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Abstract: For limited clinical benefits and acquired resistance by sorafenib, new therapeutic strategies and molecu-
lar targets for the treatment of advanced hepatocellular carcinoma (HCC) are urgently needed. This study aimed 
to evaluate the potential antitumor effects of the second-generation proteasome inhibitor delanzomib on HCC. 
The results demonstrated that delanzomib displayed excellent antitumor activity on HCC cells with sensitivity or 
resistance to sorafenib in a time- and dose-response manner, by inducing G2/M cell cycle arrest and apoptosis in 
vitro. Cell cycle arrest was associated with the activation of p21/Cdc2/cyclin B1 pathway, and cell apoptosis was 
confirmed by PARP and caspase-3 cleavage. In addition, delanzomib induced endoplasmic reticulum stress (ERS) in 
HCC cells by activating the PERK and ERS-associated proteins including p-eIF2α, ATF4 and CHOP. Selective inhibi-
tion of eIF2α dephosphorylation by salubrinal could significantly reduce delanzomib-induced apoptosis in HCC cells. 
In vivo, delanzomib could also exhibit effective antitumor properties on patient-derived xenograft mouse model of 
HCC with relative low drug-associated cytotoxicity. Compared to control group, 3 and 10 mg/kg of delanzomib sig-
nificantly reduced the tumor volume by 33.1% and 87.2% respectively after 3 weeks treatment, with no significant 
change on the body weight and the level of serum biochemical indexes including ALT, AST and BUN. In conclusion, 
delanzomib could exhibit good pre-clinical antitumor effects against HCC cells by inducing ERS and activating the 
PERK/eIF2α/ATF4/CHOP pathway, as potential drug candidate on treatment of advanced HCC patients.
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Introduction

Hepatocellular carcinoma (HCC) is the second 
most frequent solid tumor and the third leading 
cause of cancer related death all over the world 
[1]. And this situation is more severe in far east-
ern countries [2]. Surgery is the most effective 
treatment for the early stages of HCC, but over 
70% of HCC patients are already in the 
advanced stage under the first diagnose, with-
out indication for surgical resection [3]. 
Sorafenib is the standard treatment regimen 
for advanced HCC [4]. However, its survival ben-
efit is only 3 months with many side effects [5]. 

Moreover, HCC relapse is quickly even for the 
initial responders to sorafenib [6]. Therefore, 
there is an urgent need for development of new 
therapeutic strategies and identification of new 
molecular targets for advanced HCC patients.

Proteasome inhibitor is a series of molecular 
targeted agents used to prevent the degrada-
tion of pro-apoptotic factors and lead the accu-
mulation of misfolded proteins, which might 
trigger the activation of the apoptotic pathway 
and promote the programmed death of cancer 
cells [7]. Previous studies identified the link 
between abnormal proteasome activity and 
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HCC progression, and proteasome inhibitors 
were considered to be potential agents for HCC 
treatment [8]. Bortezomib, a first-generation 
proteasome inhibitor approved by FDA for treat-
ment of multiple myeloma (MM) [9, 10], has 
demonstrated as anti-proliferative and pro-
apoptotic effects on HCC in pre-clinical re- 
searches [8]. However, a multi-center single-
arm phase II study in patients with nonsurgical 
or metastatic HCC showed that bortezomib 
could be well tolerated, but lacked significant 
clinical efficacy [11]. And the mechanisms was 
not fully elucidated yet [8].

On the other hand, the next-generation protea-
some inhibitors have been developed for  
further improving the drug efficacy, minimize 
the toxicity and avoid resistance on treatment 
of hematologic tumors. Among them, delanzo-
mib (CEP-18770), a second generation revers-
ible proteasome inhibitor, produces cytotoxic 
effects via inhibiting chymotrypsin-like activity 
of the proteasome with a significantly lower 
IC50 value compared to other proteasome 
inhibitors [12]. Followed with administration of 
the equivalent doses, delanzomib demonstrat-
ed greater and more sustained binding to the 
β5/β1 proteasome subunits than bortezomib, 
with 86% inhibition of the proteasome activity 
compared with 48% for bortezomib [12, 13]. 
More interestingly, delanzomib overcame the 
acquired bortezomib-resistance originated 
from a mutation in β5 subunit protein in vitro 
[14]. In vivo, delanzomib could also produce 
antitumor effects on bortezomib-resistant MM 
cells, and the additional delanzomib induced a 
substantial delay on the disease progression of 
bortezomib-resistant tumors [15].

However, no studies were conducted to evalu-
ate the antitumor effects of delanzomib on 
HCC. And whether delanzomib remains active 
in sorafenib-resistant HCC cells was still 
unclear. Herein, we speculated that delanzomib 
could exhibit excellent antitumor effect on HCC 
cells by inducing G2/M cell cycle arrest and cell 
apoptosis in vitro, and significantly suppressed 
the HCC tumor growth in vivo with relative low 
systemic cytotoxicity. Moreover, delanzomib 
could induce endoplasmic reticulum stress 
(ERS) in HCC through activating the PERK  
and subsequent ERS-associated proteins in- 
cluding p-eIF2α, ATF4 and CHOP. Interestingly, 
sorafenib-resistant HCC cell remained sensi-
tive to delanzomib.

Material and methods

Chemicals and reagents

Delanzomib was purchased from Meilun Bio- 
technology (Dalian, China) and dissolved in 
DMSO as the 10 mM stock solutions for appli-
cation. Working solutions were prepared by 
diluting the stock solution to the indicated  
concentrations immediately before treatment. 
The final concentration of DMSO is less than 
0.1% in all experiments. Salubrinal was pur-
chased from Beyotime Biotechnology (Shang- 
hai, China). Primary antibodies against PARP 
(#9532), Cleaved PARP (#32563), Cleaved cas-
pase-3 (#9664), P21 (#2947), Cdc2 (#28439), 
p-Cdc2 (#4539), Cyclin B1 (#4135), PERK (#56- 
83), eIF2α (#2103), CHOP (#2895) and β-actin 
(#4970) were purchased from Cell Signaling 
Technology (Danvers, MA, USA). p-PERK (ab19- 
2591), p-eIF2α (ab32157), ATF4 (ab184909) 
and anti-Ki67 antibodies (ab15580) were pur-
chased from Abcam (MA, USA).

Cell culture

Human HCC cell lines HCC-LM3, SK-hep-1, 
SUN-449, HepG2 and human normal liver cells 
LO2 were obtained from China Center for Type 
Culture Collection (CCTCC). Immortalized por-
cine hepatocyte line HepLi was kindly provided 
by Prof. Lanjuan Li of Zhejiang University. All cell 
lines were cultured in minimum essential medi-
um (MEM，Gibco-Invitrogen, USA) supplement-
ed with 10% fetal bovine serum and antibiotics 
(100 U/ml penicillin and 100 μg/ml strepto- 
mycin), in humidified air at 37°C with 5% CO2. 
Sorafenib-resistant HCC cell line (SK-sora-5) 
was established in our laboratory based on 
continuous exposure to sorafenib using a dose-
stepwise incremental strategy from SK-hep-1 
as described in our previous publication  
[16], and maintained in medium containing  
5 μM sorafenib before all experimental 
procedures.

Mice

Female aged 4 weeks of athymic nude (nu/nu) 
mice and NOD/SCID mice were purchased from 
Shanghai SLAC animal facility. Animals were 
housed in a specific pathogen-free (SPF) mouse 
facility at the animal centre of the first affiliated 
hospital, Zhejiang University. All animals care 
and experiments were conducted according to 
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the guidelines of Zhejiang university animal 
care committee.

MTT assay

To assay the anti-proliferation effect of delanzo-
mib, cells were suspended at a final concentra-
tion of 1×104 cells/ml and seeded in 96-well 
tissue culture plates. After one night of incuba-
tion, the designated columns were treated with 
drug regimes. Four hours prior to the end of 
time point, MTT solution (5 mg/ml) was added. 
The formazan crystals were dissolved in 150 μL 
DMSO after 4 h incubation and the optical den-
sities at 570 nm were measured with a univer-
sal microplate reader (Bio-Rad, Sunnyvale, CA). 

Colony-forming assay

Cells were seeded into 60-mm tissue culture 
dishes in triplicates at a density of 1000 cells/
dish and cultured in a humidified incubator at 
37°C with 5% CO2 overnight. Then, the cells 
were incubated with or without delanzomib for 
about two weeks until colonies were visible. 
The cell colonies were stained with giemsa.

Analysis of cell cycle

Cell cycle distribution was assessed by flow 
cytometric analysis. Briefly, after drug exposure 
for 48 h, both detached and attached cells 
were harvested and washed twice with cold 
phosphate buffer solution (PBS), and then fixed 
in 75% ethanol. Prior to analysis, cells were 
washed again and incubated in PBS containing 
100 μl/ml RNase and 40 μl/ml propidium 
iodide (PI) at room temperature for 0.5 h. Cell 
cycle distribution was determined using a 
Coulter Epics V instrument (Beckman Coulter, 
FL, USA).

Analysis of apoptosis

Cell apoptosis was analyzed using the Annexin 
V-FITC/PI apoptosis detection kit according to 
the manufacturer’s instruction (Beyotime, 
Shanghai, China). Briefly, cells were harvested 
and washed twice with cold PBS after treat-
ment with different concentrations of delanzo-
mib for 48 h. Then the cells were suspended 
with 400 μl of binding buffer, 5 μl of Annexin V 
antibody conjugated with fluorescein isothiocy-
anate (FITC) and 5 μl of PI solution. After being 
stained in the mixture for 15 min at room tem-
perature in the dark, apoptotic cell ratio was 

detected by flow cytometry (Beckman Coulter, 
FL, USA).

Western blot analysis

Total protein was obtained by lysing cellular 
sample in cold RIPA buffer (50 mM Tris-HCl [pH 
8.0], 150 mM NaCl, 0.1% SDS, 0.5% sodium 
deoxycholate, 1% Triton-X100, 1 mM EDTA) 
with 1% protease and phosphatase inhibitor 
cocktail (Beyotime, Shanghai, China). Equal 
amounts (30 μg/lane) of proteins were sepa-
rated by electrophoresis on a 12% SDS-PAGE 
gel and transferred to nitrocellulose mem-
branes (Millipore, USA) following conventional 
protocols. Before immunoblotted, membranes 
were blocked in 5% non-fat milk in Tris-buffered 
saline containing 0.1% (v/v) Tween 20 at room 
temperature for 1 h. Then, the membranes 
were incubated overnight at 4°C with the pri-
mary antibodies described in section “Chemi- 
cals and reagents”. Protein bands on the mem-
branes were detected by incubating with horse-
radish peroxidase (HRP) conjugated antibod-
ies. Immunoreactive bands were visualized 
using ECL kits in accordance with the manufac
turer’s instructions (Abcam, MA, USA). β-actin 
levels were also analyzed as controls for pro-
tein loading.

Patient-derived xenograft (PDX) mouse model

HCC tissue for PDX model was obtained from 
the first affiliated hospital of Zhejiang University. 
The patient was asked informed consent 
according to the regulation concerning human 
samples in the first affiliated hospital of 
Zhejiang University. PDX model was established 
as previous publication described [17]. Fresh 
tumor tissue was incubated in ice-chilled  
high-glucose DMEM with 10% FBS, 100 U/ml  
penicillin and 100 μg/ml streptomycin and  
processed rapidly for engraftment. After the 
removal of necrotic tissue, the tumor speci-
mens were partitioned into 2 mm3 sections 
approximately and transplanted into the right 
flanks of NOD/SCID mice (female, 5-6 weeks 
old) subcutaneously with a no. 20 trocar under 
aseptic conditions. Once the diameter of the 
subcutaneous tumor reached 1 cm, it was par-
titioned into pieces (about 2 mm3) and then 
subcutaneously implanted into the flanks of 
4-5 weeks old athymic nude mice. Three days 
after implantation, the mice were randomly 
divided into 3 groups and treated with different 
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Results

Delanzomib preferentially inhibits HCC cells 
proliferation compared with normal liver cells

To explore the effect of delanzomib on HCC 
cells proliferation, MTT assay was adopted to 
examine the cell viability on four HCC cell lines 
(HCC-LM3, SK-hep-1, SUN-449 and HepG2) 
and two normal liver cells (LO2 and HepLi). As 
shown in Figure 1A, delanzomib substantially 
inhibited HCC cells proliferation, and the IC50 
values of HCC cell lines after treatment with 
delanzomib for 72 h were all below 30 nM, 
ranged from 7.4 nM to 29.8 nM. However, the 
IC50 values of delanzomib on normal liver cells 
LO2 and HepLi were 152.7 nM and 168.5 nM 
respectively and significantly higher than HCC 
cell lines (P<0.001). Meanwhile, we selected 
HCC-LM3 cells with the most sensitivity as an 
example. Delanzomib inhibited HCC-LM3 cell 
proliferation in a time- and dose-dependent 
manner (Figure 1B). Morphological observation 
showed that delanzomib significantly affected 
the shape and reduced the adhesive force of 
HCC-LM3 cells in comparison with control 
group after treatment with delanzomib (10 nM 
and 20 nM) at 48 h. A typical morphological 
feature of apoptotic cells could also be 
observed, and cells became rounded and 
detached from the substrate as shown in upper 
panel of Figure 1C. Moreover, compared to the 
control group, HCC-LM3 cells showed fewer 
and smaller colonies after being treated by 
delanzomib (upper panel of Figure 1D). 
However, these phenomenons were not 
observed in normal liver cells (lower panels of 
Figure 1C, 1D). 

Delanzomib induces G2/M cell cycle arrest 
and apoptosis in HCC cells

To clarify delanzomib-induced anti-proliferation 
effect on HCC cells, the cell cycle phase distri-
butions of HCC-LM3 cells was examined by flow 
cytometry analysis. As shown in Figure 2A, 
after treatment with 10 nM and 20 nM of delan-
zomib for 48 h, the proportion of cells at G2/M 
phase increased significantly from 20.7% to 
37.0% and 52.1% (P<0.05), respectively. 
Furthermore, a detailed analysis of the proteins 
expression involved under the control of G2/M 
phase in cell cycle progress was conducted. 
Treatment with delanzomib for 48 h resulted in 

regimens based on previous studies [12, 15]: 
(1) vehicle; (2) delanzomib at 3 mg/kg and (3) 
delanzomib at 10 mg/kg (n=6 per group). The 
treatment regimens were repeated twice week-
ly (W, F) via IV injection for 3 weeks in a volume 
of 10 ml/kg body weight of mice. The body 
weight and tumor volume of mice were mea-
sured twice every week until the animals were 
terminated. Tumor size was measured using a 
caliper. Tumor volume was calculated using the 
formula: tumor volume = length × (width)2 × 
0.5. After the animals were terminated, the 
tumor tissue samples from mice were isolated 
and weighted. All experiment protocols were 
approved by the research ethics committee of 
the first affiliated hospital, Zhejiang University 
(No. 2017-720).

Immunohistochemical staining and TUNEL as-
say

Immunohistochemistry analysis was carried 
out as previously described [18]. Briefly, tumor 
tissues and organs (liver and kidney) were fixed 
in 10% formalin, paraffin-embedded, sliced, 
and collected on coated slides for HE staining. 
Ki-67 staining was performed after dewaxing 
and rehydration of tumor sections on slides. 
TUNEL assay with situ cell death kit was adopt-
ed for analysis of the apoptosis induction in the 
tumor tissue specimen as the manufacturer’s 
instructions (Meilun, Dalian, China). 

Biochemical indexes detection

Routine biochemical indexes including alanine 
aminotransferase (ALT), aspartic aminotrans-
ferase (AST) and blood urea nitrogen (BUN) 
were analyzed in serum samples of mice by 
automatic biochemical analyzer (Mindray 
BS-800, China).

Statistical analysis

All experiments were performed in triplicate 
unless otherwise noted. Results were present-
ed as mean ± standard deviation (SD). 
Comparisons between two groups were made 
using one-way analysis of variance (ANOVA) fol-
lowed by Dunnett’s test by statistical software 
SPSS version 22.0 (SPSS, Chicago, IL, USA). P 
value less than 0.05 was considered to be sta-
tistically significant. 
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Figure 1. Delanzomib preferentially inhibits HCC cells proliferation compared with normal liver cells in vitro. A. The 
IC50 values of delanzomib were determined for each HCC cell lines and normal liver cell lines after treatment for 
72 h. B. HCC-LM3 cells were treated with increasing doses of delanzomib for indicated time, and cell viability was 
assessed by the MTT assay. C. Morphological observation of HCC-LM3 and HepLi cells after treated with 10 and 20 
nM of delanzomib for 48 h by an inverted microscope under 40× magnification. D. Colony formation of HCC-LM3 and 
HepLi cells after treatment with or without delanzomib. Data are presented as mean ± SD from three independent 
experiments. ***P<0.001 HCC cells vs. normal liver cells. CTL, control.

an increased expression of the inhibitor of 
cyclin-dependent kinase p21 and a decrease 
expression on Cdc2, pCdc2 and cyclin B1 pro-
tein levels (Figure 2C) (The Original image of 
WB scan is shown in the Supplementary Figure 
1).

Moreover, annexin V-FITC and PI staining were 
used to assess cell apoptosis. As shown in 
Figure 2B, compared with controls, the ratio of 
apoptotic cells significantly increased from 
3.2% to 9.8% and 18.5% after being exposed to 
10 nM and 20 nM of delanzomib for 48 h in 
HCC-LM3 cells (P<0.05), respectively. In addi-
tion, delanzomib exposure lead to a stronger 
cleavage of poly ADP-ribose polymerase (PARP) 
and caspase-3 (Figure 2D) (The Original image 
of WB scan is shown in the Supplementary 
Figure 2). 

Sorafenib-resistant HCC cell remained sensi-
tive to delanzomib

Acquired resistance limited the clinical efficien-
cy of sorafenib. In order to illuminate whether 
delanzomib remained active in sorafenib-resis-
tant HCC cells, a sorafenib-resistant HCC cell 
line (SK-sora-5) was established based on con-
tinuous exposure to sorafenib using a dose-
responsed incremental strategy from SK-hep-1 
as described in our previous publication [16]. 
The sensitivities of SK-hep-1 and SK-sora-5 to 
sorafenib were examined. The IC50 values 
after treatment with sorafenib for 72 h were 
3.81 and 8.46 μM, respectively (P<0.01, Figure 
3A). Interestingly, delanzomib inhibited cell pro-
liferation in a time- and dose-dependent man-
ner without significant difference between two 
cell lines (Figure 3B, 3C). The IC50 of delanzo-
mib to SK-hep-1 and SK-sora-5 after treatment 
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Figure 2. Delanzomib induces G2/M cell cycle arrest and apoptosis in HCC-LM3 cells. (A) After treated with delan-
zomib as indicated concentrations in HCC-LM3 cells for 48 h, the cell cycle phase distribution was analyzed after 
staining with propidium iodide by flow cytometry, and the data of cell cycle distribution was summarized. (B) Cell 
apoptosis was assessed by Annexin V-FITC/PI flow cytometry analysis and the data of apoptotic percentage was 
summarized. Western blot analysis of p21, Cdc2, pCdc2 and Cyclin B1 proteins for cell cycle arrest (C) and PARP, 
Cleaved PARP, Cleaved caspase-3 proteins for cell apoptosis (D) were conducted after treatment with delanzomib 
for 48 h. β-actin was analyzed as control for protein loading. Number indicated relative abundance (arbitrary unit). 
Data are presented as mean ± SD from three independent experiments. *P<0.05; **P<0.01. CTL, control.

for 24, 48 and 72 h were 51.3, 15.8, 10.7 nM 
vs. 46.3, 18.8 and 13.1 nM, respectively 
(P>0.05, Figure 3D). Morphological observa-
tion (Figure 3E) and colony formation assays 
(Figure 3F) also demonstrated that the anti-
proliferational activity of delanzomib is similar 
between SK-hep-1 and SK-sora-5 cells. 
Delanzomib (10 nM and 20 nM) significantly 
affected the shape and reduced the adhesive 
force after 48 hours’ treatment, and resulted in 
fewer and smaller colonies than the control 
group of both cell lines. Moreover, after the 
treatment with 10 nM and 20 nM delanzomib 
for 48 h, the proportion of cells at G2/M phase 
was increased significantly from 21.6% to 

33.3% and 57.0% for SK-hep-1 cell (P<0.05), 
and from 25.9% to 36.4% and 58.9% for 
SK-sora-5 cell (P<0.05), respectively (Figure 
3G, 3H). Meanwhile, treatment with delanzo-
mib resulted in increment on the expression of 
p21 and decrement on Cdc2, pCdc2 and cyclin 
B1 protein levels in both sorafenib sensitive 
and resistant HCC cell lines (Figure 3I) (The 
Original image of WB scan is shown in the 
Supplementary Figure 3). Taken together, all 
these results further confirmed that delanzo-
mib could effectively inhibit proliferation of HCC 
cells. More interestingly, it also indicated that 
sorafenib-resistant HCC cell remained sensi-
tive to delanzomib.
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Figure 3. Sorafenib-resistant HCC cell remains sensitive to delanzomib. A. The IC50 values of sorafenib in SK-hep-1 
and SK-sora-5 (a sorafenib-resistant HCC cell line) after treatment for 72 h were analyzed. B-D. After treatment with 
delanzomib for indicated time, cell viability of SK-hep-1 and SK-sora-5 was analyzed by MTT assay, and IC50 values 
were determined for both HCC cell lines. E. Morphological observation of cells after treated with delanzomib for 48 h 
by an inverted microscope under 40× magnification. F. Colony formation assay of SK-hep-1 and SK-sora-5 cell lines 
after treatment with or without delanzomib. G. Cell cycle phase distributions of both HCC cell lines were analyzed by 
flow cytometry after treatment with delanzomib for 48 h. H. Data of cell cycle distribution was summarized. I. West-
ern blot was used to analyze the expression of proteins related to G2/M cell cycle arrest after treatment with delan-
zomib for 48 h. β-actin was analyzed as control for protein loading. Number indicated relative abundance (arbitrary 
unit). Data are presented as mean ± SD from three independent experiments. *P<0.05; **P<0.01. CTL, control.

ERS triggered delanzomib-induced apoptosis 
through PERK/eIF2α/ATF4/CHOP pathway

As shown in Figure 4A, delanzomib could 
induce apoptosis in SK-hep-1 and SK-sora-5 
cells. Compared to the control group, after 
being exposed to 10 nM and 20 nM of delanzo-
mib for 48 h, the percentages of apoptotic cells 
were increased significantly from 5.9% to 
13.4% and 23.3% for SK-hep-1 (P<0.05) and 
from 6.1% to 11.3% and 20.5% for SK-sora-5 
(P<0.05), respectively. Moreover, delanzomib 
could lead to a strong cleavage of PARP and 
caspase-3 in both cell lines on protein level 
(Figure 4B) (The Original image of WB scan is 
shown in the Supplementary Figure 4). For fur-
ther investigate the underlying molecular 
mechanisms of delanzomib-induced apoptosis 
in HCC cells, we mainly focused on the ERS, an 
important mechanism for cell apoptosis based 
on previous reports [19, 20]. As shown in Figure 
4C, delanzomib could up-regulate ERS-asso- 
ciated proteins in a concentration-dependent 
manner in both sorafenib sensitive and resis-
tant HCC cells. After treatment with delanzomib 
on SK-hep-1 and SK-sora-5 cells for 48 h, the 
protein levels of p-PERK and p-eIF2α were sig-
nificantly increased, whereas total PERK and 
eIF2α remained unchanged. Moreover, the pro-
tein levels of ATF4 and CHOP were also 
increased (The Original image of WB scan is 
shown in the Supplementary Figure 5). To fur-
ther verify the role of ERS in delanzomib-
induced apoptosis, salubrinal as a selective 
inhibitor of eIF2α dephosphorylation, was 
adopted to co-treated HCC cells with delanzo-
mib. Interestingly, salubrinal significantly re- 
duced delanzomib-induced apoptosis in both 
HCC cells (Figure 4D). The ratio of apoptotic 
cells decreased from 25.7% to 12.3% for 
SK-hep-1 (P<0.01) and from 22.8% to 11.5% 
for SK-sora-5 (P<0.01), respectively. All these 
data demonstrated that delanzomib could 
induce the activation of ERS, and ERS could 

trigger delanzomib-induced apoptosis through 
the PERK/eIF2α/ATF4/CHOP pathway in HCC 
cells despite they were sensitive or resistant to 
sorafenib.

Delanzomib suppressed HCC tumor growth in 
PDX mouse model

In order to further verify the anti-HCC proper-
ties of delanzomib in vivo, PDX mouse model of 
HCC was established and administered with 
delanzomib (3 and 10 mg/kg) via IV injection. 
Compared to the control group, the tumor 
growth rate was significantly lower in delanzo-
mib treated groups in a dose-dependent man-
ner. After 3 weeks of treatment, 3 and 10 mg/
kg of delanzomib treatment significantly 
reduced the tumor volume by 33.1% and 87.2% 
(P<0.05, Figure 5A), and tumor weight by 
46.0% and 81.2% respectively (P<0.05, Figure 
5B, 5C). Furthermore, removed HCC xenograft 
tumors were tested by immunohistochemistry 
staining with Ki-67 and TUNEL. Compared to 
control group, Ki-67-positive cells were signifi-
cantly decreased from 24.3% to 5.3% (P<0.01, 
Figure 5D). Correspondingly, the number of 
TUNEL-positive cells in tumor tissues were 
increased from 3.2% to 25.3% (P<0.01, Figure 
5E) after treatment with 10 mg/kg of delanzo-
mib for 3 weeks. These results demonstrated 
that delanzomib could inhibit HCC cell prolifera-
tion and induced apoptosis in vivo.

Delanzomib exhibited relative low drug-associ-
ated cytotoxicity in vivo

Furthermore, drug-associated cytotoxicity of 
delanzomib in vivo was monitored by analysis 
on body weight alterations, serum ALT, AST and 
BUN levels, and pathological changes of liver 
and kidney tissues by immunohistochemistry 
staining. As shown in Figure 6A, compared with 
control group, no obvious difference on body 
weight of mice was found after 3 weeks’s treat-
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found on ALT, AST and BUN levels after treat-
ment by delanzomib (P>0.05), and all these  
biochemical indexes were presented within  
the normal range (Figure 6C-E). HE staining 
showed that delanzomib did not cause any 

Figure 4. ERS triggers delanzomib-induced apoptosis through the PERK/eIF2α/ATF4/CHOP pathway. A. Cell apop-
tosis of SK-hep-1 and SK-sora-5 cell lines was assessed by Annexin V-FITC/PI analysis after treatment with delan-
zomib for 48 h and the data of apoptotic percentage was summarized. B. Western blot analysis of PARP and cas-
pase-3 proteins after treatment with delanzomib for 48 h. C. SK-hep-1 and SK-sora-5 were treated with indicated 
concentrations of delanzomib for 48 h. The expression of PERK, p-PERK, eIF2α, p-eIF2α, ATF4 and CHOP were 
analyzed by western blot analysis. β-actin was analyzed as control for protein loading. Number indicated relative 
abundance (arbitrary unit). D. Selective inhibition of the eIF2α dephosphorylation with salubrinal could significantly 
reduce delanzomib-induced apoptosis in HCC cells. SK-hep-1 and SK-sora-5 cells were pretreated with salubrinal 
(20 μM) for 24 h before being treated with delanzomib (10 or 20 nM) for another 48 h. The cell apoptosis ratio was 
assessed by Annexin V-FITC/PI flow cytometry analysis. Data are presented as mean ± SD from three independent 
experiments. *P<0.05; **P<0.01. CTL, control.

ment of delanzomib. After removal of tumor, 
there was no significant difference for the  
net body weight of mice between each group  
at the end of the experiment (P>0.05, Figure 
6B). Moreover, no significant effect was  
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Figure 5. Delanzomib suppresses HCC tumor growth in PDX mouse model. Significant inhibition on the tumor vol-
ume (A) and tumor weight (B) at the end of experiments after 3 weeks of treatment with delanzomib at 3 or 10 mg/
kg via IV injection twice weekly compared with the control group. (C) Tumor masses with or without delanzomib treat-
ment. (D) Immunohistochemistry detected the expression levels of Ki-67 in tumor tissues (200× magnification). (E) 
TUNEL staining measured cell apoptosis in tumor tissues (300× magnification). Data are presented as mean ± SD 
(n=6). *P<0.05; **P<0.01; ***P<0.001. CTL, control.

acute injury to liver and kidney tissues either 
(Figure 6F). 

Discussion

Proteasome inhibitor therapy has revolution-
ized the treatment of multiple myeloma, and 
targeting proteasomes is also considered  
as a promising strategy for solid tumor treat-
ment because it selectively kills tumor cells 
[21]. However, although some preclinical stud-

ies have suggested that proteasome inhibition 
by bortezomib might be a viable therapeutic 
strategy for HCC [22-24], clinical results in 
patients with advanced HCC were disappointed 
[11]. Therefore, understanding the molecular 
basis of resistance to bortezomib in patients 
with HCC will aid in the development of thera-
peutic strategies to overcome bortezomib 
resistance. Current views consider that in addi-
tion to the defects on proteasome and its 
downstream, clinical resistance might be attrib-
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Figure 6. Delanzomib exerts relative low drug-associated cytotoxicity in vivo. A. No significant difference on body 
weight alterations of mice was found between different groups during 3 weeks of treatment with delanzomib. B. The 
net body weight of mice after tumor removal at the end of the experiment. C-E. The levels of ALT, AST and BUN in 
serum of mice were detected using automatic biochemical analyzer. F. HE staining was used to observe the histo-
pathological feature of tissues, and showed that delanzomib did not cause any acute injury to liver and kidney (200× 
magnification). Data are presented as mean ± SD (n=6). N.S., P>0.05. CTL, control.

uted to the pharmacokinetic factors with im- 
pacts on stability, metabolism, and tissue deliv-
ery of bortezomib [25]. Previous studies dem-
onstrated that delanzomib, a second-genera-
tion proteasome inhibitor, could inhibit tumor 
proteasome activity to a significantly higher 
extent compared to bortezomib, while delanzo-
mib inhibited the proteasome in normal tissues 

with equal potency compared to bortezomib 
[12, 14]. Therefore, delanzomib was adopted in 
the present study to analyze its potential antitu-
mor effects on normal and sorafenib-resistant 
HCC cells. Our results showed that delanzomib 
displayed excellent antitumor effects on HCC 
cells in a time and dose dependent manner by 
inducing G2/M cell cycle arrest with activation 
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Figure 7. Schematic model illustrating the potential inhibitory mechanism of delanzomib against HCC.

on p21/Cdc2/cyclin B1 pathway and cell apop-
tosis with PARP and caspase-3 cleavage in 
vitro. Moreover, delanzomib also suppressed 
the HCC tumor growth in PDX mouse model 
with relative low drug-associated cytotoxicity in 
vivo. Most interestingly, delanzomib remained 
active in sorafenib-resistant HCC cells.

In order to further investigate the potential 
mechanism of delanzomib-induced apoptosis 
in HCC cells, we focused on the ERS on HCC 
cells after treatment with delanzomib. ERS, 
also known as unfolded protein response 
(UPR), was present when unfolded or misfolded 
proteins accumulate in the endoplasmic reticu-
lum lumen [26]. Normally, in response to ERS, 
cells could up-regulate the molecular chaper-
ones to restore protein homeostasis in the 
endoplasmic reticulum, either through the 
boosting of protein-folding and degradation 
capability or by assuaging the demands for 
such effects [27]. This response initially com-
pensates cell damage and restores the proper 
homeostasis of the endoplasmic reticulum, but 
could ultimately activate apoptosis in response 
to intense or sustained ERS [28, 29]. Previous 
studies have shown that proteasomes play a 
critical role in clearing unfolded and misfolded 
proteins [30], and proteasome inhibitors could 
inhibit the degradation of misfolded proteins 
and trigger ERS [7]. In our present study, we 
also demonstrated that delanzomib could 
induce ERS in HCC through activating the PERK 
as one of the major endoplasmic reticulum 
transmembrane proteins with regulation on the 
signaling pathways of ERS. In addition, treat-

ment with delanzomib also led to the increased 
expression of ERS-associated proteins in HCC 
cells, including p-eIF2α, ATF4 and CHOP. In the-
ory, PERK could phosphorylate eIF2α, leading 
to the selective translation of ATF4. Moreover, 
under the condition of prolonged ERS, ATF4-
CHOP-mediated induction of several pro-apop-
totic genes will further result the cell apoptosis 
[31]. CHOP is the most characteristic regulator 
in the transition from ERS to apoptosis and 
plays a key role in the ERS response as a pro-
apoptotic transcriptional factor [32]. Therefore, 
based on our results, we speculated that during 
ERS induced by delanzomib in HCC cells, the 
ERS kinase PERK was activated, transducing 
the ERS signal through phosphorylation of its 
downstream effectors eIF2α, and increasing 
the expression of ATF4 and CHOP. ERS could 
trigger the delanzomib-induced apoptosis 
through the PERK/eIF2α/ATF4/CHOP pathway 
in both sorafenib sensitive and resistant HCC 
cells.

Although our present study demonstrated good 
pre-clinical efficacy of delanzomib on HCC, two 
important issues need to be noted and further 
studies are required. The first issue is the 
acquired resistance for proteasome inhibitors. 
Like bortezomib, acquired drug resistance is 
often mentioned both in pre-clinical and clinical 
studies [33]. The identified resistance mecha-
nisms includes the over-expression of CIP2A/
AKT pathway and proteasome subunits in HCC 
[22, 34]. In addition, autophagy is thought to be 
another cellular process associated with 
acquired drug resistance of proteasome inhibi-
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tors [35, 36]. As we known, besides protea-
some, autophagy might also contribute to 
degrade the unfolded proteins and engulf over-
loaded parts of the endoplasmic reticulum. 
Therefore, HCC cells might be adapted to gain 
advantages through the ERS-induced autopha-
gy by keeping the cells away from apoptosis 
and promoting survival [27]. However, it is 
unclear whether the acquired resistance to 
delanzomib will occur in HCC and further stud-
ies are needed. Another issue needed to be 
noted is the tumor heterogeneity of HCC, which 
attributed to the different characteristics of dif-
ferentiation, genetic defects, different ethnic 
origins and the biological behavior of HCC cell 
lines [37]. For example, lacking functional p53 
may lead to the transient resistance and the 
delayed pro-apoptotic effects of proteasome 
inhibitors in HCC cells [38]. Therefore, the 
assortment of underlying pathologies com-
bined with the inherent heterogeneity of HCC 
might be related to the efficacy of delanzomib 
in HCC clinical trials. This is also interesting 
worthy for indepth research.

Our study has three important implications 
(Figure 7). First, delanzomib exhibited excellent 
antitumor effect against HCC cell lines by induc-
ing G2/M cell cycle arrest and cell apoptosis in 
vitro, and significantly suppresses HCC tumor 
growth in vivo with relative low systematic cyto-
toxicity. Second, ERS triggered delanzomib-
induced apoptosis in HCC cells through the 
PERK/eIF2α/ATF4/CHOP pathway. Third, delan-
zomib remained active in sorafenib-resistant 
HCC cells.

In summary, to the extent of our knowledge, 
this is the first study to evaluate the antitumor 
effects of delanzomib in HCC. The results 
together with its known low toxicity make it pos-
sible that delanzomib might be a potential drug 
candidate for the patients with advanced HCC, 
as well as those relapsed HCC with resistence 
on sorafenib therapy in clinics, and worthy for 
further study.
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Supplementary Figure 1. The original western images for all relevant western blots including the whole membranes 
in Figure 2C.

Supplementary Figure 2. The original western images for all relevant western blots including the whole membranes 
in Figure 2D.
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Supplementary Figure 3. The original western images for all relevant western blots including the whole membranes 
in Figure 3I.

Supplementary Figure 4. The original western images for all relevant western blots including the whole membranes 
in Figure 4B.

Supplementary Figure 5. The original western images for all relevant western blots including the whole membranes 
in Figure 4C.


