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Cereblon (CRBN) is a multi-functional protein that acts as a sub-
strate receptor of the E3 ligase complex and a molecular chape-
rone. While CRBN is proposed to function in mitochondria, its
specific roles are yet to be established. Here, we showed that
knockdown of CRBN ftriggers oxidative stress and calcium over-
load in mitochondria, leading to disruption of mitochondrial
membrane potential. Notably, long-term CRBN depletion using
PROteolysis TArgeting Chimera (PROTAC) induced irreversible
mitochondrial dysfunction, resulting in cell death. Our collective
findings indicate that CRBN is required for mitochondrial home-
ostasis in cells. [BMB Reports 2021; 54(6): 305-310]

INTRODUCTION

The double-membraned mitochondrion possesses pleotropic func-
tions, including regulation of calcium flux, programmed cell death
and adenosine triphosphate (ATP) production, in all eukaryotic
cells (1). Among these, the paramount role of mitochondria is ATP
production through oxidative phosphorylation (OXPHOS) (2).
During this process, reactive oxygen species (ROS) are generated
as by-products in the electron transport chain on the inner mito-
chondrial membrane (3). Mitochondrial ROS levels are also signifi-
cantly increased upon exposure of cells to environmental stress
conditions, such as heat shock and xenotoxic exposure (4). Exces-
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sive generated ROS induce oxidative damage to mitochondrial
DNA and proteins (5). Accumulating oxidative damage leads to
mitochondrial dysfunction, in turn, accelerating ROS generation
in mitochondria through mitochondrial permeability transition
pore (MPTP) opening and loss of mitochondrial proteins (6). As
a safeguard against ROS-mediated oxidative damage, mitochon-
dria have a quality control system for removal of oxidized pro-
teins and ROS (7, 8). Mitochondrial Lon protease (Lonp1) is a
major regulator of mitochondrial homeostasis. Lonp1 is involved
in protein quality control via proteolytic processing of mis-
folded and damaged proteins in mitochondria (9). Dysregulation
of Lonp1 and excessive ROS accumulation are associated with
aging, infertility and tumorigenesis (10).

Cereblon (CRBN), a substrate receptor of the E3 ligase complex,
contains Lon, a conserved N-terminal domain derived from Lon
protease (11). Overexpression of mitochondrial CRBN effectively
protects neuroblastoma cells from ROS-induced cell death through
reducing oxidative damage to mitochondrial proteins (11), suppor-
ting a contributory role in maintenance of mitochondrial home-
ostasis similar to that of Lon protease. On the other hand, CRBN
has been shown to regulate bactericidal activity through modula-
ting mitochondrial ROS. Upon Toll-like receptor 4 (TLR4) stimula-
tion, CRBN suppresses the ubiquitination of Evolutionarily Con-
served Signaling Intermediate in Toll pathway (ECSIT) via disrup-
tion of ECSIT-TNF Receptor Associated Factor 6 (TRAF6) interac-
tions in monocyte cells (12). These findings suggest that CRBN
can control mitochondrial homeostasis through regulating ECSIT,
which is essential for stabilization of mitochondrial complex |
and ROS. Furthermore, CRBN binds p53 and hinders its inter-
actions with the anti-apoptotic mitochondrial protein B-cell lym-
phoma 2/B-cell lymphoma-extra Large (Bcl-2/Bcl-xL) (13). Overall,
the above results support the theory that CRBN prevents oxida-
tive damage-induced cell death through facilitating maintenance
of mitochondrial homeostasis. However, the mitochondrial func-
tions of CRBN in cancer cells remain unknown.

In this study, we have demonstrated protective roles of mito-
chondrial CRBN against ROS. Knockdown of CRBN triggered
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mitochondrial membrane potential disruption and calcium over-
load. Intriguingly, long-term depletion of CRBN via treatment
with CRBN PROteolysis TArgeting Chimera (PROTAC) led to
irreversible mitochondrial malfunction and apoptotic cell death.
Based on the collective findings, we conclude that CRBN plays
an essential role in cancer cell survival via maintaining mito-
chondrial homeostasis.

RESULTS

Knockdown of cereblon increases oxidative stress and
disrupts mitochondrial membrane potential

To explore the potential roles of CRBN in mitochondria, we
induced CRBN knockdown using specific short hairpin RNA
(shRNA) in a HepG2 cell line (shCRBN). Quantitative real-time
PCR (gRT-PCR) and western blot analyses confirmed decreased
mRNA and protein levels of CRBN in shCRBN cells, respectively
(Fig. 1A, Supplementary Fig. 1A, B). Clone 5 of shRNA (shCRBN)
was mainly used for subsequent experiments. Next, we examined
whether CRBN knockdown affects ROS production. For quanti-
tative measurement of oxidative stress, cells were stained with
two different ROS indicators. The fluorescence intensity of both
indicators was significantly increased in shCRBN cells compared
with shControl cells (Fig. 1B, C).

Excessive levels of ROS can disrupt mitochondrial membrane
potential, which is essential for ATP generation (6). Accordingly,
we examined the mitochondrial membrane potential in sShCRBN
cells using the membrane-permeable JC-1 dye. Consistent with
previous findings (14), hydrogen peroxide (H.O,)-treated cells
mainly exhibited green fluorescence. Similarly, shCRBN cells
displayed higher levels of green fluorescence compared with
shControl cells (Fig. 1D, Supplementary Fig. 1C and 4D), clearly
indicating that CRBN knockdown impairs mitochondrial mem-
brane potential. However, CRBN knockdown effect on supero-
xide production and mitochondrial membrane potential in THLE-3
cells, phenotypic characteristics like normal adult liver epithelial
cells, showed no significant changes (Supplementary Fig. 2A,
B). We further investigated mitochondrial respiration activity
in shCRBN cells by measuring total ATP production rate and
mitochondrial oxygen consumption rate (OCR). The total ATP
production rate, including glycolytic (glycoATP) and mitochon-
drial ATP (mitoATP), was decreased in shCRBN cells (Fig. 1E).
Moreover, both basal and ATP-linked respiration rates were de-
creased in shCRBN cells (Fig. 1F, G). The collective data support
a critical role of CRBN in maintenance of mitochondrial home-
ostasis and cellular metabolism.

CRBN knockdown induces calcium overload in
mitochondria

One of the main functions of mitochondria is regulation of cal-
cium homeostasis (15). Excessive ROS causes loss of mitochon-
drial membrane potential, in turn, leading to increased calcium
influx. Conversely, calcium overload promotes mitochondrial ROS
generation (16). To determine whether CRBN knockdown affects
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Fig. 1. CRBN knockdown leads to excessive ROS production and mito-
chondrial dysfunction. (A) Levels of CRBN mRNA (top) and protein
(bottom) were examined via qRT-PCR and western blot, respectively,
in shControl (shCon) and stable CRBN-depleted (shCRBN) HepG2
cells. (B, O Fluorescence staining of each ROS species. shControl and
shCRBN HepG2 cells were stained with (B) DHR123, an indicator of
intracellular hydrogen peroxide, or (C) MitoSOX Red, an indicator of
mitochondrion-derived superoxide. (D) To monitor mitochondrial mem-
brane potential, shControl HepG2 cells treated with or without H,O,
100 uM and shCRBN HepG2 cells were stained using JC-1 fluorescent
dye and images visualized under a fluorescence microscope. Represen-
tative images are shown. Original magnification (x 200); Scale bar:
50 um. (E) Quantitative measurement of ATP production using the
Seahorse Extracellular Flux Analyzer. (F) Basal respiration was calculated
as the mean value of the first three baseline readings. (G) ATP-linked
respiration OCR was measured based on the subtracted value of the
mean of three readings following oligomycin (1.5 uM) treatment from
basal respiration. All results are presented as mean + S.D. of at least
three independent experiments. P-values were calculated using unpaired
Student’s t-test. ¥*P < 0.05 and **P < 0.01 vs control.

mitochondrial calcium levels, we used Rhod2-AM, a calcium
sensor that can penetrate the mitochondrial membrane (17). To
this end, we additionally established shCRBN cells using the
Hela cell line. HepG2 and Hela cells were stained with Rhod2-
AM, MitoTracker, and Hoechst, followed by imaging using
confocal microscopy. Extracellular uridine triphosphate (UTP)
treatment is reported to activate intracellular calcium signaling
through the UTP-sensitive receptor (18). Confocal microscopy
analysis revealed a significant increase in mitochondrial calcium
levels at 120 seconds after UTP treatment in shCRBN, but not
shControl cells (Fig. 2). Calcium levels were restored to nor-
mal in shControl cells but remained high in shCRBN cells at
240 seconds after UTP treatment (Fig. 2). However, the cyto-
solic calcium response to UTP treatment was not altered in
shCRBN relative to shControl cells (Supplementary Fig. 3A, B).
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Fig. 2. CRBN knockdown induces mitochondrial calcium overload.
(A) Analysis of calcium flux in mitochondria using Rhod2-AM fluo-
rescent dye. MitoTracker green and Hoechst were employed as
mitochondrial and nuclear indicators, respectively. All cells were stained
with indicators and imaged under a confocal microscope for 240
seconds following UTP treatment (100 uM). Original magnification
(X630) Scale bar: 50 um. (B, C) Quantitative analysis of mitochon-
drial calcium flux in (B) shControl and shCRBN HepG2 cells and
(C) shControl and shCRBN Hela cells. The Y axis represents fluo-
rescence intensity of Rhod2-AM analyzed using Zen2 (blue edition)
program. P-values were calculated using unpaired Student’s t-test.
*P < 0.05 and **P < 0.01 vs control.

Our results indicate that CRBN affects mitochondrial calcium flux
through regulating ROS production and mitochondrial potential.

Long-term depletion of CRBN induces irreversible
mitochondrial dysfunction

Next, we examined whether mitochondrial dysfunction in shCRBN
cells could be rescued by exogenous expression of CRBN. To
neutralize the effects of ShRNA, we generated a plasmid expres-
sing shRNA-resistant mutant CRBN, CRBN-Flag (R). Expression
of CRBN-FLAG (R) was validated via western blot (Fig. 3A). Inte-
restingly, CRBN-Flag (R) expression rescued elevated mitochon-
drial superoxide to control levels but not impaired mitochon-
drial membrane potential in shCRBN cells (Fig. 3B, C). In addi-
tion, CRBN knockdown using small interfering RNA (siRNA)
did not induce changes in the hydrogen peroxide and supero-
xide levels (Supplementary Fig. 4A-C). The results suggest that a
prolonged period of CRBN deficiency could lead to irreversible
ROS-induced mitochondrial damage. To ascertain the effects
of long-term CRBN deficiency on mitochondrial function, expe-
riments were performed with a previously reported CRBN de-
grader, TD-165 (19). As expected, TD-165 treatment induced effi-
cient degradation of CRBN (Fig. 3D). Consistent with the results
obtained with shCRBN cells, hydrogen peroxide production was
increased in cells treated with TD-165 for 3 and 12 days (Fig.
3E). However, a significant increase in superoxide production
was observed in cells treated for 12 days and not those sub-
jected to 3 days of treatment (Fig. 3F), indicating that superoxide
accumulation is promoted only following long-term depletion
of CRBN. In keeping with this finding, mitochondrial membrane
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Fig. 3. Long-term depletion of CRBN promotes mitochondrial ROS
accumulation and irreversible mitochondrial damage. (A) Exogenous
CRBN expression in shControl and shCRBN cells determined via wes-
tern blot. (B) Quantitative analysis of mitochondrial superoxide produc-
tion using MitoSOX Red fluorescent dye. (O Quantitative analysis of mito-
chondrial membrane potential via flow cytometry in CRBN-overexpressing
cells. (D) Western blot analysis of CRBN levels in TD-165-treated HepG2
cells. (E) Quantitation of intracellular hydrogen peroxide production
after TD-165 treatment (1 uM) for 3 and 12 days. (F) Quantitation
of mitochondrion-derived superoxide production after TD-165 treatment
(1 uM) for 3 and 12 days. (G) Quantitative analysis of mitochondrial
membrane potential via flow cytometry. (H) Immunofluorescence staining
of shControl and shCRBN Hela cells using TOM20 antibody. Images
were visualized via confocal microscopy. Arrows indicate changes
in the shape of mitochondria. Original magnification (X630) Scale
bar: 50 pum. (I) Western blot analysis of CRBN and mitochondria-related
protein expression after isolation of mitochondrial and cytosol extracts
from CRBN-depleted HepG2 cells. TOM20 and alpha-tubulin were
used as the controls for mitochondria and cytosol, respectively. Results
are presented as mean + S.D. of at least three independent experiments.
P-values were calculated using unpaired student’s t-test. *P < 0.05
and **P < 0.01 vs control.

potential was decreased following TD-165 treatment in a time-
dependent manner (Fig. 3G). To exclude off-target effects on cyto-
toxicity by TD-165, we treated TD-165 for 12 days in shControl
and shCRBN cells. Long-term treatment of TD-165 in sShCRBN cells
showed no additional effect on cell viability (Supplementary
Fig. 5A, B). Moreover, immunostaining analysis of translocase
of outer membrane 20 (TOM20), a mitochondrial outer mem-
brane receptor responsible for recognition and translocation of
cytosol-synthesized proteins (20), showed that mitochondria in
shCRBN cells were shortened and highly aggregated, similar to
those treated with the mitochondrial uncoupler trifluoromethoxy
carbonylcyanide phenylhydrazone (FCCP) (Fig. 3H) (21). A cel-
lular compartmentation experiment revealed decreased levels
of the mitochondrial fusion protein Mitofusin 2 (MFN2) (22) in
mitochondrial fractions and increased cytochrome C (cyto O),
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a hallmark of apoptosis, in cytosolic fractions of shCRBN cells
(Fig. 3I). Based on the results, we conclude that long-term
inhibition of CRBN induces mitochondrial oxidative stress and
irreversible mitochondrial dysfunction.

Long-term CRBN depletion reduces the viability of HepG2
and Hela cells

Mitochondrial permeability transition pore opening due to in-
creased calcium uptake and excessive ROS production has been
shown to disrupt mitochondrial respiration, leading to dysfunc-
tion and apoptosis (23, 24). Given that CRBN knockdown in-
duced irreversible mitochondrial dysfunction and release of cyto-
chrome C, we further examined the effects of its depletion on
apoptotic death. Cell viability and proliferation rate were signi-
ficantly decreased in both CRBN-depleted (HepG2 and Hela)
cell lines (Fig. 4A, B; Supplementary Fig. 1D, E). Fluorescence-
activated cell sorting (FACS) analysis showed an increase in
G1 and G2/M phases and concomitant decrease in S phase in
shCRBN cells (Fig. 4C). Furthermore, caspase3/7 activities were
elevated in shCRBN cells (Fig. 4D). Western blot analysis re-
vealed a marked increase in levels of apoptotic markers, including
cleaved PARP, cleaved caspase 7, p53, and p21, in shCRBN
cells (Fig. 4E). Long-term treatment with TD-165 reduced the
viability of both HepG2 and Hela cells (Fig. 4F, G). Notably,
however, transient knockdown of CRBN via siRNA did not affect
cell viability (Supplementary Fig. 4E). These results suggest that
mitochondrial dysfunction due to long-term CRBN depletion pro-
motes cell death.
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Fig. 4. Long-term depletion of CRBN promotes cancer cell death.
(A, B) Effects of CRBN knockdown on viability of HepG2 and Hela
cells were determined with the Cell titer-Glo assay. (C) Flow cyto-
metry analysis of cell cycle changes in shControl and shCRBN HepG2
cells. (D) Quantification of caspase 3/7 activity in shControl and shCRBN
cells. (E) Western blot analysis of proteins related to apoptosis (cleaved
caspase-7, cleaved PARP, p53 and p21). (F-G) Quantitative analysis
of viability following TD-165 treatment for 12 days in (F) HepG2 and
(G) Hela cells. All results are presented as mean + S.D. of at least
three independent experiments. P-values were calculated using un-
paired student’s t-test. *P < 0.05 and **P < 0.01 vs control.
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DISCUSSION

In this study, we demonstrated that CRBN knockdown leads to
excess mitochondrial ROS production and impairment of mito-
chondrial respiration. In particular, long-term but not transient
CRBN depletion led to accumulation of mitochondrial supero-
xide and mitochondrial dysfunction resulting in cell death. A
recent investigation showed that upon activation of TLR4 sig-
naling, CRBN suppresses mitochondrial ROS generation through
inhibiting ubiquitination of ECSIT in monocytes (12). Consider-
ing that CRBN possesses the LON domain and associated pro-
tease activity in neuroblastoma cells (11), it is plausible that
this region of CRBN is essential for mitochondrial homeostasis.
Data from our CRBN knockdown experiments are consistent with
the earlier finding that Lonp1 defects promote cellular sene-
scence by inducing loss of mitochondrial integrity and mtDNA
damage (9). Furthermore, given that upregulation of Lon protease
is associated with aggressive cancer phenotypes, CRBN may
serve as a potential therapeutic target (25).

CRBN interacts directly with AMP activated protein kinase
(AMPK) and inhibits its catalytic activity (26, 27). AMPK, a well-
known regulator of mitochondrial ROS levels and energy home-
ostasis (28), is stimulated under multiple stress conditions, such
as hypoxia and oxidative stress (29, 30), and plays a central
role in maintaining mitochondrial biogenesis through regulation
of mitochondrial fission, fusion, and mitophagy (29). Although
we observed increased AMPK activity (data not shown) and
decreased protein levels of motifusin-2 (MFN2), a key regulator
of mitochondrial fusion (Fig. 3I), in sShCRBN cells, staining analyses
with autophagy markers revealed no significant differences be-
tween shControl and shCRBN cell lines (data not shown). Fur-
thermore, the levels of two mitochondrial quality control pro-
teins, PTEN-induced kinase 1 (PINK1) and Parkin (3, 31), remained
unchanged in shCRBN cells relative to the control cell group
(data not shown). Based on these results, it is unlikely that AMPK
activation upon CRBN depletion contributes to mitochondrial
dysfunction. Considering that CRBN is a substrate receptor of
E3 ligases and also acts as a molecular chaperone, stabilized
or immature substrates that are currently unknown may contri-
bute to CRBN depletion-mediated mitochondrial dysfunction
and subsequent apoptotic death in cancer cells.

MATERIALS AND METHODS

Cell cultures

HEK293T (ATCC, CRL-11268), HepG2 (ATCC, HB-8065) and Hela
(ATCC, CCL-2) cells were cultured in Dulbecco’s Modified Eagle
Medium (Welgene, LM001-05) supplemented with 10% fetal bo-
vine serum (Gibco, 16000) and an antibiotic-antimycotic (Gibco,
15240) in a humidified atmosphere containing 5% CO; at 37°C.

Transfection and establishment of stable cell lines

Cells were plated at 70-80% confluence and transfected with
plasmid DNA using X-tremeGENE (Roche, 6366546001) or siRNA
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using Lipofectamine™ 3000 (ThermoFisher Scientific, L3000015)
according to the manufacturers’ protocols. The siCRBN sequence
was as follows: sense, 5-GAAGUUUACGGCCACCAAAITT-3/,
and antisense, 5-UUUGGUGGCCGUAAACUUCITAT-3’. HEK
293T cells were co-transfected with lentiviral plasmids expressing
short hairpin RNA for CRBN (shCRBN) together with pSPAX2
and pMD2.G to produce viral particles. The shCRBN sequence
used was 5-GCTTGCAACTTGAATCTGATACTCGAGTATCAGA
TTCAAGTTGCAAGCT-3'.

Cell viability and caspase 3/7 activity assays

For measurement of cell viability and caspase 3/7 activity, the
CellTiter-Glo Luminescent Cell Viability assay (Promega, G7573)
and Caspase—GIo‘lG 3/7 assay system (Promega, G8091) were used,
respectively, in accordance with the manufacturer’s instructions.
Luminescence intensity recorded using a multilabel plate reader
(Perkin Elmer, Victor X3).

Quantitative real-time PCR

Total RNA was isolated from cultures using TRIzol reagent (In-
vitrogen, 15596026) according to the manufacturer’s protocol.
For quantitative real-time PCR (qRT-PCR) analysis of mRNA, syn-
thesis and amplification of cDNAs was performed using the
One-step SYBR Green PCR Master Mix (SFC, PGM5001) on a
CFX96 Touch Real-Time PCR detection system (Bio-Rad). The
beta-actin (ACTB) primer sequences used were: (Forward, 5’-
CTGGAACGGTGAAGGTGACA-3’, Reverse, 5-AAGGGACTT
CCTGTAACAATG-3") and CRBN primer sequences were: (For-
ward, 5-AGTCTGCCGACATCACATAC-3’, Reverse, 5-GCACCA
TACTGACTTCTTGAGG-3’). ACTB was employed as an endo-
genous normalization control. Each reaction was performed in
duplicate and repeated in at least three different samples.

Western blot analysis

Cells were collected and lysed in RIPA buffer (Biosolution,
BR002) containing Halt™ Protease Inhibitor Cocktail (Roche,
34044100). Proteins were separated using 7-15% SDS-polyac-
rylamide gel electrophoresis and transferred to nitrocellulose
membrane (GE Healthcare, 10600002). The following primary
antibodies were used: CRBN (Atlas antibodies, HPA045910),
Flag (Sigma-Aldrich, F3165), MFN2 (Abcam, ab50843), cytoch-
rome C (Santa Cruz, sc13156), TOMM20 (Abcam, ab56783),
alpha-tubulin (Sigma-Aldrich, T5168), cleaved caspase-7 (Cell
signaling, #9491), cleaved PARP (Cell signaling, #9541L), p53
(Santa Cruz, sc126), p21 (Cell signaling, 29475) and beta-actin
(Santa Cruz, sc47778). Membranes were visualized using Wes-
tern Pico or Femto ECL solution (ThermoFisher Scientific, 34580,
34096) on a chemiluminescent image analyzer (GE Healthcare,
Al680).

Measurement of intracellular ROS

Intracellular ROS were detected using the oxidation-sensitive
fluorescent probe dyes Dihydrorhodamine 123 (Invitrogen Mole-
cular Probes, D23806) and MitoSOX Red (Invitrogen Molecular
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Probes, M36008) in accordance with the manufacturer’s instruc-
tions. Fluorescence intensity was measured using a fluorescence
microplate reader (Perkin Elmer, Victor X3) at EX/Em wavelengths
of 488/525 nm for DHR123 and 510/580 nm for MitoSOX Red.

Measurement of mitochondrial membrane potential

For analysis of mitochondrial membrane potential, JC-1 probe
(Molecular Probes, T3168) was used according to the manufac-
turer’s instructions. Fluorescence images were visualized using
laser scanning confocal microscopy (Zeiss, LSM810) or fluore-
scence microscope and JC-1 fluorescence quantitatively analyzed
via flow cytometry (BD Biosciences, FACSVerse).

Real-time ATP production and oxygen consumption

To evaluate mitochondrial respiration, the real-time ATP rate
assay kit (Agilent, 103591-100) was employed in accordance
with the manufacturer’s instructions. Real-time ATP production
and oxygen consumption rate (OCR) were monitored with the
aid of Seahorse XFp analyzer (Agilent). Cells at 90% confluency
were plated on a XFp cell culture miniplate (Agilent, 1030250) in
complete medium. The following day, cells were treated with XF
DMEM, pH 7.4 (Agilent, 103575-100). Assay cycles involving
3 minutes of mixing and a 2-minute waiting period were con-
ducted in triplicate. Following measurement of basal respiration,
1.5 uM oligomycin (75351, Sigma-Aldrich) and 1 uM rotenone/
antimycin A mix (R8875 and A8674, Sigma-Aldrich) were added
and measured.

Calcium assay

Cytosolic intracellular calcium flux was measured with the
FLIPR®™ Calcium assay kit (Molecular Devices, R8191) in ac-
cordance with the manufacturer’s instructions. Subsequently, fluo-
rescence intensity was measured using a Flexstation” instrument
(Molecular Devices) at Ex’Em wavelengths of 488/525 nm.
Mitochondrial calcium flux was measured using Rhod2-AM
fluorescent dye according to the manufacturer’s instructions.
Fluorescence images were visualized at Ex’Em wavelengths of
552/580 nm under a confocal microscope (Zeiss, LSM800).
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