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role in cell growth and development. Hepsin is highly expressed in prostate cancer (PCa)
and associated with its progression and metastasis. Therefore, it has been considered as an
attractive biomarker of PCa. Recently, low molecular weight inhibitors targeting hepsin
have been developed. Based on the key chemical scaffold, they can be classified into four
classes: Indolecarboxamidines, benzamidines, peptide-based analogs, and 2,3-dihydro-
1 H-perimidines. In this review, we discuss design strategy, structure-activity relationship

(SAR), and binding mode of the four classes of hepsin inhibitors.

Keywords: Hepsin, prostate cancer, type Il transmembrane serine protease, structure-activity relationship (SAR),
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1. INTRODUCTION

Prostate cancer (PCa) is the most common cancer
and the second leading cause of cancer-related death
among men in the USA [1-6]. When PCa is localized
clinically, current treatment regimens such as surgery,
chemotherapy, testosterone suppression, and radiation
are effective in treating PCa. However, once PCa is
metastasized to other organs such as bone and lymph
nodes, it is difficult to control and is almost uniformly
fatal [7, 8].

Hepatocyte growth factor (HGF) plays a key role in
cancer progression. It is secreted by tumor-associated
fibroblasts [9] as an inactive pro-HGF form. Trypsin-
like serine proteases including hepsin, matriptase, and
HGF activator (HGFA) cleave pro-HGF to produce
HGF [10-18]. HGF binds to its cognate receptor tyro-
sine kinase MET which leads to the activation of
downstream signaling pathways of cell survival, prolif-
eration, and invasion of malignant cells [19]. Inhibition
of HGF activation has been investigated as a potential
therapeutic intervention of tumors. In cancer cells,
HGF-activating proteases including hepsin, matriptase,
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and HGFA are upregulated, thus converting pro-HGF
into active HGF [20-23]. Inhibitors of these proteases
might block the cleavage of pro-HGF and inactivate
HGF/MET signaling pathways. Moreover, endogenous
inhibitors of HGF activation, HAI-1/2, inhibit the ac-
tion of hepsin, matriptase, and HGFA [17, 18, 24, 25].
Elevated HGF level and reduced HAIs are closely as-
sociated with poor survival of patients with advanced
cancers [26-32].

Type Il transmembrane serine protease (TTSP) is a
subgroup of trypsin-like serine protease. It is a mem-
brane-anchored protein with an N-terminal cytosolic
domain, a hydrophobic membrane-spanning region,
and an extracellular domain. Hepsin belongs to the
TTSP family that includes matriptase, enteropeptidase,
corin, human airway trypsin-like protease (HAT), and
TMPRSS2 [33]. Originally identified in the liver, hep-
sin is predominantly expressed in normal human liver
and kidney [34]. It is also highly expressed in PCa,
ovarian cancer, and renal cell carcinomas [35-37]. In
particular, it is overexpressed in PCa as compared with
benign prostatic hyperplasia (BPH) [22, 38-41]. Hepsin
mRNA levels are elevated in about 90% of prostate
cancers, with 10-fold higher levels in metastatic pros-
tate cancers than that in normal prostate or BPH [21,
39, 42, 43]. It has been demonstrated that hepsin is cor-
related with prostate cancer progression and metastasis
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in vivo [44]. Hepsin plays a key role in promoting the
metastasis of primary non-metastasizing prostate tu-
mors to the bone, liver, and lung at in vivo animal stud-
ies [35, 36, 45, 46]. Hepsin is also amplified in other
cancers including ovarian, lung, and breast cancers
[47]. Furthermore, hepsin is involved in the disruption
of basement membrane components and cell motility
[44]. Therefore, hepsin has been considered as a poten-
tial biomarker of PCa metastasis and prognostic factor
for predicting PCa progression [39, 48].

There have been a number of reports on the role of
hepsin in cancer progression and metastasis up to date
[35, 40, 44-46, 49, 50]. In this review, we focus on re-
cent development of low molecular weight (M.W.)
hepsin inhibitors despite recent progress in antibody-
based hepsin inhibitors [51, 52]. Based on the core
scaffold structure, low M. W. hepsin-targeted inhibitors
are classified into four classes: Indolecarboxamidines,
benzamidines, peptide-derived analogs, and 2,3-
dihydro-1H-perimidines.

To compare the relative in vitro hepsin activity of
inhibitors, the values of K; and ICs, are used throughout
this paper. In general, fluorescent enzyme assays of
hepsin are performed by using Boc-Gln-Ala-Arg-AMC
or PyroGlu-Pro-Arg-pNA as chromogenic substrate in
order to determine the ICs values. K; values are calcu-
lated using the Cheng and Prusoff equation
(Ki =1Cso/(1 + [S]/Kw)) [53]. The final chromogenic
substrate concentration for the assays was at K;,, (about
150~200 uM) for hepsin. It is recommended to refer to
the original articles to obtain details of K and 1Cs, val-
ues.

2. INDOLECARBOXAMIDINES

The physiological substrate-binding sites of TTSPs
consist of successive residues before the scissile amide
bond (S4, S3, S2, S1) and those after it (S1', S2', S3',
S4") [11, 54]. Hepsin substrates exhibit strong prefer-
ence for Arg at P1 position. They favor Asn, Thr, or
Leu at P2, Lys or Gln at P3, and Lys or Pro at P4 posi-
tion [11]. In Pl'-position, Ile or Val is a preferred
amino acid residue. Hepsin forms a catalytic triad by
three amino acid residues (Ser, His, and Asp) which are
responsible for the hydrolysis of amide bond between
P1 and P1'. Ramachandra and co-workers reported that
2-pyridine-2-yl/aryl-1H-indole derivatives substituted
with amidine moiety for binding of S1 pocket are hep-
sin inhibitors [55]. During focused high throughput
screening (HTS) of amidine-containing molecules, 1H-
indole-5-carboxamidine was found to be a weak hepsin
inhibitor with a K; value of 500 uM [56, 57]. This

Current Medicinal Chemistry, 2017, Vol. 24, No. 21 2295

compound was reported to have weak inhibition activ-
ity against serine proteases such as plasmin, urokinase,
thrombin, and trypsin in the early 1980s [58]. The
binding mode of 1H-indole-5-carboxamidine was simi-
lar to that of 2-(2-hydroxyphenyl)-1H-benzoimidazole-
5-carboxamidine which was crystallized with hepsin
(PDB ID: 1P57) [59]. Based on modeling studies [59],
it was assumed that the amidine group of 1H-indole-5-
carboxamidine shares similar binding poses with other
reported amidine-based serine protease ligands by in-
teracting with amino acids Asp-189 and Gly-219 in the
S1 subpocket [60, 61]. As shown in Table 1, compound
1 substituted with phenolic group at C-2 position of the
indole ring showed 14-fold improved hepsin affinity
(K = 35 pM) as compared to 1H-indole-5-
carboxamidine itself. Compound 2 with an isopropyl
group at X position of Class A (Table 1) showed 7-fold
stronger hepsin inhibition than compound 1. Com-
pound 3 with a chloro group at Y position showed
similar hepsin inhibitory activity compared to com-
pound 2. Modifications of compound 1 by introducing
piperidine at the X-position resulted in enhanced inter-
action with the S1' site of hepsin [56]. Compound 4
exhibited improved hepsin-binding affinity with a X;
value of 1.4 uM. However, it showed undesirable
metabolic stability (MLM stability: 38% in 20 min,
22% in 40 min). Replacement of phenol moiety of
compound 4 with a pyridine ring (compound 12) in-
creased its hepsin affinity (K; = 0.6 uM) with improved
metabolic stability in liver microsomes, implying that
the OH group of the phenol moiety in compound 4 is
associated with its interaction with hepsin and metabo-
lism by liver. Replacement of the piperidine ring of 12
with a tert-hydroxyl cyclohexyl ring (compound 13)
resulted in increased binding affinity for hepsin (K; =
0.1 uM). Compound 14 with a fluoro group showed
reduced hepsin affinity compared to compound 13, im-
plying the importance of the OH group in compound
13. X-ray crystal structure of hepsin in complex with
compound 13 elucidated that the fert-hydroxyl group
could interact with His-57, one of key residues in the
catalytic triad of serine protease. However, the nitrogen
of the pyridine ring was located ~4.5 A away from the
catalytic residue Ser-195. To achieve optimal interaction
with Ser-195, N-oxide group was introduced in com-
pound 13, resulting in the potent hepsin inhibitor 15 with
high selectivity for hepsin over other serine proteases
such as matriptase, trypsin, and Factor Xa [56]. Com-
pounds 13 and 15 inhibited the invasion and migration
in hepsin-expressing LNCaPC42B4 cell lines, indicating
that they are potentially lead compounds for the devel-
opment of therapeutic agents for PCa.
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Table 1. Inhibitory activities of 1H-indole-5-carboxamidine analogs against hepsin.
. HO X . X
70 N
H2N HN /N
NH Y NH
Class A Class B
Compounds Class Hepsin inhibition Refs.
1 A 350 [55]
2 A I%J\ H 49° [55]
3 A aék cl 48° [55]
4 A Q H 1.4°% 55
N [55]
5 A H J@ 8.9° 62
% [62]
F
6 A H O 5.9° 62
% [62]
c .
7 A H O 23 [62]
k:
OMe .
8 A H /©/ 7.3 [62]
ES
CF, .
9 A H /O/ 14 [62]
kS
NH, b
10 A H 9.3 [62]
b
NI b
11 A H W 70 [62]
12 B Q 06° 55
N [55]
HO,
13 B a@ 0.1 [55]
X0
14 B 0.4° 55
< [55]
o
Q
15 Noy\ OH 0.1* [55]
H,N _
NH

(* K;in pM, " ICs, in pM)

Byun and his co-workers reported 1H-indole-5-
carboxamidine derivatives (compounds 5-11 in Table
1) substituted with aryl ring at the Y position of class A
[62]. As the biphenyl group of this series was projected

onto the surface of hepsin, a large conjugate of com-
pound 10 with a PSMA-binding scaffold retained the
binding affinity for hepsin [62].
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Fig. (1). Schematic depiction of key interactions between hepsin and compound 6.

Modeling studies of compounds 5-11 with hepsin
crystal structure (PDB ID: 105E) showed that the
amidine group provides the key interaction with Asp-
189 of the active site of hepsin [63]. When the amidine
group was replaced with nitrile or oxadiazole group,
the hepsin inhibitory activities were completely abol-
ished. As shown in Table 1, the biphenyl analogs 5-11
had hepsin-inhibitory activities, with ICsy values rang-
ing from 5.9 to 70 uM. Compound S with the unsubsti-
tuted biphenyl group was moderately potent. Introduc-
tion of F, OCH;, and CF; at the para-position also
showed similar hepsin-binding affinity. However,
compound 11 with a thiophene at the Y position
showed the decreased hepsin inhibitory activity while
compound 10 showed similar activity to compound 5.
Even the larger, bulkier heterobivalent compound tar-
geting both hepsin and PSMA exhibited potent hepsin-
inhibiting activity (ICso = 2.8 uM) as monovalent hep-
sin inhibitors 5-10, indicating that the bulky group
could be conjugated with 1H-indole-5-carboxamidine
with retaining hepsin affinity. The docked pose of
compound 6 interacted with key amino acids Asp-189
and His-57 as shown in Fig. (1). The 4-fluorobiphenyl
group was located in the open space without interacting
with any amino acid residue within 2.5 A.

3. BENZAMIDINES
3.1. Amidino-phenylalanine Benzamidine

The second low M.W. hepsin inhibitors are ben-
zamidine derivatives developed by Janetka and co-

workers [64]. The initial compound as a promising
trypsin-like serine protease was Hgfac-221. It was de-
veloped as an inhibitor of Factor VIla by Genentech
(Fig. 2). Hgfac-221 inhibited matriptase, HGFA, and
hepsin with K; values of 7180, 7100, and 553 nM, re-
spectively [64]. One of matriptase inhibitor, so-called
CJ-672, was utilized as a starting point in the design of
benzamidine-based hepsin inhibitors. CJ-672 was a
potent matriptase inhibitor (K; = 14 nM) and crystal-
lized with matriptase (PDB ID: 2GV7) with a resolu-
tion of 2.2 A [65]. Trypsin-like serine proteases includ-
ing hepsin, matriptase, and HGFA cause hydrolysis of
specific substrates that have basic amino acids such as
Arg or Lys at the S1 pocket of active site [66]. The
Asp-189 residue in the S1 site contributes to substrate
specificity. It has preference for positively-charged Arg
or Lys in the P1 portion of substrates. Nafamostat had
strong inhibition activity against hepsin, matriptase,
and HGFA by forming arylacyl-enzyme intermediate.
[67].

Because hepsin, matriptase, and HGFA share struc-
tural similarity for biological substrates, benzamidine-
derived matriptase or HGFA inhibitors also inhibited
hepsin equipotently in most cases [65, 68]. However,
some compounds showed better binding affinity for
hepsin over HGFA or matriptase. As shown in Table 2
among piperidinyl benzamidine sulfonamide analogs
16-20, compound 18 with N-phenylethylcarboxamidyl
group substituted at the piperidine ring and 4-
methylphenyl group at the sulfonylamide portion
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\ NH,
N—\
%,\N HN
HN__O
O
Vi ‘NH O o)
(6]
NH N
HNZ > NH, HN= HN=
NH; NH,
Hgfac-221 Nafamostat . CJ-672
Matriptase K; 7,180 nM Matriptase K;0.02 nM Matriptase K;4.3 nM
HGFA K; 7,100 nM HGFA K; 25 nM HGFA K; 17,000 nM
Hepsin K; 553 nM Hepsin K; 0.53 nM Hepsin K; 1,580 nM
Fig. (2). Benzamidine-containing trypsin-like serine protease inhibitors. K; values were adapted from [64].
Table 2. Inhibitory activities of piperidinyl benzamidine sulfonamides against hepsin.
XP Y0
5 <
HN O HN O
X N NH
NH, X NH,
Class A Class B
Compds. Class X Y K; (M) Refs.
16 A s y 33 [64]
17 A s — M 47 [64]
1 B 0.6 64
8 /i — )4 7 [64]
Ph HN\\LL“
19 B @E 23 [64]
NP
Ph HN:L
20 B 2.6 64
Cohg s o4

exhibited strong inhibitory activity against hepsin with
a K; value of 670 nM. However, the K; values of com-
pound 18 against HGFA and matriptase were higher
than 2 uM.

Among piperazinyl benzamidine sulfonamide ana-
logs 21-28, compound 22 with bromobenzyl and
naphthyl groups showed potent and selective binding
affinity for hepsin, with a K value of 48 nM. However,
its Kj values for HGFA and matriptase were 16.2 and
4.6 uM, respectively [64]. Except for compounds 18
and 22, the other piperidinyl and piperazinyl com-

pounds showed moderate binding affinity for hepsin
with K; values ranging from 1.0 to 7.4 uM as shown in
Tables 2 and 3. Janetka ef al. explained that the differ-
ential affinities of these compounds against the three
trypsin-like serine proteases (hepsin, matriptase, and
HGFA) were due to the S3' subpocket diversity. In the
composition of S3' subpocket amino acid residues, hep-
sin is occupied by positively charged basic amino acids
Arg-62 and Pro-60 while HGFA and matriptase are
occupied by neutral His-60 and acidic Asp-60, respec-
tively. The selective binding mode of compound 22 to
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Table 3. Inhibitory activities of piperazinyl benzamidine
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sulfonamides against hepsin.

X0
HN O
X-N N >: NH
(0]
NH,

Compds. X Y K; (uM) Refs.
2 o N i fe 1.0 [64]
22 . @NHi " 0.048 [64]
23 NNJ(:: " 12 [64]

Sy
H @’yz fe 3.5 [64]
(o]
25 QE Jg 7.0 [64]
26 o P z @% 2.4 [64]
27 HND—@ : 7.4 [64]
28 s ; 7.4 [64]

His57 S3' site
QY
Gly193 N\/ Q n B
H —
g o 1o=s=0 N M
655 NH"7.01
___;___H S /—\ HN
Asp189§\<(- N N N
. NI
O 5o H | © ©
HN
1.76;
o)
/ZL,H
=
Gly219 &

Fig. (3). Key interactions between hepsin and compound 22.

hepsin over matriptase and HGFA could be explained
by the maximal interaction of the 4-bromobenzyl group
with the S3' subpocket generated by Pro-60 (Fig. 3).

Compound 27 derived from CJ-672 showed 11-fold
decrease in hepsin affinity compared to CJ-672. These
results indicated that selectivity of benzamidine sul-
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fonamides for hepsin could be differentiated by the in-
teraction between inhibitor and the three proteases in
the S3' pocket. The decrease in hepsin affinity of com-
pound 27 can be explained by repulsive force between
Arg-62 of S3' site and free amine group of terminal
piperidine ring.

3.2. 2-Oxotetrahydropyrimidin-1(2H)-yl Benzimi-
damides

Recently, Galemmo and co-workers reported that 2-
oxotetrahydropyrimidin-1(2H)-yl benzimidamide is a
novel scaffold for the development of hepsin inhibitors
[69]. They developed phenylamidine cyclic urea ana-
logs 29-34, which exhibited strong inhibition activities
against hepsin, matriptase and HGFA. In this series, the
amidine group is the key motif that has strong interac-
tion with Asp-189 in the S1 pocket. First, they investi-
gated whether the position of the amidine group in the
phenyl ring had an effect on the three proteases (hep-
sin, matriptase, and HGFA). Overall, compounds 29
and 31 with amidine group at meta-position showed
higher hepsin-inhibiting activities than the correspond-
ing para-compounds 30 and 32 as summarized in Table
4. Direct conjugation of phenylamidine ring with cyclic
urea resulted in the increase of hepsin-inhibiting activ-
ity compared to that of benzylamidine ring (compound
29 vs. compound 31). Methylene linker (compound 33)
between cyclic urea and the piperidine ring had the best
effect to obtain hepsin-inhibiting activity compared to
direct coupling (compound 29) or ethylene spacer
(compound 34). The N-benzylpiperidine group contrib-
uted to hepsin affinity of the parent compound by pro-

Kwon et al.

viding additional binding with Trp-215 in the S4 sub-
pocket. When cyclic urea structure of compound 29
was transformed to acyclic compound 35, hepsin-
inhibiting activity was decreased by about 16-fold, in-
dicating that the cyclic urea is one of key moieties for
hepsin binding [69]. Compound 33, named as SRI
31215 in Table 4, exhibited strong potency against
other proteases (matriptase K; = 0.53 uM, HGFA K; =
0.48 uM). As SRI 31215 inhibited fibroblast-induced
HGF/MET signaling pathways in tumor cells,
SRI31215 treatment led to the accumulation of pro-
HGF [70]. This compound was compared to (2-oxo-
1,3-diazepan-1-yl)benzimidamide which inhibits factor
Xa [71, 72].

Compounds 36-47 with substituents at the X-
position in the central cyclic urea ring are summarized
in Table S. Structural optimization of SRI31215 was
performed based on binding mode information ob-
tained from molecular docking studies and X-ray crys-
tal structures of hepsin, matriptase, and HGFA: (1)
strong ionic interaction between the amidine group and
Asp-189 in the S1 subpocket; (2) hydrogen-bonding
involvement of the urea core; and (3) lipophilic interac-
tion generated by the N-benzylpiperidine group [69].

Modification of methyl group at the X position did
not make an effect on hepsin binding and all of the
compounds 36-47 showed similar hepsin-inhibiting
activities with Kj values ranging from 0.21 to 1.12 pM
(Table 5) [69]. However, this structural modification
increased off-target selectivity. In particular, compound
36 with OH group at the X-position of the 6-membered

Table 4. Inhibitory activities of other 2-oxotetrahydropyrimidine against hepsin.

HN -~ H\ N"ph
HN Q\Q«N N\U/Q
X Y
o]
Compounds Substitutions K;(pM) Refs.
29 X=0,Y=0 meta 34 [69]
30 X=0,Y=0 para 61.2 [69]
31 X=1,Y=0 meta 15.1 [69]
32 X=1,Y=0 para 20.8 [69]
33 (SRI 31215) X=0,Y=1 meta 0.54 [69]
34 X=0,Y=2 meta 2.12 [69]
Ph HNs_ NH2
35 NO\ o E ] 53.1 [69]
\
NJ\N
H H
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Table 5. Inhibitory activities of 2-oxotetrahydropyrimidin-1(2H)-yl benzimidamide against hepsin.
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X
JeNene
HN NW N
(0]
Compounds X K; (nM) Refs.
SRI 31215 -CH; 0.54 [69]
36 -OH 0.21 [69]
37 -CH,OH 0.69 [69]
38 -OMe 0.76 [69]
39 -CH,OCH; 0.92 [69]
40 Lo pn 0.76 [69]
41 FA\/O\/ Ph 0.56 [69]
H
) A N 1.1 [69]
(0]
o
43 £ NL Ph 1.12 [69]
H
(0]
Ph
44 £ 0.31 [69]
Q\ -
45 NS 0.72 [69]
§ O
Q ph
46 R 0.67 [69]
§ O
Q\ A~
47 S-S Ph 0.53 [69]
N O

cyclic urea ring showed 4-fold selectivity over Factor

a [70]. Compound 44 also exhibited potent hepsin-
inhibiting activity with 5-fold selectivity against Factor
Xa. The docked pose of compound 36 in hepsin (Fig.
4) confirmed that the amidine of 2-oxotetrahydro-
pyrimidin-1(2H)-yl benzimidamide analogs partici-
pated in ionic interaction with the carboxylate side
chain of Asp-189. The carbonyl oxygen of the central
cyclic urea ring contributed to hydrogen-bonding with
Gly-216. In addition, N-benzylpiperidine contributed to
the hydrophobic interaction with Trp-215. The only
(S)-enantiomer of SRI 31215 was found in the co-
crystal structure with hepsin (PDB ID: 1Z8G). SRI
31215 was used to study the inhibition of HGF-
activation pathway. It showed high stability in mouse
and human microsomes with < 70% of hepatic clear-
ance and a half-life of 5.8 hr according to an in vivo
mouse study [69]. It has been shown to be capable of

overcoming HGF-dependent resistance to EGFR in-
hibitors in cancer treatment [70]. SRI 31215 is cur-
rently considered as an effective inhibitor of fibroblast-
induced HGF/MET activation.

Tyr146 &

\©\OH\1\.94
“"OH
Asp189 3 o---1ee, hf H\\/O/\Q
sp 2 N_ _N
\(( __204 H,NJ\©/ \ﬂ/
o) '

0---204
11,99 1238
&0 o H HN-
N \
Gly219 N\H NH
oo Gly216 © Trp215

Fig. (4). Key interactions between hepsin and compound 36.
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Table 6. Inhibitory activities of tetrapeptide derivatives against hepsin.
X NH H
O~ N NH

Compounds X K;(nM) Refs.

48 (pro-HGF-based) Ac-KQL- 0.22 [73]
48a Ac-KHL- 0.41 [73]

48b Ac-WQL- 0.21 [73]

48¢ Ac-KQF- 0.58 [73]

48d Ac-KFL- 2.10 [73]

48¢ Ac-RQL- 0.28 [73]

48f Ac-SQL- 0.34 [73]

48g Ac-KRL- 0.57 [73]

48h Ac-WRL- 0.21 [73]

49 (pro-MSP-based) Ac-SKL- 1.20 [73]
49a Ac-SHL- 0.60 [73]

49b Ac-WKL- 0.55 [73]

49¢ Ac-SKF- 8.5 [73]

49d Ac-NKL- 1.40 [73]

49e Ac-SRL- 0.68 [73]

49f Ac-TKL- 0.61 [73]

49g Ac-SWL- 1.20 [73]

49h Ac-RKL- 0.47 [73]

4. PEPTIDE-BASED ANALOGS
4.1. Tetrapeptides

Janetka and his co-workers have developed multi-
peptide derivatives (compounds 48 and 49) by mimick-
ing natural substrates pro-HGF and pro-MSP of HGFA,
matriptase, and hepsin, and TMPRSS2 (Table 6) [73].
Electrophilic carbonyl groups were introduced to the
P1' site in the development of mechanism-based serine
protease inhibitors [73, 74]. Pro-HGF, the known natu-
ral substrate of HGFA, contains Lys-GIn-Leu-Arg at
the N-terminal portion and Val-Val-Asn-Gly at the C-
terminal portion of the cleavage site. Compound 48
(Ac-KQLR-kt) was designed and synthesized by cap-
ping the terminal amine of Lys with acetyl group and
introducing ketothiazole (kt) at the carboxylic acid of
Arg in the sequence of P1' site of Pro-HGF [73]. Com-
pound 48 exhibited strong inhibiting activities against
the three proteases (HGFA, hepsin, and matriptase)
with Kj values in nanomolar range (hepsin: 0.22 nM;

matriptase: 0.92 nM; HGFA: 53 nM). However, syn-
thetic pro-MSP peptide analog 49 (Ac-SKLR-kt)
showed decreased hepsin-inhibiting activity by 5-fold
compared to analog 48 (hepsin: 1.2 nM; matriptase: 58
nM; HGFA: 81 nM) [73]. Although variation of amino
acids in P4 and P3 regions significantly affected their
inhibitory activities against HGFA and matriptase, hep-
sin-inhibitory activities were retained with K; values
ranging from 0.22 to 8.5 nM. All tetrapeptide analogs
except compound 49c¢ showed stronger inhibitory ac-
tivities for hepsin than for HGFA or matriptase. In par-
ticular, compounds 48b (Ac-WQLR-kt) and 49a (Ac-
SHLR-kt) showed higher selectivity for hepsin by >
100-fold than for HGFA or matriptase, indicating that
they could be utilized for further structural modifica-
tion. Docking studies of compound 48 with hepsin
(PDB ID: 1Z8G) [75] showed strong interaction be-
tween the ligand and the active site of hepsin. Arg in
P1 region interacted with Asp-189 and Gly-219 via
ionic and hydrogen-bonding (Fig. 5), whereas Leu in
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Fig. (5). Key interactions between hepsin and compound 48.

P2, Gln in P3, and Lys in P4 region interacted with
Val-213, GIn-192, and His-57, respectively. In addi-
tion, the ketothiazole ring contributed to the strong hy-
drogen-bonding interaction with Tyr-146 [76].

Recently, Janetka e al. synthesized and evaluated a
variety of tetrapeptide-derived hepsin inhibitors substi-
tuted with a ketobenzothiazole (kbt) moiety [74]. Re-
placement of kt with kbt (compound 50) increased the
hepsin-inhibiting activity by > 2-fold based on fluoro-
genic enzyme inhibition assay (compound 48 vs com-
pound 50). Parallel results were obtained after similar
modification (compound 49 vs compound 52). How-
ever, introduction of aromatic amino acids (compounds
55 and 57) at both P2 and P4 sites decreased the hep-
sin-inhibiting activity by > 5-fold compared to com-
pounds 50 and 52, indicating that S2 and S4 sites of
hepsin prefer amino acids with aliphatic group at side
chains rather than those with aromatic group. Nonethe-
less, all kbt-substituted tetrapeptides increased their
selectivity for hepsin over thrombin or Factor Xa [74].
Based on SAR data of tetrapeptides with non-
substituted kbt, SKLR and KRLR sequences (com-
pounds 53 and 58) were selected for further structural
modification (compounds 61a-62d). Although substitu-
tion of the Y-position on benzothiazole ring increased
HGFA-inhibiting activities for KQLR or SKLR ana-
logs, their hepsin-inhibiting activities were affected
slightly as shown in Table 7. Substituents of kbt ring
was projected in the S3' subpocket of hepsin and made
interactions with Asn-209. In particular, the carboxylic
acid 60c increased their activities against hepsin (K; =
0.08 nM) and HGFA (K; = 6.1 nM). However, it de-
creased inhibition for matriptase (K; = 7.6 nM) com-
pared to its parent compound 56 (K; values: 0.11 nM
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for hepsin, 7.5 nM for HGFA, and 1.2 nM for ma-
triptase).

These results might be explained by the composi-
tion of amino acids in the S3' subpocket. Hepsin and
HGFA possess Asn and His, respectively, while ma-
triptase has Asp in the subpocket, which might result in
electrostatic repulsion with carboxylic acid group of
compound 60c.

4.2. Di- and Tripeptides

Based on the results of tetrapeptide analogs, Byun
and co-workers designed and developed truncated pep-
tides, particularly dipeptides (Table 8) [76]. They tried
to investigate three aspects: (1) Leu-Arg sequence
found in compounds 48 and 49 is a minimum require-
ment for hepsin inhibition, (2) the absolute configura-
tion change of C-terminal Arg from (S) to (R) affects
hepsin affinity, and (3) the ketothiazole ring at the C-
terminus can be replaced with other aromatic rings. In
docking studies of truncated peptide analogs with hep-
sin, dipeptide 61 and tripeptide 63 showed binding pat-
terns similar to compound 48. In particular, the side
chain of Arg residue in the truncated analogs 61 and 63
was projected deeply into the S1 pocket, making a salt
bridge with the carboxylate group of Asp-189. This
feature was retained in the analog substituted with ben-
zothiazole (Fig. 6). Based on molecular modeling pre-
diction, Ac-QLR-kt (tripeptide 63) with Lys removed
at the N-terminus of compound 48 showed potent hep-
sin-inhibiting activity with a Kj value of 1.04 nM, simi-
lar to compound 48. However, the hepsin-inhibiting
activity of dipeptide 61 was decreased (K; = 22.4 nM)
while its selectivity against matriptase was increased.
Interestingly, mono-peptide 64 (Ac-R-kt) lost
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Table 7. Inhibitory activities of tetrapeptide derivatives against hepsin.
H
Tw
HN \—\_>Ni<
- S Y
T
o0 N
Compounds X Y K;(nM) Refs.
50 Ac-KQL- -H 0.09 [74]
o ~,
51 Ac-KQL- EJLHJW(NHZ 0.43 [74]
o)
52 Ac-SKL- -H 0.07 [74]
o ~,
53 Ac-SKL- ‘Z)LNJY NH, 0.22 [74]
o)
54 Ac-WRL- -H 0.17 [74]
55 Ac-FLF- -H 1.40 [74]
56 Ac-KRL- -H 0.11 [74]
57 Ac-WLF- -H 0.35 [74]
o ~,
58 Ac-KRL- EJLHJW(NHZ 0.23 [74]
o)
(0]
59a Ac-SKL- EJLOH 0.16 [74]
(0] NH
59h Ac-SKL- %)LN/Q 0.27 [74]
H
N
59¢ Ac-SKL- o = 0.25 [74]
IKQ/H\N NH.
H o
59d Ac-SKL- ? 0.21 [74]
;Z)k” NH,
)
o
59e Ac-SKL- \L)LH/\© 0.14 [74]
[¢] Z N
59f Ac-SKL- EPANEN ' 0.29 [74]
H
bt
60a Ac-KRL- N 0.52 [74]
H/\©\002Me
7
60b Ac-KRL- kT ‘H@Cqu 0.64 [74]
(0]
60c Ac-KRL- 3 NUC@“ 0.08 [74]
B
60d Ac-KRL- BN 0.67 [74]
/\©\CO2H
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Table 8. Inhibitory activities of dipeptide and tripeptide derivatives against hepsin.

X.
NH
OWH NH
Compds. X Y Chirality K;(nM) Refs.
S
61 Ac-L- %%\N] s 224 [76]
S
61R Ac-L- %%\N] R 215 [76]
S
62 Ac-L- %%\Njg s 3.38 [76]
S
62R Ac-L- %%\Njg R 291 [76]
S
63 Ac-QL- %%\N] S 1.04 [76]
S
63R Ac-QL- %%\N] R 2.88 [76]
S
64 Ac- %%\N] >10000 [76]
Leupeptin Ac-LL- -H S 61.0 [73]

Gly193

Gly219

Fig. (6). Key interactions between hepsin and compound 62.

completely its hepsin-binding activity, implying that fold. Compound 62 showed hepsin-inhibiting activity
dipeptide sequence is essential for hepsin affinity. with K; value of 3.38 nM. It had increased selectivity
Compounds 61R-63R with (R)-configuration of a - for hepsin over matriptase by > 60-fold [76]. Therefore,
carbon of Arg were as potent as their corresponding compounds 62 and 62R could be potentially utilized as
(S)-epimers 61-63. Replacement of kt with kbt in LR lead compounds for optimization of peptide-based hep-
sequence resulted in increased affinity for hepsin by 6- sin inhibitors.

fold and selectivity for hepsin over matriptase by 5-
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Table 9. Inhibitory activities of 2,3-dihydro-1H-perimidines against hepsin.
T
—X
as
Compounds X IC5o (uM) Refs.
65 EQ 0.35 [77]
CH,
)
66 %@% 0.48 [47]
)
67 %@{ 0.72 [47]
68 %@ Br 033 [47]
69 { §:> ¢ 0.84 [47]
cl
E
70 %@ 0.35 [47]
Br
71 EO_\ 0.38 [47]

5.2,3-DIHYDRO-1H-PERIMIDINE DERIVATIVES

Compounds with 2,3-dihydro-1H-perimidine scaf-
fold were also been evaluated as low M. W. hepsin in-
hibitors [47]. Initial compound 65 was identified from
high throughput screening of ChemBridge compound
library [77]. Vasioukhin and co-workers synthesized 25
perimidine analogs and evaluated their hepsin-
inhibiting activities [47]. To evaluate these compounds,
they used recombinant human hepsin originated from
Drosophila S2 cells [78]. Among these compounds,
seven compounds 65-71 (Table 9) showed strong hep-
sin-inhibiting activities with 1Csy values ranging from
0.33 to 0.84 uM. They also showed high selectivity for
hepsin over matriptase. These compounds effectively
inhibited the activity of full-length hepsin and pro-HGF
cleavage at submicromolar concentrations. In particu-
lar, compound 68 substituted with 4-bromophenyl ring
was the most potent hepsin inhibitor with an ICsy of
0.33 uM. It was further investigated at in vitro and in
vivo experiments. Compound 68 did not show any
acute toxicity when it was injected into mice at a

maximal dose of 20 mg/kg. In vivo efficacy studies of
compound 68 using LPB-Tag/PB-hepsin mouse model
displayed a dose-dependent inhibition pattern. No me-
tastasis to liver, lung, and bone was observed in mice
fed with food containing 0.25% of compound 68 for 13
weeks [47]. Mice in the control group showed 66% of
metastasis, mainly to the liver. However, PK parame-
ters such as oral bioavailability of compound 68 were
poor. According to in silico docking studies of com-
pound 68 with hepsin (PDB ID: 1P57), it interacted
with Ser-195, a key amino acid in the catalytic triad of
serine protease. [47]. Although compounds of this se-
ries have minimal functional groups that can make hy-
drophilic interaction with hepsin active site, they
showed strong hepsin-inhibiting activity, indicating
that 2,3-dihydro-1H-perimidine scaffold has the poten-
tial to be used for structural modification for the pur-
pose of developing hepsin inhibitors as therapeutic
agents of prostate cancer.

Representative inhibitors for the four classes (in-
dolecarboxamidines, benzamidines, peptide-based
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1. Indolecarboxamidines

y HO
2
HoN / NN { oH
/
" O Sl
NH
NH,
10 13
Hepsin IC59 = 9.3 uM Hepsin K;= 0.1 uM

2. Benzamidines
H,N ___NH

~ N«IOH
g o Ay
S

>N N NH

NH,
Br

22 36

Hepsin K; = 0.048 uM Hepsin K; = 0.21 uM

3. Peptide-based analogs
NH
ACNH HNJLNHZ
(\\ '\?O
HN
NH, NH
HN_NH
07 NH HNJ\NHg Yt
. 'kfo HN
)\HN
HO,G H\)OJ\ S@
S N <
07 o N 7N N
N o] o]
HN
60c 62
Hepsin K; = 0.08 nM Hepsin K; = 3.38 nM

4. 2,3-Dihydro-1H-perimidines

Br
H
\©\(N
HN ‘

68
Hepsin IC5¢ = 0.33 uM

Fig. (7). Summary of representative compounds of the four classes of hepsin-targeting inhibitors.

analogs, and 2,3-dihydro-1H-perimidines) are summa- binding to hepsin. Compound 10 with aminomethyl
rized in Fig. (7). For indolecaroxamidine analogs, in- group was successfully conjugated with a large PSMA-
troduction of 2-hydroxyphenyl (compound 10) or 2- binding moiety and sulfoCy7, implying that hepsin-
pyridinyl group (compound 13) was well tolerated for targeted imaging probes can be developed by linking
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indolecaroxamidine analog with optical dyes [62].
Compounds 22 and 36 are potent hepsin inhibitors in
the class of benzamidine. They displayed strong hep-
sin-inhibiting activities by taking advantage of addi-
tional binding in S3' subpocket. Peptide-based analogs
were the most potent hepsin inhibitors based on Kjand
ICso values. The K; value of tetrapeptide-derived 60c¢
was at subnanomolar range. Ketobenzothiazole group
at the C-terminus of peptide-based analogs enhanced
hepsin-binding affinity compared to ketothiazole
group. Although truncation of tetrapeptides into dipep-
tides decreased the in vitro hepsin-binding affinity,
compound 62 derived from Leu-Arg was quite potent.
2,3-Dihdyro-1 H-Perimdine analogs displayed a de-
crease in potency in vitro compared to peptide- and
benzamidine-based analogs. However, compound 68
exhibited promising in vivo results by inhibiting metas-
tasis to liver, lung, and bond in PB-hepsin mouse
model.

Hepsin is associated with breachment of basement
membrane and degradation of extracellular matrix
molecules, the first step in the initiation of metastasis
of primary tumor cells [44]. High expression of hepsin
in epithelial cells of prostate of transgenic mice altered
basement membrane structure and caused metastasis in
the liver, lung, and bone [44], suggesting that hepsin
inhibitors might be able to block the metastasis of pri-
mary prostate cancer and other malignancies. Hepsin is
a cell surface protease with an active site in the ex-
tracellular region. A PSMA-hepsin conjugate labeled
with a bulky optical dye showed access to the active
site of hepsin at an in vivo preliminary study [62], indi-
cating that it might be possible to develop diagnostic
agents by targeting hepsin.

CONCLUSION

Over the last decade, low M. W. hepsin inhibitors
having diverse scaffolds have been developed. Peptide-
based and benzamide sulfonylamidyl analogs were
found to be potent inhibitors for hepsin with ICs, val-
ues at one digit nanomolar concentration. Although
potent hepsin inhibitors have been developed with
strong in vitro hepsin-inhibiting activities, more ad-
vanced studies such as in vivo therapeutic or diagnostic
agents should be performed to optimize parameters for
clinical use. Increasing evidences suggest that hepsin
plays a key role in metastasis of aberrant cancers. Al-
though several compounds targeting hepsin have suc-
cessfully entered animal studies, more efforts are re-
quired to optimize the structure of current potent com-
pounds and to improve their physicochemical proper-
ties and selectivity profiles for clinical application.

Kwon et al.

LIST OF ABBREVIATIONS

BPH = Benign prostatic hyperplasia

HAI = HGF activator inhibitor

HAT = Human airway trypsin-like protease
HGF = Hepatocyte growth factor

HGFA = Hepatocyte growth factor activator
HPN = Hepsin

kbt = ketobenzothiazole

kt = ketothiazole

M.W. = Molecular weight

MLM = Mouse liver microsomes

MSP = Macrophage stimulating protein
PCa = Prostate cancer

PSMA = Prostate-specific membrane antigen
SAR = Structure-activity relationship

TMPRSS2 = Transmembrane Protease, Serine 2

TTSP = Type Il transmembrane serine protease
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