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Abstract

Potent, selective, and cell active small molecule kinase inhibitors are useful tools to help unravel the
complexities of kinase signaling. As the biological functions of individual kinases become better
understood, they can become targets of drug discovery efforts. The small molecules used to shed
light on function can also then serve as chemical starting points in these drug discovery efforts. The
Nek family of kinases has received very little attention, as judged by number of citations in PubMed,
yet they appear to play many key roles and have been implicated in disease. Here we present our
work to identify high quality chemical starting points that have emerged due to the increased
incidence of broad kinome screening. We anticipate that this analysis will allow the community to
progress towards the generation of chemical probes and eventually drugs that target members of the
Nek family.

Introduction:

Protein kinases are a group of enzymes that catalyze the transfer of a phosphate group from ATP to
serine, threonine, and tyrosine residues of substrate proteins. This simple reaction modifies the
shapes and activities of target proteins and is a key mechanism for signal transduction. Accordingly
protein kinases are implicated in a multitude of pathophysiological conditions and are attractive drug
targets.! There are approximately 518 protein kinases in humans and a small percentage of them
have been the subject of extensive research by pharmaceutical and academic scientists. Kinases are
tractable drug targets, and 28 small molecule kinase inhibitors are approved for therapeutic use.?
Unfortunately the majority of the research has enlightened the function of only 20% of the kinases,
leaving the biology of the remaining 80% relatively dark and poorly understood.®

Our group is currently developing a comprehensive kinase chemogenomic set (KCGS) to aid in the
elucidation of the biological function and therapeutic potential of human protein kinases.* To
accomplish this goal we are building a set of potent, narrow spectrum kinase inhibitors that together
cover the whole kinome. One strategy to develop these high quality inhibitors is to work on families of
these understudied dark kinases. One such family that has experienced very little targeted medicinal
chemistry effort is the NIMA-related Kinase (Nek) family of serine/threonine kinases. Table 1 lists the
number of citations in PubMed as a simple metric to rank the amount of research interest a kinase
target has received. Nek2 has received the most attention in the Nek family, Nek5 has garnered the
least interest, and all are understudied. The number of citations for ERBB2°, a well studied and highly
cited kinase, is included in the table to provide some context. The founding member of the Nek
kinases is the Never In Mitosis A (NIMA) protein of Aspergillus nidulans. NIMA plays a critical role in
mitosis in A. nidulans, wherein degradation of NIMA is essential for mitotic exit. In line with its critical
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role, NIMA-related kinases have been found in higher organisms such as plasmodium, drosophila,
xenopus, mice and humans. In humans, the Nek family is comprised of 11 members — Nek1 to
Nek11. As observed with NIMA, Nek family members are involved in various stages of cell cycle
regulation.®® Given that they play roles in cell cycle regulation, these kinases have the potential to
become important therapeutic targets for a range of diseases (Table 1). To realize this potential, a
greater understanding of the roles each Nek plays in physiology and pathophysiology must be
elucidated. Here we briefly describe some of the known biology of the Nek family members, and then
identify potential chemical starting points for synthesis of narrow spectrum small molecule inhibitors.
Though very little chemistry effort has been expended on the Nek family (Nek2 being the only
exception), careful analysis of published kinase cross screening data from projects focused on other
kinases allows us to highlight nascent structure activity relationships (SARs) that point to viable Nek
inhibitor starting points for focused medicinal chemistry efforts.

# of commercial

Kinase # of Citations® Prominent functions Possible therapeutic significance assays®
: : ™ Cilliopathies - Polycystic Kidney Disease,
Nek1 69 Formation and regulation of cilia nephronitis 8
Nek2 200 Centrosome separation,spindle assembly checkpoint, Overexpressed in several tumors - breast, colon, 9
chromosome segregation lung and gastric
Nek3 17 ?;lgsulates prolactin mediated motility in breast cancer Overexpressed in breast cancer 5
Nek4 17 Regulates microtuble homeostasis Overexpressed in lung cancer 6
Nek5 10 Regulation of centrosome integrity 3
. . PP Overexpressed in several tumors - breast, colon,
Nek6 75 Required for the progression of mitosis lung and gastric 9
Nek7 50 Required for spindle assembly and cytokinesis, mediates Novel target for inflammatory symptoms of gout, 8
NLPR3 mediated inflammation atherosclerosis and Type |l diabetes
. . ™ Cilliopathies - Polycystic Kidney Disease,
Nek8 45 Formation and regulation of cilia nephronitis 2
Nek9 39 Required for microtubule formation and spindle formation COéll:eSrexpressed 0 @ @ ey G el 8
Neki0 10 Regulates cell cycle checkpoint in response to DNA Anticancer target by inhibition of cell cycle 1
damage checkpoint
Neki1 1 Regulates cell cycle checkpoint in response to DNA Anticancer target by inhibition of cell cycle 5
damage checkpoint
ERBB2- 5646 Involved in the regulation of a variety of vital functions, Overexpressed in breast carcinomas and other 7
such as cell growth, differentiation, and apoptosis. types of malignancies
2 Based on keyword search in title/abstract in PubMed
> Commercial assay availability based on 10 kinase screening vendors (Drewry et al., 2017)
° Reference 5

Table 1. Biological function, disease relevance, and assay availability for members of the Nek kinase
family.

Nek family Active Site Residue Comparisons

To assess whether selectivity between Nek family members would be problematic we compared 28
kinase active site residues’® from all eleven Nek family members in a pairwise manner (Figure 1a;
Table S1). From this analysis it was readily apparent that Nek10 is the most divergent from the other
Nek family kinases as indicated by both the yellow horizontal and vertical line. Nek6 and Nek7 show
the highest degree of sequence identity with only one of the 28 active site residues we investigated
differentiating them from each other. This analysis suggests that obtaining inhibitor selectivity
between Nek 6 and Nek7 could prove to be challenging. To get a feel for this based on actual
inhibition data, we calculated the activity homology between each pair of Nek kinases.' Activity
homology is a measure of the likelihood that a kinase inhibitor that inhibits a particular kinase will also
inhibit another kinase. We have chosen 80% inhibition as our cutoff here. We identify all compounds
that inhibit a particular Nek =80%, and then calculate what percentage of those compounds inhibit
each other Nek =80%. This activity homology calculation allows quick visualization of where there is
inhibitor selectivity between Nek family kinases (Figure 1). We find the prediction based on close
similarity of active site residue that Nek 6 and Nek 7 selectivity may be difficult to obtain to be true
when looking at activity homology between Nek6 and Nek7 using recently published broad screening
results from the Published Kinase Inhibitor Set 2 (PKIS2) (Figure 1b). 88% of the compounds that
inhibited Nek6 at 80% inhibition or greater at 1 uM also inhibited Nek7 at 80% inhibition or greater.
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Nek5 and Nek1 are also fairly similar by active site sequence analysis (24/28 residues in common)
implying that selectivity could be difficult to achieve. However, comparison of activity data from PKIS2
compound screening revealed that 29 compounds showed =80% inhibition for Nek5, and only 5 of
these compounds showed =80% inhibition on Nek1. Several of these five compounds, though, have
very broad kinase inhibition profiles. Our analysis showed that although Nek4 has 60-70% active site
sequence similarity with Nek1, Nek2, Nek3, and Nek5, it has very low hit homology with these other
members of the Nek family. However, this result may be confounded by the fact that Nek4 has a very
low hit rate in the PKIS2 dataset (Table 2) with only 5 compounds that showed greater than 80%
inhibition on Nek4.
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Figure 1. Pairwise comparisons of the a. active site sequence identity b. activity homology calculated
using data from PK1S2*

Chemical Tractability of the Nek family

Since we are interested in identifying high quality chemical starting points for the Nek family of
kinases, and there are no medicinal chemistry papers published on any member of the Nek family
other than Nek2, we analyzed publically accessible data from large screening sets that have been
described in the literature.* ''"'® A number of groups from large pharmaceutical companies, biotech
companies, screening vendors, and academic labs have published results from screening sets of
kinase inhibitors against broad panels of kinase assays. These studies differ in size and chemical
diversity of the small molecule screening set, concentration of inhibitor utilized for screening, type of
data collected (single shot %l or K4/ICsp), format of the kinase assays (binding versus enzyme
inhibition), and number of kinases included in the exercise. In spite of these differences, common
threads emerge. The most important outcome for our purpose is that compounds made for one
kinase often inhibit other kinases, and this information, when shared like this, can be exploited to
identify chemical matter for kinases that have received scant formal attention. We compiled this
information and examined the hit rate for each Nek family member screened in this manner so that
we could get a feel for the overall chemical tractability of the Nek family. How hard is it to find small
molecule inhibitors? The BMS publication reports on the largest number of compounds, almost
22,000, but only six out of the eleven Nek family kinases were screened. The Nek kinases that were
screened had relatively low hit rates, typically about 3% or less with the majority being under 1%
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(Table 2). The large size of the compound set likely gives a fair indication of tractability with current
chemical matter. We have included hit rates for the kinase FLT3 in the table for comparison. FLT3 is
a kinase that is usually among the most easily inhibited in the published broad compound profiling
efforts. We also evaluated the Nek family hit rate from the PKIS2 screening set and saw that there
were significantly higher hit rates on Nek5 than in the other publically available data sets (Table 2,
Figure S2). This observation is an exciting finding because there are no published selective and
potent Nek5 inhibitors and it could provide chemical starting points for the synthesis of inhibitors for
inclusion into the KCGS that we are building. Nek8 has not been profiled in any public report, so no
hit rates are reported. This dark kinase is one where the identification of any inhibitor would be
impactful. It is also of note that even though this data was compiled using assay formats from four
different vendors (Nanosyn, DiscoverX, RBC, and Millipore) and a variety of compounds and
compound panel sizes, the hit rates are relatively consistent across the respective Nek kinases. This
demonstrated that hits can be found for all Nek family members that have been screened, but overall
the Nek family members have lower hit rates than the average kinase.

Compound set PKIS: PKIS2® BMS* RBC* Ambite GSK' Millipore¢
no. of cmpds 368 645 21851 178 72 577 158
Nek1 0.011 0.051 0.001 0.051 0.014 - -
Nek2 0.005 0.057 0.003 0.006 0.056 0.059 0.006
Nek3 - 0.031 - 0.006 0.014 - 0
Nek4 - 0.012 - 0.039 0.014 - -
Nek5 - 0.065 0.0286 - 0.014 - -
Nek6 0 0.023 0.017 0 0.042 0.031 0
Nek7 0 0.035 0.0315 0 0.042 0.035 0
Nek8 - - - - - - -
Nek9 0.033 0.051 0.009 0.028 0.042 0.016 -
Nek10 - 0.059 - - - - -
Nek11 - 0.031 - 0.011 0.042 - 0.095

FLT3 0.14 0.23 0.15 0.41 0.036 0.14 0.3

2values for PKIS calculated by the number of compounds that inhibited each Nek by 50%= divided by the total number of compounds screened (Elkins et al., 2016)

°values for PKIS2 calculated by the number of compounds that inhibited each Nek 50%= divided by the total number of compounds screened (Drewry et al., 2017)

cvalues from Bristol-Myers Squibb screening data (hit rate calcualted based on <13% of control) (Posy et al., 2011)

“values from Reaction Biology Corporation data (Anastassiasdis et al., 2011)

°values calculated from reported Ambit Kd values - number of compounds that inhibit each Nek =500nM divided by the total number of compounds (Davis et al., 2011)

fvalues from GlaxoSmithKline screening taken from Nc<1 (Bamborough et al., 2008)

9values calculated using EMD Millpore screening data. Number of compounds that inhibit each Nek 50%= divided by total number of compounds screened (Gao et al., 2013)

Table 2. Nek family kinase selectivity. Selectivity scores for the Nek family based upon
screening data from large published screening sets with FLT3 value for comparison.

Nek Inhibition by Promiscuous Kinases Inhibitors

When looking for starting points for Nek inhibitors, a subset of molecules we identified were
promiscuous kinase inhibitors. These promiscuous inhibitors have activity on a large percentage of
the kinome including the Nek family. This observation provides confidence that the Nek family of
kinases can be inhibited with known chemical matter. Even if the compounds are not selective
enough to be used as tools, these results identify features that confer activity. Tamatinib (R406),
originally published as a SYK inhibitor,"” inhibits 8 of the 9 Nek kinases it has been evaluated on
below 500 nM. It does, however, inhibit 34% of the kinases it has been screened against with Kd
values below 300 nM.
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Compound Tamatinib® KW-2449: AST-487° EXEL-2880° TG-101348 PD-173955° cmpd 2516° cmpd 3177° GSK1059615°
K. (nM) 1Cs (nM) % Control (10pM)
Nek1 170 3100 5200 - 3400 8300 - - 47
Nek2 260 5300 - - 1700 110 >10000 630 64
Nek3 170 1000 - - 640 - - - 77
Nek4 1800 1100 460 - 1600 - 5 50 96
Nek5 13 2300 1100 - 570 890 - - 100
Nek6 6.3 120 2500 - 120 - - - 81
Nek7 1 210 - - 160 - - - 88
Nek8 - - - - - - - - -
Nek9 16 520 1800 470 150 - - - 95

Nek10 - - -

Nek11 170 - - - 1200 3000 - - 72
Promiscuity S$(300nM)=0.34 S(300nM)=0.26 S(300nM)=0.26 S(300nM)=0.28 S(300nM)=0.18 $(300nM)=0.21 | S(300nM)=0.26 S(300nM)=0.36 | S(5%) at 10uM=0.17
2 values from Davis et al., 2011
P values from Metz et al., 2010
° values from HMS LINCS dataset ID 20085

Table 3 — Promiscuous kinase inhibitors that inhibit Nek kinases

There were also compounds such as KW-2449 that were broadly promiscuous but only potently
inhibited one or two Nek family members. This compound was originally published as a FLT3
inhibitor,'® entered into Phase | clinical trials, and was later pulled from development'®. This
compound potently inhibits Nek6 and Nek7, which based on their sequence similarity would be
expected to track together. Although the compound is broadly promiscuous it does not inhibit other
Nek kinases, which indicates that selectivity between some family members can be achieved. There
are also two promiscuous Type Il kinase inhibitors, AST-487 and EXEL-2880, and each only inhibits
one Nek family member, Nek4 and Nek9, respectively. This observation may be of interest since
Type Il inhibitors bind to the inactive or DFG-out conformation providing medicinal chemists additional
options for building selectivity into these inhibitors.® It has also been suggested that type Il inhibitors
in some cases may offer advantages over type | inhibitors, for example in residence time.

The screening that we performed on PKIS2 compounds also identified promiscuous inhibitors from
several chemotypes that inhibited the Nek family of kinases (Figure 2). For example the 2,4-
dianilinopyrimidine series is a known promiscuous chemotype that inhibits many kinases including
every screened Nek family member under 10% of control at 1 uM. UNC5414, a compound from the
pyrimidinyl pyrimidine series, also has a relatively broad inhibition profile but we do start to see some
differentiation of Nek activity. Notably Nek4 was not inhibited, further supporting our conclusions from
the Nek4 activity homology map (Figure 1b). Another interesting broad kinase inhibitor from PKIS2 is
UNC5269. Although it inhibited almost half of the kinases tested, within the Nek family it only potently
inhibited Nek4 and Nek10 (%control <10). These results, combined with docking models or
crystallography, could provide insight into the preferred pharmacophores for inhibition preferred by
specific Nek kinases.
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ﬁ b. \
YO Compound UNC5414 UNC5498 UNC4991 UNC5269
pa % Control (1pM)
T O oL Nek1 14 8.4 18 38
Q @H ‘N/*Hﬂm Nek2 6.7 0.4 0.9 20
ey o LN Nek3 15 6.5 99 1
UNG5414 UNC5498 Nek4 20 5.3 49 3.9
' Nek5 0 0 74 49
) Nek6 6.3 0.1 0.9 54
K =N Nek7 7.4 2.6 7.1 65
A~ NN, ) N
) QHA\N/ . Neks - - = =
° HN@” [0~ Nek9 7.1 1.8 6.4 86
,,s’?m . Nek10 2.4 5.9 100 4.4
° o [ O Nek11 14 2.5 1.4 100
@EFO # kinases =10% control 86 239 114 199
UNC5269 UNC4991

Figure 2. a. Structures of promiscuous kinase inhibitor exemplars from PKIS2 that target the Nek
family b. Table of Nek family activity values as percent control

Clinical compound targeting multiple Nek family members

We have identified one kinase inhibitor, Cyt387/Momelotinib (Figure 3), which is not broadly
promiscuous, but still inhibited multiple members of the Nek family. Momelotinib was designed as a
JAK2 inhibitor®® and has advanced into phase IlI clinical trials for myelofibrosis. The original report
noted that only 6 out of 128 kinases have an 1Cs, estimated to be less than 100 nM, 51/128 kinases
have an ICs5q estimated to be between 100 nM and 1 uM, and 71/128 kinases have ICs5, values
estimated at greater than 1 uM. Careful analysis of the screening data suggests that Momelotinib will
have an 1Cs, for Nek9 between 100 nM and 1 uM. Nek2 is the only other Nek with data reported in
this publication and the Nek2 ICsq is estimated at > 1 uM. More recently, the selectivity of Momelotinib
was determined using an affinity profiling method in a mixed cell lysate.?’ These results indicated that
Momelotinib inhibited Nek1, Nek3, and Nek9 with K4 values less than 100 nM. Finally, Momelotinib
has been screened using the KINOMEscan technology of DiscoverX with the data set available via
Library of Integrated Network-based Cellular Signatures (HMS LINCS data set ID 20082 found at
http://lincs.hms.harvard.edu/kinomescan/). This screen at 10 uM implicates Nek3, Nek5, Nek6, Nek7,

S e N

(@) N\H
(0]
| N /@/NJ
N/)\l}l
H

\ Momelotinib / Cyt387 /

Figure 3: Momelotinib structure

and Nek9 as potential targets, with little to no binding to Nek1, Nek2, Nek4, and Nek11. Momelotinib
was not made to target the Nek family, so details of Nek structure activity relationships are unknown.
Although a singleton result (one compound, no analogues), it is clear that this compound is a bona
fide Nek inhibitor because three different assay formats all identified activity on one or more Nek
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kinases. Design of compound sets around this 2-anilino-4-aryl pyrimidine will likely lead to potent Nek
inhibitors and improved understanding of Nek family SAR.

Progress on understanding the intricacies of Nek biology will benefit from potent and selective Nek
inhibitors. In addition, even the limited amount of work focused on the Nek family suggests that one or
more of these understudied Nek kinases may emerge as a viable drug target. To date, there are few
reports of medicinal chemistry efforts directed towards development of selective Nek kinase inhibitors.
The work that has been done has focused on Nek2, and several Nek2 inhibitors with varying degrees
of kinase profiling and selectivity have been published. Unfortunately, even these Nek2 inhibitors
have not been tested systematically across the remainder of the Nek family. To design useful inhibitor
tools for each specific Nek, we need to further understand the similarities and differences across the
family to guide inhibitor synthesis. Here we address each Nek in turn and highlight potential chemical
starting points that have emerged from our literature analysis. The vast majority of these compounds,
which represent useful starting points for focused lead discovery efforts, arise from kinome cross
screening, highlighting the value of collecting and sharing such data sets.

Nek1

Nek1 has a functional role in the formation and regulation of cilia and its dysregulation is linked to
several ciliopathies.?*?® Mutations in mouse Nek1 (mNek1) resulted in progressive polycystic kidney
disease where mice displayed facial dysmorphism, dwarfism, male sterility and anemia.?* mNek1 was
observed to localize to centrosomes during interphase and mitosis and is involved in cilia formation.?*
226 |n humans, mutations in Nek1 have been linked to the lethal bone malformation disorder known
as short-rib polydactyl syndrome type majewski.?’?® Nek1 is overexpressed in human gliomas
suggesting it may be a potential therapeutic target for these brain tumors.*® Nek1 also regulates
checkpoint control and DNA repair in response to DNA damage from UV or IR radiation, pointing to
another potential application for Nek1 inhibitors in oncology.?'3?

In addition to this basic research into Nek1 biology a crystal structure (PDB 4B9D) with a CDK
inhibitor bound in the active site has been solved. Structures for apo- and ligand-bound Nek1 showed
few differences with both adopting a “DFG-out/alpha-C out” inactive conformation. In contrast, both
structures displayed the activation loop as ordered and in an extended conformation that is usually
associated with an active kinase. On the other hand, the turn on the glycine-rich (P-) loop was
disordered. Importantly, however, there have been no medicinal chemistry efforts undertaken to
develop potent and selective Nek1 inhibitors. We examined the PKIS2 dataset to identify starting
points for Nek1-directed chemistry. * The 4-aryl-7-azaindole scaffold (e.g. UNC5452) demonstrated
Nek1 activity with only 18 off-target kinases (Table 5). Based on historical precedence for other
kinases, SAR, and docking to the crystal structure, we propose that the azaindole makes two
hydrogen bonds with the hinge region, and the sulfonamide group projects towards the catalytic
lysine. (Figure 4a).
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Figure 4. a. UNC5452 and b. BAY 61-3606 modeled into Nek1 crystal structure

The 4-aryl-7-azaindole, UNC5452, was originally published as an IKBKB inhibitor. There are five
closely related compounds from this structural class in PKIS2 that demonstrate a range of potencies
on Nek1 (Table 5). Removal of the terminal methyl groups of UNC5452 to give the primary amine
UNC5023 resulted in a significant loss of binding. The three other analogues showed little to no
binding.

# Kir Nek1 Nek2 Nek3 Nek4 Nek5 Nek6é Nek7 Nek9 Nek10 Nek1i
Compound R, 290% % Inhibition (1pM)
o.,0 |
UNC5452 | 367 ~ N 18 99.8 0 0 4 1 1 0 0 17 0
H
N H o, 0
~ | UNC5023 LH{S\N/\/NHz 42 62 0 14 0 44 4 0 22 69 24
\ / H
o, 0
UNC5427 S-S 20 15 0 4 16 2 0 10 14 71 17
H
o, 0
Ry UNC5462 Sy 1 12 16 16 0 31 0 20 28 15 0
UNC5337 +H 4 (] 74 19 0 8 0 0 0 30 0

Table 5. Percent inhibition values for the 4-aryl-7-azaindole PKIS2 series

The unusual combination of DFG-out/C-helix-out and an extended, activation loop, presents an
opportunity for synthetic exploration to exploit these active site features in the design of selective,
small-molecule kinase inhibitors. Based on our modeling, ligands that explore contacts with the P-
loop could access two additional hydrogen bond donor/acceptors (GIn8 and Ser14). In both apo- and
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ligand-bound structures of Nek1, alpha-C is in the “out” conformation and is likely to be inaccessible
to ATP-competitive small molecule inhibitors. Like most Nek-family members, Nek1 has an unusual
Phe residue that can be targeted via the placement of ring systems between this residue and the
gatekeeper (GK) methionine. Similar approaches have been successful in the design of Nek2
inhibitors. Additional compounds will need to be synthesized and evaluated for Nek1 potency and
docked into this model to understand the SAR and the reasons for Nek1 selectivity.

The 4-thiophene-7-azaindole series is a related series identified in the PKIS2 dataset that showed a
range of Nek1 activities (Table 6). This series is predicted to bind in the Nek1 model in the same
orientation as the 4-aryl-7-azaindole but further work is required to fully understand the SAR and Nek
selectivity profile.
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Table 6. Percent inhibition values for 4-thiophene-7-azaindole series

BAY 61-3606, a compound from the literature originally published as a SYK inhibitor,** also showed
potent Nek1 and Nek4 activity (159nM and 25nM respectively). 3 This compound was also docked
into the Nek1 crystal structure with the amide moiety as the hinge binder (Figure 4b). This compound
has two possible hinge binding groups based on literature precendent, the amide and the nitrogen of
the 5-mambered ring of the imidazopyrimidine. Nek1 modeling suggested that the binding mode
depicted in Figure 3b with the amide forming the hinge interaction is more likely because of possible
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steric clash with the catalytic lysine in the alternate binding mode. This particular binding mode is also
supported by the lack of Nek1 activity observed with BAY 06-3606 analogues that removed the ortho
amide.?’

Nek2

Nek2 is the most well studied member of the Nek kinase family. Nek2 is involved in key mitotic events
and is localized at centrosomes in all stages of mitosis.®® Nek2 interacts with C-Nap1 (centrosomal
Nek2-associate protein 1), PP1 (protein phosphatase 1), ninein-like protein (NIp), and rootletin to
regulate centrosome separation and microtubule organization.’**? Nek2 also interacts with Mad1
(mitotic arrest deficient like-1), Mad2 (mitotic arrest deficient like-2), and Hec1 (highly expressed
cancer 1) proteins to regulate spindle assembly checkpoint (SAC).**** Increased levels of Nek2 have
been detected in several cancer types including breast carcinomas, hepatocellular carcinomas, and
colon cancer, prompting the exploration of Nek2 inhibition for anticancer therapy.*>*®

In concert with having a well-characterized biological role, Nek 2 has received the most attention in
terms of small molecule medicinal chemistry efforts. There are a number of crystal structures of small
molecules bound to Nek2 that can be used to facilitate further design. A list of all reported Nek crystal
structures can be found in Supplemental Table 2. In 2009, GSK reported details of a thiophene
benzimidazole series of PLK inhibitors.*® Cross-screening data from a small kinase panel for two
advanced PLK compounds indicated that members of the series could exhibit a relatively narrow
kinase inhibition profile. Interestingly, one of the off targets was Nek2. GSK compound 24 (Figure 5),
for example, had an 1Csp of 25 nM on Nek2. Out of 57 kinases screened only Nek2 and PLK had ICso
values below 100 nM, 7 kinases had 1Cs, values between 100 nM and 1 uM, and the remaining 48
kinases had ICs values greater than 1 uM. A more advanced PLK1 compound in the same series,
GSK461364A (Figure 5), was screened more broadly, and only inhibited 1.6% of the kinases across a
large kinase panel with a potency less than 300 nM."® In this assay, the K4 for Nek2 is 260 nM.

A team of scientists at the Institute of Cancer Research utilized this same PLK series as a starting
point for structure based design, with a primary aim being selectivity for Nek2 over PLK1.%° CRUK
ICR Rac-24a (Figure 5) emerged from this work and has a Nek2 1Cs, value of 570 nM and a PLK1
ICso value of 88 uM. This compound demonstrates the ability to separate Nek2 activity from PLK1
activity. Two key changes that enhanced Nek2 selectivity were utilization of a phenyl ring as an
isostere for the thiophene, and moving the phenoxy piperidine from the 6 position of the
benzimidazole to the 5-position. The authors postulate that the different gatekeeper residues (Met for
Nek2, Leu for PLK1) may account for selectivity improvements from the thiophene to phenyl switch.
These aromatic rings pack closely with the gatekeeper residue. The phenoxy piperidine was moved to
the 5-position because it was predicted this substituent would clash with Arg136 of PLK1, but Gly92 in
this same position in Nek2 would be tolerant of such a substituent. Nek1, Nek2, Nek3, Nek4, Nek5,
and Nek8 all have a methionine gatekeeper residue and a glycine residue that corresponds to the
position of Gly92 in Nek2. It will be important to determine if this series shows activity on these other
Nek family members, or if there is Nek2 selectivity based on other active site residue differences.
Rac-24 was screened against a panel of 24 kinases (but no other members of the Nek family) and
showed good selectivity, with only 4/24 kinases inhibited >50% when screened at 2 uM.

Recently new Nek2 inhibitors have been reported that replace the benzimidazole hinge binding
moiety with the isosteric imidazo[1,2-a]pyridine ring system.®' This team identified the most potent
Nek?2 inhibitors currently in the literature. Compound MBM-55 (Figure 5), for example, had a Nek2
ICso value of 1 nM. MBM-55 was screened against 12 other kinases. Five of these kinases had 1Cs
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values under 100 nM (RPS6KA1 = 5.4 nM, DYRK1A = 6.5 nM, ABL1 =20 nM, CHEK1 = 57nM, and
GSK3B = 91nM). In order to interpret the biological activity of these compounds it will be important to
determine their potency on the remainder of the Nek family and across the whole kinome.

CRUK ICR compound 31 (Figure 5) is representative of the aminopyrazine class of Nek2 kinase
inhibitors, which was optimized by structure-based design effort from a screening hit.> This
compound has a Nek2 ICs, value of 230 nM, and a Nek1 ICso value of 170 nM. The compound shows
selectivity over PLK1 (ICsp = 19 uM) and CHEK1 (ICso > 100 uM), but broad kinome profiling data
(including other Nek family members) on this series is not available. The binding mode of this class
was determined by X-ray crystallography. An important finding was that the compounds bound to an
unusual inactive kinase conformation in which Tyr70 moved into the active site and interacted with the
carboxylic acid of the inhibitor. The authors hypothesized that the rare combination of Phe148 and a
large gatekeeper residue, introduces steric constraints in the ATP binding site, perhaps making it
difficult to target with small molecules.

An aminopyridine series was designed for Nek2 by combining elements of the prior aminopyrazine
series SAR and the benzimidazole series SAR.>® This work culminated in the identification of
compound CRUK ICR (R)-21 (Figure 5), with Nek2 I1Cso = 22 nM, and PLK1 ICsp = 5.8 uM. (R)-21 was
screened against 24 additional kinases (but no additional Nek family members). The I1Cso for GSK3B
inhibition was 70 nM, and 110 nM for LCK inhibition. Four additional kinases had 1Cs, values between
300 nM and 1 uM, and the remaining 18 kinases had potencies > 1 uM.

/ N \
CF, NHy o CFy 0 5 C
;\\g 3

Y

GSK compound 24 GSK461364 CRUK ICR rac-24a

z

MBM-55 CRUK ICR compound 31 CRUK ICR compound (R)-21

Figure 5. Examples of Nek2 inhibitors with benzimidazole, imidazopyridine, aminopyrazine, and
aminopyridine hinge binding groups

Scientists at UCSF took advantage of a rare active site cysteine in Nek2 to design irreversible
inhibitors that show cellular activity.>* Compound JH295 (Figure 6), an oxindole with an electrophilic
propynamide, showed the best balance between potency, selectivity, and reactivity. The ethyl group
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on the imidazole ring was carefully chosen to enhance selectivity, for example over CDK1, a key off
target whose inhibition would confound interpretation of cellular results.

Alkoxypurine 42 (Figure 6) inhibits Nek2 with an 1Cs, value of 280 nM.*® It showed promising
selectivity over CDK2 (ICso = 1 uM). X-ray crystal structures of members of the series in complex with
Nek2 showed 3 hydrogen bonds to the hinge region of the kinase. The pendant aniline group points
towards the solvent front. The cyclohexyl moiety projects towards the catalytic lysine and the ribose
binding pocket. Both points of diversity could likely be explored further to build in potency and
selectivity. No results were reported for other Nek family members. This scaffold, with robust
chemistry and a well-defined binding mode, could be further explored to identify inhibitors of other
Nek family members as well.

Scientists researching therapies for multiple myeloma discovered that high Nek2 expression
correlated with drug resistance in this incurable disease. This result prompted them to look for Nek2
inhibitors that could perhaps play a role in the treatment of multiple myeloma.>® They identified
pyrimidine HCI-2184 (Figure 6), a reversible inhibitor, and pyrimidine HCI-2389 (Figure 6), an
irreversible analogue of HCI-2184 with an electrophilic acrylamide group. Both HCI-2184 and HCI-
2389 were tested against 451 kinases. Data was only reported for 39 representative kinases. These
results and broad kinome screening of closely related dianilinopyrimidines such as TAE-684 suggest
that the compounds may be active on too many kinases to ascribe the biological consequences solely
to Nek2 inhibition. Nevertheless, this scaffold may prove suitable for optimization for Nek2 or Nek1
activity. Nek1 is the only other Nek for which data is available.

PLK1 and Nek2 share some common features of their active sites, including the rare combination of a
large gatekeeper residue (Met86 in Nek2 and Leu130 in PLK1) and a phenylalanine forming a
lipophilic surface underneath the adenine ring of ATP (Phe148 in Nek2, Phe183 in PLK1)*", so it is
not surprising that there is chemical matter that cross reacts with these two kinases. In addition to the
aforementioned thiophene benzimidazole series, there is evidence of some cross reactivity in a
pyrimidine pteridonone series of PLK1 inhibitors as well. BI2536 is a relatively selective PLK1
inhibitor. Removal of the methoxy group on the aniline that points towards solvent gives des-methoxy
BI12536 (Figure 6), and this compound gives 72% inhibition of Nek2 activity at a concentration of 1
uM.®” The methoxy group of BI2536 fits into a small lipophilic pocket near the hinge, adjacent to
Leu132. Nek2 has a tyrosine in this position that would sterically clash with the methoxy group.
Elimination of the methoxy removes the steric mismatch adjacent to the hinge and allows for Nek2
inhibition.

A team studying Nek2 overexpression in Drosophila melanogaster in order to elucidate contributions
of Nek2 to tumorigenesis identified the EGFR inhibitor HKI-272 (Figure 6),?® also known as Neratinib,
as a Nek2 inhibitor with a potency of 274 nM.*® Neratinib has been screened in a broad panel of
kinases, and showed activity on 9.3% of the kinases screened with a Ky of less than 300 nM.'® Broad
screening results are also available through the HMS LINCS database (dataset ID 20053 and dataset
ID 20195), where 34 kinases show a Ky of less than 250 nM. In this assay format, the Nek2 K4 is 270
nM, which compares favorably with the 274 nM value determined in the enzyme assay. Although
Neratinib is not exquisitely selective, it represents a useful starting point for synthesis of potent and
selective Nek2 inhibitors given its relatively narrow kinase profile.

A compound from a very different chemotype emerged from an SAR study on imidazothiazoles
designed to simultaneously target the kinases IGF1R, EGFR, and ErbB2.%° These compounds differ
from all other Nek2 inhibitors described here because they are much larger and have a lipophilic
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acetamide group that projects into the back pocket of kinases like ErbB2. Abbott compound 26
(Figure 6) was screened against a total of 59 kinases. It had an ICso of 310 nM against Nek2, the only
Nek screened. Overall, it inhibited 9/59 kinases with an ICso under 100 nM, 10/59 with an I1Csq
between 100 nM and 1 uM, and 40/59 kinases with an ICso > 1 uM.
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Figure 6: Nek2 inhibitors with a variety of hinge binding groups

Tables 7, 8, and 9 present data for a family of molecules that exhibit cross reactivity with Nek2. These
results can guide medicinal chemistry efforts in the pursuit of Nek2 selective compounds. The Nek2
SAR available in the literature is organized in Tables 7, 8, and 9. The compounds in Table 7 originate
from a GSK project to develop selective EIF2AK3 (PERK) inhibitors.®’ These compounds are part of
PKIS2 and were screened against a large kinase panel.* Table 7 summarizes the Nek family results.
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H.N—( N
N—7

NEK1 NEK2 NEK3 NEK4 NEK5 NEK6 NEK7 NEK9 NEK10 NEK11

# of kinases
with %Inh >90

UNC5254 Q\)L & 15 89 97 0 29 34 0 0 0 0 58
UNC5490 \Q\)L% 16 31 96.9 7 11 45 19 0 20 0 59

UNC5071 @F\SLE 11 7 84 0 32 8 18 0 8 10 38
UNC5172 Q\}% 86 0 79 0 5 7 3 17 33 0 0
UNC4987 Ng 15 21 74 4 44 24 18 11 25 7 49
UNC5297 @\;L% 14 31 73 11 22 28 0 0 0 22 8

o

UNC5039 @\)LE 17 2% 66 1 2 32 11 0 18 18 0
o

UNC5478 Q\}% 13 9 18 0 13 0 6 0 25 6 8

(0]
UNC5165 @\)L% 5 0 15 0 7 0 0 11 8 18 14

Table 7. Nek2 SAR for a series of published PERK inhibitors

Compound R1 %Inh (1uM)

All of the compounds in Table 7 are potent PERK inhibitors (data not shown). UNC9054 was the
weakest PERK inhibitor, with a still potent ICso = 17 nM. The remaining compounds had PERK ICsg
values below 1 nM. Inhibition of Nek2 was greatly reduced when the Ry group had a CF3 group in the
meta position (UNC5478 and UNC5165). UNC5490 showed 97% inhibition of Nek2 binding at a
screening concentration of 1 uM in a DiscoverX panel with selectivity over the other Nek kinases. Nek
SAR for a related set of compounds with some core and side chain modifications is shown in Table 8.
These come from the same PERK project at GSK and the compounds are included in PKIS2. All the
compounds in Table 8 have PERK ICsy values below 15 nM, but are also selective for Nek2 within the
Nek family. Nek2 tolerates the addition of the pyrazole ring in UNC5500, a region of the active site
that is unexplored in the compounds of Table 7. This compound is an inhibitor of 36 kinases (> 90%
Inh at 1 uM), however, so it would need additional optimization to remove the off-target activity in a
Nek2 optimization effort.
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Compound

R1

# of kinases
with %I>90

NEK1

NEK2

NEK3

NEK4

NEKS5 NEK6

NEK7

NEK9

NEK10

NEK11

UNC5500

UNC5000

UNC5369

UNC5012

UNC5494

UNC5119

S

none

QeQsal.

ﬂ;:wc’

-

36

22

37

85

70

70

28

1

17

%Inhibition (1uM)

21 3
22 0
22 8
5 0
6 0
14 0

19

28

22

22

87

44

47

Table 8. Nek2 SAR for a series of PERK inhibitors

Table 9 shows results for three additional compounds (Abbott 405, Abbott 502, and Abbott 511)
described in the supplemental material of a paper that described broad kinase screening for a large
set of molecules.®® A broad range of chemotypes was tested in this exercise, and importantly, there is
often data for multiple closely related molecules from the same chemical clusters. The identification of
these three Nek2 inhibitors, which are quite similar to the compounds in Tables 7 and 8, by a different
research group using a different assay format gives confidence that this chemotype represents a
robust starting point for synthesis of Nek2 inhibitors. Of the three compounds, Abbott 502 seems to
be the superior Nek hit because it only has activity towards 12 percent of the kinases screened with
an ICso < 300 nM. Abbott 405 and Abbott 511 are more promiscuous, with S(300 nM) scores of 0.44
and 0.39, respectively.



https://doi.org/10.1101/137968
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/137968; this version posted May 14, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

S
R4 X ) Ry
|
“ > NH,
NEK2 NEK4
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Table 9. Nek2 SAR from Abbott broad kinase screening

Nek3:

Nek3 is a cytoplasmic Nek kinase first cloned and characterized in 1999.% Not many cellular
functions of Nek3 are currently known, except its association with the human breast cancer hormone
prolactin (PRL). By regulating the phosphorylation of Vav2 (a nucleotide exchange factor that is a part
of PRL signaling) Nek2 plays a role in PRL mediated effects on human breast cancer survival, motility
and progression. This role of Nek3 was further substantiated when T47D cells transfected with kinase
dead Nek3 displayed enhanced apoptosis than normal cells.®® In a separate study, overexpression of
Nek3 in Chinese Hamster Ovary (CHO) cells led to enhanced PRL mediated cytoskeletal
rearrangement whereas down regulation of Nek3 showed the opposite effect.** Threonine 165 is a
key regulatory site for the activation of Nek3. Expression of a mutant Nek3 (Nek3-T165V) that cannot
be phosphorylated at this spot on the activation loop into MCF-7 cells resulted in cells with increased
focal adhesion size and reduced propensity to migrate. ® This clearly shows the role of Nek3 in
enhancing breast cancer migration and invasion, and that inhibition of Nek3 is an attractive approach
for breast cancer therapy. Nek3 is highly expressed in post mitotic neurons of mouse brain, especially
during embryogenesis and post-natal life indicating its role in early brain development. Nek3
mutations resulted in microtubule deacetylation, thus suggesting a potential role of Nek3 in disorders
like Huntington’s disease where microtubule function is impaired.®® Nek3, along with 16 other human
protein kinases, is also an essential host kinase required for influenza virus replication.®’

The ability to inhibit Nek3 potently and selectively is potentially important to understanding the
preliminary research linking Nek3 inhibition to diseases such as breast cancer and Huntington’s
disease. Based on our analysis of the literature there were no compounds specifically designed for
Nek3. One series of compounds that we found in the literature was the amino pyrimidine compounds
JNK-IN-7% and JNK-9L® (Figure 7). Both of these compounds were originally designed as inhibitors
for INK1/2/3 (Gene names: MAPK8, MAPK9, MAPK10 respectively). JNK-IN-7 has ICso values of 41,
25 and 13 nM for JNK1, JNK2, and JNKS3 respectively. The binding pose of compound JNK-IN-7 as
revealed from a cocrystal structure with JNK3 shows that the amino pyrimidine core is involved in a
hydrogen bond interaction with the hinge and the acrylamide moiety is involved in a covalent bond
formation with a cysteine residue. A complete kinome scan of compound JNK-IN-7 revealed that in
addition to JNK1/2/3 activity, it showed more than 90% inhibition of Nek3, Nek5 and Nek7 kinase
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activity (Table 10). It should be noted that close structural analogs JNK-IN-1, JNK-IN-8, JNK-IN-11
and JNK-IN-12 (Figure 7), also possessing an electrophilic acrylamide moiety, did not show any
appreciable inhibition of Nek3. The lack of affinity for Nek3 of JNK-IN-1 and JNK-IN-8 suggests that
the methyl group in these compounds might offer steric blockade or conformational modification that
prevents suitable interaction with the Nek3 active site. A possible explanation is the presence of a
tyrosine residue at the hinge of Nek3, which may make it too crowded for the ortho-methyl group. This
design strategy to improve selectivity has been successfully applied for other kinases. Similarly in the
case of JNK-IN-11 and JNK-IN-12 the bulky substituents on the pyrimidine ring might lead to an
unsuitable orientation of these compounds, resulting in the loss of affinity. JNK-9L, which lacks the
electrophilic acrylamide moiety, also displayed Nek3 inhibition, thus suggesting that Nek3 inhibition by
these compounds was not necessarily due to covalent interaction. Additional analogs would need to
be synthesized and screened to evaluate the SAR around this series and optimize for Nek3 activity
and away from the JNK family.

Compound JNK-IN-12  JNK-IN-2® JNK-IN-7> JNK-IN-82 JNK-9L°¢ JNK-IN-112 JNK-IN-122
% control (10uM)
Nek1 100 63 77 81 57 100 100
Nek2 100 1.1 86 100 94 93 929
Nek3 99 17 6.8 73 0.8 99 100
Nek4 100 100 83 79 100 100 100
Nek5 51 2.2 7.8 92 1.4 98 100
Nek6 44 2.8 17 100 76 100 100
Nek7 20 9.8 7 100 45 100 100
Nek9 100 22 48 100 63 100 63
Nek11 78 100 86 99 100 100 100
# kinases = 10 % control 26 45 35 14 53 63 9
2 data taken from Zhang et al., 2012
® HMS LINCS Dataset 20048
¢cHMS LINCS Dataset 20078

Table 10. Selectivity profile of JNK inhibitors across the Nek family
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Figure 7. Structures of JNK inhibitors, some of which have Nek cross reactivity
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Nek4:

In 2010 Nek4 kinase was identified as a mediator of cellular responses to microtubule disrupting
drugs. The interplay between Nek4 activity and cells’ responses to various microtubule-disrupting
agents is not straightforward. For example, when human lung adenocarcinoma cells were treated with
the microtubule stabilizer Taxol, Nek4 deficiency led to resistance. In contrast, Nek4 deficiency in
cells treated with the microtubule-disrupting agent Vincristine resulted in increased sensitivity to
Vincristine. Thus Nek4 deficiency is involved in microtubule homeostasis and either antagonizes or
enhances the effect of drugs targeting microtubules.”® Suppression of Nek4 in human fibroblast cells
resulted in impaired cell cycle arrest in response to double stranded DNA damage initiated by
Etoposide and Mitomycin C.”" Nek4 is highly upregulated in lung and colon cancer and is associated
with the apoptosis triggering tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) in
lung cancers.”® A possible role of Nek2/Nek4 in zygote to ookinete transition in plasmodium parasites
was recently shown.”

Due to the limited details of Nek4 biology, a potent and selective small molecule Nek4 inhibitor would
be beneficial in determining the consequences of Nek4 inhibition and its role in disease. Towards this
goal, we have identified several Nek4 inhibitor chemical starting points. These compounds were not
synthesized as Nek4 inhibitors, but Nek4 activity was observed as an off-target, and this cross
reactivity can be exploited. For example, BAY 61-3606 (Figure 8) was originally developed as an
orally available, selective SYK inhibitor®* but was later reported to have both Nek1®” and Nek4>®
activity. BAY 61-3606 has two potential hinge-binding moieties - the amide or the nitrogen at the 1-
position of the imidazopyrimidine. Additional analogues of this compound have been profiled against
Nek1 and Nek4, but lack activity (Figure 9).%” This result lends credence to the idea that the amide in
the ortho position may be the hinge-binding group and is required for Nek1 and Nek4 activity. Further
SAR or crystallographic confirmation will be required to confirm this theory.

4 N

A\ BAY61-3606
NN/  Nekl - 159nM
_N__NH Nek4 - 25nM
\

- i )

Figure 8. Structure of BAY 61-3606



https://doi.org/10.1101/137968
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/137968; this version posted May 14, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

/ - 0
-0 - _O_N_O S
~o AN | ! N
N N p \O =N \O A\ > N Za p

3 N N7 N N7 NN
e Y Y Ny N7 T
g NH : NH . i _NH
: :o/ FsC /©/ FoC
HN" S0 ¢ FiC ’
Compound BAY derivative 1 BAY derivative 6 BAY derivative 8 BAY derivative 21 BAY derivative 28

Kinase % Inhibition (1pM)
NEK1 8 9 9 9 1

K NEK4 7 15 13 13 7 /

Figure 9. Structural analogues of BAY 61-3606 with and Nek1 and Nek4 activities

A thienopyridine series that we have identified from the literature is a possible starting point to obtain
a potent and selective Nek4 inhibitor (Table 11). Abbott Laboratories originally described Abbott
compound 17 as a MAP3K8 (COT) inhibitor.”* The cross-screening for this compound against many
kinases revealed activity on Nek4.%® Two other compounds (Abbott compounds 3359 and 3357) from
this series also inhibited Nek4, although none were as potent as Abbott compound 17 (Table 11). No
member of this series inhibited Nek2 (ICso >10,000nM). This series was further elaborated and
repurposed by Genentech, resulting in development of potent CDK8 inhibitors.

N - | S
R
P
jop
Ro
Compound R, R. Nek4 IC;,nM  Nek4 %Inh COT ICs (nM)
N__O
Abbott Cmpd 17 S RN 50 = 1120
P < 7 3
H
N-NH :
Genentech Cmpd 1 _§_<N‘N & - 4750 410
N-
Genentech Cmpd 2 3¢ " , C NH - 89.9° 150
N o)
o)
Genentech Cmpd 32 34 4l - 8.7
NH,
o0 NH,
Abbott Cmpd 3359 §_< né —§'C| 316 -
\N’N
o)
Abbott Cmpd 3357 =T 4cF, 1000 -
N-
2 100nM screening concentration
° 1uM screening concentration

Table 11. SAR for thienopyrimidine series

Notably some Nek4 activity emerged from the cross screening of these COT and CDK8 inhibitors. For
example, replacement of oxadiazoline with a tetrazole was tolerated when Rz was a substituted
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phenyl (Genentech Compound 2). When the halogen was maintained at R, and the heterocycle was
replaced by an amide (Genentech Compound 32) the analogue lost Nek4 activity.”> Genentech
compounds 1 and 2 were not counter-screened against Nek2 but were screened in a panel of 51
kinases. They only inhibited 6 and 4 kinases, respectively, above 80% inhibition at a screening
concentration of 100 nM.

A third potential Nek4 series is shown in Figure 10. Abbott Compound 1141 is a simple biphenyl
structure that employs pyridine as a hinge binding group. It has sub-100 nM potency on Nek4, and
inhibits 15/131 kinases with ICso values < 300 nM. This chemotype lends itself to an efficient modular
synthetic approach to elucidate Nek4 SAR using robust chemistry and readily available building
blocks. Synthesis of additional analogues would seek to improve the Nek4 potency, while reducing
activity on kinases that are potently inhibited by Abbott 1141, such as ROCK1, PRKG1, and PRKG2.

o Q. I

kinases
= kinase pIC50
N PRKG1 9
PRKG2 8.6
Abbott 1141 RF;(;;JEAS g.f
Nek4 IC;, = 80 nM PRI 78
) PKN2 7.3
Screened on 131 kinases GSK3B 7.2
No activity on Nek2 AKT1 7.1
i NEK4 7.1
9 kinases IC5, < 100 nM CLKe 69

19 kinases 100 nM < IC55 < 1 M
103 kinases IC5, > 1 uM

KS(SOO nM) = 15/131 = 0.11 /

Figure 10. Abbott 1141 structure and activity profile

These structurally different scaffolds can provide starting points for generation of potent Nek4
inhibitors with a narrow kinase inhibition profile. Currently Bay 61-3606 has good Nek4 potency, but
inhibits too many additional kinases (14/385 >90% Inhibition at 1uM) to be used to elucidate Nek4
specific biology. Abbott Compound 17 and 1141 also have very good Nek4 potency, but inhibited
12/137 and 15/131 kinases respectively greater than 300 nM. Further screening on both of these
compounds would be required to determine their selectivity against the other Nek family members
and broader kinome wide selectivity.

Nek5:

An extremely dark member of the Nek kinase family, Nek5 was recently shown to be involved in the
regulation of centrosome integrity. Similarly to Nek2, depletion of Nek5 resulted in delayed
centrosome separation leading to reduced microtubule nucleation and errors in chromosome
segregation.”®”” In a separate study, expression of Nek5 in Hek293 cells resulted in enhanced cell
viability and reduced cell death, whereas depletion of Nek5 reduced cancer cell drug resistance and
induced apoptosis in vitro.”®

Nek5 is the kinase in the Nek family with the least information known about its function and

subcellular localization.”® Excitingly, however, the PKIS2 dataset identified multiple possible chemical
starting points for a Nek5 inhibitor. Remarkably, Nek5 had the highest hit rate (0.065) across all of the
Nek kinases that were screened (Table 2). The 2-anilino-4-pyrrolidinopyrimidines have 39 exemplars
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that showed selectivity within the Nek family, and did not inhibit any other Nek family members
greater than 68%. The series had K4 measurements on Nek5 ranging from 370 nM to 2300 nM.
Based upon these results and the number of compounds that were screened some structural
requirements for activity can be identified. A change of the trimethoxy aniline to a para fluoro aniline
at the Ry position was not tolerated and results in a total loss of potency (Table 12). Modification of
the amide to the urea also caused a decrease in potency. Interestingly the pyrolidine amide could be
swapped for a piperidine sulfonamide (UNC5124) without a loss in potency. This series is both
relatively Nek family specific and also kinome selective with the most potent analog only inhibiting 3
other kinases above 90% at 1 uM . Further analogues aimed at exploring the aniline in the 2 position,
ring size, stereochemistry, and nitrogen capping groups should be straightforward to synthesize and

would elucidate the SAR for Nek5.
N
I n

Compound n R, R, % Inh (1puM) K4 (nM) # kinases 290%
OMe 0
UNC5052 1 Meoj@ \;ﬂ):oj@ 97.3 370 4
MeO ; (0]
OMe o
UNC5135 1 Meoj@ m 99.9 460 6
%o g
MeO ;
OMe 0
UNC5391 1 Meoij ELJLN/\@\ 93.1 730 7
H
MeO 8 OMe
bi§
F
UNC5112 1 \©\ % Hm 35 - 0
;‘ OMe
OMe H
MeO \ﬂ/
UNC5124 2 0, J 100 - 13
MeO @S ‘%S\\O

Table 12. Percent Inhibition and Ky values of 2-anilino-4-pyrrolidinopyrimidines

A series of JNK inhibitors from the literature have also been shown to inhibit Nek5. Two of these
compounds, JNK-IN-2 and JNK-IN-7 (Figure 7), inhibit Nek5 at 2.2 and 7.8 percent of control,
respectively (Table 10). Both of these compounds contain an acrylamide that is capable of forming a
covalent bond with a cysteine. In JNK kinases the cysteine that is utilized for covalent binding is in the
hinge binding region.”® Nek5 also has a cysteine available in the hinge region however it is
transposed by four amino acids. If this cysteine were capable of being targeted by a reactive group to
form a covalent bond it would be a viable design strategy to improve selectivity and potency. To
validate whether Nek5 was capable of being targeted by an irreversible inhibitor further experimental
validation would need to be undertaken. A third JNK inhibitor that also inhibits Nek5 is JNK-9L (Figure
7). This compound has a similar shape to JNK-IN-2 and JNK-IN-7 but does not contain a moiety
capable of forming a covalent bond. This compound, although fairly Nek family selective, also
inhibited Nek3, and importantly inhibited 53 kinases below 10% control and is likely too promiscuous
to be a good chemical starting point.
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Nek6

Nek6 kinase is phosphorylated and activated during the M phase and is required for the progression
of mitosis. Inhibiting Nek6 function led to cell arrest in M phase and induced apoptosis.?® Neké also
phosphorylates Eg5, a kinesin protein that is critical for mitotic spindle formation.?” Neké is
phosphorylated by the checkpoint kinases CHEK1 and CHEK2, highlighting its role in cell cycle
checkpoint control in response to DNA damage.®? Nek6 is also upregulated in a wide range of
malignancies, including breast cancer, colon cancer, lung cancer, gastric cancer, melanoma, non-
Hodgkins lymphoma, and glioblastoma.?>®°

Although there has been one report on virtual screening for Nek6®, and one report on a thermal shift
assay for several Nek6 variants®”, no potent Neké scaffolds have emerged. Perhaps the most
promising Nek6 chemical starting point at present is an ATM inhibitor, compound 27g from St. Jude
(Figure 11).%8 This molecule inhibits ATM with an ICso value of 1.2 pM, and was screened for kinase
selectivity against 451 kinases at DiscoverX. Only 18 non-mutant kinases exhibited greater than 90%
inhibition at a screening concentration of 3 uM. Among these off-targets were Nek6 and Nek9 with Ky
values of 130 nM and 380 nM respectively. In this DiscoverX binding assay format, 27g demonstrated
little to no binding to Nek1, Nek2, Nek3, Nek4, Nek5, and Nek11. The compound may be a weak
inhibitor of Nek7 as well (78% inhibition at 3 uM), but no K4 value was reported. This quinazoline
compound represents an interesting starting point to develop potent and selective Nek6, and perhaps
Nek9, inhibitors.

Two compounds, Nerviano 29 and Nerviano 17 (Figure 11), designed for PLK1 demonstrate modest
Nek6 inhibition.®® Nerviano17 had a Nek6 ICs, value of 595 nM, and only inhibited 4 kinases out of 43
screened with 1Cso < 1 uM. Nerviano 29 was slightly more potent with Nek6 ICso = 336 nM, and only
inhibited 5 kinases out of the 43 screened with a potency under 1 pM. Like PLK1, Nek7 has a leucine
at the hinge, which may explain why it tolerates the ortho-OCF3 group. Activity on the other Nek
family members remains to be determined, and it is likely that only Nek7 and Nek10 would be
candidates as targets because they too have a leucine in this position.

o, N

N7\ NH,
= o)
N \ FJN‘N\/
U N
HN—L N QNH
N N
N O\/\o/ | /Nk
P 7
N o~ NN
OCF, H OCF,
Nerviano compound 17

Qt. Jude compound 27g

Nerviano compound 29/

Figure 11. Nek6 inhibitors
Nek7

Initially identified as a regulator of the p70 ribosomal S6 kinase, Nek7 is required for microtubule
nucleation, proper spindle assembly, and also plays a role in cytokinesis.®®® Nek7 deficient mice
displayed lethality in late embryogenesis or at early post-natal stages, and the mice displayed severe
growth retardation, consistent with the role of this kinase in regulation of cell division.** Nek7 activates
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the NLRP3 inflammasome and has thus been suggested as a novel target for the treatment of gout,
atherosclerosis, Alzheimer’s disease, and Type Il diabetes.’ %" In addition, Nek7 was expressed in
tumor samples from patients with breast cancer, colorectal cancer, cancer of the larynx, and
melanoma,®® whereas it was not significantly expressed in matched normal tissue from these same
patients.

There are no selective and potent small molecule inhibitors for Nek7 despite a deposited crystal
structure (Table S2). The most promising compounds were originally synthesized as inhibitors of the
JNK family of kinases. JNK-IN-1 (Figure 7) inhibited Nek7 activity by 80% inhibition at 10 uM (Table
10). Notably, this compound was only a modest inhibitor of Nek6 (44% control at 10 uM). Although
both JNK-IN-2 and JNK-IN-7 inhibited Nek 7 by >90% of Nek7 activity, they have greater cross-Nek
activity than JNK-IN-1, which showed potent inhibition only at Nek7. The structurally similar JNK-IN-8
lacks activity on Nek7, suggesting that the position of the electrophilic acrylamide group may be
critical for Nek7 affinity. Both JNK-IN-2 and JNK-IN-7, which lack the methyl group of JNK-IN-1,
showed promiscuous inhibition across the Nek family. Thus, the presence of methyl group in JNK-IN-
1 may be required to achieve selectivity across the Nek family. Synthesis of additional analogues in
this series would help elucidate SAR for Nek3, Nek5 and Nek7 and enable further biological studies to
understand the consequence of inhibiting these targets.

Nek8

First cloned and characterized in 2002, Nek8 is a tumor-associated kinase that is overexpressed in
several human breast tumors.®*%° Nek8 also regulates the DNA replication fork protection protein
RAD51 and is essential for the stability of replication fork and DNA repair.’® Mutations in Nek8 are
associated with ciliary function disruptions and its dysregulation is linked to polycystic kidney disease
and nephronophthisis.'®'-1%

No compounds were identified as suitable starting points for the design of Nek8 inhibitors in our
analysis. One possible reason could be that there are only 2 commercial screens available for Nek8,*
so it is not often included in reported kinase selectivity panels. Since Nek8 has a high level of active
site homology with Nek5, Nek7 and Nek9 (Table 2), compounds that show affinity for these Nek
family members, might also cross activity on Nek8. Screening of selected compounds belonging to
chemotypes that have already shown binding affinity for other Nek family members may identify
reasonable starting points for the synthesis of a selective Nek8 inhibitor.

Nek9

Nek9 is involved in a mitotic cascade where it involving activates Nek6 and Nek7 during mitosis.?" 1%
Nek9 is an enzymatic partner for the transcription factor FACT, that has a role in interphase
progression.’® Nek9 has been shown to regulate microtubule nucleation, spindle organization, and
cell cycle progression.'® % Nek9 is also implicated in cancer as depletion of Nek9 in glioblastoma
and kidney carcinoma cells resulted in impairment of cytokinesis and cell death.'® Gain of function
mutations in Nek9 have been linked to the pathogenesis of Nevus comedonicus - a severe localized
form of acne.’”’

GSK reported a series of imidazotriazines (Table 13) as PLK1 inhibitors.'®® Several of these
compounds are included in the PKIS and PKIS2 compounds sets and cross screening identified Nek9
as an off target. GW7731 showed robust Nek inhibition at both the 100 nM and 1000 nM screening
concentrations. While replacement of the CF3 of GW7331 with the larger phenoxygroup in GW1893
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rendered the compound inactive against Nek9, cross activity at Nek 6 emerged. UNC5391 is a
member of PKIS2 with an indole in the place of the m-CF3 phenyl found in GW7331. Encouragingly,
UNC5391 also shows Nek9 activity even though the results were obtained in a different assay format.
Thus, based on these PKIS2 results, the compound may bind to several Nek family members. Given
the narrow kinome profile of these three compounds, corroboration in two assay formats, and three
sites for SAR exploration, further chemistry efforts to target other Nek family members are warranted.

~

N
~o N/k\N’N {
NN

Neki Nek2 Nek3 Nekd Nek5 Nek6 Nek7 Nek9 Neki0 Nekii
Compound R # kinases =90% % Inhibition (a. 1uM b. 100nM)

pa CFy a.22% a.38% 5 _ _ a.9% a.10% a.86% _ _
Sl O/ 2 b.5% b.8% b.4% b.6% b.55%

PO a 1% a32%  _ _ _ a8l% a2% a-1% _
GW1893 ©/ \© 0 b.3% b.7% b.29% b.4% b, 3%

s a.16% a.70% a.89% a.41% a.99% a.70% a.70% a.70% a.0%  a.86%

LISz 5@ 12 b.- b- b- b- b- b- b- b- b- b~

Table 13. Imidazotriazine structures and percent inhibition values
Nek10

Nek10 is one of the least studied Nek family members with a total of only 10 citations on PubMed
(Table1). Despite this lack of attention, Nek10 has been identified as a potential causative gene for
breast cancer through a Genome Wide Association Study (GWAS).** Nek10 has also been shown to
regulate the G2/M checkpoint in response to exposure of cells to UV irradiation and the DNA
damaging agent etoposide.'® Importantly, Nek10 mutations have also been reported in several
human cancers.'"°

Nek10 is the most divergent member of the Nek family with only 54% sequence identity to its nearest
mammalian relatives (Nek6 and Nek7).'® Due to this difference we hypothesized that compounds
inhibiting Nek10 would have minimal cross reactivity with other Nek family kinases. The Nek10
inhibition data from PKIS2 confirmed this prediction with only Nek3 inhibitors showing hints of cross
activity (Figure 1b). One series that has Nek10 inhibition with little inhibition on the remainder of the
Nek family was the cinnoline amides, (Figure 12a) originally published as BTK inhibitors.""! For BTK,
the amide plays the role of hinge binding moiety. These compounds were contained in PKIS2, and
broad kinase profiling uncovered the Nek10 activity (Figure 12b).*
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TPKI-32 TPKI-33 TPKI-34 TPKI-32

Kinase %lInibition (1uM) Kd (nM)

TIE2 98.7 1 31 >10,000

Nen BMX 90.1 15 83 >10,000

A NH; FGFR3 90 12 0 >10,000
NH, O NH, O YSK4 88 94.4 71 300
Nek10 85 48 86 430
TPKI-34 BTK 43 86 99.8 -

k TPKI-32 TPKI-33 /

Figure 12. Takeda cinnoline amide a. compounds and b. Nek10 activity table

TPKI-32 binds to Nek10 with a K4 of 430nM and was also selective against the other Nek family
kinases. Remarkably, TPKI-32 did not inhibit any other kinases in the large DiscoverX panel. TPKI-
34, which incorporates a substituted indazole in the 8-position, retained activity on Nek10, but
inhibited 21 kinases >90% inhibition. The increased promiscuity may arise from the introduction of the
indazole as a second potential hinge binding group. The third member in the series, TPKI-33, has a
methylated pyrazole in the 8-position. Nek10 binding decreased substantially and only three kinases
were inhibited more than 90%. The very narrow kinase inhibition profile, promising potency, and
evidence of SAR make this an exciting series for synthesis of selective Nek10 inhibitors.

Another potential Nek10 starting point, G1T28, a pyrrolopyrimidine designed as a CDK4/6 inhibitor
(Figure 13) by G1 Therapeutics.

a ’ N\
- N
/@NQ -1 Q

N
=N

G1T28

\ Nek10 — 0.27nM J

Figure 13. G1T28 (Trilaciclib) — a CDK4/6 inhibitor with Nek10 activity.

G1T28 has a fairly narrow selectivity profile with only 7% of the 468 membered DiscoverX
KINOMEscan panel being inhibited >65% at a screening concentration of 100 nM. No other Nek
family kinases exhibited greater than 90% inhibition. This compound inhibited Nek10 very potently
(0.27 nM) in a biochemical assay. Broad exploration of this scaffold may lead to potent and selective
Nek10 inhibitors with a sufficiently narrow profile to allow for exploration of Nek10 biology in cells.

3-anilino-4-arylmaleimides are another series of Nek10 inhibitors that were identified in the broad
DiscoverX screening of PKIS2 (Table 14).* These compounds were originally synthesized as GSK3B
inhibitors''? and appear to be selective over the other Nek family members. Based on these results,
the 3-COOH-4-Cl substituted aniline is a preferred group for Nek2 activity with a Kq of 460nM. A
careful SAR study will be required to identify key features for Nek10 potency and kinome selectivity.
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Ary  Ar
Oﬂ o
{0
# of kinases NEK1 NEK2 NEK3 NEK4 NEK5 NEK6 NEK7 NEK9 NEK10 NEK11
Compound Ar1 Ar2 with %Inh >90 %Inhibition (1uM)
UNC5063 Ph 3-COOH-4-CI-Ph 0 0 6 10 12 4 0 0 36 88 37
UNC5121 2-OMe-Ph 3-Cl-4-OH-Ph 9 7 0 15 0 9 31 0 0 76 24
UNC5038 3-OMe-Ph 3-COOH-4-CI-Ph 85 0 0 7 38 3 0 0 0 73 27
UNC5288 3-OMe-Ph 3-Cl-Ph 7 0 13 5 29 0 0 5 1 73 0
UNC5456 3-OMe-Ph 3-OH-Ph 9 0 0 19 2 2 0 7 15 67 0
UNC5168 2-Cl-Ph Ph 2 0 73 0 0 0 0 1 14 56 26
UNC5252 4-Cl-Ph 3-Cl-4-OH-Ph 0 0 3 29 6 0 10 0 0 55 0
UNC5338 4-Cl-Ph 3-COOH-Ph 0 0 0 17 10 17 0 0 0 55 0
UNC5373 Ph 3,5-di-Cl-4-OH-Ph 1 0 7 0 4 0 3 0 0 52 0
UNC5092 2-Cl-Ph 3-Cl-Ph 10 5 10 56 11 7 1 16 20 51 0
UNC5275 4-Cl-Ph 3-OH-Ph 0 0 12 11 15 0 0 10 0 50 0
UNC5242 * Ph Ph 1 0 0 21 0 0 0 0 0 7 4
UNC5401 2-Cl-Ph 3-COOH-Ph 1 0 0 7 0 2 0 0 26 6 5
UNC5244 4-OMe-Ph 3-COOH-Ph 2 0 10 31 23 0 13 28 2 2 30

Table 14. Nek10 SAR for 3-anilino-4-arylmaleimides from the Discoverx PKIS2 screen.
*UNC10225242A has a methyl group on the maleimide nitrogen.

Nek11:

Nek11 is mainly implicated as a DNA damage/stress response kinase.'®'"® Nek11 directly
phosphorylates the checkpoint protein CDC25A and promotes its degradation.'® Inhibition of Nek11
results in cells entering cell cycle without a functional G1/S or G2/M checkpoint, which eventually
leads to loss of genomic integrity and cell death.'’” Furthermore, enhanced levels of Nek11 are found
in HeLa cells following exposure to DNA damaging agents or replication inhibitors." '

While there are no reports of selective Nek11inhibitors, mining of kinase cross screening data
uncovered a couple potential chemical starting points. PLX-4720'"® (Figure 14) is a relatively selective
BRAF inhibitor, with K4 values below 300 nM for only 3% of the kinases in a large panel including
Nek11.'® PLX-4720 bound to Nek11 with a K4 value of 190 nM. PLX-4032 (Figure 14), also known as
Vemurafenib or RG7204, is an approved BRAF inhibitor from the same azaindole scaffold.'®
Interestingly, addition of the phenyl ring in the 5-position appeared to dampen binding to Nek11 (data
from HMS LINCS dataset ID 20026). Dabrafenib (Figure 14), an FDA-approved BRAF inhibitor based
on a different chemotype'®', also bound to Nek11 (data from HMS LINCS ID 20131).
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Figure 14: Structures of BRAF inhibitors and analogues for the design of Nek11 inhibitors

The reported data from single concentration screening at 10 pM against many members of the Nek
family are shown in Table 15. Several other Nek family members are inhibited by dabrafenib, but
require generation of Ky values to confirm binding. Further confirmation of the cross reactivity of the
dabrafenib chemotype emerged from analysis of broad kinome screening data for the PKIS2.
UNC4991 and UNC5068 both showed potent inhibition of Nek11 when screened at a 1 uM
concentration. UNC4991 also inhibited several other Nek family members, suggesting that SAR may
emerge if the series is further investigated.

Table 15: Nek11 Inhibitors from BRAF series and related compounds

Compound PLX-4720" Vemurafenib® Dabrafenib° UNC4991¢ UNC5068¢
% Control (10 uM) % Control (1 uM)
Nek1 72 100 14 18 86
Nek2 49 (Kd = 5 uM) 71 7 0.9 66
Nek3 69 68 100 99 73
Nek4 71 95 58 49 82
Nek5 100 100 75 24 100
Nek6 91 100 0.3 0.9 100
Nek7 59 100 1.6 71 100
Nek8 B - - -
Nek9 66 100 3.2 6.4 49
Nek10 - - 56 100 100
Nek11 2 (Kd = 190 nM) 30 0.2 1.4 2.3
S(5%) at 10 M =0.06 S(0%) at10uM =0.07  grory 2410 uM=0.19 137 kinases POC<10 110 kinases POC<10
promiscuity S(300 nm) = 0.03°

avalues from HMS LINCS dataset ID 20024 (single concentration and LINCS HMS ID 20154 (Kd determinations)
®values from HMS LINCS dataset ID 20026

°values from HMS LINCS dataset ID 20131

dvalues from Drewry et al., 2017

evalue from Davis et al., 2011

Table 15: Nek family binding data for clinical BRAF inhibitors and analogues

Summary and Conclusions
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Kinases are tractable targets, and investments in small molecule kinase inhibitors have led to
increased understanding of kinase biology and therapies that benefit patients. In spite of this track
record of success, much of the kinome is still understudied. Having a tool kit of kinase inhibitors that
span the kinome will aid scientists in the identification of the right kinase target(s) for the right
disease. To that end, we are working towards generation of such a tool set, the comprehensive
kinase chemogenomic set (KCGS). Here we demonstrate that for the Nek family, a very poorly
studied subset of kinases, careful and thorough data mining has allowed us to identify a broad range
of potential chemical starting points and establish preliminary structure activity relationships. The
ability to paint this landscape for kinases that have received scant attention is due to several factors,
including:

a. the chemical connectivity of kinases — active site inhibitors for one kinase tend to cross-react

with other kinases to varying degrees.

b. the widespread availability of ever growing broad kinase screening panels

c. the willingness of scientists to share these comprehensive data sets
We believe the analysis presented here and the identification of tractable chemical starting points will
lead to the discovery of potent, selective, and cell active inhibitors for each Nek family member.
These inhibitors will in turn lead to improved understanding of the intricacies of Nek biology, and the
discovery of important medicines.
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