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ARTICLE
The novel cereblon modulator CC-885 inhibits mitophagy

via selective degradation of BNIP3L

Bing-bing Hao'?, Xiao-jing Li?, Xing-long Jia'*, Yu-xing Wang®, Lin-hui Zhai'?, Duan-zhuo Li°, Jie Liu’, Die Zhang®, Yu-lu Chen?®,
Yong-hu Xu®, Sang-kyu Lee’, Guo-feng Xu®, Xiao-hua Chen?2, Yong-jun Dang?, Bin Liu® and Min-jia Tan'?

Mitophagy is a degradative pathway that mediates the degradation of the entire mitochondria, and defects in this process are
implicated in many diseases including cancer. In mammals, mitophagy is mediated by BNIP3L (also known as NIX) that is a dual
regulator of mitochondrial turnover and programmed cell death pathways. Acute myeloid leukemia (AML) cells with deficiency of
BNIP3L are more sensitive to mitochondria-targeting drugs. But small molecular inhibitors for BNIP3L are currently not available.
Some immunomodulatory drugs (IMiDs) have been proved by FDA for hematologic malignancies, however, the underlining
molecular mechanisms are still elusive, which hindered the applications of BNIP3L inhibition for AML treatment. In this study we
carried out MS-based quantitative proteomics analysis to identify the potential neosubstrates of a novel thalidomide derivative CC-
885 in A549 cells. In total, we quantified 5029 proteins with 36 downregulated in CRBN™" cell after CC-885 administration.
Bioinformatic analysis showed that macromitophagy pathway was enriched in the negative pathway after CC-885 treatment. We
further found that CC-885 caused both dose- and time-dependent degradation of BNIP3L in CRBN ™", but not CRBN '~ cell. Thus,
our data uncover a novel role of CC-885 in the regulation of mitophagy by targeting BNIP3L for CRLACRBN E3 ligase-dependent
ubiquitination and degradation, suggesting that CC-885 could be used as a selective BNIP3L degradator for the further
investigation. Furthermore, we demonstrated that CC-885 could enhance AML cell sensitivity to the mitochondria-targeting drug
rotenone, suggesting that combining CC-885 and mitochondria-targeting drugs may be a therapeutic strategy for AML patients.
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INTRODUCTION

Mitophagy is one type of macroautophagy and is necessary for the
elimination of dysfunctional mitochondria and the maintenance of
cellular homeostasis related to aging, degenerative diseases, and
cancer [1-3]. In mammals, mitophagy is mediated by BNIP3L during
red blood cell differentiation [4, 5]. BNIP3L, also known as Nix, is a
dual regulator of mitochondrial turnover and programmed cell
death pathways [6, 7]. Acute myeloid leukemia (AML) cells deficient
in BNIP3L show increased sensitivity to mitochondria-targeting
drugs [8], suggesting that BNIP3L could be a promising drug target
for AML patients and a therapeutic strategy that combines BNIP3L
inhibition and mitochondria-targeting drugs.

The thalidomide derivatives lenalidomide, pomalidomide, and
CC-122 are classified as immunomodulatory drugs (IMiDs) and
have been approved by the FDA for hematologic malignancies
such as multiple myeloma [9-11]. A novel thalidomide derivative,

CC-885, was also shown potent antitumor effects [12]. IMiDs
confer substrate specificity by directly binding to the CRL4“REN
(CUL4-DDB1-RBX1-CRBN) E3 ubiquitin ligase [13], which leads to
the ubiquitination and proteasome degradation of substrates. For
example, all these drugs can induce the degradation of two key
transcription factors, IKAROS (IKZF1) and AIOLOS (IKZF3), to exert
clinical efficacy in multiple myeloma [14, 15]. Lenalidomide can
also induce cytogenetic remission in more than half of the
patients with myelodysplastic syndrome of deletion of chromo-
some 5q (del(5q) MDS) and apoptosis of del(5qg) MDS cells via the
selective degradation of CKla [16]. In addition, a pulse-chase
SILAC (stable-isotope labeling by amino acids in cell culture) mass
spectrometry-based proteomics method identified ZFP91 as a
substrate of IMiDs in both solid tumor and hematoma cells [17].

Of these thalidomide derivatives, CC-885 was particularly
interesting because it shows potent anti-solid tumor activity. Its
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antitumor activity was reported to be mediated by the specific
degradation of the translation termination factor GSPT1 [12].
However, whether there are additional substrates targeted by CC-
885 for degradation remains unknown. Moreover, it is also
unknown whether there is another mechanism of action of CC-
885 other than apoptosis.

Here, through state-of-the-art mass spectrometry-based quanti-
tative proteomic technology, we systematically screened the
potential substrates degraded by CC-885. In total, we quantified
5029 proteins, and 36 were downregulated after CC-885 admin-
istration. Bioinformatic analysis showed that the macromitophagy
pathway was enriched in the negative pathway after CC-885
treatment. Importantly, we demonstrated that CC-885 abrogated
carbonyl cyanide m-chlorophenyl hydrazone (CCCP)-induced
mitophagy by targeting BNIP3L for CRL4REN E3 ubiquitin ligase-
dependent ubiquitination and degradation. In addition, our data
indicated that CC-885 could enhance the sensitivity of AML cells to
mitochondria-targeting drugs, suggesting that combining CC-885
and mitochondria-targeting drugs might be a therapeutic strategy
for AML patients.

EXPERIMENTAL SECTION

Materials

Mass spectrometry grade water and acetonitrile (ACN) were
purchased from Thermo Fisher Scientific, Inc (USA). Formic acid
(98%), potassium chloride (KCl), ammonium bicarbonate
(NH4HCO3, 99%), trifluoroacetic acid (99%), and protease inhibitor
mixture were purchased from Roche Diagnostics, Ltd. (Shanghai,
China). SILAC medium and amine acid were purchased from
Silantes (Munich, Germany). The BNIP3L antibody was purchased
from Cell Signaling Technology (Danvers, USA), and the CRBN
antibody was purchased from Atlas Antibody (Swenden). The
compounds CC-885, thalidomide, and lenalidomide were pur-
chased from MedChemExpress (Shanghai, China).

Cell culture and SILAC labeling

The human non-small cell lung cancer cell line A549, the human
embryonic kidney cell line HEK293T and Hela cells were cultured
with Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 1x penicillin, and streptomycin.
For SILAC labeling, the cells were cultured with DMEM medium
containing 10% dialyzed FBS, 1x penicillin, and streptomycin, 1x
GlutaMax and arginine (Arg0) and lysine (Lys0) (light) or lysine (*3Cs-
Lys6) and arginine ('3C¢'°N,-Arg10) (heavy). The labeling efficiency
was determined to be over 95% before proteomic analysis.

Sample preparation and basic reverse-phase fractionation

Cells were treated with 0.1% DMSO (light) or 200 nM CC-885
(heavy) for 12 h. Next, the cells were washed twice with cold PBS
and then lysed in lysis buffer (8 M urea, 0.1 M NH4HCO;5 and 1x
protease inhibitor). Then, the sample was centrifuged at 20,000 x g
for 20 min at 4 °C after sonication. The supernatant was transferred
into another tube before the concentration was determined by a
BCA assay. Protein lysates (200 pg) were mixed at a 1:1 ratio and
reduced by 5 mM DTT (dithiothreitol) at 55 °C for 30 min and then
incubated with 15 mM IAA (iodoacetamide) in the dark at room
temperature for 30 min before quenching with 30 mM cysteine.
The protein lysates were digested by lysyl endopeptidase (Lys-C)
at a ratio of 1:100 (w/w) for 3h at 37°C, and then, trypsin was
added to lysates for digestion again at a ratio of 1:50 (w/w) for 16
h at 37 °C. Finally, the peptides were desalted by a Sep-Pak C18
column.

To further reduce the complexity of the sample, tryptic peptides
were resolved in buffer A (98% H,O, 2% ACN, pH 9.0) for
preseparation by high-pH reversed-phase HPLC [18]. The sample
was loaded onto a Waters XBridge Peptide BEH C18 column (100
A, 5um, 3.5 x 100 mm) and eluted with a 57 min gradient from 2%
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to 95% of buffer B (98% ACN, 2% H,0) at a flow rate of 0.6 mL/min.
Finally, the sample was combined into 15 or 20 fractions and dried
by a SpeedVac for MS/MS analysis.

Nano-LC-MS/MS analysis and proteome database search

For the proteomic data of A549 cells, the samples were analyzed
by an Orbitrap Fusion mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). The peptides were separated from
a reverse-phase C18 column (20cm length, 75um ID, 3 pum
particle size) with a 70 min gradient from 5% to 85% buffer B (90%
ACN, 10% H,0, 0.1% formic acid) at a flow rate of 300 nL/min by
an EASY-nLC 1000 system. The ions of m/z 350-1300 with two,
three or four charges were analyzed at a resolution of 120,000 at
m/z=200 for full scans. The ion fragments obtained by high-
energy collision dissociation (HCD) collision (normalized collision
energy of 32%) were acquired and analyzed in top speed mode
for MS/MS scans. The automatic gain control (AGC) was 1 E6 for a
full scan and 7 E3 for a MS/MS scan, and dynamic exclusion was
limited to 60 s. For the proteomic data of the 293 T CRBN /" cells,
the samples were analyzed by a Q Exactive HF-X mass spectro-
meter (Thermo Fisher Scientific, Waltham, MA, USA). The peptides
were separated with a reverse-phase C18 column (20 cm length,
75um ID, 1.9 um particle size) with a 65 min gradient of 5% to
85% buffer B (90% ACN, 10% H,0, 0.1% formic acid) at a flow rate
of 300 nL/min by an EASY-nLC 1200 system. The ions of m/z
350-1300 with two, three, or four charges were analyzed at a
resolution of 60,000 at m/z = 200. The ion fragments obtained by
high-energy collision dissociation (HCD) collision (normalized
collision energy of 28%) were acquired and analyzed in the top
20 mode for the MS/MS scans. The automatic gain control (AGC)
targets were 3 E6 for a full scan and 1 E5 for a MS/MS scan, and
dynamic exclusion was limited to 60 s.

The MS/MS data were searched using MaxQuant software
against the UniProt Human database (92,011 sequences, release
date: September 2015) [19]. Trypsin/p was chosen as the specific
enzyme, and the number of missed cleavages was limited to 2.
13Ce-Lys and "3C"°N4-Arg were set as “heavy”. Acetyl (protein N-
term) and oxidation (M) were set as variable modifications, and
carbamidomethyl (C) was the fixed modification. The protein and
peptide FDRs were set to 1%. Statistical analysis was performed by
two-tailed Student’s t test.

Bioinformatic analysis

For the proteomic data from the CRB cells treated with or
without CC-885, the protein intensity quantified by MaxQuant was
used for enrichment analysis by Gene Set Enrichment Analysis (GSEA,
version 3.0) with the Gene Ontology database [20]. Gene markers
were ranked using Signal2Noise. The significance of the obtained
terms was evaluated by using the FDR g-value. An FDR g value <0.25
was considered a criterion of statistically significant terms.

N+

Cell viability assay

Cells were seeded and cultured in 96-well plates for 24 h. Then,
the cells were treated with compounds at gradient concentra-
tions for 48h or 72h. The absorbances were measured at
wavelengths of 450 nm for CCK8 and 490 nm for MTT by an
ELISA plate reader.

Immunoblotting analysis

Cells were washed twice with cold PBS and then boiled with
loading buffer for 10 min. The sample was separated by 10% SDS-
PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis)
and further transferred onto a NC membrane. After that, the
membrane was blocked with 5% BSA for 1 h at room temperature
before incubation with primary antibody overnight at 4°C. The
membrane was washed six times and incubated with secondary
antibody for 1h. Finally, the signals were determined by an
ImageQuant LAS 4000 system.
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CRISPR-Cas9

As described previously [21], CRISPR-Cas9-mediated CRBN KO 293
T cells were generated. Briefly, CRISPR-Cas9-related oligonucleo-
tides were designed as follows: forward primer: 5-CACCGCACCA
TACTGACTTCTTGA-3’; reverse primer: 5-AAACTCAAGAAGTCAGT
ATGGTGC-3'. Guide RNA was cloned into PX459 plasmids, and then,
the recombinant plasmids were validated by sequencing. Next,
293T cells were transfected with the PX495 guide RNA constructs.
After 24 h, enrichment and isolation of the 293T cells transfected
with the CRBN guide RNA were performed. Finally, the 293T CRBN ™/~
cells were confirmed by Western blotting and DNA sequencing.

Cellular immunoprecipitation

Cells stably expressing Flag-tagged BNIP3L were transfected with
C-myc-tagged CRBN for 24 h and then treated with DMSO, 1 uM
CC-885 or 10uM CC-885 for 24h in the presence of 2uM
MLN4924. Then, the cells were harvested and lysed with IP buffer
(20 mM Tris (pH 8.0), 100 mM NaCl, 0.5% NP-40, 0.5 mM PMSF,
0.5 mM EDTA) and incubated on ice for half an hour. The lysates
were centrifuged at 20,000 x g for 10 min at 4 °C after sonication.
The supernatant was transferred to another tube. Anti-Flag beads
were added to the lysates and incubated together at 4°C
overnight after washing three times with IP buffer. The anti-Flag
beads were washed with IP buffer six times and resuspended in
loading buffer. The bound proteins were eluted by boiling for 10
min and detected by Western blotting analysis.

In vivo ubiquitination

For analysis of the ubiquitination of BNIP3L, the 293T cells stably
expressing Flag-tagged BNIP3L were treated with DMSO, 1 uM CC-
885 or 10 uM CC-885 for 6 h in the presence of 10 uyM MG132.
Next, the cells were harvested and lysed with IP buffer containing
50 mM Tris-HCl, 0.15 M NaCl, 10% glycerol, 1% NP-40, 1 mM EDTA,
40 uM PR-619, and 10 uM MG132. Then, the ubiquitinated proteins
were pulled down by TUBE2 Agarose (Boston Biochem) overnight
at 4°C. The ubiquitinated proteins were eluted by boiling with
loading buffer for 5min after washing four times with IP lysis
buffer and finally detected by Western blotting analysis.
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Real-time Q-PCR

Total RNA was extracted from A549 cells treated with or without
CC-885 using TRIzol reagents. The purified RNA was reverse-
transcribed by PrimeScript RT Master Mix. The cDNA was
quantified with a SYBR® Premix ExTaq Il kit. The data were
analyzed using actin as the control. The BNIP3L primer sequences
used in the above assays were as follows: forward primer: 5/-
CATCCTCATCCTCCATCCAC-3; reverse primer: 5'-GATCTGCCCATCT
TCTTGTG-3'.

Assessment of mitophagy

Hela cells or HCT116 cells (300,000 cells) were transfected with
GFP-tagged LC3. After 24 h, 20,000 Hela cells or HCT116 cells
expressing GFP-LC3 were seeded onto a 24-well dish. Next, the
cells were treated with 10 uM CCCP for 4 h after treatment with
DMSO or 1 uM CC-885 for 24 h. The cells were then incubated with
CellLight Mitochondria-RFP BacMan 2.0 (Invitrogen) for 16 h to
label the mitochondria before the cells were harvested according
to the manufacturer’s instructions. Then, the cells were imaged by
a Leica TCS SP5 Il confocal microscope (Leica Microsystems). The
relative quantification was performed by using ImageJ software.
Statistical differences were determined by Student’s t test.

RESULTS

Identification of potential CRBN-dependent neosubstrates of CC-
885 by quantitative proteomics

Our preliminary experiment showed that the novel thalidomide
derivative CC-885 had potent antitumor activity, as reported in
Supplementary Fig. S1. To provide a global view of the CC-885-
regulated proteins, we carried out a mass spectrometry (MS)-based
quantitative proteomics analysis based on stable-isotope labeling
with amino acids in cell culture (SILAC) [22] in A549 cells with or
without CC-885 (Fig. 1a). In total, 7353 proteins were identified in
two biological replicates. Of these identified proteins, 5029 proteins
were quantified (Fig. 1b). Correlation analysis found that the two
replicates showed a high correlation (R*=0.71), which demon-
strates good reproducibility between the two replicates (Fig. 1c).

7353

5029
n=2

LC-MS/MS l Data analysis 6

intensity

m/z

R*=0.71

Z ereoldey (OSINA/S88-00)%B0o

_6 J
Log,(CC-885/DMSO) Replicate 1

Fig. 1 Analysis of SILAC-based quantitative proteomics. a Workflow of the SILAC-based quantified proteomics. b Overlap of the quantified
proteins in two replicates. ¢ The correlation of the quantified proteins in two replicates. The x-axis indicates the log, ratios of protein

abundance in one replicate, and the y-axis indicates another replicate
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Fig. 2 Identification of the CC-885-induced neosubstrate BNIP3L. a

Log; ratios of protein abundance of the CC-885- vs. DMSO-treated A549
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A P value < 0.01 and fold change > 2 were set as a cutoff point
to identify the high-confidence candidate degradation sub-
strates between the DMSO- and CC-885-treated groups (Supple-
mentary Fig. S2 and Supplementary Table S1). Of these
quantified proteins, 36 proteins were downregulated, which
may contain the potential neosubstrates of CC-885 (Fig. 2a).
Consistent with a recent study, the only known CC-885 substrate,
GSPT1, was successfully identified in our protein list. To gain
insights into the biological function of CC-885, we conducted a
bioinformatic analysis of the proteome data by gene set
enrichment analysis (GSEA) with the Gene Ontology (GO)
database [20]. Interestingly, we found that the macromitophagy
pathway, regulation of the extent of cell growth and positive
regulation of developmental growth was significantly enriched
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cells after treatment with CC-885. d The MS/MS spectrum of a unique peptide of the BNIP3L protein

in the negative pathway after CC-885 treatment (Fig. 2b and
Supplementary Table S2). As CC-885-induced protein degrada-
tion was dependent on cereblon (CRBN) [12], we then attempted
to identify the degraded proteins in our list that were regulated
by CRBN. Toward this goal, we generated CRBN™/~ 293T cells by
the CRISPR/Cas9 system (Supplementary Fig. S3a). Then, we used
this cell line to perform proteome-wide protein quantification
experiments via MS-based quantitative proteomics with or
without CC-885 treatment (Supplementary Table S3). We found
that 19 proteins, including the known substrate GSPT1, were
unchanged in the CRBN™'~ cells following CC-885 treatment
(Fig. 2c and Supplementary Table S4). Thus, our results
suggested that these proteins represented potential CRBN-
dependent neosubstrates of CC-885.
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Fig.3 Effect of CC-885 on the BNIP3L protein levels. a Western blotting analysis of the endogenous BNIP3L level in the A549 cells treated with
CC-885 at different concentrations for 24 h. b The real-time qPCR analysis of BNIP3L in the A549 cells treated with DMSO or CC-885 for 12 h.
Data are representative of two replicates. Data are the mean + SEM . ¢ Western blotting analysis of the 293T cells stably transfected with Flag-
tagged BNIP3L after treatment with 1 pM CC-885 for the indicated times. d Western blotting analysis of the 293T cells transfected with Flag-
tagged BNIP3L treated with cycloheximide (CHX) and CC-885 for the indicated times. Cells were pretreated with CC-885 for 2 h (top). Statistical
results of Western blotting analyses were obtained by ImageJ and normalized to actin intensities (ratio of Flag-BNIP3L to actin). Data are the
mean + SEM, n = 3 technical replicates (bottom). e Western blotting analysis of the 293T cells stably transfected with Flag-tagged BNIP3L after

treatment with CC-885, thalidomide or lenalidomide for 24 h

CC-885 induces the proteasome-dependent degradation of
BNIP3L

As macromitophagy could be regulated by CC-885 treatment, we
focused on proteins with regulatory roles in macromitophagy.
Interestingly, we found that the macromitophagy master protein
BNIP3L was downregulated in the CRBN™'* cells after treatment
with CC-885 but not in the CRBN ™/~ cells. Thus, we hypothesized
that BNIP3L could be a critical neosubstrate of CRBN induced by
CC-885 in the macromitophagy pathway.

To validate our hypothesis, we initially verified the reliability of
the identified BNIP3L protein by manually assessing the MS/MS
spectrum of the unique peptides of the BNIP3L protein (Fig. 2d).
Subsequently, we monitored the changes in the BNIP3L protein
levels after CC-885 treatment at different concentrations for 24 h
by Western blotting analysis. We found that CC-885 decreased the
BNIP3L protein levels in a dose-dependent manner (Fig. 3a).
However, the mRNA levels of BNIP3L were unaltered after CC-885
treatment (Fig. 3b), suggesting that protein downregulation
induced by CC-885 is a post-transcriptional mechanism. To further
rule out the possibility of transcriptional regulation, we generated
293T cells stably expressing Flag-tagged BNIP3L. Similarly, CC-885
treatment time-dependently decreased the Flag-BNIP3L protein
levels, which occurred at 6 h after CC-885 treatment (Fig. 3c and
Supplementary Fig. S3b). Consistent with these observations, the
half-life of the Flag-BNIP3L protein was significantly decreased in
the presence of CC-885 (Fig. 3d). Interestingly, other IMiDs, such as
lenalidomide and thalidomide, which have minimal anti-solid
tumor activity, failed to degrade the BNIP3L protein (Fig. 3e),
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suggesting that BNIP3L could be specifically induced for
degradation by CC-885.

To further test whether the CC-885-induced BNIP3L protein
reduction is mediated by the proteasome pathway, we assessed
the effect of the proteasome inhibitor MG132 and NEDDS-
activating enzyme (NAE) inhibitor MLN4924 [23] after CC-885
treatment. We found that MG132 completely blocked the CC-885-
induced reduction of BNIP3L, as did MLN4924, suggesting that CC-
885-induced proteasomal-dependent degradation of BNIP3L is
mediated by a Cullin-based ubiquitination E3 ligase (Fig. 4a). It has
recently been shown that valosin-containing protein (VCP)/p97 is
required for IMiD-induced degradation of CRBN neosubstrates
[24]. We found that the p97 inhibitor CB-5083 could also block the
CC-885-induced BNIP3L degradation, further suggesting the
involvement of CRBN in this process (Fig. 4a). By using a TUBE2
pulldown assay, we further found that CC-885 induced the
ubiquitination of BNIP3L (Fig. 4b). Together, these data suggested
that CC-885 could specifically induce the proteasomal-dependent
degradation of BNIP3L via a Cullin-based E3 ligase.

BNIP3L is a CRL4A“RBN-dependent neosubstrate of CC-885

The abovementioned data suggested that the CC-885-dependent
BNIP3L degradation could be mediated by the CRL4“"®" E3 ligase.
Indeed, CC-885 treatment failed to decrease the endogenous
BNIP3L protein level in the CRBN™~ cells, suggesting that CRBN is
required for the CC-885-induced BNIP3L degradation. Interest-
ingly, the BNIP3L protein levels were not changed in the CRBN /"~
cells, suggesting that BNIP3L is not a native substrate of CRBN in
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Fig. 4 CC-885 induces the degradation of BNIP3L by the Cullin-RING CRBN E3 ligase. a Western blotting analysis of the Flag-tagged BNIP3L
protein levels in the 293T cells treated with CC-885 or in the presence of 2uM MLN4924, 2 M MG132 or 2pM CB-5083 for 24 h.
b Ubiquitination of the Flag-tagged BNIP3L in the 293T cells after treatment with DMSO, 1 uM or 10 uM CC-885 in the presence of 2 uM
MG132. Ubiquitinated proteins were analyzed by Western blotting with an anti-Flag antibody. ¢ Immunoblotting analysis of the 293T parental
or CRBN™~ cells transfected with the Flag-tagged BNIP3L after treatment with DMSO or CC-885 for 24 h. d Immunoprecipitation of the Flag-
tagged BNIP3L in the 293T cells transfected with Myc-tagged CRBN after treatment with DMSO, 1 uM or 10 pM CC-885 in the presence of 2 pM

MLN4924. IP Immunoprecipitation

cell lines cultured in vitro (Fig. 4c). Importantly, BNIP3L was not
associated with CRBN in the cells that were not treated with CC-
885. However, in the presence of CC-885, the interaction between
BNIP3L and CRBN was readily detected, suggesting that CC-885
could bridge their interaction (Fig. 4d). Thus, these data indicated
that BNIP3L is a CRL4“R®N-dependent neosubstrate of CC-885.

CC-885 abrogates the BNIP3L-dependent mitophagy

BNIP3L is partially located in the outer mitochondrial membrane
and is a master regulator of mitophagy [25]. As BNIP3L
downregulation caused inhibition of mitophagy and CC-885 could
induce rapid ubiquitination and degradation of BNIP3L, we next
examined whether BNIP3L-mediated mitophagy could be abro-
gated by CC-885 treatment. We detected the level of mitophagy
using colocalization between mitochondria (Red Fluorescent
Protein (RFP-mito)) and autophagosomes (Green Fluorescent
Protein-tagged microtubule-associated protein light chain (GFP-
LC3)) by confocal microscopy in the HCT116 cells after sequential
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treatment with CC-885 and CCCP (carbonyl cyanide m-chlorophe-
nyl hydrazone), the latter of which is a classical mitochondrial
fragmentation and mitophagy inducer. CCCP treatment induced
colocalization between GFP-LC3 and RFP-mitochondria in the
HCT116 cells, which was significantly prevented in the presence of
CC-885 (Fig. 5a, b and Supplementary Fig. S4). Together, these
results demonstrated that CC-885 can abrogate mitophagy by
targeting BNIP3L for destruction (Fig. 5c).

CC-885 enhances the sensitivity of AML cells to mitochondria-
targeting drugs

A recent study demonstrated that AML cells deficient in BNIP3L
show increased sensitivity to mitochondria-targeting drugs [8].
Our findings confirmed that CC-885 could induce the ubiquitina-
tion and degradation of BNIP3L by targeting the CRL4“"®N E3
ligase. Next, we explored whether CC-885 treatment
could increase the sensitivity of AML cells to mitochondria-
targeting drugs. We treated NB4 cells with the mitochondria-
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Fig. 5 CC-885 abrogates the BNIP3L-mediated mitophagy and enhances the sensitivity of AML cells to mitochondria-targeting drugs. a Live
cell imaging of RFP-Mito (red fluorescence in the left position) and GFP-LC3 (green fluorescence in the middle position) in the HCT116 cells.
Merge indicates the colocalization of RFP-Mito and GFP-LC3 (yellow signals in the right position) under different treatments in the HCT116
cells. b Statistical results of the confocal assays were obtained by Imagel. Data are the mean = SEM, n =3 technical replicates. ***P <
0.01. ¢ Diagram of the BNIP3L-mediated mitophagy abrogated by CC-885. d, e The results of the cell viability assays. Cells were treated with
CC-885 and rotenone, alone or in combination for 48 h. Data are shown as the mean + SEM, n = 2 replicates

targeting compound rotenone alone or in the presence of CC-885.
The results indicated that the NB4 cells were more sensitive to
rotenone after cotreatment with CC-885 and that rotenone could
also enhance the cytotoxicity of CC-885 (Fig. 5d, e), which sug-
gested that CC-885 could enhance the sensitivity of AML cells to
mitochondria-targeting drugs.

DISCUSSION

Targeting the degradation of specific proteins via the
ubiquitin-proteasome pathway opens a new area for cancer
therapy. Recently, immunomodulatory drugs (IMiDs), such as
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thalidomide, lenalidomide, and pomalidomide, have been demon-
strated to have clinical efficacy in hematologic malignancies by the
ubiquitination and degradation of specific proteins via the CRL4<%&N
E3 ligase. CC-885, a novel thalidomide derivative, exhibited potent
anti-solid tumor efficacy via the specific degradation of the
translation termination factor GSPT1 [12]. However, it is unknown
whether CC-885 targets additional substrates for degradation.

In the present study, by using mass spectrometry-based
quantitative proteomic technology, we systematically screened
the neosubstrates of the thalidomide derivative CC-885, which has
potent antitumor activity [12]. Thirty-six proteins were down-
regulated upon CC-885 treatment. These data along with
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bioinformatic analysis showed that the pathway related to
macromitophagy was significantly enriched in the negative
pathway after CC-885 treatment. To identify the CRBN-
dependent neosubstrates, we generated CRBN™'~ cells by
CRISPR/Cas9 methods. These cells were SILAC labeled, treated
with DMSO or CC-885 and subjected to MS spectrum analysis. Our
proteomic data suggested that 19 proteins, such as BNIP3L,
UBE2S, and UBE2C, were downregulated in the CRBN™* cells but
not in the CRBN™'~ cells after treatment with CC-885. Western
blotting data also confirmed that CC-885 treatment could
decrease these exogenously expressed proteins in the CRBN™/*
cells (Supplementary Fig. S5), which represented the high-
confidence neosubstrates of CC-885. Given the critical role of
BNIP3L in the regulation of mitophagy, we then selected BNIP3L
for further investigation and proved that BNIP3L is a bona fide
neosubstrate of CC-885. First, consistent with the MS data, CC-885
induced rapid BNIP3L destruction in both a time- and dose-
dependent manner. Second, CC-885 failed to decrease the BNIP3L
protein level when CRBN was depleted, indicating that CRBN is
required for CC-885-induced BNIP3L degradation. Third, CC-885
bridges the interaction between BNIP3L and CRBN.

Mitophagy is a process that eliminates damaged and redundant
mitochondria. BNIP3L is located in the mitochondrial membrane
and is a crucial protein during mitophagy [25]. The rapid
degradation of BNIP3L by CC-885 drove us to ask whether CC-
885 could repress BNIP3L-dependent mitophagy. Indeed, CC-885
treatment significantly prevented CCCP-induced mitophagy, as
shown by confocal microscopy assays. Recently, targeting protein
degradation has been shown to be a novel strategy for drug
development [26, 27], and a previous study demonstrated that
knockdown of BNIP3L would increase the sensitivity to mitochon-
drial drugs in AML patients [8]. Our above data suggest that CC-
885 might be used to treat AML patients combined with
mitochondria-targeting drugs by targeting BNIP3L degradation.
Thus, further work is warranted to expend the clinical use of this
potent antitumor thalidomide derivative.

A recent structural study revealed that substrates could directly
bind to CRBN and thalidomide derivative complexes by two
common domains, the Cys2-His2 (C2H2) zinc finger “degrome” or a
beta-sheet hairpin including a key glycine, which leads to several
substrates for ubiquitination and degradation, such as IKZF1, IKZF3,
ZFP91, SALL4, CK1a, and GSPT1 [12, 14, 16, 17, 28-30]. Therefore,
we analyzed the potential substrates we identified by sequence
BLAST analysis, but unfortunately, none of these proteins, including
BNIP3L had a common domain. Nevertheless, our biochemical
results demonstrated that BNIP3L could still directly bind to CRBN in
the presence of CC-885. In addition, a molecular docking model
showed that hydrophobic interactions might exist between F181/
F185/F189 in the BNIP3L protein and the CRBN-CC-885 complex,
which suggested that F181/F185/F189 in the BNIP3L protein might
directly bind to the CRBN-CC-885 complex (Supplementary Fig. S6).
Thus, further works are important to identify the unknown “degron”
of BNIP3L recognized by CRBN.

Together, our results demonstrated that the thalidomide analog
CC-885 could abrogate mitophagy by inducing the ubiquitination
and degradation of BNIP3L, representing a promising strategy to
treat AML patients by combining CC-885 with mitochondria-
targeting drugs.
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