. 3 - K
Cellular Phys|ology Cell Physiol Biochem 2018;49:780-797 Opeén access
. . DOL: 19.1120/000403041 © 2018 The Author(s)
and BlOChemlstry Published online: 30 August, 2018 Published by S. Karger AG, Basel 780
www.karger.com/cpb
Accepted: 21 August, 2018

This article is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License (CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution
for commercial purposes as well as any distribution of modified material requires written permission.

Original Paper

Inhibition of Proteasomal Deubiquitinase
by Silver Complex Induces Apoptosis in
Non-Small Cell Lung Cancer Cells

Xin Chen® Qiangian Yang® Jinghong Chen®® Peiquan Zhang® Qingtian Huang®
Xiaolan Zhang® LiYang® Dacai Xu? Chong Zhao®** Xuejun Wang?¢
Jinbao Liu®

Protein Modification and Degradation Lab, State Key Lab of Respiratory Disease, School of

Basic Medical Sciences, Affiliated Tumor Hospital of Guangzhou Medical University, Guangzhou,
PDepartment of Hematology, The Second Affiliated Hospital, Guangzhou Medical University,
Guangzhou, ‘Department of Gastroenterology, Guangzhou Digestive Disease Center, Guangzhou First
People’s Hospital, Guangzhou Medical University, Guangzhou, China, 9Division of Basic Biomedical
Sciences, Sanford School of Medicine of the University of South Dakota, Vermillion, USA

Key Words
Proteasome ¢« Deubiquitinases ¢ Silver complex ¢ Apoptosis « Lung cancer

Abstract

Background/Aims: The ubiquitin proteasome system (UPS) is responsible for the degradation
of most intracellular proteins, and proteasomal deubiquitinases (DUBs) have recently been
highlighted as novel anticancer targets. It is well documented that copper complexes can
inhibit UPS function through targeting both 20S proteasome and proteasomal DUBs. The
antineoplastic activities of silver complexes have received much attention, but the exact
mechanisms are not fully elucidated. In this study, we aim to investigate the effects of a novel
silver complex [Ag(S,CN(CH,),)], (AgDT) on UPS function and its anticancer potential in non-
small cell lung cancer (NSCLC). Methods: Cell viability assay (i.e., the MTS assay) and flow
cytometry assay were used to analyze the cell viability and apoptosis. Proteasome inhibition
was measured using 20S proteasome activity assay and 19S proteasomal DUBs activity assay.
Western blot analysis and immunohistochemistry were performed to detect protein levels.
The in vivo antitumor activity of AgDT was assessed with nude xenografts. Results: Silver ions,
alone or in combination with disulfiram (DSF), induced UPS inhibition in NSCLC cells mainly
through inhibition of proteasomal DUBs activities. Silver complex AgDT triggered intracellular
accumulation of ubiquitinated proteins, and prevented the degradation of surrogate substrate
GFPu. Mechanistically, AgDT potently inhibited the activities of proteasomal DUBs USP14 and
UCHLS5, without altering the 20S proteasome peptidases. Moreover, AgDT induced apoptosis
in NSCLC cells and significantly inhibited tumor growth in xenografts. Conclusion: Our
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findings suggest that silver complex AgDT is a novel metal-based proteasomal DUBs inhibitor,
and pharmacologic inhibition of USP14 and UCHLS5 could prove to be an effective therapeutic

strategy for NSCLC.

© 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

The ubiquitin proteasome system (UPS) is the major protein degradation pathway in
eukaryotes and thereby plays a central role in regulating fundamental cellular processes
such as the cell cycle and apoptosis [1, 2]. The 26S proteasome, a large ATP-dependent multi-
subunit proteolytic molecular machine, can dissociate into two subcomplexes: the 20S core
particle and the 19S regulatory particle. In the catalytic chamber of 20S proteasomes there
are three distinct catalytic subunits, known as (1, 2 and 5, which exhibit caspase-like
(C-like), trypsin-like (T-like) and chymotrypsin-like (CT-like) activities, respectively [1]. Due
to the remarkable efficacy of the 20S proteasome inhibitor bortezomib for the treatment
of multiple myeloma (MM), it is anticipated that targeting the upstream of proteasomal
degradation can be a potential anticancer therapeutic strategy [3, 4]. A good example is the
proteasomal deubiquitinases (DUBs) inhibitor, which shows efficacy in MM disease models
and overcomesbortezomibresistance [5].Inhumans, there are three DUBs associated with the
19S proteasome: POH1/Rpn11, USP14/Ubp6, and UCHL5/Uch37. POH1 is a zinc-dependent
metalloprotease which belongs to the JAMM family, while USP14 and UCHL5 are members of
the cysteine protease USP and UCH families. Although the precise roles of proteasomal DUBs
are not completely understood, they regulate the degradation of ubiquitinated proteins
by removing the ubiquitinated chains from the substrates. It was previously reported that
higher USP14 expression was detected in the non-small cell lung cancer (NSCLC) tumor
tissues, compared with the matched normal control, and over-expression of USP14 was
associated with shorter overall survival in NSCLC patients [6]. Additionally, knockdown of
UCHLS5 induces apoptosis, while overexpression of UCHL5 promotes cell growth in NSCLC
cells [7]. Thus, inhibition of USP14 and UCHL5 may represent potentially a new strategy for
NSCLC treatment.

Several copper-binding agents have been investigated for their ability to bind copper and
impair UPS function in malignant cells [8-10]. We have previously demonstrated that copper
pyrithione (CuPT), a copper complex used as antifouling paint biocides, induces cancer
cell death by targeting both 19S proteasomal DUBs and 20S proteasome peptidases [10].
Although copper complexes exhibit strong anticancer activities, the undesired side effects
may prevent them from entering clinical trials [11]. This prompted us to search for new
metal-based anticancer agents with decreased toxic side effects and improved specificity
in inhibition of UPS function. Silver complexes have proven to exhibit low toxicity towards
humans [12]. The use of silver and its salts as antimicrobial medicine can go back to centuries
ago [13, 14]. It is only in recent years that silver complexes have also been studied for their
antitumor activities, which are closely related to their interaction with nucleic acids and
thiol (sulfhydryl) groups of proteins [15]. However, the underlying molecular mechanisms of
the potential anticancer effects of silver complexes are largely unclear.

Disulfiram (DSF) has been clinically used for the treatment of alcoholism and has
an excellent safety profile [16]. A growing body of evidence suggests that DSF possesses
potential anti-tumor activities both in vitro and in vivo [17-19]. The addition of DSF to a
combination regimen of cisplatin and vinorelbine appeared to prolong survival in patients
with newly diagnosed NSCLC in clinical trials [20]. In this work, we have demonstrated
that Ag ions alone or the combination of Ag ions and DSF induces the accumulation of
ubiquitinated proteins mainly through inhibition of proteasomal DUBs. The silver complex
AgDT, which is synthesized from silver and diethyldithiocarbamate (the active metabolite of
DSF), can efficiently induce apoptosis in NSCLC cells through targeting proteasomal DUBs
USP14 and UCHLS5. We also investigated the antineoplastic effects of AgDT in the NSCLC cell
xenograft mouse models.
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Materials and Methods

Materials

The agents used in this study were purchased from following sources: silver nitrate, copper nitrate,
calcium nitrate, disulfiram (DSF), tetrathiomolybdate (TM), ethylenediaminetetraacetic acid (EDTA),
desferrioxamine (DFO), N-acetyl-L-cysteine (NAC), catalase (CAT), N-ethylmaleimide (NEM) (Sigma-
Aldrich, St. Louis, MO); bortezomib (Cell Signaling Technology, Beverly, MA, USA); b-AP15, Z-LLE-AMC,
Boc-LRR-AMC, Suc-LLVY-AMC, purified human 20S proteasome, purified human 26S proteasome, HA-
ubiquitin-vinyl sulfone (HA-Ub-VS), and Ub-AMC (BostonBiochem, Cambridge, MA, USA). Antibodies were
purchased from following sources: anti-caspase 3/8/9, anti-cleaved caspase 3/8/9, anti-PARP, anti-K48-
linked polyubiquitin (D9D5), and anti-USP14 (D8Q6S) (Cell Signaling Technology, Beverly, MA, USA); anti-
ubiquitin (P4D1) and anti-GFP (B-2) (Santa Cruz Biotechnology, Santa Cruz, CA); anti-GAPDH and anti-HA-
tag (Bioworld Technology, Nanjing, China); anti-UCHL5 (Abcam, Cambridge, UK).

Cell viability assay

MTS assay (CellTiter 96Aqueous One Solution reagent; Promega, Shanghai, China) was used to test cell
viability as we previously reported [21]. Briefly, 1x10°/ml cells in 100 pl were treated with either vehicle or
AgDT for 48 hours. 3 hours before culture termination, 20 pl MTS was added to the wells. The absorbance
density was read on a 96-well plate reader at wavelength 490 nm. IC_ values were calculated.

Cell death assay

Apoptosis was determined by flow cytometry using Annexin V-fluoroisothiocyanate (FITC) and
propidium iodide (PI) double staining. Cells were incubated with AgDT, then collected and washed with the
binding buffer (Sigma-Aldrich) and then incubated in the working solution (100 pl binding buffer with 0.3
ul Annexin V-FITC) for 15 min in dark; the cells were then washed and resuspended with the binding buffer.
PI was added immediately before flow cytometric analysis. In addition, to monitor temporal changes in the
incidence of cell death in the live culture condition, Annexin V/PI or PI staining was also performed in situ
as we described previously [22].

Western blot analysis

Whole cell lysates were prepared in RIPA buffer (1xPBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS) supplemented with 10 mM (-glycerophosphate, 1 mM sodium orthovanadate, 10 mM NaF, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 1x Roche Complete Mini Protease Inhibitor Cocktail (Roche,
Indianapolis, IN). Western blotting was performed as we previously described [21]. In brief, equal amounts
of total protein extract from cultured cells were fractionated by 12% SDS-PAGE and electrically transferred
onto PVDF membranes. Primary antibodies and appropriate horseradish peroxidase-conjugated secondary
antibodies were used to detect the designated proteins. The bound secondary antibodies on the PVDF
membrane were reacted to the ECL detection reagents (Santa Cruz, CA) and exposed to X-ray films (Kodak,
Japan).

20S proteasome peptidase activity assays

These assays were performed as we previously reported [23], in which fluorogenic substrates Z-LLE-
AMC, Boc-LRR-AMC and Suc-LLVYAMC were used for caspase-like, trypsin-like, and chymotrypsin-like
activities, respectively. To evaluate in vivo proteasome inhibition, lung cancer cells were treated with AgDT
or bortezomib for 3 hours. The cells were lysed in ice-cold lysis buffer. Equal amounts of protein from each
sample were then incubated at 37°C with 50 uM fluorogenic substrates. To assay for direct inhibition of the
20S proteasome in vitro, purified human 20S proteasomes were incubated with the agents to be tested for
30 minutes at 37°C before the addition of the fluorogenic substrates. Fluorescence intensity was measured
using a microplate reader at excitation of 350 nm and emission of 438 nm (Varioskan Flash 3001, Thermo,
USA).
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Deubiquitinase activity assay

This was performed as we previously reported [23]. Briefly, cell lysates (5 pg) or 26S proteasomes (25
nM) were dissolved in DUB buffer containing 50 mM Tris-HCI (pH 7.5), 20 mM NaCl, 5 mM MgCl, and 200 uM
ATP, and pretreated with AgDT or NEM for 30 minutes at 37°C, then incubated with the substrate Ub-AMC.
Free AMC generated from substrate cleavage was temporally recorded with a microplate reader (Varioskan
Flash 3001, Thermo, USA).

HA-UDVS labeling assays

This was performed as we described previously [23]. Purified 26S proteasomes (25 nM) pretreated
with AgDT for 30 minutes or cell lysates (5 pg) from AgDT treated cancer cells were incubated with HA-
UbVS for 1 hour at 37°C, followed by boiling in the reducing sample buffer and fractionated with SDS-PAGE.
After transferring to PVDF membranes, HA-UbVS labeled DUBs were immunodetected using an HA antibody:.

Blood samples and isolation of peripheral blood monocytes (PBMC)

Peripheral blood samples of normal controls and acute myeloid leukemia (AML) patients were obtained
from Department of Hematology, The Second Affiliated Hospital of Guangzhou Medical University. The use
of these materials is approved by the Ethics Committee of these two Institutions with the permission of the
patients and volunteers. Totally six patients with AML and six volunteers were recruited in this preclinical
study. PBMC were isolated by Ficoll-Paque (Pharmacia, Uppsala, Sweden) density gradient and washed two
times in phosphate-buffered saline (PBS). The culture of PBMC was performed as described earlier [21].

Measurement of ROS generation

A549 and H1299 cells were treated with AgDT in the absence or presence of antioxidants for 1 hour.
The cells were harvested and incubated with the free serum medium with addition of 10 uM of DCFH-DA
(Sigma-Aldrich, St. Louis, MO) for 20 minutes at 37°C in the dark. In the presence of ROS, DCFH penetrates
the cells and is in turn oxidized to DCF. DCF fluorescence was analyzed using fluorescence microscopy.

Tumor xenograft model

All animal protocols used were approved by the Institutional Animal Care and Use Committee of
Guangzhou Medical University. The nude Balb/c mice were obtained from Guangdong Laboratory Animal
Monitoring Institute and were housed in barrier facilities with a 12 hours light-dark cycle, with food and
water available ad libitum. 1x 107 of A549 or H1299 cells was inoculated subcutaneously on the flanks of
5-week-old male nude mice. At 72 hours after inoculation, the mice were treated with either vehicle (10%
DMSO, 30% Cremophor and 60% normal saline) or AgDT (2.5 mg/kg/day, intraperitoneal injection) for
totally 2 weeks, respectively. Tumor volumes were recorded and calculated as previously reported [21].

Immunohistochemistry

Formalin-fixed xenografts were embedded in paraffin and sectioned according to standard
techniques as we previously reported [21]. Tumor xenograft sections (4 um) were immunostained using
the MaxVision kit (Maixin Biol) according to the manufacturer’s instructions. The primary antibodies
were used as indicated. 50 pl MaxVisionTM reagent was applied to each slide. Color was developed with
0.05% diaminobenzidine and 0.03% H,0, in 50 mM Tris-HCI (pH 7.6), and the slides were counterstained
with hematoxylin. A negative control for every antibody was also included for each xenograft specimen by
substituting the primary antibody with preimmune rabbit serum.

Statistical analysis

All the results were expressed as Mean * SD, where applicable. GraphPad Prism 7 software (GraphPad
Software) was used for statistical analysis. Student’s ¢ test was used to compare the differences between two
groups. P value of <0.05 was considered to be statistically significant.
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Results

Ag ions inhibit the proteasome function

Silver ions have proven to possess anticancer activity in vitro [24, 25]. In this study,
we found that 20 uM Ag ions (silver nitrate), but not Cu ions (copper nitrate) or Ca ions
(calcium nitrate) induced marked accumulation of total and K48-linked ubiquitinated
proteins in A549 cells (Fig. 1A). The accumulation of (K48-linked) ubiquitinated proteins
may result from either inhibition of 20S proteasome-mediated proteins degradation or
inability to remove polyubiquitin chain by DUBs on the 26S proteasome. Thus, we next
investigate the effects of Ag ions on 20S proteasome activity and proteasomal DUB activity
in vitro. Cu ions have previously been reported to inhibit UPS function by targeting the 20
proteasome peptidases [8]. We observed that Ag ions, similarly to Cu ions, inhibited all the
three peptidases activities of the 20S proteasome, with IC, in the range of 3-5 uM (Fig.
1B, C). The 20S proteasome inhibitor bortezomib inhibited the C-like and CT-like activities
without affecting T-like activity (Fig. 1B), which was consistent with previous reports [26].
Interestingly, in comparison to Cu ions, Ag ions exhibited much stronger inhibitory effect
on proteasomal DUB activity (Fig. 1D, E). N-ethylmaleimide (NEM), a general inhibitor of
cysteine DUBs, completely inhibited the activity of proteasomal DUBs (Fig. 1D, E). However,
Ca ions, even at 20 pM, had no effects on either 20S proteasome activity or proteasomal
DUB activity (Fig. 1C, E). Collectively, these results show that Ag ions can potently inhibit the
proteasome function.
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proteasomes. A, Ag ions Ag, uM Cu, oM Co, 1l B 120, ®Clike @T-like @ CT-like
induce accumulation of 0 510 20BZ 5 10 200 5 10 20 BZ 3?100
ubiquitinated proteins in §% 80
cancer cells. A549 cells £2 60
were treated with the 2% 40
indicated concentrations g 20
0

(uM) of Ag ions (silver
nitrate), Cu ions (copper
nitrate) or Ca ions
(calcium nitrate) for 6
hours, and then total (Ub)
and K48-linked (K48-)
ubiquitinated = proteins
were  analyzed  with
western blot. Bortezomib
(BZ, 0.1 uM) was used as
a positive control. GAPDH D

Q MDA, 99,0 D MM
Q?}QQPNPJ'W' '\"LQ_-u
Ag BZ

m I..
20S proteasome O
activities (%)
NN R=]
o o o o

o o o

O D22 90D puM
PPV’ 2 NP PH
Cu Ca

was used as a loading ~ C = Ag0.08 ~AgD.16-Ag0.31 = C -~ Cu25-+ Cu5-=Cul0
+ Cu20 Ca20 --NEM

control. B and C, Effects
of different metal ions on
20S proteasome activities.
Purified 20S proteasomes
were treated with the
indicated doses of Ag ions
(B), Cu or Caions (C), and
then the C-like, T-like and 0
CT-like activities of the
20S proteasome were
measured using specific fluorogenic substrates. Bortezomib (BZ, 0.1 uM) was used as a positive control.
Mean * SD (n=3). D and E, Effects of different metal ions on 26S proteasomal DUB activities. Purified 26S
proteasomes were treated with the indicated doses (M) of Ag ions (D), Cu or Ca ions (E), and then the
DUB activities at different times was recorded using the Ub-AMC substrate. NEM (2 mM) was used as a
positive control. The experiment was repeated three times and all yielded similar results. DUB activity was
expressed as fold relative fluorescence units difference over time. C, control.

KARGER

4 “*Ag0.63 == Ag1.25 --NEM

(fold increase)
(fold increase)
S o+ B g

_ N W B o
N

Ub-AMC cleavage

Ub-AMC cleavage

024 6 810121416 18 20 22 min 0246 81012141618 20 22 min

784


http://www.so.com/link?url=http://dict.youdao.com/search?q=[%E6%97%A0%E5%8C%96][%E8%8D%AF] silver nitrate&keyfrom=hao360&q=%E7%A1%9D%E9%85%B8%E9%93%B6+%E7%BF%BB%E8%AF%91&ts=1503238130&t=ec2026a8b8de5930c0dd9963ee3e1c1
http://www.so.com/link?url=http://dict.youdao.com/search?q=[%E6%97%A0%E5%8C%96][%E8%8D%AF] silver nitrate&keyfrom=hao360&q=%E7%A1%9D%E9%85%B8%E9%93%B6+%E7%BF%BB%E8%AF%91&ts=1503238130&t=ec2026a8b8de5930c0dd9963ee3e1c1
http://www.so.com/link?url=http://dict.youdao.com/search?q=[%E6%97%A0%E5%8C%96][%E8%8D%AF] silver nitrate&keyfrom=hao360&q=%E7%A1%9D%E9%85%B8%E9%93%B6+%E7%BF%BB%E8%AF%91&ts=1503238130&t=ec2026a8b8de5930c0dd9963ee3e1c1
http://www.so.com/link?url=http://dict.youdao.com/search?q=[%E6%97%A0%E5%8C%96][%E8%8D%AF] silver nitrate&keyfrom=hao360&q=%E7%A1%9D%E9%85%B8%E9%93%B6+%E7%BF%BB%E8%AF%91&ts=1503238130&t=ec2026a8b8de5930c0dd9963ee3e1c1
http://dx.doi.org/10.1159%2F000493041

Cellular Phy5|o|ogy Cell Physiol Biochem 2018;49:780-797
Do

I 1009000402041 © 2018 The Author(s). Published by S. Karger AG, Basel
and B|ochem|stry Published online: 30 August, 2018 |www.karger.com/cpb

Chen et al.: Inhibition of Proteasomal DUBs by Silver Complex

Fig. 2. Chemical ['nig ifiram (DSF) L1:Pyrithione  L2:Pyrrolidine dithiocarbamate  3:Hinokitiol
structures of —
DSF and metal Nr D f\} ‘ )
ligands (L1~8) |~ v > A /R Ho y
tested in Fig. 3A. " | g
L4:Desferrioxamine (DFO) L5:Ethylenediaminetetraacetic acid (EDTA)
/JLJNWHJL‘/\;V\NJMHNN‘WN'-; I;T'J /R .
e l
L6:1-Thio-beta-D-glucose Tetraacetate )ﬁ) o o

L7:6-mercaptoturine L8:Tetrathiomolybdate (TM)

PV,

Combination of Ag ions and disulfiram (Ag/DSF) synergistically enhanced cytotoxicity and

proteasome inhibition

We nexttested the cytotoxic effects of Agions in combination with arange of metal ligands
(the chemical structures were shown in Fig. 2) in lung cancer cells. We found that Ag ions
alone at 20 uM decreased cell viability of A549 cells by ~80%, but no cytotoxicity was seen at
doses less than 10 pM (Fig. 3A). Compared to other eight metal ligands, DSF exhibited the
strongest synergistic effects with equimolar amounts of Ag ions, dramatically inhibited cell
viability in A549 cells with the IC,  of 1.04 uM when combined with Ag ions. Furthermore,
we observed that Ag/DSF induced accumulation of ubiquitinated proteins and apoptosis
more effectively than Ag ions or DSF alone (Fig. 3B, C). However, Ag ions and TM (ligand
L8) combination treatment did not induce proteasome inhibition in A549 cells (Fig. 3B).
Moreover, TM but not EDTA (ligand L5) reversed Ag ions- or Ag/DSF-induced cell death and
proteasome inhibition (Fig. 3D, E).

We next investigated the effects of Ag/DSF on 20S proteasome activity and 26S
proteasomal DUB activity in vitro. We observed that Ag/DSF did not inhibit 20S proteasome
activity even at 2.5 uM (Fig. 3F), but it dramatically decreased proteasomal DUB activity at
nanomolar concentration (Fig. 3G). Interestingly, we found that DSF moderately inhibited
the proteasomal DUB activity (Fig. 3H). However, DSF even at 20 uM did not inhibit 20S
proteasome activity (Fig. 3F), which was consistent with previous reports [8]. Collectively,
these experiments show that Ag ions combined with DSF exert cytotoxicity in NSCLC cells by
proteasome inhibition.

AgDT triggers accumulation of ubiquitinated proteins

It is known that diethyldithiocarbamate (DDTC) is an active metabolite of DSF [16],
so we synthesized the silver (I) DDTC complex [Ag(S,CN(C,H,),)], (abbreviated as AgDT in
this study) as described in the literature [27]. The X-ray crystal structure and refinement
data of AgDT was shown in Fig. 4A and Table 1. To test whether AgDT blocks cellular
proteasome function, we used clonal HEK293 cells stably expressing a degron CL1-fused
green fluorescence protein (GFPu), which is a surrogate substrate of the UPS [28, 29]. We
found that, similarly to bortezomib, AgDT accumulated GFPu and ubiquitinated proteins in
GFPu-HEK293 cells (Fig. 4B, C), indicating that silver complex AgDT can inhibit proteasome
function.
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plus DSF induce apoptosis. A549 cells were exposed to Ag ions, DSF or Ag/DSF at the indicated doses (uUM)
for 24 hours, and then cell apoptosis was detected using Annexin V/propidium (PI) staining followed by
flow cytometry. D and E, Effects of TM and EDTA on Ag/DSF- or Ag ions-induced cell death and proteasome
inhibition. D, A549 cells were incubated with 1.25 uM Ag/DSF or 20 uM Ag ions in the absence or presence of
20 uM TM or EDTA for 6 hours. The cell lysates were then subject to western blot analyses for the indicated
proteins. GAPDH was used as a loading control. E, A549 cells were treated as described in (D) for 6 hours,
and then cells were stained with PI and imaged under a fluorescent microscope. Scale bar = 50 um. F, Effects
of Ag/DSF on 20S proteasome activities. Purified 20S proteasomes were treated with the indicated doses
of Ag/DSF, 0.1 uM bortezomib (BZ) or 20 uM DSF, and then the activities of the 20S proteasome peptidases
were measured using specific fluorogenic substrates. Mean * SD (n=3). *P<0.05, versus control. G and H,
Effects of Ag/DSF on 26S proteasomal DUB activities. Purified 26S proteasomes were treated with the
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by using the Ub-AMC substrate. NEM (2 mM) was used as a positive control. The experiment was repeated
three times and all yielded similar results. DUB activity was expressed as fold relative fluorescence units
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accumulates GFPu.
GFPu-HEK293
cells were treated
with AgDT (0.63
uM) or bortezomib
(BZ, 01 uM)
for 6 hours, the
GFPu fluorescent
images are shown.
Scale bar = 50 pm.
D, AgDT induces
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cytotoxicity in
cancer cell lines.
A549, H1299 and 16HBE cells were exposed to AdDT in various concentrations for 48 hours, and then
cell viability was detected by MTS assay. Mean # SD (n=3). E, The antineoplastic effects of AgDT on PBMC
obtained from six AML patients. PBMC from six AML patients (Pt) or normal controls (Nm) were treated
with increasing doses of AgDT for 24 hours, and the cell viability was determined by MTS assay. The scatter
plot of the IC_; values in each group is shown. Mean + SD (n=6). *P<0.05. F, AgDT induces accumulation of
ubiquitinated proteins. A549, H1299 and 16HBE cells were treated with various concentrations of AgDT or
0.1 uM bortezomib (BZ) for 6 hours, and then total (Ub) and K48-linked (K48-) ubiquitinated proteins were
analyzed with western blot. G, PBMC from patients (Pt) were treated with the indicated doses of AgDT or
0.1 uM bortezomib (BZ) for 6 hours, and then ubiquitinated proteins (Ub) were detected with western blot.
GAPDH was used as a loading control. C, control.

We next investigated the anticancer effects of AgDT. As shown in Fig. 4D, 16HBE
bronchial epithelial cells or A549 and H1299 lung cancer cells were treated with various
concentrations of AgDT for 48 h, and cell viability was measured with the MTS assay. AgDT
decreased the cell viability of A549 and H1299 cells in a dose-dependent manner, with the
IC,, values of 0.49 and 0.60 uM, respectively. Importantly, we observed that 16HBE cells were
less sensitive to AgDT than lung cancer cells, the IC,  value was 2.59 pM. In addition, we

KARGER


http://dx.doi.org/10.1159%2F000493041

Cellular Physiology Cell Physiol Biochem 2018;49:780-797
DO

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

788

. . ;ELSAM00482047
and B|ochem|stry Published online: 30 August, 2018

Chen et al.: Inhibition of Proteasomal DUBs by Silver Complex

found that AgDT inhibited cell viability
of cancer cells from AML patients with
average IC,, value of 0.51 uM while in
normal controls its average IC,, value
was 2.30 uM (Fig. 4E). These results
demonstrate that AgDT selectively
induces cytotoxicity in cancer cells.
Accordingly, we observed that AgDT
induced marked accumulation of total
and K48-linked ubiquitinated proteins
in A549 and H1299 lung cancer cells
in a dose-dependent manner, similarly
to bortezomib; however, AgDT showed
relatively weak effect on the levels of
ubiquitinated proteins in 16HBE cells
(Fig. 4F). Moreover, treatment with
AgDT obviously increased the level of
ubiquitinated proteins in the cancer
cells from AML patients (Fig. 4G). These
results further support the conclusion
that AgDT can induce proteasome
inhibition in cancer cells.

AgDT inhibits 19S proteasomal DUBs

but not 20S proteasome activities

To determine the target of AgDT, we
first detected the effect of AgDT on 20S

Table 1. Crystal and structure refinement data for AgDT

Complex AgDT
Empirical formula C3oHe0AgeN6S12
Formula weight 1536.78
Crystal system Monoclinic
Temperature / K 39.0

Space group P21/n

a/A 10.2144(2)
b/A 24.7093(6)
c/A 10.8999(2)
/(%) 90

B/(® 114.0910(10)
v/ () 90

V /A3 2511.41(9)

7 2

Dc / (g-cm3) 2.032

p/ mm-1 2.823

F(000) 1512.0
Crystal size / mm3 0.9x0.2x0.1

0 range for data collection / (°)
Limiting indices

Reflections collected

Independent reflections (Rint)

Final GOF

R1, wRz (I>20(1))2

R1, wRz (all data)

Largest different peak and hole / (e-A-3)

4.67 to 55.784

-12<h<13, -32<ks<28, -14<I<13
27184

5866 (0.0270 0.0212)

1.224

0.0318,0.0775

0.0394, 0.0927

1.17,-1.12

proteasome peptidase activities both in vitro and in live cells. We found that AgDT, even at
a dose as high as 2.5 uM, did not inhibit any of the three peptidase activities of purified 20S
proteasomes, which was distinct from bortezomib (Fig. 5A). Consistently, these activities
were not significantly affected in AgDT-treated A549 and H1299 cells, either (Fig. 5B). These
experimental findings indicate that AgDT does not inhibit the 20S proteasome.

Then we tested the effects of AgDT on proteasomal DUBs activities. First, the activities of
DUBs from either purified 26S proteasomes or cell lysates were detected. As shown in Fig. 5C,
AgDT markedly inhibited the DUBs activities of purified proteasomes in a dose-dependent
manner. However, AgDT yielded only very weak effects on the total DUB activities in cell
lysates, which is expected because cell lysates contain many non-proteasomal DUBs (Fig. 5D).
In contrast, NEM completely inhibited both proteasomal and cytosolic DUBs activities (Fig.
5C, D). These results demonstrate that AgDT is an inhibitor of proteasomal DUBs, rather than
a general DUB inhibitor. Next, we performed a competition binding assay between AgDT and
HA-UbVS. We found that similarly to USP14 and UCHLS5 inhibitor b-AP15, AgDT (1.25 and
2.5 uM) could block the binding of HA-UbVS to cysteine DUBs USP14 and UCHLS5 in purified
26S proteasomes (Fig. 5E). We also performed competition assays between AgDT and HA-
UbVS in live cells. We observed AgDT (1.25 and 2.5 pM) resulted in an obvious increase in the
unlabeled form of USP14 and UCHLS5, but minimal inhibition on the labeling of total cytosolic
DUBs with HA-UbVS (Fig. 5F). Taken together, these results consistently support that AgDT
is an inhibitor of proteasomal DUBs (USP14 and UCHLS5).

AgDT induces apoptosis in NSCLC cells

We next analyzed the ability of AgDT to induce cell death in cancer cells. Exposure of
A549 and H1299 cells to escalating concentrations of AgDT resulted in significant increases
in the proportion of AnnexinV/PI-positive cells as detected by fluorescent microscopy (Fig.
6A) or flow cytometry (Fig. 6B), supporting that AgDT induces apoptosis in cancer cells.
In addition, treatment of A549 and H1299 cells with AgDT induced PARP cleavage and
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Fig. 5. AgDT inhibits 26S proteasomal DUB activities. A, Effects of AgDT on 20S proteasome activities.
Purified 20S proteasomes were treated with the indicated doses of AgDT or 0.1 uM bortezomib (BZ), and
then the activities of the 20S proteasome peptidases were measured using specific fluorogenic substrates,
respectively. B, Effects of AgDT on the 20S proteasome activities in live cells. A549 and H1299 cells were
incubated with indicated doses of AgDT or 0.1 uM bortezomib (BZ) for 3 hours, the cells were lysed in ice-
cold lysis buffer, and then the activities of the 20S proteasome peptidases were measured using specific
fluorogenic substrates, respectively. Mean + SD (n=3). C, Effects of AgDT on 26S proteasomal DUB activities.
Purified 26S proteasomes were treated with the indicated doses of AgDT or 2 mM NEM, and then the DUB
activities at different times was recorded by using the Ub-AMC substrate. The experiment was repeated
three times and all yielded similar results. DUB activity was expressed as fold relative fluorescence units
difference over time. D, Effects of AgDT on Ub-AMC cleavage by DUBs in cell lysate. A549 cell lysate was
treated as (C), and then DUB activity kinetics was monitored. C, control. E, Active-site-directed labeling of
proteasomal DUBs. Purified 26S proteasomes were treated with AgDT (1.25 and 2.5 uM) or b-AP15 (50
uM), then labeled with HA-UbVS, and the resultant products were subject to western blot analysis for HA. F,
A549 and H1299 were treated with the indicated doses of AgDT for 3 hours. Whole-cell lysates were labeled
with HA-UbVS, followed with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting with the indicated antibodies. GAPDH was used as a loading control.
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Fig. 6. AgDT
induces apoptosis
in A549 and

H1299 lung
cancer cells. A,
Induction of

apoptosis in lung
cancer cells by
AgDT. A549 and
H1299 cells were
treated with
the indicated
concentrations
of AgDT for 24
hours, and then
cells were stained
with Annexin
V/Pl (A/P) and
imaged under
a fluorescent
microscope. The
phase  contrast
and fluorescent
images
taken and
merged. Scale bar
=50 um. B, A549
and H1299 cells
were treated with
the indicated
concentrations
of AgDT for 24
hours, and the
percentage of
cells undergoing
apoptosis

were

was determined with Annexin V/PI staining followed by flow cytometry. The extent of cell apoptosis
was summarized in the associated bar graph. Mean * SD (n=3). *P<0.05 versus control. C, AgDT induces
cleavage of PARP and caspases-3, -8 and -9 in lung cancer cells. A549 and H1299 cells were treated with
various concentrations of AgDT for 24 hours; PARP and caspase-3, -8 and -9 cleavage were analyzed with
western blot. D, Effect of z-VAD-fmk on AgDT-induced proteasome inhibition and apoptosis. A549 cells were
incubated with 0.63 uM AgDT with or without 100 uM z-VAD-fmk (Z) for 24 hours, and then ubiquitinated
proteins (Ub), PARP and caspase-3 cleavage proteins were measured with western blot analyses. C, control.
E, AgDT-induced accumulation of ubiquitinated proteins occurs before apoptosis becomes evident. A549 and
H1299 cells were treated with 0.63 pM AgDT for indicated periods of time. The cell lysates were analyzed
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by western blot using the indicated antibodies. F, A549 and H1299 cells were treated with AgDT (0.63 uM)

in the absence or presence of TM (20 uM) or DFO (20 uM) for 24 hours, and then ubiquitinated proteins

(Ub) and PARP proteins were analyzed with western blot. GAPDH was used as a loading control. C, control.

caspase 3/8/9 activation (Fig. 6C). Pan-caspase inhibitor z-VAD-fmk could completely
inhibit AgDT-induced cleavage of PARP and caspase 3, but it did not attenuate accumulation

of ubiquitinated proteins (Fig. 6D). If proteasome inhibition is responsible for apoptosis, it is

expected that accumulation of ubiquitinated proteins (proteasome inhibition) would occur
before the apoptotic events. As we expected, the results showed that cell apoptosis (PARP
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cleavage) was observed after proteasome inhibition induced by AgDT (Fig. 6E). Moreover,
thiol containing agent TM, but not non-thiol containing agent DFO (ligand L4 in Fig. 3A),
completely blocked AgDT-induced proteasome inhibition and apoptosis in NSCLC cells (Fig.
6F). Collectively, these results indicate that AgDT-triggered caspase-dependent apoptosis is
a consequential event of the inhibition of cysteine DUBs USP14 and UCHLS5.

We also determined the importance of ROS in AgDT-induced proteasome inhibition
and cytotoxicity in NSCLC cells. As shown in Fig. 7A, AgDT indeed induced ROS generation,
which was completely reversed by both thiol-containing antioxidant (NAC) and enzymatic
antioxidant (catalase). Thiol containing antioxidant NAC completely blocked AgDT-induced
proteasome inhibition and cell apoptosis; however, catalase only partially reversed AgDT-
induced apoptosis, but it did not attenuate AgDT-induced proteasome inhibition (Fig. 7B,
C). These results suggest that AgDT-induced apoptosis is only partially dependent on ROS
generation.

AgDT inhibits lung tumor growth in vivo

We further evaluated the antitumor activity of AgDT using A549 and H1299 lung cancer
xenograft nude mouse models. In both xenograft models, tumor growth were significantly
restrained in the AgDT treatment group (Fig. 8A, D); tumor weights were significantly smaller
in the AgDT-treated group compared to the control (Fig. 8B, E), and mouse body weight
gradually increased in the control group while kept relatively stable in AgDT treatment group
(Fig. 8C, F). The immunohistochemistry staining revealed that the ubiquitinated proteins
were obviously increased in the AgDT-treated tumors (Fig. 8G). Together, the results show
that AgDT inhibits proteasome function and lung tumor growth in vivo.

We also performed analysis of clinical relevance of USP14 and UCHL5 in NSCLC with
publically available database TCGA using UALCAN [30]. The two predominant NSCLC
histological phenotypes were adenocarcinoma and squamous cell carcinoma. USP14 and
UCHLS5 expression was upregulated in lung adenocarcinoma tissues (Fig. 8H), and higher
USP14 and UCHLS5 expression was associated with poorer survival of lung adenocarcinoma
patients (Fig. 81). However, although USP14 and UCHLS5 expression was upregulated in lung
squamous cell carcinoma tissues, this upregulation was not associated with a difference in
the survival of lung squamous cell carcinoma patients (data not shown). These analyses
indicate that pharmacological inhibition of proteasomal DUBs (USP14 and UCHLS5) could be
an effective approach to searching for NSCLC therapeutics, especially for the adenocarcinoma

type.

Discussion

Copper ions or copper-containing agents have been largely investigated for their ability
to inhibit UPS function in cancer cells [8-10]. Copper complex CuPT can induces cancer
cell death through targeting both 19S proteasomal DUBs and 20S proteasome peptidases
[10], which is distinct from the clinical used proteasome inhibitor bortezomib. In this study,
we found that Cu ions and Ag ions had basically identical effect on 20S proteasomes (Fig.
1B, C). Interestingly, compared to Cu ions, Ag ions had much stronger inhibitory effect
on 19S proteasomal DUBs in vitro (Fig. 1D, E). However, Ca ions had effects on neither 20
proteasome nor proteasomal DUB activities. Since Ag ions bind more strongly to thiols
than Cu ions [31], it can be speculated that Ag ions may have better ability to interact with
cysteine DUBs USP14 and UCHLS5. Consistently, 20 uM Ag ions rather than 20 uM Cu or Ca
ions induced marked accumulation of ubiquitinated proteins in A549 cells (Fig. 1A). Other
reports have revealed that 750 uM Cu ions induced cell death and increased the amount
of polyubiquitinated proteins in human cancer cells [32]. Thus, the fact that a higher dose
of Cu ions is needed to inhibit UPS than Ag ions in live cells may be partially explained by
their difference in proteasomal DUB inhibition. It is well known that metal availability in
eukaryotes is strictly controlled by intracellular and extracellular high-affinity metal-
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Fig. 7. AgDT-induced apoptosis is partially dependent on ROS production. A, AgDT induces ROS in lung
cancer cells. A549 and H1299 cells were pretreated with NAC (5 mM) or catalase (CAT, 2000 U/ml) for 3
hours, followed by 0.63 uM AgDT for 3 hours. ROS generation was analyzed using fluorescence microscopy.
B, Effects of antioxidant on AgDT-induced accumulation of ubiquitinated proteins. A549 and H1299 cells
were pretreated with NAC (5 mM) or catalase (CAT, 2000 U/ml) for 3 hours, followed by 0.63 pM AgDT for
6 hours. Total (Ub) and K48-linked (K48-) ubiquitinated proteins were detected by western blot. GAPDH
was used as a loading control. C, Effect of antioxidant on AgDT-induced apoptosis. A549 and H1299 cells
were pretreated with NAC (5 mM) or catalase (CAT, 2000 U/ml) for 3 hours, followed by 0.63 pM AgDT for
24 hours, and the cell apoptosis was determined with Annexin V/PI staining followed by flow cytometry
(top). The extent of cell apoptosis was summarized in the associated bar graph (bottom). Mean * SD (n=3).

*P<0.05.
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Fig. 8. AgDT inhibits tumor growth in vivo. Nude mice bearing A549 and H1299 lung cancer xenografts
were treated with either vehicle control or AgDT (2.5 mg/kg/day, intraperitoneally) for 2 consecutive
weeks. Tumor growth curves were recorded every other day. Tumor size (A and D), tumor images and tumor
weight (B and E), and body weight (C and F) are shown. Mean #* SD (n=6). *P<0.05 versus control. Veh:
Vehicle. G, Representative micrographs of immunohisto- chemistry staining for ubiquitinated proteins (Ub)
in nude mouse tumor tissues. H and I, Expression of USP14 and UCHLS is associated with malignancy in
NSCLC patients. H, Expression of USP14 and UCHL5 in normal (n=59) and lung adenocarcinoma (n=515)
tissues. I, Association between USP14 and UCHL5 expression and lung adenocarcinoma patient survival.

binding proteins, such as coeruloplasmin and metallothionein. We assume that appropriate
lipophilicligands (such as DSF) could deliver Ag ions into the cell and facilitate the delivery of
silver to the proteasome. We found that Ag ions exhibited very strong synergistic cytotoxicity
effects with DSE and Ag/DSF induced UPS inhibition more effectively than Ag ions or DSF
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alone. Mechanistically, Ag/DSF potently decreased 19S proteasomal DUB activity rather than
20S proteasome activity. It was also interesting to note that DSF moderately inhibited 19S
proteasomal DUB activity in vitro (Fig. 3H). This is in line with the findings that DSF or DSF-
Cu complexes were identified as 26S proteasome inhibitors in a cell-based screening assay
[8, 33]. It is noteworthy that DSF contains thiol-reactive functional groups [16], which can
conceivably attack the reactive cysteine in the active site of proteasomal DUBs. Consequently,
we synthesized a silver complex AgDT using silver nitrate and DDTC, the active metabolite
of DSF. We found that AgDT induced striking accumulation of ubiquitinated proteins in
NSCLC cells, without inhibition of the 20S proteasome (Fig. 54, B). However, AgDT markedly
inhibited the proteasomal DUBs activities, while yielded weak effects on the total cellular
DUBs activities (Fig. 5C, D). Moreover, AgDT could block the binding of HA-UbVS to USP14
and UCHLS5 in both purified 26S proteasome and NSCLC cells (Fig. 5E, F). These results
demonstrate that the metal-based compound AgDT is a novel proteasomal DUB inhibitor.
Whether other silver complexes can inhibit proteasomal DUB or 20S proteasomes remains
to be further studied. Furthermore, it was previously reported that DDTC-copper complex
(CuDT) targeted the NPL4-dependent segregase involved in the processing of ubiquitylated
proteins, but not the 20S proteasome and proteasomal metalloprotease DUB (POH1) [19].
Indeed, our results support that the inhibition of USP14 and UCHLS5 contributes to the major
induction of cell death by AgDT but we cannot exclude the possibility that AgDT also inhibits
other potential targets, such as NPL4-dependent segregase.

The discovery of cisplatin in 1965 was a milestone in metal-based cancer
chemotherapeutics. Despite platinum agents have great achievements in the treatment of
several types of solid tumors including NSCLC, their clinical use suffers from severe side
effects and drug resistance [34, 35]. These unresolved drawbacks stimulate the search for
novel non-platinum metal-containing anti-tumor agents [36]. In this report, we found that
silver complex AgDT showed much stronger cytotoxicity against A549 and H1299 NSCLC
cells than against human bronchial epithelial 16HBE cells (Fig. 4D). In addition, we also
observed that AgDT induced a marked inhibitory effect on the cell proliferation of PBMC
from AML patients while such inhibition was much less on the cells from healthy volunteers
(Fig. 4E). In mouse xenograft models, AgDT caused a marked reduction in tumor size with
relatively low toxic effect on body weight (Fig. 8A-G). These results suggest that AgDT
may selectively inhibit cancer growth both in vitro and in vivo. According to TCGA data,
we discovered that USP14 and UCHL5 expression was significantly upregulated in NSCLC
tissues compared with the normal tissues. Interestingly, while higher USP14 and UCHL5
expression was associated with poorer survival of lung adenocarcinoma patients, it was not
associated with that of squamous cell carcinoma patients. The exact mechanism underlying
this discrepancy remains to be defined. Consistently, it was previously reported that USP14
was a tumor-promoting factor, and over-expression of USP14 was associated with poor
prognosis in lung adenocarcinoma patients [6]. These results demonstrate that proteasomal
DUBs (USP14 and UCHL5) could be promising targets for NSCLC therapeutics, especially for
adenocarcinoma and silver complex AgDT is a potential drug candidate.

DUBs of the USP and UCH subfamilies feature a reactive cysteine residue that is prone
to oxidation by ROS [37, 38]. If ROS accumulation is the cause of DUB inhibition in our study,
then ROS elimination by antioxidants should prevent the accumulation of ubiquitinated
proteins. We observed that scavenging of ROS by catalase, a frequently used ROS-scavenging
enzyme [39, 40], could partially prevent AgDT-induced cell apoptosis (Fig. 7A, B); however, it
did not affect AgDT-induced accumulation of ubiquitinated proteins (Fig. 7C). These results
demonstrate that AgDT-triggered DUB inhibition is not dependent on ROS production. It
has been believed that generation of cellular ROS is associated with proteasome inhibitor-
induced cell death [41, 42]. Proteasome inhibition leads to accumulation of misfolded
proteins in the endoplasmic reticulum (ER) and thereby induces ER stress, which may
cause the accumulation of ROS [43, 44]. Thus, ROS generation is probably a consequential
event of AgDT-induced DUB inhibition. In fact, we found that accumulation of ubiquitinated
proteins (DUB inhibition) preceded PARP cleavage (cell apoptosis) induced by AgDT (Fig.
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6E). Moreover, pan-caspase inhibitor z-VAD-fmk could block AgDT-induced cleavage of PARP
and caspase 3, but it did not attenuate AgDT-induced DUB inhibition (Fig. 6D). These results
suggest that the inhibition of proteasomal DUBs contributes to AgDT-induced cell apoptosis.
Collectively, we conclude that the ROS-generation and proapoptotic potential of AgDT are
probably associated with inhibition of proteasomal DUBs.

It has been described that the antitumor activities of silver complexes can be closely
related to their interaction with thiol groups of proteins [15]. Thus, we hypothesize that
silver complex AgDT can theoretically target the proteasomal DUBs USP14 and UCHLS5, which
belong to the cysteine protease UCH and USP families. To test this hypothesis, we determined
the effects of several thiol-containing agents on Ag ions, Ag/DSF or AgDT induction of cell
death and DUB inhibition. We found that thiol-containing metal ligand TM, but not non-
thiol-containing metal ligand EDTA completely prevented Ag ions or Ag/DSF from inducing
accumulation of ubiquitinated proteins and cell apoptosis (Fig. 3D, E). Consistently, the thiol-
containing agents TM and NAC, but not another non-thiol-containing agent DFO, completely
reversed AgDT-induced proteasome inhibition and cell apoptosis (Fig. 6F and Fig. 7B, C).
Thus, we submit that thiol-containing agents could directly bind with AgDT or chelate the
Ag ions from AgDT, and consequently block the binding of AgDT to cysteine DUBs. These
results further confirm that proteasomal DUB inhibition is responsible for AgDT induction
of apoptosis.

Conclusion

In summary, silver complex AgDT inhibits the activities of proteasomal DUBs USP14
and UCHLS5, without affecting the 20S proteasome peptidases. Additionally, AgDT triggers
accumulation of ubiquitinated proteins and induced apoptosis in NSCLC cells. More
importantly, AgDT dramatically suppresses the growth of NSCLC xenografts without obvious
side effects. Our findings suggest that targeting of USP14 and UCHL5 may represent a
promising therapeutic strategy for NSCLC.
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