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Abstract

Asparagine endopeptidase (AEP), also called legumain, is highly expressed in various solid
tumors, promoting cancer cell invasion, migration, and metastasis. It has been proposed to be a
prognostic marker and therapeutic target for cancer treatment. However, an effective nonpeptide,
smallmolecule inhibitor against this protease has not yet been identified. Here we show that a
family of xanthine derivatives selectively inhibit AEP and suppress matrix metalloproteinase
(MMP) cleavage, leading to the inhibition of cancer metastasis. Through structure—activity
relationship (SAR) analysis, we obtained an optimized lead compound (38u) that represses breast
cancer invasion and migration. Chronic treatment of nude mice, which had been inoculated with
MDA-MB-231 cells, with inhibitor 38u via oral administration robustly inhibits breast cancer lung
metastasis in a dose-dependent manner, associated with blockade of MMP-2 by AEP. Therefore,
our study supports that 38u might act as a potent and specific AEP inhibitor useful for cancer
treatment.
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SAR analysis

Invasion and Metastasis

INTRODUCTION

Cancer cell metastasis is a complex process that involves the tumor microenvironment,
which is a large contributor to the increased invasiveness and migratory character of
neoplastic cells.! Malignant cells typically interact with a surrounding ecosystem of cells,
including myeloid cells, fibroblasts, tumorassociated macrophages, and endothelial cells, to
promote angiogenesis, degradation of the extracellular matrix, and cell motility.?
Throughout tumor progression, many extracellular proteases are known to contribute to the
changes that occur in the tumor microenvironment and those most commonly associated
with aberrant proliferation and metastasis are the matrix metalloproteinases (MMPs).3 The
zinc-dependent endopeptidases are involved in a variety of cellular processes, including cell
signaling, tissue remodeling, organ development, and inflammatory response.3# However,
the capability of this enzyme family to degrade the extracellular matrix has implicated it in
cancer cell invasion and metastasis.> For many years, these enzymes were considered to be a
promising cancer drug target and metalloproteinase inhibitors were found to be efficacious
in animal models, but unfortunately, they proved to be unsuccessful in human clinical trials.
The clinical failure of metalloproteinase inhibitors is believed to be due to the important
roles of the enzyme family in such a wide range of biological processes and their ability to
act as tumor suppressors under certain conditions.3

It has been demonstated that MMP-2 contributes migration and invasion in human breast
cancer MDA-MB-231 and MDAMB- 435 cells.”-10 Therefore, additional research of MMPs
has focused on their regulation in an effort to identify other potential drug target candidates.
Asparagine endopeptidase (AEP, legumain) was found to activate MMP-2 by proteolytic
removal of an N-terminal propeptide.11-13 AEP is a lysosomal cysteine endoprotease and is
the only mammalian enzyme that cleaves C-terminally to asparagine residues.1415 While
only a limited quantity of AEP is detected in normal tissues, the enzyme is overexpressed on
the cell surface and in cytoplasmic vesicles of solid tumors.1? The endoprotease activity of
AEP has been associated with increased invasive and aggressive behavior of several cancers,
including breast, prostate, colorectal, and gastric carcinomas.11:16-18 Thus, it is possible that
AEP inhibitors may represent a more promising cancer therapeutic than the aforementioned
metalloproteinase inhibitors.

The aberrant expression of AEP in cancer cells has made the enzyme a target for prodrug
therapy.19 For instance, an inhibitor of a(v)A(3) integrin was conjugated to an
asparaginecontaining peptide to ensure that the prodrug was selectively activated by AEP in
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acidic tumors and tumor microenvironments. 20 Additionally, the common cancer drug,
doxorubicin, has been coupled to peptide-based inhibitors of AEP, and the conjugate was
observed to selectively accumulate in murine breast tumor tissue, as opposed to kidney or
liver, and reduce the size of the tumor.2! The demonstrated efficacy of AEPtargeted prodrugs
validates the high degree of selectivity for tumor tissues that can be achieved by AEP-
specific compounds, thereby decreasing potential side effects and toxicity. However,
peptide-based compounds tend to be unfavorable drug candidates because of their limited
stability and bioavailability. Thus, we have sought to identify small-molecule inhibitors that
specifically target AEP and potently abrogate its activity. Herein, we describe the
characterization of a lead compound, termed compound 38, from a high throughput screen;
we explore its mechanism of inhibition and optimize the positive hit via SAR studies, which
led to a second-generation inhibitor with enhanced druggable characteristics. We go on to
provide evidence of its ability to preclude invasion and migration in vitro and impede
metastasis in vivo, presumably through its inhibition of MMP-2 activation.

Compound 38 Inhibits AEP Activity

To identify smallmolecule inhibitors of AEP, we designed an AEP enzymatic activity assay
for high-throughput screen using AEP-rich mouse kidney lysates as the enzyme source.?2
Following confirmatory assays with purified AEP, we identified top hits and subsequent
triaging produced a lead compound, termed compound 38. A kinetic analysis of the small-
molecule inhibitor indicated that compound 38 competitively inhibits AEP activity strongly,
K =105 £ 37 nM (Figure 1A,B). Substrate reversibility and DTT/L-cysteine reversibility
assays further showed the competitive inhibitive feature of compound 38 toward AEP
activity (Supporting Information, Figures 1 and 2). Time course inactivation assays produced
nonlinear curves, indicating that the compound is a slow-binding inhibitor of AEP; the
secondary plot of the rate constants against each inhibitor concentration demonstrates that
AEP is inactivated very rapidly and potently, as the second-order rate constant, Ajnact/ K|, for
compound 38 is 8.9 x 10° min~1.M~1 (Figure 1C,D)

The xanthine-containing compound also exhibited favorable in vitro ADMET
characteristics; it was found to be stable in liver microsomes in the presence or absence of
NADPH and did not significantly inhibit any of the major cytochrome P450 isozymes.22
However, its Caco-2 cell permeability was minimal, suggesting that the compound may not
be readily absorbed upon oral administration23 (Table 1).

Structure—Activity Relationship (SAR) Analysis of Compound 38

In an effort to improve the druggability of the compound, structure—activity relationship
studies were performed with various compound 38 derivatives. One 1M of each compound
was incubated with 50 nM purified, active AEP and 5 M substrate peptide, and the
percentage of residual enzyme activity was calculated compared to a control reaction. Figure
2 displays the results of this analysis. Substitution at the R7 position alone with smaller
hydrophobic alkane chains did not seem to affect the activity of the parent molecule.
Interestingly, compound 38u, which contains an electron-donating methoxy group in place
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of the chloride of the parent compound, has similar reactivity as compound 38, suggesting
that the electron-withdrawing —Cl is not critical for the effective inhibition of AEP. However,
there is greater than a 2- fold loss in activity when nothing is placed in the para- position of
the benzene ring, as in the case of compound 38k. There was also a 5-6-fold loss of activity
of the parent compound, when a ketone or diol group was substituted at the Ry position,
demonstrating that although some manipulations at this position can be tolerated while
others cannot (Figure 2A). Nonetheless, the simultaneous addition of a methyl or benzyl
group at the nitrogen at Ry and substitution of a small alkyl group or a bulky benzene-
containing group at R7 did not seem to have any deleterious effects on the compound’s
inhibitory activity (Figure 2B). Conversely, all of the observed alterations made to the thiol
group of compound 38 had profoundly adverse effects on its inhibitory activity (Figure 2C),
indicating that the thiol group is critical for its inhibitory activity. In addition, we also
carried out the rapid elimination of swill (REOS) and pan assay interference compounds
(PAINS) filter analysis. None of the compound has PAINS structure, and those compounds
were identified as REOS due to the presence of the thiol group. Although xanthine and its
derivatives has been reported for other activities, such as A2BAdoR (G-protein coupled
receptors) antagonists24 and DPP (dipeptidyl peptidase)-4 inhibitor,2® no bioactivity of the
compound has been reported except for 380 (caffeine). Altogether, these results demonstrate
that the Ry and Ry positions can be manipulated to generate second-generation inhibitors of
compound 38 with more favorable qualities and potentially enhanced potency.

Compound 38u displays Potent Caco-2 Permeability and Inhibition Specificity

On the basis of the above SAR analysis and chemical availability, three of the compound 38
derivatives, 38p, 38u, and 38v, were chosen for further characterization. Addition of alkyl
groups on the R1 position in the xanthine ring was believed to increase the hydrophobic
character, leading to higher Caco-2 permeability. Moreover, these derivatives possess the
inhibitory activities similar to that of the parent compound. As expected, Caco-2
permeability assays revealed that the derivatives displayed much higher permeability than
the parent compound 38 (Table 1).26 Compound 38u exhibited the most favorable
efflux:influx ratio of all of the derivatives tested; thus it might be the most bioavailable
derivative.23 The inhibitory activity of the derivatives was also assessed in more depth to
ensure that their inhibitory potential was indeed comparable to the parent compound,;
inhibition assays revealed that they possessed submicromolar ICgq values and that they
inhibited AEP with about 2-fold increased potency compared to compound 38 (Figure 3).
The derivatives also had similar, and in some cases improved, selectivity for AEP over other
major cysteine proteases. Just like compound 38, compounds 38p, 38u, and 38v had ICgq
values that were greater than 200 M against cathepsin-S (Figure 3). Although compounds
38p and 38u were able to inhibit cathepsin-L, they inhibited AEP 500-fold and 1000-fold,
respectively, more selectively. All of the compound 38 derivatives were less potent inhibitors
of caspase-3 and caspase-8 and were therefore more specific for AEP as compared to the
parent compound 38.
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Compound 38u Inhibits Breast Cancer Cell Invasion in Vitro

Becaused compound 38u displayed favorable, druggable characteristics and was able to
strongly inhibit AEP, its potential as an anticancer drug was assessed, initially in a cellular
model. The moderately and highly metastatic human breast cancer cell lines, MDA-MB-231
and MDA-MB-435, respectively, were used to determine the efficacy of the compound 38
derivative toward the inhibition of cancer cell invasion and migration. Cell proliferation
assays showed that compound 38u was not cytotoxic to either cell line (Figure 4A,B). For
the invasion assays, breast cancer cells were seeded in matrigel-coated inserts, which were
placed above wells containing fetal bovine serum as the chemoattractant, and various
concentrations of the inhibitor was added to each insert. After the number of invading cells
was counted, it was apparent that compound 38u was able to inhibit the invasion in a
dosedependent manner. At 2 ¢M, 38u inhibited approximately 75% of cell invasion of both
breast cancer cell types (Figure 4A,B). Similarly, 38u was able to inhibit the migration of
about 25% of the less metastatic breast cancer cells, MDA-MB-231, whereas it inhibited
about 40% of the more detrimental MDA-MB-435 cells from migrating in vitro (Figure
4A,B). AEP activities from cells treated by 38u were also suppressed in a dose-dependent
manner (Figure 4C). To confirm the role of AEP in 38u induced inhibition of cell invasion,
we carried out invasion assay with cells treated by AEP siRNA. As shown in Figure 4D,
AEP knockdown decreased cell invasion significantly and abolished the inhibitive actions of
38u. Hence, AEP inhibitors block cancer cell invasion without impinging on the cell
viability.

Compound 38u Inhibits Breast Cancer Metastasis in Vivo

Because compound 38u successfully attenuated the invasion and migration of MDA-
MB-231 and MDA-MB-435 cells in vitro, the compound’s ability to inhibit the metastasis of
breast tumor cells in vivo was subsequently examined. A murine model of breast cancer
metastasis was developed by subcutaneously injecting MDA-MB-231 cells into the
mammary fat pad of nude mice.2”-28 Compound 38u was administered to the mice via oral
gavage at doses of 3 or 10 mg/kg, or vehicle alone was given to the control group. After 42
days of treatment, the lungs were assessed for the presence of metastatic nodules; 3 mg/kg
of compound 38u significantly decreased the number of nodules present on the mice, while
the 10 mg/kg dosage almost completely prevented lung metastasis (Figure 5). There was no
significant difference between the mammary tumor weight or volume between the control
and drug-treated mice (data not shown). The percentage of mice with metastatic nodules on
their lungs was 100% for the control mice and decreased to 33% for the mice that received
the 3 mg/kg and 17% for the mice that received 10 mg/kg (Figure 5). Although treatment
with compound 38u impeded breast cancer metastasis, no significant toxicity was observed,
as demonstrated by the similarity in body weight between the control group and drug-treated
mice (Figure 6B). Pathological examination of various major organs, such as kidney;, liver,
and bone marrow, did not exhibit any significant amount of toxicity (Figure 6A). Moreover,
complete blood count (CBC) analysis revealed no significant difference between the drug-
and vehicle-treated mice (Supporting Information, Table 1). Nonetheless, there was a slight
increase in the size of the spleen in the drug-treated mice (Figure 6C), fitting with previous
observations that knockout of AEP leads to the splenomegaly.2°
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Compound 38u Inhibits Cleavage of MMP-2 in Vitro and in Vivo

Because the AEP inhibitor was able to prevent mammary tumor metastasis to the lungs of
mice, we wondered whether this observation was due to the inhibition of AEPmediated
cleavage of matrix metalloproteinase, MMP-2.12.13 The linkage between the overexpression
of AEP and the increased invasive and metastatic potential of cancer cells, along with the
observation that MMP-2 is a major substrate of AEP, suggests that AEP may exacerbate the
migratory potential of tumor tissues through its cleavage of MMP-2. Therefore, we used
gelatin zymography to assess whether the inhibition of AEP was concomitant with the
inhibition of MMP-2 cleavage and mammary tumor metastasis. Initially, compound 38u was
found to inhibit MMP-2 cleavage in the presence of purified active AEP in vitro. As the AEP
inhibitor concentration gradually increased, MMP-2 cleavage progressively decreased
(Figure 7A). Similarly, endogenous MMP-2 cleavage was inhibited in a dose-dependent
manner in MDA-MD-231 breast cancer cells, however, the cell viability was not affected by
the drug (Figure 7B,C). AEP activities from the cells treated by 38u were inhibited in a
dose-dependent manner (Figure 7D). To rule out the off-target effect of 38u, MMP-2
cleavages in AEP knockdown cells were also examined. As shown in Figure 7E, following
AEP knockdown, inhibition of MMP-2 conversion were abolished. Interestingly, the ratio of
cleaved MMP-2 to full-length MMP-2 (pro-MMP-2) was observed to decrease in the
mammary tumor tissue of mice treated with 3 or 10 mg/kg compound 38u (Figure 7F).
Collectively, our data support the conclusion that compound 38u inhibits AEP, subsequently
inhibiting MMP-2 from being cleaved by AEP, resulting in suppression of the metastasis of
the mammary tumor cells.

DISCUSSION AND CONCLUSION

The aberrant expression of AEP in cancer cells and on the surface of tumor-associated
macrophages has been linked to the enzyme’s involvement in tumor development and
metastasis.3? There is a plethora of evidence suggesting that AEP is a viable drug target and
a biomarker for the diagnosis and progression of various cancers.16:21.31-33 Recent studies
suggest that legumain expression could be a prognostic factor in patients with colorectal
cancer, breast cancer, and ovarian cancer as well as a potential target for tumor therapy.34-36
Although peptidebased AEP-targeted prodrugs have been generated to specifically target
common cancer drugs to cancer cells,37:38 no small molecular AEP inhibitors have been
reported. Here, we have described the identification and optimization of an AEP-specific,
small-molecule inhibitor, compound 38u, which has favorable ADME and toxicity
characteristics. The inhibitor was also found to inhibit the migration and invasion of
MDAMB- 231 and MDA-MB-435 breast cancer cells in vitro; however, it did not impede
the proliferation of the cells. This is consistent with a previous report which showed that
AEP does not affect the proliferation of SGC7901 human gastric cancer cells.1” Our
observations suggest that the inhibition of AEP alone may not be sufficient to eradicate
primary tumors. Nonetheless, the efficacious inhibition of mammary tumor metastasis
exhibited by 38u suggests that AEP inhibitors would be successful in containing a primary
tumor in its original environment and preventing the spread of tumorous tissues to more vital
tissues. Thus, the AEP inhibitor may be utilized in conjunction with other known cancer
therapeutics to eradicate the tumor at the primary site and simultaneously prevent the
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migration of the tumor cells to a secondary site. There have been reports of peptide-based
AEP inactivators that, when conjugated to a nanoparticle and the anticancer compound,
doxorubicin, are able to specifically target doxorubicin to cancer cells, mitigating any
systemic toxicity.2 In this case, the AEP inhibitor is used as a targeting molecule to direct
the cancer drug specifically to cancer cells by exploiting the fact that AEP is extracellularly
expressed on tumors and in tumor microenvironments; interestingly, the inhibitor conjugated
nanoparticle alone is not sufficient to significantly decrease the size of the primary tumor.
20.21 However, the small size of compound 38u and its oral bioavailability would be
advantageous in conjunction with other orally bioavailable anticancer agents, such as the
breast cancer drug, lapatinib, which would decrease the discomfort of drug administration to
cancer patients and concomitantly protect them from the formation of metastatic lesions.3°

The in vivo mouse studies showed that the orally active AEP inhibitor does not cause any
undesirable toxicity other than a slight enlargement of the spleen (Figure 6). Nonetheless,
pathological examination of the spleen sections and CBC (complete blood chemistry)
analysis did not reveal any demonstrable abnormality. Conceivably, the limited animal
numbers (6 mice/group) in each dose of drug treatment group may somehow overstate the
variation. However, we still cannot definitively exclude the possibility that 38u may incur
some unknown minor side effects in the spleen. Finally, we also determined that the small
molecular AEP inhibitor is likely imparting its effects by inhibiting the cleavage and
activation of MMP-2 (Figure 7). The matrix metalloproteinase is a known substrate of AEP,
which cleaves a propeptide from the Nterminus of MMP-2, thus enabling the enzyme to
degrade the extracellular matrix and promote more aggressive and invasive tumor growth.
40.41 1t is reported that promoting the processing of pro-MMP-2 to MMP-2 by a artificial
receptor for pro-MMP- 2 enhances metastatic ability of U87 cells.*2 Chang et. al showed
that epigallocatechingallate suppressed metastasis uveal melanoma cells and showed that
secreted MMP-2 activity was dose-dependently inhibited by epigallocatechingallate,
whereas the MMP-2 expression at protein and mRNA levels was not affected.3

Studies have shown that, similarly to AEP, there is an overexpression of MMPs in the
majority of human cancers, which is associated with an increase in invasive and metastatic
behavior and an overall poor prognosis because patients overexpressing these enzymes tend
to have shorter survival rates.}” Additionally, in gastric cancer, the enhanced expression of
MMP-2 has been most strongly correlated with a poor prognosis in comparison to any of the
other MMPs.#4 The inhibition of MMPs has not proven to be a successful strategy in cancer
treatment because of the existence of multiple isozymes and their importance in various
cellular processes.® MMP-2 cleavage in MDA-MB-231 cells and mammary tissue was
inhibited by compound 38u in a dose-dependent manner (Figure 7), suggesting that the AEP
inhibitor successfully regulates the activity of MMP-2. It has been shown before that
legumain could degrade fibronection, the main component of extracellular matrix.*>
Conceivably, inhibition of AEP by its small inhibitors may potently block the breast-to-lung
metastasis in mice. Therefore, we have described a novel approach to prevent breast tumor
metastasis through the attenuation of MMP-2 activity by precluding its activation through
the inhibition of AEP. These results suggest that it may be plausible to prevent cancer
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metastasis or even proliferation in different types of cancer, in which other AEP substrates
are overexpressed.

EXPERIMENTAL SECTION

Reagents, Compounds, and Cells

IC5q Assays

Asparagine endopeptidase (AEP, legumain) was obtained from Sino Biological. Biocoat
Matrigel Invasion Inserts were purchased from BD Biosciences. SiIRNAs against AEP
(sc-60930 and control scrambled siRNA (SC-37007) were from Santa Cruze In. All the
compounds were purchased and the purities (=95%) were confirmed by the commercial
vendors. HPLC and LC/MS were usually employed to determine the purity of the
commercial compounds. Detailed information (company name, catalogue number) is listed
below: Compounds 38a (BAS 00162656), 38b (BAS 00162658), 38d (BAS 00162664), 38e
(BAS 00286887), 38j (BAS 00964091), and 381 (BAS 00458008) were from Asinex.
Compounds 38 (R279900), 38c (S990175), 38f (S315095), 38h (L216518), and 380
(C0750) were purchased from Sigma. Compounds 38g (9007265), 38k (5647063), 38p
(5216008), 38r (5994286), 38y (5839553), and 38z (7646613) were from ChemBridge.
Compounds 38i (D090-0126), and 38m (C066-5678) were from ChemDiv. Compounds 38q
(STK869195), 38s (STK868784), 38t (STK834902), 38w (STK834600), 38x (STK760770),
and 38aa (STK357374) were from Vitas M Laboratories. Compounds 38u (F3260-0907)
and 38v (F3260-0165) were from Life Chemicals. MDA-MB-231 and MDA-MB-435 cells
were a gift from Dr. Lily Yang, Winship Cancer Institute, Emory University School of
Medicine; the cells were cultured in DMEM (supplemented with 10% FBS, 2 mM | .
glutamine, 100 units/mL penicillin, and 100 wg/mL streptomycin) and incubated at 37 °C
with 5% CO» in a humidified incubator.

Various concentrations of the appropriate compound were incubated with AEP reaction
buffer (50 mM sodium citrate pH 5.5, 0.1% CHAPS, 60 mM Nay;HPQO4, 1 mM EDTA, final
pH 6.0) and peptide substrate, 10 M Cbz-Ala-Ala-Asn-AMC (Bachem). The reaction was
initiated upon addition of 50 nM AEP, and fluorescent product formation was monitored
over 15 min. The ICgq values were calculated from the following equation: Fractional
Enzymatic Activity = 1/(1 + ([1]/ICsp)), in which [I] = inhibitor concentration and ICsg =
inhibitor concentration that yields half-maximal activity. Data were analyzed with GraFit
version 5.0.11 software package.

Inhibition Kinetics Assays

To determine the inhibition constants and the mechanism by which compound 38 inhibits
AEP, the steadystate kinetic parameters for the hydrolysis of the peptide substrate, ZAAN-
AMC, were determined in the absence or presence of increasing concentrations of inhibitor.
In these assays, specified concentrations of the inhibitor were preincubated with substrate
for 10 min at 37 °C, then 50 nM AEP was added to initiate the reaction, which was
quenched after 10 min. The RFU values of the reaction product were converted to
micromolar values with an AMC standard curve, and the final reaction rates were plotted
against substrate concentration and globally fit to equations representative of competitive
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inhibition (eq 1), noncompetitive inhibition (eq 2), mixed inhibition (eq 3), and
uncompetitive inhibition (eq 4) using a nonlinear least fit squares approach by GraFit
version 5.0.11.

v=Vinaz[S]/([S]+Km(1+[1]/Kis)) 1)

v=Vimaz[S]/([S](A+[1]/ Ki)+ Km(1+[1]/ K3))  (2)

V:Vma:z[s]/([s}(1+[I]/Kii)+er1(1 - [I]/KL5)> 3)

v=Vinaz[S]/([S|(A+[1]/ Kii)+ Km)  (4)
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In the equations, Kij is the intercept Kij, and Kijg is the slope Kj. The mode of the inhibition
induced by the compounds on AEP was determined by the best fit of the data to eqs 1-4.
Visual inspection of the fits, and a comparison of the standard errors, was used to confirm

these assignments.

Time Course Inactivation Assays

Progress curves were generated by incubating 5 M Z-AAN-AMC and the specified

concentration of inhibitor in assay buffer at 37 °C for 10 min. The reaction was initiated by
the addition of 50 nM AEP and quenched after 10 min. The concentration of the product was

determined from an AMC standard curve, and the data was fit by nonlinear regression.

Because the curves were nonlinear, they were fit to eq 5, using the GraFit version 5.0.11

software package,

[ Product]=v;(1 — ekabS'aprt)/k'ob&app (5)

where 14 is the initial velocity, Kops.app IS the apparent pseudo-first-order rate constant for

inactivation, and tis time. Equation 6,

kobs:((1+[S})/Km)kab&app (6)

was used to correct the apparent pseudo-first-order inactivation rate constants, obtained from

this analysis, for substrate concentration and the pseudo-first-order inactivation rate

constants, i.e., Agps, thus obtained, were plotted against the tested inhibitor concentrations.
As the data are consistent with a two-step mechanism of inactivation, they were fitto eq 7,
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Foe=(kinace 1)/ (D) (7)

using the GraFit version 5.0.11 software, where K is the concentration of inactivator that
yields half-maximal inactivation, kjn,ct is the maximal rate of inactivation, and [I] is the
concentration of inactivator.

Caco-2 Permeability Assay

CaCo-2 cells grown in tissue culture flasks are trypsinized, suspended in medium, and the
suspensions applied to wells of a Millipore 96-well Caco-2 plate. The cells were allowed to
grow and differentiate for 3 weeks, feeding at 2-day intervals. For apical to basolateral (A —
B) permeability, the test agent was added to the apical (A) side and amount of permeation
was determined on the basolateral (B) side; for basolateral to apical (B > A) permeability,
the test agent was added to the B side and the amount of permeation was determine on the A
side. The A-side buffer contains 100 M Lucifer yellow dye, in transport buffer (1.98 g/L
glucose in 10 mM HEPES, 1x Hank’s Balanced Salt Solution), pH 6.5, and the B-side buffer
is transport buffer, pH 7.4. CaCo-2 cells were incubated with these buffers for 2 h, and the
receiver side buffer was removed for analysis by LC/MS/MS. Cells were incubated with 10
1M of each compound in buffer for 2 h, and the receiver side buffer was removed for
analysis by LC/MS/MS. Efflux ratio Rz > 2 indicates a significant efflux activity and
indication of potential substrate for PGP or other active transporters.

Cell Viability Assay

Cells were seeded and cultured in 96-well plates (4000 cells/well). The next day, the
medium was replaced with fresh medium containing different concentrations of the drugs or
vehicle controls. The cells were then incubated at 37 °C for the indicated times. After
treatment, the cells were incubated for another 4 h with 0.5 mg/mL MTT solution at 37 °C.
The culture medium was discarded, and 0.1 mL DMSO was used to dissolve precipitate. The
absorbance was measured at 570 nm using an automated microplated reader (Synergy 2,
BioTek, VT, USA).

Chamber Invasion and Migration Assay

Invasion of cells through Matrigel was determined using a Transwell system (10 mm
diameter, 8 um pore size with polycarbonate membrane; Corning Costar). Briefly, cells (3 x
10%) were suspended in serum free medium with different concentrations of drug and seeded
onto Matrigel-coated transwell chamber. Medium with 5% serum was used as a
chemoattractant in the lower chambers. After desired times of incubation at 37 °C under 5%
CO,/95% air atmosphere, medium was aspirated, and cells on the upper side of the
membrane were removed with a cotton swab. The invading cells on the bottom of the filter
were stained with 0.5% crystal violet in 25% methanol and quantified under invert
microscope. In the transwell chamber migration assay, the BD Falcon Cell Culture Insert
System containing membranes with 8 zm pore size was utilized in the assay; 1.5 x 10* cells
were suspended in serum free medium with different concentrations of drug and seeded onto
10 mm upper chamber of transwell system. Medium with 5% serum and same
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concentrations of drugs in corresponding upper chambers was added to the lower chamber.
After a fixed time of incubation, the migration cells were stained and quantified as in the
invasion assay.

In Vivo Spontaneous Metastasis Assay

MDA-MB-231 cells were trypsinized and resuspended in serum free media at a density of 1
x 107/mL and implanted into the mammary fat pad of the mice (200 zA_/mouse). When the
volumes of xenografts reached to 100 mm3, mice were randomized to receive vehicle control
(12 mice per group) or tested compounds (six mice per group). Test compound or vehicle
was then administered orally for 42 consecutive days. Tumor volume in mm?3 was
determined using the formula (length x width2)/2, where length was the longest axis and
width being the measurement at right angles to the length. Then 24 h after the last drug
administration, the animals were sacrificed and tumors/orgns were collected for various
experiments. Animals were maintained in a pathogen-freee environment, and procedures
were operated in accordace with Emory Institutional Animal Care and Use Committee
guidelines. For lung metastasis, after the mice were killed, the lungs were removed, washed,
and fixed with Bouin’s solution for 24 h and the number of the tumor nodules on the whole
surface of the lungs was counted under a dissecting microscope. Sections of the lungs were
stained with hematoxylin and eosin (HE) to confirm the formation of metastases.

Gelatin Zymography Assay

Gelatinase-containing samples were dissolved in Laemmli sample buffer in the absence of
reducing agents and electrophoresed in 8% polyacrylamide SDS gels copolymerized with
gelatin (1 mg/mL). Following electrophoresis, the gels were washed twice (30 min each
time) and once in calcium assay buffer (40 mM Tris, 0.2 M NaCl, 10 mM CaCl,, pH 7.5)
and then incubated in the calcium assay buffer at 37 °C for certain times with gently
shaking. Gels were then fixed in 45% methanol/10% glacial acidic acid containing 0.5%
Commassie Blue G-250 for 1 h, followed by destaining with 10% acetic acid, 10%
methanol. Enzyme-digested regions were observed as white bands against a blue
background. Zones of enzymatic activity were seen as negatively stained bands.

Statistical Analysis

For statistical analysis, data shown in the study were obtained in at least two independent
experiments performed in a parallel manner unless otherwise indicated, which are presented
as mean + SD. Statistical evaluation was carried out by Student’s ftest or one-way ANOVA.
Significance of difference was indicated as *P< 0.05 and **P < 0.01. The statistical analysis
was performed by program Prism (GraphPad Software, La Jolla, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IONS USED

AEP asparagine endopeptidase

MMP matrix metalloproteinases

SAR structure—activity relationship
REOS rapid elimination of swill

PAINS pan assay interference compounds
DPP dipeptidyl peptidase

ADMET  absorption, distribution, metabolism, excretion, and toxicity

CBC complete blood chemistry
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Kinetic analysis of compound 38 inhibition of AEP. (A) Michaelis—Menten plots displaying
competitive inhibition of AEP. The inhibition constant, K, was determined from the globally
fit data. (B) Double reciprocal Lineweaver-Burk plots also displaying competitive
inhibition. (C) Nonlinear progress curves obtained from the time course inactivation
experiments, indicating that compound 38 is a slow-binding inhibitor of AEP. (D) A plot of

the corrected Agps Values obtained from each curve in (B) versus the concentration of

compound 38, which enabled the calculation of the second-order rate constant, Ajnact/ K|, t0
be determined to measure the potency of the inhibitor.
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Figure 2.
The SAR analysis of compound 38. (A) The structures and percentages of residual AEP

activity of the compound 38 derivatives, in which substitutions were made to the nitrogen in
the Ry position. (B) The structures and percentages of residual AEP activity of the
compound 38 derivatives, in which substitutions were made to the nitrogens at the R7 and R
positions. (C) The structures and percentages of residual AEP activity of the compound 38
derivatives, in which substitutions were made at the R7, Ry, and Rg positions in the xanthine
ring.
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Compound 38u specifically inhibits AEP. (A) Structures of compound 38 and its derivatives
with increased hydrophobicity. (B) ICsq curves for compound 38 and its derivatives against
pure AEP. (C) Inhibition specificity assay. I1Csq values of compound 38 and its derivatives

against AEP and other related major cysteine proteases.
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Figure 4.

Compound 38u inhibits invasion in vitro. (A) Effect of compound 38u on cell proliferation,
invasion, and migration of MDA-MB-231 cells. Cell proliferation was determined by MTT
assay, following incubation with the compound. (B) Effect of compound 38u on cell
proliferation, invasion, and migration of MDA-MB-435 cells. Cell proliferation was
determined by MTT assay, following incubation with the compound. (C) Effect of

compound 38u on AEP activity in MDA-MB-231 and MDA-MB-435 cells. AEP activity

were examined with lysate of cells treated by 38u (D) Effect of compound 38u on invasion
of MDA-MB-231 and MDA-MB-435 cells treated by control and AEP siRNA.
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Figure 5.
Compound 38u prevents breast-to-lung metastasis in vivo. (A) Representative mouse lungs

of animals treated with vehicle control or 3 or 10 mg/kg compound 38u. Bottom panel
depicts IHC staining. (B) Quantification of metastasized cancer nodules found on the treated
and untreated mouse lungs demonstrates that significantly less nodules are present in the
lungs of the drug-treated mice. (C) The proportion of mice exhibiting metastatic nodules in
lungs decreased as the drug treatment dosage increased.
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Compound 38u does not exhibit toxic effects in mice. (A) IHC sections of bone marrow,

kidney, liver, and spleen from animals treated with vehicle control or 3 or 10 mg/kg of

compound 38u show similar results in vehicle and drug-treated tissues. (B) There was no

significant difference in body weight observed in mice treated with vehicle control or
compound 38u. (C) The size of the liver remained similar in vehicle and drug-treated

animals, however, the spleen was slightly enlarged in drug-treated animals as compared to

control.
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Figure 7.
Compound 38u inhibits AEP cleavage of MMP-2 in vitro and in vivo. (A) Gelatin

zymography was used to demonstrate that in the presence of AEP, MMP-2 is cleaved when
only vehicle control is added to the reaction. In the presence of only 1 ¢zM compound 38u,
there is a significant decrease in the observed cleavage of MMP-2 and at the highest drug
dose, 10 M, MMP-2 cleavage returns to basal levels, as observed inthe absence of AEP. (B)
Compound 38u was administered to MDA-MB-231 cells, and the inhibition of endogenous
MMP-2 cleavage was observed in the presence of 1, 2, 5, and 10 xM compound. (C) The
cell viability was not affected by the different doses of drug used in the experiment. (D)
Effect of compound 38u on AEP activity in MDA-MB-231 cells. Cells were treated with
indicated concentrations of 38u. AEP activity were examined with lysate of cells treated by
38u. (E) Effect of compound 38u on MMP-2 cleavage in MDA-MB-231 cells treated by
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AEP siRNA. Depletion of AEP abolished Pro-MMP-2 cleavage, and 38u lost its inhibitory
effect on MMP-2 cleavage. (F) The ratio of cleaved MMP-2 to full-length MMP-2 (pro-
MMP-2) significantly decreased in drug-treated mammary tumor tissue.

J Med Chem. Author manuscript; available in PMC 2018 March 28.



1duosnuepy Joyiny

Qietal Page 23

Table 1

Caco-2 Permeability

Compound A ->B P,y (106 cmes™) B ->AP,p, (108cmes?)  Re

Ranitidine 0.2 13 8.1
Warfarin 355 8.6 0.2
Talinolol 0.3 5.4 16.8

38 1.1 20.3 18.2
38D-16 0.9 3.0 33
38D-21 2.7 7.0 2.6
38D-22 10.0 30.5 3.0

o o o
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Compound 88 380-16 38021 3022
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