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Small molecule inhibitors in pancreatic cancert

Jufeng Sun, @°2° Cecilia C. Russell, ©?
Christopher J. Scarlett ©¢ and Adam McCluskey O+

Pancreatic cancer (PC), with a 5 year survival of <7%, is one of the most fatal of all human cancers. The
highly aggressive and metastatic character of this disease poses a challenge that current therapies are failing,
despite significant efforts, to meet. This review examines the current status of the 35 small molecule
inhibitors targeting pancreatic cancer in clinical trials and the >50 currently under investigation. These
compounds inhibit biological targets spanning protein kinases, STAT3, BET, HDACs and Bcl-2 family
proteins. Unsurprisingly, protein kinase inhibitors are overrepresented. Some trials show promise; a phase |
combination trial of vorinostat 11 and capecitabine 17 gave a median overall survival (MoS) of 13 months and
a phase Il study of pazopanib 15 showed a MoS of 25 months. The current standard of care for metastatic
pancreatic ductal adenocarcinoma, fluorouracil/folic acid (5-FU, Adrucil®), and gemcitabine (GEMZAR®)
afforded a MoS of 23 and 23.6 months (EPAC-3 study), respectively. In patients who can tolerate the
FOLFIRINOX regime, this is becoming the standard of treatment with a MoS of 11.1 months. Clinical study
progress has been slow with limited improvement in patient survival relative to gemcitabine 1 monotherapy.
A major cause of low PC survival is the late stage of diagnosis, occurring in patients who consider typical
early stage warning signs of aches and pains normal. The selection of patients with specific disease
phenotypes, the use of improved efficient drug combinations, the identification of biomarkers to specific
cancer subtypes and more effective designs of investigation have improved outcomes. To move beyond the
current dire condition and paucity of PC treatment options, determination of the best regimes and new
treatment options is a challenge that must be met. The reasons for poor PC prognosis have remained
largely unchanged for 20 years. This is arguably a consequence of significant changes in the drug discovery
landscape, and the increasing pressure on academia to deliver short term ‘media’ friendly short-term news
‘bites’. PC research sits at a pivotal point. Perhaps the greatest challenge is enacting a culture change that
recognises that major breakthroughs are a result of blue sky, truly innovative and curiosity driven research.

Histopathologically, PC exists as two main tumour types:
exocrine, which is derived from the cells of the exocrine

In western countries, pancreatic cancer (PC) is the fourth
leading cause of cancer death and is predicted to become the
second most common cause of cancer related mortality in
the USA by 2030."> The prognosis for PC patients is dire,
with a 5 year overall survival of <7%.* The rate of PC is rising
globally with more than 330000 new cases diagnosed every
year and a devastatingly comparable mortality rate.*
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pancreas and accounts for more than 95% of all PC diagnoses,
and endocrine, which arises from hormone producing
endocrine cells. Pancreatic ductal adenocarcinoma (PDAC)
accounts for about 90% of all exocrine tumours.® More
recently, PC has been sub-classified as squamous, pancreatic
progenitor, immunogenic and aberrantly differentiated
endocrine exocrine (ADEX) by genomic analyses.’

Surgical resection remains the only potentially curative
treatment option for PC patients. However, less than 20% of
patients are in a suitable disease state for this procedure
because of either late diagnosis, tumour resistance to current
drugs or no effective early detection biomarkers.” Metastases
are the primary cause of death for most cancer patients.
Approximately 30% of patients succumb to metastatic PC
within 12 months of surgical resection, even if clear resection
margins are achieved during surgery.*® While adjuvant
chemo- and radiotherapy have been used, this has resulted in
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no enhancements in patient survival in the past two
decades.’™™ The highly aggressive, metastatic and
heterogeneous character of this disease poses a critical
challenge for the improvement of patient outcomes.

The 1997 introduction of gemcitabine (1; GEMZAR®)
represented a significant enhancement in the treatment of PC
over fluorouracil (2; 5-FU, Adrucil®; a 1957 introduction) with
an increase in median overall survival (MoS) from 4.4 to 5.6
months (Fig. 1)."'*> The most recent update on the ESPAC-3
trial, post-surgical resection, details a >20 month MoS with
5-FU/folic acid adjuvant therapy.">'* Subsequent use of
combination approaches have enhanced therapeutic outcomes
with nab-paclitaxel (3)/gemcitabine (1) and FOLFIRINOX
(5-fluorouracil (2), leucovorin (4), irinotecan (5) and oxaliplatin
(6)) with a MoS of 8.5 and 11.1 months, respectively.'>'®

However, the median overall survival is still considered as
less than a year (no surgical resection), and the combination
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chemotherapy regimens based on the gemcitabine (1)
platform also failed to show any substantial survival
advantage compared with single agent gemcitabine (1)."” The
development of targeted therapies offers a new avenue to
develop potentially more effective strategies.>® Herein, the
development of targeted approaches using small molecules
to treat pancreatic cancer spanning current clinical trial
compounds and exploratory compounds is presented and
discussed.

Small molecule inhibitors of PC in
clinical trials

The majority of clinical trials have failed to demonstrate a
clinically meaningful survival benefit, explainable via two key
phenomena indicative of PDAC: intertumoral heterogeneity
and the desmoplastic tumour microenvironment. Landmark
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Fig. 1 Chemical structures of gemcitabine (1), 5-fluorouracil (5-FU; 2), paclitaxel (3), leucovorin (4), irinotecan (5) and oxaliplatin (6).

genomic sequencing studies have revealed that apart from
known high frequency mutations in  pancreatic
tumours,”'* ' such as KRAS, TP53, CDKN2A, and SMAD4,
most occur at a frequency of less than 5%.'>*"** Further,
there are no therapeutic agents clinically available that target
driver mutations occurring at >20% prevalence, thereby
hampering clinical trial efficiency as the responsive
phenotype of a therapeutic regimen would fall below the
detection threshold of most conventional randomized-
controlled trial designs.**

This deeper understanding of the molecular pathology of
PDAC has led to the identification of multiple additional
therapeutic targets, such as those within the tumour
microenvironment, in particular the desmoplastic stroma.
The desmoplastic stroma is a component of the potent
immunosuppressive tumour microenvironment in which
many distinct cells appear to collaborate toward tumour
growth and metastasis.>*>> Here, neoplastic, immune, and
stromal cells reside in a dense extracellular matrix (ECM),
contributing to the crosstalk between the tumour
microenvironment and the epithelial tumour cells to promote
growth, invasion and metastasis. Understanding the intricate
pathways that are critical in these collaborative interactions
is key to the design of innovative therapeutic approaches.
Hyaluronan (HA) is a large linear glycosaminoglycan
abundant within the stroma, which is a poor prognostic
indicator and has been the target of recent therapeutic
activity.>® Poor tumour vascularity and high interstitial fluid
pressure, concomitant with high HA expression, compromise
the efficient delivery of chemotherapeutic agents.””*® To
date, no small molecule inhibitors have been developed
targeting HA; however, in preclinical mouse models,
treatment with hyaluronidase decreased both tumour HA
content and interstitial fluid pressure and re-expanded the
microvasculature, leading to a survival benefit in mouse
models of PDAC, which is supported by the recent phase II
clinical trials with the pegylated recombinant human
hyaluronidase (PEGPH20) in combination with nab-paclitaxel
and gemcitabine.*

166 | RSC Med. Chem., 2020, 11, 164-183

The continued expansion of mouse models representing
the myriad of clinical PDAC phenotypes will most certainly
continue to advance therapeutic development and improve
outcomes for PDAC patients. There are currently many PDAC
mouse models that mimic the human course of disease, with
the majority built on the Pdxi-Cre/Kras®™*” backbone;*
however, due to the recent advancement in our
understanding of the significant molecular heterogeneity of
PDAC, as well as the intricacies of the
microenvironment, we are still seemingly playing catch up.
Clearly, the understanding revealed by these evolving models
of PDAC will lead to the development of improved
therapeutic strategies; however unfortunately, we may not see
the benefits of these effects for many years to come.

With the expanding understanding of PC biology and
molecular characteristics, the development of drugs targeting
various specific tumour signalling pathways has been
recognized as a promising method to improve the treatment
options of PC patients.”” " Over the past ten years, an
increasing number of clinical trials of small molecule
inhibitors of PC have been undertaken. There are currently
about 10 small molecules targeting PC in phase I clinical
trials (Fig. 2). These include the dual inhibitor of focal
adhesion kinase and pyruvate kinase 2 (PF-562271 7)*' and
inhibitors of protein phosphatase 2A (LB-100 8),** focal
adhesion kinase (C4 9),>' mitogen-activated protein kinase
(CI-1040 10),** proteasome (marizomib, NPI-0052, 11),>* the
RAS signalling pathway (salirasib 12),®> histone deacetylase
(HDAC) (vorinostat, 13),*® MEK1/2 (pimasertib, AS-703026,
14),%” Weel kinase (AZD1775, 15),*® and Hedgehog signalling
(saridegib, IPI1-926, 16).>° To date these phase I clinical trials
have shown promising safety and tolerability, as well as
encouraging antitumor activity, which support further
investigation for these agents as potential PC treatments. Of
note, the vorinostat (13) and capecitabine (17) combination
phase I clinical trial showed an encouraging MoS of 1.1
year.*® However, as a number of promising phase I trials have
failed to translate the initial promise to phase II and beyond,
these findings should be treated with caution.

tumour

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Chemical structures of the small molecule inhibitors (7-16) of PC with positive outcomes in phase | clinical trials, and capecitabine (17). Of
note, the vorinostat (13) and capecitabine (17) combination phase | clinical trial showed an encouraging MoS of 1.1 year.>*

Despite some of these phase I trials showing promising
outcomes as single agents, neither pimasertib (14) plus
gemcitabine (1) nor IPI-926 (16) plus FOLFIRINOX provided
any additional patient benefits, with the latter study closing
early when a separate phase II trial indicated detrimental
effects of this combination.*®

A number of small molecule inhibitors are in phase II
clinical trials (Fig. 3), with reports of quite promising
outcomes. In a phase II study of 32 patients with advanced,
well-differentiated pancreatic neuroendocrine tumours, the
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tyrosine kinase receptor inhibitor pazopanib (18), an
inhibitor of VEGF tyrosine kinase receptors 1, 2, and 3,
showed a median progression-free survival (mPFS) of 14.4
months and a MoS of 25 months.*” A phase II trial of
vatalanib (19), a polytyrosine kinase inhibitor with high
affinity for PDGF and VEGF receptors, as a second-line
therapy resulted in a favourable 6-month overall survival rate
of 29% in patients with metastatic PC. This study revealed
that the baseline IL-6 and serum LDH levels were predictive
of patient survival. Vatalanib (19) may have an on-going role
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Fig. 3 Chemical structures of the small molecule inhibitors pazopanib (18), vatalanib (19), galunisertib (20), hydroxychloroquine (21) and lapatinib

(22) in phase Il clinical trials targeting PC.
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in maintenance therapies and/or in a biomarker-defined
subtype of PC patients.*!

A phase II study of galunisertib (20), an ALK5
(transforming growth factor-beta receptor serine/threonine
kinase) inhibitor, plus gemcitabine (1) as a first line therapy
for patients with unresectable PC demonstrated a MoS of 8.9
months. High levels of macrophage inflammatory protein-1-
alpha (MIP-10) and interferon-gamma-induced protein 10 (IP-
10) were predictive of poorer patient outcomes, with lower
MoS observed, identified as the predictive markers for the
potency of galunisertib plus gemcitabine. It was confirmed
that patients with higher levels of MIP-1o. or IP-10 had a
significantly shorter MoS.”> The autophagy inhibitor,
hydroxychloroquine (21), in combination with pre-operative
short course chemoradiation, displayed a MoS of 23.3
months in a phase II study for patients with early, resectable
PDAC. These studies are on-going.** Lapatinib (22), a dual
receptor tyrosine kinase inhibitor of HER2/neu and EGF, as
the second-line therapy in a phase II clinical trial of 17
patients with metastatic PC, resulted in a mPFS of 2.6
months and a MoS of 5.2 months. In patients with stable
disease, the corresponding outcomes were a mPFS of 4.0
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months and a MoS of 8.3 months. These results suggest a
critical role in identifying clinical biomarkers in the selection
of potential treatment regimes.**

Poor phase II outcomes were noted for a wide range of
initially promising compounds (Fig. 4). These include:
vandetanib (23), a tyrosine kinase inhibitor of VEGFR2, RET,
and EGFR, and gemcitabine (1), a combination that failed to
improve MoS in advanced PC; again these studies were
hampered by a lack of biomarkers to identify cancer trial
patient subsets.*® The combination therapy of sorafenib (24),
an inhibitor of VEGF receptor tyrosine kinase, with erlotinib
(25) failed to meet the trial primary endpoint.’® The
combination of dasatinib (26), a competitive inhibitor of SRC
(a non-receptor tyrosine kinase protein) and ABL receptor
tyrosine kinases, and gemcitabine (1) failed to show
improved MoS or mPFS. Unexpectedly, this combination
produced enhanced toxicity compared with single agent
gemcitabine (1).*” Saracatinib (AZD0530, 27), an SRC receptor
tyrosine kinase inhibitor, in combination with gemcitabine
(1) also did not increase efficacy compared with gemcitabine
(1) monotherapy.”® A phase II combination trial of imatinib
(28), a receptor tyrosine kinase inhibitor of PDGFRs, and
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Fig. 4 Phase Il pancreatic cancer clinical trial candidates that failed to show statistically significant improvements in MoS or failed at phase Il for
other reasons as either single agents or in combination with gemcitabine (1): vandetanib (23), sorafenib (24), erlotinib (25), dasatinib (26),
saracatinib (27), imatinib (28) vismodegib (29), dactolisib (30), everolimus (31), PX-12 (32), veliparib (33), trametinib (34) and selumetinib (35). Note

that erlotinib (25) in combination with gemcitabine (1) was approved for locally advanced, unresectable or metastatic PC in 2005.
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gemcitabine (1) for first-line treatment of advanced PC failed
to provide statistical improvements over gemcitabine (1)
monotherapy with a mPFS of 3.9 and a MoS of 6.3 months.*’
A similar lack of statistical improvement was noted for
vismodegib (29), an inhibitor of the Hedgehog signalling
pathway, plus gemcitabine (1) with a MoS of 6.9 months in
patients with metastatic PC.>°

Dactolisib (NVP-BEZ235) (30), a dual inhibitor of
phosphatidylinositol 3-kinase (PI3K) and the mammalian
target of rapamycin (mTOR), was poorly tolerated by patients
with resistance to the macrocyclic drug everolimus (31), in
pancreatic neuroendocrine tumours (pNETs) during a phase
II trial. Both dactolisib (30) and everolimus (31) target the
PI3K pathway, resulting in potential overlap of their toxicity
profiles; a strict dose decrease design was performed to
control adverse effects of the treatment, which consequently
confined the duration of the treatment.>'

A phase II monotherapy using PX-12 (32), an inhibitor of
the proto-oncogene thioredoxin, showed a mPFS of 0.9
months and a MoS of 3.2 months leading to early
termination of the study.”® The phase II trial of veliparib (33),
a poly (ADP ribose) polymerase (PARP) inhibitor, as a single
agent for patients with BRCA-mutated PDAC, showed a
similarly disappointing outcome with a mPFS of 1.7 months
and a MoS of 3.1 months. No favourable responses were
identified.>® The combination of gemcitabine (1) with
trametinib (34), an oral mitogen-activated protein kinase
inhibitor (MEK), showed no overall survival benefits in
patients with previously untreated metastatic PC in a phase II
study. The failure to improve the overall survival may be
ascribed to increased toxicity and the need to modify the
dose. Moreover, a proper administration sequence of these
drugs may need to replace the concurrent administration in
this study.’* Selumetinib (35; AZD6244), a potent inhibitor of
MEK1/2, as a second-line monotherapy was well tolerated,
but with a MoS of 5.4 months offered no statistical benefit
relative to gemcitabine (1) monotherapy.*”

Rigosertib (36), a first-in-class Ras mimetic inhibitor of
polo-like kinase 1 and phosphoinositide 3-kinase,*® olaparib
(37), an inhibitor of PARP,””*® and axitinib (38), an inhibitor
of receptor tyrosine kinase of VEGFR, progressed to phase III
clinical trials.”® Unfortunately, all failed to meet the trial
endpoints, with no observable difference in survival coupled
with an increase in adverse events over gemcitabine (1) as a
single agent treatment. Despite 40 of 67 tumour samples
showing KRAS oncogenic mutations, the rigosertib (36) plus
gemcitabine (1) combination MoS was 6.1 months versus 6.4
months in the gemcitabine (1) monotherapy in patients with
metastatic PDAC.”® The combination of olaparib (37) with
irinotecan (5) and cisplatin (39) or irinotecan (5), cisplatin
(39), and mitomycin C (40) led to significant toxicity,
especially hematologic toxicity. This study was terminated as
a consequence of poor risk versus benefit profiles.”® No
significant survival benefit from the combination of axitinib
(38) and gemcitabine (1) was observed over gemcitabine (1)
monotherapy in patients with advanced PC.>°

This journal is © The Royal Society of Chemistry 2020
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Erlotinib (Tarceva®; 25), a tyrosine kinase inhibitor of
EGFR, in combination with gemcitabine (1) was approved by
the FDA for treatment of locally advanced, unresectable, or
metastatic pancreatic cancer in 2005,°° but other clinical
trials with this compound are still on-going.*® Sunitinib
(Sutent®; 41), a multi-targeted receptor tyrosine kinase
inhibitor including VEGFR and PDGFR, was also approved to
treat patients with progressive, well-differentiated pNETSs in
2011 (Fig. 5).°

Although clinical trials have resulted in some promising
outcomes, the overall progression is slow and unsatisfactory.
The current status of these compounds and their biological
targets is summarised in Table 1. New strategies for further
development of clinical trials are needed in order to improve
survival of PC patients.

Investigational compounds
Inhibitors of protein kinases and tyrosine kinases

Tyrosine kinases are a key subtype of protein kinase that play
a critical role in intracellular signal transduction. Tyrosine
kinases include receptor tyrosine kinases (RTKs) and non-
receptor cytoplasmic tyrosine kinases. RTKs are activated by
diverse growth factor receptors including epidermal growth
factor (EGF), vascular endothelial growth factor (VEGF) and
fibroblast growth factor receptor 1 (FGFR1)."” Elevated
signalling from these receptors from mutation or over-
expression is responsible for a number of human cancers
such as pancreatic, lung, head and neck, breast, brain and
ovarian cancers.®>®® Enhanced expression of EGFR or its
ligand also contributes to poor clinical outcomes in various
epithelial cancers including breast, pancreatic, colorectal,
and head and neck cancers.®*®> Of note, over-expression of
EGFR signalling is known to result in the increased
proliferation, chemoresistance and invasiveness of PC.** In
contrast, cytoplasmic tyrosine kinases do not have an
extracellular receptor and are located in the cytoplasm,
nucleus or plasma membrane. They comprise eight families
in which the major ones include SRC, JAK, ABL and FAK."”
PD173074 (42) is an ATP-competitive inhibitor of (FGFR1)
tyrosine kinase with an ICs, of ca. 25 nM (where ICs, =
compound concentration required to inhibit 50% of the
protein’s activity) and also suppresses VEGFR2 with an ICs,
of 100-200 nM in cell-free assays (including cell extract-based
and purified enzyme-based).®® PD173074 (42) inhibits cell
growth in AsPC-1, Capan-1, HPAF-1I, MiaPaCa-2, and Panc 1
pancreatic cancer cell lines with ICs, values of 2.5 to 15 uM
(drug exposure 48 h). In vivo, in HPAF-II and MiaPaCa-2
xenograft mouse models, PD173074 (42) also displayed
potent inhibitory activity of tumour growth.®”” PKC412 (43)
exhibits a wide range of inhibitory activities against Ser/Thr
and tyrosine kinases, including fms-like tyrosine kinases,
protein kinase C, VEGFR2, tyrosine-protein kinase KIT,
PDGFRa, and PDGFRP.®®* PKC412 (43) was screened in
sixteen pancreatic cancer cell lines with ICs, values of 0.25 to
20 uM recorded (Fig. 6). In vivo, PKC412 (43) therapy resulted

RSC Med. Chem., 2020, 11,164-183 | 169
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Fig. 5 Chemical structures of rigosertib (36), olaparib (37), axitinib (38), cisplatin (39) and mitomycin C (40) that failed to meet the phase Il PC
endpoint or failed at phase Il due to toxicity issues. Sunitinib (41) was approved to treat patients with progressive, well-differentiated pNETs in

2011.%%

in significant tumour growth suppression (survival rates of
PKC412 (43) and control following 100 days of treatment were
about 60% and 15%, respectively) in an AsPC-1 murine
xenograft model.®®

Activation of the receptor tyrosine kinase Axl is related to
poor outcomes for pancreatic cancer patients.®® BGB324 (44),
a small molecule inhibitor of Axl, was observed to display a
15-fold selectivity towards Axl (IC5, 14 nM) relative to 133
tyrosine and serine/threonine kinases examined (Fig. 6).”° In
vitro, it enhanced the efficacy of gemcitabine (1) with ICs,
values from 49 nM to 16 nM and 20 nM to 6.9 nM against
the AsPC-1 and MiaPaCa-2 cell lines, respectively. In vivo, the
combination therapy of BGB324 (44) and gemcitabine (1)
improved the MoS to 83.5 days compared to gemcitabine (1)
alone (65 days) in a mouse PC xenograft study.®”

Inhibitors of focal adhesion kinase

Focal adhesion kinase (FAK) is commonly hyperactivated in
pancreatic ductal adenocarcinoma. The kinase activity
requires the phosphorylation of FAK at Y397 to induce down-
stream events including activation of Akt and ERK.”' The
inhibitory activity of GSK2256098 (45) against FAK, with an
apparent K; of 0.4 nM, was evaluated in six human PDAC cell
lines: MiaPaCa-2, PANC-1, Hs766T, AsPC-1, L3.6P1, and
BXPC-3.”> After GSK2256098 (45) treatments (0.1-10 pM),
the responses of FAK Y397 phosphorylation in the six cell
lines varied from low (<20% inhibition) to high (>90%
inhibition). In addition, GSK2256098 (45) suppressed the
growth of L3.6P1 and Panc-1 cells with ICs, values of 25 pM
and 29 uM, respectively.”" PF573228 (46), an ATP-competitive
inhibitor of FAK with IC5, of 4 nM in a cell-free assay,””
substantially sensitized the cells to apoptosis induced by
lexatumumab (an agonistic human monoclonal antibody of
death receptor 5). The combination of the monoclonal
antibody lexatumumab and PF573228 (46) exhibited
remarkable growth inhibition with at least a 3-fold decrease
compared with untreated control mice in pancreatic tumour
xenografts (Fig. 6).”*

170 | RSC Med. Chem., 2020, 1, 164-183

Inhibitors of mitogen-activated protein kinase kinase

The mitogen-activated protein kinase kinase (MEK) belongs
to the mitogen-activated protein kinase (MAPK) signalling
pathway with crucial roles in regulating various cellular
functions, such as cell proliferation, survival, differentiation
and motility.”” Binimetinib (MEK162) (47), a potent inhibitor
of MEK1/2 with an ICs, of 12 nM in a cell-free assay,”® was
examined for growth inhibitory effects against a panel of 29
pancreatic cancer cell lines. Fifteen of these cell lines
returned ICs, values of <500 nM, e.g. MiaPaCa-2, AsPC-1,
and CAPAN-2 with ICs, values of 92, 280 and 316 nM,
respectively.”” Cobimetinib (48) is a potent and selective
inhibitor of MEK with a biochemical IC5, of 0.9 nM towards
MEK1.”> Cobimetinib (48) in combination with trametinib
(34) inhibited tumour growth in a gemcitabine-resistant PC
patient-derived orthotopic mouse xenograft model more
effectively than gemcitabine monotherapy (Fig. 6).”®

Inhibitors of protein kinase R-like endoplasmic reticulum
kinase

GSK2656157 (49) is an ATP competitive PERK (protein
kinase R (PKR)-like endoplasmic reticulum kinase) inhibitor
with an ICs, of 0.9 nM.”® Twice daily dosing of GSK2656157
leads to a dose dependent inhibition in human tumour
xenograft models of PC (Fig. 7).”° Pyridine (50) inhibits the
kinase activity of protein kinase CK18 (ICs, = 4 nM) and
has been assessed against PC cell lines Colo357 (ECs = 3.5
uM) and Panc89 (ECs, = 1.5 uM).*° SCH727965 (dinaciclib)
(51) is a potent small molecule cyclin-dependent kinase
(CDK) inhibitor for CDK2, CDK5, CDK1 and CDK9 with ICs,
values of 1, 1, 3 and 4 nM, respectively.s1 Aberrant
activation of CDKs and dysregulation of cell cycle
progression is a hallmark of many human cancers.
SCH727965 inhibited the growth of the MiaPaCa-2 and
Pa20C pancreatic cancer cell lines in a dose-dependent
manner showing GIs, values of 10 and 20 nM (Gl5 =
compound concentration required to elicit 50% of cell death
relative to an untreated control), respectively. In vivo, the

This journal is © The Royal Society of Chemistry 2020
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Table 1 Small molecules that have entered clinical trials (phase I, Il and Ill) and their effects on overall survival (OS), median disease-free progression
(mPFS), median overall survival (MoS) and outcomes of the trial where known. Compounds aligned as either monotherapy or combination therapy

Pancreatic cancer monotherapy

Compound Target Survival ~ Comment Ref.
Gemcitabine (1) Thymidylate synthase and dihydrofolate MoS 5.6 3
reductase months
5-FU (2) Thymidylate synthase MosS 4.4 3
months
Nab-paclitaxel (3) Topoisomerase I MosS 8.5
months
PF-562271 (7) Focal adhesion kinase and pyruvate Generally well tolerated and most adverse events were of 31
kinase 2 grade 1 or 2 and reversible
LB-100 (8) Protein phosphatase 2A Continued development alone and in combination with other 32
therapies
CI-1040 (10) Mitogen-activated protein kinase Well tolerated and both target suppression and anti-tumour 33
activity were demonstrated in this phase I study
Selumetinib (35) Mitogen-activated protein kinase MoS 5.4  No statistical benefit over gemcitabine monotherapy 55
months
Marizomib (11) Proteasome 61% of evaluable patients demonstrated stable disease with 34
39% having decreases in tumour measurements.
Salirasib (12) RAS signalling pathway MoS 6.2 The combination of gemcitabine and salirasib appears 35
months  well-tolerated.
Pazopanib (18) VEGEFR tyrosine kinase mPFS 25 40
months
MosS 14.4
months
Vatalanib (19) Polytyrosine kinase MosS 6 41
months
Hydroxychloroquine Autophagy MosS 23.3 43
(21) months
Vismodegib (29) Hedgehog signalling pathway MoS 6.9  No statistical benefit over gemcitabine monotherapy 50
months
Dactolisib (30) Phosphatidylinositol 3-kinase and the Poorly tolerated by patients in phase II study 51
mammalian target of rapamycin
PX-12 (32) Proto-oncogene thioredoxin mPFS 0.9 Trial terminated 52
months
MosS 3.2
months
Veliparib (33) Poly (ADP ribose) polymerase mPFS 1.7 No statistical benefit over gemcitabine monotherapy 53
months
MosS 3.1
months
Erlotinib (25) EGFR Tyrosine kinase Approved by the FDA for treatment of locally advanced, 60
unresectable, or metastatic pancreatic cancer in 2005
Sunitinib (41) VEGFR and PDGFR tyrosine kinase Approved to treat patients with progressive, 61
well-differentiated pNETSs in 2011
Pancreatic cancer combination therapy
FOLFIRINOX Thymidylate synthase, dihydrofolate MosS 11.1 16
reductase, Topoisomerase and DNA months
Vorinostat (13) + Histone deacetylase MosS 13 36
capecitabine (17) months
Pimasertib (14) + Mitogen-activated protein kinase MoS 7.3 No clinical benefit with 7.6 month placebo group 37
gemcitabine (1) months  survival
Trametinib (34) + No statistical benefit over gemcitabine monotherapy 54
gemcitabine (1) (phase II)
Saridegib (16) + Hedgehog signalling pathway Study closed early 39
FOLFIRINOX
Galunisertib (20) + Transforming growth factor-beta receptor ~ MoS 8.9 42
gemcitabine (1) serine/threonine kinase months
Lapatinib (22) + HER2/neu and EGF receptor tyrosine mPFS 2.6 Progressive disease 44
capecitabine (17) kinase months  Progressive disease
MoS 5.2 Stable disease
months
mPFS 4.0
MosS 8.3  Stable disease
months

This journal is © The Royal Society of Chemistry 2020
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Pancreatic cancer combination therapy

Vandetanib (23) + VEGFR2, RET, and EGFR tyrosine kinase
gemcitabine (1)
Sorafenib (24) + VEGFR tyrosine kinase

erlotinib (25)
Axitinib (38) +

gemcitabine (1)

Dasatinib (26) + SRC (a non-receptor tyrosine kinase
gemcitabine (1) protein) and ABL receptor tyrosine kinases
Saracatinib (27) + SRC receptor tyrosine kinases
gemcitabine (1)

Imatinib (28) + PDGFR tyrosine kinase

gemcitabine (1)

Rigosertib (36) + Polo-like kinase 1 and phosphoinositide
gemcitabine (1) 3-kinase

Olaparib (37) + Poly (ADP ribose) polymerase

irinotecan (5) +
cisplatin (39)

o~
N
| ~ ~ |
N N N NH
o NH
~oN
42
PD173074

45 46
GSK2256098 PF573228

MoS 8.8 MoS of 9.0 months in the vandetanib group and in the 45
months  placebo group

Failed to meet the primary end point 46
Failed to meet endpoints (phase III) 59
No statistical benefit over gemcitabine monotherapy 47
No statistical benefit over gemcitabine monotherapy 48
mPFS 3.9 No statistical benefit over gemcitabine monotherapy 49
months
MosS 6.3
months

MoS 6.1  Failed to demonstrate an improvement in survival with 56
months  MoS 6.4 months with gemcitabine monotherapy
Significant toxicity, trial terminated 58

N NH F F
</ H
/N N\o/\/OH

47 48
Binimetinib (MEK162) Cobimetinib

Fig. 6 Chemical structures of small molecule inhibitors of protein kinases under investigation for their efficacy against pancreatic cancer:
PD173074 (42), PKC412 (43), BGB324 (44), GSK2256098 (45), PF573228 (46), binimetinib (47) and cobimetinib (48).

growth of a panel of low-passage PC xenografts was
inhibited by SCH727965 (51) (Fig. 7).*>

Ataxia telangiectasia and Rad3-related protein (ATR) is a
serine/threonine protein kinase with the role of protecting
cells from replication stress and also blocks the effect of anti-
metabolite drug therapies. AZD6738 (52) is an ATP
competitive inhibitor of ATR with an in vitro enzyme ICs, of 1
nM,* which displayed a GR;, inhibitory efficacy (the
concentration of drug required to reduce cell growth by 50%)
against human pancreatic cell lines SW1990 (GR5, = 0.9 uM),
Capan-1 (GRso = 1.57 uM), AsPC-1 (GRs, = 1.98 uM), HPAF-II
(GRso = 3.2 uM), Capan-2 (GRs, = 4.8 uM), MiaPaCa-2 (GRs =
9.8 uM) and Panc-1 (GRso = 32.3 uM). In vitro and in vivo,
AZD6738 synergizes with gemcitabine to induce the
regression of pancreatic ductal adenocarcinoma (Fig. 7).**

172 | RSC Med. Chem., 2020, 11, 164-183

Inhibitors of signal transducer and activator of transcription 3

Signal transducer and activator of transcription3 (STAT3) is a
transcription factor and oncogenic driver, which can promote
the growth of malignant tumours. The STAT3 inhibitor L61H46
(53) showed potent inhibitory activity against human
pancreatic cell lines BXPC-3 and Panc-1 with ICs, values of 0.86
and 2.83 uM, respectively.*> L61H46 (53) induced the reduction
of STAT3 phosphorylation in a dose-dependent manner for
both the Panc-1 and BXPC-3 cell lines. Additionally, in vivo,
L61H46 (53) potently blocked pancreatic tumour growth in a
BXPC-3 xenograft model.*> PG-S3-001 (54) is also a potent
STAT3 binder (K4 = 324 nM), which induced cell death, with an
EDs, value of 2.4 + 0.2 uM (EDs, = compound concentration
(dose) required to elicit an effect in 50% of cells) in the PDAC

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Chemical structures of small molecule inhibitors of protein
kinase R-like endoplasmic reticulum kinase under investigation for
their efficacy against pancreatic cancer: GSK2656157 (49), 3-(2,5-
dimethoxyphenyl)-N-((4-(5-(4-fluorophenyl)-2-(methylthio)-1H-
imidazol-4-yl)pyridin-2-yl) carbamoyl)-propanamide (50), SCH727965
(51), and AZD6738 (52).

cell line Panc10.05, as well as inhibiting STAT3 activation with
a K; of 72 + 6 uM.*® The benzamide analogue, HJC0416 (55),
was identified as a STAT3 inhibitor and displayed significant
antiproliferative activity against pancreatic cancer cell lines
AsPC-1 and Panc-1 with ICs, values of 40 nM and 1.88 uM,
respectively.’”” XZH-5 (56) is a more recent addition to the
STAT3 inhibitor family with inhibitory activity against Panc-1,
HPAC, and SW1990 cells with 1Cs, values of 24.7, 17.4 and 17.9
uM, respectively.**®" The related compound (57) was found to
be more potent against Panc-1, HPAC, and SW1990 with ICs,
values of 10.1, 7.6, and 8.3 uM, respectively.®
Cryptotanshinone (58), a STAT3 inhibitor with an ICs, of 4.6
uM,”® inhibited the growth of BXPC-3 cells with half maximal
inhibitory concentration values of 29.4 and 22.8 uM after 24 h
and 48 h treatment, respectively (Fig. 8).°*

o o)
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Inhibitors of bromodomain and extra terminal proteins

Bromodomain and extra-terminal (BET) proteins, such as
BRD2, BRD3 and BRD4, mediate many critical cell cycle,
apoptosis and inflammation genes. BET proteins contain two
bromodomains (BD1 and BD2, respectively) and an extra-
terminal domain (ET). Two bromodomain inhibitors JQ1 (59)
(ICso 77 nM and 33 nM for BRD4 (BD1) and BRD4 (BD2),
respectively)®® and I-BET 762 (60) with IC;, values from 32.5
to 42.5 nM showed excellent inhibitory activity against
BRDs.” Both 59 and 60 also inhibited growth of the human
pancreatic cell lines AsPC-1, Panc-1 and CAPAN-1 with ICs,
values of 37 + 4, 720 + 34 and 190 + 25 nM for JQ1 (59) and
231 + 39, 2550 = 75 and 990 = 5 nM for I-BET 762 (60).
Reduced levels of c-Myc and p-Erk 1/2 proteins in vitro were
observed on treatment of these cell lines with 59 and 60
(Fig. 9).* Although bromodomain inhibitors demonstrated
promising activity against human pancreatic cell lines, it was
reported that pancreatic cancer cells can develop resistance
to BET inhibitors, which can be regulated by GLI2.>

Inhibitors of histone deacetylases

Histone deacetylases (HDACs) are divided into four classes,
which are involved in multiple different stages of cancer.
Aberrant expression of HDACs including classes I, II, and IV
has been linked to various malignancies. In PC, HDAC2, 6
and 7 are overexpressed and associated with poor
prognosis.”® Numerous HDAC inhibitors have been studied
as potential treatments for PC (Fig. 10). For example, ST-3595
(61) (HDAC ICs, 136.0 + 11.6 nM)”” reduced the viability of
Panc-1, AsPC-1, and MiaPaCa-2 cells in a dose-dependent
manner in vitro and in vivo, as well as inhibiting HDAC
activity. ST-3595 (61) also enhanced the efficacy of
gemcitabine in vitro and in vivo.”® CG200745 (62), a
hydroxamate-based HDAC inhibitor, showed significant
inhibition against BxPC3, CFPAC1 and HPAC cells with ICs,
values of 2.4, 10.7 and 7.4 pM, respectively. In vivo, it
displayed synergistic anti-tumour effects with gemcitabine
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Fig. 8 Chemical structures of small molecule inhibitors of signal transducer and activator of transcription 3: L61H46 (53), PG-S3-001 (54),
HJC0416 (55), XZH-5 (56), methyl N-(((3,5-bis(trifluoromethyl)phenyl)-carbamoyl)isoleucyl)-N -methyl-L-histidinate (57) and cryptotanshinone (58).
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Fig. 9 Chemical structures of small molecule inhibitors of
bromodomain and extra-terminal proteins: JQ1 (59) and I-BET 762
(60).

(1)/erlotinib (25) and markedly increased the sensitivity of
PC to gemcitabine (1), improved antitumour results on
gemcitabine-resistant PC cells, and reduced the tumour
volume up to 50%.”° MGCD0103 (Mocetinostat) (63), which
potently targeted HDAC1 (IC5, = 0.15 uM) but also showed
inhibitory activity towards HDAC2, HDAC3, and HDAC11
in vitro,"®° displayed activity against the AsPC-1, BxPC-3,
MiaPaca-2, and Panc-1 cell lines with IC5, values of 3.9,
1.1, 0.6 and 1.8 pM, respectively.'”’ Another two new HDAC
inhibitors, belinostat (64) and panobinostat (65), displayed
potent inhibition against the growth of six human PC cell
lines in a dose dependent manner, with ECs, values of
belinostat (64) against AsPC1, BxPC3, Panc0327, Panc0403,
Panc1005 and MiaPaCa-2 being 0.3, 0.7, 0.5, 1.1, 1.1 and
0.7 uM, respectively, and ECs, values of panobinostat (65)
against BxPC3, Panc0327, Panc0403, Panc1005 and
MiaPaCa-2 being 284, 0.46, 7.7, 261 and 13 nM,
respectively. In particular, belinostat (64) alone, or in
combination with gemcitabine, significantly inhibited the
growth of human pancreatic tumours in immunodeficient
mice, which may be a promising drug for the treatment of
PC (Fig. 10)."%?
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Fig. 10 Chemical structures of small molecule inhibitors of histone
deacetylases: ST3595 (61), CG200745 (62), mocetinostat (63),
belinostat (64) and panobinostat (65).
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Inhibitors of Bcl-2 family proteins

Apoptosis occurs predominately via two key pathways:
extrinsic and intrinsic. The Bcl-2 family (Bcl-2, Bel-xL, Bel-w,
and Mcl-1) participates in intrinsic apoptosis by promoting
cell survival, thereby inhibiting cell death, via blocking of the
pro-apoptotic proteins Bax and Bak.'®® Myeloid cell leukemia-
1 (Mcl-1) is a potent anti-apoptotic protein in the Bcl-2
family, which plays the role of a key survival factor in a wide
range of human cancers, including pancreatic cancer. UMI-77
(66) is a selective inhibitor of Mcl-1 (K; = 0.49 puM, ICs, = 0.31
uM),"** with demonstrated efficacy in initiating apoptosis in
the pancreatic cancer cell lines AsPC-1, BxPC-3, and Capan-2
with ICs, values of 3.4, 4.4 and 5.5 uM, respectively. In a
BxPC-3 xenograft model UMI-77 (66) significantly suppressed
tumour growth.’® Two compounds (67 and 68) from US
National Cancer Institute (NCI) diversity set IV were
identified as binding inhibitors of Mcl-1 and mNoxa (an
apoptosis regulating protein) with K; values of 1.09 and 0.80
uM, respectively. Both compounds were active against
MiaPaCa-2 (67, ICs, = 88.8 uM; 68, ICs, 17.6 uM) and BxPC-3
(67, IC5 = 15.1 uM; 68, ICso > 100 uM) cell lines (Fig. 11)."°

The Bcl-2 family proteins are over-expressed in multiple
metastatic human tumours, including pancreatic cancer. TW-
37 (69), a small-molecule inhibitor of Bcl-2, Bel-xL and Mcl-1
with K; values of 0.29 puM, 1.11 uM and 0.26 pM,
respectively,'"”® induced a dose- and time-dependent
inhibition of cell growth of BxPC-3, HPAC and Colo-357 cell
lines. TW-37 also inhibited tumour growth in a Colo-357
xenograft model.'’”'® ABT737 (70) inhibits the Bel-2, Bel-xL
and Bcl-w proteins, and sensitized paclitaxel induced cell
death of the pancreatic cancer cell lines Panc-1, MiaPaCa-2,
PK-8 (Bcl-xL high expression) and PK-59 (Bcl-2/BclxL high
expression) (Fig. 11)."%°

Small molecule inhibitors targeting
other aberrant signalling pathways in
PC

The type I insulin-like growth factor-I receptor (IGF-1R)
belongs to the transmembrane tyrosine kinase growth factor
receptor which plays a crucial role in the establishment and
maintenance of the transformed phenotype and leads to
mitogenesis and survival of cancer cells via activation.
Pyrrolotriazine BMS-754807 (71) (Fig. 12) is an effective
inhibitor (K; < 2 nM) of IGF-1R and other insulin receptor
(IR) family kinases."'® In vitro, BMS-754807 (71) combined
with gemcitabine (1) substantially decreased the ICs, values
of gemcitabine in PC cell lines (AsPC: 19.7 uM to 75 nM,
Panc-1: 3 uM to 70 nM, MiaPaCa-2: 72 to 16 nM, and BxPC-3:
28 to 16 nM).""" In murine xenografts, the combination of
BMS-754807 (71) and gemcitabine (1) increased median
animal survival from 28 days (gemcitabine monotherapy) to
41 days (Fig. 12).""

There are nine members of the protein arginine
methyltransferase (PRMT) family which catalyse the transfer

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 Chemical structures of small molecule inhibitors of Bcl-2 family proteins: UMI-77 (66), 4-((6-nitroquinolin-4-yl)amino)-N-(4-(pyridin-4-
ylamino)phenyl)benzamide (67), 2,3,4,6-tetrahydroxy-5H-benzoannulen-5-one (68), TW-37 (69) and ABT737 (70).
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Fig. 12 Chemical structures of small molecule inhibitors of other aberrant signalling pathways linked to pancreatic cancer: BMS-754807 (71),
P1608K04 (72), MI-319 (73), NPC26 (74), spongiatriol (75) and SWIV-134 (76).

of methyl groups to obtain methylated arginine. Of the PRMT
family, PRMT5 is upregulated in breast, liver, colon, lung,
bladder, and especially in pancreatic cancers.''*> P1608K04
(72) inhibits PRMT5 activity by blocking PRMT5-mediated
nuclear factor kappa B (NF-«B) methylation and is effective at
reducing cell viability in the Panc-1, MiaPaCa-2, and AsPC1
PC cell lines with IC5, values of 8.5, 14, and 20 uM,
respectively (Fig. 12).""?

Murine double minute 2 (MDM2) protein plays a critical role
in promoting ubiquitination and proteasome-dependent

This journal is © The Royal Society of Chemistry 2020

degradation of p53. Inhibition by small molecule inhibitors has
the potential to restore the apoptotic and cell cycle regulatory
functions of p53 by perturbing the interaction of MDM2 and
p53.""* The MDM2 inhibitor MI-319 (73) showed in vitro
synergistic outcomes in combination with cisplatin, inducing
apoptosis to significantly decrease tumour growth in both Capan-
2 and BxPC-3 tumour xenograft models with 50% of Capan-2
xenografted animals found to be tumour free (Fig. 12).""*

It is well established that the structure and function of
mitochondria are different in cancer cells relative to their

RSC Med. Chem., 2020, 11,164-183 | 175
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non-cancerous counterparts. The mitochondria play an active
role in metabolic reprogramming in cancer cells. NPC-26
(74), a novel mitochondrion interfering compound, inhibited
Panc-1 cell growth at doses of 1 to 50 uM, as well as showing
inhibitory effects in MiaPaCa-2 and AsPC-1 cells at 0.1 pM. In
Pancl xenografts treated with NPC-26 (74) significant tumour
suppression and enhancement of gemcitabine (1) activity
were reported (Fig. 12)."**

The signal transducer NFkB promotes cell survival,
proliferation and angiogenesis.""” The marine
furanoditerpenoid spongiatriol (75) inhibited transcriptional
activity of NFkB (ICso 3.4 + 0.6 uM), with a concomitant
decrease in the phosphorylation of NFkB in the AsPC-1 cell
line and displayed -cytotoxicity against AsPC-1, BxPC-3,
MiaPaCa-2 and Panc-1 cell lines with ICs, values of 13 + 2, 8
+3,6+1and 13 = 5 uM, respectively (Fig. 12)."*

The sigma-2 receptor is known to be over-expressed in a
number of proliferating tumour cells including PC. The
ligands to this receptor can be internalized rapidly once they
bind to the cancer cells, suggesting that the sigma-2 receptor
is an attractive target for PC drug intervention.''® SW Iv-134
(76), a small molecule drug conjugate of SW IV-32, and the
sigma-2 ligand SW43 displayed potent binding affinity to the
sigma-2 receptor (K; 22.6 + 1.8 nM)."'® SW IV-134 showed
potent cell killing characteristics against the CFPAC-1, BxPC-
3, AsPC-1, Panc-1 and MiaPaCa-2 PC cell lines with ICs,
values of 7.4 + 0.3, 6.8 + 0.2, 9.2 + 0.4, 6.3 + 0.1 and 7.8 + 0.3
uM, respectively (Fig. 12)."*

Acetyl-CoA carboxylase (ACC) is a rate-limiting enzyme in
the de novo synthesis of lipids. BAY ACC002 (77) selectively
inhibited ACC1 and ACC2 with IC;, values of 0.10 and 1.4
uM, respectively.""” Inhibition of ACC by BAY ACC002 (77)
resulted in reduced signalling of the critical oncogenic
drivers, Hedgehog and WNT, in PC cells.""” It was also found
that the proliferation of DanG, Capan-2, BxPC-3, and Panc-1
PC cells was blocked by BAY ACC002 (77) via modulation of
Hedgehog and WNT signalling. Further, in a Capan-2 PC
mouse model BAY ACC002 (77) treatment led to marked
tumour growth inhibition (TGI 42.6%) (Fig. 13).""”
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Fig. 13 Chemical structures of small molecule inhibitors of Bcl-2
family proteins: BAY ACC002 (77), ICG-001 (78), and IPI269609 (79).
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Recent studies have highlighted the importance of ligand-
mediated Wnt/B-catenin signalling during the start and
progression of PC. CREB-binding protein (CBP) is capable of
activating Wnt/B-catenin mediated transcription. ICG-001 (78)
is a CBP inhibitor that blocks p-catenin/TCF-mediated
transcription (ICso = 3 uM)."*® It suppressed the growth of
AsPC-1, L3.6pl, Panc-1 and MiaPaCa-2 cell lines in a dose-
dependent manner showing ICs, values of 5.48, 14.07, 3.43
and 3.31 upM, respectively. ICG-001 (78) also substantially
extended survival in an orthotopic xenograft model of AsPC-1
(Fig. 13)."*°

There is some evidence that inhibition of abnormal
Hedgehog signalling is a potentially viable therapeutic target
in PC."'® IPI-269609 (79) inhibits the Hedgehog signalling
pathway impeding the reporter activity of ShhN-stimulated
Light II cells at a concentration of 6 pmol L™"."*° The in vitro
efficacy of IPI-269609 (79) showed considerable growth
inhibition variation from 0 to 100% at 6 uM across a panel of
21 PC cell lines. As a monotherapy, IPI-269609 significantly
impeded tumour metastases in an orthotopic E3LZ10.7
pancreatic cell line xenograft mouse model (Fig. 13).*°

Miscellaneous inhibitors

MRK-003 (80), an inhibitor of gamma secretase, significantly
blocked tumour growth in 5 of 9 (56%) PDAC xenografts in a
preclinical trial;'> MDC-1016 (81), a RAS inhibitor, greatly
decreased tumour growth by 62% and 65% in a MiaPaCa-2
tumour xenograft mouse model at concentrations of 50 and
100 mg kg™';'**> TIC10/ONC201 (82), a small molecule inducer
of tumour necrosis (TNF)-related apoptosis-inducing ligand
(TRAIL), was studied in a preclinical trial (Fig. 14). The
results revealed that TIC10 significantly inhibited tumour
growth in a Panc-1 tumour xenograft mouse model and
enhanced the anti-cancer activity of gemcitabine.'*
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Fig. 14 Chemical structures of miscellaneous inhibitors under
preclinical evaluation for potential use in the treatment of PC: MRK-
003 (80), MDC-1016 (81), and TIC10/ONC201 (82).
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Table 2 Small molecule inhibitors and their identified targets under current investigation for the treatment of pancreatic cancer

Compound

IC50 (UM)

Target

PD173074 (42)

PKC412 (43)

BGB324 (44) + gemcitabine (1)
GSK2256098 (45)

PF573228 (46)

Binimetinib (MEK162) (47)

Cobimetinib (48)
GSK2656157 (49)

3-(2,5-dimethoxyphenyl)-N-((4-(5-(4-fluorophenyl)-

2-(methylthio)-1H-imidazol-4-yl)pyridin-
2-yl)carbamoyl)-propanamide (50)
SCH727965 (dinaciclib) (51)

AZD6738 (52)

L61H46 (53)
PG-$3-001 (54)
HJC0416 (55)
XZH-5 (56)

Methyl No-(((3,5-bis(trifluoromethyl)phenyl)-
carbamoyl)isoleucyl)-Nr-methyl--histidinate (57)

Cryptotanshinone (58)
JQ1(59)

I-BET 762 (60)
ST-3595 (61)
CG200745 (62)
MGCDO0103 (63)
Belinostat (64)

Panobinostat (65)

UMI-77 (66)

4-((6-nitroquinolin-4-yl)amino)-N-(4-(pyridin-4-ylamino)

phenyl benzamide (67)

2,3,4,6-tetrahydroxy-5H-benzo[7 Jannulen-5-one (68)

TW-37 (69)
ABT737 (70)
BMS-754807 (71) + gemcitabine (1)

P1608K04 (72)
MI-319 (73)
NPC-26 (74)
Spongiatriol (75)
SW IV-134 (76)
BAY ACC002 (77)
ICG-001 (78)
IPI-269609 (79)
MRK-003 (80)

MDC-1016 (81)
TIC10/ONC201 (82)

% No ICs, value was reported in the primary literature.
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2.5 to 15 (AsPC-1, Capan-1, HPAF-II,
MiaPaCa-2, and Panc 1)

0.25 to 20 (16 pancreatic cancer cell lines)

0.016, 0.0069 (ASPC-l, MiaPaCa-2)
25, 29 (L3.6P1, Panc-1)

NA¢

0.092, 0.28 and 0.316 (MiaPaCa-2,
AsPC-1, and CAPAN-2

NA

NA“

ECs0: 3.5, 1.5 (Colo357, Panc89)

Gls0: 0.01, 0.02 (MiaPaCa-2,Pa20C)

GRso: 0.9 pM, 1.57, 1.98, 3.2, 4.8, 9.8,

32.3 (SW1990, Capan-1, AsPC-1, HPAF-II,

Capan-2, MiaPaCa-2, and Panc-1)
0.86, 2.83 (BXPC-3, Panc-1)

EDs: 2.4 (Panc10.05)

0.04, 1.88 (AsPC-1, Panc-1)

24.7,17.4 and 17.9 (Panc-1, HPAC, and SW1990)
10.1, 7.6, 8.3 (Panc-1, HPAC, and SW1990)

NA®

0.037, 0.72 and 0.19 (AsPC-1, Panc-1,
and CAPAN-1)

0.231, 2.55 and 0.99 (AsPC-1, Panc-1,
and CAPAN-1)

NA“

2.4,10.7 and 7.4 (BxPC3, CFPAC1 and HPAC)

3.9,1.1, 0.6 and 1.8 (AsPC-1, BXPC-3,
MiaPaca-2, and Panc-1)

ECs,: 0.3, 0.7, 0.5, 1.1, 1.1 and 0.7 (AsPC1, BxPC3,
Panc0327, Panc0403, and Panc1005, MiaPaCa-2)
0.284, 0.00046, 0.0077, 0.261, 0.013 (BXPC3,
Panc0327, Panc0403, Panc1005, and MiaPaCa-2)
3.4, 4.4 and 5.5 (AsPC-1, BXPC-3, and Capan-2)

15.1 (BxPC-3)

17.6 (MiaPaCa-2)

NA“

NA®

0.075, 0.070, 0.016, 0.016 (AsPC,
Panc-1, MiaPaCa-2, and BxPC-3)
8.5, 14, and 20 (Panc-1, MiaPaCa-2,
and AsPC1)

NA¢

NA“

13, 8, 6 and 13 (AsPC-1, BxPC-3,
MiaPaCa-2 and Panc-1)

7.4, 6.8, 6.3 and 7.8 (CFPAC-1, BxPC-3,
AsPC-1, Panc-1 and MiaPaCa-2)
NA“

5.48, 14.07, 3.43 and 3.31 (AsPC-1,
L3.6pl, Panc-1 and MiaPaCa-2)
NA“

NA“

NA“

NA“

FGFR1 tyrosine kinase; VEGFR2

Ser/Thr and tyrosine kinases
Receptor tyrosine kinase Axl
Focal adhesion kinase

Mitogen-activated protein
kinase kinase

Protein kinase R (PKR)-like
endoplasmic reticulum kinase
Protein kinase CK13

Cyclin-dependent kinase (CDK;
CDK1,2,5,9)

Ataxia telangiectasia and
Rad3-related protein

Signal transducer and activator
of transcription3

Bromodomain and extra terminal
proteins: BRD2, BRD3 and BRD4

Histone deacetylases

Bcl-2 family proteins

IGF-1R and insulin receptor

(IR) family kinases

Protein arginine
methyltransferases

Murine double minute 2 protein
Mitochondrion interfering
Nuclear factor kappa B

Sigma-2 receptor

Acetyl-CoA carboxylase 1 and 2;
Hedgehog signalling pathway
CREB-binding protein

Hedgehog signalling pathway
Gamma secretase

RAS inhibitor

Tumour necrosis (TNF)-related
apoptosis-inducing ligand
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Conclusions

Over the past decade, significant research efforts have been
directed towards the development of small molecule
inhibitors as potential PC treatments. Although there have
been multiple promising clinical trials, overall progress has
been slow with limited enhancement in patient survival
relative to gemcitabine (1) monotherapy. Within the myriad
of chemical scaffolds reaching clinical trials, the high
number of protein kinase inhibitors results in the pyrimidine
(1, 2, 7, 17, 18, 22, 23, 25-28, 42, 46, 49, 51, 52, 63 and 82)
and related (19 and 44) nuclei being an overrepresented
motif. The presence of this motif does not guarantee activity
against pancreatic cancer, being a reflection of the binding
requirements within the kinase inhibitor family.

Numerous factors contribute to the poor treatment
outcomes of PC. A primary characteristic of PC is excessive
extracellular matrix production, with desmoplastic fibrotic
stroma able to occupy up to 80% of tumour volume. The
desmoplasia leads to the poor perfusion of pancreatic
tumours, limiting the delivery of therapeutic agents into the
tumours and correlates with poor prognosis of patients.”***
In addition, PDAC is a late onset disease with a median
diagnosis age of 71 years."® This population of patients is
accustomed to aches and pains, which results in the neglect
of the earliest signs of malignancy. Additionally, the pancreas
is positioned too deep within the human body to palpate.
Thus early diagnosis of PC is difficult compared with other
cancers like breast cancer.'*® Furthermore, the efficacy of
local therapies is limited. Surgical resection remains the only
current potentially curative treatment option for PC patients.
However, only a minority of patients are in an amenable
disease state for this procedure due to the late diagnosis.”
Finally, the dismal outcomes of the clinical trials show that
the response of PC to chemotherapy is poor. This is in part a
function of validated reliable biomarkers capable of
identifying PC subtypes and thus guides clinical trials.

Other factors for poor progress in this area include poor
pre-clinical models and failure to identify responsive patients
across an array of therapies that would enable improved trial
design. Clearly PC trials could be improved by a more
complete understanding of the molecular pathways involved.
This is critical, especially in those cases where PC resistance
is innate, not acquired, which is the case with most of the
other cancers."**

Therefore, current challenges for clinical trials involve
better design of preclinical models, enhancing patient
management  and selection, discerning  efficient
combinations of multiple types of agents, identification of
biomarkers that specifically distinguish responsive cancer
subtypes and improving study designs. Multiple inhibitors
acting against multiple protein targets have been investigated
(Table 2). This gives an unrefined indication of the scope of
the problem in treating PC, with few well defined and
validated targeted approaches possible, but this also provides
hope for a more positive future outcome, with a ‘glass half-
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full approach’ struggling to see how all the current targets
under investigation can all fail to enhance the treatment
options for PC. Advances in sequencing technologies will
ultimately aid in the identification of the most appropriate
drug target or more likely multiple drug targets as the PC
drug pipeline continues to be developed. Other initiatives
such as ProCan'*’ that seeks to sequence the protein
complement of human cancers may offer an alternative
approach enabling rapid re-purposing of current clinical
agents to protein targets identified during assessment of the
diverse array of pancreatic cancer subtypes.

The number of clinical trials investigating small molecule
inhibitors for the treatment of PC is expanding rapidly, in
part as a consequence of a greater understanding of cancer
cell and receptor biology, and the inherent molecular
heterogeneity, in particular, the understanding of the
intricate molecular pathology of PDAC improved by genomic
analyses."”® It is clear that a multifaceted approach across
medicinal chemistry, chemical biology, proteomics and
oncology is required to enhance treatment options, and
ultimately patient outcomes. Of the progress made to date,
the advent of combination approaches appears to have made
the greatest inroads in disease treatment with FOLFIRINOX
and variations on gemcitabine (1) combination therapy
showing modest improvements in patient survival. However,
correct identification of potential combinations is
complicated by the lack of clear biomarkers to guide clinical
trial study design.

Many of the issues associated with targeting pancreatic
cancer have been discussed and the reasons for key
difficulties known for the past 20 years. With this being the
case, a reviewer rightly questioned, why has progress been so
slow? This is an almost impossible question to answer
beyond speculation, but there have been major changes in
both the academic and industry drug development
landscapes in this time. How much of this is a function of
the parties involved being risk adverse? Is the increasing
pressure in academia to provide rapid short-term fixes to
problems that can be delivered in short media friendly ‘bites’
stifling  creativity, exploration of the biology and
interconnectivity of the human system enabling a true
multifaceted approach to novel outcomes? Or is this a
consequence of lack of novelty, inventiveness and interest? It
is not possible in this review to provide solutions, but we
clearly sit at a pivotal point in PC drug development:
medicinal chemistry is extraordinarily capable of developing
highly specific molecules; there is an absolute need for high
specificity probe molecules; the corresponding validated
protein targets; a more complete understanding of the
complex nature of PC and the associated signalling (and
resistance mechanisms) underpins these approaches. Team
assembly and resourcing will wultimately drive the
developments in this area. Academia resourced by industry
and government, removed from the short term funding cycles
is extremely capable of delivering the required innovation in
this space. Perhaps the greatest challenge is in enacting a

This journal is © The Royal Society of Chemistry 2020
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culture change that recognises that major breakthroughs are
a result of blue sky, truly innovative and curiosity driven
research.

The current status quo is not a viable option.
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