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Editorial on the Research Topic

Ubiquitin Code: From Cell Biology to Translational Medicine

INTRODUCTION

Ubiquitination is an important post-translational modification that involves the reversible
conjugation of single ubiquitin (Ub) or various kinds of poly-ubiquitin chains (polyUb).
Ubiquitination is carried out by the sequential actions of three enzymes including Ub-activating
enzyme (E1), Ub-conjugating enzyme (E2) and Ub ligase (E3) to covalently link Ub to target
protein. Ubiquitination can be classified as monoubiquitination, multi-monoubiquitination, and
polyubiquitination according to the number and topology of ubiquitin molecules that are
conjugated to the substrate. When polyUb chains are assembled, all seven lysine residues (K6,
K11, K27, K29, K33, K48, and K63) and the N-terminal methionine residue on the proximal Ub
are accessible by the distal Ub, allowing the assembly of eight homotypic and multiple-mixed
conjugates. On top of these, the Ub moiety is often subjected to post-translational modifications.
Hence, such three-layered construction of the ubiquitination modification is featured with great
complexity and versatility, which is referred to as the ubiquitin code. Ubiquitination is carried
out upon substrate proteins by E2/E3 ligase complexes (corresponding to “writers”) and removed
from substrates by deubiquitinating enzymes (DUBs) (corresponding to “erasers”). The accurate
assembly and interpretation of ubiquitin code is vital to protein homeostasis such as protein
turnover, subcellular localization, interactions and activities. Therefore, ubiquitination is involved
in all cellular processes and the deregulation of ubiquitination and deubiquitination is linked to
the pathogenesis of a number of human diseases, such as cancer, neurodegenerative, infectious,
inflammatory and metabolic disorders (Deng et al., 2020; Mulder et al., 2020).

Recently, the in-depth mechanistic studies of several key E3s or DUBs in conjunction with
the emergence of high-throughput and novel technologies such as proteome microarray and
PROteolysis-TArgeting Chimeras (PROTACs) have shed light on the underlying biochemical
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mechanisms as well as physiological and pathological functions
of ubiquitination (Hu and Crews, 2021; Ramachandran and
Ciulli, 2021). This Frontiers Research Topic comprises a series
of reviews and original research articles highlighting the current
understanding on the functions and mechanisms involved in
protein de/ubiquitination and human diseases.

REGULATORY ROLES OF
UBIQUITINATION IN PHYSIOLOGICAL AND
PATHOLOGICAL PROCESSES

The majority of the research articles in this Research Topic
addresses the regulatory functions and mechanisms of a
number of E3s and DUBs during physiological and pathological
processes. The study by Gong et al. demonstrates that the
CUL5-ASB6 E3 ligase complex that promotes p62/SQSTM1
ubiquitination and degradation to regulate cell proliferation and
autophagy. Their study identified a new molecular mechanism
regulating p62 stability, which may provide new insights into the
delicate control of cell proliferation-autophagy in physiological
and pathological settings. The study by Liao et al. aimed to
investigate the regulatory effect and the underlying mechanisms
of OTUBI, a deubiquitinating enzyme, on prostate cancer (PrCa)
cell proliferation. They demonstrate that OTUB1 promotes the
proliferation and progression of PrCa via deubiquitinating and
stabilizing Cyclin E1. When blocking OTUB1/Cyclin E1 axis
or applying the CDKI1 inhibitor RO-3306, the occurrence and
development of PrCa were significantly repressed. This finding
indicates that OTUBI/Cyclin E1 axis might provide a new
and potential therapeutic target for PrCa. In another study,
Liu Y. et al. discovered that TNFAIPI1, an adaptor protein of
Cullin3 E3 ubiquitin ligases, coordinates with Cullin3 to mediate
RhoB degradation through the ubiquitin proteasome system.
They further show that Cullin3-TNFAIP1 E3 ligase controls
inflammatory response in hepatocellular carcinoma cells via
ubiquitination of RhoB. Their findings reveal a novel mechanism
of RhoB degradation and provide a potential strategy for anti-
inflammatory intervention of tumors by targeting TNFAIP1-
RhoB axis. Another study by Guo et al. unveils that targeting
the E3 ubiquitin ligase RFWD2 (also named COPI1) could
be an effective strategy to inhibit cellular proliferation and
overcome drug resistance to proteasome inhibitor in multiple
myeloma (MM).

Dysregulation of the ubiquitin-proteasome system itself could
influence its function and be associated with multiple cellular
homeostasis and disease progress signatures. In a study by
Zhou, Yu et al. the authors addressed the question whether
the stability and its biological function of Cereblon (CRBN), a
substrate receptor of cullin 4-RING E3 ligase (CRL4), could be
modulated by caspases. They found that Caspase-8 inhibition
prevents the cleavage and degradation of CRBN and potentiates
its biological function, suggesting that administration of Caspase-
8 inhibitors might enhance the overall effectiveness of Len-
based combination therapy in myeloma. With an aim to explore
the ubiquitin modification features of clear cell renal cell
carcinoma (ccRCC) and to elucidate the role of such ubiquitin

modifications in shaping anti-tumor immunity and individual
benefits from immune checkpoint blockade (ICB), Zhou, Lu
et al. conducted RNA-seq analysis to elucidate the potential
link between ubiquitin modification and immune infiltration
landscape of ccRCC. Their study provides a new assessment
protocol for the precise selection of treatment strategies for
patients with advanced ccRCC through constructing a ubiquitin
score to evaluate individual patients’ ubiquitination outcome.
Similarly, another original research by Wu et al. also addresses
the molecular characteristics and prognostic value of ubiquitin
in ccRCC, and they developed an individualized ubiquitin
prognostic signature for ccRCC and confirmed that the signature
is an independent prognostic factor related to the prognosis
of ccRCC patients, which may help to reveal the molecular
mechanism of ccRCC and provide potential diagnostic and
prognostic markers for ccRCC. In the study by Li et al. low-dose
DNA demethylating agent decitabine was found to enhance the
expression of B-TrCP, a substrate recruiting subunit of the Skp1,
Cullin 1, F-box-containing complex (SCF complex). Elevated p-
TrCP in turn promotes the proteolysis of IkBa and subsequent
NF-kB activation in IFN-y* CD4" T cells, which improves
anti-tumor immunity.

Except for the above original research papers, there are
also a few review articles that summarize recent progress
in the regulatory function of several important E3s or their
components. For example, Wang L. et al. reviewed the
function and molecular mechanisms of Deltex family ubiquitin
E3 ligases in development and disease, providing insights
into future research directions and potential strategies in
disease diagnosis and therapy. Another review by Bodrug
et al. summarized the intricate regulatory mechanisms of the
Anaphase-Promoting Complex/Cyclosome (APC/C) and its role
in chromatin regulation. In a comprehensive review, Sun et al.
summarize the molecular characteristics of FBXW7, an F-box
protein serving as the substrate recognition component of SCF E3
ubiquitin ligase. They also provided future perspectives to further
elucidate the role of FBXW7 in the regulation of a variety of
biological processes and tumorigenesis, and to design a number
of approaches for FBXW?7 reactivation in a subset of human
cancers for effective anticancer therapy.

Instead of focusing on the regulatory mechanisms of
individual ubiquitination-regulating enzymes, there are several
review articles addressing the regulation of cellular functions
by the ubiquitiantion process as a whole. For example, in a
review article, Lei et al. provided an in-depth understanding
of the molecular mechanisms by which ubiquitination regulates
small GTPases, thus revealing novel insights into the membrane
trafficking process. In another review, Wang X. et al. summarized
the current findings of ferroptosis surrounding the viewpoint
of ubiquitination regulation, highlighting the potential effect
of ubiquitination modulation on the perspective of ferroptosis-
targeted cancer therapy.

Although this collection centers on ubiquitination,
neddylation, a ubiquitin-like modification that earmarks
substrate proteins with the small ubiquitin-like protein
NEDDS, is also part of this Research Topic due to its roles in
controlling the Cullin-RING and Smurfl ubiquitin E3 ligases.
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Jiang et al. updated our current understand of neddylation in
tumor-associated macrophages, and Gai et al. summarized the
approaches developed to target the neddylation pathway. The
study by Du et al. reported PTEN deficiency as a key mechanism
that contributes to the neddylation inhibitor MLN4924 resistance
in breast cancer cells.

APPLICATION OF PROTEIN MICROARRAY
IN DECIPHERING UBIQUITIN CODE

Linear ubiquitin chain assembly complex (LUBAC) catalyzes
linear ubiquitination, while the deubiquitinase OTULIN
exclusively cleaves the linear ubiquitin chains (Oikawa et al,
2020). To expand understanding of the substrates and pathways
of linear ubiquitination, Zhou, Ge et al. used a human
proteome microarray (a high-throughput technology that allows
systematically screening up to 20,000 proteins) to conduct
global screening of LUBAC- and OTULIN- interacting proteins.
They identified many potential new interacting proteins of
LUBAC and OTULIN, which may function as novel regulators
or substrates of linear ubiquitination. Their results suggest
that linear ubiquitination may have broad cellular functions
and is associated with diverse signaling pathways, and provide
accessible data for the interacting proteins of LUBAC and
OTULIN, which helps guide further studies to broaden our
understanding on linear ubiquitination.

DEGRADATION OF TARGET PROTEINS
AND RELATED DRUG RESEARCH BY
PROTAC TECHNOLOGY

PROTACs is an emerging and promising approach to target
intracellular proteins for ubiquitination-mediated degradation,
including previously undruggable protein targets, such as
transcriptional factors and scaffold proteins. To date, plenty
of PROTACs have been developed to degrade various disease-
relevant proteins, such as estrogen receptor (ER), androgen
receptor (AR), BTK, RTK, and CDKs, etc. Notably, ER and
AR targeting PORTAC molecules have entered phase II clinical
studies. More recently, the third generation light-controllable
PROTACs have been developed to overcome the limitation of
the on-target off-tissue and off-target effect of this technology
(Hu and Crews, 2021; Ramachandran and Ciulli, 2021). A review
by Liu J. et al. summarized the emerging light-controllable
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CONCLUSIONS

The collection of articles in this Research Topic provides
a number of key findings on the regulatory functions and
mechanisms of ubiquitination system in recent years, presenting
compelling evidence for a critical role of ubiquitination in
cell biology and human diseases and suggesting that targeting
the ubiquitination machinery could be an effective strategy for
treating certain diseases. It should be pointed out that the
coverage is far from complete in this Research Topic, and
there are some other equally important questions that are not
covered in this issue but warrant future in-depth investigation.
For example, how the ubiquitin code is dynamically edited
and precisely interpreted in different cellular microenvironment?
What are the writers, readers and erasers of each type of the
polyUb chains as well as the branched ubiquitin chains in
cells? What are the new modifications, linkages and targets
of ubiquitin molecule? What are the novel host-regulating
functions and unique biochemical mechanisms of bacterial/viral
ubiquitin ligases and deubiquitinases? Hence, it is clear that
ubiquitination remains a dynamic field, and we will see many
more exciting discoveries of how ubiquitianation is assembled
and dis-assembled to dynamically fine-tune normal cellular
functions and thus affects multiple disease progress in the
near future.
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Cereblon (CRBN), a substrate receptor of cullin 4-RING E3 ligase (CRL4), mediates
the ubiquitination and degradation of constitutive substrates and immunomodulatory
drug-induced neo-substrates including MEIS2, c-Jun, CLC1, IKZF1/3, CK1a, and
SALL4. It has been reported that CRBN itself could be degraded through the ubiquitin-
proteasome system by its associated or other cullin-RING E3 ligases, thus influencing
its biological functions. However, it is unknown whether the CRBN stability and its
biological function could be modulated by caspases. In this study, using model cell
lines, we found that activation of the death receptor using tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) leads to the decreased CRBN protein level. Through
pharmacological inhibition and activation of caspase-8 (CASP-8), we disclosed that
CASP-8 regulates CRBN cleavage in cell lines. Site mapping experiments revealed
that CRBN is cleaved after Asp9 upon CASP-8 activation, resulting in the reduced
stability. Using myeloma as a model system, we further revealed that either inhibition or
genetic depletion of CASP-8 enhances the anti-myeloma activity of lenalidomide (Len)
by impairing CRBN cleavage, leading to the attenuated IKZF1 and IKZF3 protein levels
and the reduced viability of myeloma cell lines and primary myeloma cells from patients.
The present study discovered that the stability of the substrate receptor of an E3 ligase
can be modulated by CASP-8 and suggested that administration of CASP-8 inhibitors
enhances the overall effectiveness of Len-based combination therapy in myeloma.

Keywords: cereblon, caspase-8, cleavage, TRAIL, multiple myeloma, lenalidomide, anti-myeloma activity, cell
viability
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INTRODUCTION

Cereblon (CRBN) interacts with damage-specific DNA-binding
protein 1 (DDBI1) and thus forms a cullin 4-RING E3 ligase
(CRL4CRBNY with cullin 4A/B and RING-box protein ROC1
(Angers et al., 2006; Jackson and Xiong, 2009; Ito et al., 2010; Xu
et al., 2013). Therefore, CRBN functions as a substrate receptor
and recruits proteins for ubiquitination and their subsequent
proteasomal degradation. It has been discovered that the primary
target of immunomodulatory drug thalidomide (Thal) is CRBN
(Ito et al, 2010). Thal and its structural analogs lenalidomide
(Len) and pomalidomide (Pom) bind to CRBN and thus recruit
new substrates that would otherwise not bind to CRBN. These
substrates, termed as “neo-substrates,” are ubiquitinated by the
CRL4“RBN E3 ligase leading to their degradation. Two of the
most studied neo-substrates of this E3 ligase are transcription
factors IKZF1 (Ikaros) and IKZF3 (Aiolos). Their degradation
suppresses the proliferation of myeloma cells (Kronke et al., 2014;
Lu et al, 2014). This is regarded as the major mechanism by
which Len is used to treat myeloma patients.

Low CRBN expression is associated with the Len resistance
of myeloma cells, suggesting that high CRBN protein level is
required for the anti-myeloma activity of IMiDs (Zhu et al,
2011). After 2-6 months of Len treatment, drug resistance
frequently develops as a result of down-regulation of CRBN
mRNA and protein levels (Lopez-Girona et al., 2012; Gandhi
et al, 2014), which also indicates that CRBN protein levels
regulate the sensitivity of myeloma cells to IMiDs. CRBN is
targeted for ubiquitination-mediated degradation by SCF®+7
ubiquitin ligase (Song et al., 2018). CSN9 signalosome inhibits
SCF*7_mediated CRBN degradation, thereby promoting the
sensitivity of myeloma cells to IMiDs (Sievers et al, 2018;
Liu et al., 2019). Several caspases are activated when myeloma
cells are treated with proteasomal inhibitor bortezomib (Btz)
(Hideshima et al., 2003). However, it is largely unknown whether
CRBN stability and its functions are affected by caspase activity.

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is an inducer of apoptosis through binding to death
receptor 4/5 (Gazitt, 1999), which results in the cleavage and
activation of caspase-8 (CASP-8), a caspase in the extrinsic
apoptotic pathway (Galluzzi et al., 2018). Because activated
CASP-8 could cleave BID (Li et al., 1998; Luo et al., 1998), BID
cleavage or reduction could serve as an indicator to demonstrate
the activation of death receptor and CASP-8 (Chou et al,
1999). In our previous study, we found that CRBN inhibits
the etoposide-induced intrinsic apoptosis (Zhou and Xu, 2019).
However, it is unknown whether CRBN is involved in the
death receptor-induced extrinsic apoptotic pathway and whether
modulation of caspase activity could regulate the biological
function of CRBN.

In this work, we examined CRBN stability in cervical cancer
cell line HeLa and small cell lung cancer cell line NCI-
H1688 upon the activation of the death receptor by TRAIL.
Surprisingly, we discovered that TRAIL down-regulates CRBN
protein level. The combination treatment of HeLa and NCI-
H1688 cells with TRAIL and Btz results in the observation of
the cleaved CRBN. This CRBN cleavage could be blocked by

CASP-8 inhibition. Interestingly, CASP-8 activation by TRAIL
and Btz also leads to CRBN cleavage in myeloma cells. Using
myeloma as a model system, we further demonstrated that
blockage of the CRBN cleavage by pharmacological inhibition
or genetic depletion of CASP-8 potentiates the anti-myeloma
activity of Len in both myeloma cell lines and bone marrow
primary myeloma cells. Database analysis showed that CASP-8
mRNA expression is inversely correlated with the overall survival
rate of myeloma patients. Therefore, this work reveals a novel
molecular mechanism by which the CRBN cleavage and stability
is modulated. Using this discovery, we further disclosed that the
anti-myeloma activity of IMiDs can be augmented by inhibiting
the CASP-8 activation and suggests a potential new combination
therapy that might benefit myeloma patients.

MATERIALS AND METHODS

Materials

Bortezomib (S1013), CASP-3 inhibitor z-DEVD-fmk (S7312),
CASP-8 inhibitor z-IETD-fmk (S§7314), Len (CC-5013), MG132
(S8410), MLN4924 (S7109), and Pom (S1567) were purchased
from Selleck; TRAIL (abs04233) was obtained from Absin;
pan-caspase inhibitor z-VAD-fmk (C1202) was ordered from
Beyotime Biotechnology; and cycloheximide (CHX, C104450)
was obtained from Sigma.

The antibodies used in this work were purchased from
the following companies: anti-CASP-8 antibody (BA2143) was
purchased from Boster Biological Technology; anti-ubiquitin
(Ub, sc-8017) and anti-HA (sc-7392) antibodies were from
Santa Cruz Biotechnology; anti-Flag (0912-1) and anti-GST
(ET1611-47) antibodies were from HuaAn Biotechnology; anti-
PARPI1 (9532S), anti-CRBN (71810S), and anti-cleaved CASP-8
(9496T) antibodies were from Cell Signaling Technology; anti-
GAPDH (60004-1-Ig) and anti-IKZF3 (13561-1-AP) antibodies
were from ProteinTech Group; anti-BID (CPA4351) antibody
was from Cohesion Biosciences; and anti-IKZF1 (YM1278)
antibody was from Immunoway. Mouse anti-CRBN antibody
(Xu et al., 2016) was a kind gift from Dr. Xiu-Bao Chang (Mayo
Clinic College of Medicine, United States). Secondary antibodies
(sheep anti-mouse IgG-HRP and anti-rabbit IgG-HRP) were
from Thermo Fisher.

shRNA and CRBN Plasmids
To make CASP-8 shRNA (shCASP-8), CASP-8 forward oligo-
nucleotide (5-CCGGCACCAGGCAGGGCTCAAATTTCTGC
AGAAATTTGAGCCCTGCCTGGTGTTTTTG-3') and CASP-8
reverse complementary oligonucleotide (5'-AATTCAAAAACA
CCAGGCAGGGCTCAAATTTCTGCAGAAATTTGAGCCCT
GCCTGGTG-3') were annealed and ligated to the pLKO.1 TRC
cloning vector (a gift from David Root, Addgene plasmid #10878)
using a published procedure (Moffat et al., 2006). A digestion
with PstI and BamHI was performed to identify the positive
clone, which was further validated by Sanger sequencing.

shNC or shCRBN lentiviruses were purchased from
GeneChem (Shanghai, China). The target sequence of shNC
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was TTCTCCGAACGTGTCACGT, and the target sequence of
shCRBN was CCCAGACACTGAAGATGAAAT.

Plasmids for CRBN-Flag, D-to-A, and Del9 mutants were
subcloned or constructed using standard point mutagenesis.

Generation of Stable Knockdown Cells

The shLacZ (The RNAi Consortium), shCRBN, and shCASP-8
lentiviruses were produced as described in a previous publication
(Moffat et al., 2006). Myeloma cells MML1.S and CAG were
infected with lentiviruses and selected with puromycin (1 jug/ml)
for 2 weeks to generate stable knockdown cells.

Cell Culture

Cervical cancer cell line HeLa, human embryonic kidney cell line
HEK293T, multiple myeloma cell lines MM1.S and RPMI8226,
and small cell lung cancer cell line NCI-H1688 were obtained
from American Type Culture Collection (ATCC). Multiple
myeloma CAG cells (Borset et al., 2000) were a kind gift
from Dr. Joshua Epstein (University of Arkansas for Medical
Sciences, Little Rock, AK, United States). MM1.S, RPMI8226,
CAG, and NCI-H1688 cells were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium. HeLa and HEK293T
cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; HyClone). Growth medium was supplemented with
10% fetal bovine serum (FBS; Gibco and Lonsera), 100 U/ml
penicillin, and 100 pg/ml streptomycin (Gibco).

Bone marrow specimens were obtained from deidentified
multiple myeloma patients at the Weill Cornell Medicine under
informed consent as part of an Institutional Review Board
approved study. CD138" primary myeloma cells were isolated
from bone marrow and co-cultured with a layer of HS-5 cells and
cytokines as previously described (Huang et al., 2012).

Western Blotting Analysis

Cell lysates or immunoprecipitates were analyzed by Western
blotting according to a previously described method (Hou
et al., 2015) using NemECL Ultra substrate (NCM Biotech) for
visualization (Tao et al., 2018).

Affinity Purification
The HEK293T cell lysates were incubated with the anti-Flag
affinity gel (Sigma) at 4°C for 3-4 h. The gel was then washed
three times with TBST (TBS with 0.1% Tween 20). The Flag-
tagged proteins were eluted with the 2x sample loading buffer
for Western blotting analysis.

CASP-8 Activity Assay

RPMI8226 cells were first treated with DMSO or 40 M CASP-8
inhibitor z-IETD-fmk for 30 min and then treated with DMSO
or 10 pM Len for another 24 h. CASP-8 activity was measured
using a CASP-8 fluorometric assay (Beyotime Biotechnology)
according to the manufacturer’s instruction.

Flow Cytometry Analysis
Myeloma cells expressing shLacZ or shCASP-8 were cultured and
treated with DMSO or Len (10 pM) for 4 days. Cells were stained

with ToPro-3 (Life Technologies, United States) and analyzed in
a BD flow cytometry according to a previously used method (Liu
etal., 2015). The data were processed with Flow]o.

Cell Viability Measurement

Cells were treated with DMSO or the indicated compounds and
stained with trypan blue (Beyotime Biotechnology) or analyzed
with cell counting kit-8 assay (CCK-8, Beyotime Biotechnology).
Live cells were counted under the microscope, and optical
density at 460 nm was measured. The percentage of live
cells was calculated.

Analysis of CASP-8 mRNA and Patient

Overall Survival Rate

Kaplan-Meier plot of overall survival rate in patients with low
(<20 FPKM, Fragments Per Kilobase of exon model per Million
mapped fragments) and high (>20 FPKM) CASP-8 mRNA
expression levels in the CoMMpass trial (IA14) of single Len
or combination of Btz, Len, and dexamethasone (Dex) was
generated, and statistical analysis for the pairwise comparison
was performed using log-rank test integrated with the tool
available at Multiple Myeloma Research Foundation (MMRF)
Researcher Gateway'.

RESULTS

CRBN Is Decreased in HeLa and

NCI-H1688 Cells Upon TRAIL Treatment
Recently, it has been discovered that CRBN inhibits DNA
damage-induced apoptosis (Zhou and Xu, 2019). However, it is
unknown whether and how death receptors regulate CRBN and
its function. To explore this possibility, we treated HeLa cells
with TRAIL to activate the death receptor, which was confirmed
by immunoblotting for a death receptor-related biomarker BID
(Figures 1A,B). We further discovered that TRAIL clearly
led to the down-regulation of CRBN (Figures 1A,B). Similar
results were also observed in NCI-H1688 cells (Figures 1C,D),
indicating that CRBN reduction upon the activation of death
receptor may be a general phenomenon.

CRBN Is Cleaved Upon TRAIL and Btz

Co-treatment

We next sought to investigate the possible molecular mechanisms
underlying TRAIL-induced down-regulation of CRBN. Since
CRBN undergoes proteasomal degradation, we used the
proteasome inhibitors Btz and MG132 to treat HeLa and
NCI-H1688 cells in the presence of TRAIL (Figures 2A-D).
Surprisingly, immunoblotting of CRBN showed that the band
for the full length CRBN disappeared, whereas a new band
appeared at about 1-5 kDa below the full length CRBN. This
result indicates that CRBN is cleaved and the cleaved fragment
is stable in HeLa and NCI-H1688 cells after TRAIL-Btz and
TRAIL-MG132 treatment (Figures 2A-D). Similar results were
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FIGURE 1 | TRAIL decreases cereblon (CRBN) protein level in HeLa and
NCI-H1688 cell lines. (A-D) HelLa (A,B) and NCI-H1688 (C,D) cells were
treated with vehicle or TRAIL (100 ng/ml) for 24 h, and the resulting cell
lysates were immunoblotted with the indicated antibodies. Quantification
(mean + SEMs) was performed for cells from three biological replicates. SEM,
standard error of measurements; Student’s t-test, **P < 0.01.

found in MM1.S myeloma cells (Supplementary Figure 1).
These data suggested that the cleaved CRBN is most probably
degraded through the ubiquitin-proteasome system. The
previous study demonstrated that combination use of TRAIL
and Btz could dramatically activate CASP-8 and cause apoptosis
in the lung cancer cell line through enhancing the surface
expression of TRAIL receptor (Voortman et al., 2007). We then
examine whether CASP-8 is responsible for the CRBN cleavage.
Pharmacological inhibition experiments demonstrated that
the CASP-8 inhibitor z-IETD-fmk but not the CASP-3 specific
inhibitor z-DEVD-fmk and the NEDD8-activating enzyme
inhibitor MLN4924 block synergistic TRAIL-Btz-induced CRBN
cleavage in HeLa cells (Figure 2E and Supplementary Figure 2),
indicating that CASP-8 is required for the cleavage of CRBN
upon TRAIL-Btz treatment.

CASP-8 Activation Cleaves CRBN at

Asp9 and This Cleavage Reduces CRBN
Stability

Next, we sought to determine the cleavage site in CRBN upon
CASP-8 activation. To do so, we first constructed a CRBN-Flag
plasmid and transfected this plasmid into HeLa cells, which
were further treated with TRAIL and Btz. Immunoblotting
of cell lysates with both anti-Flag and anti-CRBN antibodies
resulted in two bands, the full length CRBN and the cleaved
CRBN in HeLa cells upon CASP-8 activation (Figure 3A). This
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FIGURE 2 | CRBN is cleaved upon co-treatment with TRAIL and proteasome
inhibitors bortezomib (Btz) and MG132, and CASP-8 inhibition prevents the
cleavage. (A-D) CRBN cleavage is detected when treated with TRAIL and
MG132 or Btz. Hela cells (A,B) or NCI-H1688 cells (C,D) were treated with
DMSO, TRAIL (100 ng/ml), TRAIL (100 ng/ml) and MG132 (10 pM)/Btz

(0.5 uM), or MG132/Btz for 24 h. (E) CASP-8 inhibitor (z-IETD-fmk) but not
NEDDS8-activating enzyme inhibitor (MLN4924) prevents CRBN cleavage.
Hela cells were pretreated with DMSO, z-IETD-fmk (40 nM), or MLN4924

(1 M) for 30 min and then treated with DMSO, TRAIL (100 ng/ml), or TRAIL
(100 ng/ml) and Btz (0.5 wM) for 24 h. After the treatment, cells were washed,
harvested, and lysed, and the resulting cell lysates were subjected to
immunoblotting analysis. Clvd, cleaved; *, cleaved CRBN.

result indicates that the cleavage site on CRBN is located at
its N-terminus because the Flag tag is fused to the CRBN
C-terminus. Sequence alignment analysis of CRBN indicates
that the Asp (D) residues at N-termini are highly conserved
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FIGURE 3 | Cleavage of CRBN at Asp9 (D9) reduces its stability. (A) CRBN is cleaved at the N-terminus upon CASP-8 activation. Hela cells were transfected with
CRBN-Flag plasmid for 48 h and treated with DMSO or TRAIL (100 ng/ml) and Btz (0.5 M) for 24 h. The resulting cell lysates were subjected to immunoblotting
analysis. (B) Amino acid sequence alignment for CRBN from human, mouse, rat, and western clawed frog (Xentr). Conserved Asp (D) residues were indicated in red.
(C) CRBN is cleaved at Asp9 (D9) upon CASP-8 activation. HelLa cells were transfected with the WT and CRBN Asp (D) to Ala (A) mutants for 48 h and then treated
with DMSO or TRAIL (100 ng/ml) and Btz (0.5 wM) for 24 h. Cell lysates were used for immunoblotting. (D) Deletion of the N-terminal nine amino acids in CRBN
reduces it stability. WT CRBN and Del9-CRBN mutants were expressed in HEK293T cells and split to 24-well plates. At 48 h post-transfection, cells were further
treated with cycloheximide (CHX, 100 M) for the indicated time. The cell lysates were immunoblotted with the indicated antibodies. Mean + SEMs were from three
independent biological replicates. Two-way ANOVA, **P < 0.01; Clvd, cleaved.

among human, mouse, rat, and western clawed frog (Figure 3B).
To further determine the exact cleavage site, we mutated five
Asp residues at the N-terminus to Ala, one at a time, and
carried out the same experiment. Immunoblotting of cell lysates
demonstrated that CASP-8 activation resulted in the cleavage of
the WT, D29A, D35A, and D37A CRBN mutants but not the
D6A and D9A mutants (Figure 3C). The sequence of the 6-
10 amino acids in CRBN (DQQDA) is the CASP-8 preferred
cleavage sequence (L/D/V)XXD(G/S/A) (Stennicke et al., 2000),
and the D6A mutation disrupts this sequence. Therefore, these
data demonstrate that CRBN is cleaved by CASP-8 after Asp9.
This cleavage site was also detected previously by a quantitative
N-terminomics (Shimbo et al., 2012).

These results demonstrated that treatment of HeLa and NCI-
H1688 cells with TRAIL and Btz led to CRBN cleavage. However,
we only observed reduced CRBN levels but not the cleaved
fragments in these cells upon the activation of CASP-8 by TRAIL,
suggesting that the stability of CRBN might be reduced after
cleavage. To test this hypothesis, we measured the stability of the
WT and Del9 CRBN in HEK293T cells treated with a protein
synthesis inhibitor CHX. Immunoblotting of cell lysates showed

that Del9 CRBN was diminished at a much faster rate than the
WT counterpart upon CHX treatment (Figure 3D), confirming
its reduced stability. Inhibition of neddylation by MLN4924
significantly increased the WT and Del9 CRBN protein levels
(Supplementary Figure 3), indicating that they are ubiquitinated
by the cullin RING E3 ligases and subsequently degraded by
the proteasome. This is in concert with the fact that the cleaved
CRBN was observed in HeLa cells only in the presence of
proteasome inhibitor (Figure 2). Furthermore, we found that
TRAIL-induced apoptosis was not affected in the CRBN deficient
HeLa cells (Supplementary Figure 4), suggesting that the
cleavage of CRBN did not regulate CASP-8-dependent apoptosis.

CASP-8 Inhibition Enhances the
Anti-myeloma Activity of Len in Cell

Lines

After the discovery of CRBN cleavage by CASP-8, we thought to
investigate how this cleavage affects its biological function. It has
been reported that IMiDs can activate CASP-8 (Mitsiades et al.,
2002; Chauhan and Anderson, 2003; Martiniani et al., 2012).
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FIGURE 4 | CASP-8 inhibition potentiates the anti-myeloma activity of Len. (A) Len enhances CASP-8 activity. RPMI8226 cells were pretreated with DMSO or
z-|[ETD-fmk (40 wM) for 30 min and then treated with DMSO or Len (10 uM) for 24 h. CASP-8 activity was measured using a CASP-8 fluorometric assay kit.

Mean + SEMs from three independent biological replicates were plotted. Student’s t-test, *P < 0.05. (B) CASP-8 inhibitor z-IETD-fmk enhances the Len-mediated
reduction of transcription factors IKZF1 and IKZF3 in RPMI8226 cells. RPMI8226 cells were pretreated with DMSO or CASP-8 inhibitor z-IETD-fmk (40 M) for

30 min and then treated with DMSO or Len (10 wM) for 24 h. The resulting cell lysates were immunoblotted with the indicated antibodies. (C) Quantitative data
(mean + SEMs) for (B) were from three independent biological replicates. Student’s t-test, *P < 0.05, **P < 0.01, **P < 0.001. (D) CASP-8 inhibitor z-IETD-fmk
enhances the Len-mediated reduction of transcription factors IKZF1 and IKZF3 in stable MM1.S knockdown cell lines. The stable shNC, shCRBN, and shCASP-8
MM1.S cell lines were pretreated with DMSO or CASP-8 inhibitor z-IETD-fmk (40 M) for 30 min and then treated with DMSO or Len (10 uM) for 3 h. The resulting
cell lysates were immunoblotted with the indicated antibodies. (E) Quantitative data (mean + SEMs) for (D) were from three independent biological replicates.
Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001. (F) CASP-8 inhibitor enhances Len-mediated reduction of cell viability in MM1.S cell line. MM1.S cells were
pretreated with DMSO or z-IETD-fmk (40 M) for 30 min and then treated with DMSO or Len (10 wM) for 48 h. The relative cell viability was measured with CCK-8
assay. Mean + SEMs from three independent biological replicates. Student’s t-test, *“P < 0.01. (G) CASP-8 inhibitor enhances Len-mediated reduction of cell
viability in RPMI8226 cell line. RPMI8226 cells were pretreated with DMSO or z-I[ETD-fmk (40 wM) for 30 min and then treated with DMSO or Len (10 wM) for 48 h.
The relative cell viability was measured with CCK-8 assay. Mean + SEMs from three independent biological replicates. Student’s t-test, *P < 0.05. (H) CASP-8
inhibitor enhances Len-mediated reduction of cell viability in a CRBN-dependent manner. RPMI8226 cells were infected with shNC or shCRBN lentiviruses for 16 h
and then treated as described in (G). Student’s t-test, **P < 0.01, **P < 0.001. (I) CASP-8 inhibitor z-IETD-fmk enhances the Len-mediated ubiquitination of IKZF1.
HEK293T cells were transfected with Flag-IKZF1, HA-CRBN, GST-DDB1, and Myc-Ub and split to four 6-cm plates. At 48 h post-transfection, cells were pretreated
with DMSO or z-IETD-fmk (40 M) for 30 min, then with DMSO or Len (10 uM) for 1 h, and again with MG132 (10 wM) for 12 h. The Flag tagged IKZF1 was purified
with anti-Flag affinity gel, and the purified samples and whole cell lysates were immunoblotted with the indicated antibodies.
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FIGURE 5 | CASP-8 knockdown enhances the anti-myeloma activity of Len in myeloma cell lines. (A,B) CASP-8 knockdown increases Len-induced ToPro3* cells.
MM1.S cells with LacZ (mock) or CASP-8 knockdown were treated with DMSO or Len (10 uM) for 4 days and stained with ToPro-3. Cells were analyzed with flow
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Therefore, we thought to use myeloma cells as a model system
to explore whether CASP-8 regulates CRBN levels after addition
of Len. We found that CASP-8 activity is increased upon Len
treatment in RPMI8226 cells (Figure 4A). Immunoblotting of
CRBN showed that Len increases CRBN protein level at 24 h,
which is consistent with previous studies (Liu et al, 2015).
CASP-8 inhibitor z-IETD-fmk further increases CRBN protein
levels (Figures 4B,C). These results suggest that the effect of
Len and CASP-8 inhibitors on CRBN protein levels might be
additive. Consequently, z-IETD-fmk further down-regulates the
IKZF1 and IKZF3 protein levels mediated by Len (Figures 4B,C).
To further investigate the effect of CRBN and CASP-8 on the
IKZF1 and IKZF3 upon Len treatment, we obtained the stable

shNC, shCRBN, and shCASP-8 knockdown MM1.S cell lines. We
found the same results that CASP-8 inhibitor z-IETD-fmk could
further down-regulate IKZF1 and IKZF3 upon Len treatment,
which was mediated by CRBN (Figures 4D,E). Furthermore, the
CRBN protein level was increased in the CASP-8 deficient cells
(Figures 4D,E).

It has been demonstrated that high CRBN protein levels
enhance the anti-myeloma activity of Len (Zhu et al., 2011;
Liu et al., 2015). Therefore, we examined whether z-IETD-fmk
increases the anti-myeloma activity of Len. Results from trypan
blue staining and cell counting kit-8 (CCK-8) assay indicated that
treatment with Len and z-IETD-fmk indeed further suppresses
the viability of myeloma cells compared with Len treatment alone
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FIGURE 6 | CASP-8 inhibition enhances the anti-myeloma activity of Len in
primary myeloma cells, and low CASP-8 mRNA level increases the survival
rate of myeloma patients. (A) CASP-8 inhibitor augments the anti-myeloma
effect of Len in primary myeloma cells. CD138% primary cells were isolated
from myeloma Patient 1 and Patient 2, co-cultured with HS-5 cells, pretreated
with DMSO or z-IETD-fmk (40 wM) for 1 h, and then treated with DMSO or
Len (10 uM) for 4 and 5 days, respectively. The percentage of live cells was
determined by staining with trypan blue and examined under the microscope.
(Continued)

FIGURE 6 | Continued

Experiments were carried out in triplicates, and pairwise Student’s t-test was
used to obtain the P-value (mean + SEMs). *P < 0.05, **P < 0.01,

***P < 0.001. (B) Low gene expression of CASP-8 increases the overall
survival rate of myeloma patients. The data were obtained from patients in the
MMRF CoMMpass trial (IA14) of combination therapy with Btz (Velcade), Len
(Revlimid), and Dex (VRd). The numbers of patients for low (<20 FPKM) and
high (>20 FPKM) CASP-8 mRNA levels were indicated in the images.

(Figures 4F,G and Supplementary Figures 5, 6). We further
knocked down CRBN in RPMI8226 cells with lentivirus and
treated the cells with z-IETD-fmk to investigate the anti-myeloma
activity of Len. The data showed that z-IETD-fmk potentiated the
anti-myeloma activity of Len in the mock knockdown and this
effect disappeared when CRBN was knocked down (Figure 4H
and Supplementary Figure 7). We also purified the Flag tagged
IKZF1 and determined its ubiquitination upon z-IETD-fmk
and Len treatment. We found that z-IETD-fmk could enhance
the ubiquitination of IKZF1 upon Len treatment (Figure 4I),
which further supported our conclusion that CASP-8 inhibition
promotes their degradation through upregulating CRBN. This
indicates that CRBN is required for the enhanced anti-myeloma
activity of Len upon CASP-8 inhibition.

CASP-8 Knockdown Potentiates the
Anti-myeloma Activity of Len in Cell

Lines

To further determine the role of CASP-8 on the anti-myeloma
activity of Len, we established MM1.S and CAG cell lines stably
expressing control shLacZ or shCASP-8. The flow cytometry
analysis demonstrated that ToPro-3" dead cells are significantly
increased upon Len treatment in the CASP-8 knockdown
cells (Figures 5A,B). Consistent with this, the percentage of
live cells determined by trypan blue exclusion in the CASP-
8 knockdown cells is markedly reduced upon Len treatment
(Figure 5C). Similar results were obtained for CAG myeloma
cells (Figures 5D-F). Taken together, our results demonstrated
that both inhibition and knockdown of CASP-8 enhance the
anti-myeloma activity of Len in cell lines.

CASP-8 Inhibition Enhances the
Therapeutic Effect of Len in Primary

Myeloma Cells

To further validate whether CASP-8 modulates the anti-myeloma
activity of Len in primary cells, we cultured CD138" primary
myeloma cells from bone marrow of two patients and treated
them with CASP-8 inhibitor z-IETD-fmk and/or Len. Trypan
blue staining and cell counting analyses demonstrated that
z-IETD-fmk reduces the percentage of live cells upon Len
treatment, whereas z-IETD-fmk alone does not affect the cell
viability in both primary myeloma cells (Figure 6A). It should be
noted that Len alone exhibited different effects in two primary
patient samples. The viability of primary myeloma cells from
Patient 1 but not from Patient 2 was significantly reduced by
Len treatment. This result suggests that the genetic backgrounds
of these two patients might be different, resulting in different

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2020 | Volume 8 | Article 605989


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Zhou et al.

Caspase-8 Modulates the Lenalidomide Activity

> E d stability
sed protein

Cleavage

FIGURE 7 | Proposed model for the enhancement of CASP-8 inhibition on the anti-myeloma effect of Len. In the absence of the CASP-8 inhibitor, CRBN s cleaved
by CASP-8, and the cleaved CRBN has reduced stability, leading to the decreased CRBN protein level. However, in the presence of the CASP-8 inhibitor, CRBN
cleavage is blocked, resulting in the increased CRBN protein level and enhanced Len-mediated ubiquitination and degradation of IKZF1/IKZF3. Therefore, the

anti-myeloma activity of Len is augmented.

Proteasomal
Degradation

sensitivities to Len. Nevertheless, CASP-8 inhibition enhances the
anti-myeloma activity of Len in both cases.

High CASP-8 Gene Expression
Correlates With Poor Overall Survival in

Myeloma Patients

Next, we would like to test whether the gene expression of
CASP-8 is associated with the clinical outcome of myeloma
patients. To do this, we analyzed the CASP-8 mRNA level and
the overall survival rate of patients participating in a clinical trial
of single Len or Btz, Len, and Dex combination therapy obtained
from the datasets in MMREF. The result showed that those with
lower CASP-8 mRNA levels exhibited a higher overall survival
rate (Figure 6B), suggesting that CASP-8 expression may be an
important factor in determining the clinical response to Len-
based therapies likely through the regulation of CRBN protein
level in myeloma. This result is also in concert with the data
obtained from myeloma cell lines where CASP-8 inhibition or
depletion further reduces the Len-mediated viability of myeloma
cells (Figures 4-5).

DISCUSSION

As a substrate receptor, CRBN mediates the ubiquitination and
degradation of constitutive substrates and neo-substrates upon
IMiD treatment (Kronke et al., 2014, 2015; An et al., 2017;
Donovan et al., 2018; Matyskiela et al., 2018). CRBN can be
regulated by SCFF?°7 and its associated E3 ligase CRL4“REN,
thus modulating its biological function. CRBN is a key modulator
in the treatment of myeloma cells with Len and its structural
analogs. However, whether CRBN and its function can be
regulated by caspases was not explored. In this study, using
three different types of cell lines (HeLa, NCI-H1688, and MM1.S
cells), we discovered that CRBN can be cleaved upon TRAIL and

Btz treatment (Figures 1, 2, and Supplementary Figure 1) and
further demonstrated that this cleavage is blocked by CASP-8
inhibition (Figure 2).

Transcription factors IKZF1 and IKZF3 are required for
myeloma cells to undergo proliferation. IMiDs bind to CRBN
and recruit IKZF1 and IKZF3 for their ubiquitination and
degradation, leading to the reduced proliferation of myeloma
cells. This is the recently discovered major mechanism of action
of IMiDs for the treatment of myeloma cells (Kronke et al.,
2014; Lu et al., 2014). Using this model system, we showed that
both pharmacological inhibition and genetic depletion of CASP-
8 increase the level of full length CRBN, enhance the degradation
of IKZF1 and IKZF3, and then suppress the proliferation of
myeloma cells when treated with Len, which is consistent with the
previous studies that CRBN protein levels control the sensitivity
to IMiDs (Zhu et al., 2011; Liu et al., 2019). Two molecular
mechanisms were discovered for the regulation of CRBN by Len.
On the one hand, CRBN is required for the anti-myeloma activity
of Len. However, the cleavage of CRBN can be induced by CASP-
8 activation, which could be mediated by Len in myeloma cells,
and the stability of the cleaved CRBN is reduced. On the other
hand, our previous experiments detected the increase of CRBN
protein level after 3 days treatment of myeloma cell lines with
IMiDs (Liu et al., 2015). In that work, we also revealed that
IMiDs can prevent CRBN from ubiquitination and subsequent
degradation, leading to the increased CRBN protein level and
enhanced CRL4“REN E3 ligase activity, contributing to the anti-
myeloma effect of IMiDs. In this work, we also observed the
increase of CRBN protein level upon Len treatment. These two
mechanisms of action of Len possibly result in two opposite
effects, increase and decrease, on the CRBN protein level.
Nevertheless, both mechanisms support the idea that inhibiting
CASP-8 activity increases CRBN protein level and benefits to the
therapeutic effect of Len for the treatment of myeloma. Therefore,
combination of CASP-8 inhibitor with Len would most likely
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benefit to the treatment of myeloma, which was indeed confirmed
in myeloma cell lines and primary myeloma cells.

On the one hand, we discovered that the viability of myeloma
cells is reduced by the addition of CASP-8 inhibitor during
the Len treatment (Figures 4-6). On the other hand, PARP1
cleavage is not significantly altered by the addition of CASP-
8 inhibitor. These phenomena suggest that CASP-8 inhibition
might affect the proliferation of myeloma cells. This is in
accordance with the fact that Len reduces the proliferation of
myeloma cells (Kronke et al, 2014; Lu et al, 2014). Using
a CASP-8 fluorometric assay, a previous study demonstrated
that Len and Pom activate CASP-8 (Mitsiades et al., 2002;
Das et al., 2015), although no apparent CASP-8 cleavage was
observed in the immunoblotting analysis (Chauhan et al,
2010; Das et al, 2015). Using HeLa cells as a model system,
we discovered that CRBN is cleaved at Asp9 upon CASP-
8 activation (Figure 3C). However, the cleaved CRBN has
much lower stability (Figure 3D), which could reduce the
CRL4“RBN E3 ligase activity. In combination with CASP-8
inhibitor, Len further elevates the CRBN protein level, resulting
in the enhanced degradation of IKZF1 and IKZF3 and enhanced
anti-myeloma activity (Figures 4-7). Therefore, a strategy could
be an alternative treatment of myeloma with the combination of
IMiDs and CASP-8 inhibitors, which suppresses the proliferation
of myeloma cells.

It should be noted that different myeloma cell lines and
primary myeloma cells may have distinct genetic backgrounds,
such as mutations and expression level of genes including
CRBN, CASP-8, and DDBI, which affect cell proliferation
and regulate cell death pathways. Indeed, truncation and
point mutations in CRBN and DDBI were discovered in
myeloma cells and patient samples despite the fact that these
mutations were rare (Thakurta et al., 2014). Although our
conclusion was obtained from multiple cell lines and two
primary patient samples, we cannot completely rule out the
possibility that CASP-8 inhibition might not have a significant
influence on the treatment of certain myeloma cell lines
or some patient samples when CASP-8, CRBN, or other
component of the CRL4“REN E3 ligase is not expressed or is
mutated.
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Background: Prostate cancer (PCa) is currently the most common cancer among males
worldwide. It has been reported that OTUB1 plays a critical role in a variety of tumors
and is strongly related to tumor proliferation, migration, and clinical prognosis. The aim
of this research is to investigate the regulatory effect of OTUB1 on PCa proliferation and
the underlying mechanism.

Methods: Using the TCGA database, we identified that OTUB1 was up-regulated
in PCa, and observed severe functional changes in PC3 and C4-2 cells through
overexpression or knock down OTUB1. Heterotopic tumors were implanted
subcutaneously in nude mice and IHC staining was performed on tumor tissues.
The relationship between OTUB1 and cyclin E1 was identified via Western blotting and
immunoprecipitations assays.

Results: We found that the expression of OTUB1 in PCa was significantly higher than
that in Benign Prostatic Hyperplasia (BPH). Overexpression OTUB1 obviously promoted
the proliferation and migration of PC3 and C4-2 cells via mediating the deubiquitinated
Cyclin E1, while OTUB1 knockout has the opposite effect. The nude mice experiment
further explained the above conclusions. We finally determined that OTUB1 promotes
the proliferation and progression of PCa via deubiquitinating and stabling Cyclin E1.

Conclusions: Our findings reveal the critical role of OTUB1 in PCa, and OTUBT
promotes the proliferation and progression of PCa via deubiquitinating and stabilizing
Cyclin E1. Blocking OTUB1/Cyclin E1 axis or applying RO-3306 could significantly
repress the occurrence and development of PCa. OTUB1/Cyclin E1 axis might provide
a new and potential therapeutic target for PCa.

Keywords: cyclin E1, OTUB1, prostate cance, progression, proliferation
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INTRODUCTION

Prostate cancer (PCa) is the most common malignant tumor in
the United States. The prevalence of PCa approximately accounts
for 20% of all types of cancers. In 2019, there were 174,650
new cases and 31,620 deaths from PCa (Siegel et al., 2019). If
detected early and treated aggressively, the 5-year survival rate of
PCa will almost reach 100%. However, many patients with PCa
are diagnosed in the late stage, and their survival rate declines
drastically because PCa has no obvious symptoms except urinary
tract infection (Nguyen-Nielsen and Borre, 2016). Due to the
irreplaceable role of androgen receptor (AR) in the development
of PCa, the most important and standard treatment is androgen
deprivation therapy (ADT) (Murillo-Garzén and Kypta, 2017;
Bastos and Antonarakis, 2018). ADT mainly includes drug
castration and surgical castration, but most patients eventually
develop to castration-resistant prostate cancer (CRPC), even
metastasis castration resistant prostate cancer (mCRPC), without
effective treatment (Gasnier and Parvizi, 2017; Hossain et al,,
2018). CRPC and mCRPC still are the most difficult problems
during the diagnosis and treatment of prostate cancer. In
recent years, with the development of urology, chemotherapy,
radiotherapy, target therapy, and immunotherapy have emerged,
and the overall survival rate has been prominently improved
(Sebesta and Anderson, 2017; Altwaijry et al., 2018; Komura et al.,
2018). At present, there is still a lack of effective and sensitive
drugs for prostate cancer, especially the urgent demand for new
drugs to treat CRPC (Smolle et al., 2017).

Ubiquitination is a vital pathway for protein degradation
and conducts a crucial regulatory factor in many cellular
signal pathways (Popovic et al., 2014). As a member of the
deproteinized cysteine protease subfamily of the ovarian tumor
domain (OTU) (Sivakumar et al., 2020), OTUBI could stabilize
the expression level of target protein and maintain its function
by inhibiting ubiquitination degradation (Wiener et al., 2012).
Many researchers have demonstrated that OTUBI regulates
lots of important cellular processes, such as DNA-reparation,
cell signaling transduction, proliferation, and apoptosis (Nakada
et al, 2010; Liu et al, 2019). Furthermore, OTUBI plays an
increasingly important and irreplaceable role in the field of
cancer. For example, OTUBI is found to be up-regulated in
colorectal cancer (Zhou et al, 2014), gastric adenocarcinoma
(Weng et al, 2016), esophageal cancer (Sun et al., 2020),
ovarian cancer (Wang et al., 2016), human glioma (Xu et al.,
2017), and hepatocellular carcinoma (Ni et al., 2017), which
could promote tumor invasion and predict a poor prognosis.
OTUBI promotes tumor progression in two ways: to stabilize the
expression of oncogenic genes by inhibiting the ubiquitination
of target protein, and the other mode does not depend on
the deproteinization manner (Saldana et al., 2019) but directly
interacts with E2 ubiquitin ligase. These results imply that

Abbreviations: OTUBI, ovarian tumor domain deubiquitination 1; PCa,
prostate cancer; CCNEIL, Cyclin El; AR, Androgen receptor; BPH, Benign
prostate hyperplasia; IP, Immunoprecipitation; UB, Ubiquitination; DUB,
Deubiquitination; ADT, androgen deprivation therapy; CRPC, castration-resistant
prostate cancer; mCRPC, metastasis castration resistant prostate cancer.

OTUB1 might provide a tumor associated biomarker and
candidate target for PCa treatment. Currently, the relationship
between OTUBI and PCa has been preliminarily researched.
Previous research verified that OTUBI promotes prostate cancer
invasion in vitro and aggravates tumorigenesis in vivo via
regulating RhoA activity and p53 expression (Iglesias-Gato et al.,
2015). The cyclin/Cdk complexes involved in cell cycle are
the primary regulators during the various stages of mitosis,
which could influence the conversion within different cell phases
through the phosphorylation of cell phase-specific substrate
proteins (Malumbres and Barbacid, 2009; Wei et al., 2020).
Cyclin E1 is known to be a conserved protein and its essential
function is to promote G1/S conversion. In previous studies,
Cyclin E1/Cdk2 axis has been associated with the proliferation
of various cancers in previous studies (Geng et al., 2003; Masaki
et al., 2003). The anticancer effect of Cyclin E1/Cdk2 complexes
has been extensively concerned in a variety of tumors, including
ovarian cancer (Kanska et al., 2016), liver cancer (Bisteau et al.,
2014; Ehedego et al,, 2018), and so on (Fang et al., 2016).

In this study, we focus on the characteristics of OTUBI
involved in the process of cell cycle, and we investigate the
specific mechanism of OTUBI promoting tumor progression.
Further experiments were performed to explore the possibility
OTUBI serves as a potential therapeutic target and diagnostic
biomarker for PCa.

METHODS

Clinical Samples

Clinical tissue samples were acquired from patients undergoing
transurethral resection of the prostate in the Second Affiliated
Hospital of Tianjin Medical University (Tianjin, China) and
examined by a professional pathologist in order to obtain Gleason
grade. This study was approved by the Ethics Committee of
the Tianjin Medical University and strictly complied with the
Helsinki Declaration of Human Rights.

Prostate Cancer Cell Lines

Human prostate cancer cell lines (PC3 and C4-2) were obtained
from ATCC cell bank. The cells were cultured with RPMI 1640
medium supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin in a humidified environment containing
5% CO2 at 37°C.

Cell Transfection and Inhibitor

A total of 6 x 10° PC3 and C4-2 cells were seeded in 6-well plates.
After 24 h, the cells were transfected with 2 g plasmid or 100-
nM siRNA with LipofectamineTM 2000 (Invitrogen) according
to the manufacturer’s protocol. The FLAG-OTUBI plasmid and
pcDNA3.1-OTUB1C91S plasmid was transfected into PC3 cell
and C42 cell. The knockdown of OTUBI and Cyclin E1 was
generated by transient transfecting with RNA (OTUBI1 siRNA
and Cyclin E1 siRNA). After 48h, the cells were collected for
western blotting, MTT, transwell, and migration assays. The
relative siRNA primers are showed in Supplementary Table 1.
The cell cycle inhibitor RO-3306 was purchased from MCE,
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and different doses of RO-3306 were added into the 6-well
plate respectively.

Immunoprecipitation and Western Blot

Analysis

Total protein was extracted from PC3, C4-2 cell lines, and
tumor tissues using RIPA (Biosharp) and PMSE and the BCA
kit was used to determine the protein concentration. In the
10% acrylamide gels, an equal amount of protein sample (40
png per channel) was separated by SDS-polyacrylamide gel
electrophoresis (PAGE) and transferred to the poly vinylidine
difluoride (PVDF) membrane (Millipore, Billerica, MA). The
membrane was blocked in 5% fat-free milk and incubated
overnight with the following primary antibodies: rabbit anti-
OTUBI (1:1,000 dilution; affinity), rabbit anti-GAPDH (1:1,000
dilution; Abcam), mouse anti-f-actin (1:1,000 dilution; CST),
rabbit anti-Cyclin E1 (1:1,000 dilution; CST), and rabbit anti-
FLAG (1:1,000 dilution; SIGMA) at 4°C. Then, the PVDF
membrane were washed and incubated with anti-rabbit or anti-
mouse IgG for 1h at room temperature. The immunoreactive
bands were detected by chemiluminescence methods and
visualized using Luminescent Imaging Workstation, and
the relative intensity was measured and analyzed using
Image] software.

Immunohistochemical Staining

The clinical tissue samples were collected from prostate surgery
and the tumors of null mice were collected and preserved in
formalin. The specimens were frozen, embedded in paraffin,
and cut into 5 um sections. The tissue sections were roasted at
65°C for 45 min, next de-waxed in xylene and rehydrated in
graded alcohol. Citric acid buffer solution (pH adjusted to 6.0)
was used for antigen recovery, under high fire for 5min and
middle-low fire for 10 min in turn. Endogenous peroxidase was
blocked in 0.3% hydrogen peroxide and 1.5% horse serum for
10 min. Then the tissue sections were incubated with primary
antibody (anti-OTUBI, 1:100 from affinity; anti-Cyclin E1 1:100
from affinity; Ki67 1:100 from Abcam) overnight at 4°C. After
using rabbit/mouse universal secondary antibody IgG (1h),
the secondary antibody was detected with the Ultraview DAB
detection kit (Zhongshan Co, China). The nuclei were stained
with hematoxylin, then dehydrated and transparent, and the
slides were sealed with neutral glue. The expression levels
of OTUBI, ki-67, and Cyclin E1 were observed under Zeiss
microscope (x200).

Wound Healing Assay

PC3 and C4-2 cells were seeded on 6-well plate and grew to the
pavement overnight. After 24 hours of transfection, a channel
was drawn on the monolayer cells with 10 pL micropipette
tip. Then PC3 and C4-2 cells were washed with PBS twice and
cultured in 10% FBS 1640 at 5% CO,, 37°C for an additional
24 h. Photographs were taken by an inverted Leica phase contrast
microscope at 0h and 24 h.

Clone Formation Assay

PC3 and C4-2 cells were digested and 2.0 x 10° cells in
each group were seeded into 6-well plate. After 24h, OTUBI
siRNA, Cyclin E1 siRNA, negative control siRNA, OTUBI-
overexpression, and otubl c91s were transfected, respectively.
The cells were cultured for 1 week. After washing with phosphate-
buffered saline (PBS) buffer twice, 4% paraformaldehyde was
used to fixate for 20 min. Then, an appropriate amount of crystal
violet solution was added and stained for 30 min. After washing
with PBS again and air drying, the software Image ] was used for
clones counting.

MTT Assay

After 48 h of transfection, 2.0 x 10% cells per well were seeded
into 96-well plates and cultured at 37°C for 24 h, 48 h, 72 h, and
96h. Then 30 uL MTT solution was added into each well at
the indicated time, and cells were cultured for another 2h at
37°C. Subsequently, the MTT solution was removed and 150
uL dimethyl sulfoxide (DMSO) was added into each well to
dissolve formazan crystals. The absorbance was measured with
a microplate reader at 490 nm.

Transwell Migration Assay

PC3 and C4-2 cells were transfected with OTUBI1-siRNA
or negative-control siRNA and pcDNA3.1-OTUBI plasmid
respectively, which were suspended in 1,640 containing 10% FBS,
and 2 x 104 cells were added to the top chamber of 24-well
transwell plates (Corning, 8 m pore size), and 1,640 containing
10% FBS was added to the bottom chamber. After incubating at
37°C for 48 h, the chambers were washed with PBS twice, and
these cells which migrated to the bottom chambers were fixed
with paraformaldehyde and stained with crystal violet. Then the
number of transitional cells in all chambers was calculated in the
5 visual fields.

Animal Studies

Five-week-old male Babl/c mice (HFK Bio-Technology Co. Ltd,
Beijing) were injected subcutaneously with 2 x 10% PC3 cells with
control, otubl, and otubl-c91s groups suspended in 0.1 mL of
Matrigel (BD Biosciences) and 1,640. These cells were implanted
subcutaneously into the dorsal flank on both sides of the mice.
Once the diameter of tumors reached nearly 2 mm, the volume
of tumor was measured daily for 10 days. These mice with
overexpression otubl were divided into two groups: one group
was used as control group, and another were treated with RO-
3306 4 mg/kg every 2 days via oral feeding. Tumor volume was
recorded by digital caliper and the volume was estimated the
formula 0.52*L*W? (L = the length of tumor and W = the
maximum width). At the 10th day, these mice were killed and
tumors were extracted and measured. The tumors were fixated
with paraformaldehyde, then immunohistochemistry staining
was performed for OTUBI, Ki 67, and Cyclin E1. All procedures
involving mice were approved by the University Committee on
Use and Care of Animals at the Tianjin Medical University and
met all regulatory standards.
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FIGURE 1 | OTUB1 is up-regulated in prostate cancer. (A) The volcanic map depicting the dysfunctional genes in prostate cancer. (B) According to TCGA, OTUB1 is
up-regulated in prostate cancer. (C) IHC staining showed that the expression of OTUB1 was up-regulated in human prostate cancer. (D) IHC staining showed that the
expression of Ki-67 was up-regulated in human prostate cancer. (E) IHC of OTUB1 (X? = 16.56; P = 0.0024) and Ki-67 (X* = 20.2; P = 0.0005) was statistically
analyzed according to the expression intensity. *P < 0.05; **P < 0.01; **P < 0.001.

RESULTS
OTUB1 is Up-regulated in Prostate Cancer

We filtered all dysregulated genes in prostate cancer profiles
from TCGA database, identified 3,480 up-regulated genes and
2,592 down-regulated genes, and the results were presented in
the volcano map (Figure 1A). Of the up-regulated genes, we
observed that the expression of OTUBI in PCa was higher
than para-carcinoma tissue (Figure 1B). To further identify the
deubiquitinating enzymes OTUBL1 driving the prostate cancer
progression, we conducted subsequent experiments and assays.
In order to identify whether clinical data was consistent with
the database, we collected clinical prostate cancer tissue and
immunohistochemical staining was performed with OTUBI1
(Figure 1C) and ki-67 antibody (Figure 1D). A Chi-square test
was performed, and the results demonstrated that the expression
of OTUBI in PCa groups was higher than that in BPH group (X?
= 16.56; P = 0.0024), and the results of ki-67 were consistent with
OTUBI (X2 = 20.2; P = 0.0005). The detailed statistical results
showed that the positive ratios of OTUB1 and Ki67 in ADPC and
CRPC groups were higher than BPH group (Figure 1E).

OTUB1 Promotes Proliferation and

Invasion of PCa Cell

We transfected PC3 and C42 cells with OTUBI1 overexpression
and otubl c91s, and the expression level of OTUBI was detected
by Western blotting. The results showed that, compared with
the control group, the expression level of OTUBI transfected
with otub1-c91s group (cells introduced by the mutated OTUBL1
fragment) was not significantly changed, but the expression
level of OTUBI transfected with OTUBI overexpression was
significantly increased (Figure 2A). The gray value of OTUBI
was detected by Image analysis software Image ] (Figure 2A).
For further explanation, we transfected PC3 and C4-2 cells with
OTUBI siRNA, and the expression level of OTUBI1 was decreased
distinctly compared with the control group (Figure 2B). Recent
studies have shown that OTUBI is highly expressed in invasive
tumor cells and plays an important role in its proliferation
and invasion (Zhou et al.,, 2014, 2019, 2020; Weng et al., 2016;
Yuan et al,, 2017; Sun et al., 2020). The results showed that
the migration and invasion ability of PC3 and C4-2 cells was
significantly enhanced in increased OTUBI group compared
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FIGURE 2 | OTUB1 promotes the proliferation and invasion of PCa cells. (A,B) Western blotting detecting the expression of OTUB1 in C4-2 and PC3 cells transfected
with overexpression OTUBT, otub1 ¢91s, and OTUB1 siRNA. (C) Transwell assay in PC3 cell transfected with overexpression OTUB1 and otub1 c91s. (D) Transwell
assay in PC3 cell transfected with OTUB1 siRNA. (E) Transwell assay in C4-2 cell transfected with OTUB1 overexpression and otub1 c91s. (F) Transwell assay in
C4-2 cell transfected with OTUB1 siRNA. (G,H) Wound healing assay in PC3 and C4-2 cells transfected with OTUB1 overexpression, otub1 c91s, and OTUB1 siRNA.

with control group (Figures 2C,E). On the contrary, PC3 and C4-
2 cells transfected with OTUB1 siRNA dramatically attenuated
the migration and invasion ability (Figures 2D,F).

Cell healing assays is one of the methods to determine the
movement characteristics of tumor cells. In order to eliminate
the interference of cell proliferation and observe the migration
ability of tumor cells, the scratch injury was applied to monolayer
cells in vitro. The effect of OTUBI expression level on the
migration ability of prostate cancer PC3 and C4-2 cells was
observed. The results showed that the migration of OTUBI
overexpression group was significantly improved compared with
the control group (Figure 2G), but there was no significant
difference between the otubl c91s group and the control group.
The difference was statistically significant (P < 0.01). The similar
results were also found in PC3 and C4-2 cells transfected with
OTUBLI siRNA, the migration ability of PC3 and C4-2 cells
was dramatically attenuated (Figure 2H). The results showed
that OTUBI expression significantly influenced cells migration
(Figures 2G,H).

Effects of Increased OTUB1 Expression on
PC3 and C4-2 Cells Cycle Distribution

The cell growth curve was drawn, and the proliferation
absorbance of the control group, OTUBI overexpression, and
otubl c91s at 24, 48, 72, and 96 h were detected, respectively. The
results showed that the cells with increased OTUBI expression
had significantly higher growth ability than the control group,
while the proliferation ability of otubl c91s group had no
significant change compared with the control group (P < 0.01;
Figures 3A,B). In the same way, we transfected PC3 and C4-
2 cells with OTUB1 siRNA and found the opposite results
(Figures 3C,D). The results demonstrated that the expression of
OTUBLI significantly affected the proliferation of PC3 and C4-2
cells (P < 0.01; Figures 3A-D). Clone formation rate is defined
as the rate at which a single cell grows and forms small cell groups
(clones). The cells were inoculated at a low density (2 x 103cells
/chamber). After 7 days of culture, all cells formed obvious
colonies. The colony forming ability of PC3 and C4-2 cells was
significantly enhanced in increased OTUB1 group (P < 0.01;
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FIGURE 3 | Effects of increased OTUB1 expression on the cells cycle distribution of PC3 and C4-2 cells. (A,B) MTT assays in PC3 and C4-2 cells transfected with
otub1 overexpression and otub1 c91s. (C,D) MTT assays in PC3 and C4-2 cells transfected with OTUB1 siRNA. (E,F) Colony formation assays in PC3 and C4-2 cells
transfected with OTUB1 overexpression and otub1 c91s. (G,H) Colony formation assays in PC3 an C4-2 cells transfected with OTUB1 siRNA. (I,J) Effects of
increased otub1 expression on the cell cycle distribution of PC3 (X2 = 12.59; P = 0.0135) and C4-2 (X2 = 15.17; P = 0.0044) cells. *P < 0.05; **P < 0.01; **P <
0.001; ***P < 0.0001.

Figures 3E,F). Similarly, we transfected PC3 and C4-2 cells with  OTUB1 Rescues Cyclin E1 From
OTUBLI siRNA and the colony forming ability of PC3 and C4-2  Proteasomal Degradation
cells was reduced significantly (P < 0.01; Figures 3G,H). Based  Next, we investigated how OTUBI promotes the G1 cell cycle
on the above results, it could be seen that the expression levels of progression, and analyzed a series of OTUB1-related proteins
OTUBLI influence the ability of colony formation. through gene MANIA online database. Cyclin El, a cell cycle-
Cell cycle refers to the whole process from the end of the last  reJative regulative key protein, was found to interact with OTUB1
mitosis to the completion of the next mitosis, including quiescent closely (Figure 4A). To explore the relationship between OTUBI
phase (GO0), early DNA synthesis phase (G1), DNA synthesis  and Cyclin E1, we further observed a consistent result with
phase (S), late DNA synthesis phase (G2), and division phase ~ OTUBI that the expression level of Cyclin E1 in ADPC and
(M). After increasing the expression of OTUBI, the proliferation  CRPC groups were significantly higher than that in BPH group
ability of prostate cancer cells was significantly enhanced (P < via IHC assay (Figure 4B). To verify whether the function of
0.01; Figures 3A-D). Cell cycle test results of PC3 and C4-2  Cyclin El is related to OTUBI, we observed that the expression
showed that the ratio of G1 phase decreased in increased OTUB1  of Cyclin E1 increased in increased OTUBI expression group of
expression group, while the ratio of G2/M+S phase increased,  PC3 and C4-2 cells (Figure 4C). In addition, we found a similar
the Chi-square test results of PC3 (X* = 12.5%; P = 0.0135) and  experiment result that the protein expression of OTUB1 and
C4-2 (X* = 15.17; P = 0.0044) showed the statistical difference Cyclin E1 deceased obviously in PC3 and C4-2 cell transfected
(Figures 3L,J). In conclusion, these experiments suggested that  with OTUBI siRNA (Figure 4D). The expression level of OTUB1
OTUBI might influence the proliferation of PCa cells through  and Cyclin E1 was found to gradually increase with the gradient
altering the distribution of cell cycle (Figures 3LJ). overexpression of OTUBI in PC3 and C4-2 cells (Figure 4E).
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It could be inferred that up-regulated OTUBI could promote
the expression of Cyclin E1 from the above results, and we
had sufficient evidence to predict that Cyclin E1 could interact
with OTUBI.

Further experiments are needed to verify this conclusion.
Thus, we explored how OTUBI influences the expression of
Cyclin E1. PC3 cell transfected with OTUB1 siRNA were treated
with DMSO or 10uM MGI132 (a protease inhibitor) for 8h,
respectively. The results demonstrated that the expression of
Cyclin E1 was decreased significantly in OTUB1 siRNA group
compared with the control group, and MG132 could partially
preserve the stability, indicating that OTUBI influenced the
expression of Cyclin El in a proteasome dependent manner
(Figure 5A). Above results implied that Cyclin E1 might be
regulated by OTUBI via a deubiquitinating degradation manner.
To identify this hypothesis, we treated PC3 cells transfected with
OTUBI siRNA with 10 uM MG132 and 200 uM chloroquine (a
lysosomal enzyme inhibitor) for 8 h. We found that MG132 could
partially maintain stability of Cyclin E1 in PC3 cell transfected

with OTUBI1 siRNA, while chloroquine could not (Figure 5B).
To further explain the above results, PC3 cell transfected with
OTUBI1 siRNA were treated with 10 mg/ml cycloheximide
(CHX), a protein synthesis inhibitor in eukaryotic cells, for 0, 4,
8, and 24 h, respectively. The results showed that CHX promoted
the degradation of Cyclin E1 protein, and the decrease rate of
Cyclin E1 was increased significantly in PC3 cell transfected
with OTUBI1 siRNA (Figures 5C,D). The results implied that
Cyclin E1 was not a lysosomal enzyme degradation pathway
but ubiquitin dependent degradation. The relationship between
OTUBI and Cyclin E1 was determined by immunoprecipitation.
The results demonstrated that OTUBI interacted with Cyclin
El, and Cyclin E1 was also linked with OTUB1 (Figure 5E).
Another immunoprecipitation assay presented that knocking
down the expression of OTUBI could strengthen the degree
of ubiquitination of Cyclin E1 (Figure 5F), while increased
OTUBI expression could weaken the ubiquitination of Cyclin E1
(Figure 5G). Therefore, these results demonstrated that OTUB1
could promote tumor proliferation and progression in prostate
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Lysate

cancer via stabilizing the function and increasing the expression  cell proliferation, and the results demonstrated that Cyclin E1
level of Cyclin E1. We analyzed the correlation between OTUB1 ~ knockdown obviously postponed cell proliferation, while the
and Cyclin E1 via GEPIA online database, and the result effect of OTUBI1 overexpression promoting proliferation was
presented that OTUB1 was positively correlated with Cyclin E1  restrained significantly to accompany with Cyclin E1 siRNA
(R=10.19; P < 0.01; Figure 5H). group (Figure 6B). These results were confirmed by healing
. . assay and clone formation experiments, which were consistent
OTUB1/Cyclin E1 Axis Promotes Prostate with previous results (Figures 6C,D). These results demonstrated
Cancer Cell Proliferation that OTUB1/Cyclin E1 axis promotes the proliferation and
To further explore the effect of OTUB1/Cyclin El axis upon  migration of prostate cancer. Interfering with the contact
PCa, PC3 cell were co-transfected with Cyclin E1 siRNA and  between OTUBI and Cyclin E1 might provide a potential therapy
OTUBI overexpression. The expression of cyclin E1 was detected ~ for prostate cancer.
48h after transfection. The results demonstrated that OTUB1 To identify the possibility of targeting prostate cancer with
could promote the expression of Cyclin El, while Cyclin E1 =~ OTUB1/Cyclin El axis, we treated PC3 cell with RO-3306, a
expression was obviously decreased after transfection with Cyclin ~ Cyclin E1/CDK2 related inhibitor, in the range dose of 0, 340 nM,
El siRNA. Interestingly, knockdown of Cyclin El attenuated 1 uM, 2 uM, 3 uM, and 5 uM. After treating with RO-3306
the effect of OTUBI overexpression (increasing the expression  for 24 h, the protein was extracted and Western blotting was
of Cyclin E1) (Figure 6A). MTT assay was used to detect performed. We observed the phenomenon of the expression
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FIGURE 6 | OTUB1/Cyclin E1 axis promotes the proliferation of PCa cells. (A) Western blotting detecting the expression of Cyclin E1 in PC3 cell transfected with
OTUB1 overexpression and Cyclin E1 siRNA. (B,D) MTT assays and colony formation assays in PC3 cell transfected with OTUB1 overexpression and Cyclin E1
siRNA. (C) Transwell assay in PC3 cell transfected with OTUB1 overexpression and Cyclin E1 siRNA. (E) Western blotting detecting the expression of Cyclin E1 in
PC3 cell treated with a different dose of RO-3306. (F,H) MTT assays and colony formation assays in PC3 cell treated with a different dose of RO-3306. (G) Transwell
assay in PC3 cell treated with a different dose of RO-3306. ***P < 0.001; ****P < 0.0001.

RO-3306

level of Cyclin E1 was degraded in a RO-3306 dose dependent
manner. Interestingly, RO-3306 also attenuated the effect of
OTUBI1 overexpression on promoting Cyclin E1 (Figure 6E).
The results were consistent with the knock down of Cyclin El.
More experiments were performed to further explore the effect
of RO-3306 on cell proliferation and migration. MTT assays and
clone formation assays demonstrated that the proliferation and
migration ability declined gradually with the increase of RO-
3306 concentration (Figures 6FH). And the results of healing
assays were coincided with those mentioned earlier results
(Figure 6G). RO-3306 treatment significantly postponed the
migration and proliferation ability of prostate cancer, and the
clinical application of RO-3306 in the treatment of PCa might
be a potential and effective measure, which could decrease the
mortality of PCa patients.

OTUB1 Promotes the Growth of PC3 Cell

via Increasing Cyclin E1 in vivo
Male nude mice aged 4-6 weeks were selected as animal models.
We planted 2 x 10 PC3 cells transfected with overexpressed

OTUBI and otubl ¢91s in mouse groin, respectively. We began
to measure the size of the tumors daily with a vernier caliper
for 10 days, when the tumor grew to a diameter of 2mm
(Figure 7D). After 10 days, the animals were sacrificed with
cervical dislocation, and the solid tumor was removed under
sterile conditions. The tumor volume of OTUBI1 overexpression
group was distinctly different from that of the control group,
but there was no obvious change in the otubl c91s group
compared with the control group (Figures 7A-C). We further
found an interesting result that the tumor volume was restrained
significantly compared with OTUBI1 overexpression group, when
these mice were oral administrated with RO-3306 in a dose
of 4 mg/kg every day (Figures 7A-C). In addition, we found
that tumor incidence in OTUBI overexpressed group was
significantly faster than that in the control group, while RO-3306
restrained the tumor incidence in the OTUBI overexpression
group (Figure 7D), indicating the critical role of OTUB1/Cyclin
E1 axis in tumor formation. Immunohistochemical staining assay
showed that the protein expression levels of OTUBI, Ki-67, and
Cyclin E1 were higher in the tumors tissue with increased otub1
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compared with the control group, and the expression of Cyclin ~ migration and progression of colorectal cancer through the
E1 declined after the use of RO-3306, while the expression level = regulation of ERRa or mir-542-3p (Yuan et al, 2017; Zhou
of OTUBLI did not decrease (Figure 7E). The results further et al, 2019). OTUBI not only regulates cancer metastasis but
illustrated that OTUBI regulated the expression and function of  also chemoresistance. Karunarathna et al. found that OTUB1
Cyclin E1 in vivo, and targeting OTUB1/Cyclin E1 axis might inhibited the ubiquitination and degradation of FOXM1 in breast
provide a potential therapeutic method for these patients with  cancer, and mediated epirubicin resistance (Karunarathna et al.,
prostate cancer. 2016). Recently, some researchers have proved that OTUB1 could

attenuate interferon response to hepatitis B virus infection (Xie

etal., 2020). The effects of OTUBI in a variety of tumors reminds

DISCUSSION us that OTUBI might play an important role during cancer
evolution and some physiological activities.
In our research, we found that the expression levels of OTUBI In our research, we first found the expression of OTUBI was

are up-regulated in PCa, OTUBI could promote the proliferation ~ up-regulated in PCa compared with normal prostate tissue from
and progression of PCa via deubiquitinating and stabling the =~ TCGA database. Next, we conducted immunohistochemical
expression of Cyclin E1 protein. Many previous researches  staining with PCa tissues and BPH to prove the above conclusion.
have shown that OTUBI is frequently up-regulated in many  The results were consistent with the database conclusion
cancers, such as esophageal squamous cell carcinoma and  (Figure 1). To further explore the specific role of OTUBI in
colon cancer (Liu et al., 2014). Based on these findings of  the progression of prostate cancer, we performed a series of
previous studies, OTUB1 promotes the metastasis of esophageal ~ experiments to monitor the changes of migration ability by
squamous cell carcinoma by modulating snail stability (Zhou  altering the expression of OTUB, and the results demonstrated
et al.,, 2018), while different expression of OTUBI affects the  thatincreased OTUBI could significantly promote the migration
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and invasion ability of PC3 cell and C4-2 cells. When we knocked
down the expression of OTUBI, the ability to influence migration
and invasion was obviously decreased compared with untreated
PC3 cell and C4-2 cells (Figure 2). Previous studies found the
effect of OTUBI on prostate cancer, which showed that there was
no significant deviation in PCa proliferation between decreased
OTUBLI and the control group (Iglesias-Gato et al., 2015). In
this research, we found that increased OTUBI could promote
proliferation of PC3 and C4-2 cells. We also found that G1
phase of cell cycle was shortened with the elevated expression
of OTUBI (Figure 3). To investigate the effect of OTUBI on
cell proliferation, we found that increased OTUBI could increase
the expression of Cyclin E1. Further experiments presented that
Cyclin El interacted with OTUB1. OTUBI could mediate the
deubiquitination of Cyclin E1 and stabilize the expression level
and function of Cyclin E1. Compared with PC3 cells transfected
with OTUBI overexpression alone, the proliferation of PC3 cell
was decreased when co-transfected with OTUB1 overexpression
and Cyclin E1 siRNA (Figures 4-6). These results suggested that
OTUBI might promote the proliferation of PCa via mediating
Cyclin E1. The experimental results in vivo were consistent with
those of the above-mentioned cell results in vitro (Figure 7). So
far, we have a lot of evidence to identify the hypothesis that
OTUBI promotes the progression and proliferation of prostate
cancer via mediating and stabling Cyclin E1. Previous researches
had proved that Cyclin E1 belongs to a highly conserved
Cyclin family, and its members are characterized by a dramatic
periodicity in protein abundance through the cell cycle (Masaki
et al., 2003). Cyclins could function as the regulators of CDK
kinases (Hu et al., 2014; Asghar et al., 2015). This cyclin forms
a complex and functions as a regulatory subunit of CDK2, whose
activity is required for G1/S transition of cell cycle (Xu et al,
2019). Many researches have presented that Cyclin E1 could
mediate the progression of many tumors, such as hepatocellular
carcinoma (Sonntag et al., 2018; Xu et al., 2019), ovarian cancer
(Au-Yeung et al.,, 2017), and breast cancer (Turner et al., 2019).
Previous researches have proved that Cyclin E1 has several
functional domains, mainly including a central cyclin homology
district (interacting with CDK2), a unique N-terminal region,
and a C-terminal PEST sequence, which are often detected in
protein degraded through the ubiquitin system (Lew et al., 1991;
Richardson et al., 1993; Honda et al., 2005; Rath and Senapati,
2014). As an unstable protein, Cyclin El is degraded by two
distinct pathways involving the ubiquitin-proteasome system
mediated by Cull or Cul3, which belongs to the cullin-RING
family of ubiquitin ligases (Welcker et al., 2003; Davidge et al.,
2019). And Cull mediated-degradation requires phosphorylation
of Cyclin E1 at T77 and T395 to produce ubiquitylation of
cyclin E (Minella et al, 2008). Previous studies have shown
that Cul3 degrades Cyclin E that was not bound to Cdk2 and
regulation of Cyclin E by Cul3 (McEvoy et al., 2007; Davidge
etal,, 2019). Although our research found that the deubiquitinase
OTUBLI promotes the stability of Cyclin E1 and the progression
of prostate cancer, the specific mechanism of OTUBI1 mediated
function of Cyclin El1 remains to be further studied. The
interaction among OTUBI, Cull, and Cul3 might become the
internal reason for the stable functions of Cyclin El and its

subsequent functions. The next aim of our research focuses on
the relationship between OTUBI and ubiquitin ligases. Not only
prostate cancer and the above-mentioned cancers, Kai Zhou
et al. found that OTUBI could promote the progression of renal
cell carcinoma via mediating the deubiquitination of FOXM1
and up-regulating the expression of ECT-2 (K. Zhou et al.,
2020). Other researchers have proved that SP1 regulates the
progression of non-small-cell lung cancer by recruiting OTUB1
(Xie et al., 2019).

Based on the above results, we found that the high expression
level of OTUBI promoted the migration and invasion of PCa
cells, while the low expression of OTUB1 decreased the migration
and invasion of PCa cells. Previous studies on the biological
function of OTUBI are contradictory. The initial study found
that OTUBI attributed to the stability of P53 protein, and thus
inhibiting cell proliferation. Recent studies have indicated that
OTUBL is involved in the invasion and migration of malignant
tumors. However, in our study, we discovered that high level
of OTUBI promoted cell proliferation, while low expression
of OTUBI had the opposite effect. And we further found that
OTUBI1 promoted the progression of PCa via regulating the
stability and interacting with Cyclin E1. Cyclin E1 was mainly
degraded in a ubiquitination manner, yet OTUBI1 inhibited
the ubiquitination of Cyclin E1 and stabilized its function to
promote the cell proliferation. This mechanism and relationship
reminded us that OTUB1/Cyclin E1 pathway might serve as
a potential therapeutic target for PCa. When we interfere or
interrupt the connection between OTUBI and Cyclin El, the
proliferation and progression of PCa might be slowed or stopped.
The results of RO-3306 treatment are the direct evidence of
targeting OTUB1/Cyclin E1 axis for prostate cancer.

This new treatment may become an effective therapy for
patients with PCa. The specific mechanism of OTUB1/Cyclin
El axis needs further experiments to investigate and reinforce.
Furthermore, the limitations of this research are also obvious,
the role of Cyclin E1 in OTUBI induced PC is not strong
enough and it is only a correlation established from a mechanism.
And the design of in vivo animal experiments was simple. The
specific function of OTUBI/Cyclin El axis in vivo could not
be fully explained by subcutaneous tumor related experiments.
Although we have found that otubl promoted the proliferation
and progression of PCa via mediating and stabling Cyclin E1,
in which one ubiquitination enzyme directly causing to the
ubiquitination degradation of Cyclin E1 remains unclear, and
the manner of OTUBI regulating the expression of Cyclin E1
directly or indirectly are still yet not determined. Therefore,
this research preliminarily proposed that OTUBI could promote
the progression and proliferation of PCa via regulating the
expression of Cyclin E1, thus the specific internal mechanism will
become the main work and direction in the next step.

CONCLUSIONS

Here, our study shows that OTUBI deubiquitinates and
stabilizes Cyclin E1 to promote the progression, migration, and
proliferation of prostate cancer. The OTUB1/Cyclin E1 axis may
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serve as a potential therapeutic target for patients with prostate
cancer. The prognosis of patients with prostate cancer may be
improved when the connection between OTUBI and Cyclin E1
are interrupted or disturbed.
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Rho family GTPase RhoB is the critical signaling component controlling the inflammatory
response elicited by pro-inflammatory cytokines. However, the underlying mechanisms
of RhoB degradation in inflammatory response remain unclear. In this study, for the
first time, we identified that TNFAIP1, an adaptor protein of Cullin3 E3 ubiquitin
ligases, coordinated with Cullin3 to mediate RhoB degradation through ubiquitin
proteasome system. In addition, we demonstrated that downregulation of TNFAIP1
induced the expression of pro-inflammatory cytokines IL-6 and IL-8 in TNFa-stimulated
hepatocellular carcinoma cells through the activation of p38/UNK MAPK pathway
via blocking RhoB degradation. Our findings revealed a novel mechanism of RhoB
degradation and provided a potential strategy for anti-inflammatory intervention of
tumors by targeting TNFAIP1-RhoB axis.

Keywords: RhoB, CRL3s, TNFAIP1, inflammatory response, MAPK signaling

INTRODUCTION

Cullin-RING Ligases (CRLs), one major type of E3 ubiquitin ligases, regulate about 20% cellular
proteins degradation by ubiquitin-proteasome system (UPS) (Petroski and Deshaies, 2005; Zhao
and Sun, 2013). Most of the CRLs consist of Cullin proteins, adaptor proteins, substrate receptor
proteins and RING-finger proteins (Cui et al., 2016). Eukaryotic genomes encode eight Cullin
proteins (Cullin 1-3, Cullin 4A/4B, Cullin 5, Cullin 7, and Cullin 9) serving as scaffolds of
different CRLs (Merlet et al., 2009; Chen and Chen, 2016). The C-terminus of Cullins tightly
binds with the Ring finger protein RBX1 or RBX2 which transfers Ub from the Ub-conjugating
E2 to the substrates. The N-terminus of Cullins interacts with receptor proteins to recognize
specific substrates (Duda et al,, 2011). In particular, Cullin3-RING ligases (CRL3s), without
receptor proteins, utilize substrates specific Bric-a-Brac/Tramtrack/Broad (BTB) domain proteins
to recognize their corresponding substrates and to regulate various biological processes (Kwon
et al., 2006; Genschik et al.,, 2013). Dysregulation of CRL3s leads to tumorigenesis and tumor
development (Li et al., 2014; Chen and Chen, 2016; Dubiel et al., 2017). Furthermore, CRL3s play
pivotal roles in the innate immune response to infection (Awuh et al., 2015; Dinkova-Kostova et al.,
2017). For example, knockdown of the component of Cullin3-Keapl complex activates NF-kB and
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drives the expression of pro-inflammatory cytokines (Awuh et al.,
2015). However, the regulatory role of CRL3s in inflammatory
response has not been fully elucidated.

RhoB, together with RhoA and RhoC, is a member of the
Rho family small GTPases that controls numerous essential
biological processes, including actin cytoskeleton dynamics,
vesicle trafficking, cell cycle and apoptosis (Wheeler and Ridley,
2004; Karlsson et al., 2009; Kim et al., 2009; Li et al, 2011;
Vega and Ridley, 2018). As a short-lived protein, the expression
of RhoB is induced by a variety of stimuli including epidermal
growth factor, UV irradiation, hypoxia and pro-inflammatory
cytokines, such as tumor necrosis factor o (TNFa), interferon
y (IFNy) and interleukin-1 (IL-1) (Fritz and Kaina, 2001;
Huang and Prendergast, 2006; Gutierrez et al., 2019). It has
been reported that RhoB is the key signaling component in
regulating the inflammatory response in endothelial cells and
macrophages induced by pro-inflammatory cytokines (Rodriguez
et al., 2007; Shi and Wei, 2013; Marcosramiro et al., 2016; Huang
et al,, 2017). In addition, pro-inflammatory cytokines secreted
by tumor cells trigger inflammatory response, which regulate
tumor inflammatory microenvironment and promote cancer
development and progression (Landskron et al.,, 2014; Greten
and Grivennikov, 2019). However, whether RhoB also regulates
the inflammatory response in tumor cells and the underlying
mechanisms of RhoB degradation needs to be further explored.

Tumor necrosis factor alpha induced protein 1 (TNFAIP1) is
a well-known BTB domain protein that constitutes Cullin3-based
ubiquitin ligases, which plays crucial roles in DNA synthesis,
apoptosis and cell migration (Chen et al., 2009; Zhu et al., 2014;
Liu et al., 2016; Xiao et al., 2020). TNFAIP1 is an immediate-early
gene, which is activated by cytokines and chemokines such as
TNFa and IL-6 in endothelial cells (Liu et al., 2010; Hu et al,,
2012). Recent studies revealed that TNFAIP1 functioned as an
inflammatory modulator in Alzheimer’s disease by regulating
NF-«B signaling pathway (Zhao et al., 2018). Moreover, TNFAIP1
controls actin cytoskeleton structure and cell movement through
mediating the degradation of RhoA (Chen et al, 2009).
However, whether RhoB degradation is regulated by TNFAIP1 in
inflammatory response remains unknown.

In this study, we demonstrated that Cullin3-TNFAIPI
complex targeted RhoB for ubiquitination and subsequent
proteasome-dependent degradation in hepatocellular carcinoma
(HCC) cells. Moreover, TNFAIP1 downregulation blocked RhoB
degradation, thereby inducing the expression of inflammatory
genes IL-6 and IL-8 through activating MAPK signaling
pathway upon TNFa stimulation. Our studies revealed a
previously unknown mechanism that CRL3 E3 ligases regulating
inflammatory response through TNFAIP1-mediated RhoB
degradation in HCC cells.

MATERIALS AND METHODS

Cell Culture

HepG2, Huh7, and HEK293T cells were obtained from the
Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China), and cultured at 37°C in 5% CO; atmosphere.

DMEM medium supplemented with fetal bovine serum (FBS,
10%) and Penicillin-Streptomycin Solution (1%) from Gibco was
used for culturing cells.

RNA Interference

The cells were transfected with siRNA oligonucleotides
using Lipofectamine RNAiIMAX Transfection Reagent
(Invitrogen, United States) according to the manufactures
instruction. The sequences of siRNA are as follows: for
Cullin3, 5-TTGACGTGAACTGACATCCACATTC-3’ and
5'-TACATATGTGTATACTTTGCGATCC-3’; for TNFAIPI,
5'-TAGAGTAGGACGTTGAGTGTCTCCT-3' and 5-CACUC
AACGUCCUACUCUATT-3; for RhoB, 5-GGCAUUCUCU
AAAGCUAUG-3; for KCTD10, 5-GAAUGAGCGUCUAA
AUCGUTT-3. All of the above siRNAs were obtained from
GenePharma (Shanghai, China).

Plasmids Construction and Transfection

To generate Flag-RhoB, HA-TNFAIP1, Myc-Cullin3 and
His-Ub constructs, Human RhoB, TNFAIP1, Cullin3, and
Ub were amplified by PCR and cloned into the modified
pCMV-Tag2B, pCMV-HA, pCMV-Myc and pCMV-His
vector, respectively. All constructs were verified by sequence
analysis. Plasmids transfection were carried out using
Lipofectamine 2000 (Invitrogen, United States) following
the manufacturer’s instructions.

Reagents and Antibodies

Recombinant human TNFa was from Beyotime Biotechnology.
MG132 and cycloheximide (CHX) were from sigma. The cell
lysates for immunoblotting analysis used antibodies against
rabbit Cullin3 (Cell Signaling Technology, United States),
mouse B-actin (Cwbiotech, China), mouse RhoB (Santa Cruz,
United States), rabbit Ubiquitin (Cell Signaling Technology,
United States), mouse TNFAIP1 (Santa Cruz, United States),
rabbit KCTD10 (Proteintech, United States), mouse Flag
(Abmart, China), rabbit Flag (Huabio, China), rabbit Myc
(Huabio, China), rabbit HA (Huabio, China), rabbit p-p38 (Cell
Signaling Technology, United States), rabbit p38 (Cell Signaling
Technology, United States), rabbit p-JNK (Cell Signaling
Technology, United States), and rabbit JNK (Cell Signaling
Technology, United States). Densitometric analysis of the band
intensities was performed using Image].

Endogenous Immunoprecipitation Assay

Immunoprecipitation of endogenous RhoB or TNFAIP1 was
performed with mouse RhoB antibody and mouse TNFAIP1
antibody (Santa Cruz, United States), respectively. Before lysis,
the cells were treated with MG132 (Sigma- Aldrich, United States)
for 6 h. Five hundred microliter lysis buffer (Thermo Fisher
Scientific, United States) was added into dishes. The cells
were collected into tube and spun at 13,000 rpm for 15 min.
The supernatant was transferred to new tube and incubated
with 1 pg RhoB antibody or TNFAIP1 antibody overnight
at 4°C. Complexes were pulled down by incubation with
protein A/G (Santa Cruz, United States) for another 2 h. The
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immunoprecipitate was washed 3 times with lysis buffer and
analyzed with SDS-PAGE.

Exogenous Immunoprecipitation Assay
HEK293T cells were transfected with Flag-RhoB and HA-
TNFAIP1. After 24 h, the cells were pretreated with MG132
(Sigma-Aldrich, United States) for 6 h. A 500 pL lysis buffer
(Thermo Fisher Scientific, United States) was added into dishes.
The cells were collected into tube and spun at 13,000 rpm for 15
min. The supernatant was transferred to new tube and incubated
with anti-Flag M2 beads (Santa Cruz, United States) overnight at
4°C. The immunoprecipitate was washed 3 times with lysis buffer
and analyzed with SDS-PAGE.

Immunofluorescence

To detect endogenous RhoB and TNFAIP1 colocalization,
HepG2 and HEK293T cells were seeded into 3 mm plates
with glass slide. After 24 h, the cells were fixed with 4%
paraformaldehyde for 20 min. Upon fixation, cells were treated
with 0.1% Triton X-100 for 20 min and unspecific staining
was blocked by 2% BSA in PBS for 1 h. Cells were incubated
with primary antibodies overnight at 4°C. Cells were washed
3 times with PBS and incubated with secondary antibody for
1 h. Secondary antibodies used in this study were goat anti-
mouse Alexa Fluor 488 and goat anti-rabbit Alexa Fluor 647
(Invitrogen, United States). Hoechst (Invitrogen, United States)
was used to stain nuclei. The plates were analyzed using confocal
microscope Leica SP9.

Ubiquitination Assay

For RhoB ubiquitination analysis, HEK293T cells were
transfected with plasmids expressing RhoB, Ub, and TNFAIP1 or
Cullin3. The cells were pretreated with MG132 (Sigma-Aldrich,
United States) for 6 h. Lyse cells with 100 pL cell lysis buffer
(Thermo Fisher Scientific, United States) with 1% SDS (Sangon
biotech, China) per plate. Cell lysates were boiled for 10 min.
Then diluted in 10 volumes of lysis buffer without SDS. Samples
were subjected to immunoprecipitation with anti-Flag M2 beads
(Sigma-Aldrich, United States) and immunoblotting with anti-
ubiquitin antibody. To detect endogenous RhoB ubiquitination,
the cells were transfected with siRNA oligonucleotide. After 96 h
post-transfection, the cells were treated with MG132 for 6 h
and subjected to immunoprecipitation with RhoB antibody and
immunoblotting with ubiquitin.

RNA Extraction and qPCR

Total RNA was isolated using the Trizol reagent (Invitrogen,
United States). The reverse transcription reaction was performed
on 1 pg of total RNA per sample using the PrimerScript
reverse transcription reagent kit (TaKaRa, Japan) according to the
manufacturer’s protocol. After the RT reaction, the quantitative
polymerase chain reaction was performed using the Power SYBR
Green PCR MasterMix (Applied Biosystems, CA) and specific
PCR primers on the ABI 7500 thermocycler (Applied Biosystems)
according to the instrument manual. For each sample, the mRNA
abundance was normalized to the amount of f-actin. Primers
were as follows:

for TNFAIP], F: 5-ACCTCCGAGATGACACCATCA-3/,
R: 5-GGCACTCTGGCACATATTCAC-3/,

for RhoB, F: 5-CTGCTGATCGTGTTCAGTAAGG-3/,
R: 5-TCAATGTCGGCCACATAGTTC-3

for IL-6, F:5'- ACTCACCTCTTCAGAACGAATTG-3,
R: 5'- CCATCTTTGGAAGGTTCAGGTTG-3/,

for IL-8, F:5'- TTTTGCCAAGGAGTGCTAAAGA-3/,

R: 5- AACCCTCTGCACCCAGTTTTC-3,

for B-actin, F:5'- CATGTACGTTGCTATCCAGGC-3/,

R: 5'- CTCCTTAATGTCACGCACGAT-3'.

Statistical Analysis

The statistical significance of differences between groups was
assessed using the GraphPad Prism5 software (GraphPad
Software, Inc., San Diego, CA, United States). For comparison
of two groups of samples, the two-tailed Students t-test was
used. P < 0.05 was considered a statistically significant change
(*P < 0.05, **P < 0.01, ***P < 0.001, P < 0.01, P < 0.001,
n.s. = not significant).

RESULTS

CRL3s Regulates the Degradation of
RhoB

To determine whether RhoB served as a substrate of CRL3s, we
first detected the protein level of RhoB upon downregulation
of Cullin3 in HCC cells. We found that knockdown of
Cullin3 using siRNA induced remarkable RhoB accumulation
in both Huh7 and HepG2 cells (Figure 1A). Furthermore,
we showed that the RhoB expression were suppressed
by overexpression of Myc-Cullin3 in a dose-dependent
manner (Figure 1B). Next, the RhoB protein stability
in Cullin3-silenced cells was measured in the presence of
cycloheximide (CHX), which was applied to impede protein
synthesis. The results showed that downregulation of Cullin3
dramatically extended the half-life of RhoB (Figures 1C,D).
Taken together, our data indicated that Cullin3 targets RhoB
for degradation.

TNFAIP1 Functioned as the Adaptor
Protein for CRL3s to Mediate RhoB

Degradation

Previous studies demonstrated that TNFAIP1 mediated RhoA
degradation and controlled actin cytoskeleton structure
in Hela cells (Chen et al, 2009). We determined whether
TNFAIP1 also regulated the protein level of RhoB. Two pairs
of siRNAs specifically against TNFAIP1 were transfected
into Huh7 and HepG2 cells. As shown, ablation of TNFAIP1
induced the accumulation of RhoB in Huh7 and HepG2 cells
(Figure 2A), while did not affect the expression of Cullin3
(Supplementary Figure 1). In contrast, overexpression of HA-
TNFAIP1 promoted the RhoB degradation in a dose-dependent
manner (Figure 2B). To further investigate whether TNFAIP1
promote RhoB degradation, we applied CHX to block protein
translation and determined the turnover rate of RhoB. We
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FIGURE 1 | Cullin3 regulated protein degradation of RhoB. (A) Downregulation of Cullin3 induced remarkable RhoB accumulation in both Huh7 and HepG2 cells.
Cells were transfected with ctrl (control), Cullin3-1 or Cullin3-2 siRNA for 96 h, and cell lysates were harvested for western blot analysis. (B) Cullin3 overexpression
decreased the protein levels of endogenous RhoB. HEK293T cells were transfected with indicated concentration of Myc-Cullin3 plasmid or empty vector, and cell
lysates were harvested for western blot analysis. (C) Knockdown of Cullin3 extended the half-life of RhoB. Cells were transfected with indicated siRNAs then treated
with 50 wg/mL cycloheximide (CHX) for the indicated time and harvested for western blot analysis. (D) The protein levels were quantified by densitometric analysis
and statistical analysis was performed. **P < 0.01 and **P < 0.001 vs. control group.

found that knockdown of TNFAIP1 using siRNA significantly
extended the half-life of RhoB in both Huh7 and HepG2 cells
(Figures 2C,D). These data suggested that TNFAIP1 regulated
RhoB degradation.

TNFAIP1 Interacted With RhoB

To  determine  whether = TNFAIPI, a  well-defined
adaptor protein of CRL3 complex, interacted with
RhoB, co-immunoprecipitation assay was applied. First,

immunoprecipitation assay with anti-RhoB antibody was

performed. As shown in Figure 3A, endogenous RhoB could
specifically pull-down TNFAIP1 in HepG2 cells. Furthermore,
endogenous TNFAIP1 specifically combined with RhoB
(Figure 3B). Consistently, overexpression of HA-TNFAIP1
in transfected HEK293T cells also interacted with Flag-RhoB
(Figure 3C). Next, we used immunofluorescence assay to
determine whether RhoB co-localize with TNFAIP1 in cells,
and found that the endogenous protein RhoB co-localized
with TNFAIP1 in the cytoplasm and plasma membrane
of both HepG2 and HEK293T cells (Figure 3D). Taken
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FIGURE 2 | The BTB domain protein TNFAIP1 regulated RhoB degradation. (A) Knockdown of TNFAIP1 led to RhoB accumulation in both Huh7 and HepG2 cells.
Cells were transfected with ctrl (control), TNFAIP1-1 or TNFAIP1-2 siRNA for 96 h, and cell lysates were harvested for western blot analysis. (B) Overexpression of
TNFAIP1 down-regulated the protein levels of endogenous RhoB. HEK293T cells were transfected with indicated concentration of HA-TNFAIP1 plasmid or empty
vector, and cell lysates were harvested for western blot analysis. (C) Ablation of TNFAIP1 prolonged the half-life of RhoB. Huh7 and HepG2 cells were transfected
with indicated siRNAs for 96 h. After 50 ng/mL cycloheximide (CHX) treatment at the indicated time, cell lysates were harvested for western blot analysis. (D) The
protein levels were quantified by densitometric analysis and statistical analysis was performed. **P < 0.01 and ***P < 0.001 vs. control group.

together, our data demonstrated that TNFAIP1 specifically
bound with RhoB.

The Ubiquitination of RhoB Was
Mediated by Cullin3-TNFAIP1 Complex

Next, we determine whether downregulation of Cullin3
and TNFAIP1 affected RhoB ubiquitination. As shown in

Figures 4A,B, downregulation of Cullin3 or TNFAIPI via
siRNA silencing significantly reduced the ubiquitination level
of RhoB in both Huh7 and HepG2 cells. Furthermore, the
ubiquitination level of RhoB was also strongly promoted
upon Cullin3 or TNFAIP1 overexpression in HEK293T cells
(Figures 4C,D). These findings demonstrated that Cullin3-
TNFAIP1 complex functioned as an E3 ubiquitin ligase to
mediate RhoB degradation.
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FIGURE 3 | TNFAIP1 interacted with RhoB. (A) Endogenous RhoB interacted with TNFAIP1. HepG2 cells were treated with MG132 (5 M) for 6 h, then cells lysates
were subjected to immunoprecipitation with anti-RhoB antibody. (B) Endogenous TNFAIP1 interacted with RhoB. HepG2 cells were treated with MG132 (5 uM) for
6 h, then cell lysates were subjected to immunoprecipitation with anti-TNFAIP1 antibody. (C) Exogenous RhoB and TNFAIP1 bound to each other. Plasmids
expressed Flag-RhoB or HA-TNFAIP1 alone or expressed Flag-RhoB and HA-TNFAIP1 simultaneously were transfected into HEK293T cells. Cell lysates were
subjected to immunoprecipitation with anti-Flag M2 beads. (D) Endogenous TNAFIP1 and RhoB co-localized in cytoplasm and plasma membrane. HepG2 and
HEK293T cells were fixed and stained for TNFAIP1 and RhoB. Bars, 25 um.
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FIGURE 4 | Component of CRL3 mediated RhoB ubiquitination. (A) Downregulation of Cullin3 and TNFAIP1 inhibited RhoB polyubiquitination in Huh7 cells. Huh7
cells were transfected with ctrl (control), Cullin3 or TNFAIP1 siRNA for 96 h and followed with MG132 (5 M) for 6 h. Cell lysates were subjected to
immunoprecipitation with anti-RhoB antibody. (B) Cullin3 and TNFAIP1 depletion suppressed ubiquitination of RhoB in HepG2 cells. HepG2 cells were transfected
with ctrl (control), Cullin3 or TNFAIP1 siRNA for 96 h and followed with MG132 (5 wM) treatment. Cell lysates were harvested and subjected to immunoprecipitation
with anti-RhoB antibody. (C) Cullin3 promoted RhoB ubiquitination. HEK293T cells were transfected with indicated plasmids combinations of His-tagged Ub
(His-Ub), Flag-tagged RhoB (Flag-RhoB), and Myc-tagged Cullin3 (Myc-Cullin3). Cell lysates were subjected to immunoprecipitation assay with anti-Flag beads.
(D) TNFAIP1 promoted RhoB ubiquitination. HEK293T cells were transfected with indicated plasmids combinations of His-tagged Ub (His-Ub), Flag-tagged RhoB
(Flag-RhoB), and HA-tagged TNFAIP1 (HA-TNFAIP1). Cell lysates were subjected to immunoprecipitation assay with anti-Flag beads.
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FIGURE 5 | The turnover of RhoB upon TNFa stimulation is regulated by TNFAIP1. (A) Time course of induction of TNFAIP1 and RhoB protein levels upon TNFa
treatment in Huh7 cells. Huh7 cells were treated with 20 ng/mL TNFa at indicated time and determined the protein levels of RhoB and TNFAIP1 by western blot
analysis with B-actin as a loading control. (B) Time course of induction of TNFAIP1 and RhoB transcripts upon TNFa treatment in Huh7 cells. Huh7 cells were treated
with 20 ng/mL TNFa at indicated time and determined the transcriptional levels of RhoB and TNFAIP1 by gPCR analysis. (C) Silencing TNFAIP1 extended the
half-life of RhoB in Huh7 cells upon TNFa treatment. Huh7 cells were treated with 20 ng/mL TNFa at indicated time and western blot was used to analyze the RhoB
protein levels upon TNFAIP1 knockdown via siRNA silencing with B-actin as a loading control. (D) The protein levels were quantified by densitometric analysis and
statistical analysis was performed. *P < 0.05, “*P < 0.01, and ***P < 0.001 vs. control group; n.s. = not significant.
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Downregulation of TNFAIP1 Enhanced
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Stimulation

Given that RhoB participated in the inflammatory response
upon TNFa stimulation (Kroon et al., 2013; Marcosramiro
et al, 2016), we further determined the role of TNFAIP1-
mediated RhoB degradation in TNFa-induced inflammatory
response. First, we examined the expression of TNFAIP1 and
RhoB in TNFa-stimulated huh7 cells. As shown in Figure 5A,
the protein levels of RhoB reached highest at 3 h after
TNFa stimulation, and then gradually decreased with the
increase of TNFAIP1 expression. Consistently, the mRNA levels
of RhoB reached its peak at 1.5 h, accompanied by the
transcriptional activation of TNFAIP1 upon TNFa stimulation
(Figure 5B). To determine whether the degradation of RhoB
after 3 h with TNFa treatment was elicited by TNFAIPI,
we examined the turnover rate of RhoB when silencing
TNFAIP1. As shown, knockdown of TNFAIP1 significantly
blocked the degradation of RhoB after TNFa treatment
for 3 h (Figures 5C,D). These results indicated that the

turnover of RhoB after TNFa stimulation is regulated by
TNFAIP1 in HCC cells.

Previous studies demonstrated that RhoB plays a pivotal
role in the TNFa-induced inflammatory response of endothelial
cells and macrophages by activating MAP kinase pathway
(Nwariaku et al., 2003; Kroon et al., 2013; Liu et al., 2017).
Furthermore, endothelial cells respond to TNFa stimulation by
upregulating the expression of pro-inflammatory cytokines, such
as IL-6 and IL-8 (Bradley, 2008; Kalliolias and Ivashkiv, 2016).
Together with our aforementioned results, we hypothesized
that TNFa regulated pro-inflammatory cytokines expression
in HCC cells through TNFAIP1-mediated RhoB degradation.
As expect, ablation of TNFAIP1 via siRNA silencing markedly
upregulated the expression of pro-inflammatory molecules
IL-6 and IL-8 in TNFa-stimulated Huh7 cells. Furthermore,
the upregulation of IL-6 and IL-8 induced by TNFAIP1
depletion were rescued by simultaneous RhoB knocking down
(Figure 6A). We further showed that TNFAIP1 knockdown
resulted in the increased levels of phospho-JNK and phospho-
p38 upon TNFa stimulation. Rescue experiment results
demonstrated that additional RhoB depletion reversed the
TNFAIP1 knockdown-induced the accumulations of the
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FIGURE 6 | Downregulation of TNFAIP1 triggered inflammatory response in
HCC cells via blocking the degradation of RhoB upon TNFa stimulation.

(A) Silencing TNFAIP1 prolonged the IL-6 and IL-8 transcripts in Huh7 cells
upon TNFa treatment, and RhoB knockdown rescued the siTNFAIP1-induced
upregulation of IL-6 and IL-8. Huh7 cells were transfected with indicated
combination of ctrl (control), TNFAIP1 and RhoB siRNA for 96 h and treated
with 20 ng/mL TNFa at indicated time, and the transcriptional levels of IL-6
and IL-8 were determined by gPCR analysis. (B) Silencing TNFAIP1 induced
the activation of p38/JNK MAPK signaling in Huh7 cells upon TNFa treatment,
and knockdown of RhoB reversed the upregulation of phospho-JNK and
phospho-p38. Huh7 cells were transfected with indicated combination of ctrl
(control), TNFAIP1 and RhoB siRNA for 96 h and treated with 20 ng/mL TNFa
at indicated time, and cell lysates were harvested for western blot analysis.
(C) Working model. Downregulation of TNFAIP1 induced the activation of
p38/JNK MAPK signaling pathway and promoted the transcription of IL-6 and
IL-8 via blocking RhoB degradation upon TNFa stimulation. ***P < 0.001 vs.
control group; ##P < 0.01 and ##P < 0.001 vs. siTNFAIP1 group.

phospho-JNK and phospho-p38 (Figure 6B). Taken together,
our finding demonstrated that inactivation of TNFAIP1 blocked
RhoB degradation, thereby enhancing the inflammatory
response of HCC cells induced by activation of MAPK signaling
pathway (Figure 6C).

DISCUSSION

The small GTPase RhoB is critically required for the
inflammatory response elicited by pro-inflammatory cytokines
(Biro et al.,, 2014; Zhang et al., 2017). However, the underlying
mechanisms of RhoB degradation in inflammatory response
remain exclusive. In this study, for the first time, we demonstrated
that TNFAIPI functioned as the novel adaptor connecting RhoB
to Cullin3 to target RhoB for ubiquitination and degradation,
and TNFa-induced inflammatory response is regulated by
TNFAIP1-mediated RhoB expression in HCC cells. Our findings
highlight a crucial role of TNFAIP1-induced RhoB degradation
in regulating tumor inflammatory response. It is worth noting
that Cullin3-KCTD10 complex has also been reported to
ubiquitinate RhoB (Kovacevic et al, 2018; Murakami et al,
2019). Therefore, we speculated that KCTD10 and TNFAIP1
might have redundancy or compensation mechanism for
RhoB expression. As shown, we found that downregulation
of TNFAIP1 or KCTDI10 alone induced RhoB upregulation
in both Huh7 and HepG2 cells. In addition, knocking down
TNFAIP1 and KCTDI10 simultaneously resulted in the more
accumulation of RhoB compared with TNFAIP1 and KCTD10
knockdown alone (Supplementary Figure 2). Our results
suggested that TNFAIP1 and KCTD10 collectively mediated the
RhoB expression in HCC cells.

Previous studies found that the pro-inflammatory mediators
such as TNFa potently stimulated RhoB expression (Niibel et al.,
2004; Rodriguez et al., 2007; Vega and Ridley, 2018). However,
it is not clear how RhoB degradation after TNFa stimulation is
regulated. In our study, we demonstrated that TNFa induced
the transcriptional activation of TNFAIP1 and RhoB at 1.5 h
upon TNFa stimulation in HCC cells. Subsequently, RhoB
protein levels reached a peak at 3 h, and then gradually
decreased to the baseline level with the increase of TNFAIP1
protein expression. While TNFAIP1 was silenced, the half-
life of RhoB was significantly delayed after TNFa stimulation
for 3 h. Therefore, our findings revealed a previous unknown
mechanism by which TNFAIP1 regulated RhoB stability upon
TNFa stimulation.

TNFa triggered pro-inflammatory gene expression through
the activation of both NF-kB and MAP kinase pathways (Kyriakis
and Avruch, 2001; Zelova and Hosek, 2013; Webster and Vucic,
2020). Therefore, we determined the two main signalling cascades
activated by TNFa after TNFAIP1 silencing. Consistent with the
previous reports that RhoB regulated TNFa-dependent stress-
activated MAPKs in endothelial cells (Nwariaku et al., 2003;
Kroon et al, 2013). Our data suggested that activation of p38
MAP kinase and JNK by TNFa was critically dependent on
TNFAIP1-induced RhoB degradation in HCC cells. However,
downregulation of TNFAIPI had no effect on NF-kB activation
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upon TNFa stimulation (data not shown). Thus, TNFAIP1-
mediated RhoB degradation regulated stress-activated MAPKs in
HCC cells. In view of TNFAIP1 was highly expressed in many
human cancer cells including lung cancer cells and osteosarcoma
cells, and modulated tumorigenesis and cancer cell migration
(Zhang et al., 2014; Li et al., 2020). Future study will be performed
to elucidate the effect of TNFAIP1-mediated RhoB degradation
on tumor inflammatory microenvironment and tumorigenesis.

In summary, our study highlighted a pivotal role of Cullin3-
TNFAIP1 complex in mediating RhoB ubiquitination and
degradation, and uncovered new mechanisms of CRL3 E3 ligase
regulating inflammatory response through TNFAIP1-mediated
RhoB degradation. TNFAIP1-RhoB axis played a key role in
the regulation of tumor inflammatory microenvironment and
could be considered as an attractive target for intervention
in human cancers.
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Low-Dose Decitabine Augments the
Activation and Anti-Tumor Immune
Response of IFN-y* CD4* T Cells
Through Enhancing IkBo
Degradation and NF-kB Activation

Xiang Li"?, Liang Dong?, Jiejie Liu?, Chunmeng Wang?, Yan Zhang?, Qian Mei?,
Weidong Han?, Ping Xie™ and Jing Nie?*

" Department of Cell Biology, The Municipal Key Laboratory for Liver Protection and Regulation of Regeneration, Capital
Medical University, Beijing, China, 2 Department of Bio-therapeutic, The First Medical Center, Chinese PLA General Hospital,
Beijing, China

Background: CD4% T cells play multiple roles in controlling tumor growth and
increasing IFN-y* T-helper 1 cell population could promote cell-mediated anti-tumor
immune response. We have previously showed that low-dose DNA demethylating agent
decitabine therapy promotes CD3* T-cell proliferation and cytotoxicity; however, direct
regulation of purified CD4™ T cells and the underlying mechanisms remain unclear.

Methods: The effects of low-dose decitabine on sorted CD4* T cells were detected
both in vitro and in vivo. The activation, proliferation, intracellular cytokine production
and cytolysis activity of CD4™ T cells were analyzed by FACS and DELFIA time-resolved
fluorescence assays. In vivo ubiquitination assay was performed to assess protein
degradation. Moreover, phosphor-p65 and IkBa levels were detected in sorted CD4+
T cells from solid tumor patients with decitabine-based therapy.

Results: Low-dose decitabine treatment promoted the proliferation and activation of
sorted CD4T T cells, with increased frequency of IFN-y™ Th1 subset and enhanced
cytolytic activity in vitro and in vivo. NF-kB inhibitor, BAY 11-7082, suppressed
decitabine-induced CD4* T cell proliferation and IFN-y production. In terms of
mechanism, low-dose decitabine augmented the expression of E3 ligase B-TrCP,
promoted the ubiquitination and degradation of IkBa and resulted in NF-kB activation.
Notably, we observed that in vitro low-dose decitabine treatment induced NF-kB
activation in CD4% T cells from patients with a response to decitabine-primed
chemotherapy rather than those without a response.

Conclusion: These data suggest that low-dose decitabine potentiates CD4™ T cell anti-
tumor immunity through enhancing lkBa degradation and therefore NF-kB activation and
IFN-y production.

Keywords: decitabine, CD4* T cells, immune response, NF-kB activation, IcBo degradation
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INTRODUCTION

Immunotherapy has become a standard approach for the
treatment of some types of cancers and has the potential to
control tumor development. Most immunotherapy strategies
devote to reinvigorate T cell function to evoke effective anti-
tumor immune responses (Borst et al., 2018) and most clinical
settings focus on the exploiting of cytotoxic CD8™ T lymphocytes
(CD8* CTLs) (Rosenberg and Restifo, 2015; Ott et al., 2017).
CD4" T helper cells are recognized to be required for the
formation of CD8" CTLs. Currently, numerous studies have
demonstrated that CD4™ T cells actively participate in shaping
anti-tumor immunity (Kim and Cantor, 2014; Zander et al,
2019). Based on their functions and cytokine-producing patterns,
CD4™ T helper cells are comprised of different functional subsets,
including IFN-y-producing T-helper 1 (Th1), T-helper 2 (Th2),
T-helper 17 (Th17) and regulatory T cells (Tregs), which carry
out specialized immunoregulatory functions to either enhance
or inhibit immune response (Kim and Cantor, 2014). Thl
cells enhance CD8" CTLs function and enable CD8" CTLs
to overcome the obstacles that typically hamper anti-tumor
immunity, and Tregs are essential for maintenance of T cell
homeostasis and prevention of autoimmunity. In addition, the
cytotoxic effector CD41 T cells, most closely related to Thl
subset, can directly eliminate tumor cells through the MHC class
II-dependent manner, which destroy target cells by secreting
granzyme B and perforin (Takeuchi and Saito, 2017). However,
the functional diversity of CD4" T cells and disorders of
CD4" T cell subsets weaken the anti-tumor responses (Lee
et al, 2012). Thus, boosting Thl and cytotoxic CD4™ T cell
responses and inhibiting Tregs functions may obtain optimal
anti-tumor responses.

Epigenetic  modifying  agent  decitabine  (5-Aza-2’-
deoxycytidine, DAC) is a unique cytosine analog and an
inhibitor of DNA methyltransferases (DNMTs) (Jones and
Taylor, 1980). Decitabine has been approved for the treatment
of hematological diseases, such as myelodysplastic syndrome
(MDS) (Kantarjian et al., 2007) and acute myelogenous leukemia
(AML) (Kelly et al., 2010). At the very beginning, decitabine was
used as a chemotherapy drug with relatively high doses (Aparicio
and Weber, 2002). Unfortunately, extreme cytotoxicity and
myelosuppression limited the clinical applications of decitabine
(OKki et al., 2007). Recently, preclinical investigations and clinical
trials have shown that low doses of decitabine have minimal
cytotoxicity and combination therapy could achieve an optimal
anti-tumor effect (Mei et al., 2015; Yu et al., 2018). Genome-
wide DNA methylation is a stable epigenetic characteristic in
tumor cells and closely associates with tumor development
and progression (Chatterjee et al., 2018). Moreover, emerging
evidences have revealed that DNA hypermethylation impairs
the immunogenicity and immune recognition, resulting in
tumor immune escape (Maio et al., 2003). Low-dose decitabine
suppresses function and induces degradation of DNMTs,
considered as an immunotherapeutic drug to control tumor
progression (Li et al., 2015; Yu et al,, 2018). It is worth noting
that most previous studies involved with the mechanism of
low-dose decitabine therapy mainly focus on cancer cells and

CD8™ T cells rather than CD4™ T cells (Li et al., 2015; Topper
et al., 2020). Epigenetic modification plays an important role in
the differentiation of CD4™ T cells (Shih et al., 2014; Tripathi
and Lahesmaa, 2014), while the regulation of CD4™ T cells in
anti-tumor activity still needs to be deeply explored.

In our previous clinical trials, we have demonstrated that
low-dose decitabine treatment increases CD4/CD8 ratio among
peripheral T cells (Nie et al., 2016) and CD4* T cells infiltration
in tumors. Furthermore, low-dose decitabine results in increased
frequency of IFN-y™ T cells (Li et al, 2017). However, the
direct effect of low-dose decitabine on purified CD4™ T cells and
regulation mechanisms remain unclear. In this study, we sorted
CD4™ T cells, treated with low-dose decitabine, and detected the
phenotype and cytolysis activity. Moreover, we investigated the
mechanism of low-dose decitabine-mediated increased frequency
of IFN-y™ CD4™ T cells, and found that this effect was mediated
by decitabine-induced protein degradation of IkBa, and this
process was dependent on E3 ligase 3-TrCP.

MATERIALS AND METHODS

Human Peripheral Blood

The peripheral blood was obtained from the cancer patients
enrolled in the clinical trials of Chinese PLA general hospital
(www.clinicaltrials.gov: NCT01799083). The collection and
storage of peripheral blood were consistent with our previous
study (Li et al., 2017) and normal peripheral blood was obtained
from healthy donors. All peripheral blood was collected with the
informed consent as approved by the ethics committee of the
Chinese PLA general hospital, Beijing, China.

CD4™* T Cells Sorting, Culture, and

Decitabine Treatment

Mouse CD4™" T cells were purified from splenocytes of C57BL/6]
using CD4" T Cell Isolation Kit (Miltenyi, Cat#130-104-454)
according to the manufacturer’s guide. CD4" T cells were
activated in vitro with plate-bound 2 pg/ml anti-CD3 (Biolegend,
Cat#100340) and 2 pg/ml anti-CD28 (Biolegend, Cat#102116)
and recombinant IL-2 (cyagen, Cat#MEILP-0201) for 24 h.
Human CD4" T cells were isolated from peripheral blood
mononuclear cells of healthy donors and cancer patients using
CD4™ T cell Isolation (Miltenyi, Cat#130-045-101). The sorted
human CD4™" T cells were activated with plate-bound anti-CD3
antibody (Takara, Cat#T1210) and rIL-2 (cyagen, Cat#HEILP-
0201) for 24 h. Activated CD4™ T cells were treated with PBS
(CON) or decitabine (10 nM or indicated concentrations, Sigma-
Aldrich, Cat#A3656) plus rIL-2 for 3 days. After decitabine
treatment, CD41 T cells were analyzed by flow cytometry or
adoptively transferred into tumor-bearing mice.

In vitro Th1 Differentiation

CD4™ T cells were sorted from mouse splenocytes and stimulated
with plate-bound anti-CD3/CD28 in the presence of IL-12 (10
ng/mL) and anti-IL-4 (10 pg/ml) for 24 h. Activated T cells were
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treated with PBS or decitabine in the presence of IL-12 and anti-
IL-4 for 3 days and flow cytometry was performed to detect the
frequency of IFN-y™ cells in CD4™ T cells.

Flow Cytometry and Reagents

The following antibodies were purchased from Biolegend:
CD3 PerCP (Cat#300326), CD4 APC (Cat#357408), CD4
PerCP (Cat#100432), Ki67 FITC (Cat#652410), Ki67 FITC
(Cat#151212), IFN-y PE (Cat#505808), IFN-y BV421
(Cat#505830), IFN-y FITC (Cat#502506), CD69 FITC
(Cat#104506), CD28 PE (Ca#102106), CD25 APC (Cat#101910),
T-bet PE (Cat#644812), CD45 BV510 (Cat#103138),
CD107a PE (Cat#121612), Granzyme B FITC (Cat#515403),
Perforin PE (Cat#154406), TNF-a APC (Cat#506308), and
isotype-matched antibodies.

Surface marker staining was performed with mAbs for
15 min in PBS using indicated antibodies. For the intracellular
cytokine expression detection, CD4™ T cells were stimulated
with Cell Stimulation Cocktail (plus protein transport inhibitors)
(eBioscience, Cat#00-4975-03) for 4 h prior to staining. For
the in vitro co-culture assay, CD41 T cells were co-cultured
with colon cancer MC38 cells as the indicated ratio for 6 h,
and intracellular protein transport inhibitor Brefeldin A (BFA,
Beyotime, Cat#S1536) was added for 5 h before collection when
assessing the intracellular proteins. To evaluate cell apopsis,
freshly collected CD4™ T cells were processed into single-cell
suspensions and stained with annexin V and 7-AAD according
to the manufacturer’s instructions (BD, cat#559763). Cells were
detected on DxFLEX (Beckman Coulter) and analyzed with the
Kaluza Analysis 2.1 software (Beckman Coulter).

CFSE Proliferation Assay

Purified CD4" T cells were activated with in vitro plate-bound
anti-CD3/CD28 and recombinant IL-2 for 24 h. CD4™" T cells
were incubated at 37°C for 5 min with 2 wM CFSE diluted in
PBS, and then an equal volume of cold FBS was used to stop
the reaction. Subsequently, cells were washed twice with RPMI
1640 containing 10% FBS. Finally, CFSE-labeled CD4™ T cells
were treated with PBS or decitabine for 3 days, and analyzed
by flow cytometry.

Cytotoxicity Assay

To detect the cytotoxicity of CD4™ T cells, DELFIA time-resolved
fluorescence (TRF) assays were performed (PerkinElmer,
Cat#ADO0116). The processes of the staining, incubation and
measure time-resolved fluorescence were operated according to
the manufacturer’s instructions. Specific release represents the
cytotoxic activity of CD4™ T cells. MC38 (mouse colon cancer
cell line) or HCT116 (human colon cancer cell line) cells were
used as targets to study the cytotoxicity of mouse or human
CD4™ T cells, respectively.

Inhibitors Treatment

CD4" T cells were treated with respective five inhibitors,
Ruxolitinib (Cat#S1378, 10 wM), Rapamicin (Cat#S1039, 100
nM), LY294002 (Cat# S1105, 10 wM), BAY 11-7082 (Cat#S2913,

10 pM), and ICG-001 (Cat#S2662, 5 wM) for 12 h followed by
decitabine treatment. All inhibitors were purchased from Selleck.

Quantitative Real-Time PCR (qQRT-PCR)

Total RNA was isolated using TRIzol Reagent (ambion,
Cat#15596018). Reverse transcription to cDNA was
performed using RevertAid First Strand c¢DNA Synthesis
Kit (Thermo Fisher Scientific, Cat#K1622). Real-time PCR
was performed using SYBR Green Realtime PCR Master Mix
(TOYOBO, Cat#QPK-201) and Applied Biosystems 7500 (life
technologies). The following primers were used: IkBa, F, 5'-TGA
AGGACGAGGAGTACGAGC-3/, R, 5-TGCAGGAACGAGTC
TCCGT-3/,B-TrCP: F 5-TCCCAAATGTGTCACTACCAGC-3/,
R, 5-AGTGCAGTTATGAAATCCCTCTG-3’, GAPDH, E
5'-AACCTGCCAAGTATGATGA-3, R, 5-GGAGTTGCTGTT
GAAGTC-3'.

Western Blot and in vivo Ubiquitination

Assays

T cells were collected and washed with cold PBS and then lysed
in lysis buffer to isolated total protein. Nuclear protein
extracts were isolated using a nuclear and cytoplasmic
extraction kit (Thermo Fisher Scientific, Cat#78835).
Protein extracts were quantified using BCA assays and
equalized wusing the extraction reagent. The following
antibodies were purchased from Cell Signaling Technology:
primary antibodies against phosphor-IKKa/f Ser176/Serl77
(2697)/IKKp (8943), phosphor-IkBa Ser32 (2859)/IxBa (9242),
phosphor-p65 Ser536 (3031)/p65 (6956), B-TrCP (11984),
B-actin (3700). Anti-SP1 antibody was purchased from
Abcam (ab157123). The relevant secondary antibodies were
performed. All the antibodies were purchased from Cell
Signaling Technology.

For in vivo ubiquitination assay, sorted CD4T T cells
were treated with MG132 (50pM, Sigma-Aldrich, Cat#M7449)
before collection, and cells were lysed in modified RIPA
lysis buffer [10 mM Tris-HCl (pH 7.5), 150 mM NaCl,
5 mM EDTA, 1% (v/v) NP-40, 1% sodium deoxycholate,
0.025% SDS, 1 x protease inhibitors]. The lysates were
immunoprecipitated with anti-IkBa antibody and detected
by western blot.

Animal Experiments, Adoptive T Cell
Transfer, and Tumor Digestion

Six to eight weeks old Balb/c nude mice were purchased from
the SPF Biotechnology Co., Ltd. (Beijing, China). All mice
were housed under pathogen-free conditions and all animal
experiments were performed under protocols approved by
Scientific Investigation Board of Chinese PLA General Hospital,
Beijing, China. Mouse colon cancer MC38 cells were cultured
with RPMI-1640 medium containing 10% fetal bovine serum
and 1% penicillin and streptomycin. MC38 cells (1 x 10°)
were harvested and wished twice with PBS then implanted
subcutaneously into the right flank.

The tumor-bearing animals received intravenous injection of
PBS or decitabine-treated CD41 T cells (1 x 10° per mouse)
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when tumor volumes reached a size of around 100 mm?. Tumor
size was measured every 3 days in two dimensions by caliper.
The tumor volume was calculated according to the formula
(length x width?)/2 and mice were sacrificed at the indicated
time points or when tumor volume reached > 1.5 cm® (endpoint).
Survival analysis was performed for mice that received decitabine
or PBS-treated CD4™" T cells transfer.

On the indicated days, tumors were excised, manually
dissociated and digested with Tumor Dissociation Kit for 1
h (Miltenyi, Cat#130-096-730), followed by mashing through
70 wm nylon cell strainer. Cells were harvested and washed
twice with PBS then cells were resuspended in PBS for
further detection.

Statistical Analysis

Data are presented as the mean =+ S.D. of at least three
independent experiments. Statistical comparisons between
experimental groups were analyzed using the Student
t-test. Kaplan-Meier survival analysis was performed to
estimate the survival curves for tumor-bearing mice that
received PBS or decitabine-treated CD4"T T cells transfer
and significant differences were evaluated by a log-rank
test. A two-way repeated-measures analysis of variance
(ANOVA) was conducted to evaluate the effect of time-group
interaction. Statistical analysis was performed using GraphPad
Prism software 8.0. A two-tailed p < 0.05 was considered
statistically significant.

RESULTS

Low-Dose Decitabine Promotes the
Activation and Proliferation of Sorted
CD4* T Cells

Previous studies demonstrated that low-dose decitabine (10 nM)
has anti-tumor activity in solid tumors in vivo (Tsai et al.,
2012; Li et al,, 2017). To investigate the direct effect of low-
dose decitabine on CD4% T cell activation, mouse CD4" T
cells were sorted from splenocytes, activated with immobilized
anti-CD3/CD28, and treated with different concentrations of
decitabine (0, 1, 10, 100, and 1,000 nM). We observed a
significant increase in CD69% cells as a percentage of CD4*
cells following decitabine treatment at a concentration of 10
nM or higher (100 and 1,000 nM), indicating that 10 nM low-
dose of decitabine could enhance the activation of purified
CD4™" T cells (Figure 1A). The ratio of CD25" cells in CD4*
T cells was not changed with 10 nM decitabine treatment
(Figure 1B). Moreover, we examined the expression of CD28,
a co-stimulatory molecule, which played a pivotal role in
triggering CD4™ T cell activation. The results showed that 10
nM of low-dose decitabine markedly increased the percentage
of CD28TCD4™" T cells (Figure 1C). We further detected the
proliferation capacity of CD4™" T cells in response to decitabine.
The CD4" T cells were activated by anti-CD3/CD28, and the
CFSE labeled CD4™ T cells were administrated with PBS or
decitabine for 3 days and analyzed by flow cytometry. As shown

in Figure 1D, low-dose decitabine enhanced the proliferation of
CD4™ T cells (Figure 1D). The upregulated expression of Ki67
further confirmed that 10 nM of low-dose decitabine mediated
proliferation of activated CD4™ T cells, and we noticed that the
ratio of Ki671 cells was reduced with decitabine at a relative
higher concentration of 1,000 nM as compared to that with lower
dose of 10 nM (Figure 1E). These results suggested that low-dose
decitabine treatment promoted the activation and proliferation
of CD4* T cells.

Low-Dose Decitabine Increases the
Frequency of Th1 Subset and CD4+ T
Cell Cytolysis Activity

CD47" T cells include distinct functional subsets based on their
function and cytokine secretion patterns, such as Th1, Th2, Th17,
and Tregs (Kim and Cantor, 2014). We next explored the effect
of low-dose decitabine on CD4™ T cell subsets. Purified CD4" T
cells were treated with different concentrations of decitabine for
3 days. The flow cytometry assay showed that the frequency of
Th1 subset, which produced IFN-vy, was increased following 10
nM of low-dose decitabine treatment (Figure 2A). Notably, low-
dose decitabine-induced Thl cell expansion was not a transient
action and required an exposure longer than 2 days, consistently
with the slow and memory response of low doses of decitabine
in vivo (Figure 2B). Moreover, under in vitro Thl polarization
conditions, treatment of low-dose decitabine markedly increased
the frequency of IFN-y* cells in CD4*" T cells (Figure 2C). As
expected, the expression of T-bet was increased after low-dose
decitabine treatment (Figure 2D), which was a key transcription
factor associated with Th1 differentiation (Pritchard et al., 2019;
Xia et al., 2019).

The cytotoxic CD41 T cells played important roles in anti-
tumor immunity and were reported to be a close relative of
Thl cells. To investigate whether low-dose decitabine affects
the cytotoxicity of CD4" cells, we performed the DELFIA
time-resolved fluorescence (TRF) assays. The results showed
that low-dose decitabine-treated CD4" T cells exhibited an
elevated cytotoxicity against mouse colon carcinoma MC38
cells as compared with control CD4" T cells (Figure 2E).
Being a marker of cytotoxic T cell degranulation, CD107a, was
markedly enhanced on the surface of CD4™ T cells with low-
dose decitabine pretreatment (Figure 2F). Consistently, low-
dose decitabine promoted the expression of IFN-y, granzyme
B, perforin and TNF-a on CD4" T cells when co-cultured
with MC38 cells (Figures 2G-J). Furthermore, the proliferating
potential of CD4" T cells was also increased with decitabine
treatment (Figure 2K). Taken together, low-dose decitabine
could potentiate the cytolysis activity of CD4T T cells
in vitro.

Low-Dose Decitabine-Pretreated CD4+ T
Cells Inhibits Tumor Growth in vivo

To further study the anti-tumor capacity of low-dose
decitabine-pretreated CD4" T cells in vivo, we performed
a tumor-bearing xenograft model of mouse colon cancer
MC38 cells and transferred low-dose decitabine-pretreated
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FIGURE 1 | Low-dose decitabine promotes the activation and viability of sorted CD4*+ T cells in vitro. (A) To detect T cell early activation markers, mouse CD4+ T
cells were sorted from splenocytes, activated with immobilized anti-CD3/CD28 for 24 h, and treated with different concentrations of decitabine (DAC, 0, 1, 10, 100,
and 1,000 nM) plus IL-2 for 2 days. The surface marker CD69 was detected by flow cytometry. (B,C) After anti-CD3/CD28 activation, CD4* T cells were treated
with PBS (CON) or 10 nM DAC for 3 days, the expressions of CD25 (B) and CD28 (C) were detected by flow cytometry. (D) Sorted CD4*+ T cells were activated with
anti-CD3/CD28, the CFSE-labeled (2 wM) T cells were then treated with PBS or different concentrations of decitabine for 3 days, and detected by flow cytometry.
(E) Ki67 was detected by flow cytometry on day three after PBS or decitabine treatment. All results from three independent experiments are shown. *P <0.05 and
**P < 0.01. ns, not significant.

CD4™" T cells. The results showed that infusion of low-dose
decitabine-pretreated CD4" T cells significantly inhibited
tumor growth and prolonged survival as compared to control
CD4™ T cells (Figures 3A,B). Importantly, higher number
of infiltrated CD4" T cells was observed in tumors treated
with decitabine-primed CD4" T cells (Figure 3C). Moreover,
the frequencies of IFN-y™ and Ki67% cells as in tumor
infiltrated CD4" T cells were dramatically increased in mice
transferring low-dose decitabine-pretreated CD4" T cells
comparing transferring control CD4" T cells (Figure 3D).
In these mice received low-dose decitabine-pretreated CD4™
T cells, the expression levels of cytotoxic marker granzyme
B and TNF-a were also upregulated in tumor infiltrated

CD4" T cells (Figure 3E). Therefore, low-dose decitabine
treated CD4" T cells had improved anti-tumor activity
in vivo.

Low-Dose Decitabine Promotes CD41 T
Cell Anti-Tumor Immune Response
Dependent on NF-kB Signaling

In order to investigate the mechanism underlying low-dose
decitabine-induced CD4% T cell proliferation and function,
we explored the upstream signaling pathway that controlled
the viability of CD4% T cells. Inhibitors targeting JAK1/2
(ruxolitinib), mTOR (rapamycin), PI3K (LY294002), NF-«B
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FIGURE 2 | Low-dose decitabine increases the frequency of Th1 subset and CD4* T cell cytolysis activity. (A) Purified CD4* T cells were activated with immobilized
anti-CD3/CD28, treated with PBS or decitabine (1, 10, 100, 1,000 nM) for 3 days, and IFN-y expression was detected by flow cytometry. (B) Purified CD4* T cells
were activated with immobilized anti-CD3/CD28, treated with PBS or 10 nM decitabine for the indicated times, and IFN-y was detected by flow cytometry.
(C) Sorted CD4™ T cells were treated under Th1 polarization conditions, with PBS or 10 nM decitabine treatment for 3 days, and IFN-y was detected by flow
cytometry. (D) T-bet was detected by flow cytometry in purified CD4* T cells after PBS or 10 nM decitabine treatment for 3 days followed by anti-CD3/CD28
stimulation. (E) Sorted CD4* T cells were activated by anti-CD3/CD28, and treated with PBS or 10 nM decitabine for 3 days. The cytotoxicity of CD4* T cells was
assessed by DELFIA time-resolved fluorescence (TRF) assays against MC38 cells at different E:T ratios as indicated. (F-K) PBS- or 10 nM decitabine-pretreated
CD4™* T cells were cocultured with MC38 cells for 24 h, and CD107a (F), IFN-y (G), granzyme B (H), perforin (I), TNF-a (J) and Ki67 (K) levels were detected by flow
cytometry. The values are three independent experiments. *P < 0.05, **P < 0.01, **P < 0.001.

(BAY 11-7082) and Wnt/p-catenin (ICG-001) signaling were T cells (Figure 4A). Interestingly, we noticed that addition
used. First, low-dose decitabine treatment had minimal effect of NF-kB inhibitor markedly suppressed decitabine-induced
on CD4™ T cell apoptosis, and all these inhibitors did not result  proliferative capacity and IFN-y secretion in CD4% T cells
in increased apoptosis in low-dose decitabine pretreated-CD41  (Figures 4B,C). Results confirmed that NF-kB inhibitor
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FIGURE 3 | Low-dose decitabine-treated CD4* T cells inhibit tumor growth in vivo. Subcutaneously implantation of MC38 cells received PBS- or 10 nM
decitabine-treated CD4* T cells when the tumor volume reached 100 mm?. (A) The tumor volume was measured every 3 days (n = 6/group). (B) Survival cures of
MC38-bearing mice received PBS- or 10 nM decitabine-treated CD4* T cells (n = 11/group). (C-E) The MC38-bearing mice were sacrificed on day 18 after CD4+ T
cell transfer, the absolute number of tumor infiltrated CD4* T cells were assessed (C); and percentages of IFN-y™, Ki67* (D), granzyme B+ and TNF-a™ (E) cells
among tumor infiltrated CD4* T cells were detected by flow cytometry. All results from three independent experiments are shown. *P < 0.05. **P < 0.01.

attenuated decitabine-mediated CD4% T cell viability and
IFN-y expression in a dose-dependent manner (Figures 4D,E).
Moreover, we observed that NF-kB inhibitor decreased the
cytotoxicity of decitabine-treated CD41 T cells against colon
cancer MC38 cells (Figure 4F).

Low-Dose Decitabine Reinforces NF-«kB
Activation by Promoting lkBo

Ubiquitination and Degradation

NF-kB signaling was crucial and activated in T cells following
anti-CD3 stimulation (Gerondakis et al., 2014). In canonical NF-
kB signaling pathway, the phosphorylation and ubiquitination
of IkBa results in IkBa degradation, which allows NF-kB
p50/p65 heterodimer nucleus translocation. NF-«kB activation

was characterized by the detection of p65 nuclear staining and
phosphorylation of p65 at Ser536 (Gerondakis et al., 2014).
We next assessed the influence of low-dose decitabine on
NF-kB activation in CD4% T cells. As shown in Figure 5A,
PMA/Ionomycin (P/I) stimulation induced NF-kB activation
as the increased phosphorylation of IKKa/f, p65 and
downregulation of IkBa in sorted CD4" T cells. We found
that low-dose decitabine-primed CD4™ T cells might display
more robust NF-kB activation upon P/I stimulation as compared
to control CD4™" T cells, since the higher level of phospho-p65
(Figure 5A). We next prepared nuclear and cytoplasmic fractions
from PBS or decitabine-primed CD4" T cells treated with or
without PMA/Ionomycin. Low-dose decitabine pretreated
CD4™" T cells revealed dramatic translocation of p65 from the
cytosol to the nucleus and diminished IkBa level in response to
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FIGURE 4 | Low-dose decitabine promotes CD4 " T cell-mediated immune response through NF-kB signaling. (A-C) Activated CD4* T cells were treated with PBS
or 10 nM decitabine for 3 days, the decitabine-pretreated cells further received DMSO, Ruxaolitinib (10 uM), Rapamycin (100 nM), Ly294002 (10 M), BAY 11-7082
(10 M), or ICG-001 (5 wM) for 12 h. Cells were collected, and cell apoptosis (A), Ki67 (B), and IFN-y (C) levels were tested by flow cytometry. (D,E) Activated
CD4™* T cells were pretreated with PBS or 10 nM decitabine for 3 days, these cells received treatment with the indicated dose of BAY 11-7082 for 12 h, and Ki67 (D)
and IFN-y (E) levels were detected by flow cytometry. (F) PBS or 10 nM decitabine-pretreated CD4* T cells were treated with DMSO or BAY 11-7082 (10 wM) for
12 h, the cytotoxicity against MC38 cells was examined by using DELFIA time-resolved fluorescence (TRF) assays. All results from three independent experiments
are shown. *P < 0.05. **P < 0.01.

P/I stimulation, further confirming the enhanced activation of
NF-«B (Figure 5B). In these cells, we noticed that the level of
phosphor-IKKa/p was minimal elevated, and IkBo expression
was reduced, suggesting that the increased IkBa degradation
might trigger NF-k B activation.

To test this possibility, we first detected IkBa mRNA level
and the qRT-PCR assay showed that the mRNA level of
IkBa was not changed with low-dose decitabine treatment
(Figure 5C). The in vivo ubiquitination assay demonstrated that
IkBa ubiquitination was significantly enhanced in decitabine-
pretreated CD4" T cells with P/I stimulation as compared to
control CD4™ T cells (Figure 5D). IkBa is degraded followed
by polyubiquitination by the SCF?~T"? complex, among which
B-TrCP associates with IkBa for ubiquitination (Winston et al.,
1999). It has been reported that low expression of B-TrCP
was associated with promoter hypermethylation and decitabine
treatment restored mRNA and protein expression of B-TrCP with
demethylation at promoter region (Tseng et al., 2008). Similarly,
we observed that both the mRNA and protein levels of B-TrCP

were increased after low-dose decitabine treatment in CD4%
T cells (Figure 5E). Therefore, the protein interaction between
B-TrCP and IkBa was boosted in decitabine-primed CD4" T
cells (Figure 5F). These results suggest that low-dose decitabine
potentiates NF-kB activation in CD4" T cells by enhancing
B-TrCP expression and mediated IxBa degradation.

Low-Dose Decitabine Therapy Enhances
NF-kB Activation in Human CD4* T Cells
and Associates With Clinical Response

in Solid Tumor Patients

To further examine the effect of low-dose decitabine on human
CD4" T cells, purified CD4" T cells were prepared from
peripheral blood of healthy donors, activated by using anti-
CD3 antibody plus IL2 for 24 h, and treated with or without
10 nM decitabine for 3 days. The frequencies of IFN-y™ and
Ki67" cells were increased after in vitro decitabine treatment
(Figure 6A). In addition, low-dose decitabine enhanced the
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P < 0.01.

cytotoxicity of CD4™ T cells against colon cancer HCT116
cells, and increased CD107a expression (Figure 6B). To further
explore whether decitabine-mediated NF-«B activation in CD4™
T cells plays an important role with decitabine-based therapy in
solid tumor patients, we sorted peripheral CD4™ T cells from
patients before treatment. We observed that in patients (P1 and
P2) who had a response to decitabine-based therapy, in vitro
low-dose decitabine pretreatment promoted IkBa degradation
and increased p65 phosphorylation with P/I stimulation in
CD4" T cells; while in patients (P4 and P5) who did not
acquired a response to decitabine-based therapy, in vitro
decitabine pretreatment displayed no ability to enhance NF-kB
activity (Figure 6C). Moreover, low-dose decitabine treatment
increased IFN-y production and Ki67 level in CD4" T cells

from decitabine-based therapy responders P1 and P2 rather
than non-responders P4 and P5 (Figures 6D,E). These results
suggested that low-dose decitabine therapy augmented CD4™ T
cell immune response in solid tumor patients by promoting NF-
kB transcription activation and thus inflammatory cytokine IFN-
y secretion, which was achieved by the upregulation of IkBa E3
ligase B-TrCP and the enhanced ubiquitination and degradation
of IxBa (Figure 6F).

DISCUSSION

DNA methylation represents an important layer of silencing of
gene expression and plays important roles in various biological
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FIGURE 6 | Low-dose decitabine therapy enhances NF-kB activation in CD4" T cells and associates with clinical response in solid tumor patients. (A,B) Human
CD4* T cells were sorted from peripheral blood mononuclear cells of healthy donors, stimulated with anti-CD3 for 24 h, and treated with PBS or 10 nM decitabine
for 3 days. After PBS or decitabine treatment, IFN-y and Ki67 levels were detected by flow cytometry (A). PBS or decitabine-pretreated CD4+ T cells were
co-cultured with HCT116 cells, the cytotoxicity of human CD4" T cells against HCT116 cells was determined by using DELFIA time-resolved fluorescence (TRF)
assays at the indicated E:T ratios, and CD107a level was detected by flow cytometry (B). (C) CD4* T cells were sorted from solid tumor patients (P1, P2, P4, and
P5) before treatment. Cells were treated with PBS or 10 nM decitabine for 3 days followed by 24 h-anti-CD3 antibody activation, and stimulated with
PMA/Ionomycin for 15 min before collecting. The total proteins were extracted and the expression levels of the indicated proteins were detected by western blot.
(D,E) CD4* T cells were sorted from solid tumor patients (P1, P2, P4, and P5) before and after 5 day decitabine therapy, the frequencies of IFN-y* cells or Ki67+
cells as in CD4* T cells were analyzed using flow cytometry. All results from three independent experiments are shown. *P < 0.05. (F) The proposed model for
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processes. Decitabine, a DNA methyltransferase inhibitor, was
effective in treating hematological tumors, such as MDS
and AML. It has been widely investigated that genome-wide
DNA promoter demethylation occurred in tumor cells after
decitabine treatment, resulting in an increased immunogenicity

and immune recognition (Li et al, 2015; Topper et al,
2020). However, the anti-tumor mechanisms of the epigenetic
modifying agents were not fully clarified.

Besides cancer cells, the effect of epigenetic modulation on T
cells has been concerned in recent years. As the main cytotoxic
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effector cell, decitabine-mediated reprogramming of CD8" T
cells were extensively explored, and emerging evidence has
demonstrated that DNA methylation was directly involved in
CD8" T cell differentiation and function (Chiappinelli et al.,
2016; Ghoneim et al., 2017; Henning et al., 2018). Our previous
study reported that low-dose decitabine promoted the activation
and viability of IFN-y™ T cells in CD3% T cells (Li et al,
2017). Herein, we focused on the regulation of purified CD4*
T cells by decitabine, and demonstrated that 10 nM of low-dose
decitabine enhanced CD4™ T cell proliferation and activation,
especially the IFN-yTCD4%" T cells. The epigenetic modifying
agents might play distinct roles with different concentrations
and in diverse models. Decitabine induced FOXP3 expression
in CD47CD25™ T cells at a concentration of 1 uM or higher,
and could convert the non-Tregs into Tregs with suppressor
functions (Choi et al., 2010). While 1 .M of decitabine treatment
impeded the proliferation of CD4+CD25"$"FOXP3* Tregs and
fostered Th1 polarization in Tregs (Landman et al., 2018). In
an experimental autoimmune encephalomyelitis mouse model
characterized by autoreactive T cells and dysregulated innate
immune response, Wang et al. found that long-term higher-dose
of decitabine treatment inhibited T cell proliferation due to the
increased expression of TET2 and cell cycle inhibitors (Wang
et al, 2017). We also identified low-dose decitabine directly
increased the cytotoxic activity of CD4™ T cells against tumor
cells in vitro, which might be due to the elevated frequency of
IFN-y* CD4" T subset following decitabine treatment. However,
since the lack of antigen-specific CD4" T cells, we could not
determine whether low-dose decitabine promoted the activation
and cytolysis capacity of cytotoxic CD4™ T cells.

Low-dose decitabine induced upregulation of a series of
genes. In addition to direct DNA demethylation-mediated gene
activation, the epigenetic agents could also affect the action of
protein posttranslational modifications. In the canonical NF-
kB signaling pathway, ubiquitination and degradation of IkBa
leads to NF-kB translocation to the nucleus and transcription
activation of a series of genes in immune response and
proliferation (Hayden and Ghosh, 2011). NF-kB pathway
regulates T cell differentiation and development through TCR
and CD28 activation (Oh and Ghosh, 2013). In this study,
we observed that low-dose decitabine treatment augments
the expression of E3 ligase B-TrCP, which potentiates the
degradation of IkBa, and thus enhancing the activation of
NF-kB. The B-TrCP/IxBa/NF-kB pathway provided a new
regulation pattern of NF-kB signaling in T cells. Moreover, NF-
kB was aberrantly activated in most tumor cells, and we did
not detect further NF-kB activation in tumor cells (data not
shown), suggesting the distinct regulation of epigenetic agents in
different types of cells.

Besides the hematological malignancies, low-dose decitabine
therapy had efficacy in some solid tumors. Decitabine
pretreatment could increase the sensitivity of cancer cells
to chemotherapy or targeted therapy in a part of patients.
No or weak association between decitabine response and
DNA methylation status of specific genes were reported
(Fandy et al, 2009). We previously reported that response

to decitabine-primed chemotherapy might be related to the
increased frequency of IFN-y™ T cells in solid tumor patients
(Li et al., 2017). In the current study, we demonstrated that
low-dose decitabine-induced activation of IFN-yTCD4*" T cell
subset was dependent on the enhancement of NF-kB pathway.
Moreover, we found that the NF-kB signaling was activated
in response to in vitro decitabine treatment in CD4" T cells
from responsive patients, which was related to an increased
frequency of peripheral IFN-y*CD4" T cells following in vivo
decitabine therapy in ovarian cancer patients, further confirming
the IkBo/NF-kB/IFN-y regulation mechanism by low-dose
decitabine in CD4" T cells. However, due to limited clinical
samples, the levels of B-TrCP in CD4™" T cells from responder
and non-responder patients with decitabine therapy were still
unclear. Whether the regulation of NF-kB pathway in CD4* T
cells played an essential role in producing anti-tumor response
to decitabine-primed chemotherapy in solid tumor patients,
and exploring the potential role of B-TrCP as a biomarker in
decitabine-mediated CD4™ T-cell activation in patients is worthy
of our further investigation.

CONCLUSION

In conclusion, our study demonstrates that low-dose decitabine
induces degradation of IkBa by B-TrCP through a proteasome
degradation pathway, to boost NF-kB activation and thus
promotes the proliferation of IFN-yTCD4" T cells and enhances
the anti-tumor immune activity of CD4™ T cells (Figure 6F).
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of Microbiology, Chinese Academy of Sciences, Beijjing, China, * Peixian People’s Hospital, Xuzhou, China

Developmental down-regulation protein 8 (NEDD8), expressed by neural progenitors,
is a ubiquitin-like protein that conjugates to and regulates the biological function of
its substrates. The main target of NEDDS is cullin-RING E3 ligases. Upregulation
of the neddylation pathway is closely associated with the progression of various
tumors, and MLN4924, which inhibits NEDD8-activating enzyme (NAE), is a promising
new antitumor compound for combination therapy. Here, we summarize the latest
progress in anticancer strategies targeting the neddylation pathway and their combined
applications, providing a theoretical reference for developing antitumor drugs and
combination therapies.

Keywords: developmental down-regulation protein 8 (NEDD8), neddylation, MLN4924, treatment, cancer

INTRODUCTION

As a post-translational modification, protein neddylation refers to a process where substrate
proteins are tagged with a ubiquitin-like protein NEDDS8 and participate in cellular activity by
regulating protein function. NEDD8 encodes an 81-amino acid polypeptide, which is highly
homologous to ubiquitins and is connected to its substrates by forming isopeptide chains. For
NEDDS, this linkage occurs between Gly-76 at NEDD8’s C-terminus and the Lys-48 residue
of the substrates (Kamitani et al., 1997). Different from ubiquitin, as a precursor, NEDDS is
initially synthesized with five additional downstream residues of Gly-76 that must be cracked by
a C-terminal hydrolase (Rabut and Peter, 2008), mainly ubiquitin carboxyl-terminal esterase L3
(UCH-L3) (Johnston et al., 1997) and NEDDS8 specific-protease cysteine (NEDP1) (Gan-Erdene
etal., 2003; Mendoza et al., 2003). After that, an adenosine triphosphate (ATP) and an E1 NEDD8-
activating enzyme (NAE) first adenylate and activate mature NEDD8, respectively. NAE is a
heterodimer comprising NAE1 (also called APPBP1) and UBA3 (also called NAEB) (Bohnsack
and Haas, 2003; Walden et al., 2003; Kurz et al., 2008). Next, activated NEDDS transfers to one of
two NEDDS8-conjugating E2 enzymes (UBC12/UBE2M or UBE2F) (Kamitani et al., 1997; Huang
etal., 2005). Finally, the E3 ligase catalyzes the production of isomers of the C-terminal Gly-76 and
lysine residue of the substrate protein via covalent attachment, ultimately transferring NEDDS to
the substrates to complete the neddylation process (Kamitani et al., 1997).

E3 ubiquitin ligases are numerous, but 10 NEDD8 E3 ligases are available. Except for defective
cullin neddylation 1 (DCN1) (Kurz et al., 2005, 2008) and DCN1-like proteins (Kurz et al., 2008;
Meyer-Schaller et al.,, 2009), most of these contain the novel gene (RING) domain structure.
The 10 NEDD8 E3 ligases are DCN1, RING-box proteins 1 (RBX1) and RBX2 [also known as
regulators of cullin 1 (ROC1) and ROC2/SAG, respectively] (Duan et al., 1999; Kamura et al., 1999;
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Huang et al., 2009), murine double minute 2 (MDM2)
(Xirodimas et al., 2004), casitas B-lineage lymphoma (c-CBL)
(Oved et al., 2006; Zuo et al., 2013), SCFFBXO11 (Zuo et al.,
2013), ring finger protein 111 (RNFI111) (Ma et al, 2013),
inhibitors of apoptosis (IAPs) (Broemer et al., 2010), TFB3
(TFIIH/NER complex subunit TFB3) (Rabut et al., 2011), and
tripartite motif containing 40 (TRIM40) (Noguchi et al., 2011).
The RING-type neddylation ligase acts as a scaffold to bind the E2
ubiquitin complex directly to the substrate, enhancing ubiquitin
transfer to the substrate protein (Metzger et al., 2014). Different
from RING-type neddylation ligases, HECT-type neddylation
ligases act catalytically by constituting a thioester bond with
the C-terminal lobe of the HECT domain before the transfer
of ubiquitin to its intended substrate (Berndsen and Wolberger,
2014; Zheng and Shabek, 2017). HECT-type neddylation ligases
remain less defined than RING-type neddylation ligases, such as
Yeast Rsp5, Itch (Li et al., 2016) (E3 ubiquitin-protein ligase Itchy
homolog), Smad ubiquitination regulatory factor 1 (Smurfl) (Xie
et al,, 2014), Smad ubiquitination regulatory factor 2 (Smurf2)
(Shu et al, 2016), NEDL1 (NEDD4-like E3 ubiquitin-protein
ligase 1) and NEDL2 (NEDD4-like E3 ubiquitin-protein ligase
1) (Qiu et al, 2016) (Table 1). Furthermore, all NEDD8 E3
ligases identified thus far can be used as ubiquitin E3 ligases
(Zhao et al., 2014).

NEDDS regulates the activities of substrates and participates
in various signaling pathways, including cell proliferation,
autophagy and transformation. Cullins are the most typical
target proteins for neddylation. Typical substrates of cullin-RING
ligases (CRLs) include proteins related to cell cycle regulation
(e.g., Cyclin D/E, p21, p27, and WEEL) (Jia et al., 2011; Luo et al,,
2012; Gao et al,, 2014; Li et al., 2014; Hua et al., 2015; Paiva et al,,
2015; Han et al,, 2016; Lan et al,, 2016; Xie et al., 2017; Zhang
et al,, 2016), apoptosis (e.g., BIM, NOXA, BIK, Bcl-xL, Mcl-1,
and c-FLIP) (Jia et al, 2011; Dengler et al., 2014; Godbersen
et al,, 2014; Yao et al.,, 2014; Knorr et al,, 2015; Chen et al., 2016;
Czuczman et al,, 2016; Leclerc et al.,, 2016; Tong et al., 2017;
Wang et al.,, 2017) and signal transduction pathways (e.g., HIF1a,
REDDI, B-catenin, and Deptor) (Milhollen et al., 2010; Swords
et al., 2010; Zhao et al., 2012; Godbersen et al., 2014). Activation
of CRLs contributes to cancer progression and degradation of
their substrates (Xirodimas, 2008). In addition to cullins, several
other targets of neddylation, involving tumor suppressor p53
(Xirodimas et al., 2004), Hu antigen R (HuR) (Stickle et al,
2004), von Hippel-Lindau protein (pVHL) (Stickle et al., 2004;
Embade et al,, 2012), epidermal growth factor receptor (EGFR)

TABLE 1 | Classification of NEDD8 E3 ligases.

Neddylation E3 ligases

HECT E3s RING E3s

ltch CBLs SCFFBXO11
NEDL1 DCN1 TFB3
NEDL2 IAPs TRIM40
Smurf1 MDM2

Smurf2 RNF111

Yeast Rspb Roc1/2

(Oved et al., 2006), oncoprotein mouse double minute 2 (Mdm?2)
(Xirodimas et al., 2004), ribosomal proteins (Xirodimas et al.,
2008), AKT, liver kinase B1 (LKB1) (Barbier-Torres et al., 2015),
and PTEN (Xie et al., 2020), also effectively affect disease onset
and progression. Therefore, targeting neddylation is an effective
treatment for treating disease (Figure 1).

The substrate properties dictate the critical effect of
neddylation in regulating biological processes and disease
management. Recent studies have proposed the relevance
of neddylation modifications in cell cycle control, DNA
replication regulation, cell cycle progression and cell division.
The neddylation pathway is hyperactivated during human
cancer evolution (Zhou L. et al,, 2019). Blocking the neddylation
pathway has become an appealing anti-cancer treatment (Jiang
and Jia, 2015). However, inhibiting the neddylation pathway
significantly upregulates the expression of the T-cell minus
modulator programmed death-ligand 1 (PD-L1), possibly
explaining the underlying resistance by evading immune
surveillance checkpoints (Zhou S. et al., 2019). In this review, we
summarize and analyse the promising potential of the targeted
neddylation pathway as a new therapeutic method and effects
of MLN4924/pevonedistat/TAK-924 treatment combined with

UBA3
ATP
NAE1

Activation

ATP+PPi

, E3
- Substrates ) Substrates
N8 N8
Substrates
Cullins Non-Cullins
Cullin1 AICD MDM2
Cullin2 AKT P53
Cullin3 BCA3 Parkin
CullindA COF1 pVHL
Cullin4B E2F-1 PTEN
Cullin5 EGFR RPs
HIH1/2a Smurfl
HuR TGF-BII
LKB1

FIGURE 1 | The process of neddylation modification of proteins.
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other anticancer therapies, particularly those targeting the
antitumor immune axis.

TARGET PROTEINS OF NEDDYLATION

After activation by neddylation, CRLs are the largest group of
multi-unit E3 ubiquitin ligases responsible for ubiquitination,
with roughly 20 percent of cellular proteins targeted then
degraded by the ubiquitin-proteasome system (UPS) (Petroski
and Deshaies, 2005). The connection between NEDDS8 and
the lysine residues at the C-terminus of cullins activates CRLs
(Sakata et al., 2007; Merlet et al., 2009), resulting in a structural
alteration in the CRL complex: it adopts an open conformation
to increase the entry of ubiquitinated substrates (Zheng et al.,
2002; Duda et al., 2008; Saha and Deshaies, 2008). CRL is
a multi-unit E3 comprising the following four components:
cullin, a substrate recognition receptor, an adaptor protein,
and one RING protein. There are eight cullins, including
CULL1-3, CUL4A, CUL4B, CUL5, CUL7, and CULY, which are
the optimal substrates of the NEDD8 pathway; they have an
evolutionarily conserved cullin homology domain (Petroski and
Deshaies, 2005). Every cullin protein is regarded as a molecular
framework that promotes the combination of an adaptor protein,
an N-terminal substrate receptor protein and a C-terminal RING
protein (RBX1 or RBX2) to assemble a CRL (Feldman et al.,
1997; Deshaies, 1999; Seol et al., 1999; Petroski and Deshaies,
2005). CRLs regulate many important biological processes, such
as cell survival, apoptosis, genomic integrity, tumourigenesis
and signal transduction, by facilitating the ubiquitination and
degradation of critical zymolytes (Feldman et al., 1997; Nakayama
and Nakayama, 2006; Deshaies and Joazeiro, 2009).

Cullin neddylation activates CRLs, but some non-cullin
proteins are also protein substrates of neddylation. In 1979, p53
was originally recognized as a factor related to transformation,
and researchers have gradually discovered that it is closely
associated with the tumor process. In vivo, p53 modifications
occur mainly in pathways that promote ubiquitination,
phosphorylation and acetylation (Brooks and Gu, 2003).
Research has indicated that p53 is an essential target for
neddylation as well. The stability and function of p53, a
tumor suppressor, are tightly regulated by post-translational
modifications, including ubiquitylation and neddylation, in
which the MDM2 oncoprotein plays a critical role. Mdm?2, as
an E3 ubiquitin ligase, binds directly to p53, thereby promoting
its polyubiquitination and proteasomal degradation (Nakamura
et al, 2000). Furthermore, Mdm2 and F-box protein 11
(FBXOL11) facilitate the combination of NEDD8 with p53, thus
inhibiting p53 activity (Xirodimas et al., 2004; Abida et al., 2007).
Several ribosomal proteins have been identified as potential
NEDDS substrates (Xirodimas et al., 2008). L11 was found to
be neddylated by Mdm?2 and deneddylated by NEDP1. MDM2-
mediated L11 neddylation protects L11 from degradation, and
both L11 (Lohrum et al, 2003; Zhangetal,2003) and S14
(Zhou et al., 2013) bind to MDM2 and regulate p53 stability.
Furthermore, the expression level of the RNA-binding protein
HuR is associated with MDM2. HuR could be protected
from degradation by neddylation through Mdm?2-dependent

stabilization (Embade et al., 2012). Other non-cullin substrates
of neddylation have been reported, including the following: the
tumor suppressor pVHL (Stickle et al., 2004); receptor proteins
such as EGFR (Oved et al., 2006) and TGF- type II receptor (Zuo
etal., 2013); and transcriptional regulators such as HIF1o/HIF2a
(Ryuetal., 2011), breast cancer-associated protein 3 (BCA3) (Gao
et al., 2006), APP intracellular domain (AICD) (Lee et al., 2008),
E2F-1 (Loftus et al., 2012), HECT-domain ubiquitin E3 ligase
SMURF1 and RBR ubiquitin E3 ligase Parkin (Xie et al., 2014;
Enchev et al,, 2015). Additionally, new potential neddylation
targets exist for LKB1 and Akt (Barbier-Torres et al., 2015).

In addition to the substrates mentioned above, Vogl et al.
(2020) recently developed a series of NEDD8-ubiquitin-substrate
spectra (sSNUSP) that can be used to identify new substrates,
such as COF1. The identification of a growing number of
substrates suggests that neddylation plays an extensive role in
cells with more complex cancer-promoting mechanisms than
previously thought, providing a theoretical basis for targeting the
neddylation pathway in the treatment of various diseases.

TARGETING PROTEIN NEDDYLATION AS
AN ANTICANCER STRATEGY

NEDDS8 was initially identified as a gene whose expression is
downregulated during development in the mouse brain (Kumar
et al., 1992). However, it was demonstrated subsequently to
exist in various mouse tissues and is highly conserved in
vertebrate species and somewhat conserved in yeast (Kumar
et al, 1993), suggesting that the neddylation pathway is
essential during species evolution. Neddylation is a type of
posttranslational modification that modulates substrate protein
activity. Neddylation modification is catalyzed by an NAE (E1),
a NEDD8-conjugating enzyme (E2), and a NEDDS ligase (E3);
these factors link a ubiquitin-like molecule, NEDDS, to the lysine
residues of the substrate protein. Accumulating evidence shows
that NEDDS is overexpressed in some human diseases, such as
neurodegenerative disorders (Dil Kuazi et al., 2003; Mori et al.,
2005) and cancers (Chairatvit and Ngamkitidechakul, 2007; Salon
et al,, 2007). Thus, targeting protein neddylation has recently
been recognized as a popular anticancer method (Watson et al.,
2011; Zhou et al., 2018). We summarized previous and recent
findings in Table 2.

NEDD8-Activating Enzyme (NAE)

NEDDS is activated through an ATP-dependent reaction via
NAE and then is transferred to NEDD8-conjugating enzyme
E2. MLN4924 is a selective, effective, first-rate inhibitor of NAE
(Gong and Yeh, 1999). This micromolecule inhibits the protein
neddylation pathway and is currently under multiple clinical
investigations of its anticancer effect against solid tumors and
leukemia (Soucy et al, 2009; Godbersen et al., 2014; Swords
et al., 2018). The MLN4924 antitumor activity is mediated by
its ability to induce cell-associated autophagy, apoptosis and
senescence (Milhollen et al., 2010; Han et al., 2016). For example,
in liver cancer, MLN4924 induces the DNA damage response
(DDR) and apoptosis to inhibit hepatoma cell development
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TABLE 2 | Neddylation modification as an inhibition.

Ligase Product Name Mechanism and Principal Action Target References
E1 MLN4924 Pevonedistat (MLN4924) inhibits NAE activity more selectively than the closely related NAE1 Soucy et al., 2009
ubiquitin-activating enzyme (UAE, also known as UBA1) and SUMO-activating enzyme (SAE; a
heterodimer of SAE1 and UBA2 subunits), in purified enzyme and cellular assays. MLN4924
exhibits potent cytotoxic activity against a variety of human tumor-derived cell lines.
E2 WS-383 WS-383 is a potent, selective and reversible inhibitor of the DCN1-UBC12 interaction. WS-383 ~ DCN1-UBC12 Wang et al., 2019
inhibits Cul3/1 neddylation and induces the accumulation of p21, p27 and NRF2. interaction
DI-591 DI-591 binds to purified recombinant human DCN1 and DCN2 protein and disrupts the DCN1-UBC12 Zhou H. et al., 2017
DCN1-UBC12 interaction in cells. Treatment with DI-591 selectively converts cellular cullin 3 into  interaction
an un-neddylated inactive form with no or minimum effect on other cullin members.
NACM-OPT NAcM-OPT is an orally bioavailable cullin neddylation 1 (DCN1) inhibitor, which potently inhibits DCNA1 Hammill et al., 2018

the DCN1-UBE2M interaction.

in vitro and in vivo and also induces autophagy, whereas
MLN4924 induces autophagy mediated by accumulating the
mTOR inhibitory protein Deptor and inducing reactive oxygen
species (ROS)-mediated oxidative stress (Peterson et al., 2009;
Luo et al., 2012). Identical to its effect in liver cancer, MLN4924
effectively suppresses lymphoma cell growth by inducing cycle
arrest of G2 cells and subsequent cell line-dependent apoptosis
or senescence. Apoptosis induced by MLN4924 is mediated by
the apoptotic signaling pathway, with significantly upregulated
pro-apoptotic proteins Bik and Noxa and downregulated anti-
apoptotic proteins XIAP, c-IAP1 and c-IAP2, while aging
induced by neddylation suppression seemingly depends on the
expression of tumor suppressors p21/p27 (Brownell et al., 2010).
Mechanistically, when tumor cells are treated with MLN4924,
MLN4924 blocks the activities of NAE by binding to its active site
to constitute a covalent NEDD8-MLN4924 adduct. Therefore,
CRLs are inactivated, leading to the accumulation of tumor-
suppressive substrates of CRLs and apoptosis or senescence
induction to inhibit cancer cell progression (Karin et al., 2002;
Wang et al., 2015).

Consistent with NAE inhibition, MLN4924 treatment of
cultured tumor cells results in the inhibition of CRL neddylation
and a reciprocal rise in the levels of foregone CRL substrates
such as p-IkBa (Soucy et al, 2009). The accumulation of
p-IkBa in the cytoplasm inhibits the nuclear translocation
of NF-kB transcription factors and suppresses the NF-kB
pathway, affecting tumourigenesis and development through
transcriptionally controlling genes related to cell growth,
angiogenesis, apoptosis, metastasis and cell migration (Karin
et al., 2002). For example, in activated B-cell-like diffuse large
B-cell lymphoma (ABC-DLBCL), MLN4924 causes Gl-phase
cell cycle arrest and apoptosis induction by blocking the
classic NF-kB pathway. Thus, MLN4924 treatment leads to G1
phase arrest, P-IkBa accumulation and decreased inhibition of
NF-kB target genes, significantly affecting MLN4924-mediated
antitumor effects (Milhollen et al., 2010).

Autophagy plays a critical role in maintaining cellular
homeostasis and is closely associated with the development of
many human diseases (Wang and Zhang, 2019). MLN4924
significantly  inhibits CRL  neddylation  modifications
and effectively induces autophagy in both dose- and
time-dependently in multiple human cancer cell lines (Zhao
et al., 2012). MLN4924 inhibits the activity of CRLs, induces

the accumulation of its substrate IxBa, blocks the activation of
NF-kB and expression of catalase, and promotes the expression
of ATF3, thereby inducing autophagy in oesophageal cancer cells
(Liang et al., 2020). mTOR is a well-established negative regulator
of autophagy (Kim and Guan, 2015). By inactivating CRLs/SCF
E3s, MLN4924 can inhibit mMTORCI activity by causing DEPTOR
accumulation directly and DEPTOR and HIFla accumulation
via the HIF1I-REDD1-TSC1 axis (HIFla) (Zhao et al., 2012).
MLN4924 also triggers autophagy in colon cancer cells by
suppressing the PI3K/AKT/mTOR pathway (Lv et al, 2018).
Autophagy may be a novel anti-cancer mechanism for MLN4924
in cancer treatment, providing conceptual evidence for the
strategic combination of MLN4924 with autophagy inhibitors to
maximize tumor cell killing through enhanced apoptosis.

MLN4924 leads to DNA re-replication, which triggers
checkpoint activation, apoptosis, and senescence in cancer cells
(Soucy et al, 2009). The replication of genetic material is a
critical process of the cell cycle. Re-replication is a known signal
that induces DNA damage and causes DNA damage signaling
in cells (Zhu et al.,, 2004; Archambault et al., 2005). Cdtl is
the initiation factor for the induction of DNA re-replication
in cells treated with MLN4924 (Lin et al., 2010). Similarly,
the DNA damage signaling factors P21 and P53 are important
substrates of the NEDD8-mediated neddylation pathway. P21
is crucial in the S-phase of the cell cycle, DNA replication
and the cellular senescence pathway (Pérez-Yépez et al., 2018).
MLN4924-induced senescence in human colorectal cancer cells
relies on recruiting p53 and its downstream adaptor P21 (Lin
etal., 2010). For other human tumor-derived cell lines, including
HCT116 (colon), Calu-6 (lung), SKOV-3 (ovarian), H460 (lung),
DLD-1 (colon), MCF-7 (mammary gland), CWR22 (prostate)
and OCI-LY19 (lymphoma), MLN4924 treatment also inhibits
proliferation and migration.

Currently, phase I trials for MLN4924 are ongoing in cancers,
such as metastatic melanoma (Bhatia et al., 2016), advanced solid
tumors (Bhatia et al., 2016), acute myeloid leukemia (Swords
et al., 2015), myelodysplastic syndromes (Shah et al., 2016),
lymphoma and multiple myeloma (Shah et al., 2016), and these
studies have revealed that critical therapeutic effects can be
obtained by antagonizing NEDD8-mediated protein degradation
(Supplementary Table 1).

Although excellent activity of MLN4924 was observed in
early trials, drug resistance was also found in large number of
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patients. Early preclinical studies have shown that treatment-
emergent NAEB mutations promotes resistance to MLN4924.
Additionally, in human leukemic cells, UBA3 mutations increase
the enzyme’s affinity for ATP while decreasing its affinity for
NEDDS (Milhollen et al., 2012; Xu et al., 2014); these mutations
effectively contribute to decreased MLN4924 potency in vitro. In
TCGA, PanCancer Atlas, the frequency of mutations in UBA3
is about 20%, that may suggest that mutations in UBA3 are
not the main cause of MLN4924 resistance. Mutations of key
molecules are often associated with drug resistance, and in
addition to mutations of NAEB and UBA3, the upregulation of
ABCG?2 transcription in resistant cells drives clinical resistance
(Kathawala et al., 2020; Wei et al., 2020). Thus, MLN4924 is
widely used as an anti-cancer drug in clinical practice but still has
some limitations.

NEDD8-Conjugating Enzyme

Activated NEDDS8 can be transferred to the subunits of the
substrate by the NEDD8-conjugating enzyme E2, which includes
two members: UBE2F and UBE2M/Ubc12. RBX proteins can
be divided into RBX1 and RBX2 in humans (Nakamura et al,,
2000; Brooks and Gu, 2003; Nakayama and Nakayama, 2006;
Abida et al., 2007). UBE2F pairs with RBX2 to modulate cullin
5 neddylation dependent on E2 RING, while UBE2M functions
through RRB1 to mediate the neddylation of cullin 1, 2, 3,
4a, 4b, and 7 (Zhou W. et al, 2017). The E2-RBX-cullin
interaction combination determines the in vivo selectivity of
neddylation (Huang et al., 2009). The cellular levels of different
RBX partners determine the cellular levels of distinct cullins.
The two NEDD8 E2s exert different effects in cullin neddylation
in vivo (Huang et al., 2009).

Inhibition of E2s, which inhibit one subset of NEDD8
substrates compared with all neddylation substrates, may
provide better cytotoxic selectivity than inhibition of Els, which
inactivates the entire neddylation pathway. In lung cancer,
targeting UBC12 causes accumulation of the CRL substrates p21,
p27, and Weel, inactivating CRL ubiquitin ligase and arresting
the cell cycle in the G2 phase (Li et al, 2019). Therefore,
targeting E2s to inhibit neddylation modification blocks the
protein neddylation pathway and deactivates CRLs, triggering the
aggregation of tumor-suppressive CRL substrates, stopping the
cell cycle and impeding tumor growth and metastasis.

NEDDS E3 Ligases

E3 ubiquitin ligases based on Cullin are activated by NEDD8
binding to Cullins. Therefore, targeting E2s to inhibit
neddylation modification blocks the protein neddylation
pathway and deactivates CRLs, triggering the aggregation
of tumor-suppressive CRL substrates, stopping the cell cycle
and impeding tumor growth and metastasis (Kurz et al,
2008). Human cells express 5 DCNI-like (DCNL) proteins,
termed DCNL1-DCNL5 (also named DCUNI1DI1-5), each
encompassing a C-terminal potentiating neddylation domain
and an N-terminal ubiquitin-binding (UBA) domain, which
we termed the PONY domain, with distinct amino-terminal
extensions (Kurz et al., 2005; Kurz et al., 2008; Meyer-Schaller
et al., 2009). For example, in various human tumors, activation

of squamous cell carcinoma-associated oncogene (SCCRO)
triggers its function as an oncogene, and the UBA domain in
SCCRO (also called DCUN1D1) works as a feedback regulator
of biochemical and oncogenic activity (Huang et al, 2015).
Conversely, DCNL3 levels are downregulated in the liver,
bladder, and renal tumors (Ma et al., 2008) compared with those
in normal controls, indicating that DCNL regulation is critical
for human cancer development. Considering the conserved
binding characteristics of the UBA domain, targeting these
vital proteins could possess therapeutic implications for human
cancer treatment.

TARGETING PROTEIN
NEDDYLATION-BASED COMBINATION
THERAPIES

NAE Inhibitor MLN4924 Combined With
Chemotherapy Drugs

The effectiveness of radiotherapy for cancer is limited by
some of the toxic side effects of dose increases, although
existing radiotherapy remains the preferred problem for local
cancer control (Lyons et al,, 2011; Venur and Leone, 2016).
Chemotherapy can improve the efficiency of ionizing radiation
by inhibiting DNA repair and overcoming apoptotic resistance
(Bandugula and N, 2013). Among anticancer drugs, 2-deoxy-
D-glucose (2-DG) is the most effective inhibitor of glycolysis,
glucose metabolism and ATP production (Dwarakanath, 2009).
2-DG increases the efficacy of chemotherapy drugs (such as
doxorubicin [DOX] and paclitaxel) in human osteosarcoma
and non-small cell lung cancer in vivo (Kern and Norton,
1987). 2-DG + DOX and buthionine sulfoximine (BSO)
dramatically promotes cytotoxicity by regulating oxidative stress
and interfering with thioethanol metabolism in breast cancer
cells (Tagg et al,, 2008). MLN4924 can sensitize drug-resistant
pancreatic, lung and breast cancer cells to ionizing radiation,
although it has little effect on normal lung fibroblasts, indicating
that MLN4924 is a new radiation sensitizer (Wei et al., 2012; Yang
et al., 2012; Sun and Li, 2013). Therefore, 2-DG plus MLN4924
could be an anti-proliferative and radiation-sensitizing strategy
for various human cancers, providing insights on breast cancer
treatment (Oladghaffari et al., 2017).

NAE Inhibitor MLN4924 Combined With
Targeted Drugs

Endocrine therapy is the standard treatment for oestrogen
receptor (ER)-positive breast cancer and can significantly
reduce the risk of disease recurrence and mortality (Anbalagan
and Rowan, 2015). However, nearly one-third of patients still
experience disease recurrence and metastasis mediated by
endocrine resistance at the beginning of treatment or during
treatment (deConinck et al., 1995; Anbalagan and Rowan, 2015).
Fulvestrant has been approved as a selective oestrogen receptor
downregulator (SERD) to cure locally advanced or metastatic
breast carcinoma and significantly extends the progression-
free survival of patients (Johnston and Cheung, 2010). The
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neddylation modification pathway is activated in breast
carcinoma and is associated with ER-a expression. In anti-breast
cancer treatment, the neddylation pathway can downregulate
ER-a expression and inhibit ER inactivation, which can have a
synergistic anticancer effect with fulvestrant (Jia et al., 2019).

Inhibitors of apoptosis proteins (IAPs) are anti-apoptotic
regulators that prevent apoptosis and are often overexpressed
in many human tumors, in which they promote apoptosis
evasion and cell survival (Gyrd-Hansen and Meier, 2010).
IAP antagonists, also regarded as second mitochondria-derived
activator of caspase (SMAC) mimetics, have been recognized
as new apoptosis-inducing agents for treatment, either alone
or in combination with other antitumor drugs (Dineen et al.,
2010; Sumi et al., 2013). MLN4924 activates stress-response
signaling and works synergistically with IAP antagonists and
DNA damage-inducing chemotherapies. The oral IAP antagonist
T-3256336 synergistically promotes the anti-proliferative results
of the NAE inhibitor MLN4924 in cancer cells (Sumi et al., 2016).
The combination of IAP antagonists with MLN4924 inhibits
tumor proliferation, demonstrating the promise of a novel cancer
combination treatment.

NAE Inhibitor MLN4924 Combined With
Drugs Targeting the Antitumor Immune
Axis

Because the FDA approved the anti-PD-1 (programmed
death-1) antibodies nivolumab and pembrolizumab, as well
as the anti-PD-L1 antibodies atezolimuab, durvalumab and
avelumab, the signaling pathway involving PD-1 and its
ligand PD-L1 has become a research hotspot in the field
of tumor immunology and oncology (Dong et al, 2002).
However, not all tumors are sensitive to these compounds.
Inhibitors of neddylation are potential cancer treatment and
may promote cancer-related immunosuppression. Increasing
evidence has demonstrated that some traditional and targeted
cancer therapies modulate antitumor immunity (Galluzzi et al,,
2015; Patel and Minn, 2018), suggesting that cytotoxic anticancer
drugs combined with immune checkpoint blockade therapy
may be an effective combination. Thus, the combination of
MLN4924 and anti-PD-L1 therapy might significantly increase
the therapeutic efficacy in vivo compared with that with
either agent alone.

CONCLUSION

MLN4924/pevonedistat/TAK-924, as a micromolecule inhibitor,
inhibits NEDDS8-activating enzyme (NAE), which impedes
the ubiquitination modification cascade, inactivating CRLs.
MLN4924 is the critical element of the dynamic protein
homeostasis pathway. Many clinical studies have shown the
impressive antitumor activity of MLN4924, but single-drug
treatment has some limitations. Clinical trials have demonstrated
that MLN4924 alone or combined with chemotherapy has
a good treatment effect. MLN4924 is currently under phase
II/IIT clinical trials for antitumor treatment and shows good
safety and tolerability, indicating its good development

prospects. We summarize the previous and recent findings
in Supplementary Table 1.

Recent studies have shown that MLN4924 has good anti-
ubiquitination activity and several activities independent of its
ubiquitination effects. MLN4924 induces EGFR dimerization,
thus triggering AKT1 activation. However, AKT1 and EGFR
inhibitors can eliminate MLN4924’s inhibition of cilia formation
(Mao et al, 2019). These results suggest that MLN4924
may have new applications in human cancer therapy that
exhibit cilia-dependent increase or drug resistance (Zhou et al.,
2016). MLN4924 can also promote glycolysis, and MLN4924
significantly increases the activity of pyruvate kinase (PK),
which could improve the survival rate of breast carcinoma cells.
Therefore, PKM2 activation, which promotes glycolysis and cell
survival, is an adverse outcome of MLN4924 for cancer treatment
and careful monitoring is required when using this drug (Zhou Q.
et al., 2019). The dosage of MLN4924 is also worthy of our
attention. Studies on various signal inhibitors have shown
that the tumor sphere stimulation of MLN4924 is primarily
regulated by the RAS/MAPK pathway. In mouse skin, MLN4924
accelerates EGF-induced injury recovery. Therefore, a low dose
of MLN4924 controls the proliferation and differentiation of
stem cells and has different anticancer properties than the
high dose. Additionally, MLN4924 has promising application
in stem cell treatment and tissue regeneration. In addition
to the dosage of MLN4924 that requires caution, the drug
resistance of MLN4924 also deserves our attention. In TCGA,
PanCancer Atlas, the frequency of mutations in UBA3 in all
tumors is approximately 20%, which may suggest that there are
other reasons for MLN4924 resistance and that no key gene
mutations but the upregulation of ABCG2 transcripts were found
in relapsed/refractory patients with MLN4924. Therefore, we
can use this hint to look for other causes of drug resistance in
MLN4924, and that bring new understanding to the resistance
of MLN4924 to better overcome it. To overcome resistance to
MLN4924, refining the drug combination may be a more routine
and convenient clinical tool, in contrast to the development
of a new generation of NAE inhibitors. In parallel, mutant
molecules or ABCG2 can be used as clinical biomarkers to predict
therapeutic resistance to MLN4924.

Immunotherapy has become a hot topic in cancer precision
medicine and has gradually developed into the fourth tumor
treatment mode after surgery, chemotherapy and radiotherapy.
However, it is not universally effective, and even the most
popular PD-1/PDL-1 therapy only leads to a good response
in approximately 20% of patients. The body’s immune system
has the function of immune surveillance. When malignant
cells appear in the body, the immune system recognizes and
specifically clears these “non-self” cells. However, tumor cells
can still grow in the body, suggesting that they can either
evade attack by the host immune system or somehow modulate
the body’s effective antitumor immune response. The inhibition
of cell activation caused by tumor cell modification is an
important mechanism of tumor immune escape. According to
recent research progress, targeted therapy is expected to inhibit
tumor immune escape, improve the therapeutic effect of tumor
treatment and improve the prognosis of patients.
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The potential to overcome resistance to proteasome inhibitors is greatly related with
ubiquitin-proteasome system during multiple myeloma (MM) treatment process. The
constitutive photomorphogenic 1 (RFWD2), referred to an E3 ubiquitin ligase, has been
identified as an oncogene in multiple cancers, yet important questions on the role
of RFWD2 in MM biology and treatment remain unclear. Here we demonstrated that
MM patients with elevated RFWD2 expression achieved adverse outcome and drug
resistance by analyzing gene expression profiling. Moreover, we proved that RFWD2
participated in the process of cell cycle, cell growth and death in MM by mass
spectrometry analysis. /n vitro study indicated that inducible knockdown of RFWD2
hindered cellular growth and triggered apoptosis in MM cells. Mechanism study revealed
that RFWD2 controlled MM cellular proliferation via regulating the degradation of P27
rather than P53. Further exploration unveiled that RFWD2 meditated P27 ubiquitination
via interacting with RCHY1, which served as an E3 ubiquitin ligase of P27. Finally, in vivo
study illustrated that blocking RFWD2 in BTZ-resistant MM cells overcame the drug
resistance in a myeloma xenograft mouse model. Taken together, these findings provide
compelling evidence for prompting that targeting RFWD2 may be an effective strategy
to inhibit cellular proliferation and overcome drug resistance to proteasome inhibitor in
MM.

Keywords: multiple myeloma, RFWD2, proliferation, drug resistance, P27, ubiquitination, RCHY1

INTRODUCTION

The uncontrolled expansion of plasma cells has been pinpointed as the major feature of multiple
myeloma (MM), which synthesize and excrete a substantial amount of paraproteins (Gandolfi
et al., 2017). In order to avoid the accumulation of the proteins involved in tumor pathogenesis,
the MM cells are largely reliant on proteasome complexes, especially on the 26S proteasome,
which is responsible for degrading intracellular proteins through ubiquitination pathway
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(Gandolfi et al., 2017). Therefore, MM cells are more sensitive to
proteasome inhibition. Proteasome inhibitors (PIs) have emerged
as an effective therapy for the treatment of MM patients in
the past two decades (Richardson et al., 2018), which trigger
endoplasmic reticulum stress to induce MM cell apoptosis.
The three classic PIs like bortezomib (BTZ), carfilzomib (CFZ)
and ixazomib (IXZ), as well as the novel PIs under clinical
investigation including marizomib and oprozomib, have been
used in combination with other regimens, which have formed one
of the backbones of treatment paradigm throughout the whole
course of MM (Song et al., 2019). However, current therapy might
result in unideal effects and the acquisition of drug resistance.
Consequently, the prospect of overcoming drug resistance has
made the ubiquitin (Ub) plus proteasome system (UPS) as a
potential therapeutic target in MM.

An attractively therapeutic strategy for treating MM is
focusing on non-proteasomal components within the UPS, such
as the E3 ubiquitin ligases, determining the substrate selectivity
for ubiquitination and degradation (Snoek et al., 2013). Current
evidence demonstrates that overexpression or mutation of E3
ubiquitin ligases could drive tumor development (Huang et al.,
2020). In our previous research, we identified an E3 ubiquitin
ligase, known as the gene constitutive photomorphogenic 1
(RFWD2, also called COP1) (Gu et al.,, 2020). Multiple literature
have reported that RFWD2 is engaged in tumorigenesis via
meditating several biological processes like transcription, DNA
repair, cell cycle arrest and apoptosis (Migliorini et al., 2011; Zou
etal., 2017; Abbastabar et al., 2018). Since both tumor suppressor
(like p53) and oncogene (like JUN) are among putative targets
of RFWD2, the potential role of RFWD2 in a wide variety of
cancers remains controversial (Song et al., 2020). Few reports
showed a tumor suppressor role of RFWD2 in prostate cancer
and gastric cancer (Vitari et al, 2011; Sawada et al, 2013).
Conversely, RFWD2 was regarded as a tumor promoter in human
hepatocellular carcinoma, breast cancer, ovarian adenocarcinoma
and acute myeloid leukemia (Dornan et al.,, 2004a; Lee et al.,
2010; Yoshida et al., 2013). One study by our group has
demonstrated that inducible upregulation of RFWD?2 is closely
associated with myeloma cellular proliferation and contributes to
PIs resistance (Gu et al., 2020). To complement the studies on
RFWD?2 overexpression with the inverse experiment, the action
mode of depletion of endogenous RFWD2 in MM needs to be
further explored.

The cyclin/CDK2 inhibitor P27 has been recognized as a
vitally negative regulator of cell cycle, which disrupts the G1-to-
S phase cell cycle transition (Yoon et al., 2019), functioning as
a tumor suppressor. Aberrant activities of P27 cause abnormal
alterations in cell cycle regulation and alleviate P27-suppressed
target genes, which contribute to uncontrolled cell proliferation,
thereby inducing tumors (Li et al, 2018). It has been well
documented that the expression of P27 is mainly dominated
by its rate of proteasome degradation, making E3 ubiquitin
ligases as the key regulators involved in targeting P27 (Egozi
et al., 2007; Rodriguez et al., 2020). RFWD2 serves as a negative
regulator of P27 (Ko et al, 2019), leading to CSN6-mediated
P27 degradation in HCT116 and HEK-293T cells (Choi et al.,
2015a). Consistently, our previous work initially illustrated the

interaction between RFWD2 and P27 (Gu et al.,, 2020). To
intensively delineate the precise mechanisms associated with
RFWD2-induced drug resistance in MM via targeting P27, we
continued to investigate which E3 ubiquitin ligases involving P27
degradation interacted with RFWD2.

Heartened by the current studies on the biological
aggressiveness of RFWD2 in various cancers, we herein
continued with the previous findings in the impact of RFWD2
on MM progression and drug resistance, further proved
that targeting RFWD2 could work as a potential treatment
approach for MM.

MATERIALS AND METHODS

Database Analysis

Message levels of RFWD2 in MM were determined using the gene
expression profiling (GEP) cohorts, which were mined from the
GEO database as previously described (Zhou et al., 2013). The
outcome data were based on Total therapy 2 (TT2, GSE2658),
TT3 (GSE2658), and the evaluation of proteasome inhibition
for extending remission (APEX, GSE9782). The Dutch-Belgian
Cooperative Trial Group for Hematology Oncology Group-65
(HOVONG65) trials was collected from GSE19784.

Antibodies and Reagents

Antibodies were purchased from Abcam (Cambridge, Cambs,
United Kingdom) (RFWD2, catalog number ab56400; KPC2,
catalog number ab177519) or ProteinTech Group (Chicago,
IL, United States) (P27, catalog number25614-1-AP). Other
antibodies were purchased from Cell Signaling Technology
(Danvers, MA, United States). Rabbit IgG (a7016), mouse 1gG
(a7028) and doxycycline (DOX) were obtained from Beyotime
Institute of Biotechnology (Shanghai, China). Bortezomib (BTZ)
and other chemical reagents were obtained from Shanghai
Aladdin Bio-Chem Technology (Shanghai, China).

Cell Lines and Culture

Human MM cell lines, ARP1, H929, RPMI 8226, ANBLS,
OCI-MY5, JJN3, XGI1, U266 and MM1S were maintained in
RPMI-1640 (Biological In-dustries, Kibbutz Beit Haemek, Israel),
supplemented with 10% fetal bovine serum (Biological In-
dustries, Kibbutz Beit Haemek, Israel), 100 U/mL penicillin and
100 pg/mL streptomycin (Sigma, St. Louis, MO). 293T cells were
cultured in DMEM (Hyclone, Los Angeles, CA, United States).
The BTZ-resistant MM cell lines, 8226/BTZ were produced by
increasing BTZ concentration gradient in our institute. All cells
were propagated in vitro under the condition of 37°C in a
humidified atmosphere containing 5% CO5.

Plasmids and Transfection

The plasmids including the human RFWD2 cDNA or shRNA
cassettes were obtained from Generay Biotech (Shanghai,
China). The RFWD2 cDNA was cloned into the lentiviral
vector, CD513B-1. Under the control of a DOX-inducible gene
promoter, RFEWD2-targeted shRNA was cloned into the vector
of pTRIPZ. Lenti-viruses containing cDNA or shRNA were
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created by co-transfection of the CD513B-1-RFWD2 vector or
RFWD2 shRNA vector with packaging vectors (PLP1, PLP2, and
PLP-VSVG) into 293T cells (attained 70-80% confluency) using
Lipofectamine2000 Transfection Reagent. The virus supernatant
was collected after 48 h and stored at —80°C, which were used
for subsequent experiments. MM cells were transfected with the
lentivirus and selected by puromycin treatment. Transduction
efficiency was validated by Quantitative Real time-PCR assays
(qPCR) or western blotting (WB).

Myeloma Xenografts in NOD-SCID Mice
8226 WT, 8226/BTZ, 8226 RFWD2 KD and 8226/BTZ RFWD2
KD cells (5 x 10°) were injected subcutaneously into the left
and right abdominal flanks of 6-8 weeks old NOD-SCID mice,
respectively. On day 3 after injection, DOX (2 mg/mL) was
employed on mice through drinking to induce the reduction of
RFWD2. On day 7 mice were treated with intraperitoneal (IP)
administrations of BTZ (1 mg/kg) twice weekly.

Tumor diameter was measured 2-3 times weekly by using
calipers. Mice were sacrificed by IP injection of chloral hydrate
and then tumor tissues were collected, weighed, photographed
and stored frozen in case the tumor diameter reached 20 mm.
All experimental procedures were performed in accordance
with government-published recommendations for the Care and
Use of laboratory animals and approved by the guidelines
of Institutional Ethics Review Boards of Nanjing University
of Chinese Medicine (Ethics Registration no. 201905A003)
(Zhou et al., 2013).

Cell Proliferation and Viability Assay

Cell viability was evaluated using Thiazolyl Blue Tetrazolium
Bromide (MTT) assay, which was performed according to
the manufacturer’s instructions (Beijing Solarbio Science &
Technology) (Yuan et al., 2018). Cells were cultured in 96-well
plates at a density of 1 x 10* cells/well with repeats for 3 wells
in each group. Absorbance was read at 570 nM using microplate
reader (Thermo Fisher Scientific).

Flow Cytometric Analysis of Cell

Apoptosis

APC 5-Bromo-2'-Deoxyuridine (BrdU) Flow Kit (BD
Pharmingen) was used to measure the stage of apoptosis
and cell cycle by a FlowSight flow cytometer. Briefly, cells were
resuspended with 195 pL staining buffer, and then added 5 pL
(0.125 pg) of APC-BrdU antibody per well, and incubated at 4°C
for 30 min in the dark. 488 nm excitation wavelength and 520 nm
emission wavelength were termed as the working condition of
FlowSight flow cytometer.

WB and Co-immunoprecipitation (Co-IP)

Protein levels were determined by WB analysis under the
procedure as previous described (Yang et al., 2018). Co-IP was
performed according to the instructions of the Pierce Direct
Magnetic IP/Co-IP kit as mentioned (Gu et al,, 2016). As the
RFWD?2 ¢DNA used in the current study carrying the FLAG tag,
FLAG antibody was used instead of RFWD2 antibody for IP. And

the IgG antibody sharing the same host with the IP antibody was
chosen as a negative control.

In vitro Ubiquitylation Assay

MM cells were incubated with 20 pM MGI132 (a proteasome
inhibitor) for 12 h before collection, and lysed in IP lysis buffer.
Afterward, the cell lysate was subjected to immunoprecipitation
with an ubiquitin antibody, and immunoprecipitation was
subsequently separated by SDS-PAGE and immunoblotted with
a P27 antibody to detect the ubiquitination level of P27
(Wang et al., 2019).

Mass Spectrometry (MS) Analysis

SDS-PAGE was used to separate proteins in ARP1 WT & OE
cells, and gel bands at the expected size were excised and
digested with sequencing-grade trypsin (Promega, United States).
The MS was performed by Lianchuan Biotech (Hangzhou,
China), which was conducted by using LC-MS technology (Q-
Exactive, Thermo). The first process was to quantify the protein
and then open the three-dimensional structure of the protein
by reductive alkylation. After enzymolysis, the peptides were
extracted, and MS was used to obtain the mass spectra of
these peptides. Finally, the peptides were identified by the
related software.

Statistical Analysis

All data were expressed as means & SD. The statistical analysis
was carried out using GraphPad Prism 6.01 or SPSS 22.0 version.
Two-tailed Student’s t-test (2 groups) and one-way analysis of
variance (> 3 groups) were employed to determine the significant
differences among experimental groups. The survival data were
plotted using Kaplan-Meier curve and sketched by log-rank test.
Hazard ratios were estimated using Cox’s proportional hazard
model. Array CGH data analysis building on the Agilent 180,000-
feature human CGH microarray was performed as described
previously (Zhou et al., 2013). Significance was set at P < 0.05.
P < 0.05 was labeled as*, P < 0.01 as**.

RESULTS

Increased RFWD2 Expression Is
Correlated With Poor Survival and

Relapse in MM

To assess the role of RFWD2 in MM, we analyzed the
array-based comparative genomic hybridization (aCGH) data
gained from 67 MM patients and found that RFWD2 locus
was amplified in MM patient samples to a major extent
(Figure 1A left). To determine the clinical significance of
RFWD2 in MM, the prognosis of patients was best captured
by analyzing GEP cohorts collected from the GEO database.
As expected, Kaplan-Meier survival curves showed that MM
patients with amplification of RFWD2 were significantly
associated with poor overall survival (OS) in 3 independent
MM cohorts (TT3, APEX and HOVONG65) [Figures 1A,B
(A-right)], which were in sync with the results of TT2 (a
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FIGURE 1 | Increased RFWD2 expression is correlated with poor survival and relapse in MM. (A) Left: Array-based comparative genomic hybridization analysis
illustrated RFWD2 copy number variation in 67 primary MM samples; Right: MM patients with high RFWD2 level were positively associated with poor overall survival
(O8) in TT3cohort. (B) MM patients with elevated RFWD2 level exhibited positive correlation with poor overall survival (OS) in APEX and HOVONGS5 cohorts. (C) Left:
RFWD2 expression in relapsed MM patients was significantly elevated compared with the corresponding newly diagnosed samples. Right: upregulation of RFWD2
was correlated with decreased OS in relapsed TT2 patients. The data were expressed as mean + SD.

well-annotated, mature data set) and GMMG-HD4 cohort
(Gu et al., 2020). Moreover, we found that elevated REWD2
expression was impressively germane to clinical parameters,
such as B2-microglobulin, hemoglobin concentration, and high-
risk genetic parameters, such as chromosomal abnormalities (by
G-banding) and g70high37 (P < 0.05; Table 1). It indicated
that abnormal elevation of RFWD2 in MM leads to poor
prognosis. Then we compared RFWD2 expression among 88

paired baseline/relapse samples. As illustrated in Figure 1C
left, the RFWD2 expression in the relapse samples exhibited a
dramatic upward trend compared with the corresponding newly
diagnosed samples (P < 0.0001). Furthermore, overexpression
of RFWD?2 prognosticated inferior OS in the relapsed MM
patients (P = 0.0096; Figure 1C right). These findings
consolidate that RFWD2 acts as a valuable prognostic biomarker
even in relapsed MM.
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TABLE 1 | The Correlation of RFWD2 Expression and Clinical
Characteristics in TT2.

Characteristics High RFWD2 Low RFWD2

(%, n =186) (%, n = 165) p Value

Age at least 65 years 25.3 18.2 0.122
Female sex 42.5 44.2 0.747
White race 90.3 86.7 0.315
IgA isotype 28.4 23.0 0.271
CRP at least 4.0 mg/L 6.52 5.45 0.822
B2-Microglobulin at least 4.0 mg/L 42.5 25.4 0.001
Creatinine at least 2.0 mg/dL 14.0 8.64 0.129
Hemoglobin less than 10 g/dL 31.1 18.8 0.009
Albumin less than 3.5 g/dL 37.1 35.7 0.825
Chromosomal abnormalities (by G-banding) 40.3 29.7 0.044
MRI focal bone lesions, at least three 59.8 57.2 0.659
LDH at least 190 IU/L 37.5 30.3 0.175
Hyperdiploid 18.3 18.8 1.000
Hypodiploid 215 8.48 0.001
Amplification of 1921 54.5 43.6 0.058
g70high 39.2 12.7 0.000
MRI1 74.9 77.3 0.612
7grp 60.5 23.6 0.000
Strata(train) 51.6 49.1 0.669

MS Analysis Reveals the Potential
Signaling Pathway for RFWD2 Function

in MM

To address the potential role of RFWD2 in myeloma biology,
we adopted two independent MM cell lines ARP1 and H929
as in vitro experimental models for MM. ARP1 and H929 cells
were transfected with CRISPR lentiviral activation particles to
functionally overexpress (OE) RFWD2. WB analysis confirmed
the increment of RFWD2 expression in RFWD2 OE cells
relative to wild-type cells (WT) serving as controls (Figure 2A).
Furthermore, MS was conducted to assess activation of RFWD2-
related signaling pathways. Representative gene ontology (GO)
Biological Process terms and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways chosen from the most enriched
charts were presented in Figure 2B, suggesting the top 20 most
significantly enriched pathways. Above data indicated that the
activation of two pathways related to RFWD2 in MM progression
were mitotic cell cycle and cell growth and death, which would be
basic guidance for further research on RFWD2.

The Decrease of RFWD2 Hinders Cellular
Proliferation in MM Cells

In our previous paper, it has been illustrated that enforced
expression of RFWD2 executed positive function in regulating
MM cellular proliferation (Gu et al., 2020). Here, we continued
to investigate the mechanism in depth. Flow cytometry analysis
showed that the proportions of cells in the S phase were increased
in RFWD2 OE cells relative to the controls (Figure 3A). Lentiviral
shRNA transfection technology was conducted to knockdown
the endogenous expression of RFWD?2 in ARP1 and H929 cells.

A ARP1 H929
WT OE WT OE

RFWD2 RS s ——

B Statistics of GO Enrichment
_....mitotic cell cycle

Gene Number
2
50

75

[ J
e
DNA camp loader actty e ‘
pastrond 1 ® -
mRNA spheng 1a sicesacme °
- ® -
L.
PORbve reguUton of DNA-dreced DNA
o
ONA replcaton factr C comples.
it

GO Term

pvalue

pinccyoss 20-04
rucheopiasm
seoten bty - 10-04
eytont-
Poiy(A) RNA binding - -~

66 62 0s o8 o8

Rich Factor

cell growth and déﬁfﬁ Enrichment

KEGG Main Class

s g 4 S v -.
[ ——
e [

KEGG Sublass

2 P«cu‘mg- o; Genu‘t%) ¥

FIGURE 2 | The potential signaling pathway of RFWD2 for MM biology is
examined by MS. (A) WB analysis for validating RFWD2 expression in ARP1
and H929 cells transfected by RFWD2-cDNA (OE) vs wild type (WT) cells. (B)
Gene ontology (GO) (up) and Kyoto Encyclopedia of Genes Genomes (KEGG)
(down) pathway classification were performed in ARP1 WT/OE cell lines. The

data were expressed as mean + SD.

Then, gPCR and WB were recruited to validate the efficiency of
shRNA, which demonstrated the significant decrease of REWD2
at mRNA and protein levels in RFWD2-shRNA transfected MM
cells (KD) compared to the WT cells (Figure 3B up and down).
A prominent decrease of cell growth rate in ARP1 and H929
cells was provoked by silencing RFWD2 (P < 0.05) in a time-
dependent manner (Figure 3B, middle), further confirming that
RFWD?2 facilitated MM cell proliferation. PARP and Caspase-3
have been authenticated as two key proapoptotic molecules in
a broad spectrum of cancers. WB examination indicated that
the expression of PARP and cleaved Caspase-3 expression was
increased in RFWD2-shRNA cells compared to that in WT
cells (Figure 3B down). Taken together, we further confirm
that REWD?2 activation is critical for promoting MM cellular
proliferation via controlling cell cycle and apoptosis in vitro.
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|

RFWD2 Mediates P27 Degradation to

Influence MM Cell Growth

Since RFWD2 is modulating both P27 and P53 (Dornan et al,,
2004a; Ko et al,, 2019), the two vital factors mediating cellular
proliferation, we aim to identify which one is the major
downstream factor of RFWD2. As Figure 4A shown, relatively
higher level of P27 was ubiquitously observed in 8 MM cell lines
with wild-type, negative or mutated expression of P53 (Xiong
et al., 2008) by WB, while P53 expression was comparatively
lower than P27 in 7 of 8 cells no matter mutated or not.

More importantly, Co-IP assay demonstrated that the interaction
between REWD2 and P27 was more pronounced than with P53
(Figure 4B). Under overexpression of RFWD?2, the interaction
between P53 and RFWD2 did not increase and remained at a
low level, supporting that P27 was the major target of RFWD2
in MM. The function of P27 is triggering cell cycle arrest by
repressing cyclin-dependent kinase (CDK) activity (Sharma and
Pledger, 2016; Fang et al., 2017), and P27 level is dominantly
monitored by polyubiquitination, while RFWD?2 acts as an E3
ubiquitin ligase. As proved by WB analysis, the protein level
of P27 was up-regulated by blocking RFWD?2 (Figure 4C up).
After cells were treated with MG132, a reversible proteasome
inhibitor, substantial increment of ubiquitylated P27 was shown
by in vitro ubiquitylation assay. Additionally, the amount of
ubiquitylated P27 in RFWD2 KD cells was well below that
of the WT cells (Figure 4C down), implicating that RFWD2
participated in the ubiquitination modification and degradation
of P27 through the proteasome pathway. On the basis of these
observations, we propose that targeting RFWD2 impedes MM
cellular proliferation via regulating the degradation of P27.

RFWD2 Collaborates With RCHY1 E3
Ubiquitin Ligase to Meditate P27
Ubiquitination in MM

Kip ubiquitination-promoting complex (KPC) complex, RING-
finger and CHY-zinc-finger domain-containing protein 1
(RCHY1, also known as Pirh2) and CRL4DDB2-Artemis E3
ligases are identified as E3 ubiquitin ligases of P27 (Zhao et al.,
2013; Masumoto and Kitagawa, 2016; Dobashi et al., 2017;
Li et al, 2019). To find the detailed factor by which RFWD2
mediated P27 degradation, we examined the correlation between
RFWD?2 and the three E3 ubiquitin ligases. WB analysis showed
only RCHY1 expression was increased in RFWD2 OE cells
(Figure 5A left), and the expression of RCHY1 was reduced
in RFDW2 KD cells (Figure 5A right). Then, the physical
interaction between RFWD2 and RCHY1 was verified by
Co-IP assay. With using FLAG antibody for IP and RCHY]1
antibody for IB, RCHY1 band could be detected and vice versa
(Figure 5B). Strikingly, intervention of RCHY1 by siRNA
resulted in decreased ubiquitination of P27 in RFWD2 OE
cell lines (Figure 5C) that validated RFWD2 mediating P27
expression through interacting with RCHY1 E3 ubiquitin ligase.
In addition, Figure 5D presented that patients in TT2 or APEX
cohorts with a high/high co-expression of RFWD2-RCHY]1
experienced poor survival outcomes relative to patients with
low/low co-expression or medium expression. The findings
indicate a potentially synergistic effect of RFWD2 and RCHY1
on MM patient prognosis.

Reduction of RFWD2 Reverses BTZ

Resistance in MM Xenograft Model

Our previous research has shed light on the vital role of RFWD2
in MM PIs resistance; we further verified whether RFWD2
inhibition could overcome drug resistance in vivo (Gu et al,
2020). To this end, RFWD2 shRNA was transfected to 8226 WT
and 8226 BTZ-resistant (DR) cells. DOX was applied to induce
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FIGURE 4 | RFWD2 mediates P27 degradation to influence MM cell growth. (A) WB results showed the expression of RFWD2, P27 and P53 in 8 MM cell lines with
wild-type, negative or mutated expression of P53. (B) Co-IP assay for the interaction between RFWD2 and P27, as well as P53 in RFWD2 WT/OE ARP1 and H929
cells. (C) Up: Detection of RFWD2 and P27 protein levels in WT/RFWD2-shRNA transfected MM cells; Down: Depletion of RFWD2 expression in MM cells resulting
in reduction of ubiquitylated P27 expression.

shRNA expression. The 8226 WT and 8226 DR cells with genetic
ablation of RFWD2 were injected into NOD-SCID mice with or
without DOX stimulation. Elevated amounts of RFWD?2 protein
were observed in the DR group compared with the untreated
WT group, while REWD?2 expression was downregulated in both
WT and DR groups by shRNA (Figure 6A). RFWD2 KD tumors
in both WT and DR groups harvested at study endpoint were

extremely smaller than the tumors with normal expression of
RFWD?2 (Figure 6B). The similar trend was also exhibited in
tumor weight (Figure 6C left) and volume (Figure 6C right),
suggesting that RFWD2 inhibition could decrease the tolerance
to BTZ in vivo. Combined with the data in vitro, we conclude
that targeting RFWD2 offers a suitable therapeutic approach for
halting MM progression and overcoming drug resistance.
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DISCUSSION

The ubiquitin-proteasome system (UPS) plays a key role in
regulating the levels and activities of a multitude of proteins
as well as modulation of cell cycle, gene expression, cell
survival, cell proliferation and apoptosis in MM (Crawford
et al., 2020). MM cells typically produce a substantial amount
of paraprotein and deeply rely on the UPS to maintain cellular
homeostasis (Franqui-Machin et al, 2018). Ubiquitination
is a process in which ubiquitin molecules bind to the

target protein under the action of E1 ubiquitin activating
enzyme, E2 ubiquitin conjugating enzyme and E3 ubiquitin
ligase to modify the ubiquitination of the target protein
(Mulder et al, 2016). Preclinical studies have highlighted
a rich source of E3 ubiquitin ligases rendering resistance
to PIs in MM cells and developed anti-E3s based cancer
therapeutics for MM treatment (Zhang et al, 2016; Chen
et al, 2018; Barrio et al, 2020; Huang et al, 2020). In the
current study, we introduced an E3 ubiquitin ligase REWD2
located at the long arm of chromosomal position 1q25,
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FIGURE 6 | Reduction of RFWD2 reverses BTZ resistance in MM xenograft model. (A) WB assay was conducted to evaluate RFWD2 protein levels in 8226 WT,
8226 RFWD2 KD, 8226/BTZ and 8226/BTZ RFWD2 KD xenografts. (B) Photographic images of xenograft-bearing mice (left) and tumor growth (right) from each
group were captured. (C) Left: Mean tumor weight in the four experimental groups at day 28 post implantation of the specified MM cells; Right: Time course of
tumor growth in myeloma xenografts received 8226 WT, 8226 RFWD2 KD, 8226/BTZ and 8226/BTZ RFWD2 KD cells in each flank. The data were expressed as

mean + SD, **P < 0.01, NS, no significance.

which is of particular interest in MM (Shaughnessy, 2005;
De Boussac et al., 2020). The data of gene expression profiling
from 3 independent MM cohorts (TT3, HOVONG65 and APEX)
were analyzed, which indicated that high RFWD2-expression
patients were intimately associated with adverse prognosis,
disease relapse and myeloma cell proliferation, as consistent
with our previous results in TT2 and GMMG-HD4 cohort (Gu
et al., 2020). All these provide ample experimental evidence
for RFWD2 acting as an attractively molecular predictor in
advanced myeloma.

Since RFWD2 governs a series of biological activities, we
further develop a deeper knowledge surrounding RFWD2 and

MM using lentivirus knockdown and overexpressing approaches.
MS analysis showed that the impact of RFWD2 on cell cycle,
cell growth and death were involved in MM process. Inducible
downregulation of RFWD?2 elicited an apparent decrease in
growth rates of ARP1 and H929 cells via regulating cell cycle
and apoptosis, which made a complementary to our previous
report on overexpression of RFWD2 (Gu et al, 2020). The
function of RFWD2 differs in diverse tumors largely depending
on degradation of its specific downstream substrates, such as
c-Jun (Migliorini et al., 2011), FOXO1 (Kato et al., 2008), P53
(Dornan et al., 2004b) and ETS transcription factors (Vitari
etal., 2011). Several research have highlighted the significance of
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P53 and P27 for cell cycle and apoptosis involved in RFWD2-
driven carcinogenesis (Choi et al., 2015a; Ka et al., 2018). Guided
by the data of WB and Co-IP assessment on P53 and P27, we
found the higher expression of P27 and the stronger linkage of
RFWD?2 and P27, which suggested that P27 was the major target
of RFWD2 in MM. Next, we unraveled that depletion of RFWD2
impaired ubiquitination and degradation of P27 to induce cell
cycle arrest, thereby blunt MM cell growth.

To query the mechanism underlying RFWD2-induced
tumorigenesis via mediating P27, we further evaluated the
moderator involved in the interaction between RFWD?2 and P27.
Mounting evidence has pointed out that P27 is predominately
regulated by KPC2 at G1 phase, leading to translocation-coupled
cytoplasmic ubiquitination (Kamura et al., 2004; Masumoto and
Kitagawa, 2016). In addition, P27 is found to be degraded through
CRL4DDB2-Artemis E3 ligases (Zhao et al, 2013). Recently,
RCHY1 has been proved to act as a novel E3 ubiquitin ligase for
P27 via directly binding and ubiquitylating P27 from late G1 to S
phase (Shimada et al., 2009; Masumoto and Kitagawa, 2016). Both
RCHY1 and RFWD?2 are RING type E3 ubiquitin ligases. RFWD2
serves as one of the RCHY1-binding partners, and functional
interplay between them can inhibit P53 activity synergistically
in non-small cell lung cancer (Wang et al., 2011). We first
explored these specific E3 ubiquitin ligases in MM and found
that the positive relationship was observed only between RCHY1
and RFWD2. Co-IP assay was employed to further validate
the physical interaction of RCHY1 and RFWD2. In addition,
silencing RCHY1 by siRNA abolished the ubiquitination of P27
in RFWD2 OE cell lines. However, the study performed in
human 293T, HeLa and MDA-MB231 cells demonstrated that
the E3 ubiquitin ligases of P27 like RCHY1 did not participate
in REWD2-mediated P27 degradation (Choi et al., 2015b). The
reason of the two distinctive conclusions may be attributed
to diverse genetic backgrounds, molecular manipulators and
signal pathways presented in different types of cancer. Notably,
we found that the increased co-expression of RFWD2 and
RCHY1 yielded a severe detrimental impact on the prognosis
of MM patients. Collectively, we infer that REWD2 mediates P27
ubiquitination to facilitate MM progression by interacting with
the RCHY1 E3 ubiquitin ligase, which contributes to a potentially
novel mechanism regarding RFWD2-driven carcinogenesis.

It has been well recognized that P27 is one of the major targets
of PIs like BTZ (Iskandarani et al., 2016; Fotouhi et al., 2019),
while RFWD?2 is the key regulator of P27. We have proved that
targeting RFWD2 potentially overcomes BTZ resistance in vitro.
To put forward our findings into in vivo study, we adopted
paired 8226 WT and BTZ-resistant cells with RFWD2 KD in MM
xenograft model. Both 8226 WT or 8226/BTZ RFWD2 KD tumor
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Background: Numerous studies have indicated that the neddylation pathway is closely
associated with tumor development. MLN4924 (Pevonedistat), an inhibitor of the
NEDD8-activating E1 enzyme, is considered a promising chemotherapeutic agent.
Recently, we demonstrated that neddylation of the tumor suppressor PTEN occurs
under high glucose conditions and promotes breast cancer development. It has been
shown, however, that PTEN protein levels are reduced by 30-40% in breast cancer.
Whether this PTEN deficiency affects the anti-tumor function of MLN4924 is unknown.

Methods: In the present study, cell counting kit-8 and colony formation assays were
used to detect cell proliferation, and a transwell system was used to quantify cell
migration. A tumor growth assay was performed in BALB/c nude mice. The subcellular
location of PTEN was detected by fluorescence microscopy. The CpG island of the
UBAS gene was predicted by the Database of CpG Islands and UCSC database.
Western blotting and gRT-PCR were used to measure the expression of indicated
proteins. The Human Protein Atlas database, the Cancer Genome Atlas and Gene
Expression Omnibus datasets were used to validate the expression levels of UBAS
in breast cancer.

Results: Our data show that the anti-tumor efficacy of MLN4924 in breast cancer cells
was markedly reduced with the deletion of PTEN. PISK/Akt signaling pathway activity
correlated positively with UBAS expression. Pathway activity correlated negatively with
NEDP1 expression in PTEN-positive breast cancer patients, but not in PTEN-negative
patients. We also demonstrate that high glucose conditions upregulate UBA3 mRNA by
inhibiting UBA3 promoter methylation, and this upregulation results in the overactivation
of PTEN neddylation in breast cancer cells.
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Conclusion: These data suggest a mechanism by which high glucose activates
neddylation. PTEN is critical, if not indispensable, for MLN4924 suppression of
tumor growth; PTEN status thus may help to identify MLN4924-responsive breast

cancer patients.

Keywords: MLN4924, UBAS3, neddylation, PTEN, breast cancer

INTRODUCTION

Breast cancer has overtaken lung cancer as the world’s most
common cancer. Effective therapy of breast cancer requires
precise treatments that are tailored to genomic status. Therefore,
it is important to identify new diagnostic methods, drug
targets and prognostic tools from the results of studies of
the pathogenesis and molecular mechanisms underlying breast
cancer (Waks and Winer, 2019; Hanker et al., 2020).

Phosphatase and tension homolog on chromosome 10
(PTEN) is one of the most frequently mutated genes in human
cancers and inherited syndromes (Song et al., 2012). Absence
of PTEN results in the activation of the phosphatidyl inositide
3-kinase (PI3K)/Akt oncogenic pathway, which controls cell
growth and survival (Di Cristofano et al, 1998; Stambolic
et al., 1998). Recently, we reported that PTEN is a novel target
for modification with NEDD8. High concentrations of glucose
trigger PTEN neddylation, resulting in PTEN nuclear import. In
breast cancer patients, neddylated PTEN correlates with tumor
stages and with a poor prognosis (Xie et al., 2021). NEDD8
is a ubiquitin-like protein (UBL) that is covalently conjugated
to substrates in a manner similar to the ubiquitin system. The
neddylation system includes an activating enzyme (E1, which
consists of a heterodimer of UBA3 and NAE1/APP-BP1), two
conjugating enzymes (E2s, which are known as UBE2M/Ubc12
and UBE2F), and various E3 ligases (Enchev et al., 2015).
Neddylation is reversible through the deneddylases NEDP1 and
JAB1/CSNS5 (Cope et al., 2002; Mendoza et al., 2003).

An inhibitor of the NEDD8-activating enzyme E1, MLN4924
(Pevonedistat), has shown promise as an anti-cancer agent.
Previous studies indicated that MLN4924 inhibits breast cancer
cell growth and migration (Chen et al, 2018, 2020; Naik
et al., 2020), and it displays potent preclinical activity for
patients with acute myelocytic leukemia, acute lymphocytic
leukemia, glioblastomas, Wilms tumors, rhabdomyosarcomas,
and neuroblastomas (Soucy et al., 2009; Wang et al, 2011;
Nawrocki et al., 2012). Accordingly, MLN4924 has been evaluated
in a series of phase 1, 2, and 3 clinical trials, both alone and in
combination with other chemo- and radiotherapies (Soucy et al,,
2009; Abidi and Xirodimas, 2015). MLN4924 serves as a chemo-
or radiosensitizer in pancreatic (Wei et al., 2012), colorectal (Wan
et al,, 2016), prostate (Wang et al., 2016), and ovarian (Nawrocki
etal., 2013) cancer cells, and it has been found to be more effective
in combination with other chemo- or radiotherapies, including
azacytidine (Swords et al., 2018) and 2-deoxy-D-glucose (2-DG)
(Oladghaffari et al., 2017). Unfortunately, loss or reduction of
PTEN protein is common in numerous tumors, including breast
cancer (Perren et al., 1999; Costa et al., 2020), and PTEN is
thought to be a necessary factor for MLN4924 sensitivity.

Here, we specifically studied the role of PTEN presence
in the biological activities of MLN4924. Our data showed
that MLN4924 suppressed Akt signaling in a PTEN-dependent
manner. Loss of PTEN particularly weakened the anti-tumor
ability of MLN4924 in breast cancer. Furthermore, we found that
high glucose inhibits UBA3 promoter methylation and increases
UBA3 mRNA levels, and these outcomes correlate with the
overactivation of PTEN neddylation in breast cancer cells. The
PI3K/Akt signaling pathway is positively correlated with the
expression of UBA3, but the correlation is not significant in
PTEN-null breast cancer patients. Therefore, our data suggest
that those patients with cancer that harbor complete PTEN-loss
may be resistant to MLN4924. In addition, we suggest that low
levels of UBA3 promoter methylation in breast cancer patients
could suggest promising tumor therapeutic targets.

MATERIALS AND METHODS

Cell Culture and Transfections

MCEF-7, BT-549, MDA-MB-231, SKBR3, and T-47D were
obtained from the American Type Culture Collection (ATCC).
MCEF-7 cells were cultured in DMEM (GIBCO-Invitrogen)
supplemented with 10% fetal bovine serum (FBS). BT-549 and T-
47Dcells were cultured in RPMI-1640 (GIBCO-Invitrogen)
supplemented with 10% FBS. MDA-MB-231 cells were
cultured in Leibovitzs L-15 Medium supplemented with
10% FBS. SKBR3 cells were cultured in Dulbecco’s modified
Eagle’s medium and GlutaMAX-1 (Gibco Life Technologies)
containing 10% FBS. Cells were transfected with various
plasmids using TuboFect (Thermo Fisher Scientific, R0531),
Lipofectamine 3000 (Invitrogen, L3000001) reagent according to
the manufacturer’s protocol.

Antibodies and Regents

Antibodies used in this work: Anti-Akt (CST, #9272, 1:1,000),
anti-pThr308-Akt (CST, #9275, 1:1,000), anti-pSer473-Akt (CST,
# 4060, DIE, 1:1,000), anti-p70 S6K (CST, #9202, 1:1,000), anti-
pThr389-p70 S6K (CST, no. 9209, 1:1,000), anti-pSer235/236-S6
(CST, #4858, 1:1,000), anti-S6 (CST, #2317, 1:1,000), anti-4E-
BP1 (CST, #9452, 1:1,000), anti-pSer65-4E-BP1 (CST, #9451,
1:1,000), anti-PTEN (CST, #9559, 1:1,000), anti-pSer2448-mTOR
(CST, # 5536, 1:500), anti-mTOR (CST, #2972, 1:500), anti-
UBEla (CST, # 4890, 1:1,000) and anti-pAMPK (CST, #2535,
1:1,000) were purchased from Cell Signaling Technology. Anti-
GAPDH (Santa Cruz, sc-293335, 1:1,000), Anti-UBA3 (Santa
Cruz, sc-377212, 1:200), anti-NAE1 (Santa Cruz, sc-390002,
1:200) and anti-NEDP1 (Santa Cruz, sc-271498, 1:100) were from
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Santa Cruz Biotechnologies. Anti-UBE2D3 (Abcam, ab176568,
1:1,000), anti-Cullinl (Abcam, ab75817, 1:1,000) and anti-
SAE1 (Abcam, ab185552, 1:1,000) were purchased from Abcam.
Anti-Nedd8-K402-PTEN antibody was from PTM Biolabs, Inc.
The NAE inhibitor MLN4924 (HY-70062), 2-Deoxy-D-glucose
(a glucose analog and a competitive inhibitor of glucose
metabolism) (2-DG, HY-13966), 5-Azacytidine (Azacitidine; 5-
AzaC; Ladakamycin) (HY-10586) were purchased from MCE.

RNA-Seq and Data Analysis

Total RNA was isolated using Trizol (Sigma, Saint Louis, MO)
and cDNAs were synthesized by reverse transcription kit (Bio-
Rad, Hercules, CA). The cDNA library products were sequenced
on an Illumina HiSeq 2000 (Illumina, San Diego, CA). Results
from reads that could be uniquely mapped to a gene were used
to calculate the expression level. FASTQC was used to check
the quality of reads of all samples'. Raw data preprocessing
was performed as previously described (Liu et al.,, 2019). The
expression of each gene was normalized by the reads per kilobase
per million mapped reads among different samples.

Fluorescence Microscopy

For detection of subcellular localization by immunofluorescence,
after fixation with 4% paraformaldehyde and permeabilization
in 0.2% Triton X-100 (PBS), cells were incubated with the
indicated antibodies for 8 h at 4°C, followed by incubation
with TRITC-conjugated or FITC-conjugated secondary antibody
for 1 h at 37°C. The nuclei were stained with DAPI. The
images were visualized with a Zeiss LSM 510 Meta inverted
confocal microscope.

Real-Time Quantitative PCR Analyses

Total RNA was isolated using Trizol (Sigma, Saint Louis,
MO) and cDNAs were synthesized by reverse transcription
kit (Bio-Rad, Hercules, CA). Quantitative PCR reactions were
performed using SYBR Green master mixture on HT7500 system
(Applied Biosystems).

Generation of Knock-Out Cells

The knock-out cell lines were generated using the Crispr-
Cas9 method. Crispr guide sequences targeting UBA3 was
designed by software at http://crispr.mit.edu and clonedinto
Lenti-Crispr pXPR_001. The sgUBA3 sequences was: 5'-
CACCGTGAAGGGTCCAGATCGCTCG-3". The MCF-7 cells
were co-transfected with the Lenti-Crispr vector and packaging
plasmids pVSVg and psPAX2. Puromycin-resistant single
cells were plated in a 96-well dish to screen for positive
monoclonal cells.

Prediction of CpG Island and

Methylation-Specific PCR
The CpG island of UBA3 gene was predicted by Database of
CpG Islands® and UCSC database®. Genomic DNA was extracted

Uhttp://www.bioinformatics.babraham.ac.uk/projects/fastqc
*http://dbcat.cgm.ntu.edu.tw/
3http://genome.ucsc.edu/index.html

for methylation analysis from cells in culture by using Genomic
DNA Miniprep Kit (sigma). One microgram of genomic DNA
was modified with sodium bisulfite using the DNA Bisulfite
Conversion Kit (TTANGEN) according to the specifications of
the manufacturer. Methylation-specific PCR (MSP) was run in
a total volume of 20 pl. MSP reactions were subjected to initial
incubation at 95°C for 5 min, followed by 35 cycles of 94°C
for 20 s, and annealing at the 60°C for 30 s and 72°C for 20 s.
Final extension was done by incubation at 72°C for 5 min. MSP
products were separated on 2% agarose gels and visualized after
ethidium bromide staining. The following primers were used:

Unmethylated Forward 5-TTAAAGTTTATGGGAGTTT
AGTTGT-3'

Unmethylated Reverse 5'-CAAAATATATAAAAAATCCA
AATCACTCA-3

Methylated Forward 5-TTAAAGTTTATGGGAGTTTA
GTCGT-3'

Methylated Reverse 5'-ATATATAAAAAATCCAAATCGC
TCG-3'

The Human Protein Atlas Database
The Human Protein Atlas database* was used to validate the
protein expression level of UBA3 in breast cancer.

The Cancer Genome Atlas (TCGA) Data

The mRNA data (RNA Seq v2), DNA methylation and
clinical information for patients in TCGA-BRCA dataset were
downloaded from https://www.synapse.org and cBioPortal
database’, respectively and used for differential mRNA
expression, correlation and gene set enrichment analysis.

GEO Datasets Collection and Differential

Expression Analysis

Microarray data were obtained from three datasets. The three
series were accessed at the National Centers for Biotechnology
Information (NCBI), Gene Expression Omnibus (GEO)
database® which served as a public repository for gene expression
datasets, and the accession numbers were GSE66695 and
GSE14088. Differentially expressed genes were obtained using
GEO2R’. GEO2R is an interactive web tool that compares two
groups of samples under the same experimental conditions and
can analyze almost any GEO series.

RNA Interference

Sequence information of the shRNAs are as follows:

SshPTEN: 5'-TGCAGATAATGACAAGGAA-3';
shNC: 5-TTCTCCGAACGTGTCACGT-3'.

Colony Formation Assay
Cells were seeded into 6-well plates with 600 cells per well. After
12 days, cells were fixed with 4% paraformaldehyde for 15min

*https://www.proteinatlas.org/
>www.cbioportal.org
Chttp://www.ncbi.nlm.nih.gov/geo/
“http://www.ncbi.nlm.nih.gov/geo/geo2r/
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and stained with 0.5% crystal violet solution. The experiment was
conducted in three independent triplicates.

Cell Migration Assay

The assay was performed in an invasion chamber consisting of a
24-well tissue culture plate with 12 cell culture inserts (Becton—
Dickinson). Briefly, cells (2 x 10* per well) were seeded in the
upper chambers in serum free cell culture medium (in triplicate),
and medium containing 10% FBS was added to the bottom
wells. Cells were allowed to migrate for 24-48 h in a humidified
chamber at 37°C with 5% CO,. Then filter was removed and
fixed with 4% formaldehyde for 20 min. Cells located in the
lower filter were stained with 0.1% crystal violet for 15 min
and photographed.

Cell Proliferation Assay

Cell proliferation was assayed using the Cell Counting Kit-8
(CCK8) assay (Promega) according to the manufacturer’s
protocol. The transfected cells were planted in 96-well
plates (2,000 cells/well). Cell proliferation was detected
every 24 h according to the manufacturer’s protocol. Briefly,
100 pl of 10% CCKS8 solution was added to each well and
incubated for 1 h at 37°C. The solution was then measured
spectrophotometrically at 450 nm.

Tumor Growth Assay

The experimental procedures in mice have been approved
by the Animal Care and Use Committee of Academy of
Military and Medical Sciences. BALB/c nude mice (6-weeks old,
18.0 £ 2.0 g) were obtained from Shanghai Laboratory Animal
Center (SLAC, China). Cells (5 x 10° per mouse) were inoculated
subcutaneously into the right flank of the mice. Tumor size was
measured every 2 days and converted to TV according to the
following formula: TV (mm?®) = (a x b2)/2, where a and b are
the largest and smallest diameters, respectively. All animals were
killed 4 weeks after injection, and the transplanted tumors were
removed, weighed and fixed for further study.

KEGG Pathway Enrichment Analysis

The online analysis tool DAVID (the Database for Annotation,
Visualization and Integrated Discovery, Version 6.7) was used
to determine the Kyoto Encyclopedia of Genes and Genomes
(KEGG) (P < 0.05), in which we focused on the KEGG feature.

Gene Set Enrichment Analysis

The association between phenotypes, pathways and
UBA3/NEDP1 expression was analyzed using Gene Set
Enrichment Analysis (GSEA v2.2)°. GSEA calculates a gene
set Enrichment Score (ES) that estimates whether genes from
pre-defined gene set [obtained from the Molecular Signatures
Database (MSigDB)]° are enriched among the highest- (or
lowest-) ranked genes or distributed randomly. Default settings
were used. Thresholds for significance were determined by
permutation analysis (1,000 permutations). False Discovery Rate

Shttp://www.broad.mit.edu/gsea/
“http://software.broadinstitute.org

(FDR) was calculated. A gene set is considered significantly
enriched when the FDR score is < 0.05.

Statistical Analysis

Data were analyzed with GraphPad Prism 5 and SPSS 19.0
software. The statistical significance of differences between
various groups was calculated with the Mann-Whitney or two-
tailed, Student’s ¢-test and error bars represent standard deviation
of the mean (SD). Data are shown as mean =+ SD and P < 0.05
were considered to be statistically significant.

RESULTS

MLN4924 Suppresses the Akt Signaling

Pathway

On the basis of high-throughput RNA-Seq, 1908 genes whose
expression was changed in MCF-7 cells treated with MLN4924
were identified (Figure 1A and Supplementary Table 1).
Notably, upon MLN4924 treatment, Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis indicated that the
PI3K/Akt signaling pathway was one of the most significantly
impacted pathways (Figure 1B). Furthermore, a heatmap analysis
revealed that genes downstream of PI3K/Akt signaling, such
as the cell cycle control protein cyclin D1 (Cendl), were
robustly decreased upon MLN4924 treatment, while FOXO1,
FOXO02, p21, Bax, Bim, p275iPl, p15INK4 were increased
(Figure 1C). Notably, a previous expression analysis showed
that the PI3K/Akt pathway target gene Ccndl was decreased
in NIH3T3 cells after knockdown of Ubcl12, which encodes for
a NEDD8-conjugating enzyme. Bim, a Bcl-2 family member,
and p275iP1, one of the cyclin-CDK inhibitors, were both
upregulated when Ubc12 was depleted (Figure 1D). These data
indicate that MLN4924 inhibits the activity of the PI3K/Akt
signaling pathway.

Next, we examined the potential correlation between PTEN
expression levels and the effect of neddylation on the PI3K/Akt
signaling pathway in breast cancer patients. Among breast
cancer patients harboring high PTEN expression, the PI3K/Akt
signaling pathway activation gene-set was markedly enriched in
the genes encoding for the NEDD8-activating enzyme UBA3,
whose expression was increased, and the deneddylase NEDP1,
whose expression was decreased (Figures 1E,F). In contrast,
among patients with low PTEN expression, there was no
correlation between the PI3K/Akt signaling pathway activation
gene set and UBA3 (Figure 1G) or NEDP1 (Figure 1H).

PTEN Is Indispensable for MLN4924
Suppressing PI3K/Akt Signaling Pathway

Consistent with our previous study (Xie et al, 2021), in
MCEF-7 cells, we observed a dose-dependent reduction in
phosphorylation of Akt, S6K, 4EBP1, and mTOR within 12 h
of exposure to MLN4924, while total<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>