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Current progress in targeting mitotic kinases in
PDAC

Thomas M. A. Barlow,*a Ilse Roomanb and Steven Ballet *a

For a number of reasons, and unlike most other cancers, the mortality rate of PDAC is set to increase and,

as such, it is predicted to become the second most common cause of cancer related mortality in the

western world by the end of the current decade. One of the main reasons for this is the dire lack of robust

therapeutic options. The clinical landscape of PDAC therapeutics is changing at an encouraging pace,

exemplified by the breakthroughs in targeting not only KRAS but developing mutant-specific drugs against

it. Nevertheless, the clinical community is still faced with a dire lack of effective therapeutics. The targeting

of mitotic kinases – here limited to CDKs, Wee1, Chk1, Plk1 and the Aurora kinases – offers one potential

avenue for exploitation. Here, we discuss ongoing efforts to target the mitotic kinases and present the

advances that have been made for each, whilst also presenting the clinical and therapeutic perspectives for

each category.

Introduction

At the time of writing, pancreatic ductal adenocarcinoma
(PDAC), the most common form of PDAC, despite accounting
for only around 3% of cancer diagnoses every year, is the
fourth leading cause of cancer death. For a number of

reasons, and unlike most other cancers, its mortality rate is
set to increase and, as such, it is predicted to become the
second most common cause of cancer related mortality in
the western world by the end of the current decade.2,3 One of
the main reasons for this is the dire lack of robust
therapeutic options. In fact, while certain cancers, such as
melanoma, have seen a revolution in treatment modalities
such as the use of immune checkpoint blockade, PDAC still
suffers from a severe lack of options for pharmacological
intervention and, for patients, surgical resection is the only
curative treatment option for patients.4,5 This problem is,
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however, compounded by the fact that almost all patients are
diagnosed in an advanced stage of the disease, which
eliminates the option for surgery. As a result, the prognosis
for PDAC patients is notoriously dismal, with a five-year
overall survival around 13%, with significant variation
according to disease stage and treatment regimens.6

Metastases are the primary cause of death for most PDAC
patients, and even for operable patients death from
metastatic disease occurs often within 12–24 months of
surgical resection.7 On top of this, PDAC is notorious for its
resistance to radio- and chemotherapy.8 While adjuvant
chemo- and radiotherapy have been used, this has resulted
in limited enhancements in patient survival in the past two
decades.5 Hence, the highly aggressive, metastatic and
heterogeneous character of this disease poses a critical
challenge for the improvement of patient outcomes.

PDAC is characterized by the frequent presence of
oncogenic driver mutations in four genes: KRAS, TP53,
SMAD4 and CDKN2A (cyclin dependent kinase inhibitor 2A,
encodes two tumour suppressor proteins). Of these,
mutations in KRAS are by far the most prevalent in PDAC.9

Accumulation of driver mutations in these genes form the
core of PDAC development and progression, contributing to
the extensive genetic heterogeneity observed among PDAC
patients falling into a range of different subtypes.9 Two of
the major molecular subtypes have been defined – the
‘classical’ and ‘basal-like’ subtypes – which seem to differ in
their susceptibility to therapeutics.10 Signal transduction
cascades activated by the constitutively ‘on’ oncogenic KRAS
protein converge on the cell cycle machinery and promote
the cell's transition from G1 (or G0) phase into S phase (see
below).11 Since PDAC carry activating mutations in KRAS in
more than 90% of tumours, controlling cell cycle machinery
– that is, mitotic kinases – might significantly impact
PDAC.12

For a long period, the clinical landscape of molecular
agents against PDAC has changed very little. Nucleoside
analogues such as 5-flurouracil and gemcitabine are a core
component of chemotherapeutic regimes against PDAC and
have represented the standard of care since their
introduction into clinical practice.13,14 Now, however, the
clinical landscape might change. For instance, the KRAS gene
product was for a long time considered undruggable on
account of its flat interaction surfaces and lack of targetable
pockets. However, seminal work by Ostrem and co-workers
revealed a revolutionary ‘secret’ pocket,15 which, since its
discovery, has been targeted by a number of agents and has
even led to the development of mutant-specific drugs (e.g.,
sotorasib against KRASG12C or MRTX1133 against KRASG12D)
and, much more recently, multi- or even pan-KRAS
inhibitors, which are capable of inhibiting multiple KRAS
mutant isoforms. While KRASG12C is rare in PDAC, KRASG12D

is prevalent. The rise of contemporary KRAS inhibitors is not,
however, without its drawbacks, as development of resistance
to these therapies has already been reported.16–18 Researchers
and clinicians will still have to explore additional therapies.
Hence, the development of targeted therapies – such as the
development of single- or multi-kinase inhibitors, particularly
against kinases uncovered by recent phosphoproteomics
efforts19,20 – offers an avenue to develop potentially more
effective (combination) strategies.5 The targeting of mitotic
kinases – including but not limited to CDKs, Wee1, Chk1,
Plk1 and the Aurora kinases, which are described in this
manuscript – offers but one potential approach for
exploitation. Collectively, these kinases are key players in an
intricate network of mitotic regulators whose
pharmacological inhibition not only impairs tumour
proliferation but also enhances the efficacy of
chemoradiotherapy, underscoring their relevance as
components of rational combination regimens in pancreatic
cancer treatment (vide infra).

The cell cycle

Cellular divisions are not continuous but rather controlled by
external stimuli. For a eukaryotic cell to divide, it must pass
through the series of well-orchestrated phases, which
together constitute the cell cycle (summarised in Fig. 1). The
cell cycle is organised into a series of dependent pathways,
whereby the initiation of each event is dependent upon
successful completion of previous events.

The trigger of cellular division arises from mitogenic (i.e.,
proliferative) signals that lead to an increase in the levels of
cyclin proteins that bind and activate cyclin-dependent
kinases (CDKs). The MAPK pathway, for instance, headed by
RAS, promotes cell cycle progression by causing increased
expression of cyclin D.21 Mutations which cause the
constitutive activation of KRAS, thus, lead to dysregulation of
the cell cycle.22 CDKs, when bound to their cognate cyclin
(although they can have more than one), are able to
phosphorylate various intracellular targets in order to
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modulate their activities in the cell cycle and consequently
orchestrate and coordinate all elements of the cell cycle.
MAPK does not, however, act alone this regard, and other
mitogenic pathways also converge on the regulation of cell
cycle progression. CDKs are present in all nucleated
eukaryotic cells, and their regulatory and accessory functions
in the cell cycle have been evolutionarily conserved. Several
members of the CDK family (e.g., CDK1, CDK2, CDK4, CDK6)
are central players in coordinating the cell cycle itself while
others are involved in regulating other CDKs (CDK7) or
transcription (CDK9).23 The roles of the other CDKs – from
CDK3 and CDK5 up to CDK12 and CDK13 – are less well
understood.

At the same time, the progression of the cell cycle does
not proceed unhindered and the activity of CDKs and cyclins
is balanced by inhibitory proliferative checkpoints that
separate the cell cycle into four distinct phases (Fig. 1):
replicating cells traverse these distinct phases of the cell cycle
consecutively.

During G1 (growth 1) phase, the cell grows and
synthesizes the mRNA and proteins that are required for

DNA synthesis and determines whether a cell commits to
division or to leaving the cell cycle. The ensuing S (synthesis)
phase allows the cellular DNA to be replicated; because of the
importance of this, this phase is tightly regulated and highly
conserved. A cell uses G2 phase to prepare for mitosis (such
as by synthesising the required proteins) and repair DNA
damage that arose during or after S phase before cell division
occurs. Finally, during M (mitosis) phase, replicated cellular
apparatus and chromosomes are separated into two new cells
whilst maintaining appropriate ploidy.

The checkpoints between these phases determine the
correctness of the preceding steps before continuing into the
next proliferative phase and allows the cell to delay
progression of the cycle in response to intra- or extracellular
stressors. One of these checkpoints, at the G1/S transition,
the so-called ‘restriction point’ or ‘DNA damage checkpoint’
(cf. Fig. 1) is a critical checkpoint that is controlled by the
CDK4/CDK6–cyclin D pathway.24 The role of the G1/S
checkpoint is to allow cells to commit to a cellular division
free of damage to their genome and hence enter S phase.
Disruption in the regulation at the G1/S checkpoint is

Fig. 1 Overview of the mitotic kinases featured in this review, where they act on a heavily simplified representation of the cell cycle (mitosis) and
where the agents described in the text act upon them. The actions of Chk1, Wee1 and Aurora A are presented in separate panels. Through the
phosphorylation of various target proteins, cyclin-dependent kinases are master regulators of the cell cycle. CDKs are only active when complexed
with a cyclin whose abundance in the cell oscillates over the course of the cell cycle. With the exception of CDK1, the roles of each CDK–cyclin
dyad are shown in the figure. CDK1 has a wide repertoire of regulatory roles in the cell cycle including the control of mitotic chromosome
behaviour, kinetochore function and spindle microtubule dynamics. The actions of these CDK–cyclin complexes are regulated through an intricate
network of inhibitory kinases (not shown fully), which are, in turn, also regulated. For instance, the addition of inhibitory phosphates to CDK1–
cyclin B is mediated, among others, by Wee1 kinase. Plk1 plays a coordinating role in various events between mitotic entry and cytokinesis. Chk1
functions to allow the G1/S transition as well as entry into mitosis (G2 to M). The Aurora kinases are key mediators of the later stages of the cell
cycle where they control the actual division of the cell into two daughter cells and the mechanical steps leading up to it. For clarity, G0 is omitted
from this figure.
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consequently a typical event in oncogenesis. Another
checkpoint is to be found at the end of G2 phase; it serves to
prevent entry into mitosis with damaged DNA, thereby
maintaining genomic stability. The proliferating cells are
thus forced to stop proliferation they have had the chance to
repair the damage. Under normal conditions, cell cycle
checkpoints are regulated by the activities of mitotic kinases
(as well as other proteins such as RB and p53 that are beyond
the scope of this manuscript) and serve to prevent neoplastic
or else aberrant cellular division. The actions of these CDK–
cyclin complexes are regulated through an elaborate network
of activating and inhibitory proteins. For instance, the
addition of inhibitory phosphates to CDK1–cyclin B is
mediated by Wee1 kinase among other actors. These
regulatory kinases are, themselves, often regulated by an
additional layer of regulatory kinases. Proper functioning of
the DNA damage checkpoint is impaired in many types of
neoplastic cells due to mutations in various tumour
suppressor genes, including retinoblastoma protein (RB) and
p53. This also means that cells lacking a well-functioning G1
checkpoint are thus dependent on the S and G2 checkpoints
for DNA repair. Checkpoint kinase-1 (Chk1) is an active
transducer kinase at operating at both the S and G2
checkpoints. Chk1 inhibitors are also able to potentiate the
efficacy of DNA damaging agents in cancer cells.25 Since
approximately 50% of all human cancers are deficient in p53,
Chk1 is a particularly attractive therapeutic target for cancer
treatment.

At the end of G2, the chromatid pairs condense and are
aligned along the centre of the cell, attached to newly formed
apparatus called the spindle and separated into the two
daughter cells. The Aurora kinases are the foremost
coordinators of these processes. Oncogenesis, therefore,
arises from an imbalance of these pathways in favour of
unhindered cell division, where one or more of the inhibitory
checkpoints described above fails to keep proliferation in
check.26 As a consequence, it remains the aspiration of
medicinal chemists and oncologists to develop inhibitors or
else modulators of cell cycle regulatory proteins to shift the
balance away from aberrant mitotic divisions,27 or else
forcing the cancer cells into mitotic catastrophe i.e.,
unrepaired DNA damage that results in cell death.

Structure and function of CDKs

For the sake of the discussion that follows, we present a
(much simplified) overview of CDK structure. In the absence
of their cognate cyclins, CDKs are catalytically inactive
(Fig. 2). When a cyclin is not bound, the αC helix of the CDK
– in the context of CDKs, sometimes known as the PSTAIRE
helix for a conserved motif within it responsible for
recognition of the cyclin(s) – is rotated such that the
conserved catalytic Glu is held outwards, away from the active
site, allowing the additional interaction of important Lys and
Asp residues. This arrangement holds the activation loop in
an inhibitory conformation. Upon cyclin binding, however,

the αC helix is reoriented so that the catalytic Glu residue
‘swings’ into the active site (shown with a circular arrow in
Fig. 2).

A conserved DFG motif is found within the activation
loop and this can adopt either an ‘DFG-in’ conformation
(Fig. 2, left), which occurs when the correct cyclin binds and
so renders the CDK constitutionally active, or is otherwise
held in the inactive ‘DFG-out’ conformation (Fig. 2, top right)
in which a ‘gatekeeper’ phenylalanine side chain is oriented
inwards into the active-site cleft (where inhibitors would
otherwise bind).29 The preference for inhibitors that occupy a
catalytically competent CDK over those occupying inactivated
CDKs derives in part from the bulky character of this
gatekeeper residue. In addition, the vast majority of structures
that have been determined for complexes of ATP-competitive
inhibitors and a CDK feature a ‘DFG-in’ conformation.30

Differences in amino acid sequence found immediately
outside the active site can be probed by extending out from
the purine binding site and allow more effective
discrimination between individual CDKs.30 For instance, the
surface of the purine binding site on the C-terminal lobe
possesses key differences between CDK pairs: CDK1/2, CDK4/
6 and CDK8/9 pairs. As can be expected, various CDK4/6-
selective inhibitor series have been designed to exploit the
purine binding site, for example offering substituted
piperazine moieties capable of favourable polar interactions
with the hydroxyl side chain of CDK4 Thr102 or CDK6
Thr107, but being repulsed by the charge on CDK2 Lys89

Fig. 2 (Left) Schematic structure of a free, inactive CDK showing the
activation loop in bold, the αC helix and important residues mentioned
in the text. The catalytic glutamate residue is labelled Glucat. (Right
top) Structural changes seen in the CDK upon cyclin binding; the αC
helix is reoriented in such a way that the catalytic glutamate residue
‘swings’ into the active site. This leads to changes in the activation
loop which moves “out” and makes space for ATP and the CDK
substrate to bind. (Right bottom) Binding of an inhibitor keeps the CDK
in an inactive conformation similar to that on the left. This figure was
adapted on the basis of an illustration by Huse and Kuriyan.28
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such as by AMG 925 (not shown),31 palbociclib or ribociclib
(vide infra).

Inhibitors of cyclin-dependent kinases

The unrestrained proliferation of cells is a hallmark of cancer
and the aberrant activity of CDKs has been shown to be
frequently increased in cancerous cell.32 Signal transduction
cascades activated by KRAS (among other cellular actors
beyond the scope of this review) intersect on the cell cycle
and promote the transition into S phase.24 Given that more
than 90% of pancreatic tumours bear activating mutations to
KRAS, pharmacologic modulation of CDK activities is
thought to offer significant scope for the treatment of PDAC.
This, as well as their pivotal role in harmonising the cell cycle
described above makes it hardly surprising that considerable
research effort is dedicated to the development of small-
molecule inhibitors against various CDKs for the treatment
of neoplastic diseases.33 So far, however, inhibitors that are
completely selective for a specific CDK remain out of reach of
medicinal chemists and clinicians due not only to the
extremely high homology within the CDK family and the high
homology among kinases in general, but also to the lack of
three-dimensional structures of important CDKs.

Inhibitors of CDK4/CDK6

CDK4 and CDK6 are critical mediators of cellular transition
from G1 into S phase (where the cell will replicate its entire
genome) and they are important for the initiation, growth
and survival of many cancer types.26 Inhibitors of CDK4/
CDK6 function by hindering the transition from G1 phase to
S phase by blocking the phosphorylation of RB by CDK4/
CD6; this keeps the transcription factor E2F sequestered to
Rb, which induces cell cycle arrest in G1, thereby preventing
tumour cell growth.34 Inhibitors of CDK4/CDK6 can limit the
proliferation of neoplastic cells and such inhibitors have
already revolutionized the treatment of hormone receptor-
positive breast cancer and have quickly become the new
standard of care.35 In addition, PDAC frequently suffers from
the loss of the endogenous CDK4/6 inhibitor p16.36 Salvador-
Barbero and colleagues have shown that CDK4/6 inhibitors
(see below) are able to prevent the repair of damaged DNA
following administration of mitotic poisons (i.e., nab-
paclitaxel) and, as such, showed that the maximum benefit
from CDK4/6 inhibitors could be obtained when they are
administered after and not before rounds of cytotoxic
chemotherapy.37

Three different generations of CDKs inhibitors have been
developed so far and offer high in vivo activity with only
limited toxicity.1 To date, three compounds have entered the
clinic: palbociclib, ribociclib and abemaciclib (Fig. 3).

Palbociclib (Fig. 3) was first described in 2005.38 The
pyrido[2,3-d]pyrimidin-7-one scaffold provided an effective
platform for the inhibition of a broad cross-section of
kinases, including CDKs. It was demonstrated that a series of

modifications to this scaffold yielded inhibitors with
selectivity for CDK4/CDK6 when tested in vitro.

These modifications included: a) the introduction of a
2-aminopyridine side chain at the C2-position; b) the C6
group which projects into the back of the ATP pocket and
which needed to be small and polar; and c) the introduction
of a piperazine on the pyridine group; (d) a cyclopentyl group
at N8, which provided the best balance of potency and
selectivity for CDK4; and (e) introduction of a methyl group
at C5 which further increased selectivity for CDK4/CDK6.
Following impressive in vitro results, palbociclib was
forwarded as a formal candidate for clinical development
and, ultimately, received regulatory approval from the FDA in
2015 and the EMA in 2016.

Ribociclib (Fig. 3) bears the same tetrahydropyrido[2,3-d]
pyrimidine and cyclopentyl groups as palbociclib but differs
in that they are attached to a different core heterocycle – in
this case to a pyrrolopyrimidine – and that ribociclib bears
an acetamide rather than palbociclib's acetyl group. The
utility of the pyrrolopyrimidine scaffold for CDK4/CDK6
inhibition was patented by Novartis in 2007.1 Ribociclib
binds to the ATP binding site of the inactive conformation of
both kinases with similar potency to palbociclib, although
ribociclib exhibits five-fold greater in vitro potency against
CDK4, as compared to CDK6.39 Crystallographic analyses
revealed three hydrogen bonds between the molecule and
Val101 and Asp163 of the CDK. The replacement of the
aniline moiety with a 2-aminopyridine had a pivotal role to
improve selectivity profile, as was previously seen in the
development of palbociclib.38

The third-generation CDK4/CDK6 inhibitor, abemaciclib
(Fig. 3), displayed high activity in PDAC cell lines and
decreased growth through inhibition of phospho-Rb, G1 cell-
cycle arrest and ensuing apoptosis. Abemaciclib appears to
bind more readily to the ATP cleft and forms a hydrogen
bond with a catalytic residue (Lys43) that is conserved among
kinases, suggesting that it binds with less selectivity than
ribociclib and palbociclib.40 In contrast, ribociclib and
palbociclib appear to have a lower lipophilicity and larger

Fig. 3 Structures of palbociclib, ribociclib and abemaciclib.
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side chains than abemaciclib, implying, because of their
larger overall size, a smaller number of off-target kinase ATP-
binding pockets with which they are able to interact. The
ability of abemaciclib to inhibit other members of the CDK
family provides efficacy in inhibiting cell growth even in cell
lines with Rb deficiency.41 On the other hand, the higher
lipophilicity of abemaciclib allows for better tumour
penetration in treating various solid tumours and even
cerebral tumours.41 Nevertheless, which of these three agents
is chosen for a patient remains largely determined by the
patient and their toxicity profile, the potential drug
interactions that may occur with other agents the patient
receives, and, importantly, the physician's own experience
with these agents.41

Abemaciclib has been described as therapeutically relevant
for the treatment in PDAC.42 Abemaciclib monotherapy for
PDAC is currently being investigated in phase II trials
(NCT03891784), and combination therapy with gemcitabine
and samotolisib (an inhibitor of phosphoinositide 3-kinase
(PI3K)) is also underway (NCT02981342). Since, in PDAC,
monotherapy with an inhibitor of CDK4/CDK6 is ineffective
due to RAS-mediated activation of alternative pathways, the
combination of ribociclib and everolimus (an mTOR
inhibitor) has been investigated in a phase I study in patients
with PDAC that is refractory to standard chemotherapy.
Ribociclib was well tolerated and associated with decreased
CDK4/CDK6-regulated gene expression. This combination
was not effective as a third-line therapy but does
pharmacologically target CDK4/CDK6 in metastatic PDAC,
revealing the potential for benefit in other settings.43

Structurally, these three molecules share a number of
common features, described in detail by Poratti and co-
workers (see also Fig. 4).1 They bind the inactive
conformation of the kinase(s) and establish two key H-bonds;
the first between the pyrimidine 3′-position and the
backbone amine of His100, the second between the carbonyl
of Val101 and the exocyclic NH of the side chain.1 Palbociclib
and ribociclib go further than this and establish an
additional hydrogen-bond between their carbonyl function

and the DFG motif. As anticipated by the SAR on
palbociclib,38 the steric hindrance caused by the methyl
function at position 5 forces the acetyl group into the most
adequate orientation for interacting with the enzyme. The
steric features of the heterocyclic core constitute a major
difference between the three compounds: ribociclib and
palbociclib are characterized by larger substituents
(dimethylamide and acetyl functions, respectively) than
abemaciclib (fluorine atom). As a result, abemaciclib more
readily buries itself in the ATP pocket. Nevertheless, the steric
features of ribociclib and palbociclib account for their higher
selectivity (as described above).1 Superimposition of
crystallographic structures shows that, despite the very high
structural similarity, the amino side chains occupy rather
different positions, whereas the pyrimidine cores overlap
well.

Despite their clinical utility, these three cornerstone
CDK4/CDK6 inhibitors also suffer from problems with
toxicity, where there are also differences between the three.
Patients receiving palbociclib or ribociclib, for example,
present predominantly with bone marrow toxicity, while
administration of abemaciclib is more often associated with
gastrointestinal symptoms and less-pronounced hematologic
toxicity.44 On top of this, ribociclib has been shown to induce
QT interval prolongation in up to 3% of patients.45

In addition to problems with the therapeutic profile of
these agents, patients also often become acquire insensitivity
to these drugs, to which they can acquire drug resistance.46

Xu and co-workers have highlighted the three main
mechanisms that can cause acquired resistance. Firstly,
through the amplification or overexpression of the
components of the main CDK4/CDK6 signalling pathway;
secondly, through the activation of alternative signalling
pathways; thirdly, and of particular interest in PDAC, through
the modulation by these molecules of the tumour-immune
microenvironment inhibitors, such as producing changes in
PD-L1 expression.46 The immunotherapeutic angle is
discussed further in the Perspectives section towards the end
of this review.

Fig. 4 Binding modes of palbociclib (left; PDB: 5L2I), ribociclib (centre; PDB: 5L2T) and abemaciclib (right; PDB: 5L2S). Ligands, gatekeeper
residues, DFG domains and hinge residues are depicted as stick while the rest of the protein is represented as a ribbon. Not all molecular
interactions are shown. CDK6 is shown in pink, gold and green respectively. Asp163 corresponds to the aspartate of the DFG domain. This figure
was inspired by Poratti and co-workers.1
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It is no surprise that considerable research efforts are
being undertaken to overcome these issues with CDK4/CDK6
inhibitors, either through the exploration of novel drug
combinations, which may extend the therapeutic potential of
these molecules or else through the development of novel
agents with superior properties that can overcome the
limitations currently held by the approved inhibitors. Based
on the scaffold of palbociclib, one study designed and
synthesized a series of covalent CDK4/CDK6 inhibitors that
targeted amino acid Thr107, located on the edge of the
binding pocket.47 The distal piperazine nitrogen of
palbociclib is not involved in binding (cf. Fig. 4) and is
therefore suitable for attachment of additional groups. The
distance between it and the Thr107 hydroxyl is 3.4–3.6 Å,
allowing the strategic placement of an electrophilic group in
order to form a covalent bond with Thr107. The derived
compound 1 (Fig. 5) showed an improved inhibitory
concentration (with IC50 palbociclib 11 nM (CDK4) and 16
nM (CDK6) vs. compound 1 with 6 nM (CDK4) and 14 nM
(CDK6)). When tested in vitro, 1 showed enhanced cytotoxic
effects compared to palbociclib.

With the same threonine residue in mind, Fang and co-
workers designed and synthesized a derived series of
palbociclib analogues bearing a Michael-acceptor on the
piperazine moiety (Fig. 5).48 Among a general preponderance
of the authors' library for antiproliferative activity, 2 showed
the highest inhibitory activity in both MDA-MB-231 and MCF-
7 cells (both breast cancer cell lines) (IC50 0.51 μM and 0.48
μM respectively, cf. 5.62 μM for palbociclib). The Michael
acceptor in 2 was the one tested that performed the best in
cellular assays. One of the significant observations was that 2
showed strong inhibition against palbociclib-resistant MCF-7
cells, indicating that it functions even when cells have
become resistant to palbociclib. The computational
experimental analyses showed that the distance between the
hydroxyl group of Thr107 and the carbon–carbon double
bond of 2 was found to be 1.5–2.0 Å. Subsequent HPLC
analyses showed that a covalent bond was formed between 2
and the CDK. In enzymatic assays, 2 produced a significant
decrease in the phosphorylation level of both CDK4 and
CDK6 as well as displaying selective inhibitory activity against
both (ICCDK4

50 18 nM, ICCDK6
50 13 nM) and was shown to

efficiently cause cell cycle arrest in the G1 phase and induce
apoptosis.

While 1 and 2 were not yet tested in models of PDAC, the
covalent inhibitor strategy is worth highlighting, since this

offers a way to circumvent problems with decreased response
and increased drug resistance, especially with palbociclib,
that are commonly seen in chemotherapeutic regimens with
these agents.48 Given the recent reports of these two agents –

2021 and 2023 respectively – we can expect that a further
exploration of the molecular scope of these molecules, as well
as a broadening of the cancer types they are assessed in.

A number of reports have been described of PROTAC-
based approaches featuring one of the approved inhibitors.
These have been reviewed by Adon and colleagues.49 Other
approaches currently being investigated also include novel
CDK4/6 and PARP (poly (ADP-ribose) polymerase) dual
inhibitors that have so far only been tested in breast and
ovarian cancers.50 However, given the clinical significance of
PARP in PDAC,51 it is likely that such agents will be tested in
relevant disease models in the near future.

Inhibitors of CDK7

Unlike CDK4 and CDK6, CDK7 is not directly involved in the
regulation of cell cycle progression but is rather implicated
as a CDK-activating kinase and, more crucially, as a regulator
of transcription, where it phosphorylates the C-terminal
domain of RNA polymerase II. It does however function as
the kinase that activates CDKs 1, 2, 4 and 6.52 Consequently,
CDK7 has received attention as a potential target for
cancer.53,54

Many CDK7-selective inhibitors across all cancer types fall
into one of two categories: those based on BS-181 and those
based on THZ1 (Fig. 6). The docking models of these
inhibitors reveal that Asp155 and Met94 may be the key
residues of binding.55 Investigation of THZ1 revealed the role
of CDK7 in PDAC.56 The molecule itself was first described
by Kwiatkowski and colleagues in 2014.52 They had
performed cell-based screening and kinase selectivity
profiling of a library of known and novel ATP-site-directed
kinase inhibitors and identified the phenylaminopyrimidine
THZ1 as a low-nanomolar inhibitor of cell proliferation and
biochemical CDK7 activity. The molecule bears a cysteine-
reactive acrylamide moiety. To investigate the functional
relevance of the acrylamide moiety, a saturated analogue was
prepared, 3, that cannot react with cysteine (Fig. 6). As
expected, compound 3 showed comparatively less CDK7
activity (IC50 146 nM) than THZ1 (3.2 nM) in the
LanthaScreen Eu Kinase Binding Assay, as well as a reduced
anti-proliferative activity. Profiling with KiNativ™ (a

Fig. 5 Structure of palbociclib and its derivation through the addition
of an electrophilic group to yield 1 and 2. Fig. 6 Structures of BS-181 (left) and THZ1 or 24 (right).
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proprietary biochemical kinase profiling assay) established
CDK7 as the primary intracellular target (but not of 3).
Expanding the profiling to the whole kinome identified
additional kinase targets of THZ1. It was however confirmed
that CDK7 is the only target showing time-dependent
inhibition, suggesting covalent binding of the molecule to its
target. Mass spectrometry results pointed to Cys312, which is
located outside of the kinase domain, as the site of covalent
modification. Sequence alignment of the 20-member CDK
family revealed that Cys312 is unique to CDK7.

According to the crystal structure (PDB: 1UA2, not
represented here), Asp155 is in proximity to the indole and
Met94 is close to the central amide. Other key residues in the
ATP-binding site include Phe91, Phe93 and Val100.
Altogether, these mechanistic and structural insights will be
useful in the design of subsequent generations of CDK7
inhibitors, for which high sequence and shape homology in
the ATP pocket has posed a challenge to achieve selectivity
with conventional ATP-competitive inhibitors.52

In recent work of 2022, Zeng and co-workers – through
kinome-wide CRISPR-Cas9 loss-of-function screening on the
KPC mouse model-derived PDAC cell line TB32047 –

identified several cell cycle checkpoint kinases and DNA
damage-related kinases as targets for overcoming
chemoresistance.57 Among them, CDK7 ranked highly in
both screenings. It was demonstrated that both gene
knockout and THZ1-mediated inhibition of CDK7 result in
cell cycle arrest, the induction of apoptosis, and DNA damage
through the STAT3-MCL1-Chk1 axis. Furthermore, THZ1
synergized with gemcitabine and paclitaxel (structures not
shown) both in vitro and in vivo, resulting in enhanced
antitumor effects. Furthermore, Lu and co-workers showed56

that prolonged treatment of PDAC cells with a sublethal
concentration of THZ1 concentration resulted in acquired
resistance of the cells to the drug through downregulation of
the MYC gene, whose protein product regulates cellular
proliferation and apoptosis.56

Olson and co-workers set out to design selective inhibitors
of CDK7 based off the THZ1 scaffold but, when they were
initially unsuccessful, their attention turned to the PAK4
inhibitor PF-3758309, since PAK4 inhibitors were already
shown to be competent inhibitors of CDK7.58 The hypothesis
was that by creating a hybrid structure based off the covalent
warhead present in THZ1 and the pyrrolidinopyrazole
scaffold in PF-3758309 – would lead to more selective CDK7

inhibitors. Initial compounds only showed moderate potency
and offered only minimal anti-proliferative effects on the
cancer cell lines tested. However, the authors' continued
medicinal chemistry efforts, which dealt with the acidity of
the aminopyrazole core, improving binding interactions with
the protein pocket, and optimising the length and trajectory
of the covalent warhead that targets the crucial Cys312
residue, which, all together, yielded YKL-5-124 (Fig. 7).

The molecule was described as a “CDK7-selective chemical
probe” that can elucidate the still unknown pharmacological
workings of CDK7. Nevertheless, it induces a strong cell-cycle
arrest: YKL-5-124 inhibited CDK7 with an IC50 of 9.7 nM
(which compares favourably to CDK2 and CDK9, showing
IC50 values of 1300 nM and 3020 nM respectively). When
compared to THZ1, both molecules show similar ki values
(1.9 nM for YKL-5-124 and 2.1 nM for THZ1) showing that
they achieved nearly equivalent inhibition of CDK7. However,
YKL-5-124 exhibited a faster kinact of 103 ms−1 nM−1 as
compared with kinact of 9 ms−1 nM−1 for of THZ1, implying an
11-fold faster rate of covalent modification of CDK7 for YKL-
5-124 than THZ1. Beyond the chemistry of their molecule,
the authors were able to draw a number of conclusions about
the more complete biophysical role of CDK7 in the cell cycle,
but these are beyond the scope of this review.

Following on from this work, Yang and co-workers more
recently showed that selective inhibition of CDK7 with YKL-5-
124, in combination with gemcitabine, is efficacious both
in vitro and in vivo, supporting the notion that YKL-5-124 –

but also selective CDK7 inhibition more broadly – is a
promising therapeutic strategy for the treatment of PDAC.59

The team showed that YKL-5-124 negatively affects DNA
damage repair pathways and evokes genomic instability in
PDAC cells.

TCN-1062 (structure not disclosed) is a novel, orally
available agent that reversibly and selectively inhibits CDK7
with an IC50 of 33 nM.60 In vitro studies demonstrated that
PDAC cell lines were sensitive to TGN-1062 with a GI50
(concentration for 50% of maximal inhibition of cell
proliferation) of less than 0.4 μM. In addition,
phosphorylation of RNA Pol II and expression of c-Myc were
suppressed by TGN-1062 in MiaPaca2 PDAC cells. The
molecule's preclinical evaluation (kinome profiling, super-
enhancer binding protein activities, ADME-Tox and efficacy)
is currently underway.

Fig. 7 Structure of PF-3758309 and its derivation through the
introduction of a reactive electrophilic warhead to yield YKL-5-124.

Fig. 8 Structure of lead compound 4 and SY-5609 which derives
from it. The 7-position and the uncommon dimethyl phosphine oxide
(highlighted in yellow), which is an uncommon isostere of a sulfone,
are shown in the two structures respectively.
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Marineau and co-workers have recently described a
selective inhibitor of CDK7.55 Their medicinal chemistry
campaign started from compound 4 (Fig. 8), a potent
inhibitor of CDK7 but which lacked an adequate selectivity
profile. Initial development efforts focused on improving the
selectivity through substitution of 7′-position (marked in blue
in Fig. 8) but were unsuccessful. The introduction of a methyl
sulfone, however, provided an increase in potency (from KD

0.15 to 0.07 nM) and with a slight increase in selectivity. The
increased potency likely derives from multiple polar contacts
in the sugar binding pocket, where one of the sulfonyl
oxygens makes contact with the catalytic Lys33. Installation
of a nitrile at the 6-position of the indole ring allowed the
molecule to project towards the phosphorylation surface of
the active site (the ‘P-loop’). As regards the piperidine group,
substitution with gem-dimethyl groups increased the
selectivity but resulted in a slight decrease in CDK7 affinity.

Further development efforts resulted in SY-5609, the most
striking aspect of which is the incorporation of a dimethyl
phosphine oxide (highlighted in yellow in Fig. 8), an
uncommon isostere of a sulfone, at the 7-position of the
indole. The strong propensity for hydrogen bonding and the
high stability shown by this group have increased its
importance in preclinical discovery programs and even in
agents that have reached the market (consider the ALK
inhibitor brigatinib). This introduction of this group led to
an increase in selectivity over CDK2, CDK9, and CDK12. As
determined in subsequent computational and
crystallographic studies, the key indole substitutions – the
nitrile at the 6-position and the rigid dimethylphosphine
oxide at the 7-position – likely drive selectivity by exploiting
the conformational preferences of the CDK P-loop, thereby
allowing CDK7 to accommodate the larger, substituted indole
ring of SY-5609 better than the other CDKs could, while still
preserving the key polar interactions. Both of these indole
substitutions make water-mediated hydrogen bonds; the
7-phosphine makes contact with Lys41 and Asp155 (as does
the indole nitrogen) and the 6-nitrile with Glu20. In addition,
intermediates bearing the dimethyl phosphine oxide also
exhibited more potent antiproliferative activity in HCC70
cells (a breast cancer cell line). After balancing their SAR
analyses against the ADME and pharmacokinetic properties
of each of their intermediate compounds. Out of these final
studies SY-5609 was identified.

In 2023, SY-5609 completed phase I clinical trials for
advanced solid tumours and in second and/or third line
pancreatic ductal adenocarcinoma (NCT04247126) in
combination with gemcitabine and nab-paclitaxel.
Encouraging preliminary clinical activity and the emerging
exposure–activity relationship was reported and further
studies are planned.61

Inhibitors of CDK1

Among other minor roles, CDK1, with its partner cyclin A, is
largely responsible for allowing passage of a cell through the

G2/M checkpoint (Fig. 1) and activating homologous
recombination DNA repair pathways.62 At times, CDK1 has
even been described as the “master regulator of the cell cycle”,
because its functions cannot be superseded by other CDKs.63

Consequently, the inhibition of CDK1 is now seen as a
potentially novel therapeutic strategy against PDAC.64 In the
development of PDAC specifically, the role of CDK1 is two-
fold. Firstly, since CDK1 activity regulates the G2/M cell cycle
checkpoint, overexpression of CDK1 can lead to progression
into mitosis even in cells with DNA damage, a clearly
tumorigenic process. Carbone and co-workers, using a set of
derivatives of the sponge-derived natural products
nortopsentin A–C, showed that the compounds inhibited
CDK1 and led to cell cycle arrest in their in vitro models.65

Interestingly, the inhibition of CDK1 has also been linked to
increased radiosensitivity of PDAC cells.66 Secondly, CDK1
overexpression leads to the stimulation of a range of proteins
that induce stem cell properties, which can contribute to the
development of cancer stem cells (CSCs). CSCs are a distinct
subpopulation of malignant cells with their own defined
properties: they exist in a de-differentiated state, they are
capable of self-renewal, show an inherent resistance to
chemo-/radiotherapy and present a higher tumorigenicity
than other cancer cells.67 A full discussion of CSCs is beyond
the scope of this manuscript but readers are directed towards
a review on this topic by Malumbres and Barbacid.32

Milciclib (Fig. 9) is an inhibitor of CDKs 1, 2, 4 and 5 and
was first described in 2009.68 Efforts were started from a 5
(Fig. 9), specifically aimed towards inhibition of CDK2. The
molecule binds to the ATP pocket of the kinase in its active
conformation. The heterocyclic core binds to the ATP pocket
where adenine would normally bind, while the phenyl group
points outward towards the solvent accessible region.
Incorporation of the dimethyl moiety at the 4-position
resulted in a significant improvement of selectivity against
Aurora A. For CDK1, the proposed binding mode of this drug
was confirmed by X-ray. The pyrazoloquinazoline moiety
forms hydrogen bonds with the backbone amine of Leu83,
while the adjacent amino group binds to the carbonyl oxygen
of Leu83. The different binding mode compared to CDK4/
CDK6 inhibitors is partially explained by the {6-6-5} tricyclic
structure that features in the molecule, which was previously
described as a scaffold for inhibitors of Wee1 kinase (vide
infra).69 In a phase I study, on patients with refractory solid
tumours, milciclib was tested in combination with
gemcitabine and was reportedly able to overcome

Fig. 9 Structure of lead compound 5 and milciclib, which derives
from it, with structural changes highlighted.
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gemcitabine-resistance in PDAC patients.70 The combination
treatment was well-tolerated with manageable toxicities.
Currently no clinical trials for PDAC are scheduled or in
progress. However, after these results, the combination of
CDK inhibitors – including milciclib with CDK4/6 inhibitors
– has been patented for ‘tumour suppression’ in a range of
solid tumours such as PDAC (WO2021205363A1).

Despite being designed against CDK2, dinaciclib (Fig. 10)
is a potent and selective inhibitor of CDK1 (but also CDKs 2,
5 and 9) with an IC50 value of 3 nM for CDK1.71

Dinaciclib binds to the ATP site through the
pyrazolopyrimidine moiety that makes a hydrogen bond with
Leu83 of the hinge region. The 3-ethyl group of the
pyrazolopyrimidine moiety establishes hydrophobic
interactions with the gatekeeper residues Phe80. The pyridine
oxide ring is exposed to the solvent region and interacts with
the ε-amino group of Lys89.72 This pyridine N-oxide has since
been featured in analogues of ribociclib where the nitrogen
atom of the pyridine was replaced with an N-oxide moiety73

and in novel inhibitors of CDK2 for the treatment of
leukaemia.74

Since dinaciclib inhibits multiple CDKs, the in vitro results
– swaying between the effects of CDK1 and/or CDK2
inhibition – suggested that the effect of the drug is
dependent on the mutations present in the PDAC cell type
used.64 In preclinical studies, dinaciclib was able to inhibit
the growth and progression of PDAC murine xenograft
models.75 When tested in humans, however, dinaciclib, while
well tolerated by patients, failed to show clinical benefit in
combination with the Akt inhibitor MK-2206.76

More recently, however, in tumour-bearing mice,
dinaciclib (here acting as an inhibitor of CDK5) was shown to
significantly inhibit the growth and motility of PDAC cells
growth in vivo, inducing apoptosis and cell cycle arrest in the
G2/M phase.77 Li and co-workers noted a strong correlation
between CDK5 expression and tumour size and staging. High
CDK5 expression can therefore be a prognosticator of poor
survival in PDAC patients. It was also noted that dinaciclib
led to a down-regulation of the mRNA of yes-associated
protein (YAP) and its subsequent protein expression through
a concomitant reduction of β-catenin expression.

CDK1 remains an important target in PDAC and its
substrates have been shown to be important for the
proliferation of PDAC cells.78,79 It can be expected that work
will continue on the design of CDK1 inhibitors.

Inhibitors of CDK9 or other CDKs

Immunohistochemical comparisons of CDK9 expression in
normal tissue and pancreatic tumours has revealed an
overexpression of CDK9 in the latter.80 This is associated with
significantly shortened survival, especially in well-
differentiated tumours. Kretz and co-workers went on to
show that pharmacological inhibition of CDK9 reduced the
cell viability of PDAC cells, suppresses their long-term
survival and enhances the therapeutic efficacy of other
chemotherapeutic agents.

Around the same time as, Lücking and co-workers
described the first CDK9-selective inhibitor atuveciclib
(Fig. 11).81 With regards to its development, efforts started
from the lead compound BAY-958, which had displayed
potent inhibitory activity of PTEFb – a transcription
regulatory complex comprising CDK9 and other proteins –

and high kinase selectivity in vitro. The team's lead
optimization efforts eventually led to the identification of the
orally available clinical candidate, which is structurally
characterized by an unusual benzylsulfoximine group
(highlighted in Fig. 11).

While BAY-958 had shown good in vitro activity against
CDK9 and very high kinase selectivity it suffered from limited
aqueous solubility, only moderate permeability and high
efflux resulting in low oral bioavailability. Optimization
efforts finally led to the incorporation of the
benzylsulfoximine, which shows comparable in vitro potency
and selectivity as BAY-958, but with much-improved
properties that furnished good bioavailability in animal
models. Moreover, the decision to switch from the benzyl-
sulfonamide in BAY-958 to the benzylsulfoximine in
atuveciclib removed a potential metabolic liability through
CYP1A2 induction.82 The sulfur stereochemistry of the
sulfoximine group was determined by X-ray crystallography,
revealing the (R)-sulfoximine as the superior enantiomer in
terms of potency (ICCDK9

50 13 nM vs. 16 nM). Atuveciclib has
been shown to sensitise PDAC cells to TRAIL-induced cell
death (tumour necrosis factor-related apoptosis-inducing
ligand) through the concomitant suppression of cFlip and
Mcl-1 (both anti-apoptotic proteins).83 A gemcitabine-

Fig. 10 (Left) Structure of dinaciclib. (Right) Crystal structure of
dinaciclib (grey) bound to CDK1 (aqua) with key residues labelled
(PDB: 4KD1). Note the interaction of the pyridyl N-oxide with Lys89.

Fig. 11 Development of atuveciclib from BAY-958, with the
benzylsulfoximine group highlighted.
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resistant PDAC cell-line and patient-derived xenograft cell
lines were also suppressed by this combinatorial approach.

Atuveciclib was tested in two phase I trials, where in each
study the molecule led to high incidences of neutropenia
across different dose schedules. This led to dose-limiting
toxicity at sub-therapeutic doses that could not be managed
with granulocyte colony-stimulating factor and, consequently,
the drug was discontinued. However, further optimization of
atuveciclib led to the development of a highly potent and
more selective CDK9 inhibitor, enitociclib (structure not
shown).84 This molecule was only discovered in 2023 but
given the improved properties it shows over atuveciclib, it
may well come to be tested in PDAC models and patients.
For the time being, however, atuveciclib continues to be used
as an agent in pre-clinical studies.

Fadraciclib (Fig. 12) is a second-generation clinical
candidate reported by Frame and co-workers in 2020 based
on the aminopurine scaffold of the CDK inhibitor seliciclib.85

The precursor seliciclib is an ATP-competitive inhibitor of
CDK2, CDK7 and CDK9, but which is rapidly converted to a
less potent metabolite through first-pass oxidative
metabolism.

As part of medicinal chemistry efforts to increase target
CDK inhibitory potency and enhance the metabolic
stability of seliciclib, a range of 6-pyridylmethyl-
aminopurines was prepared with improved metabolic
stability, significantly improved target inhibition and
superior anti-proliferative activity. The clinical development
candidate selected from this series was fadraciclib, which
exhibited a more than 33-fold enhancement in anti-
proliferative activity over seliciclib. It was determined that
fadraciclib inhibited CDK2 and CDK9 with IC50 values are
4.5 and 26 nM respectively. Fadraciclib is currently being
tested in two phase 1/2 trials including one for the
treatment of advanced solid tumours, including PDAC
(NCT04983810).

Inhibition of Wee1 kinase

As described above, in normal cells DNA damage can be
repaired at checkpoints at the end of G1 and G2. The G1/S
checkpoint does not function correctly in tumour cells with a
lack or deficiency of p53 or RB and, as such, the cells become
highly dependent on the G2/M checkpoint to maintain

genomic stability. Wee1 belongs to a family of protein
kinases that activate the G2/M checkpoint of the cell cycle in
response to double-stranded DNA breaks (DDBs).86 Wee1
kinase is a critical regulator of the G2/M checkpoint,
functioning through phosphorylation of CDK1, which, as we
have seen, inhibits the activity of the CDK1/cyclin B dyad.
This inhibition of Wee1 leads to G2 checkpoint escape, where
tumour cells proceed into mitosis with incompletely
replicated or damaged DNA resulting in cell death, ultimately
undergoing apoptosis via mitotic catastrophe after successive
rounds of cell division.87 As a result, Wee1 kinase is seen as
an attractive target that can enhance the effects of
chemotherapeutic agents that generate DNA damage (e.g.,
platinum drugs).88 Given recent progress in development of
KRAS-mutant inhibitors, the importance of understanding
the compensatory activities that can drive resistance to KRAS
suppression has become all the more important. A recent
study revealed that several kinases – including Wee1 – that
are upregulated in PDAC represent compensatory
mechanisms for KRAS suppression.89

Wee1, which when inhibited with adavosertib (Fig. 13),
was capable of inhibiting the proliferation of six pancreatic
cancer cell lines evaluated. Previous studies reported that the
highly selective, small molecule Wee1 inhibitor adavosertib is
able to force cells past the G2/M checkpoint and through into
mitosis and in doing so is able to sensitize them to the
effects of immune checkpoint blockade.90 Adavosertib can
potentially synergize with DNA-damaging therapies
commonly used in PDAC treatment such as 5-fluorouracil
and irinotecan, both components of the FOLFIRINOX
regime.91 Adavosertib was discovered from high-throughput
screening of a small chemical compound library. It shows
considerable overlap with the structure of milciclib (vide
supra). The initial hit compounds were optimized through
SAR-based approaches, giving adavosertib as a first-in-class
and ATP-competitive specific small molecule inhibitor of
Wee1 (KD 3.2 nM).92 The crystal structure of Wee1 kinase
bound to the inhibitor adavosertib (PDB: 5V5Y) defined two
key residues for the hydrogen bonding interactions with
Wee1: Cys379 and Asn376. While the authors of the original
discovery do not delineate their actual design process, Zhu
and co-workers assessed the structural determinants of Wee
kinase functionality with adavosertib;93 they obtained high-

Fig. 12 Structures of seliciclib and fadraciclib, which derives from it,
with key structural changes highlighted.

Fig. 13 (Left) Structure of adavosertib. (Right) 2D representation of
adavosertib bound to Wee1. The N-allyl group is marked in a pink box
and its interaction with Lys328 is shown by a dotted black line.
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resolution X-ray co-crystal structures of the kinase domains
of all three Wee kinases (Wee1, Wee2 and Wee3) in complex
with adavosertib.

They were able to show that the molecule interacts
primarily with the main chain atoms of a conserved cysteine
residue (Cys379) of the hinge region. An additional hydrogen
bond exists between the pyrazolopyrimidinone oxygen of
adavosertib and the side chain of the gatekeeper residue,
which, in Wee1, is Asn376 (Fig. 13, right). Adavosertib is
stabilized by additional hydrophobic interactions in the ATP
site, where the residues are almost entirely conserved
between Wee1 and Wee2; Asp386Wee1-to-Ala is the exceptional
substitution in the solvent exposed front specificity pocket.
Here, the tertiary alcohol on adavosertib is important for
making the interaction with Asp386.

As regards the N2-allyl group, the original publication
downplayed its role in binding to Wee1, describing it as
providing “slight hydrophobic interactions with Val313, Ala326,
and Lys328”. In addition, it was considered to constitute a
metabolic liability, with which it would undergo CYP450-
mediated conversion to the primary alcohol or diol.
Matheson and co-workers at the time hypothesized that
through the removal of this allyl group, the molecule could
benefit from deeper access into the ATP-binding domain and
consequently allow tighter binding.94

Since then, however, the significance of this N2-allyl group
has been shown and subsequent studies by other groups
have demonstrated its importance (see below). Guler and co-
workers, in particular, have shown that its modification can
improve the selectivity of Wee1 kinase inhibitors over Plk1
inhibitors (vide infra). This is especially pertinent as
adavosertib itself has previously been reported to inhibit Plk1
(see below).96 A number of Wee1 kinase inhibitors were
synthesized, replacing this N-allyl group with various other
functions. The structure-based drug design efforts began by
using the X-ray crystal structure of adavosertib bound to
Wee1 kinase (PDB: 5V5Y) – where adavosertib binds into the
canonical ATP pocket, as described above – and Plk1 (PDB:
8BJT). In each structure, adavosertib binds in the canonical
kinase ATP pocket in a similar orientation and making the
same key interactions. The authors then reasoned that
selectivity for Wee1 over Plk1 could be achieved by targeting
residues that are not conserved in these three pockets,
namely substitution of the N-allyl group; since the gatekeeper
residue of Plk1 is the bulky Leu130 gatekeeper residue, larger

groups will not be tolerated in the selectivity pocket,
particularly aliphatic substitutions that have more sp3

character due to the shape of this pocket.
As part of their SAR studies, the same authors noted

that the R2 pyridine nitrogen group (shown in blue in
Fig. 14) was not necessary for Wee1 inhibition, but the
geminal dimethyl groups were important for orienting the
hydroxyl group toward the catalytic/activation loop region.
Although this region is conserved in Plk1, the hydroxyl
group in Plk1 points toward the G-loop instead and makes
a hydrogen-bond with backbone carbonyl of Lys61; this
interaction substantially changes the conformation of the
kinase G-loop. They also explored the R3 region (shown in
a pink box in Fig. 14) but deferred to other authors who
have undertaken more extensive work in this area. The
most potent of the compounds described by Guler and co-
workers was compound 6 (Fig. 14), which demonstrated a
Plk1/Wee1 selectivity ratio of more than 5800 (ICPlk1

50 >

25 000 vs. ICWee1
50 I2.3 nM), which is vastly more selective

than adavosertib (IC50s 124 vs. 3.0 nM respectively).
Through crystallographic analyses, it was shown that
compound 6 binds very similarly to adavosertib. At the
same time, the Asn376 gatekeeper residue of Wee1 kinase
makes contact the carbonyl group of the heterocyclic core
forming a hydrogen bond with the amide NH2 side chain
of the Asn376. Crucially, the allyl group also binds making
a π–π interaction with the amide plane of the Asn376
gatekeeper side chain located in the pocket – alternatively
termed the selectivity pocket – framed by structural
elements of the kinase (including the αC helix region (cf.
Fig. 2)).

Sticking with the same N2 group, SC0191 (Fig. 15, left) is a
Wee1 inhibitor that bears a unique cyclisation between the
N2 group and the distal tertiary alcohol. Little has been
described about its design and conception, but Alli and co-
workers have posited that the cyclization approach may also
disrupt the π–π stackings of SC0191 with Phe433.97 As part of
their preclinical evaluation of the molecule, Yang and co-
workers found potent kinase inhibiting activity for Wee1 with
an IC50 of 22.3 nM. The cellular anti-proliferative activity of
SC0191 in TP53-mutant BxPC-3 PDAC cell lines was also
determined and showed significant inhibition with IC50 value

Fig. 14 Structure of compound 6 after medicinal chemistry
development with the three R groups discussed in the text highlighted.

Fig. 15 (Left) Structure of SC0191 with the macrocyclic link that
replaces the N-allyl group of adavosertib highlighted in bold. (Right)
Structure of azenosertib, with the bulky bicyclic motif highlighted in
purple. This group is important for orienting the hydroxyl group in the
appropriate conformation for interaction with the kinase.
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of 224 nM.98 SC0191 is scheduled to start phase Ib/II clinical
trials to determine its the safety, pharmacokinetic
characteristics, but limited to ovarian cancer (NCT06055348).

Azenosertib (Fig. 15, right) was described by Huang and
co-workers in 2021, whose work focused on the R2 position
(as corresponds to Fig. 14 and the work of Guler and co-
workers).99 The 3D-structures of adavosertib in complex with
a number of kinases inhibited by the pyrazolopyrimidinone
chemical series – including Wee1, Plk, DDR2, and others –

were superimposed and compared. It was noted that Tyr378
from the hinge binding region and Phe310 from the G-loop
stood out for their potential for leveraging superior protein–
ligand interaction for Wee1 selectivity improvement. It
should be pointed out that these are different residues than
targeted by Guler and co-workers. However, the bulky bicyclic
motif orients the important hydroxyl group in the
appropriate conformation, just as the gem-dimethyl groups
had done in compound 6 (Fig. 14).

Since their initial strategy, which was to introduce bulkier
bicyclic tail groups into the pyrazolopyrimidine scaffold, did
not help to improve the overall kinase selectivity as
anticipated, their attention turned instead to the introduction
of a bicyclic head group to improve the lipophilic interactions
with a G-loop through Phe310. It was quickly found that the
highlighted group in Fig. 15 afforded the best balance of
potency (IC50 3.8 nM), polarity, and clearance. The ethyl
group, in particular, was superior to smaller methyl or
bulkier cyclopropyl and could offer good cellular potency
(IC50 103 nM), acceptable polarity (logD 2.4), as well as
reasonable pharmacokinetic parameters (clearance, AUC and
rodent oral exposures). The co-crystal structure (PDB: 7N3U)
showed, among other interactions, that the chiral ethyl motif
interacted with Phe310 from the G-loop very efficiently. The
same structural analyses showed, as expected, that the allyl
group of azenosertib perfectly fills a lipophilic pocket formed
by Ala326, Lys328, Ile374, and Asn376. In contrast to 6 and
SC0191, a simple allyl group provides the optimal interaction
efficiency and its modification results in a significant
decrease of potency.

As of November 2023, azenosertib is currently being tested
in a phase II study in patients with PDAC to determine the
safety and effectiveness of combination therapy with
gemcitabine (NCT06015659).

While Guler and colleagues deferred substitution of the
tail region of adavosertib to other groups, Matheson and co-

workers, have specifically looked at modifications of the
solvent-exposed tail region.100 They found that substitution
on the piperazine ring, as in 7 (Fig. 16), reduces cellular
toxicity of the molecule with a retention of its inhibitory
activity. In view of the aim of their work, which centred on
paediatric medulloblastoma, the researchers conceded there
is little chance that 7 would be able to cross the blood–brain
barrier (BBB). They propose, however, that there may be
scope to improve BBB permeability of these molecules
through further examination of rationally placed
N-substitutions of the piperazinyl side chain.

The various positions around the foundational adavosertib
scaffold have each been examined in detail, as in azenosertib,
6 and 7, but to the best of our knowledge there have been no
reports of molecules that fully combine these into an agent
that benefits from the advantages of each modification.

Inhibition of Plk1

Because of its role in regulating a cell's entry into mitosis,
chromosomal condensation, spindle assembly, and other
cytokinetic functions, polo-like kinase 1 (Plk1) is considered
a master mitotic regulator.101 Hence overexpression of this
kinase causes the overriding of mitotic checkpoints, which
can lead to immature cell division. In a more recent study by
Li and co-workers, the combination of Plk1 inhibition and
gemcitabine led to a significant increase in cellular apoptosis
and, in an orthotopic PDAC xenograft model, was able to
reduce tumour growth.102 In addition, it has been shown that
the viability of cancer cells carrying a mutant KRAS is
dependent on Plk1 and that silencing Plk1 leads to the death
of cells containing mutant KRAS;103 as described for CDK4/6
inhibitors above, compounds that inhibit Plk1 would be
useful in treating cancers that arise from KRAS mutations.
Because of its many roles, Plk1 is tightly linked to the actions
of other mitotic kinases including Wee1, CDK1 (see above),
Chk1 and Aurora A (see below). High expression levels of
Plk1 are closely associated with reduced survival in PDAC
patients.104

A number of groups have sought to develop Plk1-specific
inhibitors, despite the initial clinical promise, the first trials
in patients with Plk1 inhibitors have been disappointing.105

Fig. 16 Structure of 7, derived from adavosertib by Matheson and co-
workers.

Fig. 17 Development pathway of onvansertib starting from the
pyrazoloquinazoline hit 8 that arose from a high-throughput screening
campaign. Specific molecular features of onvansertib are highlighted
and discussed in the text.
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In fact, adavosertib, described above, was shown to also bind
to Plk1. So much so that, in 2017, Wright and co-workers
demonstrated that adavosertib is a potent dual Wee1 and
Plk1 inhibitor, which limits its use as a specific molecular
probe for Wee1.106 They noted, however, that Plk1 inhibition
nevertheless makes important contributions to the single-
agent mechanism of action of adavosertib and enhances its
anticancer effects. Later, however, Serpico and colleagues
revealed that, in the nanomolar concentration range, the
pharmacological effects of adavosertib in human cells derive
solely from inhibition of Wee1 rather than of concomitant
inhibition of Plk1.95 The team showed that phosphorylation
of Plk1 substrates is not inhibited by adavosertib and that
cells enter mitosis through an overriding of the DNA-repair
checkpoint.

Perhaps the best described Plk1 inhibitor is onvansertib
(Fig. 17), which was first described by Beria and co-workers
in 2011.107 Out of a HTS campaign followed by medicinal
chemistry optimisation, the 4,5-dihydro-1H-pyrazolo[4,3-h]
quinazoline template had been identified as a good scaffold
to obtain potent and selective Plk1 inhibitors. The 5′-position
of the aniline was investigated but found that while their test
compounds offered an increase in solubility, there was a
drastic decrease in Plk1 and cytotoxic activities. When
alternative substitution of the pyrazole 1′-position was tested,
the researchers obtained increased solubility and an
improved selectivity for Plk1 not only over Plk2 and Plk3 but
also over a larger panel of kinases, where at least 300-fold
selectivity was found.

Onvansertib inhibits Plk1 with IC50 of 2 nM and is more
than 1000-fold more selective for Plk1 than its sister isoforms
Plk2 and Plk3. The addition of the 2-hydroxyethyl group (red
in Fig. 17) also afforded superior pharmacokinetic properties
(higher AUC and Cmax, lower clearance, and acceptable oral
bioavailability (F = 24%)). A crystal structure of their
compound in complex with Plk1 was obtained about which a
number of observations could be made. As expected,
onvansertib bound in the ATP-pocket where the pyrazolo-
quinazoline core is sandwiched between Cys67 and Phe183
and the attached ethyl hydroxyl extends into the ribose
pocket. The 2′-trifluoromethoxy group binds in a pocket
formed by Arg57 and the hinge segment Leu132-Cys133-
Arg134 and multipolar interactions are present between
fluorine atoms and the guanidinium group of Arg57 and the
backbone carbonyl of Arg134. It was reasoned that the ‘fit’ of

the 2′-trifluoromethoxy group in this pocket is the origin of
the Plk selectivity over kinases, which typically feature a
much bulkier residue at the corresponding position. In
addition, the 5′-methylpiperazine moiety contributes to the
Plk1 selectivity with respect to Plk2–Plk3 since it establishes
a polar interaction with the side chain of Glu140, which is
present as a histidine in the other isoforms. The 2′-
trifluoromethoxy (shown in blue) makes contact with Leu132
and is essential for providing Plk-family selectivity, since
other members have bulkier residues in the position
corresponding to Leu132.

The efficacy of onvansertib, in combination
nanoliposomal irinotecan, leucovorin, and fluorouracil
(standard chemo-therapeutic agents in PDAC), is currently
being assessed in a phase II study (NCT04752696) comprising
participants with histologically confirmed metastatic PDAC.

Lu and co-workers sought to improve the properties of
onvansertib.108 On the basis of the existing structure–activity
relationships and crystallographic information obtained from
Plk1–onvansertib co-crystal (PDB 2YAC), a set of strategies
was proposed to improve Plk1 activity: aromatisation of the
pyrazolo[4,3-h]quinazoline core and the replacement of the
2-hydroxyethyl with a more hydrophobic group (blue and
yellow respectively in Fig. 18). These changes, which provided
a marked improvement in the activity and permeability of
the molecule, furnished 9. They also attempted to improve
the Plk1 selectivity through modifications made to the 5′-
methylpiperazine, since it is here where selectivity for Plk1
over Plk2/Plk3 can be won, but, despite thorough assessment
of this group, ultimately no changes were made with respect
to onvansertib. As a consequence of their other
modifications, however, it was determined that 9 had an IC50

of 0.66 nM (cf. IC50 onvansertib 1.06 nM). Further in vitro
testing showed additional improvements over onvansertib:
an improved antiproliferative activity against HCT116
(human colorectal carcinoma) cells (IC50 = 5 nM versus 45
nM), improved cellular permeability and efflux ratio and
more favourable antitumor activity with 116.2% tumour
growth inhibition (cf. 43.0% for onvansertib).

Structural studies that followed showed that the 1H-
pyrazolo[4,3-h]quinazoline core formed a π–π interaction with
Phe183. Particularly interesting is the fact that the fluoroethyl
group of 9 inserts into the glycine-rich pocket and makes
hydrophobic interaction with Leu59, which was not possible

Fig. 18 Structure of the Plk1 inhibitor 9, developed by Lu and co-
workers, whose aim was to improve the properties of onvansertib.

Fig. 19 (Left) Structures of BI2536 and volasertib related to their
parent structure. (Right) Structure of 10.
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with onvansertib, thereby increasing the binding activity. It
was also shown that the hydrogen bond formed between the
aniline NH and Cys133 is crucial for maintaining activity at
Plk1.

In tissue distribution studies, a more significant
accumulation of 9 in the colorectum, pancreas, and lung was
observed than would otherwise be seen with onvansertib,
which raised the possibility of using 9 against tumours of
these types.

BI2536 (Fig. 19, box) is an ATP-competitive Plk1 inhibitor
with an IC50 value of 0.83 nM for treating acute myeloid,
leukaemia and various solid tumours. Unfortunately,
multiple phase II clinical studies indicated that BI2536
lacked advanced solid tumour activity, which might be
attributed to its low intratumoral drug levels and short half-
life in patients.109 Nevertheless, Li and co-workers envisioned
that BI2536 represented a good starting point for further
optimization to yield new Plk1 inhibitors with improved
potency and metabolic stability. Their derived molecule,
volasertib (Fig. 19, box) originates from a lead optimisation
program centred on BI2536 to improve its potency, selectivity,
activity and pharmacokinetic characteristics (Patent
Application WO 2004/076454).110 Volasertib is highly potent
(enzyme IC50 = 0.87 nM, EC50 = 11–37 nM across a panel of
cancer cell lines). Volasertib was then tested in a phase I trial
in solid tumours and showed positive results: favourable
preliminary antitumour activity and a PK profile of volasertib,
with manageable toxicities. The most common adverse events
were haematological (thrombo-cytopenia and neutropenia) as
expected. Further clinical development of volasertib is in
progress and phase II trials as combination and monotherapy
are scheduled.

Given that the aniline nitrogen in BI2536 is a potential
metabolic liability, it was hypothesised that modification of
this site may afford optimised potency, solubility, and
metabolic stability. A 1,3,4-oxadiazole was introduced to
combat the potential metabolic problems of amide but found
that the 1,2,4-regioisomer allows appropriate conformational
restriction to allow the molecule to bind to Plk1 correctly.
The piperazinyl group attached to the oxadiazole was also
investigated and found that the piperazine without
N-methylation, as in 10 (Fig. 19, right), was the superior
candidate from their cohort of molecules. In a kinase
profiling assay, 10 exhibited excellent kinase selectivity: of
the 217 kinases profiled, only EGFR and highly homologous
Plk3 were inhibited by >90%. The optimised compound 10

showed excellent inhibitory activity against Plk1 (IC50 = 0.45
nM) and antiproliferative activity was demonstrated in
various breast cancer and leukaemia cell lines. Subsequent
cell cycle arrest and cell apoptosis assays indicated that 10
produced cell cycle arrest in the G2 phase and subsequently
induced apoptosis.

The development of another Plk1 inhibitor GSK461364
(Fig. 20) was first described in 2009 by Kuntz and co-
workers.111 Their high-throughput screen for Plk1
identified several potential starting points. However, a very
selective chemotype was discovered from the authors'
kinase cross-screening efforts: novel thiophene
benzimidazole 11 was the scaffold identified as a
promising lead with good enzyme potency and selectivity
(Plk1 IC50 61 nM). Hence, their efforts were placed solely
on optimising this screening hit.

SAR analysis of the benzyl ether portion revealed that
larger groups at the ortho-position were approximately ten-
fold less potent than small lipophilic groups – especially
with electron – withdrawing groups – and that substitution
at either the meta- or para-positions also resulted in a
drop in potency irrespective of the substituent's size. The
benzimidazole portion of the molecule was also examined,
which offered space at the solvent front for further
modification. The desire to develop their Plk1-inhibitor for
acceptable IV formulation led to the incorporation of
solubility-enhancing substituents on the benzimidazole;
substitution at the 6-position of the benzimidazole
improved both the solubility and the cellular potency of
the molecule, as well as providing selectivity over Plk3. Of
the assessed groups, the methylene piperazine provided
the best balance of potency and pharmacokinetics. One of
the breakthroughs of this medicinal chemistry campaign
was the addition of a methyl group to the benzyl carbon
of the benzyl ether (marked in Fig. 20). Substitution to
give the (R)-enantiomer was significantly more potent than
the (S)-enantiomer (IC50 0.63 vs. 25 nM respectively). While
small substitutions on the chiral methyl group were
tolerated, the simple, unsubstituted methyl proved most
potent (Plk1 IC50 1.0 nM). All of these SAR analyses taken
together, with development issues accounted for, yielded
GSK461364 (Plk1 IC50 1.6 nM). In another study, when
combined with the standard-of-care drug gemcitabine,
GSK461364 significantly increased cellular apoptosis in
cells and reduced tumour growth in an orthotopic PDAC
xenograft tumour model.112

Importantly, and more recently, Plk1 inhibition with
GSK461364 has been shown to sensitise pancreatic tumours
to immune checkpoint therapy.113 It was show that in an
inducible transgenic mouse line with specific expression of
Plk1 in the pancreas, Plk1 inhibition caused the upregulation
of PD-L1 by activating the NFκB pathway. This led to the
sensitisation of the tumour to immune checkpoint blockade
therapy and suppressed PDAC progression, thereby
highlighting the role of Plk1 in potentiating the efficacy of
immunotherapy in PDAC.Fig. 20 Development of GSK461364 from the initial hit compound 11.
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Inhibitors of Chk1

Checkpoint kinase 1 (Chk1) is a coordinator of the DNA
damage response as well as the transition from G1 to S phase
and mitotic entry.7 Activation of Chk1 initiates cell cycle
checkpoints and leads to cell cycle arrest, DNA repair and cell
death in order to impede the progression of damaged cells
into mitotic commitment. Inhibition of Chk1 as a therapeutic
strategy aims to selectivity potentiate the cytotoxicity of DNA-
damaging chemotherapeutics in cell-cycle checkpoint-
defective tumour cells while minimizing toxicity to normal
cells that are checkpoint-competent.114 A number of these
research efforts have resulted in Chk1 inhibitors being
evaluated in early phase clinical trials. Unfortunately,
however, most of these were terminated for unfavourable
toxicity profile or side effects115 that outweigh the modest
therapeutic efficacy and, as such, no agent within this class
of kinase inhibitors has reached phase III evaluation or FDA
approval.116 Nevertheless, targeting Chk1 remains a very
promising therapeutic avenue holding considerable potential.
Klomp and colleagues have shown that Chk1 protects KRAS-
expressing cells from DNA damage and defined this protein
as a target for PDAC treatment.117 The inhibition of Chk1
causes compensatory activation of ERK and autophagy
pathways.

To the best of our knowledge, no description of the design
or discovery process around the Chk1–Wee1 inhibitor
LY2880070 other than its structure (Fig. 21) has been made
publicly available. It is, however, currently being assessed in
a multicentre phase I/II study (Canada and USA) in different
solid tumours including advanced and metastatic PDAC
(NCT02632448). The aim of this study is to assess the efficacy
of LY2880070 both alone and in combination with
gemcitabine, since previous phase Ib studies have shown that
the combination of these two agents was synergistic and
allowed the dosing to be reduced.118 A recent phase I
expansion study performed by Huffman and co-workers
involved a cohort of patients with metastatic PDAC treated
with a combination of low-dose gemcitabine and
LY2880070.119 Here, however, despite the in vitro efficacy
shown by this combination, the researchers unfortunately
found no evidence of clinical activity for this combination.

Rabusertib (Fig. 21) is another Chk1 inhibitor that has
been tested in combination with gemcitabine.120 65 PDAC
patients received the combination of rabusertib–gemcitabine
while another 34 received gemcitabine alone. However, while
the severity of adverse events with the rabusertib–
gemcitabine combination was comparable to gemcitabine

alone, the combination group did not benefit from any
significant improvements in progression-free survival,
objective response rate or duration of response. The authors
concluded that the combination of rabusertib–gemcitabine
was not superior to gemcitabine for the treatment of patients
with PDAC. In other cancers, however, rabusertib has shown
improved properties and, for example, increases the in vivo
response to irinotecan in colon cancer cells.121

Wiechmann and co-workers have shown that combination
therapy of irradiation with rabusertib or the FAK inhibitor
defactinib offers a substantial sensitisation of radioresistant
PDAC cells to radiation, seen in the lowered fraction of cells
treated with these agents that survive irradiation.122 Given
the selectivity of rabusertib, its radiosensitisation was
ascribed to the inhibition of Chk1.

Taken together, though, in comparison to the other
targets described here, there are only a limited number of
agents that have so far been tested for use against PDAC.
That being said, a much larger number are currently in pre-
clinical development, such as the picolinonitrile compound
described by Jin and co-workers,123 which, in its case, is
currently being assessed for use in leukaemia. It is, however,
foreseeable that this and other agents would eventually be
tested in PDAC models and patients.

Guo and co-workers have, however, shown that repeated
treatments of Capan-1 PDAC cells with PARP1 and Chk1
inhibitors leads to drug resistance, migration and
invasion.124 The efficacious combination of Chk1 and PARP
inhibitors has previously been described, but it was described
here that the G2/M arrest and apoptosis induced by the Chk1
inhibitors decreased significantly in the resistant variants of
Capan-1 cells when also exposed to olaparib; the
combination conferred enhanced migratory and invasive
capabilities on the variants. As they point out, this
observation will undoubtedly have an impact on the
possibility of dosing PARP1 and Chk1 inhibitors and their
combinations.

Inhibition of Aurora kinase A

The family of Aurora kinases – of which there are three, A, B
and C, in metazoans – have come to be seen as the key
orchestrators of mitotic events from centrosome maturation
to chromosomal congression and cytokinesis.125 Aurora A is
heavily involved in the early events of mitosis such as
controlling the assembly and maturation of the centrosome

Fig. 21 Structures of LY2880070 and rabusertib.

Fig. 22 Development of both MLN8054 and alisertib from BBL22.
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and spindle (Fig. 1), being a critical regulator of the spindle
assembly checkpoint. Inhibitors of Aurora kinase, as a
consequence, lead to a stalling of cell division. Aurora A is
overexpressed in a variety of tumour types including PDAC.126

Since the initial observation of their expression in human
cancer tissue in 1998, the Aurora kinases have been the
subject of successful research efforts among the academic
and industrial oncology communities,127 which have led to
more than ten Aurora inhibitors entering early clinical
assessment. Two of these have been assessed in PDAC.

Using KRAS-positive lung cancer (H358 and A549) cell
lines, Dos Santos and co-workers have shown that targeting
Aurora kinase leads to loss of cell viability by promoting cell
cycle arrest at G2 and through the subsequent activation of
apoptosis in an oncogenic KRAS-dependent manner.128 This
backs up their hypothesis that inhibition of Aurora kinases
specifically targets KRAS-transformed cells. The same team
later showed that Aurora kinase A may act as a biomarker in
PDAC that is even indicative of poorer prognoses.129 The
authors went on to propose, based on their results, that
targeting Aurora kinase A in PDAC cells may reduce their
transformed phenotype.

Alisertib (Fig. 22) is a potent inhibitor of Aurora kinase A
that was discovered in 2015. Sells and co-workers discovered
alisertib starting from the pyrimidobenzazepine BBL22,
which was reported to induce G2/M cell cycle arrest and
apoptosis in human tumour cell lines.130

The authors showed that the introduction of an additional
substituent on the 7-phenyl ring in the ortho position (shown
in Fig. 22) led to improvements in cellular potency: upon the
introduction of fluorine, MLN8054 (Fig. 22) was obtained,
which demonstrated an increased potency in cells and a 150-
fold selectivity for Aurora A over Aurora B in HCT116 cells (a
human colorectal carcinoma cell line) but which exhibited
reversible somnolence as dose-limiting toxicity, which was
attributed to GABAA binding. The authors then engaged in
efforts to widen the therapeutic window of MLN8054 by
decreasing the affinity of the molecule for GABAA and to
reduce the degree of brain partitioning in Sprague-Dawley
rats. Installation of a methoxy group at R1 led to a 3-fold
brain AUC reduction but when an additional methoxy group
was introduced at R2 (yielding alisertib) an additional
reduction in mouse brain partitioning was observed. Alisertib
is significantly more potent than MLN8054 (IC50 = 1.2 nM)
and is competitive with ATP (Ki 0.3 nM, apparent Koff 2 × 10−4

s−1). Alisertib has a generally tolerable safety profile in
humans and has advanced into multiple clinical studies
including an open-label phase III trial for patients with
relapsed and refractory peripheral T-cell lymphoma (NCT). It
is now being investigated in a phase Ib study in patients with
advanced solid tumours including pancreatic tumours
(NCT02719691).

Alisertib has since been tested in combination with
methyltransferase inhibitors where it was found to be
effective in reducing the viability of PDAC cells both in vitro
and in vivo through the induction of mitotic catastrophe (cell

death occurring as a result of improper progression of or
entrance to the cell cycle).131 A phase I dose escalation study
of alisertib in combination with gemcitabine revealed that
the combination shows potential for disease control in
heavily pre-treated tumours, despite apparent gastrointestinal
and hematologic toxicity.132 The study also established a
recommended phase 2 dose of 50 mg alisertib.

Fancelli and co-workers identified danusertib (Fig. 23) –

another inhibitor of Aurora kinase A – from optimization
efforts on a previously discovered Aurora kinase inhibitor
PHA-680632, which had demonstrated high in vitro
antiproliferative activity on a wide range of cancer cell lines
and significant tumour growth inhibition in different animal
tumour models.133 It was hypothesized that the introduction
of a pro-R hydrogen-bond acceptor on the methylene of the
phenylacetyl would improve binding through favourable
interactions with Lys162. On the other hand, substitutions at
the pro-S position were thought to be less favourable due to
the proximity of Val147. Crystallographic studies confirmed
the binding mode of danusertib, in which case the hydrogen-
bond acceptor was the R-methoxy group, proximal to Lys162.
Danusertib was described as “ATP competitive” and an
apparent Ki of 2.5 nM. It was tested in a number of human
cancer cell lines and showed potent antiproliferative activity.
In 2014, danusertib completed phase II trials for metastatic
hormone refractory prostate cancer, but unfortunately
showed only minimal efficacy, where only 14% of treated
patients had stable disease for ≥6 months.

More recently, however, Kirbiyik and co-workers
investigated the cytotoxicity, apoptotic potential and its
impact on the cell cycle of danusertib in human CFPAC-1
ductal adenocarcinoma cells.134 An IC50 value of
approximately 400 nM was noted, at which concentration-
dependent apoptosis was induced in CFPAC-1 cells. They also
noted significant populations of cells arrested in the S (32%)
and G2 (11%) phases. This led them to the conclusion that
danusertib induced a significant effect of cytotoxic, apoptotic
and cell cycle arrest in CFPAC-1 cells.

Perspectives

One of the biggest turning points in modern cancer
therapeutics has been the advent of immune checkpoint
blockade (i.e., an immunotherapy). Checkpoint blockade has
now become standard-of-care therapy for melanoma,
increasing the five-year overall survival rate across all stages

Fig. 23 Development of danusertib from PHA-680632.
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to around 50% of all patients (compared to only 10% in the
past).135 It is also applied to the treatment of various other
cancers with varying degrees of efficacy.

Despite these successes, however, a significant proportion
of patients fail to achieve any long-term benefit. A number of
cancers, including PDAC, do not respond to immunotherapy
at all.35 The exact mechanisms surrounding this failure are
still not fully understood.

While the primary consequence of CDK4/CDK6 inhibition
is the establishment of cell cycle arrest, various reports have
shown that CDK4/6 inhibitors are also able to promote
various immunomodulatory effects through their effects not
only on malignant cells but also on immune cell populations
of the tumour microenvironment (Fig. 24).136 Numerous
mouse models have shown that the inhibition of CDK4/6
leads to a significant enhancement of the anti-tumour
efficacy of immune checkpoint (PD-1/PD-L1) inhibition.136,137

The authors of these studies have attributed the desirable
outcome of this combination to the intrinsic
immunomodulatory activity of CDK4/6 inhibitors,138 such as
through altered expression levels of MHC I and PD-L1 as well
as increased production of T cell chemoattractants by the
tumour cells. In certain other oncological settings, CDK4
itself has been shown to regulate PD-L1 protein stability and/
or promote PD-L1 degradation (effect).139 Other studies have
demonstrated a suppression of tumour growth by CDK4/6
inhibitors by additional mechanisms including through
improved anti-tumour immune responses.140 Dinaciclib, for
example, has been shown to enhance anti-PD1 mediated
tumour suppression.141

Immunomodulatory activity has also been observed in
other mitotic kinases. For instance, the inhibition of Plk1 has

been shown to upregulate the expression of PD-L1 in PDAC,
which stimulates antitumour immunity and increases the
sensitivity of these tumours to immunotherapy.142 Wee1 is
also implicated in immunotherapeutic options: Sun and co-
workers have shown that inhibition of Wee1 inhibition
sensitises cancer cells to immunotherapy by reversing the
activation of G2/M cell cycle checkpoint.90 Adavosertib in
combination with the anti-PD-L1 antibody durvalumab has
also shown evidence of antitumor activity in a phase I trial to
assess safety and tolerability in solid tumours
(NCT02617277).143 In melanoma cells, Aurora kinase
inhibition has been shown to cause sensitisation to T-cell-
mediated cytotoxicity.144 While the precise mechanisms
surrounding these immunomodulatory phenomena remain
to be fully elucidated, the encouraging pre-clinical results
hold promise for the design of newer and more robust
therapeutic regimens that combine these treatments.

Signalling through the Ras axis, headed by one of several
cell-surface receptors, leads, among other cellular outcomes,
to the transcriptional and functional regulation of CDK4/6
(and cyclin D).145 Mounting preclinical evidence points to a
possible role of the Ras proteins – such as KRAS – in the
induction of resistance to CDK inhibitors.145 Approximately
10% of patients with a resistance to CDK inhibitors bore
activating mutation of Ras, which were absent in tumours
that were sensitive to CDK inhibition.146 At the head of the
Ras signalling axis is, of course, KRAS. It is worth reiterating
that >90% of pancreatic tumours bear activating mutations
to KRAS.12 Emerging data highlights the action of mutant
KRAS on CDK5 (which was not discussed in detail in this
manuscript) and its activators to advance the malignant
progression, migration, and invasion of PDAC cells.24

As we have described above, KRAS signalling intersects on
the actions of a constellation of mitotic kinases including
CDKs, Wee1, Plk1 and Aurora A (vide supra). Combination
therapies that target KRAS as well as one of these targets may
offer further benefit to patients. The combination therapy
with CDK4/6 inhibitors to treat KRAS-mutant PDAC has
already shown promising preclinical efficacy.147 While
currently limited in scope to lung cancer, Yamamoto and co-
workers have recently shown that adavosertib is capable of
enhancing the anti-tumour activity of sotorasib in both
in vitro and in vivo preclinical models.148

Conclusions

The constellation of mitotic kinases are central players in the
proper functioning of the cell cycle and without them, or
without their proper functioning, cells can begin to
proliferate indiscriminately, which leads to tumour
formation. The central role of these kinases has been
recognised in breast cancer, where palbociclib, ribociclib and
abemaciclib are approved and are used in combination with
hormone therapy, but concerted efforts are being made not
only to extend the scope of these agents to other cancers but
also to introduce new agents that can circumvent the

Fig. 24 Immunomodulatory effects of CDK4/6 inhibitors. Numerous
mouse models have shown that the inhibition of CDK4/6 leads to a
significant enhancement of the anti-tumour efficacy of immune
checkpoint inhibition by increasing antigen presentation (1), reducing
the proliferation of regulatory T cells (2, here shown by the
transcription of proliferative genes) or the increased infiltration of T
cells into the tumour through the production and release of T cell
chemoattractants (3). In addition, by way of example, Wee1 kinase has
been shown to sensitise cancer cells to immunotherapy by reversing
the activation of G2/M cell cycle checkpoint (4).
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problems associated with them (i.e., toxicity and selectivity
issues). In addition, and especially given the heterogeneous
nature of pancreatic tumours, numerous studies have
pointed to the benefit of combination therapies. Beneficial,
additive effects of inhibiting CDKs – or other mitotic
kinases – alongside other cellular protein targets have
been observed in studies described herein and continue to
offer promise through the exploration of this approach as
an alternative to conventional treatment strategies,
particularly against targets that may have more relevance
for one cancer type over another e.g., KRASG12D in PDAC.
KRAS, in particular, because of the large extent to which
mitotic kinases intersect on its signalling pathways, may
offer the largest potential for successful combination
therapy in the future.

It was shown that immunotherapy, despite being
notoriously ineffective in PDAC, stands poised to have its
effects boosted by combination therapies with mitotic
kinases; inhibition of CDK4/6, Wee1 or Plk1 has shown
encouraging pre-clinical results that have sensitised
pancreatic tumours to anti-PD-L1 therapy. If the appropriate
molecular partner for combination can be leveraged, we can
remain hopeful that a certain proportion of PDAC patients
may become responsive to this type of therapy. It should be
pointed out that there remains a large potential for the
exploration of other mitotic kinases (e.g., Bub1, Nek1, or less
well described CDKs such as CDK12 and CDK13); these
targets are less well described in PDAC, but as their roles
become clearer so too may their potential to offer more
benefit to pancreatic patients.

Finally, the current therapeutic landscape should be
compared with that of ten years ago, which was very
different. 2024 marks ten years since the landmark approval
of the anti-PD-1 antibody nivolumab and, since then, the
clinical landscape around several cancers, melanoma first
among them, has been transformed by this and other
checkpoint inhibitors. While there have not been any new
approvals against PDAC in this period, we can remain
optimistic for a similar similarly transformative breakthrough
in the treatment of PDAC over the years to come and to
imagine how different the pre-clinical environment will be in
another ten years.
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