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Abstract

The ubiquitin—proteasome system (UPS) is increasingly recognized as a therapeutic target for the
development of anticancer therapies. The success of the 20S proteasome core particle (20S CP)
inhibitor bortezomib in the clinical management of multiple myeloma has raised the possibility of
identifying other UPS components for therapeutic intervention. We previously identified the small
molecule b-AP15 as an inhibitor of 19S proteasome deubiquitinase (DUB) activity. Building upon
our previous data, we performed a structure—activity relationship (SAR) study on b-AP15 and
identified VLX1570 as an analog with promising properties, including enhanced potency and
improved solubility in aqueous solution. /n silico modeling was consistent with interaction of
VLX1570 with key cysteine residues located at the active sites of the proteasome DUBs USP14
and UCHLS. VLX1570 was found to inhibit proteasome deubiquitinase activity in vitroin a
manner consistent with competitive inhibition. Furthermore, using active-site-directed probes,
VLX1570 also inhibited proteasome DUB activity in exposed cells. Importantly, VLX1570 did not
show inhibitory activity on a panel of recombinant non-proteasome DUBs, on recombinant
kinases, or on caspase-3 activity, suggesting that VLX1570 is not an overtly reactive general
enzyme inhibitor. Taken together, our data shows the chemical and biological properties of
VLX1570 as an optimized proteasome DUB inhibitor.
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The UPS is the main mechanism for the controlled degradation of damaged, un-needed, or
short-lived proteins in eukaryotic cells. At its most basic level, the UPS consists of a tagging
factor in the form of the small molecule ubiquitin and the proteasome, a large multisubunit
destruction complex. Proteins destined for proteasome degradation are tagged with
ubiquitin, an evolutionally conserved 76 amino acid polypeptide, via a series of enzymatic
steps involving E1, E2, and E3 ubiquitin ligases (1). The 26S proteasome complex consists
of a proteolytic 20S core particle (20S CP) typically associated with one or two 19S
regulatory particles (19S RP). Proteins tagged with polyubiquitin chains are recognized and
captured by ubiquitin receptors on the 19S RP, unwound by ATPase activity, and finally
translocated into the barrel-like 20S CP, where they are degraded by the three distinct
catalytic subunits of the proteasome (2). To facilitate this process, ubiquitin chains are
generally removed by the action of DUB enzymes situated at the 19S RP prior to substrate
translocation into the catalytic chamber of the 20S CP. Proteasome-associated DUBs are
parts of a diverse family of approximately 80 functional DUBS that are divided into five
classes based on conserved homology in the catalytic domains. Four of these families are
cysteine proteases and one family consists of metalloproteases (3). Cancer cells in particular
are extremely sensitive to disruptions in the UPS, presumably due to the high rates of protein
turnover. Even small fluctuations in UPS activity can trigger severe proteotoxic stress,
resulting in the accumulation of high molecular weight ubiquitinated proteins, apoptosis, and
ultimately cell death (4,5). This dependency of cancer cells for a functioning UPS has been
exploited by the recent development of UPS inhibitors. In particular, the approval of
Bortezomib (Velcade®), a dipeptidyl boronic acid derivative that selectively inhibits the 20S
CP, as a first-line treatment for multiple myeloma has highlighted the potential of targeting
the UPS for cancer drug development (6,7).

We have previously identified the chalcone derivative b-AP15 as a small molecule that
inhibits the activity of the proteasome deubiquitinases USP14 and UCHLS (8). Exposure of
cancer cells to b-AP15 results in the rapid accumulation of ubiquitinated proteins and an
acute proteotoxic stress response without altering the proteolytic capacity of the 20S CP. The
drug shows antineoplastic activity in a number of syngeneic and xenograft tumor models,
including multiple myeloma at doses that were well tolerated (8,9). Importantly, b-AP15
induced cell death in multiple myeloma cells that had acquired resistance to bortezomib (9)
raising the possibility of using proteasome DUB inhibitors in anticancer therapies to
overcome acquired drug resistance. The structure of b-AP15 contains Michael acceptors that
likely bind the cysteine residues in the active site of USP14 and UCHLS. This inhibitory
effect of b-AP15 appears to be specific for proteasome DUBs as it does not inhibit total
DUB enzymatic activity in cell extracts. There is growing recognition of the potential of
proteasome DUB inhibitors as an anticancer therapy with several small molecule inhibitors
of proteasome DUB activity described. A chalcone derivative (RA-9) with a similar structure
to b-AP15 was recently described as an inhibitor of proteasome DUB activities (10).
Furthermore, the curcumin analog AC17 was reported to inhibit proteasome DUB activity as
well as display in vivo antineoplastic activity on lung carcinoma xenografts (11). Similar to
b-AP15, both AC17 and RA-9 contain two «,f unsaturated carbonyls (i.e. Michael
acceptors) conjugated in a larger system including aromatic rings, suggesting a common
pharmacophore present in proteasome DUB inhibitors.
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Although b-AP15 displays potent activity in both in vitro and in vivo assays, several
chemical properties occlude its development for use in the clinical setting. b-AP15 shows
limited solubility and stability in aqueous solution and requires high concentrations of
Kolliphor EL in formulas for parenteral injections (8,9). In this report, we have evaluated the
structure—activity characteristics of b-AP15 in an attempt to optimize both antitumor activity
and chemical properties. From our analysis, the lead compound VXL1570 showed a similar
target specificity and mechanism of action to b-AP15. Furthermore, the improved solubility
of VLX1570 allows for the use of excipients, which are more suitable for clinical
administration.

Methods and Materials

Materials

Methods

b-AP15, VLX1570, and other analogs were synthesized by OnTarget Chemistry AB
(Uppsala, Sweden). 19S proteasome (E-366), ubiquitin vinyl sulfone (U-202), HA-ubiquitin
vinyl sulfone (U-212) (Boston Biochem, Cambridge, MA, USA); 26S proteasome
(VB2910), ubiquitin—-rhodamine 110 (VB3008) (Viva Bioscience, Exeter, UK), IU1
(VB2240); anti-factin (AC-15), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide, MTT (M2128) (Sigma-Aldrich, St Louis, MO, USA); anti-ubiquitin K48 (Apu2)
(Millipore, Billerica, MA, USA); anti-USP14 (A300-920A) and anti-UCHLS5 (A304-099A)
(Bethyl Laboratories, Inc., Montgomery, TX, USA); anti-Mcl-1 (559027) (BD
Pharmingen™, Franklin Lakes, NJ, USA); and anti-HA (12CAS) (Roche, Basel,
Switzerland).

Cell culture—HCT116 colon carcinoma cells were maintained in McCoy's 5A modified
medium/10% fetal calf serum; KMS11 cells were maintained in RPMI1640 medium
supplemented with 10% fetal calf serum, and the proteasome reporter cell line MelJuSo-
UbG76v -yellow fluorescent protein (YFP) (12) was cultured in Dulbecco's modified Eagle's
medium/10% fetal calf serum. All cells were incubated at 37 °C in 5% CO,. Cell viability
was monitored using the FMCA assay (13) or using the MTT assay (14).

Western blot analysis—Cell extract proteins were resolved by 3-8% Tris-acetate or 4—
12% SDS-PAGE gels (Invitrogen, Carlsbad, CA, USA) and transferred onto nitrocellulose
membranes. Membranes were blocked in 5% non-fat milk and probed with primary
antibodies overnight at 4 °C. Following washing in PBST, membranes were incubated with
appropriate secondary antibodies. Proteins were visualized using ECL substrate.

Deubiquitinase enzymatic assays—Preparations of 26S proteasomes (1 nm) were
pretreated with DMSO, VLX1570, or b-AP15 for 2 min in assay buffer (25 mwm Tris, 5 mm
MgCly, 10% glycerol, 0.05 mg/mL BSA, 2 mm ATP, and 1 mm DTT) before addition of
Ubrhodamine. Fluorescence was monitored at 37 °C using Ex/Em = 490 nm/520 nm to read
data every 10 second for 30 min using a TECAN infinite 200 instrument. For UbVS labeling
of KMS 11 cells, we lysed cell pellets from control or treated cells with buffer (50 mu
HEPES pH 7.4, 250 mm sucrose, 10 mu MgCly, 2 mm ATP, 1 mu DTT) on ice for 30 min and
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removed debris by centrifugation. We labeled 25 ug of protein with 1 g UbVS for 30 min at
37 °C. Samples were resolved by SDS—PAGE and subjected to immunoblotting. For UbVS
labeling of proteasomes, we pretreated purified 19S proteasomes (50 nv) with DMSO,
VLX1570, or b-AP15 (50 ga) for 10 min at room temperature, followed by labeling with 1
i HA-UDBVS for 30 min at 37 °C and by immunoblotting.

Caspase-3 enzyme activity—Caspase-3 activity was determined using SensoLyte®
Homogeneous Rh110 Caspase-3/7 Assay kit (Eurogentec, Liege, Belgium). Briefly, different
concentrations of VLX1570 were incubated with caspase-3 for 15 min at 37 °C before the
addition of Rh110 caspase-3/7 substrate and then continuously measured on a fluorometric
plate reader using Ex/Em = 490 nm/520 nm to record data every 1 min for 5 min. The final
concentration of caspase-3 was 2 nw, and Ac-DEVD-CHO was used as a positive control.

Bacterial reverse mutation assay—The potential to induce reversion mutations in the
histidine operon was assayed in the Sa/monella typhimurium tester strains TA98, TA100,
and in Escherichia coli strain WP2 uvrA as described. Mutation test was carried out using
the preincubation method (30 min, 37 °C) with and without phenobarbital-5,6-benzoflavone-
induced rat liver metabolic (S9) activation. These experiments were performed by Accelera,
Nerviano, Italy.

Pharmacokinetics—Approximately 3 days before dosing and while under anesthesia (an
aqueous mixture of ketamine, xylazine, and acepromazine, subcutaneously administered),
male Sprague Dawley rats (6 weeks, supplied by Charles River Laboratories, Italia) were
surgically prepared for serial blood samples collection. The animals were fitted with a
flexible 3F-polyurethane cannula (Biomedica Greto; method of sterilization: ethylene oxide)
implanted in the superior vena cava via the jugular vein. VLX 1570 was administered in the
vehicle as IV slow injection in a fixed time of 10 min via tail vein. The compound was
dissolved in 50% PEG400/40% Tween-80/10% Kolliphor EL and then diluted with saline.
The drug was injected at a final dose of 5 mg/kg during 10 min.

Hepatocyte metabolism—Pooled cryopreserved human hepatocytes (10-donor mix)
were obtained from Celsis IVT (product numbers X008001 and M005052; Chicago, IL,
USA). Samples were analyzed by LC/MS using a Waters ACQUITY UPLC system plus
Waters Xevo G2 quadrupole time-of-flight MS and a Waters ACQUITY C18 column with
guard filter. Ion chromatograms were extracted from the time-of-flight MS total ion
chromatograms using calculated monoisotopic accurate masses (calculated using Waters
MassLynx software for deprotonated molecule) with a 20-mDa window. The metabolites
were mined from the data acquired from the last time-point, using software-aided data
processing (MetaboLynx XS including structure-intelligent dealkylation tool and mass
defect filter) with manual confirmation. Structures of the observed metabolites were
tentatively identified using obtained accurate mass and fragment ion data. These studies
were performed by Admescope Ltd., Oulu, Finland (investigator, Ari Tolonen; laboratory
technicians, Birgitta Paldanius and Pirkko Hyvonen).

Computational docking—Initial docking for VLX 1570 was performed using glide (v.
5.6) within the Schrodinger software suite (Schrodinger, LLC) (15). The starting
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conformation of ligands was obtained by the method of Polak—Ribigre conjugate gradient
(PRCG) energy minimization with the Optimized Potentials for Liquid Simulations (OPLS)
2005 force field (16) for 5000 steps, or until the energy difference between subsequent
structures was < 0.001 kJ/mol-A (15). Our docking methodology has been described
previously (17-19), and the scoring function utilized has been described (20). Briefly, to
generate the grids for docking, molecular refracting molecules were removed from the
USP14 or UCHLS crystal structure (PDB Codes: 2AYO7 (21) and 3IHR (22), respectively)
(15). Schrodinger's SiteFinder module focused the grid on the active site region surrounding
residues Cys114 and Cys88 for USP14 and UCHLS, respectively. Using this grid, initial
placement for VLX1570 was docked using the Glide algorithm within the Schrodinger suite
as a virtual screening workflow (VSW). The docking proceeded from lower precision
through SP docking and Glide extra precision (XP) (glide, v. 5.6; Schrédinger, LLC)
(23,24). The top seeded poses were ranked for best scoring pose and unfavorable scoring
poses were discarded. Each conformer was allowed multiple orientations in the site. Site
hydroxyls, such as in serine and threonine residues, were allowed to move with rotational
freedom. Docking scores were used for comparing top-ranked docking poses where the
reactive carbonyl from VLX1570 is positioned near the catalytic cysteine from USP14
(Cys114) or UCHLS (Cys88). We utilized the covalent docking method within Schrodinger
suite to allow the carbonyl of the inhibitor to form linkage to the thiol at the —-SH group via a
likely Michael's addition reaction. Hydrophobic patches were utilized within the VSW as an
enhancement. Top favorable scores from initial dockings of yielded ~6 to 10 poses with the
top pose selected, and from this, the best pose was used for experiments in covalent docking.
XP descriptors were used to obtain atomic energy terms such as hydrogen bond interaction,
electrostatic interaction, hydrophobic enclosure, and pi-pi stacking interaction that result
during the docking run (23,24). Molecular modeling for importing and refining the X-ray
structure and generation of VLX1570 small molecule structures, as well as, rendering of
figure images were completed with Maestro, the built-in graphical user interface of the
Schrodinger chemistry package (v. 5.6; Schrodinger, LLC).

Structural activity/solubility investigations of b-AP15 analogs

b-AP15 is a chalcone derivative composed of a central six-membered piperidine-4-one ring
and two flanking aryl groups linked to the central ring via two symmetrical and sterically
accessible f-carbons (Figure 1A). In order to make b-AP15 more ‘drug-like’, we attempted
to improve its solubility via the addition of more hydrophilic groups to the carbon skeleton.
We initially added hydroxyls on the side aryls (VLX1554), but this resulted in a strong
decrease in cytotoxicity in survival assays using HCT116 colon cancer cells (Figure 1B).
This observation is presumably due to the decrease in the reactivity of the electrophilic 4
carbons required for inhibitory activity (25). The addition of carboxyl groups at the 2-
position of the piperidine ring resulted in compounds (VLX1502, VLX1508) that showed
strongly impaired biological activity (Figure 1B). Changing the central ring structure from a
piperidine to a bicyclic nortropinone (8-azabicyclo[3.2.1]octan-3-one) ring resulted in totally
abolished cytotoxic activity (data not shown). In contrast, substitution of the piperidine (six-
membered) to an azepane (seven-membered) ring resulted in a slight but significant increase
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in biological activity (b-AP15/VLX1546; VLX1552/VLX1570; VLX1545/VLX1567)
(Figure 1C). Variations in the addition of electron-drawing groups on the flanking aryls did
not have a major impact on the activity of azepane ring-based compounds (Figure S1).
Nitrogen groups placed in the para-position on the aryls were, however, associated with
stronger activity than when placed in the meta- or ortho-positions (VLX1546/VLX1572;
VLX 1535-1537) (Figure 1C,D, Figure S2). VLX1562, containing a free azepane ring
nitrogen, showed somewhat lower potency than VLX1570, which contained an acrylamide
at the same position (Figure 1C,D). Furthermore, changing the acrylamide of VLX1570 to
an acetamide (VLX1571) also resulted in a loss of potency (Figure 1D).

The most potent azepane-based compound identified was VLX1570. Similar to b-AP15,
VLX1570 showed limited solubility in aqueous solution. However, whereas b-AP15
required an excipient containing at least 5% Kolliphor EL for injection, VLX1570 remained
stable in solutions containing 1% Kolliphor and 4% Tween-80 (both excipient mixtures also
contained 5% PEG400), making it more suitable for intravenous injection. Similar to b-
AP15, VLX1570 has an acrylamide attached to the nitrogen of the central ring. As
acrylamide is potentially mutagenic (26), we examined the potential of VLX1570 to induce
DNA mutations in an in vitro model. The potential to induce reversion mutations in the
histidine operon in Salmonella typhimurium (strains TA98, TA100) and in Escherichia coli
(strain WP2 uvrA) was tested both with and without phenobarbital-5,6-benzoflavone-
induced rat liver metabolic (S9) activation. No significant increase in revertant colony
numbers could be detected, either with or without metabolic activation (Tables S1 and S2),
suggesting that VLX1570 and metabolized products are non-mutagenic. The significantly
increased potency of VLX1570 compared to b-AP15 and the lower requirement for
Kolliphor EL led us to select this compound for further studies.

Predicted interaction of UCHL5 with VLX1570 via in silico docking

The catalytic cysteine residue 88 of UCHLS5 may be attacked by VLX1570 via a Michael's
addition reaction. The compound fits deep into a wedge-like crevice inside UCHLS that
includes the following residues within 4 A of the small molecule: LeulO, Trp58, GIn82,
Asn85, Cys88 (covalent linkage), Ala162, Phel163, His164, Phel65, and Leul81. An
electrostatic colored surface rendering for UCHLS shows the fit of the top XP docked
ligands prior to covalent bond formation (Figure 2A). The nitro-groups from VLX1570
participate in electrostatic interactions with the Asn and Gln residues and transient 7~cloud
interactions occur with the phenyl-substituted rings from VLX1570 (Figure 2B). His164 and
carbonyl oxygen from VLX1570 have stabilizing interactions. The electrostatic surface for
the covalently bound VLX1570 shows the tightly bound groove that the drug is inserted into
while linked to Cys88 (Figure S3). The ligand interaction map gives a good indication of the
key regions from UCHLS that stabilize VLX1570 into the groove (Figure S4).

Predicted interaction of USP14 with VLX1570 via in silico docking

USP14 is predicted to bind the VLX1570 inhibitor via a Michael's addition reaction at the
thiol of residue Cys114 with the electrophilic f-carbon of the small molecule (Figure 2C,D).
The crevice for USP14 is deeper and includes the following residues within 4 A of the small
molecule VLX1570: Asnl109, Asnl112, Cys114, Tyr115, Gln197, GIn198, Asp199, Ser431,
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Serd32, Serd33, Gly434, His435, Tyrd36, and Lys454. The VLX1570 drug has a binding
mode that would block access to the C-terminus of ubiquitin for binding with USP14, as
visible in X-ray structure 2AYO7 and our model (Figure 2C; Figure S5). An electrostatic
colored surface rendering for UCHLS shows the fit of the top XP docked ligands prior to
covalent bond formation. As with UCHLS5, Asn and Gln interactions stabilize the nitro-
substituted phenyl rings, while the His435 is not facing the f-carbon in this insertion pose
for VLX1570. VLX1570 potentially could insert in a 180°-rotated orientation, such that
VLX1570 faces the His435 similar to UCHLS5, but the most optimal pose from docking
gives this orientation (Figure 2C). The electrostatic surface for the covalently bound
VLX1570 shows both a deep groove and interprotein interactions that the drug fits between
while linked to Cys114 (Figure S5). The ligand interaction map provides information on the
critical interactions with USP14 that stabilize VLX1570 into the pocket (Figure S6).

Thiol reactivity of the electrophilic p-carbons of VLX1570

The a, f-unsaturated carbonyls of this series of compounds are expected to interact with the
thiolates of active site cysteines in DUBs by Michael's addition reaction (27). This reactivity
suggests that thiol-containing compounds such as dithiothreitol (DTT) would impair the
cytotoxic activity of the compounds by Michael's addition reaction, as shown for similar
compounds (28,29). We indeed found that the addition of DTT to the culture medium
reduced VLX1570 cytotoxicity (Figure 3). However, DTT had to be added in large molar
excess to alleviate the cytotoxicity of the drug, showing that complex formation between
VLX1570 and DTT is strongly shifted toward free molecules.

Analysis of metabolism and pharmacokinetics

The metabolic pattern of VLX1570 was investigated in human cryopreserved hepatocytes.
The results suggested extensive metabolism or cellular uptake of the compound with only
small amounts of parental drug detected after 2-h incubation. A total of 20 different
metabolites were formed of which the Phase I metabolism included several hydrogenation
(+2H) and hydroxylation reactions, and defluorination of the side aryls was also observed
(Figure 4A, Table 1). Drug conjugates included those with S-glutathione (GSH), S-cysteinyl
glycine, and S-cysteine. Many of these reactions occurred in conjunction with
defluorination, suggesting aromatic substitution (on the aryls), and/or with oxygenation,
suggesting a reaction involving the acrylamide moiety and its presumable epoxy metabolite.
Surprisingly, quite few metabolites involving the a, funsaturated carbonyls were detected,
suggesting that these elements might not be highly reactive or that the conjugates formed are
reversible. VLX1570 showed a rapid half-life in rat plasma after injection (Figure 4B) with
kinetics similar to that observed with the hit compound b-AP15 (25). A Gy, 0f 30.8 £ 1.3
ng/mL was observed.

VLX1570 induces a similar cellular response as b-AP15

Blocking of proteasome function is known to induce the expression of a cellular chaperone
response, induction of ER stress and oxidative stress (8,30-33). Microarray analysis showed
that VLX1570 induces chaperone expression (HSPA6, HSPA1L, HSPA4L), the oxidative
stress marker HMOX1 [known to be induced by bortezomib (34)], and the ER stress-
associated marker DDIT3/CHOP in MCF7 cancer cells (Table S3). The gene expression
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profile was similar to that induced by b-AP15 (Table S3, Figure S7). We also examined the

response to VLX1571, an analog of VLX1570 where the acrylamide moiety on the azepane
ring is substituted to an acetamide. The response to this compound was very similar to that

of b-AP15 and VLX1570 (Table S3, Figure S7).

VLX1570 is a competitive inhibitor of proteasome DUB activity

The inhibition of 19S deubiquitinase activity was assayed inn vitro using the substrate Ub-
rhodamine. VLX1570 showed a similar IC5q (6.4 + 2.2 ) to b-AP15 (6.5 £2.9 ) in this
assay. VLX1570 was somewhat more potent than b-AP15 when Ub-AMC was used as a
substrate (VLX1570: 13.0 £ 2.7 zm; b-AP15: 16.8 + 2.8 za1). The kinetic data were consistent
with competitive enzyme inhibition (control reactions: V,;,,, 77.0 + 12.0 FLU/min/ng
proteasome; reactions in the presence of 20 v VLX1570: Vi, 72.5 £ 12.9 FLU/min/ng
proteasome). The inhibition of the activity of individual proteasome deubiquitinases was
determined using the activity probe ubiquitin vinyl sulfone (Ub-VS) (Figure 5A). VLX1570
and b-AP15 both inhibit USP14 and UCHLYS activity of 19S regulatory particles with the
inhibition of USP14 being more pronounced (Figure 5A). The efficacy of in vitro inhibition
of proteasome DUB activity by b-AP15 is approximately one magnitude lower compared to
the inhibition of proteasome function in living cells, an apparent paradox that may be
explained by enrichment of the drug in cells (25). VLX1570 was indeed found to inhibit
USP14 in cells at a concentration of 1 s (Figure 5B). In this assay, cells were exposed to
VLX1570 and extracts were labeled with Ub-VS. Ub-VS is expected to compete with
VLX1570 for substrate binding in extracts, resulting in difficulties to demonstrate inhibition,
but the inhibition of labeling was consistent in triplicate samples. The inhibition of labeling
of UCHLS5 was less consistent in this type of assay as previously reported (25).

We examined the extent of polyubiquitin accumulation in HCT116 cells exposed to
VLX1570 and compared it with other UPS inhibitors (Figure 5C). VLX1570 and b-AP15
induced similar levels of polyubiquitin; these levels were higher compared to those found in
cells exposed to bortezomib. The average molecular weights of poly-ubiquitinated proteins
were similar in cells exposed to b-AP15 and VLX1570 and higher compared to cells
exposed to bortezomib (Figure 5C). This observation is consistent with a mechanism of
DUB inhibition, as previously discussed (8). The USP14 inhibitor IU1 (35) induced weak
accumulation of polyubiquitin after 18 h of exposure. WP1130 (Degrasyn) has been shown
to inhibit USP14 and UCHLS as well as other DUB enzymes (see below) (29). WP1130
induced polyubiquitin after 6 h, but not after 18 h (Figure 5C). This compound was strongly
cytotoxic with few cells remaining at later time-points.

VLX1570 shows specificity to proteasome DUB activity

The Michael acceptor reactivity of b-AP15 and VLX1570 may be expected to lead to broad
inhibitory activity toward cysteine proteases. However, we previously found that b-AP15
inhibited proteasome cysteine DUB activity without altering the activities of non-
proteasome-associated cytosolic DUBs (8). To further confirm these findings, we performed
a deubiquitinase profiling experiment using recombinant enzymes treated with VLX1570
(experiment was performed by Ubiquigent Ltd, Dundee, UK) (Figure 6A). Some inhibition
of USP5 (~50%) was observed at a VLX1570 concentration of 20 tm; however, this
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appeared to be the exception as the activity of most DUBs tested was not significantly
inhibited.

We also examined whether VLX1570 inhibits an unrelated cysteine protease, caspase-3. We
did not, however, detect the inhibition of caspase-3 at a concentration of 40 i VLX1570
(Figure 6B). Finally, to further characterize the specificity and potential general reactivity of
VLX1570, we determined the ability of the drug to inhibit a panel of kinases in vitro (Figure
6C). A kinase panel (211 separate enzymes) was tested for inhibition at a drug concentration
of 10 s, a standard concentration in kinase profiling experiments. Only one single kinase in
the total panel was inhibited by > 50% (Cdk4), with the median level of inhibition being at
4% (Figure 6C).

The DUB inhibitor WP1130 contains an @, f-unsaturated carbonyl group and has been
shown to inhibit USP14 and UCHLYS, but also USP9x and USP5 (29). A decline in the levels
of the anti-apoptotic protein MCL-1 in cells exposed to WP1130 was reported (29),
presumably due to loss of deubiquitination of MCL-1 by USP9x (36). Decreased levels of
MCL-1 were indeed observed following exposure of MelJuSo cells to WP1130, whereas this
effect was not observed in HCT116 cells (Figure 7). Interestingly, however, MCL-1 levels
increased when these two cell lines were exposed to b-AP15/VLX1570 (Figure 7). These
findings are consistent with the finding that VLX1570 does not inhibit USP9x, and show
that different DUB inhibitors containing «, f-unsaturated carbonyl groups, but are otherwise
chemically unrelated, may elicit distinct biological effects.

Discussion

Proteasome inhibition has been established as a therapeutic treatment for multiple myeloma.
We have previously shown that the proteasome DUB inhibitor b-AP15 displayed antitumor
activity on multiple myeloma cells both 7n vitro and in vivo (9). Building on our previous hit
compound, we performed a medicinal chemistry optimization of b-AP15 and found that
compounds containing a central azepane ring were more potent than piperidine-based
compounds. One of our primary motivations in performing this study was to obtain a lead
compound more suited to administration in patients. In our previous in vivo studies with b-
AP15, we employed a formulation containing 5% Kolliphor EL (previously known as
Cremophor EL). As Kolliphor EL has been described to be associated with the development
of hypersensitivity reactions (37), we attempted to find potent b-AP15 analogs that could be
dissolved in excipients containing lower concentrations of Kolliphor EL and suitable for
intravenous injections. The azepane derivative VLX 1570 was found to be soluble at an
adequate concentration in a formulation containing 5% PEG400/1% Kolliphor EL/4%
Tween-80 (also known as Polysorbate-80) allowing the possibility for intravenous
administration.

Similar to b-AP15, VLX1570 inhibits proteasome deubiquitinase activity and induces
accumulation of high molecular weight polyubiquitinated proteins in cells. Analysis of
enzyme inhibition showed that VLX1570 displays properties consistent with a mechanism
of competitive inhibition of proteasome DUB activity. As VLX1570 contains a,f
unsaturated dienones (i.e. Michael acceptors) that are expected to react with the cysteine in
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the active sites of DUBs, a model of competitive inhibition is indeed expected. A chalcone
derivative with a similar structure as b-AP15 (RA-9) was recently reported to inhibit
proteasome deubiquitinase activity (10) (Figure S8). Interestingly, RA-9 induces
endoplasmic reticulum stress, similar to what has been reported for b-AP15 (30), suggesting
a common mechanism of action of both drugs. The 4-arylidene curcumin analog AC17,
which also contains «,f unsaturated dienones (Figure S8), was recently found to inhibit the
deubiquitinase activity of the 19S RP (11). All of these different DUB inhibitors are
electrophiles and would a priori be expected to confer unspecific reactivity. However, b-
API15, RA-9, and AC17 have been shown not to inhibit total DUB activity in cell lysates
(8,10,11). RA-9 was, however, found to inhibit UCHL1, UCHL3, and USP8 in vitro (38).
Furthermore, the chalcone derivatives G5/F6 were reported as more broad specificity DUB
inhibitors (39,40). We here examined of the ability of VLX1570 to inhibit cellular
deubiquitinases using recombinant proteins (performed by Ubiquigent Ltd, Dundee).
Remarkably, broad unspecific inhibition of the different DUBs in the panel was not
observed. In addition, we also found that VLX1570 did not inhibit the non-DUB cysteine
protease caspase-3. The basis for these differences in results using various chalcone analog
and curcumin analog is unclear. Considering the expected cytotoxicity resulting from
blocking of proteasome function, we believe it to be likely that the inhibition of proteasome
DUBs (USP14/UCHLYS5) is of key importance to the biological effects of a,f-unsaturated
ketone-containing compounds [for a further discussion, see (4)]. To further examine the
potential general reactivity of VLX1570, we performed a screen for the inhibition of cellular
kinases. VLX1570 is not a general kinase inhibitor by this analysis, showing a median level
of inhibition of the panel of ~4% at 10 px. The most strongly inhibited kinase was Cdk4,
which was inhibited to ~80% by 10 xm VLX1570. In spite of the level of inhibition, Cdk4
inhibition is unlikely to be of importance for the activity of VLX1570 as embryonic
fibroblasts proliferate normally in the absence of this kinase and mice devoid of Cdk4 are
viable (41,42).

Docking for the bound VLX 1570 models, we find support for a Michael's type addition
reaction. In the case of USP14 and UCHLS, we see that both proteins have capacity to
accommodate VLX1570 to dock; with USP14, the docked model has tyrosine and lysine
available for stabilization at the charged nitrogens from —NO, groups, but dynamics would
better access the long-term stabilization this confers. The fluoro-groups of VLX1570 are at
the para-position and the nitro-groups are at the meta-position the phenyl rings. The tight
binding prior to catalysis of the thiol linkage to the fcarbon of VLX1570 allows for
stabilization needed to optimize binding likelihood. In the case of USP14, we see somewhat
better protein—ligand interaction that increases likelihood of catalysis.

A general cysteine reactivity of b-AP15/VLX1570 may be predicted to lead to substance
depletion due to binding to intracellular thiols. The cytotoxicity of other compounds
containing a, funsaturated carbonyl groups are indeed inhibited by thiol-containing
compounds such as dithiothreitol (DTT) (28,29). We found that VLX1570 shows a
comparatively low reactivity to DTT, further supporting the notion that VLX1570 is not an
overtly reactive compound. Electrophiles have been shown to target functional protein
systems in a hierarchical manner (43,44). High-affinity targets are likely to consist of
enzymes with catalytic cysteine that have a low pK, due to the close proximity of
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neighboring residues (such as histidines). The pK, of the thiols of DTT is ~9.2 and GSH
~9.4 (45), explaining their low reactivities. We have also found that treatment with b-AP15
does not result in depletion of cellular glutathione (GSH) levels (C. Sun, unpublished data).

Conclusions

The results presented here show that VLX1570 has a mechanism of action that is
indistinguishable from the hit compound b-AP15. b-AP15 was previously shown to be
cytotoxic to numerous cancer types as well as to multiple myeloma cells resistant to the 20S
proteasome inhibitor bortezomib, suggesting that proteasome DUB inhibitors may have
clinical potential (9). VLX1570 has been granted IND status by the US Food and Drug
Administration and is a candidate drug for the treatment of refractory multiple myeloma and
will contribute to the therapeutic arsenal to treat cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Structure—activity relationships for b-AP15. (A) Structure of the DUB inhibitor lead b-AP15

(VLX1500); also shown is the ICsq value on HCT116 cells (CI: 95%). Cells were
continuously exposed for 72 h and viability determined by FMCA. (B) Analogs containing

hydroxyls on the side aryls or carboxyls in the piperidine ring. ICsq values from HCT116
cells (72-h exposure). (C) Pairwise comparisons of piperidine- and azepane-containing
compounds. Shown are three pairs of compounds with azepane or piperidine central rings
and the in vitro antiproliferative activities associated with these compounds. ICs( values
from HCT116 cells (72-h exposure). (D) Effect of variations of the position on the nitro-
group on the side aryls and varying the decoration of the nitrogen of the azepane ring. ICs
values from HCT116 cells (72-h exposure).
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Figure 2.
In silico docking of VLX1570 with USP14 and UCHLS. (A) Precovalent docked poses of

VLX1570 with UCHLS. Electrostatic colored surface for UCHLS is shown to illustrate the
crevice—groove, which VLX1570 occupies prior to catalytic linkage at the —SH thiol. (B)
Covalent docked pose of VLX1570 with UCHLS5. A molecular model for the predicted
linkage between Cys88 and the VLX1570 f-carbon is shown. Important UCHLS protein
amino acid side chains with interaction with the VLX1570 molecule are labeled. Dashed
lines indicate favorable interactions with drug and protein (VdW, H-bonds, or electrostatic).
(C) Precovalent docked poses of VLX1570 with USP14. Electrostatic colored surface for
USP14 is shown to illustrate the crevice—groove that VLX1570 occupies prior to catalytic
linkage at the —SH thiol. (D) Covalent docked pose of VLX1570 with USP14. A molecular
model for the predicted linkage between Cys114 and the VLX1570 f-carbon is shown.
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Important USP14 protein amino acid side chains with interactions with VLX1570 are
labeled.
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DTT affects the cytotoxicity of VLX1570. MelJuSo-UbS7V-YFP cells were exposed to
different concentrations of VLX1570 in the presence or absence of DTT (dithiothreitol) for
72 h. Cell viability was assessed using the MTT assay.
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Figure 4.
(A) Metabolic pathways of VLX1570 in human cryopreserved hepatocytes. Hepatocytes

were exposed to VLX1570 for 2 h, and metabolites were determined by LC/MS (see
Materials and Methods). (B) Pharmacokinetics of VLX1570 in rats. VLX1570 was injected
into Sprague Dawley rats (5 mg/kg) during 10 min. Plasma was collected after different
times, and VLX1570 levels were determined by MS.
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Figureb.
(A) Inhibition of active-site-directed labeling of proteasome deubiquitinases. Purified 19S

proteasomes (5 nw) were pre-treated with DMSO, VLX1570, and b-AP15 (50 ga) for 10 min
at room temperature, followed by labeling with HA-UbVS and immunoblotting. (B)
Inhibition of Ub-VS labeling of USP14 by VLX1570 in exposed cells. KMS-11 myeloma
cells were treated with 1 zm VLX1570 for 6 h and 25 ug protein from whole-cell lysates
were subsequently labeled with Ub-VS (1 uu), followed by SDS gel electrophoresis and
immunoblotting with an USP14 antibody. Shown are triplicate samples of cells exposed to
solvent or VLX1570. The lower band represents inactive USP14 enzyme. (C) Induction of
polyubiquitin conjugates in KMS-11 myeloma cells. Cells were exposed to DMSO, 1 zm
VLX1570, 100 nw bortezomib, 100 g IU1, 5 s WP1130, or 1 zm b-AP15 for 6 and 18 h,
extracts prepared and subjected to immunoblotting with the indicated antibodies.
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Figure 6.
(A) Determination of deubiquitinase inhibition by VLX1570. The following recombinant

deubiquitinases were tested with regard to inhibition of activity by 20 . The tested DUBs
were: 1. USP1; 2. USP2; 3. USP4; 4. USP5; 5. USP5 (+Ub@Kd); 6. USP5 (+Ub@Bmax);
7. USP6; 8. USP7; 9. USP8; 10. USP9x; 11. USP11; 12. USP14 (PS-VS@KAd); 13. USP15;
14. USP16; 15. USP19; 16. USP20; 17. USP21; 18. USP25; 19. USP28; 20. USP30; 21.
USP35; 22. USP36; 23. USP45; 24. CYLD; 25. UCHL1; 26. UCHL3; 27. UCHLS; 28.
BAP1; 29. OTU1; 30. OTUB2; 31. OTUD3; 32. OTUDS; 33. OTUDG6A; 34. OTUDG6B; 35.
Cezanne; 36. AMSH-LP; 37. AMSH-LP (+Zn); 38. Ataxin3; 39. Ataxin3L; 40. JOSDI1; 41.
JOSD2. Note that USP14 was not inhibited under conditions where the enzyme was
reconstituted with Ub-vinyl sulfone-treated proteasomes. Experiment was performed by
Ubiquigent (http://www.ubiquigent.com). (B) In vitro inhibition of caspase-3 activity.
VLX1570 (40 gm) or DEVD-CHO (10 zm) was incubated with caspase-3 prior to the addition
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of Rh110 caspase-3/7 substrate, and the fluorometric signal was measured every minute for
5 min. (C) Determination of kinase inhibition by VLX1570. The enzymatic activities of 211
different kinases were determined in the presence of absence of 10 gs VLX1570. The 5 most
strongly inhibited kinases were CDK4 (cyclin-dependent kinase 4) (77% inhibition),
CaMK4 (48%), FLT-4 (VEGFR3) (47%), NEK4 (43%), and NDR1 (35%). Experiment was
performed by CEREP (http://www.cerep.fr).
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Figure7.
MelJuSo-YFP and HCT116 cells were exposed to 5 gm WP1130, 1 g VLX1570, or 1 g b-

AP15 for 4 h, cell extracts prepared and subjected to immunoblotting with Mcl-1 and f-actin
antibodies.
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Relative LC/M S peak areasfor VL X1570 and its metabolitesin human hepatocytes,

Table 1

assuming identical L C/M S response between all compounds

Wang et al.

Area%
Parent 10.2
M1 3.2
M2 1.5
M3 11.1
M4 1.6
M5 2.7
M6 2.2
M7 4.2
M8 1.5
M9 1.5
M10 0.5
M11 1.4
M12 3.7
M13 74
M14 9.7
M15 4.0
M16 1.4
M17 3.7
M18 10.3
M19 10.1
M20 6.6
M21 0.9

M22 0.7
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