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Abstract: PSMD14, a subunit of the 19S regulatory particles of the 26S proteasome, was recently
identified as a potential prognostic marker and therapeutic target in diverse human cancers. Here, we
show that the silencing and pharmacological blockade of PSMD14 in MDA-MB 435S breast cancer cells
induce paraptosis, a non-apoptotic cell death mode characterized by extensive vacuolation derived
from the endoplasmic reticulum (ER) and mitochondria. The PSMD14 inhibitor, capzimin (CZM),
inhibits proteasome activity but differs from the 20S proteasome subunit-inhibiting bortezomib (Bz)
in that it does not induce aggresome formation or Nrf1 upregulation, which underlie Bz resistance in
cancer cells. In addition to proteasome inhibition, the release of Ca2+ from the ER into the cytosol
critically contributes to CZM-induced paraptosis. Induction of paraptosis by targeting PSMD14 may
provide an attractive therapeutic strategy against cancer cells resistant to proteasome inhibitors or
pro-apoptotic drugs.
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1. Introduction

The 26S proteasome consists of a 20S proteolytic core particle (CP) and one or two
19S regulatory particles (RPs). Although the proteasome inhibitors (PIs) that target 20S
proteolytic CP activity, such as bortezomib (Bz) and carfilzomib, offer effective therapy for
multiple myeloma (MM) patients [1,2], drug resistance often emerges, and the clinical effi-
cacy of Bz as a single agent is limited in solid tumors [3,4]. Therefore, there is an urgent and
unmet need to develop new drugs that target proteostasis through different mechanisms.
PSMD14 (also known as RPN11 and POH1), a subunit of the 19S RPs, deubiquitinates
substrates and prompts their degradation by the 20S proteolytic CP [5,6]. Its expression
is increased and associated with poor outcomes in various cancers, including MM [7],
hepatocellular carcinoma (HCC) [8], esophageal squamous cell carcinoma (ESCC) [9], lung
adenocarcinoma [10], and breast cancer [11], suggesting that PSMD14 may serve as a po-
tential prognostic marker and therapeutic target in human cancers. Recently, the PSMD14
inhibitor capzimin (CZM), a derivative of quinoline-8-thiol, stabilized a subset of protea-
some substrates in treated cells and inhibited the proliferation of cancer cells [12,13]. Here,
we report that the silencing and pharmacological inhibition of PSMD14 induce paraptosis,
a non-apoptotic cell death mode characterized by extensive vacuolation derived from the
dilations of the endoplasmic reticulum (ER) and mitochondria [14,15], in various breast
cancer cells but not in the MCF-10A human breast epithelial cell line. Although we need to
unravel the critical molecules involved in paraptosis, the underlying mechanisms of parap-
tosis reportedly include disruption of proteostasis due to proteasomal inhibition [14–17] or
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perturbation of sulfhydryl homeostasis [18–20], ion (Ca2+ or K+) imbalance [21,22], and gen-
eration of reactive oxygen species (ROS) [23–25]. In addition, paraptosis requires de novo
protein synthesis [14,26]. This study shows that Nrf1 activation and aggresome formation,
which underlie the PI resistance mechanisms of cancer cells, are not induced by PSMD14
inhibition. We found that both proteasome inhibition and intracellular Ca2+ imbalance
critically contribute to the paraptosis induced by PSMD14 inhibition in breast cancer cells.
Collectively, induction of paraptosis by targeting PSMD14 may offer a novel therapeutic
strategy against cancers that have acquired resistance to PIs or pro-apoptotic drugs.

2. Results
2.1. Targeting of PSMD14 Triggers Paraptosis in MDA-MB 435S Cells

To investigate the potential of PSMD14 as a cancer target, we investigated the ef-
fects of knockdown and pharmacological inhibition of PSMD14 in MDA-MB 435S breast
cancer cells. We found that siRNA-mediated suppression of PSMD14 expression pro-
gressively induced cell death accompanied by cytoplasmic vacuolation in MDA-MB 435S
cells (Figure 1A,B). In addition, treatment with the PSMD14 inhibitors, quinoline-8-thiol
(8-TQ) and its derivative, capzimin (CZM) [12,13], phenotypically recapitulated the effect of
PSMD14 knockdown (Figure 1C,D). Furthermore, treatment with CZM dose-dependently
reduced the viability and induced vacuolation prior to cell death in other breast cancer cell
lines, including BT549 and MDA-MB468, but not in the MCF10A human breast epithelial
cell line (Figure 1E,F). These results suggest that PSMD14 inhibition is preferentially cy-
totoxic to these breast cancer cells compared to normal cells. We examined the cell death
mode induced by PSMD14 inhibition by employing inhibitors of various cell death modes,
and we found that CZM-induced cell death or vacuolation was not affected by z-VAD (an
apoptosis inhibitor) (Figure 1G,H). In addition, neither PSMD14 knockdown nor CZM did
cleave caspase-3 and PARP, a substrate of caspase-3, in contrast to TRAIL, a representa-
tive inducer of apoptosis (Figure 1I). Furthermore, necrostatin1 (a necroptosis inhibitor),
3-methyladenine (an early-phase autophagy inhibitor), bafilomycin A1, or chloroquine
(late-phase autophagy inhibitors) did not affect CZM-induced cell death or vacuolation
(Figure 1G,H). These results suggest that apoptosis, necroptosis, and autophagy may not
be critically involved in CZM-mediated cytotoxicity (Figure 1G,H). Our observation of
vacuolation-associated cell death prompted us to test the possible involvement of parapto-
sis, a cell death mode accompanied by dilation of the ER and mitochondria [14,25,26], in
the anticancer effect of PSMD14 inhibition. We found that cycloheximide (CHX), which is
known to inhibit paraptosis [17,26], very effectively blocked CZM-induced cell death and
vacuolation (Figure 1G,H).

In addition, confocal microscopic analysis of MDA-MB 435S sublines stably express-
ing fluorescence in the ER (YFP-ER) stained with Mito-Tracker Red (MTR) revealed that
both CZM treatment and PSMD14 knockdown induced vacuolation originating from the
ER and mitochondria prior to cell death (Figure 2A,B). Electron microscopy showed that
CZM-treated cells exhibited expansion of ER-derived vacuoles and formation of megami-
tochondria, whereas untreated cells exhibited reticular ER and filamentous mitochondria
(Figure 2C). Furthermore, CHX pretreatment effectively blocked the CZM-induced dilations
of the ER and mitochondria (Figure 2D). Collectively, these results indicate that targeting of
PSMD14 triggers paraptosis in MDA-MB 435S cancer cells.
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Figure 1. Targeting PSMD14 induces cell death accompanied by vacuolation in breast cancer cells 
but not in normal breast cells. (A,B) MDA-MB 435S cells were transfected with the siRNA against 
PSMD14. (A) Cellular viability was assessed, as described in Materials and Methods, and knock-
down of PSMD14 was confirmed by Western blotting. * p < 0.001 vs. siNC-transfected cells. (B) Cells 
were observed by phase-contrast microscopy. Bars, 20 μm. (C,D) Cells were treated with the indi-
cated concentrations of CZM for 12 h or 8-TQ for 24 h. (C) Cellular viability was assessed using 
IncuCyte, as described in Materials and Methods. * p < 0.001 vs. untreated cells. (D) Cells were ob-
served by phase-contrast microscopy. Bars, 20 μm. (E) Cells were treated with the indicated concen-
trations of CZM for 24 h, and cellular viability was assessed using IncuCyte. * p < 0.001 vs. control. 

Figure 1. Targeting PSMD14 induces cell death accompanied by vacuolation in breast cancer cells
but not in normal breast cells. (A,B) MDA-MB 435S cells were transfected with the siRNA against
PSMD14. (A) Cellular viability was assessed, as described in Materials and Methods, and knockdown
of PSMD14 was confirmed by Western blotting. * p < 0.001 vs. siNC-transfected cells. (B) Cells were
observed by phase-contrast microscopy. Bars, 20 µm. (C,D) Cells were treated with the indicated
concentrations of CZM for 12 h or 8-TQ for 24 h. (C) Cellular viability was assessed using IncuCyte,
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as described in Materials and Methods. * p < 0.001 vs. untreated cells. (D) Cells were observed by
phase-contrast microscopy. Bars, 20 µm. (E) Cells were treated with the indicated concentrations of
CZM for 24 h, and cellular viability was assessed using IncuCyte. * p < 0.001 vs. control. (F) Cells
were treated with 5 µM CZM for 12 h and observed by phase-contrast microscopy. Bars, 20 µm.
(G,H) MDA-MB 435S cells pretreated with the indicated inhibitors of various cell death modes were
further treated with 5 µM CZM for 24 h (G) or 12 h (H). (G) Cellular viability was assessed as
described above. * p < 0.001 vs. control, # p < 0.001 vs. CZM-treated cells. (H) Cells were observed by
phase-contrast microscopy. Bars, 20 µm. (I) MDA-MB 435S cells were transfected with the siRNA
against PSMD14 or treated with 5 µM CZM or 200 ng/mL TRAIL for the indicated time points.
Western blotting of caspase-3 and PARP was performed using β-actin as a loading control.
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Figure 2. Targeting PSMD14 induces paraptosis in MDA-MB 435S cells. (A,B) YFP-ER cells were 
treated with 5 μM CZM for the indicated time durations (A) or transfected with siRNA against 
PSMD14 for 36 h (B) and stained with MitoTracker-Red. Cells were observed under the confocal 
microscope. Bars,10 μm. (C) MDA-MB 435S cells treated with 5 μM CZM for 12 h were subjected to 
electron microscopy. Bars, 5 μm. (D) YFP-ER cells pretreated with or without 1 μM CHX were fur-
ther treated with 5 μM CZM for 12 h, stained with MitoTracker-Red, and observed by confocal mi-
croscopy. Bars, 10 μm. 

2.2. Proteasome Inhibition Is Not Sufficient to Induce PSMD14 Targeting-Related Paraptosis in 
MDA-MB 435S Cells 

CZM was previously shown to stabilize proteasome substrates [13], and an increase 
in ubiquitylated proteins is a hallmark of proteasome inhibition [27]. We found that both 
CZM and the knockdown of PSMD14 increased the ubiquitylated protein levels (Figure 
3A). In addition, the silencing and pharmacological inhibition of PSMD14 commonly in-
creased the ER stress response signals, including the levels of phosphorylated eIF2α (p-
eIF2α), ATF4, and CHOP. Next, we examined whether CZM-mediated proteasome inhi-
bition is critical for this agent’s ability to induce paraptosis, and Bz, which provides an 
anticancer activity by inhibiting the 20S CP, can also induce paraptosis in the same cell 
line. Assessment of the proteasome activity employing the UbG76V-GFP reporter, which 
contains a single uncleavable N-terminally linked ubiquitin that is attached to GFP and 
acts as a substrate for polyubiquitination and proteasome-mediated proteolysis [28,29], 
revealed a significant proteasomal inhibition by 5 μM CZM (Figure 3B), which inhibited 
the viability of MDA-MB 435S cells by 50% (Figure 3C). When we compared the effects of 
5 μM CZM on the proteasome activity and cell viability with those of Bz, we found that 

Figure 2. Targeting PSMD14 induces paraptosis in MDA-MB 435S cells. (A,B) YFP-ER cells were
treated with 5 µM CZM for the indicated time durations (A) or transfected with siRNA against
PSMD14 for 36 h (B) and stained with MitoTracker-Red. Cells were observed under the confocal
microscope. Bars, 10 µm. (C) MDA-MB 435S cells treated with 5 µM CZM for 12 h were subjected
to electron microscopy. Bars, 5 µm. (D) YFP-ER cells pretreated with or without 1 µM CHX were
further treated with 5 µM CZM for 12 h, stained with MitoTracker-Red, and observed by confocal
microscopy. Bars, 10 µm.

2.2. Proteasome Inhibition Is Not Sufficient to Induce PSMD14 Targeting-Related Paraptosis in
MDA-MB 435S Cells

CZM was previously shown to stabilize proteasome substrates [13], and an increase in
ubiquitylated proteins is a hallmark of proteasome inhibition [27]. We found that both CZM
and the knockdown of PSMD14 increased the ubiquitylated protein levels (Figure 3A). In
addition, the silencing and pharmacological inhibition of PSMD14 commonly increased the
ER stress response signals, including the levels of phosphorylated eIF2α (p-eIF2α), ATF4,
and CHOP. Next, we examined whether CZM-mediated proteasome inhibition is critical
for this agent’s ability to induce paraptosis, and Bz, which provides an anticancer activity
by inhibiting the 20S CP, can also induce paraptosis in the same cell line. Assessment
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of the proteasome activity employing the UbG76V-GFP reporter, which contains a single
uncleavable N-terminally linked ubiquitin that is attached to GFP and acts as a substrate
for polyubiquitination and proteasome-mediated proteolysis [28,29], revealed a significant
proteasomal inhibition by 5 µM CZM (Figure 3B), which inhibited the viability of MDA-
MB 435S cells by 50% (Figure 3C). When we compared the effects of 5 µM CZM on the
proteasome activity and cell viability with those of Bz, we found that the proteasome-
inhibiting effect of 5 µM CZM was less potent than that of 5 nM Bz (Figure 3B), which
exhibited a cytostatic effect (Figure 3C) without any morphological change (Figure 3D).
Western blotting also revealed that the accumulation of ubiquitylated proteins was much
lower in cells treated with 5 µM CZM than those treated with 5 nM Bz (Figure 3E). Moreover,
ER stress response signals, including the levels of phosphorylated eIF2α (p-eIF2α), ATF4,
and CHOP, were potently upregulated by 5 µM CZM but not by 5 nM Bz (Figure 3E). These
results suggest that proteasome inhibition per se is insufficient to induce CZM-induced
anticancer effect. Next, we examined whether CZM might modulate the mechanisms
associated with PI resistance of cancer cells differently from Bz. The mechanisms thought
to confer PI resistance to cancer cells include the upregulation of Nrf1, a transcription factor
that increases the expression of proteasome subunits, and the formation of aggresome,
which allows cells to escape proteotoxicity by sequestering toxic cellular aggregates [30,31].
When we compared the effect of Bz or CZM on the expressions of Nrf1 and aggresome,
we found that, in contrast to Bz, CZM does not induce the upregulation of nuclear Nrf1
(Figure 3E,F). In addition, while Ub-p62 double-positive aggresomes were commonly
observed in most Bz-treated cells, the scattered expression of Ub without p62 expression was
detected in most CZM-treated cells, suggesting that Bz, but not CZM, induces aggresome
formation (Figure 3G). These results suggest that targeting PSMD14 may have an advantage
over targeting Bz, a 20S proteasome CP, in that the former may evade the mechanisms
through which cancer cells acquire resistance to 20S CP-targeting PIs.

2.3. CZM Disrupts Intracellular Ca2+ Homeostasis in MDA-MB 435S Cells

Since we previously reported that perturbation of intracellular Ca2+ homeostasis is
crucial for curcumin- or celastrol-induced paraptosis [16,22], we next investigated whether
intracellular Ca2+ imbalance may be involved in CZM-induced paraptosis. Flow cytometric
analysis using Fluo-3 (a cytosolic Ca2+ indicator) and Rhod-2 (a mitochondrial Ca2+ indi-
cator) revealed that CZM increased both cytosolic and mitochondrial Ca2+ levels, which
exhibited peaks at 8 h and 24 h, respectively (Figure 4A,B). Confocal microscopy showed
that CZM, but not Bz, increased [2] cytosolic Ca2+ levels (Figure 4C) and accumulated
Ca2+ within the dilated mitochondria (Figure 4D), and, thus, had effects similar to those
of celastrol [22] (Figure 4C,D). To explore the source of the Ca2+ overloaded to the cytosol
and mitochondria and to image subcellular Ca2+ dynamics, we employed G-CEPIA1er [32],
cyto-RCaMP1h, and mito-RCaMP1h [33,34], which are genetically encoded fluorescent
Ca2+ indicators that allow for the visualization of Ca2+ in the ER, cytosol, and mitochondria,
respectively. When we treated MDA-MB 435S cells co-expressing G-CEPIA1er and Cyto-
RCaMP1h with CZM to visualize ER ([Ca2+]ER) and mitochondrial matrix Ca2+ ([Ca2+]mito)
dynamics simultaneously, we found that the dramatic decrease in ER Ca2+ accompanied
a robust increase in cytosolic Ca2+ (Figure 4E and Supplementary Figure S1). Imaging
Ca2+ dynamics in cells co-expressing G-CEPIA1er and Mito-RCaMP1h, we found that
mitochondrial Ca2+ levels were gradually and mildly increased, in contrast to the rapid
and marked decrease in ER Ca2+. In addition, pretreatment with either BAPTA-AM, a
cytosolic Ca2+ chelator, or Ru360, an inhibitor of the mitochondrial Ca2+ uniporter (MCU),
effectively blocked the mitochondrial accumulation of Ca2+ (Figure 4F), suggesting that
CZM treatment triggered the release of Ca2+ from ER stores into the cytosol, and that this
increased Ca2+ is then entered into mitochondria via the MCU.
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proteins was performed using β-actin as a loading control. (B) MDA-MB 435S cells transfected with 
UbG76V-GFP were treated with the indicated concentrations of CZM or Bz for 12 h, and the fluores-
cence intensity was assessed as described in Materials and Methods. (C) Viability was assessed us-
ing IncuCyte in MDA-MB 435S cells treated with CZM or Bz at the indicated concentrations for 24 
h. * p < 0.001 vs. untreated cells. (D) MDA-MB 435S cells were treated with 5 μM CZM or 5 nM Bz 
for 12 h and observed by phase-contrast microscopy. Bars, 20 μm (E). MDA-MB 435S cells were 
treated with 5 μM CZM or 5 nM Bz for the indicated time durations, and Western blotting of the 
indicated proteins was performed using β-actin as a loading control. (F,G) MDA-MB 435S cells were 
treated with 5 μM CZM or 5 nM Bz for 12 h, and immunocytochemistry of the indicated proteins 
was performed. Bars, 10 μm (F) or 5 μm (G). 

2.3. CZM Disrupts Intracellular Ca2+ Homeostasis in MDA-MB 435S Cells 
Since we previously reported that perturbation of intracellular Ca2+ homeostasis is 

crucial for curcumin- or celastrol-induced paraptosis [16,22], we next investigated 
whether intracellular Ca2+ imbalance may be involved in CZM-induced paraptosis. Flow 
cytometric analysis using Fluo-3 (a cytosolic Ca2+ indicator) and Rhod-2 (a mitochondrial 
Ca2+ indicator) revealed that CZM increased both cytosolic and mitochondrial Ca2+ levels, 

Figure 3. Proteasome inhibition alone is not sufficient to explain the anticancer effect of PSMD14.
(A) Cell extracts were prepared from MDA-MB 435S cells treated with 5 µM CZM or transfected
with the siRNA against PSMD14 for the indicated time durations. Western blotting of the indicated
proteins was performed using β-actin as a loading control. (B) MDA-MB 435S cells transfected
with UbG76V-GFP were treated with the indicated concentrations of CZM or Bz for 12 h, and the
fluorescence intensity was assessed as described in Materials and Methods. (C) Viability was assessed
using IncuCyte in MDA-MB 435S cells treated with CZM or Bz at the indicated concentrations for
24 h. * p < 0.001 vs. untreated cells. (D) MDA-MB 435S cells were treated with 5 µM CZM or 5 nM
Bz for 12 h and observed by phase-contrast microscopy. Bars, 20 µm (E). MDA-MB 435S cells were
treated with 5 µM CZM or 5 nM Bz for the indicated time durations, and Western blotting of the
indicated proteins was performed using β-actin as a loading control. (F,G) MDA-MB 435S cells were
treated with 5 µM CZM or 5 nM Bz for 12 h, and immunocytochemistry of the indicated proteins was
performed. Bars, 10 µm (F) or 5 µm (G).
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Figure 4. PSMD14 inhibition induces intracellular Ca2+ imbalance in MDA-MB 435S cells. (A,B) 
MDA-MB 435S cells were treated with 5 μM CZM for the indicated time durations, stained with 
Fluo-3 (A) or Rhod-2 (B) and processed for FACS analysis. The results of FACS analysis after treat-
ment with 5 μM CZM for 8 h are depicted in the graphs. (C) MDA-MB 435S cells treated with the 

Figure 4. PSMD14 inhibition induces intracellular Ca2+ imbalance in MDA-MB 435S cells. (A,B) MDA-
MB 435S cells were treated with 5 µM CZM for the indicated time durations, stained with Fluo-3 (A) or
Rhod-2 (B) and processed for FACS analysis. The results of FACS analysis after treatment with 5 µM
CZM for 8 h are depicted in the graphs. (C) MDA-MB 435S cells treated with the indicated chemicals
were observed under the confocal microscope. Bars, 10 µm. (D) YFP-Mito cells treated with the
indicated chemicals were stained with Rhod-2 and observed under the confocal microscope. Celastrol
was used as a positive control to confirm the increase in Ca2+ in the cytosol and mitochondria.
Bars, 10 µm. (E) MDA-MB 435S cells transfected with the plasmids encoding G-CEPIA1er and
cyto-RCaMP1h or cells transfected with those G-CEPIA1er and mito-RCaMP1h were treated with
5 µM CZM for the indicated time durations. Subcellular Ca2+ dynamics were monitored under the
confocal microscope, and representative images were displayed. Bars, 10 µm. Time course Ca2+

signal in the ER, cytosol, and mitochondria in CZM-treated cells was analyzed using Image J/Fiji
software. (F) YFP-ER cells pretreated with 10 µM BAPTA-AM or 20 µM Ru360 were further treated
with 5 µM CZM for 8 h and stained with Rhod-2. Cells were observed under the confocal microscope.
Bars, 20 µm.

2.4. Both Proteasome Inhibition and Ca2+ Imbalance Critically Contribute to the Paraptosis
Induced by PSMD14 Inhibition in MDA-MB 435S Cells

Next, we investigated the functional significance of Ca2+ imbalance in the paraptosis in-
duced by VCP inhibition. We found that BAPTA-AM, but not Ru360, significantly inhibited
CZM-induced cell death and vacuolation (Figure 5A,B). Interestingly, in CZM-treated cells,
BAPTA-AM very effectively blocked ER dilation but not mitochondrial dilation (Figure 5C).
In contrast, Ru360 had no blocking effect on these paraptotic events (Figure 5A–C). These
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results suggest that the release of Ca2+ from the ER may be critical for CZM-induced cell
death, particularly in the context of ER dilation, whereas mitochondrial Ca2+ overload
does not play a critical role in this cell death. Next, we further investigated the signifi-
cance of the increase in cytosolic Ca2+ in CZM-induced ER stress. BAPTA-AM notably
reduced CZM-induced ER stress signals, including the upregulations of p-eIF2α, ATF4,
and CHOP, but not the accumulation of ubiquitylated proteins, whereas CHX pretreatment
almost wholly blocked all of these stress signals (Figure 5D). These results suggest that
the increase in cytosolic Ca2+ may critically contribute to CZM-induced ER stress and pro-
teotoxicity, although it does not affect the proteasome activity. We also found that similar
to BAPTA-AM, CHX very effectively blocked the CZM-induced increase in cytosolic Ca2+

levels (Figure 5E). These results suggest that CZM-induced proteasome inhibition may
play an essential role in the induced Ca2+ imbalance, prompting us to speculate that there
may be cross-modulation between the impairment of proteostasis and Ca2+ imbalance.
Collectively, our results suggest that inhibition of PSMD14 may trigger paraptosis through
the simultaneous inhibition of proteasome activity and Ca2+ homeostasis in MDA-MB 435S
breast cancer cells.
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was performed using β-actin as a loading control. (E) Cells were stained with Fluo-3 and observed 
by confocal microscopy. Bars, 20 μm. 
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such as o-phenanthroline (OPA) [7] and CZM [13], were reported to reduce the viability 
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Figure 5. Disruption of both proteostasis and Ca2+ homeostasis is required for the paraptosis induced
by PSMD14 inhibition in MDA-MB 435S cells. (A,B) MDA-MB 435S cells pretreated with 10 µM
BAPTA-AM or 20 µM Ru360 were further treated with 5 µM CZM for 24 h or 12 h. (A) Cellular
viability was assessed using IncuCyte, as described above * p < 0.001 vs. untreated cells, # p < 0.001 vs.
CZM-treated cells. (B) Cells were observed by phase-contrast microscopy. Bars, 20 µm. (C) YFP-ER
cells were pretreated with 10 µM BAPTA-AM or 20 µM Ru360 were further treated with 5 µM CZM
for 8 h and stained with MitoTracker-Red. Cells were observed under the confocal microscope. Bars,
10 µm. (D,E) Cells pretreated with 5 µM BAPTA-AM or 1 µM CHX were further treated with 5 µM
CZM for the indicated time durations or 8 h. (D) Western blotting of the indicated proteins was
performed using β-actin as a loading control. (E) Cells were stained with Fluo-3 and observed by
confocal microscopy. Bars, 20 µm.
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3. Discussion

The targeting of proteasome 20S peptidase activity with Bz and carfilzomib has rev-
olutionized the treatment of MM, but not all patients respond to these compounds, and
those who do eventually suffer a relapse. In addition, Bz has had disappointing results
when treating solid tumors [3,4]. Therefore, novel therapeutic strategies to overcome PI
resistance are needed. PSMD14 is a 19S-proteasome-associated deubiquitinating enzyme
that facilitates protein degradation by the 20S proteasome core particle [35]. The oncogenic
roles of PSMD14 in various cancers have been associated with its effect on deubiquitinating
and stabilizing various protein substrates, including ErbB2 [36], E2F1 [37,38], TGF-beta
receptors, caveolin-1 [39], GRB2 [40], and SNAIL [9], suggesting that targeting PSMD14
could be a promising strategy for cancer treatment. Recently, PSMD14 inhibitors, such as
o-phenanthroline (OPA) [7] and CZM [13], were reported to reduce the viability of MM cells
by inducing an unfolded protein response (UPR) and stabilizing proteasome substrates,
thereby exerting cytotoxicity against even Bz-resistant cancer cells [7,13]. In addition, vari-
ous PSMD14 inhibitors, including OPA [7,40,41], thiolutin [41], and CZM [13,42], as well
as PSMD14 knockdown [9,10,40,43–46], have demonstrated effective anticancer effects in
various solid tumor cells, suggesting that targeting PSMD14 may be therapeutically rele-
vant in a broad spectrum of cancers, including solid tumors. In the present study, we show
that targeting PSMD14 may evade the mechanisms through which cancer cells acquire
resistance to Bz, a PI targeting 20S proteasome CP, such as the aggresome formation and
Nrf1 activation [30,31]. Therefore, these results suggest that targeting PSMD14 upstream of
the 20S proteasome may be a beneficial strategy for overcoming the PI resistance of cancers
and the limitations of the current 20S CP-targeting PIs in cancer therapy. However, the un-
derlying mechanisms by which inhibition of PSMD14 exerts anticancer effects are unclear.
We herein show for the first time that pharmacological or genetic inhibition of PSMD14
in several breast cancer cells induces paraptosis as a major cell death mode. Although
the molecular basis of paraptosis remains to be further elucidated in detail, disruption of
proteostasis (including proteasome inhibition) and Ca2+ imbalance have been proposed as
the underlying mechanisms of paraptosis [14–21,25]. The vacuolization observed during
paraptosis is believed to result from an influx of water into the ER and mitochondria,
which occurs due to the increase in osmotic pressure induced by the accumulation of mis-
folded proteins within these organelles [14,25] or Ca2+ overload in mitochondria [16,21,22].
The present study shows that either pharmacological or genetic silencing of PSMD14
inhibits proteasome activity and increases cytosolic Ca2+ levels in MDA-MB 435S cells
(Figures 3A and 4A,C and Supplementary Figure S2). CZM also induced mitochondrial
Ca2+ overload (Figure 4B,D). While CHX effectively inhibited all CZM-induced paraptotic
events and signals, BAPTA-AM inhibited the ability of CZM to increase Ca2+ in the cytosol
and mitochondria and induce ER stress, ER dilation, and cell death, but did not impact the
ability of CZM to induce mitochondrial dilation. These results suggest that, in addition to
CZM-induced proteasome inhibition, the CZM-induced release of Ca2+ from the ER may
critically contribute to the ER stress and ER dilation seen in breast cancer cells treated with
this agent. We speculate that depletion of Ca2+ in the ER following CZM treatment may
hamper the actions of chaperones, which depend on Ca2+ binding to promote folding in
the ER; this may further contribute to the accumulation of misfolded proteins (ER stress),
leading to the water-influx-based distention of the ER lumen [21]. The effective blocking
effect of CHX on CZM-induced paraptosis may reflect the prevention or relief of the cellular
proteotoxic stress derived from CZM-induced perturbations in protein degradation and
Ca2+ homeostasis. Interestingly, RU360 did not affect CZM-induced paraptosis, despite its
ability to block mitochondrial Ca2+ overload. These results indicate that the CZM-induced
mitochondrial Ca2+ overload results from MCU-mediated mitochondria uptake of Ca2+

released from the ER Ca2+ but did not cause the observed mitochondrial dilation. Therefore,
we cannot exclude the possibility that CZM-induced impairment of protein degradation
within mitochondria may cause their dilation, as seen for the ER dilation. At present, it
is not clear whether the paraptosis induced by PSMD14 inhibition is directly linked to its
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deubiquitinating activity. In this study, although we clearly show that PSMD14 inhibition
induces Ca2+ imbalance, the target(s) of PSMD14 that may play a critical role in maintaining
Ca2+ homeostasis need to be identified by further study.

Collectively, targeting PSMD14 may offer an effective therapeutic strategy to overcome
the resistance of cancer cells to the 20S CP proteasome by, additionally, inducing Ca2+ imbal-
ance together with proteasome inhibition. Therefore, our present results lead us to propose
that inducing paraptosis by targeting PSMD14 may provide an attractive therapeutic
strategy against cancer cells that exhibit resistance to the PIs and pro-apoptotic drugs.

4. Materials and Methods
4.1. Chemicals and Antibodies

Chemicals and reagents were obtained as follows: CZM from, 8-TQ from, Bz from
Selleckchem (Houston, TX, USA); TRAIL from KOMABIBIOTECH (Seoul, South Korea);
Ru360 from Calbiochem (Millipore Corp., Billerica, MA, USA); MitoTracker-Red (MTR),
propidium iodide (PI), Fluo-3-AM, Rhod-2-AM, and 4′,6-diamidino–2-phenylindole (DAPI)
from Molecular Probes (Eugene, OR, USA); z-VAD-fmk from R&D Systems (Minneapo-
lis, MN, USA); necrostatin-1, 3-methyladenine (3-MA), bafilomycin A1, 2-bis(o-amino
phenoxy)ethane-N, N, N’N′-tetraacetic acid acetoxymethyl ester (BAPTA-AM), celastrol,
and cycloheximide (CHX) from Sigma-Aldrich (St. Louis, MO, USA). The following primary
antibodies were used: Ub from Santa Cruz (Dallas, TX, USA), p62 from BD Biosciences (San
Jose, CA, USA); p-eIF2α, eIF2α, ATF4, Nrf1, and CHOP/GADD153 from Cell Signaling
Technology (Danvers, MA, USA); caspase-3 from Enzo Life Science (Farmingdale, NY,
USA); PARP from Abcam (Cambridge, UK). The secondary antibodies, including rabbit IgG
HRP, mouse IgG HRP, rabbit Alexa Fluor 488, and mouse Alexa Fluor 594, were obtained
from Molecular Probes.

4.2. Cell Culture

MDA-MB 435S, MDA-MB 231, MDA-MB 468, and MCF-10A cells were purchased
from American Type Culture Collection (ATCC, Manassas, VA, USA). MDA-MB 435S cells
were cultured in low-glucose DMEM, MDA-MB 231, and MDA-MB 468 cells in RPMI-1640
medium supplemented with 10% fetal bovine serum and 1% antibiotics (GIBCO-BRL,
Grand Island, NY, USA). MCF-10A cells were maintained in DMEM/F12 medium sup-
plemented with 5% horse serum, insulin, hydrocortisone, and cholera toxin (Calbiochem,
Millipore Corp., Billerica, MA, USA). Cells were incubated in 5% CO2 at 37 ◦C

4.3. Cell Viability Assay

Cells were cultured in 48-well plates and treated as indicated. The cells were then
fixed with methanol/acetone (1:1) at −20 ◦C for 5 min, washed three times with PBS, and
stained with propidium iodide (PI; final concentration, 1 µg/mL) at room temperature for
10 min. The plates were imaged on an IncuCyte device (Essen Bioscience, Ann Arbor, MI,
USA) and analyzed using the IncuCyte ZOOM 2016B software. The processing definition of
the IncuCyte program was set to recognize attached (live) cells by their red-stained nuclei.
The percentage of live cells was normalized to that of untreated control cells (100%).

4.4. Morphological Examination of the ER and Mitochondria

YFP-ER cells were established as described previously [17]. After treatments, YFP-ER
cells were stained with 100 nM MTR for 10 min, and morphological changes of the ER
and mitochondria were observed under a K1-Fluo confocal laser scanning microscope
(Nanoscope Systems, Daejeon, Korea).

4.5. Immunoblot Analysis

Cells were washed in PBS and lysed in boiling sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE) sample buffer (62.5 mM Tris (pH 6.8), 1% SDS, 10% glycerol,
and 5% β- mercaptoethanol). The lysates were boiled for 5 min, separated by SDS–PAGE,
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and transferred to an Immobilon membrane (Millipore, Billerica, MA, USA). After non-
specific binding sites were blocked for 1 h using 5% skim milk, the membranes were
incubated for 2 h with specific antibodies. Membranes were then washed three times
with Tris-Buffered Saline Tween-20 (TBST) and incubated further for 1 h with horseradish
peroxidase-conjugated anti-rabbit, -mouse, or -goat antibody. Visualization of protein
bands was accomplished using ECL (Amersham Life Science, Amersham, UK). β-actin was
used as a loading control.

4.6. Immunofluorescence Microscopy

After treatments, the cells were fixed with 4% paraformaldehyde for 10 min at RT and
blocked in 5% BSA in PBS for 30 min. Fixed cells were incubated overnight at 4 ◦C with
primary antibodies diluted in PBS, washed three times in PBS, and incubated for 1 h at
room temperature with anti-mouse or anti-rabbit Alexa Fluor 488, 594, and 647 (1:1000,
Molecular Probes). Slides were mounted with ProLong Gold antifade mounting reagent
(Molecular Probes), and cell staining was visualized with the K1-Fluo confocal laser
scanning microscope.

4.7. Imaging of Subcellular Localization of Ca2+

To measure cytosolic Ca2+ levels ([Ca2+]cyto), treated cells were incubated with 100 nM
Fluo-3-AM at 37 ◦C for 20 min, washed with HBSS (without Ca2+ or Mg2+), and analyzed
immediately under a K1-Fluo confocal laser-scanning microscope. To measure mitochon-
drial Ca2+ levels ([Ca2+]mito), treated cells were incubated with 100 nM Rhod-2-AM at 37 ◦C
for 30 min, washed with HBSS (without Ca2+ or Mg2+), and then analyzed under a K1-Fluo
confocal laser-scanning microscope. To simultaneously observe the CZM-induced changes
in Ca2+ levels in the ER and cytosol, we co-transfected MDA-MB 435S cells with the plas-
mids pCAG G-CEPIA1er and pCAG cyto-RCaMP1h. To monitor CZM-induced changes
in Ca2+ levels in the ER and mitochondria simultaneously, we cotransfected MDA-MB
435S cells with the plasmids pCAG G-CEPIA1er and pCAG mito-RCaMP1h. Transfected
cells were cultured in 12-well plates and treated with 5 µM CZM for the indicated time
points, and all the images were captured with a K1-Fluo confocal laser scanning microscope
(Nanoscope Systems, Daejeon, Korea) at the following excitation/emission wavelengths:
488 nm/525 ± 50 nm for G-CEPIA1er and Fluo-3-AM, and 561 nm/593 ± 46 nm for cyto-
RCaMP1h, mito-RCaMP1h, and Rhod-2-AM. Images were analyzed using Image J/Fiji
software. Fluorescence intensities were corrected for background fluorescence (F0) by
measuring the non-fluorescent area. F0 values were defined by averaging 10 frames before
stimulation and used for normalization, and F of ROI was obtained by averaging intensities
of pixels inside the ROI. ∆F/F = (F − F0)/F0 was calculated in each pixel at each time.

4.8. Small Interfering RNA-Mediated Knockdown of PSMD14

The specific siRNA targeting PSMD14 (siPSMD14; J-006024-05, 06, 07, 08) and the
Negative Universal Control siRNA (siNC) were purchased from Thermo Dharmacon
and Invitrogen, respectively. Transfection was performed using the RNAiMAX reagent
(Invitrogen, Carlsbad, CA, USA) in accordance with the instructions of the manufacturer.

4.9. Transmission Electron Microscopy

Cells were prefixed in Karnovsky’s solution (1% paraformaldehyde, 2% glutaralde-
hyde, 2 mm calcium chloride, 0.1 m cacodylate buffer, pH 7.4) for 2 h and washed with
cacodylate buffer. Post-fixing was carried out in 1% osmium tetroxide and 1.5% potassium
ferrocyanide for 1 h. After dehydration with 50–100% alcohol, the cells were embedded
in Poly/Bed 812 resin (Pelco, Redding, CA, USA), polymerized, and observed under the
electron microscope (Sigma 500, Zeiss, Oberkochen, Germany).
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4.10. Measurement of Proteasome Activity Employing UbG76V-GFP

Cells transfected with UbG76V-GFP were cultured for 48 h in a 24-well plate and treated
with the indicated agents for 8 h. The plates were imaged on an IncuCyte device (Essen
Bioscience, Ann Arbor, MI, USA), and the fluorescence intensities were analyzed using the
IncuCyte ZOOM 2016B software.

4.11. Statistical Analysis

All the data are presented as the mean ± SD (standard deviation). GraphPad Prism
software (GraphPad Software Inc, San Diego, CA, USA) was used to perform the statistical
analyses. The normality of data was assessed by the Kolmogorov–Smirnov test or Pearson
test, and equal variance was assessed using Bartlett’s test. For a normal distribution,
statistical differences were determined using analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparison test.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23052648/s1.

Author Contributions: Conceptualization, K.-S.C.; methodology, H.-J.L., D.-M.L. and M.-J.S.; data
curation, H.-J.L. and D.-M.L.; formal analysis, H.-J.L. and D.-M.L.; investigation, H.-J.L. and D.-M.L.;
visualization, H.-J.L. and D.-M.L.; resources, H.-C.K. and S.-K.K.; writing–original draft preparation,
H.-J.L.; writing–review and editing, K.-S.C.; funding acquisition, K.-S.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government, Mid-career Research Program (NRF-2020R1A2C1013562).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gandolfi, S.; Laubach, J.P.; Hideshima, T.; Chauhan, D.; Anderson, K.C.; Richardson, P.G. The proteasome and proteasome

inhibitors in multiple myeloma. Cancer Metastasis Rev. 2017, 36, 561–584. [CrossRef]
2. Scott, K.; Hayden, P.J.; Will, A.; Wheatley, K.; Coyne, I. Bortezomib for the treatment of multiple myeloma. Cochrane Database Syst.

Rev. 2016, 4, CD010816. [CrossRef]
3. Huang, Z.; Wu, Y.; Zhou, X.; Xu, J.; Zhu, W.; Shu, Y.; Liu, P. Efficacy of therapy with bortezomib in solid tumors: A review based

on 32 clinical trials. Future Oncol. 2014, 10, 1795–1807. [CrossRef]
4. Fisher, R.I.; Bernstein, S.H.; Kahl, B.S.; Djulbegovic, B.; Robertson, M.J.; De Vos, S.; Epner, E.; Krishnan, A.; Leonard, J.P.; Lonial, S.

Multicenter phase II study of bortezomib in patients with relapsed or refractory mantle cell lymphoma. J. Clin. Oncol. 2006, 24,
4867–4874. [CrossRef]

5. Bard, J.A.; Bashore, C.; Dong, K.C.; Martin, A. The 26S proteasome utilizes a kinetic gateway to prioritize substrate degradation.
Cell 2019, 177, 286–298.e15. [CrossRef]

6. Matyskiela, M.E.; Lander, G.C.; Martin, A. Conformational switching of the 26S proteasome enables substrate degradation. Nat.
Struct. Mol. Biol. 2013, 20, 781–788. [CrossRef]

7. Song, Y.; Li, S.; Ray, A.; Das, D.S.; Qi, J.; Samur, M.K.; Tai, Y.T.; Munshi, N.; Carrasco, R.D.; Chauhan, D.; et al. Blockade of
deubiquitylating enzyme Rpn11 triggers apoptosis in multiple myeloma cells and overcomes bortezomib resistance. Oncogene
2017, 36, 5631–5638. [CrossRef]

8. Xiao, H.; Wang, B.; Xiong, H.X.; Guan, J.F.; Wang, J.; Tan, T.; Lin, K.; Zou, S.B.; Hu, Z.G.; Wang, K. A novel prognostic index of
hepatocellular carcinoma based on immunogenomic landscape analysis. J. Cell. Physiol. 2021, 236, 2572–2591. [CrossRef]

9. Zhu, R.; Liu, Y.; Zhou, H.; Li, L.; Li, Y.; Ding, F.; Cao, X.; Liu, Z. Deubiquitinating enzyme PSMD14 promotes tumor metastasis
through stabilizing SNAIL in human esophageal squamous cell carcinoma. Cancer Lett. 2018, 418, 125–134. [CrossRef]

10. Zhang, L.; Xu, H.; Ma, C.; Zhang, J.; Zhao, Y.; Yang, X.; Wang, S.; Li, D. Upregulation of deubiquitinase PSMD14 in lung
adenocarcinoma (LUAD) and its prognostic significance. J. Cancer 2020, 11, 2962–2971. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms23052648/s1
https://www.mdpi.com/article/10.3390/ijms23052648/s1
http://doi.org/10.1007/s10555-017-9707-8
http://doi.org/10.1002/14651858.CD010816.pub2
http://doi.org/10.2217/fon.14.30
http://doi.org/10.1200/JCO.2006.07.9665
http://doi.org/10.1016/j.cell.2019.02.031
http://doi.org/10.1038/nsmb.2616
http://doi.org/10.1038/onc.2017.172
http://doi.org/10.1002/jcp.30015
http://doi.org/10.1016/j.canlet.2018.01.025
http://doi.org/10.7150/jca.39539


Int. J. Mol. Sci. 2022, 23, 2648 13 of 14

11. Xuan, D.T.M.; Wu, C.C.; Kao, T.J.; Ta, H.D.K.; Anuraga, G.; Andriani, V.; Athoillah, M.; Chiao, C.C.; Wu, Y.F.; Lee, K.H.; et al.
Prognostic and immune infiltration signatures of proteasome 26S subunit, non-ATPase (PSMD) family genes in breast cancer
patients. Aging 2021, 13, 24882–24913. [CrossRef]

12. Perez, C.; Li, J.; Parlati, F.; Rouffet, M.; Ma, Y.; Mackinnon, A.L.; Chou, T.F.; Deshaies, R.J.; Cohen, S.M. Discovery of an Inhibitor
of the Proteasome Subunit Rpn11. J. Med. Chem. 2017, 60, 1343–1361. [CrossRef]

13. Li, J.; Yakushi, T.; Parlati, F.; Mackinnon, A.L.; Perez, C.; Ma, Y.; Carter, K.P.; Colayco, S.; Magnuson, G.; Brown, B.; et al. Capzimin
is a potent and specific inhibitor of proteasome isopeptidase Rpn11. Nat. Chem. Biol. 2017, 13, 486–493. [CrossRef]

14. Lee, D.M.; Kim, I.Y.; Seo, M.J.; Kwon, M.R.; Choi, K.S. Nutlin-3 enhances the bortezomib sensitivity of p53-defective cancer cells
by inducing paraptosis. Exp. Mol. Med. 2017, 49, e365. [CrossRef]

15. Yoon, M.J.; Kang, Y.J.; Lee, J.A.; Kim, I.Y.; Kim, M.A.; Lee, Y.S.; Park, J.H.; Lee, B.Y.; Kim, I.A.; Kim, H.S.; et al. Stronger proteasomal
inhibition and higher CHOP induction are responsible for more effective induction of paraptosis by dimethoxycurcumin than
curcumin. Cell Death Dis. 2014, 5, e1112. [CrossRef]

16. Yoon, M.J.; Kim, E.H.; Kwon, T.K.; Park, S.A.; Choi, K.S. Simultaneous mitochondrial Ca(2+) overload and proteasomal inhibition
are responsible for the induction of paraptosis in malignant breast cancer cells. Cancer Lett. 2012, 324, 197–209. [CrossRef]

17. Yoon, M.J.; Kim, E.H.; Lim, J.H.; Kwon, T.K.; Choi, K.S. Superoxide anion and proteasomal dysfunction contribute to curcumin-
induced paraptosis of malignant breast cancer cells. Free Radic. Biol. Med. 2010, 48, 713–726. [CrossRef]

18. Binoy, A.; Nedungadi, D.; Katiyar, N.; Bose, C.; Shankarappa, S.A.; Nair, B.G.; Mishra, N. Plumbagin induces paraptosis in cancer
cells by disrupting the sulfhydryl homeostasis and proteasomal function. Chem. Biol. Interact. 2019, 310, 108733. [CrossRef]

19. Hager, S.; Korbula, K.; Bielec, B.; Grusch, M.; Pirker, C.; Schosserer, M.; Liendl, L.; Lang, M.; Grillari, J.; Nowikovsky, K.; et al.
The thiosemicarbazone Me2NNMe2 induces paraptosis by disrupting the ER thiol redox homeostasis based on protein disulfide
isomerase inhibition. Cell Death Dis. 2018, 9, 1052. [CrossRef]

20. Seo, M.J.; Lee, D.M.; Kim, I.Y.; Lee, D.; Choi, M.K.; Lee, J.Y.; Park, S.S.; Jeong, S.Y.; Choi, E.K.; Choi, K.S. Gambogic acid triggers
vacuolization-associated cell death in cancer cells via disruption of thiol proteostasis. Cell Death Dis. 2019, 10, 187. [CrossRef]

21. Kim, E.; Lee, D.M.; Seo, M.J.; Lee, H.J.; Choi, K.S. Intracellular Ca2+ Imbalance Critically Contributes to Paraptosis. Front. Cell Dev.
Biol. 2020, 8, 607844. [CrossRef]

22. Yoon, M.J.; Lee, A.R.; Jeong, S.A.; Kim, Y.S.; Kim, J.Y.; Kwon, Y.J.; Choi, K.S. Release of Ca2+ from the endoplasmic reticulum
and its subsequent influx into mitochondria trigger celastrol-induced paraptosis in cancer cells. Oncotarget 2014, 5, 6816–6831.
[CrossRef]

23. Chen, X.; Chen, X.; Zhang, X.; Wang, L.; Cao, P.; Rajamanickam, V.; Wu, C.; Zhou, H.; Cai, Y.; Liang, G.; et al. Curcuminoid B63
induces ROS-mediated paraptosis-like cell death by targeting TrxR1 in gastric cells. Redox Biol. 2019, 21, 101061. [CrossRef]

24. Ghosh, K.; De, S.; Das, S.; Mukherjee, S.; Sengupta Bandyopadhyay, S. Withaferin A Induces ROS-Mediated Paraptosis in Human
Breast Cancer Cell-Lines MCF-7 and MDA-MB-231. PLoS ONE 2016, 11, e0168488. [CrossRef]

25. Lee, D.; Kim, I.Y.; Saha, S.; Choi, K.S. Paraptosis in the anti-cancer arsenal of natural products. Pharmacol. Ther. 2016, 162, 120–133.
[CrossRef]

26. Sperandio, S.; de Belle, I.; Bredesen, D.E. An alternative, nonapoptotic form of programmed cell death. Proc. Natl. Acad. Sci. USA
2000, 97, 14376–14381. [CrossRef]

27. Menendez-Benito, V.; Verhoef, L.G.; Masucci, M.G.; Dantuma, N.P. Endoplasmic reticulum stress compromises the ubiquitin–
proteasome system. Hum. Mol. Genet. 2005, 14, 2787–2799. [CrossRef]

28. Johnson, E.S.; Ma, P.C.; Ota, I.M.; Varshavsky, A. A proteolytic pathway that recognizes ubiquitin as a degradation signal. Int. J.
Biol. Chem. 1995, 270, 17442–17456. [CrossRef]

29. Dantuma, N.P.; Lindsten, K.; Glas, R.; Jellne, M.; Masucci, M.G. Short-lived green fluorescent proteins for quantifying
ubiquitin/proteasome-dependent proteolysis in living cells. Nat. Biotechnol. 2000, 18, 538–543. [CrossRef]

30. Hamazaki, J.; Murata, S. Er-resident transcription factor NRF1 regulates proteasome expression and beyond. Int. J. Mol. Sci. 2020,
21, 3683. [CrossRef]

31. Chin, L.; Olzmann, J.; Li, L. Aggresome formation and neurodegenerative diseases: Therapeutic implications. Curr. Med. Chem.
2008, 15, 47–60. [CrossRef]

32. Suzuki, J.; Kanemaru, K.; Ishii, K.; Ohkura, M.; Okubo, Y.; Iino, M. Imaging intraorganellar Ca2+ at subcellular resolution using
CEPIA. Nat. Commun. 2014, 5, 4153. [CrossRef]

33. Gillespie, J.M.; Hodge, J.J. CASK regulates CaMKII autophosphorylation in neuronal growth, calcium signaling, and learning.
Front. Mol. Neurosci. 2013, 6, 27. [CrossRef]

34. Hirabayashi, Y.; Kwon, S.K.; Paek, H.; Pernice, W.M.; Paul, M.A.; Lee, J.; Erfani, P.; Raczkowski, A.; Petrey, D.S.; Pon, L.A.; et al.
ER-mitochondria tethering by PDZD8 regulates Ca2+ dynamics in mammalian neurons. Science 2017, 358, 623–630. [CrossRef]

35. Verma, R.; Aravind, L.; Oania, R.; McDonald, W.H.; Yates, J.R.; Koonin, E.V.; Deshaies, R.J. Role of Rpn11 metalloprotease in
deubiquitination and degradation by the 26S proteasome. Science 2002, 298, 611–615. [CrossRef]

36. Liu, H.; Buus, R.; Clague, M.J.; Urbé, S. Regulation of ErbB2 receptor status by the proteasomal DUB POH1. PLoS ONE 2009,
4, e5544. [CrossRef]

37. Wang, B.; Ma, A.; Zhang, L.; Jin, W.L.; Qian, Y.; Xu, G.; Qiu, B.; Yang, Z.; Liu, Y.; Xia, Q.; et al. POH1 deubiquitylates and stabilizes
E2F1 to promote tumour formation. Nat. Commun. 2015, 6, 8704. [CrossRef]

http://doi.org/10.18632/aging.203722
http://doi.org/10.1021/acs.jmedchem.6b01379
http://doi.org/10.1038/nchembio.2326
http://doi.org/10.1038/emm.2017.112
http://doi.org/10.1038/cddis.2014.85
http://doi.org/10.1016/j.canlet.2012.05.018
http://doi.org/10.1016/j.freeradbiomed.2009.12.016
http://doi.org/10.1016/j.cbi.2019.108733
http://doi.org/10.1038/s41419-018-1102-z
http://doi.org/10.1038/s41419-019-1360-4
http://doi.org/10.3389/fcell.2020.607844
http://doi.org/10.18632/oncotarget.2256
http://doi.org/10.1016/j.redox.2018.11.019
http://doi.org/10.1371/journal.pone.0168488
http://doi.org/10.1016/j.pharmthera.2016.01.003
http://doi.org/10.1073/pnas.97.26.14376
http://doi.org/10.1093/hmg/ddi312
http://doi.org/10.1074/jbc.270.29.17442
http://doi.org/10.1038/75406
http://doi.org/10.3390/ijms21103683
http://doi.org/10.2174/092986708783330692
http://doi.org/10.1038/ncomms5153
http://doi.org/10.3389/fnmol.2013.00027
http://doi.org/10.1126/science.aan6009
http://doi.org/10.1126/science.1075898
http://doi.org/10.1371/journal.pone.0005544
http://doi.org/10.1038/ncomms9704


Int. J. Mol. Sci. 2022, 23, 2648 14 of 14

38. Zhi, T.; Jiang, K.; Xu, X.; Yu, T.; Zhou, F.; Wang, Y.; Liu, N.; Zhang, J. ECT2/PSMD14/PTTG1 axis promotes the proliferation of
glioma through stabilizing E2F1. Neuro. Oncol. 2019, 21, 462–473. [CrossRef]

39. Wang, B.; Xu, X.; Yang, Z.; Zhang, L.; Liu, Y.; Ma, A.; Xu, G.; Tang, M.; Jing, T.; Wu, L.; et al. POH1 contributes to hyperactivation
of TGF-β signaling and facilitates hepatocellular carcinoma metastasis through deubiquitinating TGF-β receptors and caveolin-1.
EBioMedicine 2019, 41, 320–332. [CrossRef]

40. Lv, J.; Zhang, S.; Wu, H.; Lu, J.; Lu, Y.; Wang, F.; Zhao, W.; Zhan, P.; Lu, J.; Fang, Q.; et al. Deubiquitinase PSMD14 enhances
hepatocellular carcinoma growth and metastasis by stabilizing GRB2. Cancer Lett. 2020, 469, 22–34. [CrossRef]

41. Jing, C.; Li, X.; Zhou, M.; Zhang, S.; Lai, Q.; Liu, D.; Ye, B.; Li, L.; Wu, Y.; Li, H.; et al. The PSMD14 inhibitor Thiolutin as a novel
therapeutic approach for esophageal squamous cell carcinoma through facilitating SNAIL degradation. Theranostics 2021, 11,
5847–5862. [CrossRef]

42. Bustamante, H.A.; Cereceda, K.; González, A.E.; Valenzuela, G.E.; Cheuquemilla, Y.; Hernández, S.; Arias-Muñoz, E.; Cerda-
Troncoso, C.; Bandau, S.; Soza, A.; et al. The Proteasomal Deubiquitinating Enzyme PSMD14 Regulates Macroautophagy by
Controlling Golgi-to-ER Retrograde Transport. Cells 2020, 9, 777. [CrossRef]

43. Luo, G.; Hu, N.; Xia, X.; Zhou, J.; Ye, C. RPN11 deubiquitinase promotes proliferation and migration of breast cancer cells. Mol.
Med. Rep. 2017, 16, 331–338. [CrossRef]

44. Sun, T.; Liu, Z.; Bi, F.; Yang, Q. Deubiquitinase PSMD14 promotes ovarian cancer progression by decreasing enzymatic activity of
PKM2. Mol. Oncol. 2021, 15, 3639–3658. [CrossRef]

45. Wang, Q.; Shui, B.; Kotlikoff, M.I.; Sondermann, H. Structural basis for calcium sensing by GCaMP2. Structure 2008, 16, 1817–1827.
[CrossRef]

46. Yokoyama, S.; Iwakami, Y.; Hang, Z.; Kin, R.; Zhou, Y.; Yasuta, Y.; Takahashi, A.; Hayakawa, Y.; Sakurai, H. Targeting PSMD14
inhibits melanoma growth through SMAD3 stabilization. Sci. Rep. 2020, 10, 19214. [CrossRef]

http://doi.org/10.1093/neuonc/noy207
http://doi.org/10.1016/j.ebiom.2019.01.058
http://doi.org/10.1016/j.canlet.2019.10.025
http://doi.org/10.7150/thno.46109
http://doi.org/10.3390/cells9030777
http://doi.org/10.3892/mmr.2017.6587
http://doi.org/10.1002/1878-0261.13076
http://doi.org/10.1016/j.str.2008.10.008
http://doi.org/10.1038/s41598-020-76373-y

	Introduction 
	Results 
	Targeting of PSMD14 Triggers Paraptosis in MDA-MB 435S Cells 
	Proteasome Inhibition Is Not Sufficient to Induce PSMD14 Targeting-Related Paraptosis in MDA-MB 435S Cells 
	CZM Disrupts Intracellular Ca2+ Homeostasis in MDA-MB 435S Cells 
	Both Proteasome Inhibition and Ca2+ Imbalance Critically Contribute to the Paraptosis Induced by PSMD14 Inhibition in MDA-MB 435S Cells 

	Discussion 
	Materials and Methods 
	Chemicals and Antibodies 
	Cell Culture 
	Cell Viability Assay 
	Morphological Examination of the ER and Mitochondria 
	Immunoblot Analysis 
	Immunofluorescence Microscopy 
	Imaging of Subcellular Localization of Ca2+ 
	Small Interfering RNA-Mediated Knockdown of PSMD14 
	Transmission Electron Microscopy 
	Measurement of Proteasome Activity Employing UbG76V-GFP 
	Statistical Analysis 

	References

