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1  | INTRODUC TION

BCR/ABLp210, the molecular marker of chronic myeloid leuke-
mia (CML), with constitutively activated tyrosine kinase activity, 
drives the development of CML by activating multiple down-
stream signaling pathways, including RAF/MEK/ERK, PI3K/AKT, 
and JAK/STAT5.1 Imatinib mesylate (IM) dramatically improves 
patients’ outcome when used to treat disease in the chronic 

phase; unfortunately, it is not curative. Resistance to IM, espe-
cially in advanced-stage disease, has been recognized as a major 
challenge. IM resistance is mechanically heterogeneous and may 
be associated with increased expression of BCR-ABL, ABL kinase 
domain mutations, quiescent stem cells, or other cytogenetic 
aberrations.2,3 Thus, identifying the most effective alternative 
approaches for patients who fail to achieve a significant therapeu-
tic response is critical.
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Abstract
To select the most efficient chemical to induce apoptosis in leukemia cells, a multi-
drug screen was applied on bone marrow mononuclear cells from chronic myeloid 
leukemia (CML) patients. Oprozomib (Cpd 21) was chosen for the subsequent ex-
periments. The isobaric tags for relative and absolute quantitation (iTRAQ) was then 
performed to identify the responsible pathway relative to apoptosis and the results 
showed that endoplasmic reticulum (ER) chaperones were upregulated. Apoptosis 
was attributed to a joint effect of calcium leakage andPERK and IRE1α phosphoryla-
tion. The PERK branch was responsible for the first wave of cell death that occurred 
within 24 hours. The later wave of apoptosis was mediated by IRE1α, which transmit 
apoptotic signals through the ASK-JNK-BIM axis. Release of Ca2+ from ER into cy-
tosol resulted in activation of calpain, which, in turn, cleaved caspase-12. Our data 
also explained the selective killing effects of oprozomib on CML cells, which relied 
on proteasome activity. The present study demonstrated that prolonged inhibition of 
proteasome to trigger unfolded protein response could be an alternative strategy for 
treating CML in light of tyrosine kinase inhibitors resistance.
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In last dacede, a series of anticancer therapies have been con-
nected with the blockage of the ubiquitin-proteasome system 
(UPS).4-6 The UPS accounts for the major component of the cellu-
lar protein degradation machinery, with a function to prevent the 
accumulation of mis/unfolded protein. Deleterious protein targets 
are polyubiquitylated by three enzymes in a highly coordinated 
manner through different steps. The ubiquitin is initially activated 
by ubiquitin-activating enzyme E1 to generate a high-energy thiol 
ester intermediate; E1-S-ubiquitin is then transferred by the ubiq-
uitin-conjugating enzymes E2 to the substrate that is specifically 
bound to ubiquitin-protein ligase E3, which catalyzes the covalent 
attachment of ubiquitin to the substrates. After several rounds of 
ubiquitylation, the labeled substrate with a polyubiquitin chain is 
recognized by 19S regulatory particles (19S PR) of the proteasome. 
The second function of the 19S PR is to facilitate entry of substrate 
into the proteolytic chamber of 20S core particles (20S CP) of the 
proteasome. The proteolytic chamber, in which the substrate is de-
graded into short peptides, is a barrel-shaped structure arranged in 
four stacked seven-membered rings. Two outer α rings and two inner 
β rings form the general structure of 20S CP, α1-7β1-7 β1-7α1-7. The 
peptide hydrolyzing activity of the 20S core is restricted to three 
β-subunits, β1, β2, and β5, with post-glutamyl peptide hydrolyzing, 
trypsin-like, and chymotrypsin-like activities, respectively. In some 
cases, alternative forms of the proteasome, such as the immunopro-
teasome, in which the three hydrolyzing sites are replaced by the so-
called immunosubunits β1i/LMP2, β2i/MECL-1, and β5i/LMP7, are 
induced and involved in routine proteolytic functions.7,8

Proteins synthesized in cancer cells promote cell survival and 
proliferation, and/or inhibit apoptosis. Appropriate protein degrada-
tion by proteasome is fundamental to the activation or inhibition of 
many cellular processes, such as the cell cycle or apoptosis.9 Cancer 
cells with faster protein turnover rate are even more sensitive to the 
repression of proteasome activity; this notion singles out the pro-
teasome as a unique target for anticancer therapy.10 In the present 
study, we demonstrated the pro–apoptotic effects of the immuno-
subunit β5i/LMP7 inhibitor, oprozomib, on CML cells derived from 
clinical patients and further studied the underlying molecular basis 
by which the oprozomib triggered cell death. Our data indicated that 
loss of proteasome activity sensitizes CML cells to apoptosis, pro-
viding a promising alternative strategy for overcoming IM resistance.

2  | MATERIAL S AND METHODS

2.1 | Main reagents

Antibodies used for detection of UPS and unfolded protein response 
(UPR) signals as well as caspase-3 and 12 and poly ADP ribose poly-
merase (PARP) were purchased from Cell Signaling Technology. 
Antibodies for Bim, p-Bim, Bid, Puma, Noxa, and GAPDH were 
purchased from Santa Cruz Biotechnology. Antibodies for ITPR2 
were purchased from Abcam, and a Co-Immunoprecipitation Kit 
was purchased from Pierce. The custom inhibitor library (Table S1) 

was purchased from Selleck Chemicals. Salubrinal, selonsertib, 
PTFα, STF081030, and Kira6 were purchased from Sigma-Aldrich. A 
Calpain Activity Assay Kit was purchased from Abcam.

2.2 | Primary chronic myeloid leukemia cells

Stated in document S1. Supporting materials and methods.

2.3 | Proteasome activity and calpain activity

Proteasome and calpain activity were performed using a protea-
some activity assay kit (ab107921, Abcam) and a calpain activity kit 
(ab65308, Abcam) according to manufacturer’s protocols.

2.4 | Statistical analysis

The data were expressed as X ± SD (n = 3). The difference between 
each group was evaluated using Student’s t-test. P < 0.05 was con-
sidered statistically significant.

Methods for the rest of the assays, including Cell Counting Kit-8 
(CCK-8), intracellular Ca2+ detection, western blotting, co–immu-
noprecipitation, iTRAQ and parallel reaction monitoring (PRM), are 
stated in document S1.

3  | RESULTS

3.1 | Oprozomib (Cpd 21) showed the most potent 
effect on induction of apoptosis

Forty-three inhibitors (Table  S1) were used for drug screening in 
mononuclear cells of bone marrow derived from patients with CML. 
Four inhibitors (Compound 6, quisinostat, Cpd 13, givinostat, Cpd 
21, oprozomib, Cpd 40, BIX 01294) were found to dramatically sup-
press the viability of cells from all five patients (Figure 1, A), among 
which two patients in blast crisis showed weak response to imatinib 
administration (Table S2, Figure S1). We also found that Cpd 21 sup-
pressed colony forming ability in progenitor cells (unpublished data), 
indicating that the potential of Cpd  21 was not limited to mature 
cells that accounted for the majority of bone marrow mononuclear 
cells (BM-MNC). A more than 50% decrease in viability was ob-
served in all tested cells with treatment of four individual inhibitors. 
The IC50 values of each inhibitor were then determined using cells 
from another three patients. Cpd  21, with the lowest IC50, rang-
ing from 0.15 to 0.35 μM in three tested cells, was identified as the 
best potential candidate (Figure 1, B). Cpd 21 was the most effective 
candidate to provoke apoptosis (>50% in all tested cells) (Figure 1, 
C). In cells from bone marrow of three healthy donors, there was no 
significant difference in cell death between groups with or without 
Cpd 21 treatment (Figure 1, D). These data suggested that Cpd 21 
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is a promising compound to specifically kill CML cells, which barely 
even responded to IM. We also verified the cleavage fragments of 
caspase-3 and its substrate PARP, which became detectable after 
Cpd 21 treatment for both 12 and 24 hours (Figure 1, E).

3.2 | Cpd 21 triggered unfolded protein response 
following accumulation of ubiquitinated proteins

Cpd  21 was developed as a next-generation orally bioavailable ir-
reversible inhibitor for CT-L activity of 20S proteasome β5/LMP7. 

Cpd 21 significantly inhibited the CT-L activity (Figure 2, A) but had 
little effect on the abundance of LMP7 (Figure S2). It has been well 
documented that the proteasome is the crucial component for the 
degradation of unwanted proteins.9 Therefore, inhibition of the 
proteasome may suspend degradation of detrimentally undesired 
proteins which were tagged with ubiquitin by the ubiquitin-protea-
some system. The ubiquitinated proteins were then determined in 
BM-MNC from four patients, and the data confirmed the increase 
in ubiquitinated proteins (Figure  2, B). Next, the iTRAQ was ap-
plied to further elucidate the molecular connection between pro-
teasome inhibition and apoptosis. The BM-MNC from six patients 

F I G U R E  1   Drug screening identified oprozomib as the most potent agent to induce apoptosis in chronic myeloid leukemia (CML) 
bone marrow cells. A, Viability of bone marrow mononuclear cells derived from five CML patients was determined in the presence of 43 
compounds. Cells were treated with indicated compound at 1 μM for 48 h. Viability was tested by Cell Counting Kit-8 (CCK-8). B, IC50 of 
four compounds for 48 h was determined by CCK-8. C, Apoptosis induced by four compounds after 48 h treatment at average IC50 was 
measured by flow cytometry (FCM). D, Cytotoxicity of four compounds on bone marrow mononuclear cells (BM-MNC) from healthy donors. 
Cells treated with indicated compounds, each compound was used at average IC50 that calculated from 3 patient-derived cells (fig 2B). E, 
Oprozomib (Cpd 21) triggered processing of caspase-3 and downstream substrate poly ADP ribose polymerase (PARP)
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were treated with Cpd 21 for 36 hours and the lysates were pooled 
with equal proportion to minimize the difference between individual 
samples. We finally identified 194 upregulated and 224 downregu-
lated proteins in the presence of Cpd 21 as the fold change was set 
as 1.5 (Table S3). The upregulated proteins were mainly involved in 
14 pathways (Figure 2, C), among which hsa04141 (protein process-
ing in endoplasmic reticulum [ER], red color) (Figure S3) received the 
most attention. The differentially expressed proteins that belong to 
hsa04141 were then validated by PRM (Figure 2, D). The Bip (HSPA5/
GRP87), a key chaperone in ER lumen that functions as a sensor of 
undesired proteins, was upregulated more than twofold. Induction of 
other chaperones such as HSP90B1, UGGT1, and HYOU1 occurred, 
as well was an adaptive reaction in response to accumulation of the 
ubiquitinated proteins. It is worth noting that the amount of VCP/
P97 and PLAA was unexpectedly decreased (Figure 2, D). VCP/P97 
facilitates retro-translocation of un/misfolded proteins in the ER, 
an indispensable process during ER-related degradation of un/mis-
folded proteins.11 Suppression of VCP/P97 blocked ER-associated 
protein degradation (ERAD), resulting in the rise of ubiquitinated 
proteins, which was then confirmed by the administration of NMS-
873, a selective allosteric VCP/p97 inhibitor, improving the produc-
tion of ubiquitinated proteins in a time-dependent manner (Figure 2, 

E,F). Disruption of removal of undesired proteins is closely related to 
the initiation of UPR; therefore, we examined the activating status 
of three UPR markers, PERK, IRE1α, and ATF6. Elevated phospho-
rylation levels of PERK and IRE1α and enhanced ATF6 cleavage were 
found at 4, 12, and 20 hours, respectively (Figure 2, G), indicating 
the launch of URP.

3.3 | PERK-eIREα-ATF4 mediated the first 
wave of apoptosis

The PERK was the first activated UPR marker. As dissociation with 
Bip is the prerequisite of PERK auto–phosphorylation,12,13 we first 
verified the decrease in Bip-bound PERK, which became remarkable 
within 6 hours, while the interaction between Bip and ubiquitinated 
proteins was correspondingly improved time-dependently (Figure 3, 
A). As an adaptive response, UPR was programmed to restore the 
homeostasis by mitigating protein misfolding.14,15 A short time pause 
in protein synthesis is beneficial through reducing the overall pep-
tide load in ER lumen, while the prolonged block in translation due to 
sustained PERK pathway activation is more likely incompatible with 
cell survival.16,17 In this regard, Cpd 21 was withdrawn at different 

F I G U R E  2   Oprozomib exposure inhibited proteasome activity and launched unfolded protein response (UPR). A, CT-L activity of 
proteasome was suppressed by oprozomib. B, Oprozomib increased ubiquitin-tagged proteins after blockage of proteasome activity. C, 
Pathway enrichment of the upregulated proteins. has 04141 (marked by red color) was selected for further investigation. D, Parallel reaction 
monitoring validation of differentially expressed proteins that enriched in pathway has 04141. E,F, NMS-873 treatment resulted in rise of 
ubiquitin-tagged proteins in a time-dependent fashion. G, Oprozomib triggered UPR activation. Data from three parallel tests are presented 
as mean ± SD. *P < 0.05, **P < 0.01
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time points to study how the signaling shifted from the cytoprotec-
tive role to the induction of apoptosis (Figure 3, B). For the first half 
of the cells in each group, which were harvested at indicated time 
points, treatment for 4 hours was sufficient to increase the PERK 
phosphorylation (Figure 3, C, lane2), which, however, appeared to 
be reversed by drug withdrawal (Figure 3, D, lane2) in the second 
half of the cells, which were cultured in drug-free medium for the 
indicated time after Cpd  21 withdrawal and finally collected to-
gether. It is noteworthy that the phosphorylation of PERK became 
irreversible if the treatment time was doubled (8  hours) or longer 
(Figure 3, C, lane3,4 vs Figure 3, D, lane3,4). To rule out the possibil-
ity that the maintenance of PERK phosphorylation in 8-hour-treated 
cells resulted from culturing in the drug-free medium for a relatively 
shorter time, cells treated with Cpd 21 for 4 or 8 hours were trans-
ferred to drug-free conditions and collected respectively at differ-
ent time points. The results clearly showed that for cells treated for 
4 hours, dephosphorylation of PERK occurred within 4 hours after 
Cpd  21 withdrawal (Figure  3, E, upper). However, for those with 

8-hour treatment, PERK phosphorylation was sustained all through 
the culturing without Cpd 21 (Figure 3, E, lower). In the Figure 3B 
scenario, compared with 4 hours of treatment for which no signifi-
cant apoptosis was detected (Figure 3, F, aubergine line, 4 hours), 
8-hour treatment brought about marked cell death (Figure 3, F, au-
bergine line, 8 hours) and further improvement, although the drug 
has been withdrawn (Figure  3, F, green line, 16  hours). We next 
investigated the status of downstream signals. Phosphorylation of 
eIF2α, induction of ATF4, and CHOP were confirmed (Figure 3, G). 
To further verify that the eIF2α-ATF4-CHOP chain was involved in 
p-PERK-induced apoptosis, salubrinal, an eIF2α inhibitor, was used 
to block signal transduction to AFT4. As expected, salubrinal ham-
pered eIF2α phosphorylation and prevented upregulation of ATF4 
and CHOP (Figure 3, G), leading to striking reduction in apoptosis at 
12 hours (Figure 3, H). Intriguingly, we also found evident apoptosis 
if the time was extended to 24 hours (Figure 3, H) as the eIF2α was 
still blocked (Figure  3, G). These results demonstrated the contri-
bution of the PERK branch to Cpd  21-triggered apoptosis, which, 

F I G U R E  3   PERK branch of unfolded protein response (UPR) was responsible for the first wave cell death. A, Disassociation of PERK and 
IREα with Bip started within 6 h in the presence of oprozomib. B, Flowchart for investigating the role shift of UPR from cytoprotection to 
cytotoxicity. C, Phosphorylation of PERK and IREα at different time points. D, Phosphorylation of PERK became irreversible if the oprozomib 
treating time lasted for more than 4 h. Lane 2, w/d 20 stands for after oprozomib withdrawal; the cells were cultured in drug-free medium 
for another 20 h. E, PERK dephosphorylation after 4-h (upper) or 8-h (lower) treatment. The indicated time at the top represents the 
duration of drug-free culture after oprozomib withdrawal. F, Apoptosis induction at indicating treating time (aubergine) or time of drug-free 
culture according to the description in (B). G, eIF2α phosphorylation and ATF4, CHOP upregulation induced by oprozomib; the effect was 
blocked by co–treatment with salubrinal (Sbl) (300 nM). H, Salubrinal inhibited apoptosis at 12 h but failed at 24 h. For western blot, cells 
from patients were separated and treated as stated in Figure 1C; the lysates were collected and stored at −80° and the test was conducted 
using a pool of lysates from several patients, presented in Table S2. For apoptosis assay, Flow cytometry (FCM) test was conducted for 
individual patients after treatment if the cells were sufficient. Data from three parallel tests are presented as mean ± SD. **P < 0.01
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probably depended not only on PERK. In view of the inhibiting ef-
fects of salubrinal on apoptosis at 12 hours, we speculated that the 
PERK may merely represent the first wave of cell death followed by 
the involvement of other pathways.

3.4 | IRE1α mediated cell death through 
upregulation of Bim

IRE1α activation by auto–phosphorylation relies on dissociation with 
Bip (Figure 3, A). Elevated IRE1α phosphorylation became prominent 
at 16  hours (Figure  3, C). We therefore supposed that IRE1α was 
responsible for the later onset of cell death. Activated IRE1α acted 
as a scaffold, allowing its interaction with ASK and TRAF2,18 forming 
the IRE1α-TRAF2-ASK1 complex, which was then confirmed by an 
increase levels of IRE1α-engaged ASK and TRAF2 in the presence of 
Cpd 21 for 16 hours (Figure 4, A). We observed that the interaction 
of adapter TRAF2 with IRE1α evoked a cascade of phosphorylation 
events that ultimately activated c-JNK (Figure 4, B). c-JNK is docu-
mented to be activated to impact the apoptosis machinery via regula-
tion of the balance of pro/anti–apoptosis members of Bcl-2 family.19 

Among the four members that were tested, Bim was distinctly up-
regulated (Figure 4, C). Bim phosphorylation, which was reported to 
bind and neutralize Bcl-2, was clearly reinforced (Figure 4, D). To de-
termine whether the induction and modification of Bim were linked 
to the IRE1α-TRAF2-ASK1-c-JNK cascade, selonsertib, an ASK1 
inhibitor, was used to attenuate the phosphorylation of ASK1. The 
results showed a decline in Bim expression (Figure 4, C) and phos-
phorylation (Figure 4, D) under the combination of selonsertib and 
Cpd 21. As a result, co–treatment with selonsertib led to apoptosis 
retardation, which was further strengthened by salubrinal (Figure 4, 
E). Neither alone nor in company with salubrinal did selonsertib fully 
inhibit the Cpd  21-induced apoptosis, indicating that other than 
PERK and IRE1α, more pathways were implicated. Meanwhile, our 
data suggested that reinforced Bim activity was independent of P53, 
as neither abundance nor phosphorylation level was influenced by 
PTFα addition (Figure 4, F). To further exclude the implication of P53 
in Bim regulation, we treated K562, a P53 deficient cell line, with 
Cpd 21 for the indicated time or at indicated concentrations. Levels 
of total and phosphorylated Bim were both increased in a time and 
dose-dependent fashion (Figure 4, G). We further examined whether 
IRE1α, the dominant activator of ASK-1 in the context of Cpd  21, 

F I G U R E  4   Activation of IREα branch. A, Association of IREα with ASK1 and TRAF2 was improved at 36 and 16 h, respectively, post–
oprozomib administration. B, Phosphorylation of ASK1 and TRAF2. Upregulation (C) and phosphorylation (D) of Bim were measured at 
48 h post–oprozomib administration, which was blocked by selonsertib (Slt) (500 nM), an ASK1 inhibitor. E, Combination of selonsertib 
and salubrinal further inhibited oprozomib-induced apoptosis in comparison with selonsertib or salubrinal alone (48 h). F, Upregulation and 
phosphorylation of Bim were not affected by P53 blockage (48 h). G, Upregulation and phosphorylation of Bim tested in K562 cells in a 
time and dose-dependent fashion. H, Activation of ASK1 and JNK at 48 h was independent of endonuclease activity of IREα. I, Kira6 but 
not STF083010 significantly reduced apoptosis induction by oprozomib (48 h). Data from three parallel tests are presented as mean ± SD. 
**P < 0.01
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induced UPR. STF081030 and Kira6, two mechanically distinct in-
hibitors of IRE1α, were then employed. STF083010, which attenu-
ates endonuclease activity without affecting its kinase activity, did 
not diminish the phosphorylation of ASK1 and downstream c-JNK. 
While Kira6, which inhibits both endonuclease and kinase activity, 
clearly lessened the quantity of phosphorylated ASK1 and c-JNK, 
supporting that Cpd 21-provoked ASK1 activation relied mainly on 
the kinase activity (Figure 4, H). We finally examined the contribu-
tion of endonuclease of IRE1α to the induction of apoptosis. Instead 
of reducing them, SFT083010 administration even slightly promoted 
cell death, suggesting that the endonuclease activity of IRE1α was 
more likely cytoprotective20. We speculated that blockage of this 
activity may switch the signals towards pro–apoptosis, which was 
covered by the activation of ASK1. In addition, Kira6 significantly 
reduced the apoptosis, suggesting the pro–apoptotic function of ki-
nase activity of IRE1α (Figure 4, I).

3.5 | Caspase-12 processing in Cpd 21-treated cells 
through calpain activated by calcium efflux

Our differentially expressed data showed increased ITPR2 abun-
dance (Figure 2, D). We questioned the possibility that apoptosis may 
have resulted partly from disruption in Ca2+ homoeostasis because 

ITPR2 is a major regulator of Ca2+ concentration in ER lumen.21 
Cpd 21 promoted cytoplasmic Ca2+ accumulation, which was then 
abolished by ITPR2 depletion (Figure 5, A,B). It is well established 
that the cytoplasmic protease calpain played roles in apoptosis by 
cleaving diverse targets and thereby may be actively involved in cell 
death. Caspase-12 is a well-defined target of calpain.22,23 Calpain 
was activated in a Ca2+-dependent manner and, in turn, cleaved and 
activated caspase-12, which, bypassing the release of cytochrome 
C and activation of caspase-9, directly activated the effecter cas-
pase-3. Hence, we next determined the activity of calpain. An ap-
proximate 7-fold increase in calpain activity was detected, which 
largely diminished as ITPR2 siRNA was employed (Figure 5, C). Upon 
Cpd  21 treatment, we observed the cleaved fragment, which re-
ceded when ITPR2 was silenced or calpain was inhibited. However, 
the downstream caspase-3 processing continued despite full block-
age of caspase-12 (Figure 5, D). We supposed that the activation of 
caspase-3 was a cumulative consequence of IRE1α phosphoryla-
tion and Ca2+ efflux. Subsequently, we observed that the ITPR2-
deficient cells were resistant to Cpd  21-induced apoptosis, which 
was also weakened by calpain inhibition (Figure  5, E). We further 
investigated whether the ITPR2-Ca2+-Calpain-induced apoptosis 
was in a time-dependent manner and the precise time point did this 
branch participate in cell death. ITPR2 upregulation was detected 
at 20 hours after Cpd 21 addition (Figure 5, F), indicating that the 

F I G U R E  5   ITPR2-mediated Ca2+ efflux. Cytosolic Ca2+ was detected by Fluo-3 staining using flow cytometry (A) and a fluorescent 
microscope (B) at 48 h post–oprozomib treatment. Lentivirus vector containing siRNA-targeted ITPR2 (LV-ITPR2) was applied to 
downregulate the ITPR2 and subsequently inhibited Ca2+ release. C, LV-ITPR2 suppressed the calpain activity that increased as a result 
of Ca2+ accumulation in cytosol. D, Caspase-12 was the downstream target of Ca2+ Calpain signal. E, LV-ITPR2 block in part apoptosis. F, 
ITPR2 expression induction in the presence of oprozomib was time-dependent and became obvious at 24 h post–oprozomib exposure. As 
a consequence, cytosolic Ca2+ increased remarkably at this time (G). H, Induction of apoptosis mediated by ITPR2 occurred at 24 h post–
oprozomib addition. Data from three parallel tests are presented as mean ± SD. *P < 0.05, **P < 0.01
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increase in ITPR2 level was a later event in comparison with PERK. 
Furthermore, Ca2+ release was observed at 24 hours (Figure 5, G), 
which was consistent with ITPR2 upregulation. We supposed that 
the total apoptotic effects were attributed to the three components: 
PERK, IRE1α, and ITPR2. To highlight the contribution of ITPR2, we 
blocked PERK and IRE1α arms with the combination of Slb and Slt 
(C+S+S, CSS group). The flow cytometry results clearly showed that 
apoptosis in the CSS group was remarkably increased at 24 hours 
(Figure 5, H). In conclusion, our data supported a two-staged apop-
tosis model induced by the proteasome inhibitor oprozomib within 
24 hours of treatment.

3.6 | Ubiquitin-proteasome system proteins and 
proteasome activity in chronic myeloid leukemia cells

We examined the underlying reason that oprozomib selectively 
induced CML cell death. We first tested the CT-L activity of pro-
teasome in BM-MNC from heathy donors and CML patients. The 
results clearly showed enhanced proteasome activity in CML pa-
tient-derived bone marrow (BM) cells (Figure 6, A). We also meas-
ured the proteasome activity in peripheral blood mononuclear cells 
(PB-MNC) from these two groups, and similar results were seen 
(Figure 6, B). We next compared the proteasome activity between 
bone marrow and peripheral blood from the same individuals, includ-
ing a total 10 CML patients. No difference was found within each pa-
tient (Figure 6, C). Finally, we analyzed the abundance of three UPR 
molecules. In CML cells, Bip was distinctly upregulated as compared 

with healthy donors, although only three samples were available for 
the test. However, both p-PERK and p-IRE1α were not found to be 
expressed differentially (Figure 6, D). These data indicated that more 
robust proteasome activity was required for leukemia cells to deal 
with the un/misfolded proteins that produced along with the rela-
tively rapid protein turnover, a property of tumor cells to fulfill their 
uncontrolled growth. Elevation of Bip but not p-PERK and p-IRE1α 
reflected the cytoprotective role of UPR. The stress caused by un/
misfolded proteins was compromised by the boosted chaperoning 
ability of tumor cells before reaching the extent of transcriptional 
inhibition.

4  | DISCUSSION

Our data provide evidence that the proteasome inhibitor oprozomib 
induces ER stress and UPR, and eventually transmits the signaling 
towards cell death in primary CML cells. The pro–apoptotic effects 
of oprozomib on CML cells derived from clinic patients at different 
stages with various sensitivity to imatinib treatment, implying that 
potency of oprozomib was not influenced by the phases of disease. 
Compared to tyrosine kinase inhibitors (TKI) that specifically target 
and disable Bcr/Abl fusion protein, oprozomib-evoked reduction 
of proteasome activity may represent a more general anti−tumor 
strategy. Cells from AP or BC usually harbor additional chromo-
some abnormalities,24 rendering them more likely independent on 
the signals downstream of Bcr/Abl. Additional mutations offer cells a 
compensatory mechanism to sustain their survival when the Bcr/Abl 

F I G U R E  6   Comparison of proteasome 
activity between heathy donors and 
chronic myeloid leukemia (CML) patients. 
CT-L activity of proteasome in bone 
marrow mononuclear cells (BM-MNC) 
(A) and peripheral blood mononuclear 
cells (PB-MNC) (B) from CML patients 
was significantly higher than for heathy 
counterparts. C, No difference in CT-L 
activity of proteasome was observed 
between BM-MNC and PB-MNC from 
10 CML patients. D, Comparison of Bip, 
p-PERK, and p-IRE1α levels in three 
chronic myeloid leukemia (CML) patients 
with three heathy donors. Data from three 
parallel tests are presented as mean ± SD. 
*P < 0.05, **P < 0.01, n.s., not significant
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is inactivated. Due to rapid protein turnover, however, they cannot 
tolerate the defect of proteasome activity, which is responsible for 
protein homeostasis that is critical to cancer cell survival.10 Previous 
studies25,26 have confirmed the enhanced proteasomal activity in 
cancer cells and this alteration is crucial to the maintenance of the 
transformed phenotype. Newly synthesized proteins in proliferating 
cancer cells are mechanistically connected with increased proteaso-
mal activity, because cells require a more robust proteasome system 
to alleviate the cytotoxicity of misfolded proteins produced during 
the cell cycle.27 This may explain why malignant cells are more sus-
ceptible to proteasome inhibitor-induced cell death.

Proteasome inhibitors provoked ER stress and consequent UPR, 
which primarily serves as a cytoprotective response to accumula-
tion of harmful misfolded proteins but shifts the signals towards 
apoptosis with prolonged stress.28,29 Our iTRAQ data indicated that 
18 and 2 proteins enriched in protein processing in the ER path-
way (has04141) were upregulated and downregulated respectively. 
VCP/P97 and PLAA/DOA1 played roles in ERAD, in which the un/
misfolded proteins are exported into the cytoplasm and degraded 
by proteasome. VCP was considered necessary for extraction 
of proteins from the ER lumen into cytosol, a process named ret-
ro-translocation. siRNA-mediated loss of VCP itself resulted in the 
onset of UPR.30 The mechanism by which oprozomib decreased 
VCP level remains elusive. We suppose that the enervation of the 
retro-translocation resulting from VCP level decrease may be the 
molecular bridge between proteasome inhibition and initiation of 
UPR.31 Among the 18 upregulated ER-resident chaperones, Bip/
GRP87 was the central regulator.12 Increasing evidence revealed 
that Bip/GRP87 plays critical roles in cytoprotection and cancer 
development.32 Bip/GRP87 overexpression was demonstrated in 
multiple types of solid tumors.33-35 The induction of Bip/GRP87 is 
attributed to cells’ adaption to the tumor microenvironment.36 Our 
data showed that with oprozomib, the elevation of ubiquitinated 
proteins that associated with Bip/GRP87 reflected this cytoprotec-
tive effect of Bip/GRP87. In addition to this chaperoning feature, 
Bip/GRP87 releases PERK and IREα.12 Our results revealed that 
PERK was phosphorylated at 4 hours, whereas the IREα phosphor-
ylation lagged behind for 8 hours after oprozomib administration, 
suggesting a two-wave model of cell death. It is worth noting that 
remarkable apoptosis was found at 8  hours despite PERK phos-
phorylation 4  hours earlier. More importantly, 4-hour treatment 
followed by drug withdrawal failed to evoke apoptosis, indicating 
that the PERK's function during this period maybe cytoprotective 
and the duration of stimuli was critical for the signal switch from 
stress buffering to apoptosis induction.

The later onset of oprozomib-triggered cell death was attributed 
to the IRE1α branch of UPR. IRE1α underwent phosphorylation at 
16 hours, followed by association with TRAF and ASK1, leading to 
phosphorylation of ASK-1 and its substrate JNK. Among the four 
Bcl-2 pro–apoptotic members that we investigated, Bim was the 
only one that was upregulated upon oprozomib exposure. P53 is well 
documented as a key regulator for Bcl-2 family members;37 however, 
our data suggested that induction of Bim was P53-independent, 

implying that oprozomib acts through a different or additional 
mechanism independent of P53. Previous study showed that c-Jun, a 
transcription factor downstream of JNK, was engaged in Bim induc-
tion in glucocorticoid-induced leukemia cell death;38 therefore, we 
speculated that signal transduction from JNK to Bim via c-Jun was 
not dependent on P53. Bim was sequestered away from Bcl-2 by 
interaction with dynein light chain 1 (DLC1).39 JNK phosphorylated 
Bim at the DKC1 binding site, causing it to separate from DLC1. We 
observed enhanced Bim phosphorylation and the phosphorylated 
status was consistent with JNK, indicating involvement of the mito-
chondrial apoptotic pathway in the IRE1α branch. IRE1α possesses 
bifunctional kinase and RNase domain that is required for specific 
splicing of Xbp1 mRNA. Therefore, we also examined the contribu-
tion of RNase activity to apoptosis. The RNase activity of IRE1 re-
moves an intron from the unspliced X-box binding protein 1(XBP1u), 
leading to spliced XBP1(XBP1s), the active form of the XBP1 as a 
transcription factor that regulates gene expression involved in ER 
membrane biosynthesis and chaperoning and ERAD.40 Evidence 
showed that IRE1α/XBP1 is implicated in c-Myc-driven carcinogen-
esis and IRE1α/XBP1 signaling maintains cell viability by generating 
unsaturated lipids required for ER membrane homeostasis.41 Our 
data showed that blockage of RNase activity slightly increased the 
apoptosis, supporting the cytoprotective role even at the time point 
when the overall tendency of UPR was pro–apoptotic. In addition to 
PERK and IRE1α, IPTR2-mediated disruption of Ca2+ homeostasis 
was also involved in oprozomib-induced apoptosis. Ca2+ is primarily 
stored in ER. As a dynamic intercellular messenger, Ca2+ homeo-
stasis was strictly regulated by Ca2+-ATPase and calcium release 
channels. Upon apoptotic stimuli, overloading cytosolic Ca2+ trig-
gers the initiation of apoptosis by binding to Ca2+-dependent en-
zymes, such as calpain and calcineurin which, in turn, activates the 
downstream targets, including caspase-12, representing a pathway 
that directly cleaved the final executor caspase-3 in a mitochon-
dria-independent manner. Alternatively, calpain promotes apoptosis 
by activating Bcl-2 family members, Bax/Bid, leading to cytochrome 
C release. In the present study, we observed that upregulation of 
IPTR2, a ubiquitous intracellular Ca2+ release channel, was the 
leading cause of cytosolic Ca2+ accumulation. Consistent with pre-
vious studies, Ca2+ induced apoptosis relies on the calpain-caspase 
12-caspase 3 cascade.

In conclusion, oprozomib evoked a complex pro–apoptotic net 
convergence on caspase-3 processing. Our data indicated herein a 
new anti−leukemia approach based on the feature that tumor cells 
were selectively sensitive to UPS depletion. In addition, the impact of 
proteasome inhibitors on CML cells was not limited with regard to the 
phase of the disease, indicating an alternative strategy to overcome 
TKI resistance that was frequently observed in advanced stages.
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