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ABSTRACT
Inhibition of proteasome-associated deubiquitinases (DUBs) is emerging as a 

novel strategy for cancer therapy. It was recently reported that auranofin (Aur), 
a gold (I)-containing compound used clinically to treat rheumatoid arthritis, is a 
proteasome-associated DUB inhibitor. Disulfiram (DSF), an inhibitor of aldehyde 
dehydrogenase, is currently in clinical use for treating alcoholism. Recent studies 
have indicated that DSF can also act as an antitumor agent. We investigated the effect 
of combining DSF and Aur on apoptosis induction and tumor growth in hepatoma 
cancer cells. Here we report that (i) the combined treatment of Aur and DSF results 
in synergistic cytotoxicity to hepatoma cells in vitro and in vivo; (ii) Aur and DSF 
in combination induces caspase activation, endoplasmic reticulum (ER) stress, and 
reactive oxygen species (ROS) production; (iii) pan-caspase inhibitor z-VAD-FMK 
could efficiently block apoptosis but not proteasome inhibition induced by Aur and 
DSF combined treatment, and ROS is not required for Aur+DSF to induce apoptosis. 
Collectively, we demonstrate a model of synergism between DSF and proteasome-
associated DUB inhibitor Aur in the induction of apoptosis in hepatoma cancer cells, 
identifying a potential novel anticancer strategy for clinical use in the future.

INTRODUTION

Cancer cells have been shown to depend on the 
ubiquitin proteasome system (UPS) more than normal 
cells. The successful application of 20S proteasome 
peptidases inhibitor, bortezomib, approved by the 
United States Food and Drug Administration (FDA) for 
multiple myeloma treatment, established a therapeutic 
target based on UPS [1]. Unfortunately, the same as other 
chemotherapeutic agents, drug resistance has become 
an increasing concern and limits the administration of 
bortezomib [2, 3]. Therefore, alternative therapeutic 
strategies are required for cancer treatment. 

Recently, a strategy based on inhibition of 
proteasome-associated deubiquitinases (DUBs) has 
emerged as a promising anti-cancer therapy [4–6]. 
In eukaryotes, DUBs remove the ubiquitin (Ub) and 
ubiquitin-like (Ubl) chain from target proteins prior to their 
degradation and thereby are involved in regulating multiple 
cellular processes, including cell cycle control [7, 8],  
DNA damage response and repair [9–11], chromatin 
modification [12], and various signal transduction 
pathways [13]. The human genome is found to encode 
approximately 100 putative DUBs, which are subdivided 
into six families according to their catalytic and structural 
features. Among these DUBs, POH1, UCHL5 and USP14 
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are associated with the 19S proteasome; they are often 
overexpressed in several carcinoma cells, which renders 
them potentially new therapeutic targets in these cancer 
cells [14–17].

Auranofin (Aur), a gold (I)-containing agent, is 
clinically used to treat rheumatic arthritis for more than 
30 years. Recent studies have demonstrated that Aur has 
potent antitumor effects beyond its anti-inflammatory 
activity [18, 19]; therefore, it has been approved by 
FDA for Phase II clinical trial in cancer therapy (http://
clinicaltrials.gov/ct2/show/ NCT01419691). Several 
potential mechanisms were proposed for the anti-cancer 
effects of Aur, including inhibition of thioredoxin 
reductase (TrxR), over generation of reactive oxygen 
species (ROS), loss of mitochondrial membrane 
potential (MMP), and induction of endoplasmic 
reticulum (ER) stress and caspase activation [20–22]. 
However, we have recently unraveled that Aur inhibits 
19S proteasome-associated DUBs (mainly UCHL5 and 
USP14), accumulates ubiquitinated proteins (Ub-prs), 
and induces unfolded protein response (UPR) followed 
by cell apoptosis. Additionally, our previous studies have 
suggested that Aur can stimulate cellular ROS generation 
but this is not required for Aur to induce apoptosis  
[23–25]. 

Disulfiram (DSF) is currently in clinical use for 
the treatment of alcoholism by irreversibly inhibiting 
aldehyde dehydrogenase. Several studies have shown that 
DSF possesses an anticancer activity in various cancer 
cells [26–28]. In addition, it was reported that DSF, as a 
cooper-binding agent, induced apoptosis in breast cancer 
via proteasome inhibition [29]. It was also reported 
that DSF, when complexed with copper, could induce 
ROS-dependent apoptosis of prostate cancer cells [30]. 
Moreover, it was reported that DSF and its metabolites 
could be used as a chemosensitizer of some anti-cancer 
agents [31]. 

Here we report that the combination of Aur and 
DSF synergistically enhances their cytotoxicity and cell 
apoptosis of hepatoma cancer cells in both cultures and 
xenograft models and the synergistic effect is associated 
with enhancement of proteasome inhibition, induction of 
ER stress, loss of MMP, and caspase activation.

RESULTS

Aur and DSF synergistically inhibit cell 
proliferation and colony formation of both 
SMMC-7721 and HepG2 cells

To determine whether DSF sensitizes cancer cells 
to Aur treatment, we first tested the effect of various 
concentrations of DSF (5, 10, 20, 40 μM) or Aur (0.05, 
0.1, 0.2 μM) alone or in combination on the cell viability 
of human hepatocarcinoma HepG2 and SMMC-7721 
cells using the MTS assay. We found that treatment with 
either DSF or Aur alone for 48 h only slightly reduced 

the cell viability but a dramatic decrease of viability 
was induced by the co-treatment at each concentration  
(Figure 1A and 1B). The combination indices of the 
treatment of 10 μM DSF combined with 0.05, 0.1, or 
0.2 μM Aur in hepatocarcinoma HepG2 and SMMC-
7721cells were 0.183, 0.212, or 0.321 and 0.269, 0.362, 
or 0.293, respectively (Figure 1C and 1D). The uniformly 
low combination indices (all  <  0.5) further demonstrate 
the strong synergistic inhibition of cell viability. In order 
to test the long-term effect of DSF plus Aur co-treatment 
on cancer cells, we measured colony formation of SMMC-
7721 and HepG2 cells in soft agar. As shown in Figure 1E, 
the co-treatment resulted in fewer colonies than the single-
drug treatments after 7 days culture.

DSF enhanced Aur-induced cell death

To investigate whether DSF and/or Aur induced cell 
viability inhibition correlates with cell death, HepG2 and 
SMMC-7721 were exposed to either DSF (10 μM), Aur 
(0.2 μM) or their combination for 24 h. Cell death was 
detected using Annexin-V FITC and propidium iodide (PI) 
staining followed by flow cytometry and using PI staining 
followed by fluorescent microscopy in living cells. The 
flow cytometry study revealed that in both HepG2 and 
SMMC-7721 cells, less than 10% cell death was induced 
by either DSF or Aur respectively, while almost 40% (in 
HepG2) and 60%~70% (in SMMC-7721) of cell death 
were induced by the co-treatment for 24 h (Figure 2A, 2B 
and 2C). The fluorescence microscopy showed that few 
PI-positive cells were induced by DSF or Aur alone but 
a significantly high percentage of PI-positive cells were 
induced by the DSF and Aur combined treatment (Figure 
2D), indicating that the treatment with a combination of 
DSF and Aur significantly enhances cell death in hepatoma 
cancer cells.

Induction of apptosis by DSF+Aur co-treatment 
is associated with caspase activation, decreased 
expression of anti-apoptotic proteins and 
increased expression of pro-apoptotic proteins

We and others have reported that Aur, a clinically 
used anti-rheumatic agent, inhibits 19S DUBs and induces 
apoptosis associated with caspase activation and loss of 
MMP in various cancer cells [23]. Here, we investigated 
whether caspases and mitochondria associated signaling 
pathways were involved in the induction of apoptosis by 
the DSF and Aur combined treatment. It was found that 
the combination of DSF and Aur dramatically activated 
caspase-3,-8 and -9 and increased the cleavage of PARP 
(Figure 3A). It is widely accepted that mitochondria are 
the regulating center of apoptosis. As shown in Figure 
3B and 3C, the integrity of mitochondrial membranes 
was decreased in both SMMC-7721 and HepG2 cells 
after co-treatment with DSF and Aur. The release of 
cytochrome C and apoptosis inducing factor (AIF) from 
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Figure 1: Combination of Aur and DSF synergistically reduced cell viability in vitro. (A) and (B) HepG2 or SMMC-7721 
cells were treated with the indicated concentrations of Aur, DSF or the combination for 48 h. Cell viability was detected by MTS assay. 
Mean ± SD (n = 3). DSF, Disulfiram; Aur, Auranofin. (C) and (D) Combination index (CI) was shown. CI  <  1 indicates synergism; CI = 1 
indicates additive effect; and CI > 1 indicates antagonism. HepG2 or SMMC-7721 cells were treated with either DSF (10 μM), Aur (0.05, 
0.1, 0.2 μM) or the indicated combination for 48 h. (E) HepG2 and SMMC-7721 cells exposed to Aur (0.2 μM), DSF (10 μM) or their 
combination for 12 h were suspended in 30% agarose for 7 days, colony formation was counted. *P  <  0.05, compared with other treatments.
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mitochondria to the cytoplasm has been recognized as the 
early stage of apoptosis. To determine whether DSF+Aur 
co-treatment triggers the mitochondrial pathway, cancer 
cells were exposed to Aur, DSF and their combination 
for 12 hours. Cytosolic and mitochondrial fractions were 
extracted and the cytochrome C and AIF levels were 
detected by western blot analyses. As shown in Figure 3D,  

cytochrome C and AIF levels were highly elevated in 
the cytoplasm after DSF+Aur treatment, which indicates 
that DSF+Aur could activate the mitochondrial apoptosis 
pathway. Further supporting this observation, DSF and 
Aur synergistically decreased anti-apoptotic proteins 
Bcl-2 and Bcl-xl, and increased pro-apoptotic proteins 
Bim and Noxa.

Figure 2: Aur and DSF synergistically induced cancer cell death. (A–C) HepG2 or SMMC-7721 were seeded in 6-well plates 
and exposed to either Aur (0.2 μM), DSF (10 μM) or their combination for 24 h. The cultured cells were collected and stained with 
Annexin V FITC/propidium iodide (PI), followed by flow cytometry analysis. The representative images (A) and summary of cell death 
(B and C) are shown. Mean ± SD (n = 3). DM, DMSO. *P  <  0.05 versus vehicle control. (D) HepG2 or SMMC-7721 were treated as 
(A) for 24 h, followed by direct PI staining in live cells, and then imaged by an inverted fluorescence microscope. The representative 
merged images are shown. Mean ± SD (n = 3).
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Aur and DSF synergistically induced unfolded 
protein response (UPR) and accumulation of 
ubiquitinated proteins (Ub-prs)

Our previous reports have shown that Aur induces 
accumulation of Ub-prs due to inhibition of UCHL-5 and 
USP14 [23]. Hence, we tested whether DSF could enhance 

Aur-induced Ub-prs accumulation and UPR. We found 
that combination of the two agents significantly increased 
the protein expression of HSP70 and HSP90, accompanied 
by Ub-prs accumulation (Figure 4A). Moreover, we found 
that the combination treatment increased the expression of 
ER stress related proteins, including Bip, CHOP, IRE1α, 
ATF4 and P-eIF2α (Figure 4B). The above results indicate 

Figure 3: DSF and Aur co-treatment induced caspase activation and down-regulated expression of anti-apoptotic 
proteins. (A) HepG2 or SMMC-7721 were treated with Aur (0.2 μM), DSF (10 μM), or their combination for 24 h. Total proteins were 
extracted from the cultured cells and subjected to western blot analysis using antibodies against pro- or cleaved caspase-3, -8 and -9, and 
PARP. GAPDH was used as a loading control. (B) and (C) HepG2 (left) or SMMC-7721 (right) were exposed to Aur (0.2 μM), DSF  
(10 μM), or their combination for 12 h. Mitochondrial membrane potential was detected by rhodamine-123 staining and flow cytometry. 
The proportion of cells with loss of ∆Ψ was shown. Graphs represent data from three independent experiments. Mean ± SD (n = 3).  
*P  <  0.05, compared with other treatments. (D) and (E) Cancer cells were treated as in (A), AIF and cytochrome C in the cytoplasm and 
mitochondria were analyzed with western blot (D). Total Bcl-2, Bcl-xl, Bim and Noxa were detected by western blot analysis (E). 
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Figure 4: Aur and DSF combined treatment led to Ub-prs accumulation of ubiquitinated proteins and ER stress. 
(A) HepG2 (left) or SMMC-7721 (right) were treated with Aur or/and DSF as indicated for 24 h. Ubiquitinated proteins (Ub-prs), HSP70, 
and HSP90 were detected by western blot analyses. GAPDH was used as a loading control. (B) Total proteins extracted from cancer cells 
treated as in (A), and ER stress related proteins Bip, CHOP, IRE1α, ATF4, phosphorylated eIF2α (P-eIF2α), and total eIF2α were detected 
by western blot analyses. Representative images were shown from three repeats.

Figure 5: z-VAD-FMK and NAC prevented Aur + DSF from inducing capase activation and PARP cleavage. (A) HepG2 
(left) or SMMC-7721 (right) were exposed to the combination of Aur (0.2 μM) and DSF (10 μM) in the absence or presence of z-VAD-
FMK (50 μM) or NAC (5 mM) for 18 h. Ubiquitinated proteins (top), PARP cleavage, pro- and cleaved caspase-3, -8 and -9 were detected 
by western blot analyses. Representative images of independent experiments are shown. GAPDH was used as a loading control. (B) and 
(C) HepG2 (upper) or SMMC-7721 (lower) cancer cells were treated with the combination of Aur and DSF in the absence or presence of 
z-VAD-FMK or NAC for 18 h. The treated cells were collected to stain with Annexin V FITC/PI, followed by flow cytometry. Data of three 
independent experiments are summarized and shown. Mean ± SD (n = 3). *P  <  0.05 versus vehicle control; #P  <  0.05 versus Aur + DSF.
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that the combination of DSF and Aur strongly enhanced 
Ub-prs accumulation and ER stress.

The induction of caspase activation and PARP 
cleavage synergistically by Aur and 
DSF can be reversed by z-VAD-FMK and 
N-acetyl-cysteine (NAC)

In the experiments shown Figure 5, we observed 
in both HepG2 and SMMC-7721 cells that both pan-
caspase inhibitor Z-VAD-FMK and the Aur active site 
blocker NAC almost completely blocked the activation 
of caspase-3,-8 and -9 and the cleavage of PARP; and 
NAC but not Z-VAD-FMK blocked Ub-prs accumulation 
(Figure 5A). Additionally, both Z-VAD-FMK and NAC 
prevented Aur+DSF co-treatment from inducing cell 
death (Figure 5B and 5C). These findings are consistent 
with the proteasome inhibition effects of Aur observed 
in our previous reports [23]. Taken together, these results 
demonstrate that Ub-prs accumulation, prior to caspase 

activation, is critical to the induction of cell death by the 
combined treatment. 

ROS generation is increased by Aur-DSF  
co-treatment but it is not required for the  
co-treatment to induce cell death

It had been reported that Aur could induce ROS 
generation in various cancer cells by inhibiting TrxR and 
the ROS generation was thought to be responsible for cell 
death Induction by Aur. However, we previously observed 
that Tbhq could completely scavenge Aur-mediated ROS 
production but could not block Ub-prs accumulation and 
cytotoxicity [23]. Likewise, here we found that DSF and 
Aur synergistically enhanced ROS production (Figure 6A), 
which was blocked by using another antioxidant agent, 
Vitamin C (100 μM; Figure 6B); however, similarly to our 
prior report, the scavenging of ROS by Vitamin C failed 
to block cell death (Figure 6C), Ub-prs accumulation, or 
PARP cleavage (Figure 6D) induced by the DSF and Aur 

Figure 6: Combination of Aur and DSF resulted in ROS generation but ROS was not responsible for apoptosis. 
(A) SMMC-7721 and HepG2 cells were treated with Aur (0.2 μM), DSF (10 μM), or their combination for 12 h. ROS generation was detected 
by flow cytometry. Relative ROS was shown. Mean ± SD (n = 3). *P  <  0.05, compared with other treatments. (B) SMMC-7721 and HepG2 
cells were treated with the combination of Aur (0.2 μM) and DSF (10 μM) in the absence or presence of Vitamin C (100 μM) for 12 h. ROS 
generation was detected and shown. *P  <  0.05, compared with D + A treatment. (C) SMMC-7721 and HepG2 cells were treated as in (B). 
Cell death was assessed by flow cytometry from three independent repeats. The summarized data are shown. *P  <  0.05, compared with 
D + A treatment. (D) SMMC-7721 and HepG2 cells were exposed to co-treatment of Aur (0.2 μM) and DSF (10 μM) as in (B). Ubiquitinated 
proteins (Ub-prs) and PARP cleavage were detected by western blot. GAPDH was used as a loading control. 
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co-treatment. These findings further confirm that DSF 
and Aur combination induces apoptosis through DUB 
inhibition, not by ROS generation.

Aur and DSF combination exhibits anti-cancer 
activity in vivo

Given that our in-vitro experiments show a 
promising synergisticanti-cancer activity by DSF and 
Aur on human hepatoma cell lines HepG2 and SMMC-
7721, we next evaluated the in vivo effect of DSF and 
Aur combination using nude mouse xenograft models. 

We found that tumor weight and tumor size of nude 
mouse models in the combinational treatment group were 
significantly reduced, compared with each single-agent 
treatment group (Figure 7A and 7B), while there were 
no significant differences in body weight among four 
groups (Figure 7C). The immunostaining results showed 
that the representative proteasome substrates, Ub-prs, 
and activated caspase-3 proteins were all significantly 
increased (Figure 7D) in the DSF and Aur combination 
-treated tumors. Similarly to the immunostaining results, 
western blot results showed that treatment with the DSF 
and Aur combination significantly increased the levels 

Figure 7: Aur and DSF co-treatment inhibited tumor growth in vivo. (A) BALB/c nude mice bearing HepG2 or SMMC-7721 
xenografts were treated with DSF (40 mg/kg/d,i.p.), Aur (3 mg/kg/day, i.p.), or their combination for 15 days. Xenograft images and 
xenograft weight are shown. Mean ± SD. *P  <  0.05 versus each treatment. (B) and (C) Tumor size (B) and body weight (C) were recorded 
every two days. Summarized data are shown. (D) Representative micrographs of immunohistochemistry staining for total ubiquitinated 
proteins (Ub-prs) and cleaved caspase-3 in nude mouse tumor tissues. All the immunostaining was repeated in three mouse tumor tissues 
and the images shown were collected at a magnification of 200 ×. (E) Ubiquitinated proteins and PARP cleavage were detected by western 
blot analyses with three independent experiments. Representative images are shown. GAPDH was used as a loading control.
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of Ub-prs and cleaved PARP (Figure 7D). Together, 
these results demonstrate that DSF and Aur combination 
selectively inhibits proteasome function and tumor growth 
in vivo.

DISCUSSION

DUBs are emerging as a novel target for anticancer 
strategy. Recently, a growing number of DUB inhibitors 
were discovered and designed to be anti-cancer agents. 
As a clinically used anti-rheumatic arthritis drug, Aur, 
possesses excellent anticancer property and has proven 
to be a promising anticancer agent [20–22]. However, 
the underlying mechanisms remain less clear. We have 
recently demonstrated that Aur mainly targets proteasome-
associated UCHL5 and USP14 and thereby induces 
proteasome inhibition, caspase activation and apoptosis in 
several cancer cell lines [23, 24]. To enhance selectivity 
and lower the potential toxic side effects of Aur on 
normal tissue, we further sought to search for agents that 
can synergistically increase the anticancer effect of Aur. 
Recent reports have indicated that DSF has antitumor 
and chemosensitizing activities. Our present study reveal 
that (1) DSF synergistically enhances the cytotoxicity 
of Aur, leading to cell death in human hepatoma HepG2 
and SMMC-7721 cancer cells; (2) cell death induced by 
DSF+Aur co-treatment is dependent on inhibition of the 
19S proteasome-associated, caspase activation and ER 
stress; (3) blocking caspase activation by z-VAD-FMK 
and blocking proteasome inhibition by NAC prevented 
the induction of cell death by DSF + Aur co-tretament.

It is known that DSF not only acts as an aldehyde 
dehydrogenase inhibitor for alcoholism treatment but also 
potentiates the effect of many chemotherapeutic agents. 
In the current study, DSF (within 40 μM or 40 mg/kg/d) 
itself does not induce cytotoxicity, proteasome inhibition, 
or apoptosis in cultured human hepatoma cancer cells 
or xenograft models. Aur at rather low doses could only 
induce modest cytotoxicity and proteasome inhibition 
but these effects were dramatically exacerbated by co-
treatment with DSF. These findings suggested that DSF or 
its metabolites can synergistically enhance Aur induction 
of cytotoxicity and proteasome inhibition directly or 
indirectly.

Activation of the caspases cascade is the key event 
of apoptosis. Activated caspase-3 cleaves death substrate 
PARP to generate a specific 85 kDa apoptotic fragment, 
which leads to apoptosis [32]. DSF and Aur combination 
induced activation of caspase-8, caspase-9, caspase-3 and 
PARP cleavage, suggesting that both the extrinsic and the 
intrinsic pathways were involved in the apoptosis. We 
further investigated the underlying molecular mechanism. 
DSF and Aur combined treatment induced the down-
regulation of anti-apoptotic proteins like Bcl-2 and Bcl-
xL and the enrichment of pro-apoptotic proteins such 

as Bim and Noxa, followed by the loss of mitochondria 
membrane potential (∆Ψ) and thus activation of caspase-9. 
In addition, we further confirmed that the combination of 
DSF and Aur induced proteasome inhibition and increased 
the expression of HSP70 and HSP90 and a series of ER 
stress associated proteins such as Bip, CHOP, IRE1α, 
ATF4, and P-eIF2α. The unfolded protein response (UPR) 
is the cellular response to ER stress and contributes to 
cancer survival or death [33]. Generally, GRP78/Bip binds 
to PERK and leads to the phosphorylation of eIF2α  on 
serine residue 51, which inhibits the translation of mRNA 
[34], and paradoxically increases translation of ATF4 [35]. 
On one hand, ATF4 regulates transcription of pro-survival 
genes; on the other hand, ATF4 upregulates the expression 
of pro-death transcription factor C/EBP homology protein 
(CHOP) [33, 36]. Based on our data, we hypothesize that 
there might be another pathway involved in the induction 
of apoptosis by the combined treatment: the DSF and Aur 
combination first cause proteasome inhibition, which then 
leads to accumulation of damaged and unfolded proteins 
in the ER, resulting in ER stress and thereby sustained 
UPR and caspase activation.

We have previously confirmed that NAC, a classical 
ROS inhibitor, can bind to the active site of Aur and block 
its inhibiting effects on the proteasomal DUBs. In the 
current investigation, NAC completely prevented DSF and 
Aur co-treatment from inducing proteasome inhibition, 
caspase activation and cell death. To further distinguish 
whether ROS generation, DUBs inhibition or both are 
required for the cell death induction by the combined 
treatment, here we employed another antioxidant agent 
Vitamin C, which would not change the effect of Aur 
but can rapidly and efficiently eliminate cellular ROS. 
We found that Vitamin C successfully scavenged ROS 
generation but failed to block Ub-prs accumulation, 
PARP cleavage and cell death. This further confirms that 
the induction of apoptosis by DSF and Aur combined 
treatment depends on DUB inhibition rather than ROS 
generation.

By treating nude mice with human hepatoma HepG2 
and SMMC-7721 xenografts, we have also demonstrated 
here that DSF and Aur show synergistic anticancer effects 
in vivo. DSF and Aur co-treatment significantly inhibited 
tumor growth, accompanied by Ub-prs accumulation, 
PARP cleavage, an activation of caspase 3. Notably, we 
have also found that the co-treatment did not inhibit the 
body weight while exhibited a remarkable antitumor and 
pro-apoptotic activity in the xenograft model.

Originally developed as an anti-rheumatoid arthritis 
drug, Aur is actually an inhibitor of proteasomal DUBs 
whereas DSF is an inhibitor of aldehyde dehydrogenase 
for treating alcoholism; both agents have been used 
clinically for several decades and only recently reported 
to possess anti-tumor properties. In the current study, we 
have unraveled a model of synergism between Aur and 
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DSF in the induction of apoptosis in hepatoma cancer cells 
and xenografts, providing a potentially novel anticancer 
strategy that should be relatively easy to be translated to 
the clinic as both are in clinical use for treatment of other 
disorders.

MATERIALS AND METHODS

Materials

Aur and pan caspase inhibitor z-VAD-FMK were 
obtained from Enzo Life Sciences International, Inc. 
(Plymouth Meeting, PA) and dissolved in DMSO at a 
stock concentration of 10 mM, aliquoted and stored at 
−80°C. DSF was acquired from Sigma-Aldrich (St. Louis, 
MO). MTS assay (CellTiter 96 Aqueous One Solution 
reagent) was purchased from Promega Corporation 
(Madison, WI, USA). PI and Annexin V-FITC apoptosis 
Detection Kit, DCFH-DA and cell apoptosis Rhodamine 
123 Detection Kit were purchased from Keygen Company 
(Nanjing, China). Antibodies (Abs) used in this study 
were purchased from following sources: anti-ubiquitin 
(P4D1) (Santa Cruz Biotechnology, Santa Cruz, CA); anti-
PARP, anti-BIP (C50B12), eIF2α, Phospho-eIF2α(Ser51), 
anti-IRE1α (14C10), anti-caspase-3 (8G10), anti-Bcl-2 
(50E3), anti-Bcl-xl (54H6), anti-CHOP (L63F7), anti-
HSP70, anti-HSP90, anti-caspase-8 (1C12), and anti-
caspase-9 (C9) (Cell Signaling Technology, Beverly, MA, 
USA); anti-cleaved caspase-8 (Cleaved Asp384) (Assay 
biotechnology Company, Inc); anti-cleaved caspase-9 p35 
(D315), anti-cleaved caspase-3 (p17), anti-Bim (Y36), 
anti-ATF4 (R239), anti-Noxa (EPR9735 [B]), and anti-
GAPDH (Bioworld Technology, Inc). 

Cell lines and cell culture

Human hepatoma cell lines HepG2 and SMMC-
7721 were purchased from American Type Culture 
Collection (Manassas, VA, USA) and grown in RPMI 
1640 supplemented with 10% FBS. Cultured cells were 
maintained at 37°C and 5% CO2.

Cell viability assay

MTS assay (CellTiter 96 Aqueous One Solution 
reagent) was used to test cell viability as we previously 
reported [37]. In brief, exponentially growing HepG2 or 
SMMC-7721 cells were seeded at 2500 cells/well in a 96-
well plate. After incubation for 24 h, cells were treated 
with Aur and/or DSF, followed by continuous incubation 
for 48 h. 20 μl MTS was directly added to each well 
and the incubation was continued for an additional 3 h. 
The absorbance of optical density was measured with a 
microplate reader (Sunrise, Tecan) at wavelength 490 nm. 
Cell viability was calculated by the following formula: 

cell viability (%) = (average absorbance of treated group 
- average absorbance of blank)/(average absorbance of 
untreated group - average absorbance of blank) ×100%.

Cell death assay

Apoptosis assay was performed according to 
previous description [38]. Briefly, cultured HepG2 and 
SMMC-7721 cells were harvested and washed with 4°C 
PBS twice and resuspended with the binding buffer, 
followed by Annexin V-FITC incubation for 15 min and 
PI staining for another 15 min in dark. The stained cells 
were analyzed with flow cytometry within 30 min. To 
monitor temporal changes in the incidence of cell death 
in the live culture condition, HepG2 and SMMC-7721 
cells were seeded into 6-well plates and PI was added 
directly to the cell culture medium, then the cells in the 
dish were kinetically imaged with an inverted fluorescence 
microscope equipped with a digital camera (Axio Obsever 
Z1, Zeiss).

Western blot analysis

Western blot analysis was performed as we 
described previously [39]. In brief, equal amounts of total 
proteins extracted from cultured cells were separated 
by 12% SDS–PAGE and transferred to polyvinylidene 
difluoride (PVDF) membranes. The blots were blocked 
with 5% milk for 1 h. Primary Abs and horseradish 
peroxidase (HRP)-conjugated secondary Abs were each 
incubated for 1 h. The bounded secondary antibodies 
were reacted to the ECL detection reagents and exposed 
to X-ray films (Kodak, Japan).

Measurement of ROS generation

Cancer cells were treated with Aur and/or DSF for 
12 h, and then the cells were incubated with the serum-
free medium with addition of 10 μM of DCFH-DA for 
20 min at 37°C. Following the staining, the cells were 
washed with 4°C PBS twice, and then collected for flow 
cytometry analysis. The fold changes of mean fluorescence 
intensities were shown in the diagram. Mean values and 
standard deviations were calculated from triplicates.

Clonogenic assay

This assay was performed as we previously 
described [40]. HepG2 and SMMC-7721 cells exposed to 
Aur (0.2 μM), DSF (10 μM) or their combination for 12 h 
were suspended in 30% agarose supplemented with 20% 
FCS and 50% RPMI-1640 medium then cultured in 60 
mm dishes in an atmosphere of 5% CO2 for 7 days, then 
stained with 0.3% crystal violet solution. The colonies 
> 60 μm were counted under a light microscope. The 
experiments were done in triplicate.
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Mitochondrial membrane integrity measurement

The mitochondrial membrane potential of Aur and/
or DSF -treated and untreated cells was assayed by using 
Rhodamine-123 staining as we previously reported [40]. 
Cells were treated with Aur and/or DSF for 12 h and 
stained with 1 μM of Rhodamine-123 for 30 min at 37°C. 
Following the staining, the cells were washed with 4°C 
PBS twice, and then harvested for flow cytometry analysis. 
Mean values and standard deviations were calculated from 
triplicates.

Nude mouse xenograft model 

Male Balb/c nude mice aged 5 weeks were 
purchased from Guangdong Animal Center and housed 
in the animal facility of Guangzhou Medical University 
approved by the Guangdong Animal Center. The mice 
were housed in barrier facilities with a 12 h light dark 
cycle, with food and water available ad libitum. Balb/c 
mice were inoculated subcutaneously in the left armpit of 
each mouse with HepG2 or SMMC-7721 cells (1 × 106 
cells/mouse) respectively. After 72 h of inoculation, mice 
were randomly divided into 4 × 2 groups and i.p. injected 
with either vehicle (10% DMSO, 30% Cremophor EL and 
60% normal saline) or Aur (3 mg/kg/day) and/or DSF  
(40 mg/kg/day) for totally 15 days respectively. Tumors 
were measured every other day with use of calipers. Tumor 
volumes were calculated as previously reported. Aur and 
DSF were dissolved in the buffer with 10% DMSO, 30% 
Cremophor EL and 60% normal saline.

Immunohistochemical staining 

Formalin-fixed xenografts were embedded in 
paraffin and sectioned according to standard techniques 
as we previously reported [40]. Tumor xenograft sections  
(4 μm) were immunostained using the MaxVision 
kit (Maixin Biol) according to the manufacturer’s 
instructions. The primary antibodies were against 
ubiquitin and cleaved caspase 3. 50 μl MaxVisionTM 
reagent was applied to each slide. Color was developed 
with 0.05% diaminobenzidine and 0.03% H2O2 in 50 mM 
Tris-HCl (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.

Combination index

The interaction between the two compounds was 
quantified by determining the combination index (CI). 
The CI was calculated using the Chou-Talalay equation 
[41]. The general equation for the classic isobologram is 
as follows: CI = (D) 1/(Dx) 1 + (D) 2/(Dx) 2. Dx indicates 
the dose of one compound alone required to produce an 

effect, and (D) 1 and (D) 2 are the doses of compounds 1 
and 2, respectively, necessary to produce the same effect in 
combination. CI  <  1 indicates synergism; CI =1 indicates 
an additive effect; and CI > 1 indicates antagonism.

Statistical methods

Mean ± SD are presented where applicable. 
Unpaired Student’s t-test or one way ANOVA is used 
where appropriate for determining statistic probabilities. 
GraphPad Prism4.0 software (GraphPad Software) was 
used for statistical analysis. P value less than 0.05 was 
considered statistically significant.

ACKNOWLEDGMENTS AND FUNDINGS

This work was supported by the National High 
Technology Research and Development Program of China 
(2006AA02Z4B5), NSFC(81272451/H1609, 81472762/
H1609) (to J.L.); by NSFC(81201719/H1609, 81472390/
H1619), General Project (1201410188) from Guangzhou 
Education Commission, Science and Technology Program 
of Guangzhou (201510010127), the Foundation for the 
Author of Excellent Doctoral Dissertation of Guangdong 
Province, China (SYBZZXM201328) (to H.H.), as well 
as US NIH grants HL072166 and HL085629 (to X. W.).

We express our gratitude to Guangdong Provincial 
Key Laboratory of Malignant Tumor Epigenetics and 
Gene Regulation, Sun Yat-Sen Memorial Hospital, Sun 
Yat-Sen University for flow cytometry analysis.

Author contributions

J.L., and H.H. designed experiments. H.H, Y.L, 
N.L, X.H, J.C, C.Y, C.Z, X.C, X.L, D.Z, X.L, performed 
experiments, J.W. and X.S. assisted with experiments. J.L, 
X.W. and H.H. wrote the manuscript.

CONFLICTS OF INTEREST

The authors declare no competing financial interests.

REFERENCES

 1. Farshi P, Deshmukh RR, Nwankwo JO, Arkwright RT, 
Cvek B, Liu J, Dou QP. Deubiquitinases (DUBs) and DUB 
inhibitors: a patent review. Expert Opin Ther Pat. 2015:1–18.

 2. Jagannathan S, Abdel-Malek MA, Malek E, Vad N, Latif T,  
Anderson KC, Driscoll JJ. Pharmacologic screens reveal 
metformin that suppresses GRP78-dependent autophagy to 
enhance the anti-myeloma effect of bortezomib. Leukemia. 
2015. doi: 10.1038/leu.2015.157.

 3. Eriksson E, Wickstrom M, Perup LS, Johnsen JI, Eksborg S,  
Kogner P, Savendahl L. Protective role of humanin on 



Oncotarget2807www.impactjournals.com/oncotarget

bortezomib-induced bone growth impairment in anticancer 
treatment. J Natl Cancer Inst. 2014; 106:djt459.

 4. D’Arcy P, Wang X, Linder S. Deubiquitinase inhibition as 
a cancer therapeutic strategy. Pharmacol Ther. 2015; 147: 
32–54.

 5. Pfoh R, Lacdao IK, Saridakis V. Deubiquitinases and the 
new therapeutic opportunities offered to cancer. Endocr 
Relat Cancer. 2015; 22:T35–54.

 6. Fraile JM, Quesada V, Rodriguez D, Freije JM, Lopez-Otin C.  
Deubiquitinases in cancer: new functions and therapeutic 
options. Oncogene. 2012; 31:2373–2388.

 7. Aressy B, Jullien D, Cazales M, Marcellin M,  
Bugler B, Burlet-Schiltz O, Ducommun B. A screen 
for deubiquitinating enzymes involved in the G(2)/M 
checkpoint identifies USP50 as a regulator of HSP90-
dependent Wee1 stability. Cell Cycle. 2010; 9:3815–3822.

 8. Song L, Rape M. Reverse the curse–the role of 
deubiquitination in cell cycle control. Curr Opin Cell Biol. 
2008; 20:156–163.

 9. Typas D, Luijsterburg MS, Wiegant WW, Diakatou M, 
Helfricht A, Thijssen PE, van de Broek B, Mullenders LH,  
van Attikum H. The de-ubiquitylating enzymes USP26 
and USP37 regulate homologous recombination by 
counteracting RAP80. Nucleic Acids Res. 2015. 
doi:10.1093/nar/gkv613.

10. Nishi R, Wijnhoven P, le Sage C, Tjeertes J, Galanty Y, 
Forment JV, Clague MJ, Urbe S, Jackson SP. Systematic 
characterization of deubiquitylating enzymes for roles 
in maintaining genome integrity. Nat Cell Biol. 2014; 
16:1016–1026, 1011–1018.

11. Yuan J, Luo K, Deng M, Li Y, Yin P, Gao B, Fang Y, Wu P, 
Liu T, Lou Z. HERC2-USP20 axis regulates DNA damage 
checkpoint through Claspin. Nucleic Acids Res. 2014; 
42:13110–13121.

12. Joo HY, Zhai L, Yang C, Nie S, Erdjument-Bromage H, 
Tempst P, Chang C, Wang H. Regulation of cell cycle 
progression and gene expression by H2A deubiquitination. 
Nature. 2007; 449:1068–1072.

13. Wei R, Liu X, Yu W, Yang T, Cai W, Liu J, Huang X, Xu GT,  
Zhao S, Yang J, Liu S. Deubiquitinases in cancer. Oncotarget. 
2015; 6:12872–12889. doi:10.18632/oncotarget.3671.

14. Sahtoe DD, van Dijk WJ, El Oualid F, Ekkebus R, Ovaa H, 
Sixma TK. Mechanism of UCH-L5 activation and inhibition 
by DEUBAD domains in RPN13 and INO80G. Mol Cell. 
2015; 57:887–900.

15. Tian Z, D’Arcy P, Wang X, Ray A, Tai YT, Hu Y, Carrasco RD,  
Richardson P, Linder S, Chauhan D, Anderson KC. A 
novel small molecule inhibitor of deubiquitylating enzyme 
USP14 and UCHL5 induces apoptosis in multiple myeloma 
and overcomes bortezomib resistance. Blood. 2014; 123: 
706–716.

16. Vogel RI, Coughlin K, Scotti A, Iizuka Y, Anchoori R, Roden 
RB, Marastoni M, Bazzaro M. Simultaneous inhibition 
of deubiquitinating enzymes (DUBs) and autophagy 

synergistically kills breast cancer cells. Oncotarget. 2015; 
6:4159–4170. doi:10.18632/oncotarget.2904.

17. Mialki RK, Zhao J, Wei J, Mallampalli DF, Zhao Y. 
Overexpression of USP14 protease reduces I-kappaB 
protein levels and increases cytokine release in lung 
epithelial cells. J Biol Chem. 2013; 288:15437–15441.

18. Madeira JM, Gibson DL, Kean WF, Klegeris A. The 
biological activity of auranofin: implications for novel 
treatment of diseases. Inflammopharmacology. 2012; 
20:297–306.

19. Mirabelli CK, Johnson RK, Sung CM, Faucette L,  
Muirhead K, Crooke ST. Evaluation of the in vivo antitumor 
activity and in vitro cytotoxic properties of auranofin, a 
coordinated gold compound, in murine tumor models. 
Cancer Res. 1985; 45:32–39.

20. Fan C, Zheng W, Fu X, Li X, Wong YS, Chen T. 
Enhancement of auranofin-induced lung cancer cell 
apoptosis by selenocystine, a natural inhibitor of TrxR1 
in vitro and in vivo. Cell Death Dis. 2014; 5:e1191.

21. Fiskus W, Saba N, Shen M, Ghias M, Liu J, Gupta SD, 
Chauhan L, Rao R, Gunewardena S, Schorno K, Austin CP,  
Maddocks K, Byrd J, et al. Auranofin induces lethal 
oxidative and endoplasmic reticulum stress and exerts 
potent preclinical activity against chronic lymphocytic 
leukemia. Cancer Res. 2014; 74:2520–2532.

22. Scarbrough PM, Mapuskar KA, Mattson DM, Gius D, 
Watson WH, Spitz DR. Simultaneous inhibition of 
glutathione- and thioredoxin-dependent metabolism is 
necessary to potentiate 17AAG-induced cancer cell killing 
via oxidative stress. Free Radic Biol Med. 2012; 52: 
436–443.

23. Liu N, Li X, Huang H, Zhao C, Liao S, Yang C, Liu S,  
Song W, Lu X, Lan X, Chen X, Yi S, Xu L, et al. Clinically 
used antirheumatic agent auranofin is a proteasomal 
deubiquitinase inhibitor and inhibits tumor growth. Oncotarget. 
2014; 5:5453–5471. doi:10.18632/oncotarget.2113.

24. Chen X, Shi X, Zhao C, Li X, Lan X, Liu S, Huang H, Liu N,  
Liao S, Zang D, Song W, Liu Q, Carter BZ, et al. Anti-
rheumatic agent auranofin induced apoptosis in chronic 
myeloid leukemia cells resistant to imatinib through both Bcr/
Abl-dependent and -independent mechanisms. Oncotarget. 
2014; 5:9118–9132. doi:10.18632/oncotarget.2361.

25. Liu N, Huang H, Dou QP, Liu J. Inhibition of 19S 
proteasome-associated deubiquitinases by metal-containing 
compounds. Oncoscience. 2015; 2:457–466.

26. Paranjpe A, Zhang R, Ali-Osman F, Bobustuc GC, 
Srivenugopal KS. Disulfiram is a direct and potent inhibitor 
of human O6-methylguanine-DNA methyltransferase 
(MGMT) in brain tumor cells and mouse brain and 
markedly increases the alkylating DNA damage. 
Carcinogenesis. 2014; 35:692–702.

27. Triscott J, Lee C, Hu K, Fotovati A, Berns R, Pambid M, 
Luk M, Kast RE, Kong E, Toyota E, Yip S, Toyota B, Dunn 
SE. Disulfiram, a drug widely used to control alcoholism, 



Oncotarget2808www.impactjournals.com/oncotarget

suppresses the self-renewal of glioblastoma and over-rides 
resistance to temozolomide. Oncotarget. 2012; 3:1112–1123. 
doi:10.18632/oncotarget.604.

28. Chiba T, Suzuki E, Yuki K, Zen Y, Oshima M, Miyagi S, 
Saraya A, Koide S, Motoyama T, Ogasawara S, Ooka Y, 
Tawada A, Nakatsura T, et al. Disulfiram eradicates tumor-
initiating hepatocellular carcinoma cells in ROS-p38 
MAPK pathway-dependent and -independent manners. 
PLoS One. 2014; 9:e84807.

29. Chen D, Cui QC, Yang H, Dou QP. Disulfiram, a clinically 
used anti-alcoholism drug and copper-binding agent, 
induces apoptotic cell death in breast cancer cultures and 
xenografts via inhibition of the proteasome activity. Cancer 
Res. 2006; 66:10425–10433.

30. Safi R, Nelson ER, Chitneni SK, Franz KJ, George DJ, 
Zalutsky MR, McDonnell DP. Copper signaling axis as a 
target for prostate cancer therapeutics. Cancer Res. 2014; 
74:5819–5831.

31. Valeriote F, Grates HE. Potentiation of nitrogen mustard 
cytotoxicity by disulfiram, diethyldithiocarbamic acid, and 
diethylamine in mice. Cancer Res. 1989; 49:6658–6661.

32. Tewari M, Quan LT, O’Rourke K, Desnoyers S, Zeng Z, 
Beidler DR, Poirier GG, Salvesen GS, Dixit VM. Yama/
CPP32 beta, a mammalian homolog of CED-3, is a 
CrmA-inhibitable protease that cleaves the death substrate 
poly(ADP-ribose) polymerase. Cell. 1995; 81:801–809.

33. Maurel M, McGrath EP, Mnich K, Healy S, Chevet E, 
Samali A. Controlling the unfolded protein response-
mediated life and death decisions in cancer. Semin Cancer 
Biol. 2015; 33:57–66.

34. Lu PD, Harding HP, Ron D. Translation reinitiation at 
alternative open reading frames regulates gene expression 
in an integrated stress response. J Cell Biol. 2004; 167: 
27–33.

35. Ma Y, Brewer JW, Diehl JA, Hendershot LM. Two distinct 
stress signaling pathways converge upon the CHOP 
promoter during the mammalian unfolded protein response. 
J Mol Biol. 2002; 318:1351–1365.

36. Harding HP, Zhang Y, Ron D. Protein translation and 
folding are coupled by an endoplasmic-reticulum-resident 
kinase. Nature. 1999; 397:271–274.

37. Huang H, Chen D, Li S, Li X, Liu N, Lu X, Liu S, Zhao K,  
Zhao C, Guo H, Yang C, Zhou P, Dong X, et al. Gambogic 
acid enhances proteasome inhibitor-induced anticancer 
activity. Cancer Lett. 2011; 301:221–228.

38. Huang H, Zhang X, Li S, Liu N, Lian W, McDowell E, 
Zhou P, Zhao C, Guo H, Zhang C, Yang C, Wen G, Dong X,  
et al. Physiological levels of ATP negatively regulate 
proteasome function. Cell Res. 2010; 20:1372–1385.

39. Huang H, Liu N, Guo H, Liao S, Li X, Yang C, Liu S, Song W,  
Liu C, Guan L, Li B, Xu L, Zhang C, et al. L-carnitine is an 
endogenous HDAC inhibitor selectively inhibiting cancer 
cell growth in vivo and in vitro. PLoS One. 2012; 7:e49062.

40. Shi X, Chen X, Li X, Lan X, Zhao C, Liu S, Huang H, Liu N,  
Liao S, Song W, Zhou P, Wang S, Xu L, et al. Gambogic 
acid induces apoptosis in imatinib-resistant chronic myeloid 
leukemia cells via inducing proteasome inhibition and 
caspase-dependent Bcr-Abl downregulation. Clin Cancer 
Res. 2014; 20:151–163.

41. Chou TC, Talalay P. Quantitative analysis of dose-effect 
relationships: the combined effects of multiple drugs or 
enzyme inhibitors. Adv Enzyme Regul. 1984; 22:27–55.


