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Abstract
A novel proteasome deubiquitinase inhibitor, VLX1570, has been highlighted as a 
promising therapeutic agent mainly for lymphoid neoplasms and solid tumors. We 
examined in vitro effects of VLX1570 on eight myeloid and three lymphoid leuke-
mia cell lines. From cell culture studies, 10 out of 11 cell lines except K562 were 
found to be susceptible to VLX1570 treatment and it inhibited cell growth mainly 
by apoptosis. Next, to identify the signaling pathways associated with apoptosis, 
we performed gene expression profiling using HL-60 with or without 50 nmol/L of 
VLX1570 for 3 hours and demonstrated that VLX1570 induced the genetic pathway 
involved in “heat shock transcription factor 1 (HSF1) activation”, “HSF1 dependent 
transactivation”, and “Regulation of HSF1 mediated heat shock response”. VLX1570 
increased the amount of high molecular weight polyubiquitinated proteins and the 
expression of HSP70 as the result of the suppression of ubiquitin proteasome sys-
tem, the expression of heme oxygenase-1, and the amount of phosphorylation in JNK 
and p38 associated with the generation of reactive oxygen species (ROS) induced 
apoptosis and the amount of phosphorylation in eIF2α, inducing the expression of 
ATF4 and endoplasmic reticulum (ER) stress dependent apoptosis protein, CHOP, and 
the amount of phosphorylation slightly in IRE1α, leading to increased expression of 
XBP-1s in leukemia cell lines. In the present study, we demonstrate that VLX1570 
induces apoptosis and exerts a potential anti-leukemic effect through the generation 
of ROS and induction of ER stress in leukemia cell lines.
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1  | INTRODUC TION

Acute myeloid leukemia (AML) is characterized by clonal expan-
sion of myeloid blasts in the peripheral blood and bone marrow.1 

The prognosis of patients with AML has been improved by advances 
in hematopoietic stem cell transplantation (HSCT).2,3 Dombret and 
Gardin reported that more than 80% of younger patients with AML 
reach complete remission with 5-year overall survival up to 40%.4 
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On the other hand, it is important for aged patients ineligible for 
HSCT to establish new treatment strategies for AML.5

Intracellular excessive accumulation of misfolded or damaged 
proteins reduces cell survival. The ubiquitin proteasome system 
(UPS) is a selective procedure to degrade unnecessary proteins, 
distinct from the autophagy-lysosome pathway.6,7 Misfolded or 
damaged proteins are marked by ubiquitin chains and degraded in 
the 20S core particle of proteasome. UPS routinely contributes to 
cellular processes including cell cycle progression and apoptosis, 
whereas perturbation of UPS leads to development of inflamma-
tory disorders, neurodegeneration, and cancer.8 Since turnover of 
protein synthesis in cancer cells is rapid as compared with those in 
normal cells, the role of UPS is further required.9 A 20S proteasome 
inhibitor, bortezomib, and carfilzomib have been reported to exert 
high sensitivity to various malignant cells and are currently used as 
the first-line therapy for patients with multiple myeloma.10,11

The cellular redox state is important as a decision factor of apop-
tosis.12 Generation of reactive oxygen species (ROS) is harmful for 
cells to cause oxidative stress induced apoptosis and serves the role 
of controlling apoptosis signaling pathways as the second messen-
ger.13 Previous reports showed that UPS inhibition by bortezomib 
induces apoptosis through ROS generation and endoplasmic reticu-
lum (ER) stress induction.14

Recently, the resistance to bortezomib has been recognized 
as a serious clinical problem. Different mechanisms have been 
described for bortezomib resistance, including mutations in the 
PSMB5 subunit and overexpression of this subunit.15 Proteasome 
deubiquitinases (DUBs) are the enzymes which remove ubiqui-
tin chains for proper proteasome degradation of polyubiquiti-
nated substrates.16 Novel proteasome DUBs inhibitors, b-AP15 
and VLX1570 (a derivative of b-AP15), predominantly target 
ubiquitin-specific protease 14 (USP14) and interfere with the 
proteasomal degradation by inhibiting the activities of the prote-
asome DUBs, such as USP14 and ubiquitin C-terminal hydrolase 
L5 (UCHL5) localized on the 19S proteasome.17,18 The antiprolif-
erative effect of these agents has been reported on several solid 
tumors19,20 and lymphoid malignancies.21-25 These agents lead to 
a similar pattern to the expression of genes induced by 20S pro-
teasome inhibitors26 and show high susceptibility to bortezomib-
resistant cells.27,28

In this study, we investigated the effect of VLX1570 on the 
growth of myeloid/lymphoid leukemia cell lines and demonstrated 
that it suppresses cell proliferation by inducing apoptosis through 
ROS generation and ER stress induction.

2  | MATERIAL S AND METHODS

2.1 | Reagents

VLX1570, purchased from Selleck Chemicals, was dissolved in dime-
thyl sulfoxide and stored at −80℃ with being protected from light. 
N-acetyl cysteine (NAC) and N,N’-dimethylthiourea (DMTU) were 

purchased from Sigma-Aldrich and mannitol from FUJIFILM Wako 
Pure Chemical Corporation.

2.2 | Cell lines and culture

A myelodysplastic syndromes (MDS)-derived cell line, MDS92, 
was established from the bone marrow of a patient with MDS. The 
MDS-L cell line was established as a blastic subline from the parental 
MDS92.29-31 MDS-L and F-36P were maintained in RPMI 1640 me-
dium supplemented with 10% fetal bovine serum and 100 U/mL IL-3. 
As human leukemia cell lines, myeloid cell lines HL-60, MOLM13, 
MV4-11 and OCI-AML3, a monocytic cell line THP-1, a chronic my-
elogenous leukemia-derived cell line K562, T lymphoblastic cell lines 
MOLT-4 and Jurkat, and a histiocytic lymphoma cell line U937 were 
used in this study. The morphological assessment was done with 
May–Gruenwald Giemsa-stained cytospin slides.

2.3 | Cell growth assay and MTT assay

Cell growth was assessed by counting living cells after trypan blue 
staining. Cell suspensions were plated into 96-well plates in the pres-
ence of the drug or solvent alone, incubated as above at 37℃ for 
24-48 hours, and analyzed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe
nyl tetrazolium bromide (MTT) assay.

2.4 | Apoptosis assay

Apoptosis was examined using an Annexin V Apoptosis Detection Kit 
(BD Pharmingen) and all samples were analyzed with FACSCalibur 
flow cytometer and CellQuest software (Becton Dickinson).

2.5 | Cell cycle analysis

Cells were fixed with 70% methanol for 30  minutes and treated 
with 2  mg/mL ribonuclease A (Nacalai Tesque) for 30  minutes at 
37℃, then with 50 μg/mL propidium iodide (PI; Sigma) for a further 
30 minutes at room temperature.

2.6 | Immunoblotting analysis

Cell lysates of all 11 cell lines were prepared in lysis buffer containing 
50 mmol/L Tris-HCL, 150 mmol/L NaCl, 1 mmol/L EDTA, 1% Triton X-
100, 0.05%, 1 mmol/L phenylmethylsulfonyl fluoride and 1 mmol/L 
Na3VO4. The lysates were separated by SDS-polyacrylamide gel 
electrophoresis and immunoblotting analysis was performed as pre-
viously described.32

Primary antibodies were obtained from Santa Cruz Biotechnology 
(bcl-2, Bcl-x S/L), Cell Signaling Technology (cleaved-PARP [cPARP], 
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XBP-1s, CHOP, ATF4, eIF2α, phospho-eIF2α [S51], IREα, JNK, 
phospho-JNK [T183/Y185], cleaved caspase-3, −6, −8 and −9), 
Sigma-Aldrich (HSP70), Merck Millipore (anti-ubiquitin K48 [Apu2]), 
New England Biolabs Japan Inc. (p38, phospho-p38 [Thr180/ 
Tyr182]), BD Transduction Laboratories (BiP/GRP78), Invitrogen 
(phospho-IRE1α(Ser724)), and BioAcademia (ATF6). Horse-radish 
peroxidase-conjugated mouse and rabbit antibodies were from GE 
Healthcare Life Sciences.

For detection of the expression of XBP-1s, ATF4, and CHOP, the 
cells were lysed with the lysis buffer and incubated for 20 minutes 
on ice. After eliminating supernatant including cytosolic component 
by centrifugation at 18 000 g for 20min at 4℃, we prepared protein 
lysate extracted from the pellet including the nuclear component by 
heating for 10 minutes at 100℃ with sample buffer.

2.7 | Gene expression profiling and gene set 
enrichment analysis

Gene expression profiling of HL-60 cells was carried out in three 
independent experiments. Treated cells were harvested after 
3 hours of treatment with 50 nmol/L of VLX1570. Total RNA was 
extracted with an RNeasy Mini Kit (Qiagen), converted to cDNA and 
amplified with a GeneChip WT Terminal Labeling and Controls Kit 
(Affymetrix). The fragmentation, the labeling, and the hybridization 
of cDNA were treated with a GeneChip Hybridization, Wash, and 
Stain Kit (Affymetrix). Chips were scanned with a GeneChip Scanner 
3000 7G System (Affymetrix).

Gene set enrichment analysis (GSEA) (Broad Institute Cambridge) 
was performed using gene expression profiling data and by handling the 
GSEA software.33 The whole expression change in the gene sets was 
defined as statistically significant if both the false discovery rate (FDR) q 
values and the familywise error rate (FWER) P values were less than .25.

2.8 | Measurement of ROS production

To measure ROS levels, cells were stained with 0.1 µmol/L of a redox 
sensitive dye CM-H2DCFDA (Thermo Fisher Scientific) and 10 µmol/L 
of hydroxyphenyl fluorescein (HPF) (Goryo Chemical) to detect highly 
ROS and 0.2 µmol/L of HYDROPTM (Goryo Chemical), which is a spe-
cific probe for the detection of intracellular H2O2 in PBS, for 30 min-
utes at 37℃.34,35 Cells were washed and resuspended in PBS.

ROS production was analyzed using a FACSCalibur flow cytome-
ter and CellQuest software (Becton Dickinson).

2.9 | Assay of the mitochondrial 
membrane potential

The mitochondrial membrane potential of cells with or without 
100 nM of VLX1570 was estimated by flow cytometry using rhoda-
mine 123 staining. Cells were cultured with indicated concentrations 

of VLX1570 for 24 hours and stained with 1 μmol/L of rhodamine 
123 for 30 minutes at 37℃. After the staining, cells were washed by 
PBS with 1% BSA.36

The decrease in mitochondrial membrane potential (loss of ΔΨ) 
was calculated as follows: the mean fluorescence intensity (MFI) of 
VLX1570-treated samples minus that of a cell-only sample treated 
with VLX1570 divided by the MFI of control samples (VLX1570 un-
treated) minus that of a cell-only sample untreated with VLX1570.

2.10 | Statistical analyses

All results are shown as the mean values with ranges. Comparisons 
between the groups were done using the Dunnett's and Scheffe's 
tests. Differences were considered statistically significant if P values 
were less than .05. These analyses were carried out using SPSS for 
Windows version 14.0.

3  | RESULTS

3.1 | VLX1570 inhibits the proliferation of leukemia 
cell lines and mainly induces apoptosis

To determine whether VLX1570 inhibits leukemia cell growth, 
we treated 11 cell lines including eight myeloid (HL-60, MOLM13, 
MV4-11, OCI-AML3, THP-1, K562, MDS-L, F-36P) and three 
lymphoid cell lines (MOLT-4, Jurkat, U937) with VLX1570 for 
0-48 hours and examined the half maximal inhibitory concentra-
tion (IC50) of VLX1570 in all cell lines with MTT assay (Figure 1A). 
The IC50 value of VLX1570 in each cell line is indicated in Table 1. 
We found that 10 cell lines, not including K562, were suscepti-
ble to VLX1570 (Table 1). Sensitivity to VLX1570 in myeloid cell 
lines except K562 was similar to that of lymphoid cell lines. Manual 
cell counting nearly corresponded to the results of the MTT assay 
(data not shown).

Next, we found that VLX1570 induced apoptosis in 10 cell 
lines, not including K562 (Figure  1B), and confirmed VLX1570-
induced apoptosis morphologically (data not shown). The amount 
of cleaved PARP (cPARP), a marker of undergoing apoptosis, was 
increased after VLX1570 treatment regardless of variable degrees 
in 11 cell lines (Figure 1C). The expression of Bcl-2 family members 
(Bcl-2, Bcl-x S/L) did not change by immunoblotting analysis (data 
not shown).

The amount of LC3-II protein, an autophagosome membrane-
bound form, was not increased in HL-60, OCI-AML3, MDS-L, and 
K562 after up to 500  nmol/L of VLX1570 treatment (Figure  S1), 
and therefore autophagy might not be involved in this treatment 
process.

To determine whether VLX1570 affects the cell cycle, we per-
formed the cell cycle analysis of VLX1570-treated cells (HL-60, 
MV4-11, OCI-AML3, THP-1, K562, MDS-L, F-36P, and MOLT-4) by 
flow cytometry, but we did not find any significant deviation of the 
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F I G U R E  1   VLX1570 inhibits the 
proliferation of leukemia cells and induces 
apoptosis in most cell lines. (A) Eleven cell 
lines, including eight myeloid leukemia 
cell lines (HL-60, MDS-L, F-36P, THP-1, 
MOLM13, OCI-AML3, MV4-11, K562) and 
three lymphoid cell lines (MOLT-4, Jurkat, 
U937), were cultured with VLX1570 (0-
100 nmol/L) for the indicated times. The 
cell count was measured by MTT assay. 
The value without VLX1570 was adjusted 
to 100%. The data represent the mean 
values with SD from five independent 
experiments. Solid line, 24 h; dotted line, 
48 h. (B) These cell lines were cultured 
with different concentrations of VLX1570 
(0-100 nmol/L) for the indicated times and 
apoptosis was assessed by flow cytometry 
using annexin V-FITC/PI staining. The 
single-positive fraction for annexin V-FITC 
(white bar) implies early apoptosis and the 
double-positive fraction for annexin V-
FITC/PI (black bar) implies late apoptosis. 
The data represent the mean values with 
SD from three independent experiments. 
(C) Cell lysates of each cell line treated 
with or without 100 nmol/L of VLX1570 
for 12 h were analyzed by immunoblotting 
analysis for detection of cleaved PARP 
(cPARP). The amount of β-actin is shown 
as a loading control
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cell cycle pattern except for F-36P, which showed the increase in 
G2/M fraction. The sub-G1 fraction implying apoptotic cell fraction 
was 6.1 ± 0.1% and 10.0 ± 0.9% in control F-36P cells and VLX1570 
(100 nmol/L)-treated cells, respectively.

3.2 | VLX1570 suppresses leukemia cell growth 
through inhibition of proteasome ubiquitin processing

To determine whether UPS inhibition by VLX1570 contributes to 
growth suppression of leukemia cells, we examined the amount of 
high molecular weight polyubiquitinated proteins in the cells treated 
with or without VLX1570. VLX1570 increased the amount of phos-
phorylated Lys-48 in all cell lines (Figure 2A). Since UPS inhibition 
promotes the induction of chaperon to counteract the accumulation 
of misfolded proteins, we analyzed the amount of HSP70 in the cells 
treated with or without VLX1570 and found that VLX1570 increased 
the expression of HSP70 in most leukemia cell lines (Figure 2B).

3.3 | VLX1570 possibly affects the expression of the 
gene sets associated with heat shock transcription 
factor 1 activation

To further explore the action mechanisms of VLX1570, the molecular 
pathways regulated by VLX1570 were explored using gene expres-
sion profiling of HL-60 cells (TP53-mutant type) treated with or with-
out VLX1570. Genes whose expression changed by more than 1.5 
fold or <0.66 following the treatment were defined as the regulated 
genes. We performed GSEA and found that some of the most signifi-
cantly affected GSEA sets were “HSF1 activation” (FDR q-val 0.000; 
FWER p-val 0.000), “HSF1-dependent transactivation” (FDR q-val 
0.000; FWER p-val 0.000) and “Regulation of HSF1-mediated heat 
shock response” (FDR q-val 0.000; FWER p-val 0.000) (Figure 3A,B). 
We performed the same analysis using the OCI-AML3 cell line (TP53-
wild type) and confirmed that the profiles of the most significantly 

affected GSEA sets in OCI-AML cells were similar to those in HL-60 
(Figure S2).

Taken together, gene expression profiling suggested that 
VLX1570 induced the genetic pathway involved in HSF1 activation 
irrespective of TP53 status.

3.4 | VLX1570-induced ROS generation 
causes apoptosis

Since the expression of heme oxygenase-1 (HO-1) mRNA sig-
nificantly was found to be increased from a result of gene expres-
sion profiling using VLX1570-treated HL-60 cells, we determined 
whether VLX1570 actually increases the expression of HO-1 protein 
in myeloid cells (MDS-L and HL-60) and lymphoid cells (MOLT-4 and 
Jurkat). VLX1570 induced strong expression of HO-1 in three cell 
lines, but not MOLT-4 (Figure 4A). This finding prompted us to ex-
amine the association between high expression of HO-1 and induc-
tion of oxidative stress. We demonstrated by flow cytometry using 
a redox-sensitive dye CM-H2DCFDA that exposure of HL-60 cells to 
VLX1570 triggered a rapid burst of ROS and it was suppressed by 
antioxidant agent, NAC, which is a precursor of reduced glutathione 
(GSH) and attenuates oxidative stress (Figure 4B). Next, we exam-
ined whether NAC protects AML cells from ROS-induced apopto-
sis. The annexin V-FITC/PI staining revealed that NAC prevented 
VLX1570 from inducing apoptosis in HL-60 and MV4-11 (Figure 4C). 
It showed a similar tendency to OCI-AML3 cells (data not shown.).

As CM-H2DCFDA was reported to be inadequate for detection 
of specific ROS,37 we attempted to detect highly ROS including 
·OH and ONOO- using HPF in HL-60, OCI-AML3 cells, and MOLT-4 
treated with or without VLX1570 and found that exposure of HL-60 
cells and MOLT-4 to VLX1570 significantly increased the generation 
of highly ROS (Figure  4D). Next, we determined whether an ·OH 
specific inhibitor, mannitol, suppresses VLX1570-induced apoptosis, 
but mannitol failed to protect HL-60 cells from VLX1570-induced 
apoptosis (data not shown).

We also attempted to detect H2O2 using HYDROPTM in HL-
60, MDS-L, OCI-AML3, and MOLT-4 cells treated with or without 
VLX1570. Exposure of HL-60 and MOLT-4 cells except for MDS-L 
and OCI-AML3 to VLX1570 significantly increased the generation of 
H2O2 (Figure 4E, F). Because MDS-L and OCI-AML3 were found to 
originally produce a lot of H2O2 as compared with HL-60 and MOLT-4 
cells by HYDROPTM assay (data not shown), it may be hard to detect 
subtle changes in the generation of H2O2 in VLX1570-treated cells. 
Next, we determined whether a H2O2 specific inhibitor, DMTU, sup-
presses VLX1570-induced apoptosis, but DMTU treatment did not 
protect HL-60 cells from apoptosis.

As above described, we detected fine alteration of ROS gener-
ation in the cells treated with VLX1570 using some ROS-sensitive 
probes, but we could not demonstrate the direct relationship be-
tween ROS induction and cell death from the study using specific 
ROS scavengers.

TA B L E  1   IC50 (nmol/L) of VLX1570 in leukemia cell lines

IC50 (nmol/L) 24 h 48 h

HL-60 20.5 ± 0.3 19.0 ± 0.8

MOLM13 38.0 ± 1.0 32.2 ± 0.6

MV4-11 43.1 ± 0.2 37.9 ± 2.1

OCI-AML3 52.2 ± 0.8 38.4 ± 2.1

THP-1 29.1 ± 1.7 24.0 ± 0.6

K562 340.8 ± 15.1 184.7 ± 8.6

MDS-L 21.8 ± 0.5 21.4 ± 0.6

F-36P 52.4 ± 1.1 46.3 ± 2.8

MOLT-4 30.6 ± 0.9 28.9 ± 0.3

Jurkat 55.9 ± 2.8 37.9 ± 1.5

U937 38.2 ± 1.2 31.4 ± 2.1
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We also examined whether VLX1570 treatment leads to the 
loss of mitochondrial membrane potential using rhodamine 123 
and demonstrated that VLX1570 increased the proportion of cells 
with loss of ΔΨ in three myeloid cell lines (HL-60, MV4-11, and OCI-
AML3) (Figure 4G). We calculated the decrease in MFI of mitochon-
drial membrane potential after VLX1570 treatment as described 
in the Materials and methods section. The relative ratios of MFI in 
HL-60, MV4-11, and OCI-AML3 decreased to 0.34, 0.42, and 0.15, 
respectively, after VLX1570 treatment.

To identify the signaling pathway involved in ROS generation and 
apoptosis, we examined the degree of phosphorylation in p38 and 
JNK in myeloid cells (MDS-L and HL-60) and lymphoid cells (MOLT-4 
and Jurkat). As shown in Figure 4H, the phosphorylation of JNK and 
p38 increased at 3 hours after VLX1570 treatment in four cell lines 
except for the absence of robust JNK phosphorylation in MOLT-4.

We attempted to examine the expression of cleaved caspases-3, 
-6, -8, and -9 using HL-60 and OCI-AML3 treated with or without 
VLX1570 for 12  hours. Exposure of these cells to 100  nmol/L of 

F I G U R E  2   The antiproliferative effect is related closely to the inhibition of proteasome ubiquitin processing by VLX1570. The cells were 
treated with or without 50 or 100 nmol/L of VLX1570 for 6 h and cell lysates were analyzed by immunoblotting analysis for detection of 
high molecular weight polyubiquitinated proteins (A) and HSP70 (B). The amount of β-actin is shown as a loading control
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F I G U R E  3   GSEA revealed the activation of the gene sets associated with HSF activation in VLX1570-treated HL-60 cells. (A) VLX1570 
(50 nmol/L)-treated or untreated HL-60 cells were harvested at 3 h. Gene expression profiling was examined in triplicate experiments and 
obtained data were used for GSEA. The gene set “HSF1 activation”, “HSF1-dependent transactivation”, and “Regulation of HSF1-mediated 
heat shock response” were strongly upregulated by VLX1570 treatment and several statistical values are also presented. (B) Heat map 
presentation of affected genes included in the gene set is shown in the triplicate experiments (VLX1570 50 nmol/L: 50 nmol/L of VLX1570-
treated; control: untreated)
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VLX1570 increased the expression of cleaved caspases-3, -6, and -9, 
but not cleaved caspase-8 (Figure 4I).

3.5 | VLX1570 induces apoptosis through ER stress 
in leukemia cell lines

UPS inhibition by bortezomib, b-AP15 or VLX1570 has been re-
ported to induce unfolded protein response and to activate protein 
kinase RNA-like endoplasmic reticulum kinase (PERK), IRE1, and 
ATF6 mediated ER stress signaling in cancer cells.7,9,21,22,27 First, 

we examined the degree of phosphorylation of eIF2α and IRE1α in 
myeloid cells (HL60 and MDS-L) and lymphoid cells (MOLT-4 and 
Jurkat) after VLX1570 treatment (Figure  5A, B). VLX1570 clearly 
increased phosphorylation of eIF2α, whereas it slightly increased 
phosphorylation of IRE1α in four cell lines (Figure 5A, B). Regarding 
the PERK signaling pathway, VLX1570 increased the expression of 
the downstream molecules, ATF4 and CHOP, indicating the induc-
tion of ER stress-dependent apoptosis (Figure  5A). On the other 
hand, regarding the IRE1 signaling pathway, VLX1570 also increased 
the expression of the downstream molecule, the spliced form of the 
X-box binding protein 1 (XBP-1s), which promotes transcriptional 

F I G U R E  4   VLX1570 induces ROS generation. (A) HL-60, MDS-L, MOLT-4, and Jurkat cells were treated with indicated doses of VLX1570 
for 6 h and the cell lysates were analyzed by immunoblotting analysis for detection of HO-1. (B) HL-60 cells were treated with or without 
100 nmol/L of VLX1570 or 5 mmol/L of NAC for 3 h and stained with 0.1 μmol/L of CM-H2DCFDA for 30 min at 37℃. ROS levels were 
determined by flow cytometry. (C) HL-60 and MV4-11 cells were treated with VLX1570 in the absence or presence of NAC for 24 h. The 
treated cells were stained by Annexin V-FITC/PI and analyzed by flow cytometry. (D) HL-60 and MOLT-4 cells were treated with or without 
100 nmol/L of VLX1570 for 3 h and stained with 10 μmol/L of HPF for 30 min at 37℃. ROS levels were determined by flow cytometry. (E) 
HL-60 and MOLT-4 cells were treated with or without indicated doses of VLX1570 for 24 h and stained with 0.2 μmol/L of HYDROPTM for 
30 min at 37℃. ROS levels were determined by flow cytometry. (F) HL-60 and MOLT-4 cells were treated with or without indicated doses 
of VLX1570 for the indicated times and stained with 0.2 μmol/L of HYDROPTM for 30 min at 37℃. ROS levels were determined by flow 
cytometry. (G) HL-60, MV4-11, and OCI-AML3 cells were exposed to 100 nmol/L of VLX1570 for 24 h. Mitochondrial membrane potential 
was detected by rhodamine 123 staining and flow cytometry. Solid line, negative control; dotted line, cells treated with rhodamine 123. 
(H) HL-60, MDS-L, MOLT-4, and Jurkat cells were treated with indicated doses of VLX1570 for 3 h and the cell lysates were analyzed by 
immunoblotting analysis for detection of JNK, phospho-JNK, p38, and phospho-p38. β-actin was used as a loading control. (I) HL-60 and 
OCI-AML3 cells were treated with indicated doses of VLX1570 for 12 h and the cell lysates were analyzed by immunoblotting analysis for 
detection of cleaved caspase-3, -6, and -9. β-actin was used as a loading control. In B, D, E, F, statistical differences were evaluated and 
presented by asterisks if P values were less than .05
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activity of the gene involved in ER-associated degradation (ERAD), 
ER chaperon, and ER membrane synthesis (Figure 5B).

ATF6 is expressed as a 90-kDa protein (p90ATF6) in ER under 
physiological conditions, whereas in ER-stressed cells activated 
ATF6 is transported to the Golgi apparatus and cleaved to a 50-kDa 
protein (p50ATF6) by two Golgi-resident proteases, site-1 and site-2 
protease, followed by translocation to the nucleus.38 We examined 

the expression of p90 and p50ATF6 in HL-60 and OCI-AML3 treated 
with or without VLX1570 but found that only the expression of 
p90ATF6 was detected, suggesting unlikely the contribution of ATF6 
to VLX1570-induced ER stress.

4  | DISCUSSION

In this study, we investigated the effect of a novel proteasome DUB 
inhibitor, VLX1570, on 11 myeloid/lymphoid leukemia cell lines 
and demonstrated that it suppressed cell proliferation by inducing 
apoptosis through ROS generation and ER stress induction. Some 
study groups have previously analyzed the relationship between 
UPS inhibition and the antiproliferative effect by a proteasome 
DUB inhibitor in various cancer cells. In hematopoietic tumors, the 
effects of VLX1570 on lymphoid malignancies have been reported. 
Mazurkiewicz et al reported that VLX1570 suppressed the growth 
of acute lymphoblastic leukemia (ALL) cells, induced the chaperone 
HSP70, the oxidative stress marker HO-1, and a cell cycle regula-
tor p21, and exerted an additive or synergistic antiproliferative ef-
fect by combination with L-asparaginase.21 Wang et al reported that 
VLX1570 showed selectivity for USP14 and induced apoptosis on 
myeloma cells.23 Paulus et al reported that VLX1570 facilitated the 
antiproliferative effect by inhibition of USP14 and UCHL5 simul-
taneously.22 Likewise, VLX1570 has an antitumor activity in solid 
tumors.19,20 b-AP15 has also exerted an antiproliferative effect on 
various tumor models as well as VLX1570.7,27,39-42

As shown in Figure 1A, all leukemia cell lines except K562 re-
vealed a susceptibility to VLX1570. Although the reason why K562 
was resistant to VLX1570 remains unclear, it might be related to 
our data that exposure of K562 to VLX1570 did not induce the 
expression of HO-1. There are two mechanisms including UPS and 
autophagy-lysosome systems to degrade unnecessary proteins.43 
Since these two systems are mutual, even if UPS activity is im-
paired by VLX1570, the degradation of unnecessary proteins is 
maintained by the autophagy-lysosome system, leading to drug 
resistance. Vogel et al reported that simultaneous inhibition of 
DUBs and autophagy synergistically suppressed the growth of 
breast cancer cells.42 In our study, the amount of LC3-II was not in-
creased after up to 100 nmol/L of VLX1570 treatment (Figure S1), 
and therefore autophagy might not be involved in this treatment 
process.

As described in Figure 1, we did not find any significant deviation 
of the cell cycle pattern except for F-36P, which showed the increase 
in G2/M fraction at 12 hours. Therefore, we further performed cell 
cycle analysis in HL-60 and OCI-AML3 treated with various doses of 
VLX1570 for 3 or 6 hours, but VLX1570 did not significantly affect 
the pattern of cell cycle. The reason why VLX1570 did not alter the 
cell cycle despite phosphorylation of p38 and JNK remains unclear. 
As a possible explanation, VLX1570 quite promptly induces apop-
tosis in leukemia cells as compared with other agents, and there-
fore it may be hard to detect the apparent alteration of the cell cycle 
pattern.

F I G U R E  5   VLX1570 exerted an antiproliferative effect on 
leukemia cells by apoptosis involved in ER stress induction. (A), 
(B) HL-60, MDS-L, MOLT-4 and Jurkat cells were treated with 0-
500 nmol/L of VLX1570 for 3 h and the cell lysates were analyzed 
by immunoblotting analysis for detection of XBP-1s, CHOP, ATF4, 
BiP, eIF2α, phospho-eIF2α, and phospho-IRE1α. For detection of 
the expression of XBP-1s, ATF4, and CHOP, the nuclear fraction 
was extracted as described in the Materials and methods section. 
β-actin was used as a loading control. The number of protein bands 
was measured by densitometry and the ratio was adjusted as 1.0 
in the untreated sample and the changes of the ratio of treated 
samples relative to untreated sample were indicated
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A DUB inhibitor showed a promising effect on bortezomib-
resistant cancer cells.15 Zang et al reported that whereas similar ex-
pression profiles were induced by b-AP15 and bortezomib in colon 
cancer cells, b-AP15 induced stronger expression of chaperones and 
stronger accumulation of polyubiquitinated proteins.44,45 Likewise, 
in our study VLX1570 induced stronger expression of HSP70 and 
stronger accumulation of polyubiquitinated proteins in leukemia 
cells (Figure 2A, B).

VLX1570 and b-AP15 were previously reported to induce apop-
tosis through ROS generation.21,45 We found strong expression of 
HO-1 from gene expression profiling of VLX1570-treated HL-60 cells 
(Figure 3A,B) and confirmed that VLX1570 increased the expression 
of HO-1 in HL-60, MDS-L, and Jurkat cells, indicating that ROS gen-
eration contributed to VLX1570-induced apoptosis (Figure 4A). We 
indicated that exposure of leukemia cells to VLX1570 induced ROS 
generation (Figure 4B). NAC protected leukemia cells from VLX1570-
induced apoptosis (Figure  4C). Exceptionally, as VLX1570 did not 
induce the expression of HO-1 in MOLT-4 cells, VLX1570-induced 

apoptosis in MOLT-4 cells might not be associated with ROS-related 
oxidative stress.

We further measured highly ROS and H2O2 in VLX1570-treated 
cells using ROS specific probes including HRP and HYDROPTM. 
Although we detected fine alteration of these specific ROS, we 
could not demonstrate the direct relationship between ROS induc-
tion and cell death (Figure 4D–F). Proteasome inhibition by VLX1570 
also promoted ROS generation, mitochondrial damage (Figure 4G), 
and increased phosphorylation of JNK and p38 (Figure 4H) and the 
expression of cleaved caspase-9 (Figure 4I). Although the origin of 
ROS remained unclear, Maharjan et al reported that treatment with 
a proteasome inhibitor, MG132, induced mitochondrial oxidation 
and accumulation of polyubiquitinated proteins in CHO cells.46 Zang 
et al demonstrated that elevated level of polyubiquitinated pro-
teins was localized on the mitochondria in Hela cells treated with 
b-AP15.44 In our study, excess accumulation of polyubiquitinated 
proteins on the mitochondria may induce ROS generation and sub-
sequent apoptosis.

F I G U R E  6   Proteasome inhibition by VLX1570 induces ROS generation and the activation of unfolded protein response under ER stress 
followed by apoptosis. VLX1570 induces apoptosis mainly through ROS stress signaling and the unfolded protein response pathway under 
ER stress. Regarding the PERK signaling pathway, VLX1570 increases the amount of phospho-eIF2α and the expression of the downstream 
molecules, ATF4 and CHOP, induction of ER stress-dependent apoptosis. As another pathway, excess accumulation of polyubiquitinated 
proteins on the mitochondria induces ROS generation, followed by phosphorylation of JNK and p38, leading to caspase-3- and 9-dependent 
apoptosis
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Based on the GSEA from gene expression profiling of HL-60 
and OCI-AML3 cells treated with VLX1570, we particularly focused 
on three gene sets: “HSF1 activation” (FDR q-val 0.000; FWER p-
val 0.000), “HSF1-dependent transactivation” (FDR q-val 0.000; 
FWER p-val 0.000), and “regulation of HSF1-mediated heat shock 
response” (FDR q-val 0.000; FWER p-val 0.000) (Figure 3A,B). HSF1 
is induced after temperature stress and plays an important role in 
mediating several heat shock proteins, including HSP70 and HSP90. 
At steady states, HSF1 is bound to HSP70 and HSP90 as an inac-
tive monomer, whereas under stress it is released as an active trimer 
and binds heat shock promoter elements (HSE), promoting the tran-
scription of HSP-family genes.47 As shown in Figure 2B, VLX1570 
increased the expression of HSP70, indicating upregulation of heat 
shock response (HSR). Generally, the unfolded protein response 
(UPR) pathway is further activated and induces ER stress-related 
apoptosis. BiP/GRP78 is an ER chaperone and induces the activation 
of PERK. Subsequently, phosphorylation of eIF2α, the expression of 
ATF4 and C/EBP homologous protein, CHOP is elevated. b-AP15 
and VLX1570 were reported to induce apoptosis through ER stress 
in cancer cells.7,9,21,22,27 Mazurkiewicz et al reported that VLX1570 
increased the phosphorylation of eIF2α in ALL cells at higher con-
centrations than the doses which induced polyubiquitin accumula-
tion and reduced cell viability in other lymphoid cells.21 In our study, 
the phosphorylation of eIF2α and the upregulation of ATF4 and 
CHOP expression were observed at the concentration close to IC50 
in leukemia cell lines (Figure 5A).

As HL-60 cells are deficient in TP53,48 we examined whether 
the stress reactions are different between HL-60 and OCI-AML3 
(TP53-wild type). Previous reports described a similar sensitivity 
of TP53-wild type and TP53-mutant cell lines to b-AP15. Bazzaro 
et al indicated that IC50 of TP53-wild type cell lines in the NCI60 
panel to b-AP15 is 0.18 μmol/L, and IC50 of TP53-mutant cell lines 
is 0.15 μmol/L (P = .70).49 Didier et al reported that b-AP15 has an 
antitumor effect irrespective of mutation status on BRAF, NRAS, and 
TP53.9 D'Arcy et al reported using isogenic clones of HCT-116 that 
b-AP15 induced apoptosis that was insensitive to overexpression of 
Bcl-2 and disruption of TP53.

In our study, IC50 of TP53-mutant cell lines (HL-60 and MDS-L) to 
VLX1570 was similar to that of TP53-wild type cell lines (OCI-AML3, 
MV4-11 and MOLM13). Next, we compared the expression of ROS- 
and ER stress-associated protein using TP53-wild type cell line 
OCI-AML3 and TP53-mutant cell line HL-60 treated with or with-
out VLX1570. As a result, the exposure of OCI-AML3 to VLX1570 
increased phosphorylation of JNK and p38, and the expression of 
HO-1, CHOP, and ATF4 as well as HL-60 (Figure S3).

In the present study, we investigated the effect of a DUB inhib-
itor, VLX1570, by using leukemia cell lines and demonstrated that 
VLX1570 exerted an antiproliferative effect mainly by apoptosis 
derived from ROS generation and ER stress induction. Our data to-
gether with previous reports are summarized in Figure  6. Further 
study regarding the availability of VLX1570 is needed to establish 
a promising therapy for patients with intractable hematological 
malignancies.
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