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1 | INTRODUCTION

Despite tremendous efforts, the clinical prognosis of pancreatic ductal adenocarci-
noma (PDAC) remains disappointing. There is an urgent need to develop more effec-
tive treatment strategies to improve the prognosis of patients with PDAC. In this
study, we evaluate the anti-PDAC effects of LY-1816, a new multikinase inhibitor de-
veloped by us. In in vitro assays, LY-1816 showed significant inhibitory effects on the
proliferation, migration, and invasion of human PDAC cells, and induced PDAC cell
apoptosis. Western blot analysis revealed that LY-1816 markedly suppressed the Src
signaling, and downregulated the expression of FOSL1; FOSL1 is an oncogene vulner-
ability in KRAS-driven pancreatic cancer. In in vivo models of PDAC xenografts
(Aspc-1 and Bxpc-3), LY-1816 showed more potent antitumor activity than dasatinib
and gemcitabine. Moreover, mice treated with LY-1816 showed a much more signifi-
cant survival advantage in a metastatic model of PDAC compared with those treated
with vehicle, dasatinib, or gemcitabine. These results provide effective support for

the subsequent clinical evaluation of LY-1816 in the treatment of PDAC.
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and have shown excellent efficacy in many other cancer types.””’

Unfortunately, there are no targeted drugs approved for clinical use

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal
alimentary canal malignancies. It is the fourth most frequent cause of
all cancer-related deaths in developed countries.! The median survival
of PDAC is <6 months and the 5-year survival rate is between 3% and
5%.2 Surgery remains the only chance of cure for PDAC.%* However,
because of the vague clinical symptoms of PDAC, patients are often
diagnosed late with regional invasion or distant metastasis already
evident, and only 15%-25% of patients present with resectable dis-
ease at the time of primary diagnosis.*® Currently, gemcitabine, a
chemotherapeutic drug, is the standard of systemic treatment for
PDAC. Nevertheless, the clinical efficacy of gemcitabine is Iimited,“" in

addition to its high toxicity. Targeted drugs usually have low toxicity,

in the treatment of PDAC. Therefore, development of new potent
targeted drugs is of great significance to the therapy of PDAC.

In the past decade, strenuous efforts have been undertaken
on understanding the molecular and biological underpinnings of
PDAC,%*% which revealed that mutations and/or the aberrant ex-
pression of specific protein tyrosine kinases (PTKs) were important
factors responsible for the occurrence and development of PDAC.'%
14 Among these PTKs, Src is of particular importance. Activating
mutations in the Src kinase are found in up to 70% of PDAC cases.'®
Moreover, aberrant Src activation is often correlated with poor
clinical prognosis of PDAC patients.*> Hence, Src inhibitors have

been considered to be promising agents for the treatment of PDAC.
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Currently, a number of Src inhibitors have been developed,“"20 and
one of them, namely dasatinib (BMS-354825), has been in phase Il
clinical trials for treating metastatic PDAC.?! Unfortunately, single
use of dasatinib did not show a promising therapeutic effect.?!

One of the main reasons why PDAC is difficult to treat is due
to the notorious KRAS mutations, which were found in up to 90%
of PDAC patients.?>?® Many researchers have tried to identify
KRAS inhibitors and a number have indeed been discovered.?*%
However, the potencies of these inhibitors are not sufficient to
achieve a good in vivo antitumor effect.?%?” Recently, Vallejo et al?®
reported that FOSL1 (also called Fra-1), which is a transcription
factor, was a vulnerable oncogene in KRAS-driven pancreatic can-
cer, and genetic inhibition of FOSL1 was able to block the growth
of KRAS-driven tumor types. Furthermore, recent studies have
indicated that FOSL1 plays an important role in the regulation of
epithelial-mesenchymal transition, which is associated with tumor
metastasis.?? 3% Additionally, our data (Figure S1 and Table S4) and
other published data®* all showed that pancreatic cancer tissues
have a slightly higher expression of FOSL1 compared with normal
pancreatic tissues. All of these results imply that agents that can
downregulate the expression of FOSL1 might have potential to be
used for the treatment of PDAC.

Considering the unsatisfactory antitumor efficacy of sole inhibition of
the Src kinase and the pathological role of FOSL1 in KRAS-driven tumors,
we hypothesized that agents that are able to inhibit the Src kinase, and
concurrently downregulate the expression of FOSL1, might bring an im-
proved clinical outcome in the treatment of PDAC. In a recent study,35 we
discovered a new drug candidate, N-(3-((4-amino-1-(4-hydroxycyclohexyl)-
1H-pyrazolo[3,4-d]pyrimidin-3-yl)ethynyl)-4-methylphenyl)-4-methyl-3-
(trifluoromethyl)benzamide, termed LY-1816 (Figure 1A). This compound
showed excellent activity in inhibiting Src. In the same time, it could also
significantly downregulate the expression of FOSL1. In this investigation,
we evaluated the anti-PDAC activities of LY-1816 both in vitro and in vivo,
and also explored the mechanisms of action of its antitumor potential.

2 | MATERIALS AND METHODS

2.1 | Compounds

LY-1816 (Figure 1A) was synthesized at the State Key Laboratory of
Biotherapy, Sichuan University (Chengdu, China). Dasatinib and gem-
citabine were acquired from commercial suppliers (Dalian Meilun
Biotechnology, Liao Ning, China). Stock solutions of compounds for
all in vitro assays were prepared in DMSO and then diluted in optimal
medium. The final concentration of DMSO in the incubation mixture

did not exceed 0.1% (v/v) in each experiment.

2.2 | Cell culture

Human pancreatic cancer cell lines were obtained from ATCC
(Manassas, VA, USA). All tumor cell lines were maintained according to
the ATCC guidelines for <6 months from the time they were received
or thawed. No further authentication was done for tumor cell lines.
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2.3 | Invitro kinase inhibition assay

The in vitro kinase enzymatic inhibition assays were carried out by
the Kinase Profiling Services provided by Eurofins (Dundee, UK).
The ATP concentration used was 10 pmol/L in all assays.

2.4 | Cell proliferation assay

Cell proliferation assays were carried out as previously reported.®® A va-
riety of human pancreatic cancer cell lines were seeded at an appropriate
density in 96-well plates (1000-5000 cells per well) overnight. Then they
were treated with indicated concentrations of LY-1816 or other agents.
An MTT proliferation assay was carried out after 72 hours. Mean val-
ues were calculated from quadruplicate wells and plotted on log dose
response curves as the mean percentage of the untreated controls. The
IC;, values were then calculated by GraphPad Prism 6.04 software
(GraphPad, San Diego, CA, USA). The highest concentration of DMSO
(drug diluent) added to the cells had no effect on cell proliferation.

2.5 | Colony formation assay

Cells were seeded in 6-well plates at a density of 5000-8000 cells
per well. The next day, indicated concentrations of LY-1816 or
other agents were added. The medium containing vehicle or agents
was replaced every 4 days. After 13-15 days of incubation, cells
were fixed with methanol and stained with crystal violet. Colonies

more than 50 cells) were counted under an inverted microscope.

2.6 | DNA synthesis assay

Cells were seeded overnight at a density of 5000-8000 cells per well
in 96-well plates, and then treated with different concentrations of
LY-1816 or other agents for 24 hours. Subsequently, the EdU incor-
poration assay was carried out on the cells according to the manu-

facturer's instructions (Guangzhou RiboBio, Guangdong, China).

2.7 | Apoptosis assay

The Annexin V-PI detection kit (Keygen Biotech, Jiangsu, China)
was used for apoptosis analysis. Briefly, the cells were treated with
different concentrations of LY-1816 or other agents for 24 hours,
then washed with PBS. Annexin V-FITC and propidium iodide (Pl)
were then added according to the manufacturer's instructions, and
the samples were incubated in the dark for 15 minutes. Pictures
were taken by using an Olympus digital camera (Shinjuku, Tokyo,

Japan) that was attached to a light microscope.

2.8 | Western blot analysis

Western blot analyses were carried out using standard methods.
Cells were grown in complete media overnight and then treated with
LY-1816 or other agents as required in each assay. Cells were lysed

with RIPA buffer and protein concentrations were determined. Cell
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FIGURE 1 Chemical structure of LY-1816 and its antiviability/proliferative activities against pancreatic ductal adenocarcinoma (PDAC) cells

in vitro. A, Chemical structure of LY-1816. B, Antiviability activities of LY-1816, dasatinib, and gemcitabine against various PDAC cell lines. Every
experiment was carried out in triplicate. Points, mean value; bars, SD. C, Antiproliferation activities of LY-1816 against PDAC cells by colony
formation assays. Aspc-1 and Bxpc-3 cells were incubated with agents in indicated concentrations for 14 days (Aspc-1) or 18 days (Bxpc-3). Cells
were stained with crystal violet and quantified. Left panels, representative images; right panels, percentages of colony numbers. Columns, mean

(n = 3); bars, SD.*P < .05; **P < .01, ***P < .001, ns, not significant. D, Antiproliferation activities of LY-1816 against PDAC cells by EdU incorporation
assays. Aspc-1 and Bxpc-3 cells were treated with agents in indicated concentrations for 24 hours, followed by incubation with EAU and Hoechst
in sequence. The fluorescence of EdU (red) and Hoechst (blue) represent proliferating cells and cell nuclei, respectively. Scale bar = 50 mm for
micrographs (left). Percentages of EdU-positive cells are presented (right). Columns, mean (n = 3); bars, SD. *P < .05; **P < .01; ***P < .001

lysates were subjected to SDS-PAGE and then transferred to PVDF
membranes (Millipore, Boston, MA, USA), blocked in TBS-T and 5%
non-fat dry milk for 2 hours, and subsequently washed and incubated
with TBS-T and the specific Abs (Cell Signaling Technology, Boston,
MA, USA) including anti-Src, anti—pSrcTyr“é, anti-signal transducer
and activator of transcription 3 (STAT3), anti-pSTAT3™7% anti-ERK,
anti-pERKTM202/Tr204  anti- AKT, anti-pAKT®®™73, anti-FOSL-1, anti-
pFOSL%¢"%%% and anti-p-actin. Specific proteins were detected using
the Enhanced Chemoluminescene System (Millipore).

2.9 | Wound healing assay

Wound healing assays were done following the method reported
previously.®” Cells were plated in 6-well plates at a seeding density of
6 % 10° cells per well. The confluent monolayers were scraped with a
sterile 200 pL pipette tip the next day. After that, cells were cultured
with various concentrations of LY-1816 or other agents in normal growth
media. Images were taken using an Olympus inverted microscope after
18 hours. Three representative areas of each treatment group were
scored, and the migrated cells were quantified by manual counting.

2.10 | Transwell assay

Transwell assays were carried out as described previously.38
Transwell chambers (Corning, Fisher Scientific, Loughborough,
UK) precoated with polymerized collagen type | (Becton Dickinson,
Lake Franklin, NJ, USA) were inserted in 24-well plates. Cells were
seeded on the bottom of Transwell inserts in serum-free medium
containing serial dilutions of agents or vehicle. Medium supple-
mented with 10% FBS was added to the lower chamber. One
day after seeding, invading cells were stained with Calcein-AM
(Invitrogen, Paisley, UK) and visualized using an inverted micro-
scope. Serial optical sections were captured at 10-pm intervals
and quantified using ImagelJ software (Bethesda, MD, USA) using
the area analysis module. Invasion was calculated as the number

of cells that had moved more than 20 pm into the collagen.

2.11 | Subcutaneous xenograft models

All animal experiments were approved by the Animal Care and Use
Committee of Sichuan University. Six-week-old female NOD-SCID mice
were purchased from HFK Bio Technology Company (Beijing, China).
Tumor xenograft models were established by s.c. injecting 100 pL tumor
cell suspension (between 5 x 10°and 1 x 10”)into the right flank of animals.

Mice were randomized into groups of 6-7 when tumors sizes reached a vol-
ume of 100-200 mm?®. LY-1816 was dissolved in 25% (v/v) PEG400 plus 5%
DMSO in deionized water. Dasatinib was suspended in a mixture of pro-
pylene glycol/water (50:50). Gemcitabine was dissolved in normal saline.
Animals were given LY-1816 (20 and 40 mg/kg), dasatinib (40 mg/kg), or
vehicle once daily by oral gavage. Gemcitabine was given i.p. once a week
(80 mg/kg). Tumors were measured every 3 days using calipers, and the
volume was calculated using the following formula: length x width? x 0.5.

2.12 | Immunohistochemistry

Paraffin-embedded sections of tumors were stained with H&E using
standard methods. Immunohistochemical staining was carried out
using Abs from Cell Signaling Technology or Abcam (Cambridge, UK).
Staining was undertaken using frozen sections of tissue embedded at
an optimal temperature. The images were captured with a Carl Zeiss
digital camera (Stuttgart, Germany) attached to a light microscope. The

number of Ki-67- and cleaved caspase-3-positive cells was quantified.

2.13 | Experimental metastasis assay

For the metastasis study, Miapaca-2 cells (5 x 10°) were injection into
5- to 6-week-old female NOD-SCID mice into the tail vein and the mice
were immediately randomized into 5 groups (6 mice per group): LY-1816
(20 and 40 mg/kg, p.o.), dasatinib (40 mg/kg, p.o.), gemcitabine (80 mg/
kg, i.p.) and vehicle control. Survival was determined by observation.
The tumor burdens in the lungs were examined by H&E staining.
Survival data were analyzed using the Kaplan-Meier method, and
statistical significance was evaluated with a log rank test by comparing

the survival time of each treatment group with the control group.

2.14 | Statistical analysis

The IC,, values were calculated with GraphPad Prism version 6.04
software. The statistical significance was determined by Student's
t test and ANOVA. P < .05 was considered statistically significant.

3 | RESULTS

3.1 | Enzymatic activities of LY-1816 against
recombinant human protein kinases

Kinase inhibitory activities of LY-1816 against a panel of re-
combinant human protein kinases were measured by the “gold
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standard” radiometric kinase assay approach (also see Zhang
et alss). First, activities of LY-1816 at a single fixed concentration
of 10 umol/L were tested against a panel of 335 kinases, and the
results are presented in Table S1. Kinases that had a higher inhibi-

tion rate at 10 pmol/L were then selected for further testing for

TABLE 1 Antiviability activities of LY-1816 against various cell lines

their half-maximal inhibitory concentrations (ICSO); the results
are summarized in Table S2. Obviously, LY-1816 is a multikinase
inhibitor with high potencies against Src (IC.,=0.003 pmol/L),
Yes (IC;,=0.001pmol/L), Hck (IC5,=0.003 umol/L), Lyn
(IC54 = 0.004 pmol/L), Fyn (IC5;4 = 0.006 umol/L), Lck (IC;, =0.014

Cell line Tumor type IC, (pmol/L)?
Aspc-1 Pancreatic ductal adenocarcinoma 0.054 +0.008
Bxpc-3 Pancreatic ductal adenocarcinoma 0.058 +0.011
Capan-2 Pancreatic ductal adenocarcinoma 0.097 £+0.014
Miapaca-2 Pancreatic ductal adenocarcinoma 0.040 £ 0.005
PANC-1 Pancreatic ductal adenocarcinoma 0.123 +0.015
CFPAC Pancreatic ductal adenocarcinoma 0.096 £ 0.060
HPAC Pancreatic ductal adenocarcinoma 0.045 +£0.004
HPAF-II Pancreatic ductal adenocarcinoma 0.215+0.031
SW1990 Pancreatic ductal adenocarcinoma 0.042 £ 0.053
Capan-1 Pancreatic ductal adenocarcinoma 0.255+0.026
MDA-MB-231 Triple negative breast cancer 0.030 +0.002°
MDA-MB-435 Triple negative breast cancer 0.008 + 0.001°
Hs 578T Triple negative breast cancer 0.032 +0.012°
HCC1937 Triple negative breast cancer 0.455 + 0.087°
BT474 Breast cancer >10P
MDA-MB-415 Breast cancer ~10°
MDA-MB-436 Breast cancer >10

ZR-75-1 Breast cancer ~10°

MCEF-7 Breast cancer >10

H1437 Lung cancer 2.340 + 0.480°
PC-9 Lung cancer 0.152 +0.041°
A375 Melanoma 0.134 £ 0.002
Malme-3M Melanoma 0.008 £ 0.010
HCT116 Colorectal carcinoma 3.890 + 0.054°
HT29 Colorectal carcinoma 0.231+0.012°
COLO-205 Colorectal carcinoma 0.017 £ 0.001
NCI-N87 Gastric carcinoma 0.147 £ 0.044
HepG2 Hepatocarcinoma >10°

plc/prf/5 Hepatocarcinoma ~10°
SMMC7721 Hepatocarcinoma >10°

RAMOS Lymphoma ~10°

MV4-11 Leukemia 0.138 £ 0.015°
KG-1a Acute myeloid leukemia >10

HL-60 Acute myeloid leukemia 0.031 +0.012°
Hela Cervical cancer 6.300 +0.073°
H4 Neuroglioma 0.670 £ 0.012°
DU145 Prostate carcinoma >10°

L929 Mouse fibroblast >10°

LO2 Human hepatic cells >10°

@Each cell was tested in triplicate; the data are presented as the mean + SD.

PData reproduced from Zhang et al (2016).%°
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FIGURE 2 LY-1816 induced apoptosis
in Aspc-1 and Bxpc-3 cells. Aspc-1 and
Bxpc-3 cells were treated with different
concentrations of LY-1816, dasatinib, or
gemcitabine for 24 hours and stained
with annexin V (green) and propidium 45
iodide (PI) (red). Top panels, green and red
colors represent early and late apoptotic
cells, respectively. Scale bar = 50 mm for
micrographs. Bottom panels, percentages
of early and late apoptotic cells. Columns,
mean (n = 3); bars, SD. *P < .05; **P < .01; 0
***P < .001. ns, not significant
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pmol/L), Blk (IC;4 = 0.016 pmol/L) and PTKS5 (IC,, = 0.019 pmol/L);
all of them belong to the Src family kinases. LY-1816 also showed ac-
tivities against other kinases including Abl, Arg, Ret and Txk. Despite
the potencies of LY-1816 to the kinases mentioned above, it did not
show activity against 205 other kinases (IC., > 10 pmol/L), indicat-
ing some selectivity.

3.2 | Antiviability activities of LY-1816 against
PDAC cells and other cells in vitro

We used MTT assays to examine the activities of LY-1816 against
tumor cell. Ten human PDAC cell lines, Aspc-1, Bxpc-3, Capan-2,
Miapaca-2, PANC-1, CFPAC, HPAC, HPAF-II, SW1990, and Capan-1,
were selected. The results showed that LY-1816 potently inhibited
the viability of PDAC cell lines Aspc-1, Bxpc-3, Capan-2, Miapaca-2,
CFPAC, HPAC, and SW1990 with IC,, values of 0.054 pmol/L,
0.058 pmol/L, 0.097 pmol/L, 0.040 pmol/L, 0.096 pmol/L,
0.045 pmol/L, and 0.042 pmol/L, respectively (Table1l and
Figure 1B). It also moderately inhibited the viability of PDAC cell
lines PANC-1 (IC, 0.123 pmol/L), HPAF-II (IC,,, 0.215 pmol/L), and
Capan-1(IC,, 0.255 pmol/L) (Table 1 and Figure 1B). The inhibitory
potencies of LY-1816 against these PDAC cells are superior or at
least comparable to those of dasatinib or gemcitabine (Table S3). For

comparison, the inhibitory activities of LY-1816 against 27 cell lines
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of other cancer types (including breast cancer, lung cancer, mela-
noma, colorectal carcinoma, gastric carcinoma, hepatocarcinoma,
lymphoma, leukemia, cervical cancer, neuroglioma, and prostate car-
cinoma) as well as two normal cell lines (mouse fibroblast and human
hepatic cells) are also presented in Table 1. We noticed that LY-1816
showed high potency against some of these cancer cell lines, in-
cluding MDA-MB-231 (triple negative breast cancer [TNBC]; IC,,
0.030 pmol/L), MDA-MB-435 (TNBC; IC,,, 0.008 pmol/L), Hs 578T
(TNBC; IC,,, 0.032 pmol/L), PC-9 (lung cancer; IC,,, 0.152 pmol/L),
A375 (melanoma; IC,, 0.134 pmol/L), Malme-3M (melanoma; IC,
0.008 pmol/L), COLO-205 (colorectal cancer; IC;,, 0.017 pmol/L),
and HL-60 (leukemia; IC5,, 0.031 pmol/L). But for 11 cancer cell
lines, including BT474, MDA-MB-415, MDA-MB-436, ZR-75-1,
MCEF-7, HepG2, Plc/prf/5, SMMC7721, RAMOS, KG-1a, and DU145,
as well as 2 normal cell lines (L929 and LO2), LY-1816 showed very
weak or no activity (Table 1), indicating that LY-1816 is not a nonse-

lective cytotoxic agent.

3.3 | Antiproliferation activities of LY-1816 against
PDAC cells

We next examined the antiproliferation activity of LY-1816 in 2
representative PDAC cell lines Aspc-1 and Bxpc-3 by colony for-
mation assays. Dasatinib and gemcitabine were also tested for
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FIGURE 3 Effects of LY-1816, gemcitabine, and dasatinib on Src activation and FOSL1 expression in intact cells. Cells were treated with
LY-1816, dasatinib, or gemcitabine for 12 hours and then lysed for western blot assays
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comparison. As shown in Figure 1C, LY-1816 significantly inhibited
the colony growth of both cell lines in a dose-dependent manner.
At a concentration of 1 pmol/L, the cytoreductive activity of LY-
1816 was slightly superior to that of the other agents, especially
compared with dasatinib on Aspc-1 cells. Moreover, EdU cell prolif-
eration assays were carried out to further assess the antiprolifera-
tion activity of LY-1816. The results showed that LY-1816 also could
dose-dependently suppress the DNA replication of both cell lines
(Figure 1D).

3.4 | LY-1816 induced apoptosis of PDAC cells
in vitro

Annexin V/PI staining was used to investigate the pro-apoptotic
ability of LY-1816. As shown in Figure 2, LY-1816 treatment
significantly increased the annexin V and Pl-positive populations
in cultured Aspc-1 and Bxpc-3 cells in a dose-dependent manner,
indicating a strong pro-apoptotic effect. Dasatinib and gemcitabine
also could induce apoptosis in both cell lines. However, the potency
was weaker than that of LY-1816.

3.5 | LY-1816 inhibited Src activation and FOSL1
expression in intact PDAC cells

Western blot analysis was used to assess the ability of LY-1816 to
inhibit Src activation and FOSL1 expression in intact PDAC cells. As
shown in Figure 3, LY-1816 potently inhibited the phosphorylation of
Src and downregulated the FOSL1 expression in a dose-dependent
manner in 10 PDAC cell lines. It also suppressed the Src phospho-
rylation and the FOSL1 expression in HT29 and HCT116 cells but
with relatively weak potency (Figure 3). Dasatinib showed a similar

effect on the phosphorylation of Src, and a slight influence on FOSL1

Treatment time (d)

Treatment time (d)

expression. As a cytotoxic drug, gemcitabine had little inhibitory ef-
fect against Src and FOSL1 expression.

In addition, we examined the influence of LY-1816 on the MAPK
and PI3K/AKT signaling pathways. Aspc-1 and Bxpc-3 cell lines
were selected. As shown in Figure S2, LY-1816 showed very weak
or no impact on the phosphorylation of ERK and AKT, indicating a
slight or no effect on the MAPK and PI3K/AKT signaling pathways.
Additionally, it has been reported that a lack of inhibition of acti-
vated STATS3 signaling could be one of the important reasons lead-
ing to the poor efficacy of dasatinib as first-line therapy in patients
with metastatic PDAC.2* We thus examined the influence of LY-1816
and dasatinib on STAT3 signaling. The results showed that dasatinib
indeed showed very weak or no impact on the phosphorylation of
STATS3. Interestingly, LY-1816 could significantly inhibit STAT3 phos-
phorylation, indicating inactivation of STAT3 signaling (Figure S2).

3.6 | Invivo antitumor activity and mechanisms of
action of LY-1816 in PDAC xenograft models

The in vivo antitumor activities of LY-1816 were evaluated with mouse
s.c. xenograft models of Aspc-1 and Bxpc-3 (NOD-SCID mice were
used). LY-1816 was given daily, orally, for 18 days at a dose of 20 or
40 mg/kg. Dasatinib (40 mg/kg/d given orally and once daily) and gem-
citabine (i.v. injection at a dose of 80 mg/kg once a week) were used
as positive controls. The tumor volumes were measured every 3 days.
In both Aspc-1 and Bxpc-3 models, LY-1816 showed dose-dependent
tumor inhibitory activities and the 40 mg/kg dose showed a tumor-
inhibition rate of >90% (Figure 4A,B). Dasatinib and gemcitabine also
showed antitumor activities in both models. However, the potencies
of these 2 agents were obviously weaker than that of LY-1816. In addi-
tion, during the period of LY-1816 treatment, there was no significant

decrease in body weight (Figure 4C,D), implying a low toxicity.
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FIGURE 5 Mechanisms of action of LY-1816 in pancreatic ductal adenocarcinoma xenograft models. Mice implanted with Bxpc-3 or
Aspc-1 cells were treated with solvent control, LY-1816 (40 mg/kg/d, p.o.), dasatinib (40 mg/kg/d, p.o.), or gemcitabine (80 mg/kg/wk, i.v.)
when tumors grew to approximately 200 mm?®. Tumor tissues were removed for immunohistochemical staining at the end of experiments.

Scale bar = 50 mm for micrographs. C-CASP3, cleaved caspase-3

To understand the antitumor mechanisms of action of LY-1816,
immunohistochemical analyses of tumor tissues resected from
experimental animals were carried out. As shown in Figure 5, LY-
1816 evidently reduced the phosphorylation of Src and STAT3,
as well as the expression of FOSL1, in both Aspc-1 and Bxpc-3
models, which are consistent with the in vitro results. The per-
centage of Ki-67-positive cells in viable tumor tissue was mark-
edly lower in the LY-1816 treatment group compared with that
of vehicle control, indicating a strong antiproliferation activity of
LY-1816. Furthermore, the results of cleaved caspase-3 stain indi-
cated that LY-1816 also had a considerable ability to induce apop-

tosis in tumor tissues. By contrast, dasatinib also downregulated

the phosphorylation of Src, but had very weak or no influence
on the phosphorylation of STAT3 or the expression of FOSL1.
Gemcitabine did not evidently inhibit the activities of Src or
STAT3, nor FOSL1 expression in either model, although it led to a
moderate decrease of Ki-67 expression and increase in the num-

ber of cleaved caspase-3-positive cells.

3.7 | Antitumor metastasis ability of LY-1816
in vitro and in vivo

Wound healing assays were adopted to assess the in vitro antimeta-
static effect of LY-1816. Aspc-1 and Bxpc-3 cell lines were used.

FIGURE 6 Antitumor metastatic ability of LY-1816 in vitro and in vivo. A, Wound healing assay (upper rows) and Transwell assay
(bottom rows). Aspc-1 or Bxpc-3 cells were treated with agents in indicated concentrations. Left panels, representative images; right
panels, percentages of invasive and migrated cells. Columns, mean (n = 3); bars, SD. *P < .05; **P < .01; ***P < .001. ns, not significant. B,
Survival tests. Kaplan-Meier survival curve for every treatment group. *P < .05; **P < .01; ***P < .001. C, Representative H&E staining
images of intact lung tissue taken from mice at the end of experiments. Higher magnification images of boxed regions are also shown. Scale

bar = 100 mm and 50 mm for low and high magnification, respectively
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As shown in Figure 6A, treatment with LY-1816 or dasatinib dose-
dependently reduced cell migration in both cell lines. However,
gemcitabine showed very weak activity in blocking cell migration.
Transwell assays were then used to examine the ability of LY-1816
to inhibit cell invasion. The results showed that LY-1816 significantly
suppressed the invasion of Aspc-1 and Bxpc-3 cells. By contrast, both
dasatinib and gemcitabine showed poor ability to block cell invasion.

We further evaluated the in vivo antimetastatic effect of LY-
1816 in the Miapaca-2 metastatic model. As shown in Figure 6B,
the median survival time (MST) for the control group was 60 days.
In the 20 mg/kg/d LY-1861 treatment group, LY-1816 significantly
prolonged the MST to 90 days, which was much longer than those
of dasatinib and gemcitabine treated groups. In the 40 mg/kg/d LY-
1861 treatment group, there were still 33% mice alive at day 105,
when mice were killed (Table S5).

To understand whether there is some association between pro-
longed MST and reduction in lung metastases, host mice were killed
at day 50 after cell injection and receiving the same treatment as
above. Intact lungs from mice were examined by H&E staining. Mice
treated with LY-1816 showed much more significant reduction in the
size of metastatic lung nodules compared with those treated with

vehicle, dasatinib, or gemcitabine (Figure 6C).

4 | DISCUSSION

Pancreatic ductal adenocarcinoma is a highly heterogeneous malig-
nant disease with multiple gene or signaling pathways involved in the
tumorigenesis and development.®”*° Among these genes, of particu-
lar importance are the Src kinase and KRAS. Various evidence has
proved that dysregulation of Src contributes to the tumorigenesis
and development of PDAC.?>*! Moreover, mutated KRAS often plays
a driver role in tumorigenesis and is the most common gene muta-
tion in PDAC.3%42-44 Despite great efforts in the discovery of agents
targeting KRAS, there are no effective KRAS inhibitors at present. An
alternative way to tackle the KRAS issue is to target the vulnerability
of other oncogenes in KRAS-driven cancers. FOSL1 is such an onco-
gene in KRAS-driven PDAC. Additionally, FOSL1 has been reported
to be a key regulator of epithelial-mesenchymal transition,3? which
is an important factor responsible for tumor metastasis.>® We de-
veloped LY-1816 as a multitarget drug candidate. It potently inhibits
Src and can also significantly inhibit the expression of FOSL1, even at
low concentrations. In cell viability assays, LY-1816 showed excellent
activity against PDAC cell lines harboring KRAS mutations (see Table
S3). Of note, this compound also displayed potent activity against the
WT KRAS PDAC cell line Bxpc-3. A possible explanation could be that
FOSL1 is also highly expressed in Bxpc-3; alternatively, LY-1816 might
play its role against cell viability by strongly blocking Src, and possibly
other kinases, because LY-1816 is a multikinase inhibitor. In addition,
it has been reported that single use of dasatinib has shown limited
efficacy in the treatment of PDAC, which was attributed to a lack
of inhibition of activated STAT3 signaling.?! LY-1816 remedies this
defect of dasatinib; it is able to efficiently inhibit the phosphorylation

of STAT3. Therefore, it is not surprising that LY-1816 showed more
potent anti-PDAC activity than the Src inhibitor dasatinib.
Collectively, we carried out acomprehensive preclinical pharmacody-
namic evaluation of LY-1816 in the treatment of PDAC. LY-1816 showed
excellent anti-PDAC activities both in vitro and in vivo. Mechanisms of
action studies indicated that LY-1816 inhibited Src signaling and FOSL1
expression as well as the activation of STAT3. Moreover, it showed con-
siderable capacity to suppress tumor metastasis in metastasis models of
PDAC. Overall, all data presented here suggest that LY-1816 could be a
promising drug candidate for the treatment of PDAC. Even so, it is still
necessary to mention that there are some aspects needed further inves-
tigation, for example, the mechanism underlying the LY-1816-mediated
downregulation of FOSL1, and the contribution of FOSL1 downregula-
tion to the antitumor effect. Additionally, LY-1816 is a multikinase inhibi-
tor; it can potently inhibit a number of other kinases such as kinase insert
domain receptor and epidermal growth factor receptor, in addition to
Src. Whether and how much the inactivation of these kinases contrib-
utes to the antitumor effect have not been answered in this investiga-

tion. Further in-depth studies are required.
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