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Abstract
The transcription factor nuclear factor (erythroid-derived 2)-like 2 (NRF2) is one of the master regulators that control
hundreds of genes containing antioxidant response elements (AREs). The NRF2-ARE pathway plays a complex role in
colorectal cancer (CRC). NRF2 activity is known to be regulated by KEAP1-CUL3 E3 ligase-mediated ubiquitination,
indicating the importance of deubiquitination regulation. However, the deubiquitinase (DUB) of NRF2 remains unknown.
Here, by screening a DUB library, we identified DUB3 as a DUB that remarkably stabilized NRF2. Further experiments
demonstrated that DUB3 promoted NRF2 stability and transcriptional activity by decreasing the K48-linked ubiquitination
of NRF2. Coimmunoprecipitation studies revealed interactions between NRF2 and DUB3, as well as between KEAP1 and
DUB3, indicating that NRF2, DUB3, and KEAP1 formed a large functional complex. Importantly, ectopic expression of
DUB3 caused NRF2-dependent chemotherapy resistance in colon cancer cell lines. Thus, to the best of our knowledge, our
findings are the first to identify DUB3 as a NRF2 DUB and may provide a new strategy against chemotherapy resistance in
CRC and other NRF2-related diseases.

Introduction

Colorectal cancer (CRC) is the third most commonly
diagnosed cancer among both men and women worldwide,
causing more than half a million deaths per year [1, 2].
Many researchers have attempted to unravel the complex
role of NRF2 in CRC. Some researchers have proven that
the induced expression of NRF2 confers protective effects
on CRC by decreasing genotoxic damage [3], reducing cell
proliferation and increasing apoptosis [4, 5]. In other cases,
constitutive activation of NRF2 promotes a series of events
that lead to an increased risk of CRC, such as colonic
inflammation [6], uncontrolled cell proliferation [7], and
angiogenesis [8]. 5-Fluorouracil (5-FU) [9] and camp-
tothecin (CPT) [10] are the most common chemotherapeutic
agents used for the treatment of CRC. Unfortunately, mul-
tidrug resistance remains one of the main obstacles to effi-
cient chemotherapy of CRC [11]. Several studies have
revealed the relation between NRF2 overexpression and
increased resistance to 5-FU in CRC [12, 13]. Resistance to
paclitaxel in mammary cancer was also found to be related
to NRF2 overexpression [14]. In this study, we focused on
the molecular mechanism of resistance to camptothecin and
paclitaxel in CRC cells. Paclitaxel is not routinely used to
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treat CRC now, but several clinical trials are ongoing.
(https://clinicaltrials.gov/ct2/show/NCT02103062)

NRF2 is a basic region-leucine zipper (bZIP) transcrip-
tion factor that functions as a master regulator of cellular
homeostasis. NRF2 regulates a battery of downstream genes
by recognizing enhancer sequences called antioxidant
response elements (AREs) in their promoters [15]. These
ARE-genes encode a network of cooperating enzymes that
participate in various pathophysiological processes, such as
heme oxygenase (HO-1) and glutamate cysteine ligase
(GCL) in redox balance [16], macrophage receptor with
collagenous structure (MARCO) in inflammation [17],
carboxylesterase 1G (CES1G) in lipid metabolism [18], and
multidrug resistance-associated proteins (MRPs) in che-
motherapeutic drug transport [19]. Given the extensive
cellular functions of ARE-genes, NRF2 participates in the
genesis and progression of many chronic diseases, including
inflammation, autoimmune diseases, chronic respiratory
diseases, digestive dysfunction, cardiovascular diseases,
metabolic diseases, and neurodegenerative diseases [20].
However, debate continues regarding whether the activation
or, alternatively, the inhibition of NRF2 is a useful strategy
for preventing or treating chronic diseases and cancer [21].
Therefore, it is imperative to investigate the basic molecular
mechanisms of the regulatory network of NRF2 so that we
can target these regulators to help prevent and treat asso-
ciated diseases, including cancer.

Under homeostatic or unstressed conditions, the NRF2
protein level and transcriptional activity are relatively low.
Three E3 ubiquitin ligase complexes control the ubiquiti-
nation and proteasomal degradation of NRF2: KEAP1-
CUL3-RBX1, β-TrCP-SKP1-CUL1-RBX1, and HRD1
[22]. The prominent regulatory mechanism, KEAP1 binds
to CUL3 via the N-terminal BTB domain and binds to
NRF2 through the C-terminal Kelch domain; thus, KEAP1
is a homodimeric substrate adaptor protein that bridges
NRF2 to CUL3 [23–25]. The majority of known physio-
logical or pharmacological NRF2 inducers inhibit KEAP1
in two different ways [26]. One is the loss of KEAP1
protein secondary structure, making KEAP1 unable to bind
to NRF2. The other is prevention of the interaction between
KEAP1 and CUL3/RBX1, precluding NRF2 degradation
[27, 28]. KEAP1 has been reported to undergo Lys-63
polyubiquitination and to be degraded independent of the
26S proteasome [29]. A deubiquitinase, USP15, has been
found to deubiquitinate KEAP1 and indirectly aggravate
NRF2 Lys-48-linked polyubiquitination, thus decreasing
NRF2 protein level [14]. Although the E3 ubiquitin
ligase has been very well studied [30–32], the DUBs of
NRF2 remain largely unknown. Consequently, identifying
the DUB(s) of NRF2 will make it easier and more
effective to explore the regulatory network of NRF2-ARE
signaling.

DUB3, a member of the ubiquitin-specific processing
proteases (UBP or USP) family, has been identified as a novel
human deubiquitinating enzyme induced in response to
cytokine stimulation [33]. DUB3 belongs to the highly con-
served human DUB/USP17 family [34], which resembles
four murine homologs named DUB-1, DUB-1A, DUB-2, and
DUB-2A [35–38]. DUB/USP17 family members are encoded
by a human mega satellite tandem repetitive sequence
(RS447) in a unique expression pattern in which the com-
plementary strand is transcribed as an antisense transcript
[39]. Cys89 in DUB3 functions as the deubiquitinating cata-
lytic active site, and its mutation to Ser (DUB3C89S) blocks the
deubiquitinating catalytic activity [40, 41]. Recently, accu-
mulating evidence has highlighted the important function of
DUB3 in multiple cellular processes and diseases. DUB3
controls the DNA damage response by deubiquitinating
H2AX [42] and DEC1 [43]. DUB3 inhibits virus-induced
type I IFN signaling by deubiquitinating RIG-I and MDA5
[44]. Moreover, DUB3 stabilizes the ITCH, LATS, and
AMOT proteins to regulate Hippo signaling [45]. Genomic
analysis and tumor biopsies suggest that DUB3 is upregulated
in several cancers, including human breast cancer [46, 47],
lung cancer [48], epithelial ovarian cancer [49], and osteo-
sarcoma [50]. The high protein level of DUB3 in tumors
regulates cell proliferation, metastasis, and epithelial–
mesenchymal transition, indicating that DUB3 is a potential
therapeutic target for treating cancer.

In this study, we identify DUB3 as the first DUB that
directly targets NRF2. DUB3 decreases the NRF2 K48-
ubiquitination level and promotes NRF2 stability by forming
a complex with NRF2 and KEAP1. More importantly, we
reveal the molecular mechanism via which DUB3 promotes
chemotherapy resistance by promoting NRF2 stability in
colon cancer. Our study provides novel insights into the
protein homeostasis of NRF2 in tumorigenesis.

Materials and methods

Antibodies and reagents

Mouse monoclonal antibodies against GAPDH (cat#
CW0266A, Beijing Cowin Biotech), Flag (cat# M185-3L,
MBL), Myc (cat# M192-3, MBL), HA (cat# M180-3,
MBL), and ubiquitin (cat# 646302, Biolegend); a rabbit
monoclonal antibody against NRF2 (D1Z9C) (cat# 12721,
Cell Signaling Technology); rabbit polyclonal antibodies
against USP17L (S-14) (cat# sc-103318, Santa Cruz Bio-
technology), KEAP1 (cat# A1820, ABclonal), HMOX1
(cat# A1346, ABclonal); the proteasome inhibitor MG132
(cat# S2619, Selleckchem); the protein translation inhibitor
cycloheximide (CHX, cat# C7698, Sigma); paclitaxel (cat#
S1150, Selleckchem); camptothecin (CPT, cat# HY-16560,
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MedChem Express), and luciferase reporters (Madison)
were purchased from the indicated manufacturers.

Tissue samples

CRC specimens and adjacent tissues were obtained from
Tongji Medical College of Huazhong University of Science
and Technology (Wuhan, China). All the samples had a
clear histologic diagnosis of CRC assessed by experienced
pathologists. All samples were obtained from patients who
had not received chemotherapy or radiotherapy prior to the
operation. The protocols for human studies were in accor-
dance with the Institute Research Medical Ethics Commit-
tee of Huazhong University of Science and Technology,
and each patient signed individual consent forms.

Cell culture

Human CRC cell lines including HCT116, SW48, SW480,
RKO, DLD1, LOVO, HT29, the human normal colon cell
line FHC, the human embryonic kidney 293T cell line
(HEK293T), and the human osteosarcoma cell line U2OS
were purchased from China Center for Type Culture Col-
lection (CCTCC). HEK293T and U2OS cells were grown in
Dulbecco’s modified Eagle’s medium (HyClone, Logan,
Utah, USA) supplemented with 10% fetal bovine serum
(Gibco, Carlsbad, CA, USA) and 1% penicillin-
streptomycin (HyClone, Logan, Utah, USA) at 37 °C in
5% CO2. FHC and the CRC cell lines were grown in
McCoy’s 5A medium (AppliChem, Darmstadt, Germany)
supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin at 37 °C in 5% CO2.

Plasmids and shRNAs

Plasmids expressing NRF2-Myc and NRF2-HA were gener-
ated using PCR and cloned into pCDNA5/FRT/TO-Myc and
pCDNA5/FRT/TO-HA, respectively. DUB3-Flag and
DUB3C89S-Flag were generated using PCR and cloned into
pCDNA5/FRT/TO-Flag. KEAP1-HA and luciferase-HA (luc-
HA) were generated by PCR and cloned into pCDNA5/FRT/
TO-HA. NRF2-Flag and DUB3-Flag were generated by PCR
and cloned into pHAGE-CMV-MCS-PGK-puro. pRL-TK
and pGL3-NRF2-luc were purchased from Addgene (Cam-
bridge, MA, USA). Ubiquitin48-HA was kindly provided by
Bo Zhong (Wuhan University, Wuhan, China). Double-
stranded oligonucleotides corresponding to the target
sequences were cloned into pLKO.1 (Addgene, #8453). The
shRNA hairpin sequences were as follows: shNRF2-1, 5′-
AGAGCAAGATTTAGATCATTT-3′; shNRF2-2, 5′-GCTC
CTACTGTGATGTGAAAT-3′; shDUB3-1, 5′-CAAGAAG
GCCAGTGGTATAAA-3’; shDUB3-2, 5′-GCCTGAGTTC
AACGTCAGAAA-3′.

Transient transfections and lentivirus-mediated
stable transfections

Transient transfections were performed with poly-
ethylenimine (PEI; Polysciences) according to the manu-
facturer’s instructions. For lentivirus production,
HEK293T cells were transfected with pHAGE or pLKO.1
and the packing vectors pMD2.G (Addgene, #12259) and
psPAX2 (Addgene, #12260). Virus-containing medium was
collected 60 h after transfection and filtered with a 0.45-μm
filter (Nalenge, Rochester, NY, USA). Viral supernatant
mixed with 8 μg/mL polybrene was used to infect the target
cells for 6 h and was then replaced with fresh medium. The
stable cell lines were selected with treatment of 2 μg/mL
puromycin 48 h after transfection. We produced the lenti-
viruses containing pHAGE-control, pHAGE-NRF2, and
pHAGE-DUB3 to establish stable cell lines. The control-
shRNA (shNC), NRF2-shRNA, and DUB3-shRNAs lenti-
viruses were purchased to establish knockdown cell
lines. The efficiency in different cells was determined by
western blot.

CRISPR/Cas9 knockout (KO) cell line

The NRF2 knockout HCT116 cell line used a CRISPR/
Cas9 system according to the standard protocol provided by
Zhang’s lab [51]. Briefly, single-guide RNA (sgRNA) was
designed using the online CRISPR Design Tool (http://tools.
genome-engineering.org) and cloned into the plasmid lenti-
CRISPRv2 (Addgene, #52961). The sgRNA sequence of
NRF2 was 5′-TAGTTGTAACTGAGCGAAAA-3′. Lentivirus
was produced with the packing vectors pMD2.G and psPAX2
in HEK293T cells. NRF2 knockout HCT116 cell lines were
selected by puromycin 2 days after lentivirus infection. A total
of 1 × 105 selected cells were split into six 96-well plates to
obtain as many single clones as possible. Positive single clones
were identified by western blot and PCR. Two different NRF2-
knockout cell lines were used in subsequent experiments.

Reporter assays

Using a dual-luciferase assay kit (Promega), reporter assays
were performed 24 h after cells were transfected with pGL3-
NRF2-luc (containing the repetitive ARE sequence), pRL-
TK and the indicated levels of the expression constructs.

Western blot

Cells were washed by ice-cold PBS 36-48 h after trans-
fection, lysed in RIPA buffer (1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 10 μg/mL aprotinin, 10 μg/mL
leupeptin, and 1 mM phenylmethylsulfonyl fluoride) in an
ice bath for 30 min, and then centrifuged at 13,000 × g for
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30 min at 4 °C. The protein concentration was determined
using a BCA protein assay kit (Thermo). Equal amounts
of protein (30 μg) were separated by 10% SDS-PAGE and
transferred to polyvinylidene difluoride membranes
(PVDF, Millipore, cat# IPVH00010, Merck KgaA,
Darmstadt, Germany). The membranes were blocked with
5% nonfat dry milk in TBST for 30 min at room tem-
perature, probed with specific primary antibodies over-
night at 4 °C, and incubated with an HRP-conjugated
secondary antibody for 2 h at room temperature. Finally,
the bands were visualized by a SuperSignal chemilumi-
nescence kit (Merck Millipore).

Coimmunoprecipitation

Cells were lysed in NP-40 lysis buffer (30 mM Tris-HCl
(pH 7.4), 150 mM NaCl, 1% NP-40, 10 μg/mL aprotinin,
10 μg/mL leupeptin, and 1 mM phenylmethylsulfonyl
fluoride). Cell lysates were incubated with the indicated
antibody and protein G-Agarose beads (Roche) at 4 °C for
2 h or overnight. Then, the beads were washed three
times with 1 mL wash buffer containing 300 mM NaCl
at 4 °C. The precipitates were analyzed by standard wes-
tern blot.

RNA isolation and quantitative real-time PCR (qPCR)

Total RNA was isolated using TRIzol reagent (TaKaRa
Biotechnology, Dalian, China), and the cDNA was
reverse-transcribed using the First Strand cDNA Synthesis
Kit (Roche Diagnostics, Mannheim, Germany). Quanti-
tative PCR was performed on an ABI PRISM 7500 system
(Applied Biosystems, Forster City, Calif) by using the
FastStar Universal SYBR Green Master protocol
(ROCHE, 04913850001). Target mRNA levels were
normalized to GAPDH mRNA. The following primers
were used for qPCR: NRF2, 5′-TCAGCGACGGAAAGA
GTATG-3′ (forward) and 5′-GGGCAACCTGGGAGTA
GTT-3′ (reverse); DUB3, 5′-CCCTGCTAAACCTCTCT
TCG-3′ (forward) and 5′-AGAGCCCTCTTGCTGTGT
TT-3′ (reverse); HO-1, 5′-CAGTCAGGCAGAGGGTGA
TA-3′ (forward) and 5′-GGCAGAATCTTGCACTTTG
TT-3′ (reverse); MRP2, 5′-TGCTGAAATTGCTGATCT
CC-3′ (forward) and 5′-GCTTGAAGCACAGTTGGAA
A-3′ (reverse); and GAPDH, 5′-GAGTCAACGGATTTG
GTCGT-3′ (forward) and 5′-GACAAGCTTCCCGTTCT
CAG-3′ (reverse).

Protein half-life analysis

Cells were treated with CHX (50 μM) at the indicated time
points 48 h after transfection. Cell lysates were analyzed
using standard western blot.

Denaturing immunoprecipitation and ubiquitination
analysis

Denaturing immunoprecipitation and ubiquitination analy-
sis were performed as previously described [52].

Cell viability assay

The cell viability assay was performed as previously
described [53]. Cell Counting Kit-8 (CCK-8) assays were
performed to assess cellular proliferation. Cells (1 × 105)
were seeded in a 96-well plate and treated with or without
chemotherapy drugs for 48 h on the following day. Then,
the medium was replaced with 100 μL fresh medium con-
taining 10% CCK-8 reagent. One hour later, the absorbance
was measured at 450 nm using a microplate reader
(ELx800; BioTek, Winooski, VT, USA).

Colony formation assay

The colony formation assay was performed as previously
described [53]. Cells (1 × 103) were seeded in a six-well
plate and treated with or without paclitaxel for 48 h on the
following day, after which the medium was replaced with
fresh medium. Clones were stained with crystal violet and
photographed 10 days later.

Statistical analyses

Statistical analyses were performed using SPSS software,
and the data are expressed as the mean ± SD. Statistical
differences among more than two groups were compared
using a one-way analysis of variance, followed by Bon-
ferroni’s post hoc test (assuming equal variances) or Tam-
hane’s T2 post hoc test. Student's t test was performed to
compare the differences between two groups. P < 0.05 was
considered significant.

Results

Identification of DUB3 as a potential DUB of NRF2

It has been well documented that NRF2 is a master reg-
ulator of the cellular antioxidant response related to both
tumor-promoting and tumor-suppressive effects in the
hallmarks of cancer [22]. The NRF2 level is tightly regu-
lated by the ubiquitin-proteasome system [54]. Although the
E3 ligases of NRF2 have been well studied, the DUB is still
unknown. To identify the functional DUB(s) targeting
NRF2, we coexpressed Myc-tagged NRF2 with 66 Flag-
tagged DUBs, respectively, in HEK293T cells and deter-
mined whether any of these DUBs effectively blocked
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NRF2 degradation. Luc-HA was cotransfected in these cells
to confirm transfection efficiency. The NRF2-Myc protein
level was normalized to luc-HA. The screening results
showed that DUB3 was the most potent candidate that
increased the NRF2 protein level (Supplementary Infor-
mation, Fig. S1). Western blot (Fig. 1a) and luciferase assay
(Fig. 1b) were conducted to verify the effects of the top 10
DUBs on NRF2. The results suggested that DUB3 stood out
as the top candidate for a possible NRF2 deubiquittinase.

NRF2 is upregulated in colon cancer samples and
correlated with DUB3

To determine the clinical significances of NRF2 in patients
with CRC, we performed data mining and analyzed NRF2
expression from the publicly available Oncomine database
[55]. NRF2 gene expression had a significant P-value (P <
0.001) in three databases and ranked in the top 10% among
all differentially expressed genes. In the three databases,
NRF2 was upregulated in CRC tumor tissues compared
with normal tissues (Fig. 1c). To further confirm this con-
clusion, 24 matched pairs of human CRC and adjacent non-
tumor tissues were selected for western blot. The results
showed a strong correlation between NRF2 and DUB3 in
human CRC tissues (Fig. 1d). Additionally, we determined
the protein levels of NRF2 and DUB3 in the human
embryonic kidney cell line HEK293T, the normal human
colon cell line FHC and seven colorectal cell lines
(HCT116, SW48, SW480, RKO, DLD1, LOVO, and
HT29). The results further confirmed that both NRF2 and
DUB3 were overexpressed in CRC cell lines and HCT116
and RKO had relative higher expression levels (Fig. 1e).
Therefore, the further molecular mechanism experiments
were conducted in HCT116 and RKO cells.

DUB3 stabilizes the NRF2 protein

To further evaluate whether DUB3 regulates the endogen-
ous NRF2 pathway, immunoblot analysis was performed to
determine the protein expression of NRF2, its downstream
gene HO-1 and its E3 adaptor KEAP1. HCT116 cells were
transfected with an empty vector or the pcDNA5-DUB3-
Flag expression plasmid in the indicated amounts. The
results showed that overexpression of DUB3 upregulated
the protein levels of NRF2 and its downstream gene, HO-1,
in HCT116 cells in a concentration-dependent manner
(Fig. 2a). However, KEAP1 was free of the effect (Fig. 2a).
To examine the regulation of NRF2 in a more physiological
context, we knocked down DUB3 using two different
effective shRNAs in HCT116 cells. As expected, use of the
DUB3-shRNAs (shD-1 and shD-2) resulted in a significant
decrease in the protein expression of NRF2 and HO-1 and
no effect on KEAP1 (Fig. 2b). Wild-type DUB3 and a

catalytic mutant with Cys89 mutated to Ser (DUB3C89S)
were used to confirm that the effect was dependent on the
catalytic activity of DUB3. In HCT116 cells, over-
expression of the wild-type DUB3, but not DUB3C89S,
substantially increased the NRF2 protein level (Fig. 2c),
indicating that NRF2 was regulated by DUB3 in a deubi-
quitinating enzyme activity-dependent manner. To further
verify that the observed changes in NRF2 protein level in
response to DUB3 overexpression or interference did not
result in a change in NRF2 transcription, the NRF2 mRNA
level was measured by real-time PCR. As expected, the
NRF2 mRNA level remained unchanged in the presence or
absence of DUB3 (Fig. 2d). We then examined endogenous
NRF2 protein level in the presence of CHX, an inhibitor of
protein translation. Remarkably, overexpression of DUB3
but not DUB3C89S led to a noticeable increase in the sta-
bility of NRF2 (Fig. 2e). In contrast, DUB3 deficiency
shortened the half-life of NRF2 (Fig. 2e). Taken together,
these data suggest that DUB3 stabilizes NRF2 at the post-
translational level.

DUB3 promotes the transcriptional activity of NRF2

NRF2, acting as a master transcriptional factor, is stabilized
by DUB3. Thus, it is critical to investigate the effect of
DUB3 on NRF2 transcriptional activity. To this end, we
conducted an ARE-dependent firefly luciferase reporter
gene assay. Wild-type DUB3 but not DUB3C89S sig-
nificantly promoted the transcriptional activity of NRF2 in a
dose-dependent manner (Fig. 3a). Under basal conditions,
the NRF2 protein level remained relatively low due to
proteasomal degradation, so we further confirmed the result
with DUB3-shRNAs under tert-butylhydroquinone (tBHQ)-
induced condition. As expected, DUB3-shRNAs dramati-
cally inhibited the NRF2 transcriptional activity compared
with that in the control (Fig. 3b). Moreover, when
HEK293T cells were cotransfected with DUB3 and NRF2,
the expression of DUB3 and NRF2 synergistically stimu-
lated the ARE reporter (Fig. 3c), indicating that over-
expressed NRF2 was continually degraded so that NRF2
expression could not reach saturating level. However, the
ability of DUB3 to activate the ARE reporter was almost
abolished under NRF2-deficient condition (Fig. 3d). In
addition, the mRNA levels of NRF2 downstream genes
HO-1 and MRP2 changed along with the amount of DUB3
expression (Fig. 3e, f). Our results demonstrate that DUB3
promotes NRF2 transcriptional activity.

DUB3 is in a complex with NRF2 and KEAP1

To better understand how DUB3 regulates NRF2 and its
transcriptional activity, we examined whether DUB3 inter-
acted with NRF2. First, by immunofluorescence staining,
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we found that DUB3-Flag partially colocalized with NRF2-
HA in U2OS cells (Fig. 4a). Next, we transfected
HEK293T cells with DUB3-Flag and NRF2-HA and per-
formed coimmunoprecipitation analysis. Immunoblotting of
the HA immunoprecipitate from the cotransfected cells
using an anti-Flag antibody showed that DUB3-Flag

associated with NRF2-HA (Fig. 4b upper). A similar result
was obtained using the Flag immunoprecipitate and anti-
HA probing (Fig. 4b lower). As KEAP1 is known to
interact with NRF2 and to mediate NRF2 ubiquitination by
CUL3, we tried to investigate the relationship between
DUB3 and KEAP1. In the coimmunoprecipitation

Fig. 1 DUB3 is a potential DUB of NRF2 and correlated expressed
with NRF2 in colon cancer. a DUB3 has the strongest effect on NRF2
protein level among the top 10 DUBs. HEK293T cells were cotrans-
fected with NRF2-Myc and individual top 10 DUBs-Flag over-
expresiong vectors. Forty-eight hours after transfection, the cell lysates
were analyzed by western blot with the indicated antibodies. NRF2-
Myc protein expression was normalized to GAPDH. b DUB3 has the
strongest effect on NRF2 transcriptional activity among the top 10
DUBs. HEK293T cells were cotransfected with ARE reporter firefly
luciferase (100 ng), pRL-TK (10 ng) and the indicated amounts of

DUBs. Reporter assays were performed 24 h after transfection, and the
results are presented as the NRF2/TK luciferase activity. c Oncomine
data mining analysis of NRF2 mRNA levels in three different datasets
comparing normal tissues vs. CRC tissues. d The protein expression of
NRF2 and DUB3 in 24 representative pairs of primary CRC (T) and
adjacent non-tumor tissues (N). e The protein expression of NRF2 and
DUB3 in the human embryonic kidney cell line HEK293T, the normal
human colon cell line FHC and seven colorectal cell lines (HCT116,
SW48, SW480, RKO, DLD1, LOVO, and HT29)
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experiment, DUB3-Flag also interacted with KEAP1-HA
(Fig. 4c). To further confirm the physiological interaction,
we performed endogenous coimmunoprecipitation anti-

NRF2 and anti-DUB3, and found that endogenous DUB3
interacted with NRF2 (Fig. 4d). Furthermore, endogenous
KEAP1 was also detected in the endogenous NRF2 and

Fig. 2 DUB3 stabilizes NRF2 protein. a Overexpression of DUB3
increases the endogenous NRF2 protein level in a dose-dependent
manner. HCT116 cells were transfected with the indicated amounts of
DUB3-Flag plasmids. Forty-eight hours after transfection, the cell
lysates were analyzed by western blot with the indicated antibodies.
The endogenous NRF2 protein expression was normalized to GAPDH.
b DUB3 deficiency decreases the endogenous expression of NRF2.
HCT116 cells were transfected with the indicated shRNAs. Forty-eight
hours after transfection, the cell lysates were analyzed by western blot
with the indicated antibodies. c The DUB3 catalytic mutant
(DUB3C89S) lacks the ability to increase NRF2 protein levels. HCT116
cells were transfected with the indicated plasmids. Forty-eight hours
after transfection, the cell lysates were analyzed by western blot with

the indicated antibodies. d DUB3 has no effect on the NRF2 mRNA
level. HCT116 cells were transfected with DUB3 expression or
shRNA vectors. mRNA was isolated, and qPCR was performed 48 h
after transfection. The NRF2 mRNA level was normalized to GAPDH,
and the controls were set equal to 1. Data were analyzed employing
one-way ANOVA and presented as the mean ± SD (N= 3/group). e
The NRF2 half-life is affected by DUB3. Left: HCT116 cells were
transfected with the indicated plasmids and treated with 50 µg/mL
CHX for the indicated times at 12 h posttransfection. Cells were har-
vested for immunoblotting with the indicated antibodies. Right:
quantification of the NRF2 protein level normalized to GAPDH. Data
were analyzed employing one-way ANOVA and presented as the
mean ± SD (N= 3/group)
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DUB3 IPs (Fig. 4d). These results suggest that DUB3 is in a
complex with NRF2 and KEAP1 (Fig. 4e).

DUB3 stabilizes NRF2 via decreasing K48-linked
polyubiquitination of NRF2

To explore the molecular mechanism of NRF2 stabilization
by DUB3, pc5-KEAP1-HA was cotransfected with pc5-
DUB3-Flag into HCT116 cells. The results showed that the
DUB3 drastically reduced KEAP1-mediated NRF2 degra-
dation (Fig. 5a). Given that DUB3 interacts with and sta-
bilizes NRF2, we speculated that DUB3 regulated NRF2
through K48-linked deubiquitination. To further investigate
the deubiquitinating property of DUB3, a ubiquitination
assay was conducted in HCT116 cells. We observed that
ectopic expression of DUB3 but not DUB3C89S remarkably
reduced KEAP1-mediated NRF2 polyubiquitination
(Fig. 5b). In contrast, DUB3 deficiency increased NRF2
polyubiquitination (Fig. 5c), suggesting that the deubiqui-
tinase enzyme activity of DUB3 is indispensable for the
DUB3-dependent deubiquitination of NRF2. As NRF2 is
known to be conjugated with a K48-linked poly-Ub chain,
the K48-only ubiquitin vector was used to examined the

K48-linked polyubiquitination of NRF2. The results sug-
gested that overexpression of wild-type DUB3 but not
DUB3C89S reduced NRF2 K48-linked polyubiquitination
(Fig. 5d), whereas DUB3 deficiency increased the NRF2
K48-linked polyubiquitination (Fig. 5e). Taken together,
these data demonstrate that DUB3 is a bona fide stabilizer
of NRF2 through regulation of the K48-linked poly-
ubiquitination of NRF2.

DUB3 causes chemotherapy resistance by
upregulating NRF2

NRF2 overexpression has been found in various types of
tumors such as lung [56], breast [57], head and neck [58],
ovarian [59], and endometrial cancer [60]. A multitude of
studies have shown that high protein expression of NRF2 in
cancer cells confers resistance to chemotherapeutic drugs
[61, 62]. Non-small cell lung carcinoma with high level of
NRF2 has shown stronger resistance to cisplatin [63].
Doxorubicin-resistant human cancer cells, such as ovarian
carcinoma [64] and mammary cancer [65], have shown high
levels of NRF2 activity. The above data have clearly
demonstrated that DUB3 is a novel DUB that

Fig. 3 DUB3 promotes the transcriptional activity of NRF2. a DUB3
but not DUB3C89S activates the transcriptional activity of NRF2.
HEK293T cells were cotransfected with ARE reporter firefly luciferase
(100 ng), pRL-TK (10 ng) and the indicated amounts of DUB3 or
DUB3C89S plasmid. Reporter assays were performed 24 h after trans-
fection, and the results are presented as the NRF2/TK luciferase
activity. Data were analyzed employing one-way ANOVA and pre-
sented as the mean ± SD (N= 3/group). b Reduced DUB3 inhibits
NRF2 transcriptional activity. The experiments and data analyses were
performed as for panel (a). c Synergistic effects of DUB3 and NRF2
on NRF2 transcriptional activation. The experiments were performed
as for panel (a). Data were analyzed employing Student’s t test and
presented as the mean ± SD (N= 3/group). d Effects of NRF2

deficiency on the DUB3 induction of NRF2. The experiments were
performed as for panel (a). Data were analyzed employing Student’s t
test and presented as the mean ± SD (N= 3/group). *P < 0.05 vs. the
empty vector group; #P < 0.05 vs. the DUB3 group. e DUB3 over-
expression upregulates NRF2 downstream genes. HEK293T cells were
transfected with empty vector, DUB3-Flag or DUB3C89S-Flag. mRNA
was isolated, and qPCR was performed 48 h after transfection. The
mRNA levels of the target genes were normalized to GAPDH, and
controls were set equal to 1. Data were analyzed employing one-way
ANOVA and presented as the mean ± SD (N= 3/group). f DUB3
deficiency downregulates NRF2 downstream genes. The experiments
were performed as for panel (e). Data were analyzed employing one-
way ANOVA and presented as the mean ± SD (N= 3/group)
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deubiquitinates NRF2 and protects NRF2 from KEAP1-
dependent degradation. Interestingly, DUB3 is upregulated
in many cancers, indicating the potential connection
between DUB3 and NRF2 in chemotherapeutic drug
resistance in cancer. To prove this notion, three stable
HCT116 cell lines, expressing empty vector, NRF2 and
DUB3, respectively, were used. We examined the impact of
NRF2 and DUB3 on the responses of colon cancer cells to a
chemotherapy drug, paclitaxel, by CCK-8 assay. The
paclitaxel concentration required to inhibit cell growth by
50% (IC50) was calculated from viability curves in CCK-8
assay. The IC50 represents cell sensitivity to drugs. Change
of IC50 values showed that the HCT116 stable cell lines

expressing NRF2 and DUB3 conferred similar paclitaxel
resistances (Fig. 6a). More physiologically, NRF2 knockout
and DUB3 knockdown HCT116 cell lines were sig-
nificantly sensitized to paclitaxel treatment (Fig. 6b, c). In
addition, the sensitizing effects caused by NRF2 knockout
were rescued by re-expression of NRF2 but not DUB3
(Fig. 6d), indicating that DUB3 conferred paclitaxel resis-
tance via NRF2. Furthermore, the paclitaxel resistance
effects of NRF2 and DUB3 overexpression and the pacli-
taxel sensitizing effects of NRF2 and DUB3 deficiency
were confirmed by colony formation assay (Fig. 6e–h). To
confirm the resistance to chemotherapeutic drugs caused by
NRF2, camptothecin was used to examined the impact of

Fig. 4 DUB3 is in a complex with NRF2 and KEAP1. a NRF2 is
colocalized with DUB3. U2OS cells were cotransfected with NRF2-
Myc and DUB3-Flag plasmids. Fluorescence confocal microscopy
analysis was performed 36 h after transfection. b NRF2 interacts with
DUB3. HEK293T cells were transfected with the indicated plasmids.
Anti-HA or anti-Flag immunoprecipitates were immunoblotted with
anti-HA (NRF2) or anti-Flag (DUB3) antibodies, respectively. c

KEAP1 interacts with DUB3. The experiments were performed as for
panel (b). d An endogenous interaction between NRF2, DUB3, and
KEAP1 is detected. Anti-NRF2 or anti-DUB3 immunoprecipitates
were immunoblotted with NRF2, DUB3 or KEAP1 antibodies,
respectively, in HCT116 cells. e Schema chart for a complex con-
taining DUB3, NRF2, and KEAP1
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DUB3 on HCT116 and RKO cell lines. As expected, the
HCT116-NRF2−/− cell line was more sensitive to camp-
tothecin treatment than HCT116 wild-type cell line, due to
the lack of NRF2 (Fig. 6i). Next, we compared the effects of
re-expressing NRF2 and DUB3 on camptothecin treatment
in the HCT116-NRF2−/− cell line. Our results demonstrated
that DUB3 overexpression had no effect on camptothecin
toxicity when compared with NRF2 overexpression in

HCT116-NRF2−/− cell line (Fig. 6i). We came to a similar
conclusion in RKO experiments (Fig. 6j). The expression of
NRF2 and DUB3 in different cell lines was determined by
western blot (Fig. S2). Hence, we linked chemotherapy
resistance in colon cancer cells to DUB3, the first DUB of
NRF2 identified in this study. Taken together, these results
demonstrate that DUB3 causes chemotherapy resistance by
upregulating NRF2 in colon cancer cells.

Fig. 5 DUB3 stabilizes NRF2 by decreasing the K48-linked poly-
ubiquitination of NRF2. a DUB3 decreases KEAP1-mediated NRF2
degradation. HCT116 cells were transfected with the indicated plas-
mids. Forty-eight hours after transfection, the cell lysates were ana-
lyzed by western blot with the indicated antibodies. The endogenous
NRF2 protein expression was normalized to GAPDH. b DUB3
reduces KEAP1-mediated NRF2 polyubiquitination. HEK293T cells
were transfected with the indicated plasmids, and NRF2-Myc was then
immunoprecipitated from denatured cell lysates. Cells were treated

with 10 µM MG132 for 12 h before collection. c DUB3 depletion
increases NRF2 polyubiquitylation. The experiments were performed
as for panel (b). d DUB3 decreases the K48-linked polyubiquitylation
of NRF2. The K48-only ubiquitin vector was used to examined the
K48-linked polyubiquitination of NRF2. The experiments were per-
formed as for panel (b). e DUB3 knockdown increases the K48-linked
polyubiquitylation of NRF2. The experiments were performed as for
panel (d)
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Discussion

The transduction of the ARE signaling pathway mainly
depends on NRF2 and its downstream effector genes, which
activate many transcription factors. The NRF2-ARE sig-
naling pathway is closely related to many pathophysiolo-
gical processes, such as oxidative stress, metabolism, and
multidrug resistance. In our study, we chose DUB3 as the
most potent candidate from our screening to explore the
molecular mechanism by which it regulates the NRF2-ARE
signaling pathway in colon cancer cells. We speculated that
the redundancy of DUBs might be attributable to the need to
match different NRF2 ubiquitination mechanisms mediated
by KEAP1, β-TrCP, or HRD1. We found that DUB3
interacted with NRF2 and deubiquitinated the Lys-48-
linked polyubiquitination of NRF2, which ultimately
inhibited the proteasomal degradation of NRF2. In addition,
we demonstrated the importance of NRF2-ARE signaling in
the DUB3-dependent chemotherapy resistance in colon
cancer cells.

In recent years, studies by many researchers have clearly
shown that NRF2 is polyubiquitinated in Lys-48 mode by

the KEAP1-CUL3 E3 ligase complex and degraded by the
26S proteasome. It has also been reported that USP15
negatively regulates NRF2 through the deubiquitination of
KEAP1 [14]. Therefore, it seems to be more important to
discover the unknown DUBs that directly regulate the K48
ubiquitination and proteasomal degradation of NRF2. In our
study, DUB3 interacted with KEAP1 and drastically
reduced KEAP1-mediated NRF2 ubiquitination and
degradation.

The ubiquitination-proteasome degradation system and
the DUB system are of high importance in most cellular
processes, including signal transduction, protein degrada-
tion, transcriptional regulation, cell cycle regulation, DNA
repair, and human diseases and cancer. However, there is no
any association between the deubiquitinating enzyme
DUB3 and cancer chemotherapy. Based on the link between
NRF2 and chemoresistance, we wanted to demonstrate that
DUB3 regulates chemoresistance via its ability to deubi-
quitinate and stabilize NRF2. Our results showed that
DUB3 or NRF2 deficiency rendered the colon cancer cell
lines HCT116 and RKO more sensitive to paclitaxel and
camptothecin. However, rescue by NRF2 but not DUB3 in

Fig. 6 DUB3 causes chemotherapy resistance by upregulating NRF2
in HCT116 cells. a–d DUB3 causes paclitaxel resistance by upregu-
lating NRF2. We established stable cell lines HCT116-vector,
HCT116-NRF2 and HCT116-DUB3, knockout cell lines HCT116-
NRF2−/−-1 and HCT116-NRF2−/−-2, and knockdown cell lines
HCT116-shNC, HCT116-shDUB3-1, and HCT116-shDUB3-2.
HCT116-NRF2−/− was infected with lentivirus which contained NRF2
or DUB3 to get the stably rescue cell lines named as HCT116-NRF2
−/−-NRF2 and HCT116-NRF2−/−-DUB3. These cell lines were seeded
in a 96-well plate and treated with paclitaxel for 48 h at the indicated

doses. Cell viability was measured by CCK-8 assays. e–h DUB3
promotes cell survival after paclitaxel treatment in HCT116 cells. Cells
were seeded in a 6-well plate and treated with 5 nM and 10 nM
paclitaxel for 48 h on the following day, after which the medium was
replaced with fresh medium. Clones were stained with crystal violet
and photographed 10 days later. i–j Rescue of DUB3 in NRF2-
deficient cells cannot recover the resistance to camptothecin in
HCT116 and RKO cells. The experiments were performed as for panel
(a). Data were analyzed employing one-way ANOVA and presented as
the mean ± SD (N= 3/group)
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the NRF2-deficient cell lines restored paclitaxel and
camptothecin resistance. Taken together, these results sug-
gested that activation of NRF2-ARE signaling might be
responsible for the chemotherapy resistance observed in
colon cancer cells with overexpressing of DUB3.

The NRF2-ARE antioxidant response pathway plays an
important role in chemoprevention and cancer therapy.
Consequently, tight regulation is imperative to prevent the
onset and progression of cancer. Several studies have shown
that cancer cells with high levels of NRF2 are less sensitive
to chemotherapy drugs [63–65]. In this report, we identified
a novel NRF2 deubiquitinating enzyme, DUB3, and the
molecular mechanism of NRF2 regulation by DUB3. This
report demonstrates the role of deubiquitination in regulat-
ing NRF2-ARE signaling and chemoresistance. Many other
candidates were found in our screening test for NRF2
deubiquitinating enzymes. However, the functions, targets,
and molecular mechanisms still remain unknown. Thus, our
work will provide a good stimulus for further studies on the
deubiquitination and regulation mechanisms of NRF2.

Taken together, our results demonstrated that DUB3
caused chemotherapy resistance through NRF2 deubiquiti-
nation and stabilization. Our results represent a potentially
significant discovery because our data suggest that reagents
that antagonize DUB3 could be promising candidates for
preventing the colon cancer chemoresistance caused by
constitutive activation of NRF2.
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