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ABSTRACT: Hepsin is a membrane-anchored serine protease whose role in hepatocyte growth
factor (HGF) signalling and epithelial integrity makes it a target of therapeutic interest in
carcinogenesis and metastasis. Using an integrated design, synthesis and screening platform we
were able to rapidly develop potent and selective inhibitors of hepsin. In progressing from the
initial hit 7 to compound 53, the 1Csy value against hepsin was improved from ~1 uM to 22 nM
and the selectivity over urokinase-type plasminogen activator (uPA) was increased from 30-fold to
>6000-fold. Subsequent in vitro ADMET profiling and cellular studies confirmed that the leading

compounds are useful tools for interrogating the role of hepsin in breast tumorigenesis.

INTRODUCTION

Hepsin is a type II transmembrane serine protease with a chymotrypsin-like serine protease
domain containing the catalytic triad of His, Asp and Ser residues.' It is frequently overexpressed
in prostate, ovarian, renal and breast cancers™® and in vitro and in vivo studies have revealed the

functional role of hepsin in tumour progression and metastasis.>" "

The prevalence and
tumorigenic potential of hepsin in epithelial cancers and its location on the cell surface makes it an
accessible cancer therapy target.

Several classes of inhibitors ranging from small molecules, peptides and antibodies have been

developed against hepsin.''"®

However, poor understanding of the actions of hepsin in the
transformation process has made it difficult to establish a causality between pharmacological
inhibition of hepsin activity and reversal of cancerous phenotype in vitro. Recent findings suggest
that deregulated hepsin has two major oncogenic activities: firstly, hepsin induces processing of

several cancer critical growth factors including pro-hepatocyte growth factor (pro-HGF) and pro-

macrophage stimulating protein (pro-MSP) into their active forms, leading to activation of tyrosine
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kinase receptors mesenchymal epithelial transition factor (MET) and recepteur d'origine nantais
(RON).”'20 Secondly, our results with animal tumour models and an inducible form of hepsin
suggest an important role for hepsin in disruption of epithelial cohesion junctions, which include
desmosomes and hemidesmosomes.”* These defects will lead to loss of epithelial integrity, which
promotes tumour invasion and metastasis.”’ In a recent study, we identified a urokinase-type

plasminogen activator (uPA) inhibitor WX-UK1%*%

as a small molecule able to inhibit hepsin
activity at low micromolar concentration, prevent hepsin induction-dependent desmosome and
hemidesmosome defects and restrain hepsin-induced activation of HGF.> However, WX-UK1 is a

relatively weak hepsin inhibitor (ICsp ~3 pM) and exhibits poor selectivity which limits its utility

as a molecular tool to study the oncogenic role of hepsin.

Here we set out to identify novel sub-micromolar potency hepsin inhibitors with improved
selectivity profiles that would be capable of suppressing both axes of oncogenic hepsin function:
growth factor activation and damage to cell junctions. In order to accelerate the generation of new
lead molecules, we utilised an integrated design, synthesis and screening platform developed by
Cyclofluidic. The small molecule lead generation cycle involves iterative molecular design,
chemical synthesis, biological assay and data analysis steps, which feeds into the next cycle. Using
conventional processes each cycle may take one or more weeks leading to extended timelines for
lead generation, whereas the Cyclofluidic platform dramatically reduces the cycle time to a period
of one to two hours and enables rapid and automated lead generation. A comprehensive
description of the platform has been published,” but for this work it was configured as shown
(Fig. 1) with integrated reactant handler, flow chemistry system, LC/MS/ELSD analytics and on-
line biological assays for hepsin and uPA, and an on-line Chromatographic Hydrophobicity Index

(CHI) LogD assay.”> We report here the application of the platform to the identification of potent
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hepsin inhibitors, which are able to prevent deregulated hepsin-dependent induction of growth
factor signalling and disruption of cell-cell junctions and therefore serve as valuable tools in

further probing the role of hepsin.

/ Templates & monomers \
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Artificial CHilog D ELSD
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Figure 1. Schematic of the integrated synthesis and screening platform.

RESULTS AND DISCUSSION
Hit Identification. Hepsin shows a strong preference for an arginine residue at the P1 position of

. 17,26
its substrates,'”

therefore a series of fourteen commercially available amidine and guanidine-
based inhibitors were assayed against hepsin (Table 1). uPA was selected as our initial

counterscreen as we sought to identify a starting point which did not display the uPA inhibition

exhibited by WX-UK1 (compound 13).
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Table 1. Hepsin screening results for a set of commercially available amidine and guanidine

derivatives with uPA counterscreen

oNOYTULT D WN =

11 Compound Hepsin uPA ICs
12 Number Structure ICso M) | (uM)

16 1 OH OOANQ >10 ND

NHo H
20 sN N/RNH

2 3 Om/©/ NW”NHQ 0.029 ND
26 | L@/ .

30 4 °Wu*wz 0.383 ND

35 5 i 4.02 ND
> 6 Oy(j W 0.005 ND
40 HzN o '

45 7 0 1.13 >10

0.676 243

0]
0 08
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Compound Hepsin uPA ICs
Number Structure ICso M) | (uM)
@ NH,
9 N 4.46 ND
o4
0
S! O NH
10 ° H [Nj 6.55 >10°
N
o
NH
H,N NH;
1 UGN O 0.272 0.484
o]
NH
NH,
12 6.19 ND
13 3.35 0.285
14 T 3.14 >10
..S/N\)LN 0
e e

? Literature value”’

Two compounds, Camostat®® 3 and Nafamostat® 6 exhibited apparent potent inhibition, however it
has been reported” that this class of compound act as slow tight-binding substrates and exhibit
apparent inhibition by stabilising the acyl-enzyme intermediate. This was not the desired mode of

action for a selective hepsin inhibitor and these compounds were not considered further.
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Compounds 4 and 11 were also not considered structurally attractive starting points; the next most
potent compounds 7°'** and 8% were of more interest and their potency was confirmed in the
assay. From these two, compound 7 provided a moderate level of potency, good selectivity for
hepsin over uPA and considerable scope for structural modification; it was therefore selected as a
suitable starting point for SAR exploration with the goal of optimizing hepsin potency alongside

selectivity against uPA.

General Chemistry Methods. General methods for the batch and flow synthesis of compound 7
analogs are described below, and full details are provided in the supporting information.
Batch Method: TInitial batch synthesis of compound 7 analogs® of general structure 19 was

undertaken as illustrated in Scheme 1.

Scheme 1. Batch-based synthetic route to compound 7 analogs

1
R’ NaOH o R HATU / DIPEA Es') R h
OH — e S L o /,,\N&(N\
HZN)W( R2SO,Cl R §) ”)ﬁ( v, RON T Ay N2
° 16 O HN—Ar— Hcl NH

17 19
15 18 NH

Reaction of a sulfonyl chloride 16 with an amino acid 15 in aqueous sodium hydroxide, followed
by acidification and extractive work up gave an intermediate sulfonamide 17. The crude
intermediate was reacted with an aminoamidine 18 using 2-(3H-[1,2,3]triazolo[4,5-b]pyridin-3-
yl)-1,1,3,3-tetramethylisouronium hexafluorophosphate (HATU) as the coupling agent to give the
product 19. Regioselective reaction at the aniline moiety rather than the amidine of 18 was

ensured through the protection of the very basic amidine as a hydrochloride salt, readily achieved
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through the use of N-ethyl-N-isopropylpropan-2-amine (DIPEA) as reaction base. The desired
product was purified by reverse phase HPLC.

Flow Method: In order to successfully prepare a range of analogues utilising the CyclOps platform
a flow chemistry method was developed based on the batch synthesis (Scheme 2). Amino acids
are inherently insoluble in solvents more suited to flow synthesis; therefore the use of preformed
trimethyl silyl esters of the acids addressed both the insolubility of the amino acids and offered the
advantage of transient protection of the carboxylic acid functionality. No formal de-protection

step was required as the ester proved labile under the reaction conditions.

Scheme 2. Flow-based synthetic route to compound 7 analogs

NH
] . 2
R DiPEA R H,N—Ar 2HCl o R
DCM 0
Ocun.m (0N 18 NH I H
H2N Sl\ 2—» N O. ..~ / - /S\ N\
o | R0 2 N Sic ) R27IN Ar__NH,
20 16 o | HATU / DiPEA NMP OH § \H/
21
Solution A Solution B l Solution C | Solution D / 19 NH
Pump 1 Pump 4
o™ g "2 poml__ghUMP3 Y iy
/ '{_\\ = . = =y Ll .
| || . Reactor 1 Reactor 2
III.I 1 1 | J ] | ] 'I"Ilr Fr\\“\\ ] | I 1 | ] { [ J’ \1'\
--M{J e b II: | l; — e ’ Nt
0, 2l 0.3 . 'ﬂ\'l /| 0, zmi 0, 3l | \
Loop 1 Loop 2 | ‘o : Loop 3 Loop 4 J :
‘_ __/)I Z8ecm f_J)J Zgcmn I_J/f 28cm ‘ __/} 28em
- I = I

Two way mixer Three way mixer

Stock solutions A of silylated amino acid trimethylsilyl esters 20 were pre-prepared in batch by
reaction of an amino acid 15 with chlorotrimethylsilane and DIPEA in dichloromethane under
microwave conditions for 10 to 20 min at 100°C. They were used without further purification by

reaction in a flow reactor with stock solution B of a sulfonyl chloride 16 in dichloromethane at
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60°C and a total flow rate of 100 pL/min. After 20 min the intermediate sulfonamide product 21
eluted from reactor 1. It was immediately mixed under flow conditions with a stock solution C of
amidine dihydrochloride 18 in NMP containing 1 equivalent of DIPEA and stock solution D of
HATU and DIPEA in NMP. The reaction mixture was heated at 100°C in reactor 2 for 10 min at a
total flow rate of 200 pnL/min to provide a solution of the final product 19, which was purified by
HPLC prior to screening.

The regioselective formation of the desired amide in the presence of the amidine was again
achieved by ensuring the more basic amidine was protected as the hydrochloride salt throughout
the coupling reaction and the two steps could be seamlessly telescoped together to enable the flow
synthesis of a range of structures. All flow based synthetic methods were undertaken using the
Vapourtec35 R4 chemistry apparatus.

The scope of the reaction described above was extended to cover synthesis of amide analogs 23
and 24 and also urea analogs 26 and 27, using acid chlorides 22 and isocyanates 25, respectively,
instead of the sulfonyl chloride in step 1, Scheme 3. In general, the relevant acid chloride or urea

building blocks were used as direct substitutes of the sulfonyl chlorides.

Scheme 3. Two-step amide and urea formation followed by amidoamidine formation from

amino acid trimethylsilyl esters in flow
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Platform SAR Strategy. The integrated platform offers an efficient and effective means to rapidly
explore the SAR of a defined area of virtual chemistry space. Compound 7 can be readily
disconnected to three reaction components, each readily accessible through commercial suppliers.
A subset of available reactants was selected which when enumerated represent the virtual

chemistry space for the platform SAR generation (Scheme 4).

Scheme 4. Representation of the virtual chemistry space for platform SAR generation

1

" ¥ AN
7+ HZN)\I(OH + rW2 R? \H)\[( "R® Y=C,SO
0
0

2
5 R°COCI 8 amino amidines 5,472 enumerated products

31 R?S0,Cl 19 amino acids

This set of 63 reactants (see Supporting Information for structures) represented a chemistry space
of 5,472 virtual molecules for initial exploration on the integrated platform. This initial set of
reactants was chosen based on commercial availability, synthetic compatibility and diversity.
Exploration of the SAR represented by this virtual chemical space was undertaken using a

multiparameter optimization method to select the predicted most potent compounds against the
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primary target hepsin and with the best predicted selectivity over uPA. This multiparameter
objective was defined as maximising the predicted potency against hepsin (i.e. lower ICsy values)
and minimising the predicted potency for uPA (i.e. higher ICs, values) and is referred to as the
platform objective.

In order to maximise the exploration of the selected chemical reactants whilst seeking selective
and potent structures, the initial strategy chosen was Best Objective Under Sampled (BOUS). At
the start of a platform experiment the algorithm predicts ICsy values based on the prior knowledge
data set (the results of the commercial compound screen were initially used for this). The
desirability of each compound is then determined using the platform objective.

To determine the order of synthesis for the platform for each eligible virtual product, the total is
calculated of the number of times the constituting reactants have been used previously. The
compounds with the lowest total previous usage are considered to be under sampled, and
synthesizing compounds from this pool ensures all reactants are sampled as equally as possible.

At the end of each complete synthesis and screen cycle the prior knowledge data set is updated to
include the new inhibition values, the selection algorithm is repeated and the next compound for
synthesis and screening is selected for the platform. Each closed loop cycle took approximately 90
minutes on the platform and the process is fully automated (i.e. subsequent cycles continue
without any intervention). Following a set of automated experiments the developing SAR is
evaluated and a new set of experiments devised that may include changes in the reactant sets used
on the platform as well as the optimization strategy. In this work a series of five distinct sets of
automated experiments were carried out, and the results from these are described below as

Platform Experiments 1 to 5.
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Platform Experiments 1 — Best Objective Under-Sampled Experiment. An initial set of 24
closed-loop synthesis and screening experiments, using the BOUS strategy to select from within
the 5,472 virtual set, quickly established that compounds derived from 4-aminobenzamidine
showed the best activity against hepsin and the other seven aminoamidines in the reactants set
were only weakly active in the examples made. A number of chemical reactivity trends were also
established, the main ones being that aromatic sulfonyl chlorides worked well, but in general
aliphatic sulfonyl chlorides failed to react, and hindered amino acids usually failed to react too. In
addition a number of reactants were found to be insoluble in the required solvents. Based on
reactivity and this initial SAR, a number of reactants were removed from the set and the
experiment was continued with a subset of thirteen amino acids, thirty-two sulfonyl/acid chlorides
and five aminoamidines. A final total of sixty-three synthesis to screen cycles using BOUS were
attempted and forty-four gave reliable SAR data (70%) (see Supporting Information for
structures). Three compounds 28, 29 and 30 gave hepsin ICsy values below 1 pM, with uPA
activity generally around ten-fold weaker (Table 2). The CHI LogD in this series was also
improved compared to 7 (CHI LogD = 4.2). It was apparent that the highest hepsin inhibition was
observed in 4-methylbenzene sulfonamide derivatives of small aliphatic amino acids such as
leucine and norleucine, combined with para-substituted aminobenzamidines. The matched pair 28
and 31 confirmed the importance of the amidine to binding; replacing it with a bromine led to a

large loss in activity.

Table 2. Selected results from Best Objective Under-Sampled experiment and aminoamidine

scan
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Hepsin | uPA
ICso ICso

mM) | (uM)

0 0.5 5 10

12
28 0.9° 3 3

Compound
Number

Selectivity | CHI

Structure ratio LogD

oNOYTULT D WN =

0.9 11 12

12
29 0.6 | 20° 33

30 0.9 8 9 1.4

31 58 58 1 NA®

32 73 19 0.26 1.1

35 * Repeat synthesis and screening data; ° Data not available.

40 Platform Experiments 2 — Aminoamidine Scan. To further examine the effect of changing the
42 aminoamidine component an additional five compounds were synthesized and screened using the
44 platform, keeping 4-methylbenzene sulfonyl chloride and norleucine constant while varying the
aminoamidine moiety. The results confirmed the SAR in this region is very tight: for example
49 changing from the para- to the meta-aminobenzamidine derivative 32 (Table 2) resulted in a
51 significant loss of activity, as did replacing the amidine with a nitrile or N-methylation at the

amide (data not shown).
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Platform Experiments 3 — Chase Objective Strategy. Based on the SAR obtained up to this
point, the original set of 5,472 virtual compounds was refined down to a much smaller set of 297

virtual compounds derived from 27 sulfonylating/acylating agents, 11 amino acids and 1

Page 14 of 43

aminoamidine. The new chemical space was efficiently explored using a Chase Objective strategy

to run multiple closed-loop synthesis and screening experiments, with 80% success rate overall.

The highest hepsin activity was seen in products derived from aliphatic amino acids; a summary of

these are shown Table 3. In particular, the product 33 derived from (R)-cyclohexylglycine (Table
3) gave a hepsin ICsy of 33 nM and greater than one hundred-fold selectivity when initially run on
the platform, and similar values on repeat off-line screening of the collected fraction. CHI LogD

values are also within a generally acceptable range, although the properties are strongly influenced

by the highly basic amidine moiety.

Table 3. Selected results following Chase Objective experiments

Structure Compound | Hepsin |uPA ICs|Selectivity| CHI
Number (ICsp (uM)| (uM) ratio LogD
0.033 4.4 133
33 0.070° | >10° >142 13
0.038° >41° ~1000
34 0.3 12 40 1.3
35 1.1 22 20 1.2

ACS Paragon Plus Environment
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Structure

Compound
Number

Hepsin

uPA ICs

Selectivity
ratio

CHI

ICso (uM)| (M)

e
9 SN N 36 0.7 16 23 1.5
10 °©H o \@(NHQ
NH

: j@! 9
16 Sy N 37°
O H 0 \©\’(NH2
NH

20 ® Manual screen of platform synthesized sample; ° Off-line synthesis and manual screen.

LogD

oNOYTULT D WN =

0.25 60 240 0.9

To confirm this result, 33 was synthesized off-line and assayed manually (Figure 2). The hepsin

27 ICso was 38 nM and uPA ICsy was >41 uM, indicating >1000-fold selectivity.

29 Hepsin uPA

1.5%107

32 5.0x 107

1.0x10™
4.0x107

w

~
RFIU (360/465 nm)
RFIU (360/465 nm)

5.0x 10%
3.0x 10

} 2.0x 107 t t
2 4 -4 -2 0

43 0 t t t
2
log [1] (nM)

44 -6 -4 -2 (I)
45 log [I] (nM})

47 Figure 2. Hepsin and uPA ICs curves for compound 33.

The synthesis of the racemic phenylglycine derivative 37 (Table 3) failed on the platform, so it
54 was synthesized off-line and assayed manually to compare activity of the phenyl and cyclohexyl

56 matched pair. The hepsin ICsy was 250 nM and uPA ICsy was 60 uM, indicating ~240-fold
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selectivity, but overall about 7-fold weaker against hepsin than the (R)-cyclohexylglycine
compound 33. However, later evaluation of the (R)-phenylglycine derivative 53 showed it to have

similar potency to 33.

Platform Experiments 4 — Amino Acid Scan. To further examine the effect of changing the
amino acid component, the synthesis and screening of a series of nine compounds was attempted
on the platform with 4-methylbenzene sulfonyl chloride and 4-aminobenzamidine kept constant
while the amino acid was varied. Seven of these were successfully completed and the results,
shown in Table 4, indicated that the cyclopentyl derivative 39 had good selectivity and reasonable
hepsin activity although it was weaker than the cyclohexyl analogue 33 and phenyl analogue 37. It
was also clear that f-amino acid derivatives such as 38 and 40 were generally weaker than a-
amino acids. Interestingly the tetrahydropyranylglycine derivative 45 was ~30-fold weaker than
compound 33 indicating that polarity was not well tolerated at this position. Unfortunately the
syntheses of 42 from glutamine and 43 from dimethyl lysine failed, so the tolerance for other polar

side chains could not be tested.

Table 4. Hepsin and uPA activity data from variation of the amino acid

Compound | PSP | UPA | o ctivity | CHI
Structure Number 1Cso | 1Cso ratio LogD
(M) | (uM)
O\\SN N 38 3 1 0.3 1.6
ORI T
NH,
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Hepsin| uPA
IC50 | ICs

M) [ (pM)

Compound
Number

Selectivity | CHI

Structure ratio LogD

oNOYTULT D WN =

9 \©\ O H
10 SN N 39 0.86 64 74 0.4
©H o \@(NHz

12 NH

S, NH 40 11 68 6 1.4
0 2
18 Q H@‘%H

NH,
H

: ey
24 S N@\( 41 18 | 72 4 0.8
H O
N

(0]
29 H,N—¢
i K@j_/(o NH 42° NR | NR
N N

36
37 L\—B_{O 43 NR | NR
38 o NH

44 >19 24 <1 1.8

Sy 45 14 | >19 >13 0.4
51 O H o \©\’(NH2
52
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Compound | PSP | UPA | o ectivity | CHI
Structure Number ICso | 1Cso ratio LogD
M) [ (uM)

O:g._ 3 28 9
S0 O NH 46 0.5
2 1.5 5.3 3
NH

[ H
\QS\N:ES N 47 0.22° 1.3

NH

*Synthesis failed; ® Manual synthesis and screening.

In addition, the (S)-cyclohexylglycine derivative 47 (Table 4) was synthesized manually to provide
a comparison of the hepsin activity of the two enantiomers (Figure 3). The (R)-cyclohexylglycine
derivative 33 was measured three times in sequential experiments and was slightly weaker in this
comparison than previously measured but the data suggests the (S)-enantiomer is 2- to 3-fold

weaker, but note the enantiomeric purity of the two samples has not been measured directly.

Hepsin Data
1.0x10”
- 332|C;, = 70 nM
” - 33b|C50 = 124 nM
8.0x10°+
— - 47a lCSO = 220 nM
& - 33¢ICy, = 98 NM
v 6.0x10°+
=
o
"
i 4.0x10°+
2
&
2.0x10°+
(] + t t
0 1 2 a 5

3
log [1](nM)
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Figure 3. Hepsin activity comparison of the (S) and (R) enantiomers of the cyclohexylglycine
derivatives. ®Platform used to purify and collect sample with manual off-line screening; ° Repeat

of ‘a’;  Pure solid sample with manual screening.

Platform Experiments 5 — Extending the Chemical Space. To further explore the SAR a new
medicinal chemistry design was undertaken and a set of 186 virtual compounds, derived from 31
sulfonylating / acylating agents, 6 amino acids and a single aminoamidine (4-aminobenzamidine),
was defined. The selection of the building blocks forming this virtual space was made based on an
evaluation of the existing SAR, commercial availability, synthetic tractability and also the desire to
extend into untapped areas, for example the acylating reagents included some isocyanates to yield
urea derivatives. The full set of reactants is shown in the Supporting Information. The platform
was run for 22 synthesis-to-screen cycles using BOUS. It was immediately apparent that only the
cyclohexylglycine and cyclopentylglycine derivatives showed good hepsin activity and selectivity.
Hence a Chase Objective experiment was set up with only cyclohexylglycine and
cyclopentylglycine amino acids along with the remaining sulfonylating / acylating agents. A
further 21 loops were run in this mode to extend the SAR. The analogs derived from p-
fluorobenzenesulfonyl chloride 48 and p-chlorobenzenesulfonyl chloride 49 showed some of the
best activity from this set against hepsin and good selectivity over uPA (Table 5). The matched
cyclohexylglycine triplet of the sulfonamide 33, amide 50 and urea 51 show the activity sequence
sulfonamide >> urea > amide. The larger p-trifluoromethylphenylsulfonamide 52 showed reduced

potency versus its methyl analogue 33.

Table S. Examples of active compounds and matched pairs synthesized on the platform
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Compound Hepsin | uPA Selectivity | CHI
Structure Number 1Cso 1Cso ratio LogD
eM) [ (uM)
48 0.09 >14 >155 NA
49 0.10 18 180 1.5
50 5.0 24.5 5 1.7
51 2 43 22 1.5
52 0.68 4.7 7 1.7

Off-line synthesis of samples for further analysis and testing. Four inhibitors spanning a range

Page 20 of 43

of potencies were synthesized off-line in batch mode and assayed manually against hepsin and

uPA (alongside 7 and 8 as standards) in order to allow comparison with the results obtained on the

ACS Paragon Plus Environment
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platform and to generate sufficient solid sample for further testing. This group included the
product derived from (R)-phenylglycine, compound 53 (Table 6). The ICsy values are shown in
Table 6 and the initial ICsy curves are shown in Figure 4. The most potent compound, the
phenylglycine derivative 53 initially showed a potency of 4 nM, but the curve was not a complete
sigmoidal shape at the lower concentration, so a second assay covering lower concentrations was
run for this compound (Figure 5). The curve showed a better shape and the potency was 22 nM
against hepsin with >6000 fold selectivity over uPA. The (R)-cyclohexylglycine derivative 33 was

slightly weaker than 53 but still shows excellent potency and selectivity.

Table 6. Hepsin and uPA activity of four selected compounds synthesized off-platform with

two original hit compounds included as standards

Compound Hepsin | uPA
Structure Nulll)lber ICso | ICso | Selectivity
M) | (uM)

Sy 33 0.056 | 1946 34000
°H o \@(NHz

48 0.19 280 1450
[ 1 NH,

N 52 0.85 >1946 >2300
\Q/NHZ
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Figure 4. Hepsin and uPA ICs curves for four compounds synthesized off-platform with two

original hit compounds as standards
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24 Figure 5. ICsy curve for compound 53 against hepsin.

29 Selectivity & in vitro ADMET profiling. The leading compounds were profiled against a panel of
31 10 serine proteases to assess their broader selectivity (Table 7). The three compounds tested
33 displayed similar selectivity profiles, with the most potent hepsin inhibitor 53 exhibiting 54% and

34% inhibition of trypsin and plasma kallikrein respectively at 1 uM inhibitor concentration.

40 Table 7. Serine protease selectivity profiling of key compounds; values given are %

inhibition (mean of 2 experiments) at compound concentrations of 1 pM and 10 pM

45 Serine Protease, % inhibition 33 48 53

46 at given compound
47 concentration IpM 10pM | ITpM 10pM | 1pM 10 pM

48 Thrombin 11 12 NI 10 | NI 44
50 Chymase NI NI NI NI NI NI
Elastase NI NI NI NI NI NI
53 Cathepsin G NI NI NI NI NI NI
>4 Dipeptidyl peptidase NI NI NI NI NI NI
56 Tryptase 52 98 40 91 27 80
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Trypsin 83 96 77 97 54 93
Plasma kallikrein NI 29 12 34 34 85
ELA2 (Neutrophil Elastase 2) NI NI NI NI NI NI
Matriptase NI NI NI NI NI NI
HGFA 18 22 10 24 16 24
Factor Xa NI NI NI NI NI NI

NI = no significant inhibition observed (<10%)

Compounds 33, 48 and 53 were also profiled in in vitro ADMET assays (Table 8). Due to the

influence of the highly basic benzamidine group, all three compounds showed high solubility and
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no PAMPA permeability; however, given the extracellular location of the protease domain of

hepsin, the lack of permeability observed does not limit their application in cell-based assays.

Metabolic stability was acceptable in both mouse and human microsomes, with the exception of

the low stability of 48 in human microsomes. The compounds showed no cytotoxicity in Hep-G2

cells up to 10 uM concentration.

Table 8. In vitro ADMET profiling of key compounds

Compound number 33 48 53
Kinetic solubility (uM) >200 200 >200
MLM t;/, (min) 74 48 108
HLM t;/, (min) 89 16 53
PAMPA P, (nm/s) 0 0 0
Cytotox Hep-G2 viable-50 (uM) >10 >10 >10

MCF10A-Indu20-hepsin cell based assay. We employed non-transformed mammary epithelial

MCFI10A cells expressing doxycycline (Dox) inducible hepsin (MCF10A-Indu20-hepsin) as a
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cell-based assay to test whether the key compounds inhibit oncogenic hepsin functions. In this cell

system, addition of Dox to the cells induces a level of hepsin protein expression and activity that is

oNOYTULT D WN =

comparable to breast tumour cell lines.” The inducible system for hepsin expression is described in
10 Figure 6 (a-c). Hepsin induction leads to down-modulation of its cognate inhibitor HAI-1, which

serves as one readout of oncogenic hepsin activity (Figure 6b).
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46 Figure 6. Doxycycline-inducible hepsin expression in non-transformed mammary epithelial
MCF10A cells. a) Schematic presentation of pINDUCER20-HPN (Indu20-HPN) vector construct.
51 b) Doxycycline induction of Indu20-HPN in MCFI10A (MCF10A-Indu20-hepsin) cells leads to

53 increased expression of processed forms of hepsin and down modulation of HAI-1. c¢) Dox-
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induction leads to increased cleavage of hepsin selective substrate BOC-QRR-AMC. For hepsin

induction cells were treated with 100 ng/mL Dox for 24 h. *p< 0.05, **p< 0.01, ***p< 0.001.

We used the MCF10A-Indu20-hepsin cells to determine the cellular ICsy values of the compounds
against hepsin using fluorogenic BOC-QRR-AMC peptide as a hepsin selective substrate. All four
compounds displayed ICs, values in the range of 0.10-3.15 uM. Compound 53 was the most potent
inhibitor of hepsin with an ICsy of 0.10 uM and is therefore significantly more potent than WX-
UK1 (ICsp 6.49 uM). Compound 33 and 48 inhibited hepsin with ICsy values of 0.99 uM and 1.29
uM respectively, while 52 was the least potent inhibitor with an ICsy of 3.15 uM (Figure 7a,b).
The proteolytic activity of hepsin is regulated by its cognate inhibitor HAI-1 at the cell surface and
oncogenic levels of hepsin lead to enhanced shedding of HAI-1 from the cell membrane, a
phenomenon not seen with the overexpression of catalytically inactive hepsin.’ To test whether the
compounds were able to prevent the loss of HAI-1, MCF10A-Indu20-hepsin cells were treated
with the compounds prior to induction of hepsin with doxycycline. In these experiments,
compound 53 prevented the hepsin-induced loss of HAI-1 at 10 uM concentration. We have
previously shown that WX-UKI1 inhibits HAI-1 down modulation at 20 uM concentration.
However, neither WX-UKI nor any of the other compounds was able to efficiently prevent HAI-1
loss at 10 uM concentration, which is consistent with the superior potency of 53 seen in

biochemical and cell based ICs, assays (Figure 7c¢).
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32 Figure 7. Inhibition of the proteolytic activity of hepsin. a) Determining the ICs from the cellular
34 dose-response curve. The inhibitory action of compounds 33, 48, 52, 53 and WX-UKI1 was
36 measured in MCF10A-Indu20-hepsin cells using BOC-QRR-AMC as a substrate. Due to the
39 higher potency of 53, the ICso curve was generated with a broader concentration range. b) ICs
41 values of the tested compounds. ¢) Inhibition of hepsin-dependent down-modulation of cellular
43 HAI-1. MCF10A-Indu20-hepsin cells were pre-treated with either DMSO or the compounds for 30
min followed by induction of hepsin with 100 ng/mL doxycycline for 6 h. HAI-1 protein levels

48 were analyzed by immunoblot.

Inhibition of hepsin-dependent activation of HGF/MET signalling pathway. Hepatocyte

55 growth factor is produced in its latent form (Pro-HGF) by mesenchymal cells and requires a
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proteolytic cleavage for conversion into active o and B chains.’® Several studies have shown that
hepsin activates Pro-HGF, consequently activating MET receptor tyrosine kinase.™'’?” The
HGF/MET pathway is associated with poor prognosis and acquired drug resistance in several
cancers.”™’ We examined whether the lead compounds inhibit hepsin-mediated processing of
recombinant human ProHGF (rPro-HGF) by incubating rPro-HGF with recombinant human
hepsin (thHPN) in the presence of inhibitors. Compound 53 demonstrated the highest inhibition of
rPro-HGF activation shown by a decrease in a and B chain processing (Figure 8a). To further
evaluate the capacity of our compounds to prevent HGF/MET signalling, we induced hepsin with
Dox in MCF10A-Indu20-hepsin cells and treated them with the inhibitors and rPro-HGF.
Compound 53 displayed the best potency against HGF/MET activation as demonstrated by the
decrease in MET phosphorylation (Figure 8b).

We have recently shown that hepsin protein is overexpressed in all major subtypes of breast
cancer, with the highest frequency of overexpression in triple negative breast cancer (TNBC).” We
tested the efficacy of the inhibitors on HGF/MET signalling in a TNBC cell line Hs578T, which
expresses high levels of proteolytically active hepsin and low levels of HAI-1.> Treatment of
Hs578T cells with rPro-HGF led to an increase in MET phosphorylation, which was inhibited by
all four compounds (Figure 8c). Consistent with our previous results, 53 demonstrated superior
potency compared to the other compounds (Figure 8c). We confirmed the results with 53 in two
TNBC cell lines, Hs578T and HCC1937. In these assays, 1 uM 53 inhibited MET phosphorylation

similarly to the clinically tested MET inhibitor crizotinib at 100 nM (Figure 8d,e).
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Figure 8. Inhibition of the hepsin mediated activation of HGF/MET-signalling. a) Compound 53
inhibits recombinant human hepsin (thHPN) mediated processing of recombinant human HGF
propeptide (rPro-HGF). rPro-HGF was incubated in the presence of rHPN at 37°C for 30 min
together with indicated inhibitors. rPro-HGF processing was analyzed by immunoblotting using
antibody recognizing Pro-HGF as well as a and B chains; b,c) Inhibition of hepsin mediated
conversion of Pro-HGF into active form. Measured is MET phosphorylation (Tyr1243/1245). In b,
Dox-induced MCF10A-Indu20-hepsin cells were treated with DMSO or inhibitors for 30 min
followed by addition of 50 ng/mL rPro-HGF. In ¢, the Hs578T cell line was incubated with DMSO
or inhibitors as indicated followed by addition of 50 ng/mL rPro-HGF. Inhibition of the MET
pathway activation was analyzed by immunoblotting; d,e) Comparison of MET inhibition by

compound 53 and crizotinib in Hs578T and HCC1937 cell lines. Cells were treated as in c).

Prevention of hepsin-mediated loss of desmosomes. Elevated levels of hepsin in tumours
contribute to loss of epithelial integrity, which is a defining feature of tumour progression from a
local in situ tumour to invasive cancer.>* Hepsin is localized to desmosomal junctions in epithelial
cells and high hepsin levels break desmosomes, which are important for cell-cell cohesion.*®
Therefore, the degrading actions of oncogenic hepsin on desmosomes could be defining factors in
the process of loss of epithelial integrity during tumorigenesis. Desmogleins are desmosomal
cadherins, which show a pericellular network-like staining pattern in non-transformed MCF10A
cells. Dox-induction of hepsin results in the loss of desmosomal structures, visualized by loss of
desmoglein 2 staining. We explored whether compound 53, which demonstrated the highest

potency against hepsin, would inhibit hepsin-mediated loss of desmosomes. MCF10A-Indu20-
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hepsin cells were treated with 53, WX-UK1 or DMSO for 30 min followed by hepsin induction

with Dox. In this setting, 53 but not WX-UK1 was able to alleviate hepsin-mediated desmosomal

oNOYTULT D WN =

defect (Figure 9a,b). The results show that hepsin-induced desmosomal damage can be subjected

10 to intervention with small molecule approaches in cell culture.
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Figure 9. Inhibition of hepsin-mediated loss of desmosomal junctions by compound 53 a)
54 Representative confocal immunofluorescence microscopy images of MCF10A-Indu20-hepsin cells

56 with hepsin induced in the presence of indicated compounds. Note the rescue of pericellular
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staining of desmoglein 2 by compound 53. MCF10A-Indu20-hepsin cells were pre-treated with 1
and 10 uM 53, WX-UKI1 or DMSO for 30 min followed by the induction of hepsin with 100
ng/mL Dox for 6 h on a cover slip. The scale bar is 50 um. b) Quantification of desmosomal
integrity. Cells expressing continuous pericellular desmoglein 2 were scored positive and
discontinuous/ absent pericellular desmoglein 2 were scored negative from immunofluorescent
images. Cells were counted from 10 fields of view per treatment from three biological replicates.
Results are shown as percentages. The p-value was derived from Student’s t-test. *p< 0.05, **p<

0.01, ***p<0.001.

CONCLUSIONS

In the present study, we generated 142 novel compounds with hepsin and uPA ICsy data using the
CyclOps automated synthesis-to-screen platform. The progression from the initial hit 7 to
compound 53 was accompanied by an improvement in inhibitory activity against hepsin from ~1
uM to 22 nM, and selectivity over uPA was improved from 30-fold to >6000-fold. The leading
compounds also demonstrated promising selectivity towards hepsin among a broader panel of
serine proteases. In cell-based assays compound 53 was able to inhibit the dual oncogenic
functions of hepsin, inhibiting ligand induced MET activation and loss of cellular cohesion. The
superior potency and selectivity demonstrated by compound 53 over previous small molecule tools
such as WX-UK1 means that it can serve as a valuable probe to further interrogate the oncogenic

functions of hepsin in a cellular context.

EXPERIMENTAL SECTION
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Chemistry. Reagents and solvents were purchased from commercial suppliers and used without
further purification. '"H NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer.
Chemical shifts are reported in parts per million (ppm) relative to an internal solvent reference and
coupling constants are reported in Hz, with conventional abbreviations for designation of peaks: s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. Final compounds were 295% purity
as assessed by analytical LC-MS; further details of the methods used can be found in the
supporting information.

General platform flow synthesis method. Stock solutions of the amino acid trimethylsilyl ester
(0.35 M in DCM), sulfonyl chloride (0.42 M in DCM), aminoamidine (0.35 M in NMP), and
HATU (0.35 M in NMP) were prepared prior to starting the flow experiment. The stock solutions
(400 pL, 1.6x overfill) were manually or automatically loaded to Vapourtec loops (250 pL
volume) after which the Vapourtec FlowCommander software controlled the entire experiment.
The total reaction time was around 50 min including automated loading of loops. The product
solution was collected manually or using a fraction collector as it eluted from reactor 2 (see
Scheme 2). When integrated to the CyclOps platform, a 20 pL aliquot of the product solution was
automatically captured and purified by HPLC prior to dilution and assay.

Synthesis of non-commercial compounds from Table 6 in batch mode. (R)-N-(4-
Carbamimidoylphenyl)-2-cyclohexyl-2-((4-methylphenyl)sulfonamido)acetamide (33). A
solution of sodium hydroxide (53 mg, 1.34 mmol) was prepared in water (3.7 mL), (R)-2-amino-2-
cyclohexylacetic acid (100 mg, 0.64 mmol) was added and the suspension sonicated to give a clear
colourless solution of the sodium salt. A solution of 4-methylbenzene-1-sulfonyl chloride (133 mg,
0.70 mmol) in acetonitrile (3 mL) was added dropwise to the salt solution and the mixture stirred

overnight to give a cloudy solution. Ethyl acetate (10 mL) was added followed by 1N HCI (5 mL).
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The mixture was stirred vigorously for 5 min and the organic phase separated. A further aliquot of
ethyl acetate (5 mL) was added to the aqueous phase, stirred and the organic phase separated and
added to the first extract. The combined organic extracts were evaporated to dryness to give the
sulfonamide intermediate, which was dissolved in NMP (1 mL) and a solution of 2-(3H-
[1,2,3]triazolo[4,5-b]pyridin-3-yl)-1,1,3,3-tetramethylisouronium hexafluorophosphate(V)
(HATU) (242 mg, 0.64 mmol) in NMP (1 mL) added drop-wise and the mixture stirred for 10 min
to give the activated ester. A solution of 4-aminobenzamidine dihydrochloride (132 mg, 0.64
mmol) was prepared in a mixture of NMP (1 mL) and DIPEA (111 pL, 0.64 mmol). Sonication
was required to completely dissolve the material. The solution of the 4-aminobenzimidamide was
added to the activated ester and the solution heated at 80°C for 20 min under microwave
conditions to give a clear amber solution. The crude material was purified by reverse-phase
preparative HPLC, using an acidic method (0.2% TFA as additive). The product fractions were
collected and evaporated to dryness in a Genevac EZ-2 centrifugal evaporator to give the product
33 as a white solid, TFA salt (42 mg, 15%). '"H NMR (400 MHz, d.-DMSO) & ppm 10.27 (br. s,
1H), 8.48 (s, 1H), 7.72 (d, J/=8.8 Hz, 2H), 7.63 (d, J= 8.4 Hz, 2H), 7.52 (d, J/=8.8 Hz, 2H), 7.18 (d,
J=8.4 Hz, 2H), 3.64 (d, J/=8.4 Hz, 1H), 2.17 (s, 3H), 1.83-1.75 (m, 1H), 1.70-1.51 (m, 4H), 1.44-
1.33 (m, 1H), 1.17-1.01 (m, 4H), 0.91-0.80 (m, 1H); MS m/z: 429 [M+H]".

Compounds 48, 52 and 53 were prepared using an analogous method to compound 33:
(R)-N-(4-Carbamimidoylphenyl)-2-cyclohexyl-2-((4-fluorophenyl)sulfonamido)acetamide
(48). White solid, formic acid salt (52 mg, 19%). 'H NMR (400 MHz, de-DMSO) & ppm 10.43 (br.
s, 1H), 8.41 (br. s, 1H), 7.83-7.79 (m, 2H), 7.73 (d, J=8.8 Hz, 2H), 7.56 (d, /=8.8 Hz, 2H), 7.28-
7.22 (m, 2H), 3.68 (d, J=8.4 Hz, 1H), 1.82-1.74 (m, 1H), 1.69-1.53 (m, 4H), 1.43-1.36 (m, 1H),

1.16-1.03 (m, 4H), 0.93-0.83 (m, 1H); MS m/z: 433 [M+H]".
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(R)-N-(4-Carbamimidoylphenyl)-2-cyclohexyl-2-((4-
(trifluoromethyl)phenyl)sulfonamido)acetamide (52). Pale yellow solid, formic acid salt (14
mg, 5%). 'H NMR (400 MHz, d¢-DMSO) & ppm 10.40 (br. s, 1H), 8.47 (s, 1H), 7.94 (d, J=8.0 Hz,
2H), 7.77 (d, J/=8.4 Hz, 2H), 7.71 (d, J=8.8 Hz, 2H), 7.48 (d, J/=8.8 Hz, 2H), 3.71 (d, J=8.4 Hz,
1H), 1.83-1.76 (m, 1H), 1.70-1.54 (m, 4H), 1.44-1.36 (m, 1H), 1.16-1.02 (m, 4H), 0.94-0.84 (m,
1H); MS m/z: 483 [M+H]".
(R)-N-(4-Carbamimidoylphenyl)-2-((4-methylphenyl)sulfonamido)-2-phenylacetamide (53).
White solid, formic acid salt (21 mg, 7%). '"H NMR (400 MHz, d¢-DMSO) & ppm 7.70 (d, J=8.8
Hz, 2H), 7.57 (d, J/=8.4 Hz, 2H), 7.48 (d, J=8.4 Hz, 2H), 7.40-7.36 (m, 2H), 7.28-7.18 (m, 3H),

7.13 (d, J=8.0 Hz, 2H), 4.97 (br. s, 1H), 2.21 (s, 3H); MS m/z: 423 [M+H]".
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BOUS, Best objective under-sampled; Dox, Doxycycline; HAI-1, Hepatocyte growth factor
inhibitor-1; HGF, Hepatocyte growth factor; Indu20, pINDUCER20; MET, Mesenchymal
Epithelial Transition Factor; pMET, PhosphoMET; pro-MSP, Macrophage stimulating protein
propeptide; rHPN, Recombinant human hepsin; RON, recepteur d'origine nantais; rPro-HGF,
Recombinant human HGF propeptide; TNBC, Triple negative breast cancer; uPA, Urokinase-type

plasminogen activator.
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