials in patients with PDAC using dasatinib with
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Figure 4.

Role of YAP phosphorylation on localization and colony-
forming ability in low-density PDAC cells. A and B, SFK
inhibitors prevent nuclear YAP localization in growing
cells. Low-density cultures of PANC-1 (A) or Mia PaCa-2
(B) cells were treated with dasatinib, or saracatinib at the
indicated concentrations for 2 hours and then fixed and
stained for YAP. C and D, YAP Y357F mutation prevents
YAP nuclear localization. PANC-1(C) and Mia PaCa-2 (D)

_Das 01 Das1 _Sar 1 Sar10
B Das 0.1 Das 1 Sar 1 Sar 10
C YAP WT YAP S127A YAP Y357F

Dasatinib Dasatinib

D YAP WT YAP S127A

cells transiently transfected with FLAG epitope-tagged
WT or phospho-deficient mutants of YAP (S127A or
Y357F). The cultures were then fixed and stained for the
FLAG epitope-tag. E, Cell colony formation: PANC-1 cells
were incubated for 10 days with the indicated concen-
trations of dasatinib. The bars represent the number of
colonies (mean 4+ SEM; n = 3 dishes per condition).
Similar results were obtained in three additional
experiments.
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gemcitabine (12) or 5-fluorouracil and oxaliplatin (14) were unsuc-
cessful. We conjectured that SFK inhibitors not only hinder YAP
activation but also activate a compensatory pathway(s) that mediates
resistance to these drugs (46). In line with this possibility, we found
that treatment with dasatinib induced a marked increase in
ERK activity in unstimulated PANC-1 cells or in cells exposed to
neurotensin and insulin, as shown by ERK dual phosphorylation on
Thr’” and Tyr®®* (Fig. 5A; quantification in Supplementary
Fig. S6A). Dasatinib-induced ERK activation was completely abol-
ished by exposure to trametinib, a potent MEK inhibitor. Trame-
tinib prevented dasatinib-induced ERK overactivation in PANC-1
cells at a concentration as low as 30 nmol/L (Fig. 5B). Saracatinib or
PP2 treatment also enhanced ERK activation, and this effect was
abrogated by trametinib (Fig. 5C). Furthermore, siRNA-mediated
knockdown of YES1, SRC, or both decreased their protein levels and
promoted ERK overactivation (Fig. 5D; quantification in Supple-
mentary Figs. S6B and S6C). Dasatinib or saracatinib treatment
markedly increased basal ERK activity in Mia PaCa-2 cells to a level
comparable with that produced by agonist stimulation (Supple-
mentary Fig. S6D).
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Combination of dasatinib and trametinib synergistically inhibit
colony formation by PDAC cells and impairs the growth of Mia
PaCa-2 xenografts

Because trametinib prevented dasatinib-induced ERK activation in
PDAC cells, we next determined whether trametinib potentiates the
inhibitory effect of dasatinib on colony formation by these cells. As
illustrated in Fig. 6A and B dasatinib, at a concentration that has a
modest inhibitory effect on colony formation (0.03 pmol/L), markedly
potentiated the inhibitory effect of trametinib (0.03 pmol/L). Colony
formation by Mia PaCa-2 or Capan 2 cells was drastically inhibited at
even lower concentrations. A combination of dasatinib and trametinib
each at a concentration as low as 0.003 umol/L abolished colony
formation in either Mia PaCa-2 (Fig. 6C and D) or Capan 2 cells
(Supplementary Fig. S7). The combination index (CI) of dasatinib and
trametinib was <1 (i.e., 0.35, 0.4, and 0.38 for PANC-1, Mia Paca-2, and
Capan 2, respectively), indicating synergistic interaction between these
drugs in inhibiting colony growth in PDAC cell lines. These results
show that a combination of dasatinib and trametinib inhibits colony
formation of human PDAC cells at clinically relevant concentrations.
Furthermore, administration of a combination of dasatinib (10 mg/kg)
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Figure 5.

SFK inhibitors enhance ERK activation in PANC-1 cells: suppression by trame-
tinib. A, Confluent PANC-1 cells were treated for 1 hour with 1 umol/L dasatinib
(Das), 1 umol/L trametinib (Tra), or their combination (Das+Tra) and then
stimulated for either 10or 2 hours with 5 nmol/L neurotensin and 10 ng/mL insulin
(NT+Ins). B, Cells treated for 1 hour with Das, Tra, or Das+Tra at different
concentrations and then stimulated with NT+Ins for 1 hour. C, Treatment with
saracatinib or PP2 at 10 umol/L for 1hour prior to stimulation also enhances ERK
activation that is suppressed by Tra. D, siRNA-mediated knockdown of YEST, Src,
or both enhances ERK activation in response to NT-+Ins. Dasatinib (Das) was
included for comparison.

and trametinib (0.5 mg/kg) by oral gavage suppressed the growth of
Mia PaCa-2 cells xenografted in the flank of nude mice (Fig. 6E).

Discussion

PDAC is a highly aggressive disease that is expected to become the
second cause of cancer fatalities during the next decade (2). As
therapeutic options are limited, novel targets and agents for combi-
natory therapeutic intervention are urgently required (47). In this
context, the highly conserved transcriptional co-activator YAP is
attracting intense interest. YAP is a context-specific oncogene (20),
which is overactive in PDAC patient tumor samples (26) and asso-
ciated with poor PDAC survival (25). YAP is highly activated in the
squamous subtype of PDAC (30), which exhibits reduced dependency
on KRAS for survival (31, 32). Accordingly, overexpression of Yap can
substitute for mutant Kras expression in promoting PDAC in pre-
clinical models (26) and depletion of KRAS protein has minimal effects
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on the survival of PANC-1 cells (48), a model of squamous subtype of
PDAC. Because either YAP or its upstream pathways is rarely mutated
in PDAC, the signaling mechanism(s) leading to YAP activation is of
critical importance.

Several studies implicated SFK in YAP activation, acting through
Hippo-dependent (33, 34) and/or Hippo-independent pathways (35)
but the role of SFKs in YAP activation in PDAC cells remained
unknown. Here, we show that insulin and the GPCR agonist neuro-
tensin, a potent mitogenic combination, induced rapid SFK activation
within intact PANC-1 cells, as judged by FAK phosphorylation at
Tyr*’*7® and Tyr®®, sensitive biomarkers of SFK activity within
intact cells (42) and Src*'® autophosphorylation, a critical event in
the activation of all members of the SFK (44). Treatment with either
dasatinib or saracatinib suppressed SFK activity within PDAC cells.
Crucially, these SFK inhibitors blocked YAP nuclear localization
stimulated by neurotensin and insulin, implying that SFKs promote
YAP nuclear accumulation in human PDAC cells.

SFK have been implicated in the regulation of YAP localization but
the mechanisms are cell-context dependent and the role of SFKs in
YAP regulation in PDAC cells was not examined before. Here, we show
that stimulation of PDAC cells with neurotensin and insulin induced a
marked and persistent increase in YAP phosphorylation at Tyr*”.
Exposure to dasatinib or saracatinib completely prevented the increase
in YAP phosphorylation on Tyr357. Furthermore, CH6953755, a
preferential YESI inhibitor (45), also abrogated YAP phosphorylation
on Tyr’”’, suggesting that YES1 plays a major role in mediating YAP
phosphorylation in response to agonist stimulation. Accordingly,
siRNA-mediated knockdown of YES1 severely impaired YAP phos-
phorylation on Tyr**”. Collectively, these results show, for the first
time, that YESI plays a critical role in promoting YAP tyrosine
phosphorylation in PDAC cells. The importance of these mechanistic
findings is emphasized by the Kaplan-Meier curves displayed in Fig. 1,
showing that high YES1 expression is associated with shorter survival
of patients with pancreatic cancer.

As mentioned, YAP is localized prominently in the nucleus of
PDAC cells growing at low cell densities (37, 41). Dasatinib or
saracatinib treatment induced striking relocalization of YAP from the
nucleus to the cytoplasm in sparse cultures of PDAC cells. These
results suggested that SFK-mediated tyrosine phosphorylation con-
trols the localization of YAP in low-density, rapidly growing human
PDAC cells. In line with this notion, a FLAG-YAP with Tyr357 mutated
to Phe (FLAG-Y357F-YAP) was excluded from the nucleus of PDAC
cells. These results substantiate the conclusion that YAP phosphor-
ylation at Tyr’>” plays a major role in promoting YAP nuclear
localization in these cells. Interestingly, FLAG-Y357F-YAP accumu-
lated in the nucleus of cells treated with KPT-330 (49), a potent
inhibitor of exportin 1 (XPO-1), the major nuclear-cytoplasmic
exportin. The results suggest that FLAG-Y357F-YAP is not irreversibly
trapped in the cytoplasm but enters into the nucleus from where it is
efficiently excluded via XPO-1. We conclude that YAP phosphoryla-
tion at Tyr**” reduces the rate of its nuclear export thereby leading to
YAP nuclear accumulation.

The preceding results suggest that dasatinib could be useful in the
treatment of PDAC through inhibition of the SFK/YAP axis. However,
clinical trials in patients with PDAC using dasatinib in combination
with gemcitabine (12) or 5-fluorouracil and oxaliplatin (14) were
unsuccessful. We considered that SFK inhibitors not only hinder YAP
activation but concomitantly trigger activation of a compensatory
pathway(s) that mediates resistance to these drugs (46). Accordingly,
we found that treatment of PDAC cells with SFK inhibitors increased
basal ERK activity and further enhanced ERK activation by mitogenic
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agonists. Previous studies showed that dasatinib (50), like RAF inhi-
bitors (51), induced BRAF/CRAF dimerization leading to MEK/ERK
activation in a Ras-dependent manner. Dasatinib was thought to act as
a weak inhibitor of RAF isoforms leading to paradoxical activation of
the pathway (50). Our results do not support this mechanism in PDAC
cells because we also observed ERK activation in response to saraca-
tinib, a structurally different SFK inhibitor which does not inhibit
BRAF or CRAF, even at high concentrations (52). Importantly, we also
show that siRNA-mediated knockdown of Src/YES also induce ERK
activation. We therefore conclude that pharmacologic or genetic
suppression of SFK activity leads to ERK activation through a mech-
anism that differs from that used by RAF inhibitors.

Recent studies showed that SFK directly phosphorylates KRAS on
Tyr”* and Tyr® and inhibits its ability to activate RAF/MEK/
ERK (15, 53). Consequently, it is plausible that exposure to SFK
inhibitors induces RAS hyper-activation, thereby leading to enhanced
RAF/MEK/ERK signaling in PDAC cells by blocking SFK-mediated
inhibitory phosphorylation of RAS, a proposition that warrants further
experimental work. Our results also demonstrate that SFK-induced
ERK activation was completely abolished by cell exposure to the FDA-
approved MEK inhibitor trametinib. Importantly, the combination of
dasatinib and trametinib, each inhibitor at clinically relevant con-
centrations, completely blocked YAP phosphorylation on Tyr>>’
and ERK activation and prevented colony growth by PDAC cells
in a synergistic manner. Indeed, colony formation by PANC-1, Mia
PaCa-2, or Capan 2 was only abolished when both pathways (Src/
YAP and MEK/ERK) were inhibited. The dasatinib/trametinib
combination also inhibited the growth of Mia PaCa-2 cells xeno-
grafted in nude mice. Thus, these results provide a mechanistic
rationale to consider that a combination of the FDA-approved
inhibitors dasatinib with trametinib should be considered for
clinical trials in PDAC. Our study is in agreement with other recent
reports that identified empirically the combination of dasatinib
and trametinib as a plausible therapeutic intervention for cancers
with KRAS-activating mutation (54, 55) but differs from these
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studies because the results presented here provide a mechanistic
rationale for the interaction between the inhibitors, namely, dasa-
tinib inhibits YAP tyrosine phosphorylation and nuclear localiza-
tion and trametinib prevents the compensatory ERK activation
induced by SFK inhibition. Our results also support the develop-
ment of novel SFK/panRAF inhibitors, including CCT3833, which
inhibits SFK but does not activate ERK and is being evaluated in
an early-phase clinical trial (56). In summary, the findings pre-
sented here identify an important interplay between SFKs, YAP and
MEK/ERK in PDAC sensitivity to drug combinations and support
clinical testing of a combination of FDA-approved SFK and MEK
inhibitors in PDAC treatment and the development of novel dual
SFK/RAF inhibitors.
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