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Pharmacological characterization of a novel metal-based
proteasome inhibitor Na-AuPT for cancer treatment
Da-cai Xu1,2, Li Yang1,2,3, Pei-quan Zhang1,2, Ding Yan1,2, Qian Xue1,2, Qing-tian Huang1,2, Xiao-fen Li1,2, Ya-li Hao1,2, Dao-lin Tang4,
Q. Ping Dou5, Xin Chen1,2 and Jin-bao Liu1,2

The ubiquitin-proteasome system (UPS) is essential for maintaining cell homeostasis by orchestrating the protein degradation, but
is impaired in various diseases, including cancers. Several proteasome inhibitors, such as bortezomib, are currently used in cancer
treatment, but associated toxicity limits their widespread application. Recently metal complex-based drugs have attracted great
attention in tumor therapy; however, their application is hindered by low water-solubility and poor absorbency. Herein, we
synthesized a new type of gold (I) complex named Na-AuPT, and further characterized its anticancer activity. Na-AuPT is highly
water-soluble (6 mg/mL), and it was able to potently inhibit growth of a panel of 11 cancer cell lines (A549, SMMC7721, H460,
HepG2, BEL7402, LNCap, PC3, MGC-803, SGC-7901, U266, and K562). In A549 and SMMC7721 cells, Na-AuPT (in a range of 2.5–20
μM) inhibited the UPS function in a dose-dependent fashion by targeting and inhibiting both 20 S proteasomal proteolytic
peptidases and 19 S proteasomal deubiquitinases. Furthermore, Na-AuPT induced caspase-dependent apoptosis in A549 and
SMMC7721 cells, which was prevented by the metal chelator EDTA. Administration of Na-AuPT (40 mg · kg−1 · d−1, ip) in nude mice
bearing A549 or SMMC7721 xenografts significantly inhibited the tumor growth in vivo, accompanied by increased levels of total
ubiquitinated proteins, cleaved caspase 3 and Bax protein in tumor tissue. Moreover, Na-AuPT induced cell death of primary
mononuclear cells from 5 patients with acute myeloid leukemia ex vivo with an average IC50 value of 2.46 μM. We conclude that Na-
AuPT is a novel metal-based proteasome inhibitor that may hold great potential for cancer therapy.
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INTRODUCTION
The ubiquitin-proteasome system (UPS) is responsible for the
degradation of intracellular misfolded or mis-assembled proteins in
eukaryotic cells. The proteasome is composed of a 20 S proteolytic
core and two 19 S regulatory caps, which binds to both ends of the
20 S core to form a 26 S complex [1, 2]. The constitutive 20 S
proteasome core has three distinct catalytic activities, chymotrypsin-
like (CT-L), trypsin-like (T-L), and caspase-like (C-L), derived from β5,
β2, and β1 subunits, respectively. A target protein to be degraded is
first polyubiquitinated by several enzymes, called E1, E2, and E3. After
that, the 19 S cap distinguishes and removes the ubiquitinated chain
from the target protein, and sends it to the 20 S core for degradation.
Inhibition of the proteasome activity in cancer cells results in growth
arrest and cell death or apoptosis [3, 4]. Compared with normal cells,
cancer cells usually have a higher level of proteasome activity. These
characteristics cause cancer cells to be more sensitive to apoptosis
induced by proteasome inhibitors than normal cells [5].
The development of proteasome inhibitors has been widely

explored as a cancer therapeutic strategy. As an example, bortezomib
(Velcade) is the first proteasome inhibitor approved by the United

States FDA for the treatment of multiple myeloma and mantle cell
lymphoma [6, 7]. Although the clinical success of bortezomib-based
therapy is encouraging, a large amount of patients suffers severe
toxicities associated with its clinical use. In addition, dose-limiting
toxicities, including painful peripheral neuropathy and thrombocyto-
penia, have been reported in patients treated with bortezomib [8].
The second generation 20 S proteasome inhibitor carfilzomib (PR-
171) specifically targets and inhibits the CT-L activity of 20 S
proteasome and is effective for treating some patients with multiple
myeloma who did not respond to bortezomib previously [9]. The
consecutive day dosing regimen with carfilzomib is well tolerated
and exhibits antitumor activity in hematologic malignancies, includ-
ing patients who have previously received bortezomib treatment
[10]. However, the emergence of primary or secondary carfilzomib
resistance remains as a clinical challenge [11]. Therefore, the
development of novel proteasome inhibitors to overcome resistance
to conventional 20 S proteasome inhibitors would provide patients
with alternatives, including more flexible dosages and better
responses. The proteasome-associated deubiquitinases (DUBs) as a
target for the development of next-generation UPS inhibitors has
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recently attracted great interest. It is believed that use of proteasomal
DUB inhibitors may overcome resistance to 20 S proteasome
inhibitors [12]. Better understanding of properties and functions of
different UPS inhibitors may provide further clinical possibilities for
precision treatment of cancers.
We and others have previously reported that some metal-based

compounds have strong activity in inhibiting the UPS machinery and
inducing cytotoxicity in cancer cells [13–19]. However, most of these
agents have poor water-solubility, which reduces their dissolution
rate and bioavailability. In this study, we designed a new metal-
based proteasome inhibitor named Na-AuPT, a water-soluble gold(I)
complex. We then showed that Na-AuPT can suppress tumor growth
in vitro and in vivo by blocking activities of both 20 S proteasome
proteolytic peptidases and 19 S proteasome-associated DUBs. Our
preclinical studies have provided evidence for Na-AuPT as a novel
proteasome inhibitor and potential anticancer agent.

MATERIALS AND METHODS
Materials
Na-AuPT was synthesized in our laboratory and stored as a 10mM
stock solution in distilled and deionized water (ddH2O) at −20 °C.
N-ethylmaleimide (NEM, 04259) was purchased from Sigma-Aldrich,
St. Louis, MO, USA. Pan-caspase inhibitor z-VAD-FMK (S7023), cisplatin
(S1166), and bortezomib (S1013) were purchased from Selleckchem,
Houston, TX, USA. Suc-Leu-Leu-Val-Tyr-AMC (S-280), Z-Leu-Leu-Glu-
AMC (S-230), Boc-Leu-Arg-Arg-AMC (S-300), b-AP15 (4566), 20 S
proteasome (E-360), 26 S proteasome (E-365), and HA-Ubiquitin-Vinyl
Sulfone (HA-Ub-VS, U-212) were obtained from Boston Biochem,
Cambridge, MA, USA. Antibodies used in this study were purchased
from the following sources: anti-ubiquitin (Santa Cruz Biotechnology,
sc-8017), anti-GFP (Santa Cruz Biotechnology, sc-9996), anti-K11-
linkage specific polyubiquitin (MERCK, MABS107-1), anti-caspase 3
(Cell Signaling Technology, 9665), anti-caspase 8 (Cell Signaling
Technology, 9746), anti-caspase 9 (Cell Signaling Technology, 9508),
anti-cleaved caspase-3 (Cell Signaling Technology, 9661), anti-cleaved
caspase-8 (Cell Signaling Technology, 9496), anti-PARP (Cell Signaling
Technology, 9532), anti-K48-linkage specific polyubiquitin (Cell
Signaling Technology, 8081), anti-K63-linkage specific polyubiquitin
(Cell Signaling Technology, 5621), anti-Bax (Cell Signaling Technology,
5023), anti-phospho-ATM (Ser1981) (Cell Signaling Technology, 5883),
anti-ATM (Cell Signaling Technology, 2873), anti-γH2AX (Cell Signaling
Technology, 9718), anti-H2AX (Cell Signaling Technology, 7631) and
anti-GAPDH (Bioworld Technology, BS60630).

Structure analysis of Na-AuPT
Crystal structure of complex Na-AuPT (crystal size: 0.3 × 0.2 × 0.15mm)
was determined by single-crystal X-ray analysis. The diffraction data
were collected on a Rigaku Mercury CCD using a graphite
monochromator Mo Kα radiation (λ= 0.071073 nm) at 293(2) K. A
total of 17,258 reflections were collected with 3316 unique one
(Rint= 0.060 0) for complex Na-AuPT. Lorentz factor, polarization, air
absorption, and absorption due to variations in the path length
through the detector faceplate were used to correct the data sets.
Absorption correction based on multi-scan method was also
employed. The structure of Na-AuPT was solved via direct methods
(SHELXTL) and refined by full-matrix least-square techniques with
atomic coordinates and anisotropic temperature factors for all non-
hydrogen atoms. The hydrogen atoms attached to C and O atoms
were added according to theoretical models, and their positions and
thermal parameters were fixed during the structure refinement. For
complex Na-AuPT, the final R1= 0.0592, and wR2= 0.1134, S= 1.012,
(▵ρ) max= 0.919 and (▵ρ) min=−1.242 e ·Å−3 for 2 844 observed
reflections (I> 2σ (I)) with 253 parameters.

Cell culture
Human lung cancer A549 and human liver cancer SMMC7721 cell
lines were obtained from American Type Culture Collection,

Manassas, VA, USA. A549 and SMMC7721 cell lines were cultured
in RPMI-1640. Both of these media were supplemented with
10% fetal bovine serum (FBS), 100 units/mL of penicillin, and
100 μg/mL of streptomycin. Cell cultures were maintained at 37 °C
and 5% CO2. All cells were mycoplasma-free and authenticated
using short tandem repeat DNA profiling analysis.

Cell viability assay
The CellTiter 96® AQueous One Solution Cell Proliferation Assay
(MTS assay, Promega, G3582) was performed to test cell viability
as previously reported [16]. Briefly, A549 and SMMC7721 cells
were plated onto 96-well plates at total of 8000 cells/well, and
then treated with either vehicle or indicated complexes for 24 and
48 h before performing the MTS assay. MTS assay reagent (20 μL)
was added to each well of the 96 well plate 3 h before the
termination of the experiments. The absorbance at 490 nm was
detected using a plate reader (Varioskan Flash 3001, Thermo,
Waltham, MA, USA). The concentrations of Na-AuPT that induce
50% inhibition of cell growth (IC50) values were derived.

Cell death assay
Apoptotic rates were assessed by flow cytometry using Annexin
V-fluoroisothiocyanate (FITC)/propidium iodide (PI) double stain-
ing kit (Keygen, KGA108). After treatment with Na-AuPT at various
concentrations for 24 h, cells were collected and washed with
binding buffer, then incubated with Annexin V-FITC followed by
the addition of PI prior to analysis. In addition, cells were
submitted to Annexin V-FITC /PI staining in situ, then imaged with
an inverted fluorescence microscope equipped with a digital
camera (Axio Obsever Z1, Zeiss, Germany).

Western blot analysis
Whole cells were lysed in RIPA buffer (1× PBS, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) and
supplemented with freshly added 10mM β-glycerophosphate, 1
mM sodium orthovanadate, 10 mM NaF, 1 mM phenylmethylsul-
fonyl fluoride (PMSF), and 1× Protease Inhibitor Cocktail (Roche,
4693116001). Western blot assay was performed as we described
previously [15]. In brief, an equal amount of the total protein
extracted from cultured cells was fractionated by 12% SDS–PAGE
and transferred to polyvinylidene difluoride (PVDF) membranes.
After blocking with 5% non-fat milk for 1 h, the designated
proteins were detected using specific primary antibodies (1:1000)
and appropriate horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (1:5000). Blots were reacted with the Enhanced
chemiluminescence detection reagents (Santa Cruz Biotechnol-
ogy, sc-2048) and revealed by X ray films (Kodak, Japan).

Measurement of reactive oxygen species generation
Cancer cells were treated with Na-AuPT or positive control in the
absence or presence of antioxidant vitamin C for 1 h. The cells
were harvested and incubated with the free serum medium with
addition of DCFH-DA (10 μM) for 20min at 37 °C in the dark. In the
presence of reactive oxygen species (ROS), DCFH penetrates the
cells and is in turn oxidized to DCF. DCF fluorescence was
detected by flow cytometry using FACScanto (BD Biosciences,
Franklin Lakes, NJ, USA). The data were processed and analyzed
through FlowJo v7.6 (Ashland, OR, USA).

Sample collection and cell culture
Written informed consent was obtained from all participants, and
the study was approved by the Ethical Committee of the Second
Affiliated Hospital of Guangzhou Medical University. Five patients
with acute myeloid leukemia (AML) and five healthy volunteers
were recruited in this preclinical study. Blood samples of patients
with AML were obtained from the Department of Hematology (the
Second Affiliated Hospital of Guangzhou Medical University).
Peripheral blood samples of normal control individuals
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were obtained from Guangzhou Blood Center. Ficoll-Paque
(GE, 17-1440-02) was used to isolate mononuclear cells from
either peripheral blood samples by density gradient. The mono-
nuclear cells were cultured in RPMI-1640 culture medium with
15% FBS as described previously [16].

Proteasomal peptidase activity assay
Briefly, purified human 20 S proteasome was incubated with 2.5, 5,
10, or 20 μM Na-AuPT or 100 nM bortezomib for 60 min at 37 °C
before the addition of fluorogenic substrates. The 20 S protea-
some activity was measured by the release of hydrolyzed AMC
groups using a fluorescence microplate reader (Varioskan Flash
3001, Thermo, USA) as previously described [15]. The fluorogenic
substrate used for CT-L (β5), C-L (β1), and T-L (β2) activity is Suc-
Leu-Leu-Val-Tyr-AMC, Z-Leu-Leu-Glu-AMC, Boc-Leu-Arg-Arg-AMC,
respectively.

Proteasomal deubiquitinase (DUB) activity assay
Proteasomal DUB activity was performed as previously reported.
After pretreatment with Na-AuPT (2.5, 5, 10, or 20 μM) or NEM
(2mM), 26 S proteasome (25 nM) was dissolved in ice-cold DUB
buffer (50mM Tris-HCl, pH 7.5, 5mM MgCl2, 250mM sucrose, and 1
mM PMSF) for 15min. Then, ubiquitin 7-amido-4-methylcoumarin
(Ub-AMC, U-550) was added and the mixtures (at a reaction volume
of 100 μl) were incubated at 25 °C. A fluorescence microplate reader
(Varioskan Flash 3001, Thermo, USA) was used to record the release
of AMC from substrate cleavage.

DUB active-site-directed labeling assays
Purified 26 S proteasomes (25 nM) were dissolved in DUB buffer
(25 mM Tris-HCl pH 7.4, 5 mM MgCl2, 20 mM NaCl, 200 μM ATP)
and then treated with Na-AuPT or b-AP15 for 10min before they
were incubated with HA-Ub-VS for 1 h at 37 °C, followed by boiling
in the reducing sample buffer and fractionated via SDS–PAGE.
After transferred to PVDF membranes, HA-Ub-VS-labeled DUBs
were immunodetected using anti-HA antibodies.

Nude mouse xenograft model
Male nude Balb/c mice aged 5 weeks were obtained from
Guangdong Animal Center. The use and care of experimental
animals were approved by the Institutional Animal Care and Use
Committee of Guangzhou Medical University. The mice were bred
in a barrier facility with a 12 h light dark cycle, with food and water
available ad libitum. Approximately 1 × 107 of A549 or
SMMC7721 cells in a final volume of 100 μL were inoculated
subcutaneously on the flanks of each male mouse. After 3 days of
inoculation, mice were treated with either vehicle (ddH2O2,
intraperitoneal injection) or Na-AuPT (40 mg · kg−1 · d−1, intraper-
itoneal injection) for a total of 13 days in A549 and 15 days in
SMMC7721 xenografts. Tumor volumes were measured and
calculated every 2 days with the use of calipers as we reported
previously [15]. After Na-AuPT treatment, the mice were sacrificed,
and tumor xenografts were removed, weighed, stored, and fixed
for biochemical or histological analyses, respectively.

Immunohistochemical staining
Xenografts were formalin-fixed, embedded in paraffin and
sectioned with standard techniques as previously indicated [15].
Immunostaining of tumor xenograft sections (4 μm) was per-
formed using MaxVisionTM reagent (Maixin Biol, Fuzhou, China)
according to the manufacturer’s instructions. After incubation with
the primary antibodies, the slides were treated with 0.05%
diaminobenzidine and 0.03% H2O2 in 50 mM Tris-HCl (pH 7.6)
and counterstained with hematoxylin.

Statistical analysis
All the results were expressed as Mean ± SEM, with at least three
individual measurements in all experiments. GraphPad Prism

5.0 software (GraphPad Software, USA) was used for statistical
analysis. Two tailed unpaired Student’s t-test was used to evaluate
the statistical significance of the difference between two groups
in all experiments. The P < 0.05 was considered statistically
significant.

RESULTS
Na-AuPT induces apoptosis in cancer cells
Metal complexes, including gold(I) complexes, show potential
anticancer effects, but their clinical application could be hindered
by poor water-solubility [20, 21]. To overcome this shortcoming,
we synthesized a new water-soluble gold(I) complex, named Na-
AuPT. The crystal and structure of Na-AuPT are shown in Table 1
and Fig. 1a. Indeed, Na-AuPT had higher water-solubility than
several reported metal-containing agents, including auranofin
[22], aumdubin [23], CdPT [24], AgDT [25], and PdPT [16] (Table 2).
To determine anticancer activity of Na-AuPT, we first evaluated
dose and time effects of Na-AuPT on cell growth in A549 (human
lung cancer) and SMMC7721 (human liver cancer) cells. Cell
viability assay using the MTS method showed that Na-AuPT
significantly inhibited growth of A549 and SMMC7721 cells
(Fig. 1b). The potency of Na-AuPT was also determined in several
other cancer cell lines, including lung cancer (H460), liver cancer
(HepG2 and BEL7402), prostate cancer (LNCap and PC3), gastric
cancer (MGC-803 and SGC-7901), multiple myeloma (U266) and
leukemia (K562). The results showed that Na-AuPT had a wide
spectrum of anticancer activity (Supplementary Fig. S1). Next, to
determine whether growth inhibition induced by Na-AuPT is due
to increased cell death, we used Annexin V-FITC/PI double staining
to assay levels of apoptosis and necrosis in A549 and
SMMC7721 cells following treatment with Na-AuPT (2.5–20 μM)

Table 1. Crystal and structure of complex Na-AuPT.

Complex Na-AuPT

Empirical formula C10H18AuN2NaO7S2
Formula weight 562.34

Crystal system Orthorhombic

Temperature/K 293(2)

Space group Pnma

a/Å 0.724 0(0)

b/Å 3.072 8(1)

c/Å 1.540 8(2)

β(o) 90

V/Å3 3.427 5(1)

z 8

Dc(g · m−3) 2.179

μ/mm−1 8.886

F(000) 2160

Crystal size/mm 0.3 × 0.2 × 0.15

θ range for data collection(o) 1.48–25.68

Limiting indices −7 ≤ h ≤ 8, −29 ≤ k ≤ 37,
−18 ≤ l ≤ 18

Reflections collected 17,258

Independent reflections (Rint) 3316 (0.060 0)

Obeserved reflections (I > 2σ(I)) 2844

Final GOF 1.107

R1,wR2 (I > 2σ(I))a 0.059 2, 0.113 4

R1,wR2 (all data) 0.074 3, 0.119 2

Largest different peak and hole (e · Å3) 0.919, −1.242
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for 24 h. Flow cytometry or fluorescence microscope image
analysis showed that Na-AuPT caused a dose-dependent increase
in Annexin V/PI-positive cells (Fig. 1c, d), indicating that Na-AuPT
induced apoptosis. Subsequent Western blot analysis of caspase

cleavage (a key biochemical event of apoptosis) further confirmed
that Na-AuPT is a strong inducer of apoptosis, as shown by
increased levels of cleavage of caspase-3, -8, and -9 (Fig. 1e).
Consistently, Na-AuPT induced an increase in cleavage of poly

Fig. 1 Na-AuPT induced cell deaths in A549 and SMMC7721 cancer cell lines. a The structure of Na-AuPT. Single crystals of Na-AuPT were
scanned by single-crystal X-ray diffraction. The structure of Na-AuPT was solved using direct methods (SHELXTL) and refined using the full-
matrix least-square technique with atomic coordinates and anisotropic temperature factors for all non-hydrogen atoms. b A549 and
SMMC7721 cells were treated with Na-AuPT at the indicated doses for 24 or 48 h. Cell viability of A549 and SMMC7721 was determined by
MTS assay. c, d A549 and SMMC7721 cells were treated with Na-AuPT at the indicated doses for 24 h. Cells were stained with Annexin V-FITC/
PI and analyzed by flow cytometry (c) or microscopy (d) detection. e A549 and SMMC7721 cells were treated with Na-AuPT at the indicated
doses for 24 h. The indicated proteins were detected using Western blot analysis. f A549 and SMMC7721 cells were exposed to Na-AuPT
(10 μM) alone or combined with caspase inhibitor z-VAD-FMK (50 μM) for 12 h. Cells were stained with Annexin V-FITC/PI, followed by
microscopy detection and statistical analysis of cell death. Mean ± SEM (n= 5). *P < 0.05.
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(ADP-ribose) polymerase (PARP), a classic substrate protein of
caspase activation (Fig. 1e). Importantly, the Na-AuPT-induced cell
death was prevented by addition of a pan-caspase inhibitor z-
VAD-FMK (Fig. 1f), supporting the conclusion that caspase-
dependent apoptosis is responsible for the anticancer activity of
Na-AuPT in vitro.

Na-AuPT represses UPS function
Several metal complexes (e.g., cisplatin) exert their cytotoxic effect
by inducing DNA damage [26]. To investigate whether Na-AuPT
could induce cell death through induction of DNA damage
response pathway, levels of DNA damage-related proteins were
measured in the treated A549 and SMMC7721 cells. We found that
cisplatin, but not Na-AuPT, induced expression of p-ATM and γH2AX
in A549 and SMMC7721 cells (Supplementary Fig. S2a). This
indicates that Na-AuPT’s anticancer activity seems not to involve
induction of DNA damage. Another possible mechanism of metal
complex-induced apoptosis is induction of ROS [27]. We next
investigated whether Na-AuPT could induce ROS in cancer cells. We
found that Na-AuPT has minimal effects to induce the increase of
ROS in A549 cells (Supplementary Fig. S2b). Consistently, Na-AuPT-
induced cytotoxicity was not inhibited by an antioxidant vitamin C
(Supplementary Fig. S2c), which is an effective ROS scavenger in
A549 cells (Supplementary Fig. S2b). Thus, induction of ROS may
not be a main cause of Na-AuPT-mediated apoptosis in cancer cells.
It has been reported that anticancer activity of metal complexes

is associated with inhibition of proteasome function [13–19]. We

Table 2. Water-solubility of Na-AuPT and other metal-containing
compounds.

Compounds Water-solubility (mg/mL)

Na-AuPT 6

Auranofin <0.5

Aumdubin <0.5

CdPT <0.5

AgDT <0.5

PdPT <0.5

Fig. 2 Na-AuPT inhibited UPS in A549 and SMMC7721 cells. a A549 and SMMC7721 cells were exposed to the indicated doses of Na-AuPT or
bortezomib (100 nM) for 6 h. The total ubiquitinated proteins (Ub-prs) and K48-linked ubiquitinated proteins (K48-) were assessed by Western
blot. b A549 and SMMC7721 cells were administered 10 μM Na-AuPT for various time points. Ub-prs., K48- and PARP were estimated by
Western blot. c, d HEK293-GFPu cells stably expressing GFPu, a UPS surrogate substrate, were treated with 2.5 and 5 μM Na-AuPT or 100 nM
bortezomib. The Ub-prs and GFPu levels were assessed by Western blot (c). d Microscopy analysis was performed to detect GFPu. e A549 and
SMMC7721 cells were exposed to Na-AuPT (10 μM) alone or combined with caspase inhibitor z-VAD-FMK (50 μM) for 12 h. Total ubiquitinated
proteins (Ub-prs) and PARP were detected via Western blot.
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then investigated whether Na-AuPT can affect UPS function. We
first estimated abundance of ubiquitinated proteins in A549 and
SMMC7721 cells treated with Na-AuPT or bortezomib (as a positive
control). Lysine 48 (K48)-linked polyubiquitin chain is a signal for
the proteasomal degradation, while lysine 63 (K63)- and lysine 11
(K11)-linked polyubiquitin chains are involved in nonproteolytic
events and endoplasmic reticulum-associated degradation,
respectively [28]. Similar to bortezomib, Na-AuPT triggered a
conspicuous upregulation in both total and K48-linked ubiquiti-
nated proteins in a dose- and time-dependent manner (Fig. 2a, b).
However, Na-AuPT had no apparent effect on K63-linked and K11-
linked ubiquitinated proteins (Supplementary Fig. S3a, b). In
addition, Na-AuPT induced accumulation of GFPu, a surrogate UPS
substrate that is commonly used as an indicator of degradation
function of proteasome [29], in HEK293 cells (Fig. 2c, d). These
findings support the conclusion that Na-AuPT is an inhibitor of the
UPS pathway.
We noted that in the Na-AuPT-treated cells, the appearance of

ubiquitination accumulation was earlier than PARP cleavage
(Fig. 2b), indicating that Na-AuPT-induced ubiquitin-specific
protease (USP) inhibition might be an upstream signal of
apoptosis induction. Consistent with this hypothesis, the Na-
AuPT-mediated cleavage of PARP, but not the accumulation of
ubiquitinated proteins, was inhibited by Z-VAD-FMK (Fig. 2e).
Thus, Na-AuPT is potent to inhibit ubiquitination-mediated protein
degradation that leads to apoptosis induction in cancer cells.

Na-AuPT inhibits activities of proteolytic peptidases and 19 S
proteasomal DUBs
To study whether Na-AuPT inhibits the proteasome activity, we first
examined whether Na-AuPT has a direct effect on the proteolysis
peptidase activity of 20 S proteasome. As well known, bortezomib
inhibits proteasome function by suppressing the CT-L (β5) and C-L
(β1) but not the T-like (β2) activity [30]. When Na-AuPT was
incubated with purified 20 S proteasome, we observed that Na-
AuPT caused a dose-dependent decrease in β5 and β1, instead of
β2, peptidase activities of purified 20 S proteasome, similar to

bortezomib (Fig. 3a). The activities of Na-AuPT and bortezomib
were further compared using proteasomes derived from A549 cell
extracts. Na-AuPT inhibited all β1, β2, and β5 activities of the
proteasome in A549 cell extracts in a concentration-dependent
manner, which is different from the inhibitory effect of bortezomib
that inhibited only β1 and β5 activities (Fig. 3b). These biochemical
analyses indicate that Na-AuPT may have a different mechanism to
inhibit the 20 S proteasome from bortezomib.
Next, effect of Na-AuPT on 19 S proteasome-associated DUB

activities was determined by measuring the cleavage of Ub-AMC,
which is a fluorogenic substrate for DUBs, including ubiquitin
carboxy-terminal hydrolases (UCHs) and USPs. Na-AuPT comple-
tely abrogated the cleavage of Ub-AMC by purified 26 S
proteasome at the doses of 2.5, 5, 10, and 20 μM, similar to a
general DUB inhibitor NEM (Fig. 3c). These findings suggest that
Na-AuPT is able to inhibit the DUB activity of the proteasome.
We then tested whether Na-AuPT can bind to the proteasomal

DUBs UCHL5 and USP14 by using a probe of DUB activities HA-Ub-
VS, which covalently binds to the active sites of UCHs and USPs
[31]. Similar to the reported proteasomal DUB inhibitor b-AP15,
high doses of Na-AuPT (20 and 200 μM) were able to competitively
disturb binding of HA-Ub-VS to UCHL5 or USP14 of a purified 26 S
proteasome (Fig. 3d). Altogether, these findings demonstrate that
Na-AuPT inhibits both 20 S proteasome and 19 S proteasome-
associated DUBs, UCHL5 and USP14.

EDTA blocks Na-AuPT-induced apoptosis and proteasome
inhibition
To verify whether Au+ is indispensable to Na-AuPT-induced effects,
ethylenediaminetetraacetic acid (EDTA), a widely used metal
chelating agent was used to chelate Au+ of Na-AuPT, followed by
investigating changes in levels of Na-AuPT-induced cell death and
proteasome inhibition. A co-treatment of EDTA with Na-AuPT
inhibited cell death induced by Na-AuPT alone in A549 and
SMMC7721 cells (Fig. 4a). Consistent with the hypothesis that Na-
AuPT-induced apoptosis requires Au+, EDTA also blocked Na-AuPT-
induced PARP cleavage in A549 cells (Fig. 4b). Furthermore, EDTA

Fig. 3 Na-AuPT prohibited both 20 S proteolysis peptidases and 19 S DUBs activities. a, b Effect of Na-AuPT on 20 S proteasome activity.
Purified 20 S proteasomes (a) or A549 cell extracts (b) were exposed to various doses of Na-AuPT or 100 nM bortezomib. The caspase-like (β1),
trypsin-like (β2) and chymotrypsin-like (β5) peptidase activities were assessed by special fluorogenic substrates, while bortezomib was positive
control. Mean ± SEM (n= 5). *P < 0.05. c Effect of Na-AuPT on proteasome deubiquitinases activity. Purified 26 S proteasome was exposed to
various doses of Na-AuPT or 2 mM N-ethylmaleimide (NEM) for 15min prior to incubation with Ub-AMC. The deubiquitinases activity was
shown via fold change of fluorescence relative to initiated point fluorescence reading. d Active-site-directed labeling of proteasome
deubiquitinases. Purified 26 S proteasomes were incubated with Na-AuPT (20 or 200 μM) or 50 μM b-AP15 (a positive control) for 10min,
labeled with HA-Ub-VS for 60 min 37 °C, and then the deubiquitinases activity was analyzed via HA antibody with Western blot.
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prevented two other Na-AuPT-induced events, accumulation of
polyubiquitinated proteins in A549 cells (Fig. 4b) and increase of
GFPu in HEK293 cells (Fig. 4c, d). Collectively, these data support the
conclusion that Au+ plays a significant role in mediating Na-AuPT
activity in terms of apoptosis induction and proteasome inhibition.

The anticancer activity of Na-AuPT in vivo
To evaluate the anticancer effect of Na-AuPT in vivo, immunodefi-
cient Balb/c nude mice were employed to create xenograft models
by subcutaneous injection of A549 or SMMC7721 cells. Three days
after inoculation, these mice were administered either vehicle or
Na-AuPT (40mg · kg−1d−1) via intraperitoneal injection for up to 13
and 15 days in A549 and SMMC7721 xenografts, respectively.
Compared with the vehicle group, the tumor volume and tumor
size in the Na-AuPT treatment group were reduced (Fig. 5a, b).
Moreover, Na-AuPT treatment resulted in reduction in tumor
weights of both models, 54.3% in SMMC7721 xenografts and 35.2%

in A549 tumors (Fig. 5c). There were no significant differences in
body weights between the control group and the Na-AuPT-treated
group (Fig. 5d), indicating that Na-AuPT is not toxic under the used
in vivo conditions. Immunohistochemistry staining revealed that
levels of total ubiquitinated proteins, cleaved caspase 3 and Bax (a
pro-apoptosis protein that can be degraded by the UPS [32])
were all significantly increased in the Na-AuPT-treated group
(Fig. 5e). These animal studies demonstrate that the anticancer
activity of Na-AuPT in vivo was accompanied by the accumulation
of pro-apoptotic Bax protein and induction of apoptosis in cancer
cells.

Ex vivo effect of Na-AuPT on primary cancer cells from leukemia
patients
Given that proteasome inhibitors (e.g., bortezomib) have been proven
effective in treating some leukemia patients [33], we next sought to
determine the ex vivo antitumor effect of Na-AuPT and cytotoxic

Fig. 4 EDTA reversed Na-AuPT proteasome inhibition and apoptotic effect. a A549 and SMMC7721 cells were treated with Na-AuPT (10 μM)
in the absence or presence of EDTA (100 μM). Apoptotic cells were stained with Annexin V-FITC/PI, followed by flow cytometry. b A549 cells
were treated with Na-AuPT in the absence or presence of EDTA. Western blot was employed to analyze of Ub-prs and PARP expression.
c, d GFPu-HEK293 cells, a clonal HEK293 cell line stably transfected with GFPu, were exposed to Na-AuPT in absence or presence of EDTA.
Microscopy analysis was performed to detect GFPu (c). The Ub-prs and GFPu levels were assessed by Western blot (d).
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effect on primary mononuclear cells isolated from five patients with
AML and five healthy volunteers. We found that primary mononuclear
cells from AML patients were more sensitive to Na-AuPT-induced cell
death, as evidenced by an average IC50 value of 2.46 μM, which was
much lower than normal controls (average IC50: 38.97 μM) (Fig. 6a).
Consistently, Annexin V/PI staining followed by flow cytometry
and fluorescent microscope analysis revealed that Na-AuPT caused
more robust apoptosis in primary mononuclear cells isolated
from AML patients than normal controls (Fig. 6b, c). Like bortezomib,
Na-AuPT also increased the levels of total and K48-linked ubiquiti-
nated proteins in the primary mononuclear cells driven from
AML patients (Fig. 6d). Collectively, these ex vivo results suggest that
Na-AuPT is much more cytotoxic to primary cancer cells than normal
cells.

DISCUSSION
The development of new proteasome inhibitors represents a
multifaceted challenge but provides exciting opportunities for
disease treatment [34]. In this study, we designed and synthesized
Na-AuPT as a new water-soluble proteasome inhibitor, which
shows extensive anticancer activity in a variety of liver, lung, and
AML tumor models. Our in vivo and ex vivo studies also showed
that Na-AuPT has low toxicity to normal tissues or cells.
Mechanically, Na-AuPT-mediated proteasome inhibition triggers
the activation of multiple caspases involving extrinsic and intrinsic
apoptotic signaling pathways. The fact that the anticancer activity
of Na-AuPT can be prevented by using the metal chelating agent
EDTA highlights that Na-AuPT is a metal-based proteasome
inhibitor. Further understanding on structural basis of Na-AuPT

Fig. 5 Na-AuPT restricted growth and proteasomes function in xenograft tumors. BALB/c nude mice bearing A549 and SMMC7721 tumors
were administered vehicle or Na-AuPT (40mg · kg−1d−1, intraperitoneal injection) for 13 (A549) and 15 (SMMC7721) days, respectively. Tumor
growth curves were recorded every 2 days. Tumor size (a), tumor images (b) and tumor weight (c), and body weight (d) were shown. Mean ±
SEM (n= 6). *P < 0.05; ns no significance. e Immunohistochemistry staining of total ubiquitinated proteins (Ub-prs), Bax, and cleaved caspase 3
in tumor tissues. Images collected at a magnification of ×200 are shown.
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activity and kinetics of its metabolism in vivo may lead to
development of new metal-based proteasome inhibitor drugs.
Proteasome inhibitors have various mechanisms of action on the

UPS, which may cause various toxic effects, thereby affecting their
clinical application. Compared with bortezomib, carfilzomib, a next-
generation proteasome inhibitor for the treatment of multiple
myeloma has lower toxicity. Bortezomib reversibly inhibits the
β5 subunit but has peripheral neuropathy side effects [35].
Carfilzomib exerts its effect by irreversibly inhibiting the
β5 subunit, which gave less neurotoxicity; however, patients can
also develop drug resistance in carfilzomib clinical applications [36].
Toward the goal of developing new proteasome inhibitors, in

the current study, we compared, and demonstrated similarities

and differences between Na-AuPT and bortezomib on proteasome
inhibition. It is generally believed that K48-linked ubiquitination
marks protein degradation by the proteasome [37]. We found that
Na-AuPT can induce the accumulation of both total and K48-
linked ubiquitinated proteins in cancer cells, further supporting
that Na-AuPT is a proteasome inhibitor. Na-AuPT inhibits both β1
and β5 (but not β2) activities of purified 20 S proteasomes, while it
inhibits all three proteasome activities of A549 cell lysis (Fig. 3).
This difference could be due to the 19 S proteasome or other
proteases in cell lysis that may affect the binding between Na-
AuPT and β2 subunits or that might use the same peptide
substrate which is inhibitable by Na-AuPT. Other non-protease
endogenous proteins may also competitively affect the binding

Fig. 6 Na-AuPT restrained proteasomal function and specifically induced cytotoxicity in cancer cells from acute myeloid leukemia (AML)
patients. a Cancer cells from five AML patients and peripheral blood mononuclear cells from five healthy volunteers were exposed to Na-
AuPT at the indicated concentrations for 24 h. Cell viability was determined by MTS assay. The IC50 values in each group are shown in the
scatter plot. Mean ± SEM (n= 5). *P < 0.05, normal controls versus AML patients. b, c Peripheral mononuclear cells from AML patients were
treated with Na-AuPT at the indicated concentrations for 24 h. Cell death was detected by Annexin V/PI staining, followed by flow cytometry
(b) or immunofluorescence (c). d Peripheral mononuclear cells from AML patients were treated with Na-AuPT at the indicated concentrations
or 100 nM bortezomib for 6 h. Western blots of the indicated proteins are shown.

Na-AuPT as a novel proteasome inhibitor
DC Xu et al.

2136

Acta Pharmacologica Sinica (2022) 43:2128 – 2138



between Na-AuPT and β2 subunits. In addition to inhibiting 20 S
proteasome, we also demonstrate that Na-AuPT can directly target
and inhibit 19 S proteasome-associated UCHL5 and USP14. Thus,
the dual inhibition on both 19 S proteasomal DUBs and 20 S
proteasome by Na-AuPT may offer great promise to overcome
resistance to conventional 20 S proteasome inhibitors (e.g.,
bortezomib), and this hypothesis, however, should be verified in
the future studies.
There are three DUBs associated with the 19 S proteasome,

USP14, UCHL5, and RPN11 [38]. UCHL5 and USP14 are two
cysteine protease DUBs, while RPN11 is a JAB1/MPN/Mov34
(JAMM) domain-containing metalloprotease. By detecting the
cleavage of Ub-AMC, we revealed that Na-AuPT has strong effects
in limiting the activities of UCHL5 and USP14 of purified 26 S
proteasomes and in cancer cells (Fig. 3). Interestingly, inhibition of
either UCHL5 or USP14 promotes proteasomal proteolytic
function, while inhibition of both of these two DUBs block
proteasomal proteolytic function [39]. Therefore, similar to the
effect of b-AP15 [40], the UPS function damage caused by Na-
AuPT is likely to be the result of inhibiting both UCHL5 and USP14.
Due to lack of commercially available probes for monitoring
activity of RPN11, our current study cannot rule out effect of Na-
AuPT on RPN11. Nonetheless, identification of direct protein
substrates in the UPS pathway affected by Na-AuPT is important
for further optimization of anticancer strategies.
In summary, we have identified that gold (I) complex Na-AuPT is

a new type of anticancer agent, which triggers apoptotic cell
death by inhibiting multiple components of the protein degrada-
tion machinery. Our research not only provides new insights for
understanding the mechanism of action of metal-based drugs, but
also highlights the importance of high absorption and low toxicity
of Na-AuPT in tumor therapy, which supports the necessity of its
further clinical tests and applications.
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