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Summary

Nrf2 is a master regulator of the antioxidant response. Under basal conditions Nrf2 is
polyubiquitinated by the Keap1-Cul3-E3 ligase and degraded by the 26S-proteasome. In response
to Nrf2 inducers there is a switch in polyubiquitination from Nrf2 to Keapl. Currently, regulation
of the Nrf2-Keapl pathway by ubiquitination is largely understood. However, the mechanism
responsible for removal of ubiquitin conjugated to Nrf2 or Keapl remains unknown. Here we
report that the deubiquitinating enzyme, USP15, specifically deubiquitinates Keapl, which
suppresses the Nrf2 pathway. We demonstrated that deubiquitinated-Keapl incorporates into the
Keapl1-Cul3-E3 ligase complex more efficiently, enhancing the complex stability and enzymatic
activity. Consequently, there is an increase in Nrf2 protein degradation and a reduction in Nrf2
target gene expression. Furthermore, USP15-siRNA enhances chemoresistance of cells through
upregulation of Nrf2. These findings further our understanding of how the Nrf2-Keapl pathway is
regulated, which is imperative in targeting this pathway for chemoprevention or chemotherapy.
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Introduction

Nrf2 (NF-E2-related factor 2) is a transcription factor that regulates a battery of downstream
genes that contain an antioxidant response element (ARE) in their promoters, including (i)
intracellular redox-balancing proteins (glutamate cysteine ligase, GCL; heme oxygenase-1,
HO-1), (ii) xenobiotic metabolizing enzymes (NAD(P)H quinone oxidoreductase-1, NQO1),
and (iii) transporters (multidrug resistance-associated proteins, MRPs). Collectively, these
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genes function in a vast array of processes to protect against oxidative stress and harmful
environmental toxicants and carcinogens. This orchestrated response is the underlying
mechanism in Nrf2-mediated cell survival and protection. The Nrf2 pathway plays a
protective role in many diseases where oxidative stress is thought to play an essential role in
disease onset and progression, including cancer, neurodegenerative diseases, aging-related
diseases, cardiovascular diseases, inflammatory diseases, pulmonary fibrosis, acute
pulmonary injury, and lupus-like autoimmune nephritis (Hayes and McMahon, 2009; Hayes
et al., 2010; Jeong et al., 2006; Jiang et al., 2010b; Kensler et al., 2007; Lau et al., 2008;
Motohashi and Yamamoto, 2004; Zhang, 2006). Consequently, it is imperative to
understand the basic molecular mechanisms of how Nrf2 is regulated so we can target this
pathway to help prevent and treat these diseases.

Under basal conditions, Nrf2 protein levels remain relatively low due to negative regulation
by the Cul3-Keapl-E3 ubiquitin ligase complex. Keapl, a bric-a-brac, tramtrack, broad
complex (BTB) domain containing protein, binds Nrf2 and targets it for Lys-48 linked poly-
ubiquitination and subsequent degradation by the 26S proteasome.

Under oxidative stressed or induced conditions the ability of the Keap1-Cul3 E3-ligase to
target Nrf2 for degradation becomes impaired. Although the detailed molecular mechanism
underlying this reduced Keapl-Cul3 E- ligase activity is still unclear, we previously found a
switch of the polyubiquitin chain from Nrf2 to Keapl in response to tert-butylhydroquinone
(tBHQ) or sulforaphane (SF) treatment (Zhang et al., 2005). Under induced conditions, Nrf2
is stabilized and free Nrf2 translocates into the nucleus and heterodimerizes with its small-
Maf binding partner to initiate transcription of ARE-bearing genes (Itoh et al., 1999;
Kobayashi and Yamamoto, 2006; Motohashi et al., 2004; Villeneuve et al., 2010; Zhang,
2006; Zhang et al., 2004). Unlike Nrf2 which is conjugated with a Lys-48 linked poly-Ub
chain, Keapl is Lys-63 poly-Ub conjugated (Zhang et al., 2005). The function of Keapl
ubiquitination in response to tBHQ or SF has remained elusive until now. Here we
demonstrate the significance of Keapl ubiquitination/deubiquitination in modulating the
Nrf2-dependent antioxidant response.

USP15 is a ubiquitously expressed deubiquitinating enzyme that was first discovered in
1999, and belongs to the UBP/USP (Ub-specific processing protease) family of
deubiquitinating enzymes. USP15 contains many domains that are important for its function,
including the Cys and His boxes that are present in all members of the UBP/USP family
(Kim et al., 2003). Additionally, USP15 contains a Zn-finger that is essential for
disassembling poly-Ub chains (Hetfeld et al., 2005). Since its discovery, not much has been
revealed about the function of USP15. Most of the information comes from studying
UBP12, the S. pombe ortholog of human USP15. UBP12 associates with the COP9
signalosome (CSN) and functions to maintain the stability of cullin ring ligase (CRL)
adaptor proteins. The CSN is a conserved protein complex involved in the regulation of the
ubiquitin proteasome system (UPS) (Cope and Deshaies, 2003). In addition, UBP12
removes Ub from CRL substrates, including BTB domain containing proteins, and protects
CRL components from cellular-depletion by preventing auto-ubiquitination and subsequent
degradation, thus, facilitating the function of CRLs (Wee et al., 2005; Wu et al., 2006; Zhou
et al., 2003). Schmidt et al. demonstrated the specificity of UBP12 in stabilizing CRL
components. They discovered that UBP12 regulates the stability of BTB substrate adaptors
in S. pombe;, however, it is not a major regulator of F-box substrate adaptors (Schmidt et al.,
2009). More importantly, it has been shown that USP15 performs similar functions as
UBP12. USP15 prevents autoubiquitination and degradation of CRL components, including
the E3 ligase component, Rbx1 (Hetfeld et al., 2005; Huang et al., 2009). USP15
deubiquitinates 1xBa and promotes its re-accumulation after TNF-a.-induced degradation,
leading to reduced NF-xB activity (Schweitzer et al., 2007). Recently, It is reported that

Mol Cell. Author manuscript; available in PMC 2014 July 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Villeneuve et al.

Results

Page 3

USP15 can deubiquitinate receptor-activated SMADS (R-SMADS) and deubiquitination is
critical for promoter recognition by SMAD complex (Eichhorn et al., 2012; Inui et al.,
2011).

Our current study is the first report to describe Keapl as a direct substrate for USP15 and
demonstrate the importance of Keapl ubiquitination status in the formation of an active
Keap1-Cul3 E3 ubiquitin ligase and in regulating steady-state levels of Nrf2. More
importantly, this report links downregulation of USP15 to paclitaxel resistance in cells
containing a tightly regulated Nrf2-Keap1 axis.

USP15 inhibits Nrf2 protein levels and expression of its target genes

To test if USP15 regulates the Nrf2-dependent pathway, immunoblot analysis was
performed to determine protein expression of Nrf2 and its downstream genes. MDA-
MB-231 cells were transiently transfected with an empty vector or an expression plasmid
containing Myc-USP15. Myc-USP15 was shown to decrease endogenous Nrf2, NQO1, and
HO-1 protein levels when compared to control, with no change in Keapl (Figure 1A).
Furthermore, siRNA directed against USP15 significantly knocked down endogenous
USP15 protein levels and increased Nrf2 protein expression. As expected, USP15-siRNA
resulted in a significant increase in the protein expression of NQO1 and HO-1, indicative of
activation of the Nrf2-dependent antioxidant response (Figure 1B). To test the importance of
the Zn-finger in the function of USP15, one of the four zinc-coordinating cysteine residues
was mutated (C783A). Our results demonstrate that the Myc-USP15-C783A mutant lost its
ability to inhibit Nrf2 (Figure 1C).

USP15 inhibits the transcriptional activity of Nrf2 and the Nrf2-dependent antioxidant

response

To investigate the effect of USP15 on Nrf2 transcriptional activity we conducted a NQO1-
ARE-dependent firefly luciferase reporter gene assay. Myc-USP15 inhibited the activity of
Nrf2 in a concentration-dependent manner (Figure 2A). Next, we examined the inhibitory
effect of Myc-USP15 on Nrf2 transcriptional activity under both basal and induced
conditions. As expected, tBHQ induced Nrf2 transcriptional activity when compared to
control (Figure 2B, black bars). Interestingly, even though overexpression of Myc-USP15
impaired Nrf2 transcriptional activity, induction of Nrf2-target genes by tBHQ still
produced a similar fold increase but from a lower baseline (Figure 2B, light grey bars).
Conversely, the inactive Myc-USP15-C783A mutant was unable to inhibit Nrf2-dependent
transcriptional activity under basal or induced conditions (Figure 2B, dark grey bars). Next,
we wanted to verify that the observed decrease in Nrf2 protein expression and activity in
response to ectopic expression of Myc-USP15 was not a result of inhibition of Nrf2
transcription. Real-time RT-PCR was performed using mRNA extracted from cells
transiently transfected with Myc-USP15 or USP15-siRNA, which resulted in a 180-fold
increase and a 63% reduction in USP15 mRNA expression, respectively (Figure 2C, USP15
panels). Upon transfection of Myc-USP15 or USP15-siRNA, Nrf2 mRNA levels remained
unchanged (Figure 2C). mMRNA levels of several Nrf2 downstream genes were also
investigated. Overall, we observed a similar trend for all genes except AKR1C1 and
AKR1B10; Myc-USP15 decreased the mRNA levels of Nrf2-downstream genes, whereas
USP15-siRNA resulted in an increase (Figure 2C). Interestingly, AKR1C1 and AKR1B10,
which are strongly regulated by Nrf2 (MacLeod et al., 2009; O’Connor et al., 1999), were
induced to the greatest extent by USP15-siRNA; however, Myc-USP15 was unable to
decrease their mRNA levels (Figure 2C). This may be due to already low basal levels of
AKR1C1 and AKR1B10 in MDA-MB-231 cells, therefore Myc-USP15 could not decrease
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their expression further. These results indicate that USP15 may inhibit Nrf2 protein
expression and thus, its activity, by increasing Nrf2 protein degradation. The functional
consequence of USP15 in inhibiting the overall Nrf2-mediated response is demonstrated in
Figure 2. Following ectopic expression of USP15 a significant increase in ROS was
observed (Figure 2D). Taken together, these results further demonstrate that USP15
negatively regulates the Nrf2 antioxidant response.

USP15 deubiquitinates Keap1

To elucidate the mechanism responsible for USP15-dependent negative regulation of the
Nrf2 level, we further investigated the deubiquitinating properties of USP15. Previously, we
reported that endogenous Keapl is ubiquitinated under basal conditions and ubiquitination
of Keapl is markedly increased whereas ubiquitination of Nrf2 is decreased upon tBHQ
treatment (Zhang et al., 2005). First, we confirmed the finding that tBHQ enhanced
ubiquitination of Keapl (Figure 3A). Next, we used an /7 vivo ubiquitination assay and
determined that overexpression of Myc-USP15 led to a decrease in ubiquitinated Keapl
(Figure 3B). To verify this was not an artifact due to overexpression of Myc-USP15, we
used siRNA to knock-down endogenous levels of USP15, which resulted in an increase in
ubiquitinated-Keap1l in the absence and presence of Nrf2 (Figure 3C). These results suggest
that Keap1 is a substrate for USP15. In addition, the specificity of USP15 for Keapl was
demonstrated by an /n vitro deubiquitination assay. Ubiquitinated Keap1 was pulled down
from cells co-transfected with CBD-Keapl and HA-Ub and treated with tBHQ. In parallel,
ubiquitinated Nrf2 was immunoprecipitated from cells co-transfected with Nrf2 and HA-Ub
and treated with MG132. After washing, half of the ubiquitinated Keapl or Nrf2 lysate was
incubated with BSA and half was incubated with purified His-USP15 protein, followed by
immunoblot analysis with an anti-HA antibody. His-USP15 was able to deubiquitinate
CBD-Keapl, but not Nrf2 (Figure 3D). Since USP15 is known to stabilize components of
CRLs and Nrf2 is normally ubiquitinated by the Cul3-Keap1-E3 ubiquitin ligase and
degraded by 26S proteasome, we explored the effect of USP15-mediated deubiquitination of
Keapl on Keapl-Cul3 or Keap1-Nrf2 complex formation. First, we generated HA-Cul3-
[3°S] and Nrf2-[3°S] using /n vitro transcription/translation, then incubated them with
ubiquitinated-Keapl or deubiquitinated-Keapl generated in the same way as described in
Figure 3D. Autoradiography revealed that deubiquitinated-Keapl (Figure 3E, lane 2) more
readily forms a complex with HA-Cul3-[3S] than does ubiquitinated-Keap1 (-His-USP15,
Figure 3E, lane 1). Moreover, the ubiquitination status of Keap1l did not alter its binding to
Nrf2-[3°S] (Figure 3E, lanes 3-4). Consequently, we hypothesized that deubiquitinated-
Keapl is the form capable of interacting with Cul3 and forming an active Cul3-Keapl-E3
ligase complex, resulting in increased degradation of Nrf2.

Keap1l-K39R, a mutant with a major ubiquitin-accepting lysine residue substituted, is more
active in targeting Nrf2 for degradation under induced conditions

Next, we attempted to make a Keapl mutant that is active in targeting Nrf2 for degradation
under basal conditions but is impaired in accepting polyubiquitin chain in response to tBHQ.
We hypothesized that such a Keapl mutant should be more active in forming a complex
with Cul3 and therefore more effective in targeting Nrf2 for degradation under induced
conditions. In order to identify the ubiquitin-accepting residues we generated several Keapl-
mutants containing lysine to arginine mutations in the Nt+BTB, Linker or Kelch+Ct domain
(Figure 4A). MDA-MB-231 cells were transiently transfected with Nrf2 expressing vector
along with plasmids containing either Keapl-wild type (Keapl-WT) or each of the Keapl
mutants. The Nrf2 protein levels were significantly increased after tBHQ treatment for
Keapl-WT or any mutants in the Linker or Kelch+Ct domain, but only increased slightly
when cells were cotransfected with the Keapl mutant containing lysine substitution in the Nt
+BTB domain (Figure 4B). The results suggest that the lysine residues located in the Nt
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+BTB domain are important for Keapl ubiquitination. Accordingly, several mutations were
generated and tested for their abilities in targeting Nrf2 degradation under induced
conditions. Any Keapl mutants with K39 substituted were still capable of suppressing Nrf2
under the tBHQ-induced condition (Figure 4C). Ubiquitination assay showed that the
relative ubiquitination level of Keapl was reduced for the Keap1-K39R mutant compared to
Keapl-WT, suggesting that lysine-39 in the N+BTB domain is a major ubiquitin-accepting
residue (Figure 4D). Interestingly, ubiquitination of Keap1-K39R still increased after tBHQ
treatment, suggesting that lysine-39 is not the only ubiquitin-accepting residue in Keap1l.
This is consistent with a recent report indicating that lysine-615 of Keapl was ubiquitinated
using a proteomic approach (Ooi et al., 2011). Together, these results indicate that
deubiquitinated Keapl is more active in targeting Nrf2 for degradation. Therefore, it is
likely that USP15 generates more active Keap1-Cul3 E3 ligase complexes by
deubiquitinating Keap1.

USP15 increases the degradation of Nrf2 by stabilizing the Cul3-Keap1-E3 ubiquitin ligase

complex

Accordingly, we explored the effect of USP15 on the Keap1-Cul3 E3 ligase complex
formation /n vivo. Consistent with our /n vitro results, co-immunoprecipitation analysis
revealed that in the presence of Myc-USP15 there was an increase in interaction between
Keapl and Cul3 (Figure 5A). Moreover, USP15-siRNA resulted in a marked decrease in
Keap1-Cul3 protein complexes (Figure 5B). These results suggest that deubiquitinated
Keapl binds Cul3 more tightly than ubiquitinated Keapl. To further illustrate this, we also
utilized ts20 cells to determine if deubiquitinated-Keap1 is the active form that binds better
in the Cul3-Keap1-E3 ligase complex. ts20 cells were derived from the Chinese hamster cell
line, E36 (wild-type). They have a temperature-sensitive lesion in the E1 enzyme of the
ubiquitination pathway. When ts20 cells, but not E36 cells, are incubated at the non-
permissive temperature (39°C) the E1 enzyme is impaired and the process of ubiquitination
becomes compromised (Kulka et al., 1988). Indeed, we saw a significant decrease in total
ubiquitinated proteins as well as ubiquitinated-Keap1 in ts20 cells at 39°C when compared
to the permissive temperature (30°C) (Figure 5C). Next, the effect of ubiquitination status
on formation of the Cul3-Keapl-E3 ligase complex was examined. Our results demonstrate
that when ubiquitination was inhibited in ts20 cells at 39°C, there was an overwhelming
increase in Keapl-Cul3 protein complexes (Figure 5D). In contrast, there was no change in
complex formation when E36 cells were incubated at 39°C. It is interesting to note that the
total Keapl protein extracted by RIPA buffer decreased slightly when the ts20 cells were
switched to 39°C (Figure 5D, CBD-Keapl panel). Since USP15 was capable of stabilizing
the Cul3-Keapl-E3 ligase /n vitro (Figure 3E) and /n vivo (Figure 5A-D), we wanted to
investigate whether this led to an increase in the Keap1-Cul3 E3 ligase activity and Nrf2
protein degradation. Therefore, the effect of USP15 on the half-life of endogenous Nrf2
protein was measured. Immunoblot analysis revealed that cells transiently transfected with
Myc-USP15 had a significant increase in Nrf2 protein degradation when compared to vector
transfected cells (Figure 5E). Results from this experiment were quantified and presented in
the lower panel. Following ectopic expression of Myc-USP15, the half-life of Nrf2
decreased from 40 to 16 minutes (Figure 5E). Next, we investigated the effect of USP15 on
Nrf2 ubiquitination status using an /7 vivo ubiquitination assay. Our results showed that
overexpression of Myc-USP15 led to increased Nrf2 ubiquitination (Figure 5F). Taken
together these results demonstrate the mechanism by which USP15 leads to decreased Nrf2
protein levels: USP15 is able to stabilize the Cul3-Keapl1-E3 ligase complex through
deubiquitination of Keapl, resulting in increased E3 ligase activity and ubiquitination of
Nrf2, which ultimately leads to degradation of the Nrf2 protein.
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The effect of USP15 on Nrf2 protein stability is mediated through the Neh2 degron and is
dependent on Keapl

The N-terminal region of Nrf2 is termed the Neh2 domain, or redox-sensitive degron
(McMahon et al., 2004), which contains seven ubiquitin-accepting lysine residues (Zhang et
al., 2004). The Neh2 domain confers negative regulation through interaction with Keap1,
resulting in ubiquitination and subsequent degradation by the Cul3-Keap1-E3 ligase
complex and the 26S proteasome (Zhang et al., 2004). The Neh6 domain of Nrf2 is
recognized as the redox-insensitive degron, which is phosphorylated by GSK3-B, resulting
in degradation of Nrf2 by the SCF/B-TrCP-E3 ligase complex, independent of Keapl
(Chowdhry et al., 2012; Rada et al., 2011). To further support our finding that USP15
regulates Nrf2 protein stability in a Keap1-dependent (Neh2 degron), but not Keapl-
independent manner (Neh6 degron), we examined the effect of USP15 on Nrf2 in the
presence or absence of Keapl, as well as its effect on several Nrf2 mutants. We found that
USP15 is unable to inhibit Nrf2 protein levels in the absence of Keapl (Figure 6A, lanes
3-4). In addition, USP15 is unable to inhibit Nrf2 protein levels when the seven lysine
residues in the Neh2 domain required for ubiquitination by the Keap1-Cul3-E3 ligase
complex are mutated (Nrf2-K7) (Figure 6B, lanes 3-4), or when the Neh2 domain is deleted
(Figure 6B, lanes 5-6). Conversely, when the Neh6 domain of Nrf2 is deleted, USP15 is still
able to inhibit Nrf2 protein expression (Figure 6B, lanes 7-8). These results demonstrate that
the effect of USP15 on Nrf2 protein stability is Keapl-dependent and mediated through the
Neh2 degron. This result is consistent with our model elucidating that negative regulation of
Nrf2 by USP15 is through Keapl deubiquitination to generate more active Keap1-Cul3-E3
ligase, thus enhancing Nrf2 degradation.

USP15 —siRNA causes paclitaxel resistance through upregulation of Nrf2

Nrf2 has long been regarded as a “good” transcription factor, which is upregulated by many
chemopreventive agents. However, recently the “dark-side” of Nrf2 has emerged. High
protein expression of Nrf2 in cancer cells confers resistance to chemotherapeutic drugs
(Jiang et al., 2010a; Lau et al., 2008; Padmanabhan et al., 2006; Ren et al., 2011; Singh et
al., 2006; Wang et al., 2008). Furthermore, decreased expression of USP15 was also shown
to cause paclitaxel resistance (Xu et al., 2009). Here, we link paclitaxel resistance in cells
with impaired USP15 expression to high expression of Nrf2 in a Keapl-dependent manner.
To prove this notion, two stable Spec2 (endometrial serous carcinoma-derived) cell lines
were used, one expressing an empty vector (Spec2-Vector) and the other expressing CBD-
Keapl (Spec2-Keapl). Due to low levels of Keapl in Spec2 cells, when compared to other
endometrial cancer cells, Nrf2 is able to escape Keapl-dependent degradation by the 26S
proteasome, resulting in high basal levels of Nrf2 (Jiang et al., 2010a). By stably
reintroducing Keapl, Spec2-Keapl cells have lower basal levels of Nrf2 when compared to
Spec2-Vector cells. Using the MTT cell viability assay, we examined the effect of USP15
expression on resistance to paclitaxel treatment. As expected, Spec2-Keapl cells were more
sensitive to paclitaxel treatment than Spec2-Vector cells, due to their limited expression of
Nrf2 (Figure 7A). Next, we compared the effects of USP15-siRNA and Control-siRNA on
paclitaxel treatment in both cell lines. Our results demonstrate that USP15-siRNA had no
effect on paclitaxel toxicity when compared to Control-siRNA in Spec2-Vector cells (Figure
7B). Conversely, USP15-siRNA caused resistance to paclitaxel in Spec2-Keapl cells
(Figure 7C). The reason that we did not observe any paclitaxel resistance in Spec2-Vector
cells is that USP15-siRNA is unable to upregulate Nrf2 further since the basal level of Nrf2
is already high. Aliquots of cells used for the MTT assay were collected and further
analyzed to verify knockdown of USP15 in response to USP15-siRNA and expression of
other proteins (Figure 7D). Despite significant inhibition of USP15 protein expression, we
found that USP15-siRNA had no effect on expression of Nrf2 or NQOL1 in Spec2-Vector
cells. Conversely, USP15-siRNA led to an increase in Nrf2 and NQOL1 protein levels in
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Spec2-Keapl cells (Figure 7D). To confirm that paclitaxel resistance observed when USP15
was knocked-down depends on the regulation of Nrf2, we repeated the experiment using
MDA-MB-231 cells stably transfected with an empty vector (231-Vector) or HA-Nrf2 (231-
Nrf2). As expected, 231-Vector cells were more sensitive to paclitaxel treatment than 231-
Nrf2 cells (Figure 7E). Since basal levels of Nrf2 are low in 231-Vector cells, USP15-
SiRNA was able to upregulate Nrf2 (1.4-fold) and NQO1 (1.6-fold), causing resistance to
paclitaxel (Figure 7F and 7H). Conversely, USP15-siRNA had no effect on paclitaxel
resistance in 231-Nrf2 cells due to high basal levels of Nrf2 (Figure 7G). Moreover, USP15-
siRNA did not have a significant effect on Nrf2 or NQOL1 protein expression in 231-Nrf2
cells (Figure 7H). Taken together these results demonstrate that USP15-siRNA causes
paclitaxel resistance through upregulation of Nrf2.

Discussion

In this report, we identified USP15 as a negative regulator of the Nrf2-Keapl pathway and
elucidated the molecular mechanisms of regulation. USP15 is able to stabilize the Cul3-
Keapl-E3 ligase complex through deubiquitination of Keapl, resulting in increased E3
ligase activity and ubiquitination of Nrf2, which ultimately leads to degradation of the Nrf2
protein. Additionally, we demonstrated the importance of the Nrf2-Keap1 pathway in
USP15-dependent paclitaxel chemoresistance.

The S. pombe ortholog of USP15, UBP12, is best known for deubiquitinating E3-ligase
components through association with the CSN and preventing autocatalytic destruction
(Wee et al., 2005; Zhou et al., 2003). UBP12 has been shown to bind CSN1, CSN3, CSN5,
and CSN7 in S. pombe. In addition, it was estimated that 50% of UBP12 co-fractionated
with the CSN subunits using gel filtration analysis, suggesting a physical interaction
between UBP12 and the CSN complex in S. pombe (Zhou et al., 2003). Moreover, it was
shown that USP15 co-purified with subunits of the CSN complex in human erythrocytes
(Hetfeld et al., 2005). In this study, we performed /n vitroand in vivo binding assays and
found that USP15 was not associated with Keapl or Nrf2 but weakly associated with Cul3
in vivo (data not shown). We believe that the interaction between USP15 and the Keapl-
Cul3-E3 ligase complex is most likely mediated by the CSN complex and is therefore
difficult to detect due to the dynamic interaction between the E3 ligase and the CSN
complex.

Human USP15 has recently been shown to function similarly to UBP12: The CSN and
USP15 control the Wnt/B-catenin signaling pathway through deneddylation and USP15-
dependent stabilization of adenomatous polyposis coli (Huang et al., 2009); USP15 and
CSNG5 are required for processing poly-ubiquitinated substrates bound to p97/VCP, a
homohexameric ATPase that forms an ATP-dependent supercomplex resembling the
proteasome-regulatory particle (Cayli et al., 2009); USP15 stabilizes human papillomavirus
type 16 E6 protein stability (Vos et al., 2009); USP15 destabilizes the microtubule end-
binding protein 1, a substrate of the UPS, further verifying that USP15 protects CRL
components, resulting in increased E3-ligase activity and degradation of their substrates
(Peth et al., 2007). In a similar fashion, we showed that USP15 increased the activity of the
Cul3-Keapl1-E3 ligase complex, resulting in increased degradation of Nrf2. Since
ubiquitination of Keapl does not target Keapl for degradation, deubiquitination by USP15
did not alter Keapl protein expression, but it did stabilize the Cul3-Keap1-E3 ligase and
increase its activity (Figure 3E, 4 and 5).

Deubiquitinating enzymes play a role in a wide array of cellular processes including, signal
transduction, protein degradation, transcriptional regulation, cell cycle regulation, and DNA
repair. As a result, they have also been linked to many human diseases, including cancer
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(Reyes-Turcu et al., 2009). To date, a link between the deubiquitinating enzyme, USP15,
and cancer has not been established. Nonetheless, USP15 was shown to have varying
activity in many different cancer cell lines, including cervical (HeLa), colon (CoLo), lung
(U1906), brain (SH-SY-5Y), kidney (HEK293), and many hematopoietic cell lines (Ovaa et
al., 2004), as well as many additional cervical cancer cell lines (Rolen et al., 2006). Despite
the fact that USP15 has not been linked directly to cancer, it has been shown to play a role in
chemoresistance. USP15 showed a decrease in gene expression in docetaxel-resistant gastric
cancer cells when compared to parental cells using microarray analysis. These results were
validated using real-time RT-PCR. Further analysis was conducted in 11 cancer cell lines of
the digestive system and again, USP15 was significantly correlated to docetaxel sensitivity
(Xie etal., 2010). Additionally, paclitaxel-resistant human ovarian cancer samples have
lower levels of USP15 mRNA than paclitaxel-sensitive samples. Xu et al. also demonstrated
that USP15-siRNA led to chemoresistance in a HeLa cell based model (Xu et al., 2009).
Based on the link between Nrf2 and chemoresistance (Jiang et al., 2010a; Ohta et al., 2008;
Shibata et al., 2008; Wang et al., 2008), we wanted to demonstrate that USP15-siRNA
regulates paclitaxel-chemoresistance in part due to its ability to upregulate Nrf2 protein
expression through suppression of Keapl deubiquitination. Our results demonstrated that
USP15-siRNA led to paclitaxel resistance in Spec2-Keapl and 231-Vector cells. However,
USP15-siRNA had no effect in Spec2-Vector cells or in 231-Nrf2 cells (Figure 7), where
basal Nrf2 protein levels are high. Taken together, these results demonstrate that activation
of the Nrf2-Keapl pathway may be responsible for paclitaxel chemoresistance observed in
cancer cells with decreased expression of USP15.

The Nrf2-Keapl 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. Mutations in Nrf2 or Keapl can lead to constitutive activation of
Nrf2, a consequence which has been observed in many cancer tumors and cancer cell lines.
Tight regulation of the Nrf2-Keap1 pathway is maintained by the Cul3-Keap1-E3 ligase
complex. To date, the mechanisms involved in maintaining low basal levels of Nrf2 through
ubiquitination are very well characterized. In this report, we identified a novel mechanism of
Nrf2 regulation by USP15. This is the first report to demonstrate the role of deubiquitination
in regulating the Nrf2-Keapl pathway. The function, targets, and regulation of numerous
deubiquitinating enzymes still remain unknown. Thus, any information we can unravel will
help us understand the important roles that deubiquitinating enzymes play in many cellular
processes. Moreover, we determined the role of Keapl-ubiquitination in regulating Nrf2.
These findings further our understanding of how the Nrf2-Keapl pathway is regulated,
which is imperative in targeting this pathway for chemoprevention or chemotherapy. Our
results represent a potentially significant discovery because our data suggest that agents that
antagonize USP15 could be therapeutically useful to prevent disease onset and progression
through activation of Nrf2.

Experimental Procedures
Recombinant DNA

The Keapl mutants: CBD-Keapl-K[Nt+BTB]R; CBD-Keapl-K[linker]R and CBD-Keapl-
K[Kelch+Ct]R were generated using site-directed mutagenesis. For others, see previous
publications (Hetfeld et al., 2005; Sun et al., 2009; Zhang and Hannink, 2003).

Chemicals, Cell Culture, and Transfection

All chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, USA). For cell
culture and transfection, see our previous publications (Jiang et al., 2010a; Wang et al.,
2008)
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Immunoblot, Immunoprecipitation, and Antibodies

Immunoblot and immunoprecipitation were performed and analyzed as previously described
(Lau et al., 2010). All the antibodies used were from Santa Cruz Biotechnology (Santa Cruz,
CA, USA) except anti-CBD, which was purchased from New England Biolabs (Ipswich,
MA, USA).

Luciferase Reporter Gene Assay

The luciferase reporter gene assay was performed as described in previous publication (Lau
et al., 2010) and activity was measured using the dual-luciferase reporter assay system
according to manufacturer’s instructions (Promega, Madison, WI, USA).

Protein Half-Life Analysis

Cells were transiently transfected with either empty-vector or Myc-USP15. 48 h post-
transfection cells were treated with cycloheximide (CHX, 50 M) for the indicated time
points. Cell lysate was subjected to immunoblot analysis. Quantification and analysis is
described as previous (Ren et al., 2011).

MRNA Extraction and gRTPCR

Total mMRNA was extracted from cells using TRIZOL reagent (Invitrogen), and equal
amounts of RNA were reverse-transcripted to cDNA using the Transcriptor First Strand
cDNA Synthesis Kit (Roche, Indianapolis, IN, USA). The Tagman probes and primers were
reported previously (Lau et al., 2010). The Tagman probe used for AUSP15 was #9 and the
forward and reverse primers were as follows: AUSP15: forward gacccattgataactctggacttc,
reverse ccaattcatcaataaggtgttcc. The real-time PCR reaction was performed as previously
described (Lau et al., 2010). The data is expressed as relative mRNA levels and is
normalized to GAPDH.

in vivo Ubiquitination Assay

The /n vivo ubigitination assay was performed as previously described (Lau et al., 2010).

in vitro Deubiquitination Assay

MTT Assay

Ubiquitinated Keapl or Nrf2 were generated in cells. Cells were transfected with CBD-
Keapl or Nrf2 plus HA-Ub for 48 h then treated with tBHQ (for Keapl) or MG132 (for
Nrf2) for 4 h. Cells were lysed in RIPA buffer containing 1 mM DTT, 1 mM PMSF, and a
protease inhibitor cocktail, and incubated with chitin beads (for Keapl) or protein A beads
with an Nrf2 antibody (for Nrf2) overnight. Immunoprecipitated complexes were washed,
and half of the ubiquitinated Keapl or Nrf2 lysate was incubated with 1 jug BSA and half
was incubated with purified His-USP15 protein (Enzo Life Sciences), and then washed with
RIPA buffer before elution in sample buffer. Samples were then subjected to immunoblot
analysis. In Figure 3E, following the second wash the samples were incubated with HA-
Cul3-[35S] or Nrf2-[35S] and then washed with RIPA buffer 3X before immunoprecipitated
complexes were eluted, and subjected to SDS-PAGE and autoradiography.

Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. MTT analysis was performed as previously described (Wang et al.,
2007).
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ROS Detection

ROS analysis was performed as previously described using CM-H,DCFDA to measure
fluorescence (Chen et al., 2009).

Soluble and insoluble fractionation

Cells were lysed in a soluble fraction extraction buffer [50 mM Tris-HCL (pH 7.4), 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM DTT, 1 mM PMSF, and a protease inhibitor
cocktail]. Cells were incubated on ice for 30 min then centrifuged at 12,000 rpm for 10
minutes at 4°C. The supernatant was collected as the soluble fraction. Next, the pellet was
washed twice with extraction buffer, then 1X sample buffer was added and the pellet was
sonicated (insoluble fraction). Samples were boiled then subjected to immunoblot analysis.

Statistical Analysis

Experiments were conducted in triplicate, and data are shown as mean + SD. Statistical
analysis was performed using two-tailed Student’s t-tests to compare means. Significance
was set at p < 0.05. In Figure 2B data were analyzed employing one-way analysis of
variance (ANOVA) with Tukey’s post hoc test using the Prism 4.0 software. Differences
were considered significant at p < 0.05.
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Figure 1. USP15 inhibits Nrf2 protein levels and expression of itstarget genes
(A) MDA-MB-231 cells were transfected with an empty vector or Myc-USP15 expression
vector. (B) MDA-MB-231 cells were transfected with 5 nM of Control-siRNA (Ct) or
USP15-siRNA (U). (C) MDA-MB-231 cells were transfected with an expression vector for
empty vector (-), Myc-USP15 (WT), or Myc-USP15-C783A (MT). Cell lysates were
collected at 48 h post-transfection and subjected to immunoblot analyses using the indicated

antibodies. The molecular weight each protein runs as is listed to the left of the blot.
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Figure 2. USP15 inhibitsthetranscriptional activity of Nrf2 and the Nrf2-dependent antioxidant
response

(A) Different amounts of Myc-USP15 expression plasmid were transfected into MDA-
MB-231 cells, along with expression plasmids for NQO1-ARE promoter-firefly luciferase
and TK-renilla luciferase as an internal control. Both firefly (F) and renilla (R) activity was
measured and results are presented as F/R luciferase activity. (B) MDA-MB-231 cells were
transfected with expression plasmids for empty vector, Myc-USP15, or Myc-USP15-
C783A, along with expression plasmids for NQO1-ARE promoter-firefly luciferase and TK-
renilla luciferase. Cells at 32 h post-transfection were left untreated or treated with tBHQ
(50 wM) for 16 h prior to measuring luciferase activity. Results were normalized to empty
vector transfected control which was set to 1. (C) MDA-MB-231 cells were transfected with
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either empty vector, Myc-USP15, Control-siRNA (Ct-siRNA), or USP15-siRNA. 48 h post-
transfection (Vector and Myc-USP15) or 72 h post-transfection with siRNA, mRNA was
extracted and real-time RT-PCR was performed. Values were normalized to GAPDH and
controls were set equal to 1. (D) MDA-MB-231 cells were transfected with empty vector
(Vector) or Myc-USP15 (USP15). 48 h post-transfection, cells were incubated with CM-
H,DCFDA and fluorescence was measured. Data is presented as mean + SD.
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Figure 3. USP15 deubiquitinates Keapl

(A) MDA-MB-231 cells were left untreated or treated with 50 .M tBHQ for 4 h.
Endogenous Keapl was immunoprecipitated using an anti-Keapl antibody and ubiquitinated
Keapl was detected by immunoblot analysis using an anti-Ub antibody. (B,C) MDA-
MB-231 cells were transfected with the indicated plasmids and 5 nM control-siRNA (Ct) or
USP15-siRNA (U) for 72 h. The Keapl-containing complexes were immunoprecipitated
with anti-Keapl antibodies followed by immunoblot analysis with an anti-HA antibody for
detection of ubiquitin-conjugated Keapl. (D, E) Cells were transfected with the indicated
plasmids for 48 h followed by treatment with either tBHQ or MG132 for 4 h prior to cell
lysis. Nrf2- or CBD-Keapl-containing complexes were precipitated with anti-Nrf2/protein
A beads or chitin beads, respectively, followed by incubation with BSA or His-USP15.
After washing, half of the sample was eluted in sample buffer and subjected to immunoblot
analysis, (E) while the other half was further incubated with HA-Cul3-[35S] or Nrf2-[35S]
followed by analysis using autoradiography.
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Figure4. Thelysine 39 isa major ubiquitin-accepting residue for Keapl

(A) Several Keapl-mutants were constructed: CBD-Keapl-K[Nt+BTB]R; CBD-Keapl-
K[linker]R; CBD-Keapl-K[Kelch+Ct]R. The amino acids (AA) mutated are indicated in the
table. Nt=N-terminal; Ct=C-terminal. (B) And (C) MDA-MB-231 cells were transfected
with the indicated plasmids for 24 h then left untreated or treated with tBHQ (50 M) for 16
h. Cell lysates were collected and subjected to immunoblot analysis using the indicated
antibodies. (D) MDA-MB-231 cells were transfected with the indicated plasmids for 24 h
then left untreated or treated with tBHQ (50 M) for 16 h. Keapl-containing complexes
were immunoprecipitated with a Keapl antibody followed by immunoblot analysis with an
HA antibody for detection of ubiquitin-conjugated Keapl. Normalized Keapl ubiquitin
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levels (with the Keapl amount in the total lysates) are shown in the right panel. *,
nonspecific band
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Figure5. USP15 increases the degradation of Nrf2 by stabilizing the Cul3-K eap1-E3 ubiquitin

ligase complex

(A) MDA-MB-231 cells were transfected with the indicated plasmids for 48 h. The Keap1-
containing complexes were pulled-down with chitin beads and analyzed by immunoblot
with the indicated antibodies. The molecular weights HA-Cul3 and CBD-Keapl run at are
listed to the right of the blots. (B) MDA-MB-231 cells were transfected with sSiRNA (5 nM)
for 72 h. The Cul3-containing complexes were immunoprecipitated with anti-Cul3
antibodies and analyzed by immunoblot with the indicated antibodies. (C) Endogenous
Keapl immunoprecipitated with an anti-Keapl antibody (left panel) or total proteins (right
panel) were analyzed by immunoblot using anti-Ub to detect ubiquitinated Keapl or
ubiquitination levels of all proteins. (D) ts20 or E36 cells were transfected with the indicated
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plasmids for 48 h. Keapl-containing complexes were immunoprecipitated with chitin beads
and analyzed by immunoblot with the indicated antibodies for detection of Cul3 or Keapl.
(E) MDA-MB-231 cells were transfected with an empty vector or an expression plasmid for
Myc-USP15. 48 h post-transfection cells were treated with cycloheximide (CHX) for the
indicated time points then cell lysates were analyzed by immunoblot using the indicated
antibodies. The semi-log graph represents a quantitative analysis of the western blots. Nrf2
protein expression was normalized to p-actin and the control group was set as 1.
Overexpression of USP15 reduced the half-life of Nrf2 from 40 min to 16 min. (F) MDA-
MB-231 cells were transfected with the indicated plasmids followed by treatment with
MG132 (10M) for 4 h. The Nrf2-containing complexes were immunoprecipitated with an
anti-Nrf2 antibody and analyzed by immunoblot analysis for detection of ubiquitin-
conjugated Nrf2. Ct= control; U= USP15.

Mol Cell. Author manuscript; available in PMC 2014 July 11.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Villeneuve et al.

Myec-USP1S - + - +
siRNA Ct Ct K K
a-Myc - = Myc-USP15
a-Nrf2 ™% s @ G N2
a-Keap! gu= g ~ == Keapl
O-f-actin e e—— oy [-actin
1 2 3 4

B

i
|
|
|
|
|

HA-Nrf2  + -
HA-Nrf2-K7 - - + + -
HA-Nrf2-ANeh2 - - - - +
HA-Nrf2-ANeh6 -
Myc-USP15 -
Keapl +

+ + 1
b

+ + 1
+ 01

+ + 1+
+ 1+
+ 4+ +

a-Myc -— —_— —_— _—

-HA '
. --”
a-HA e s

o-Kezpl me oo
a-B-actin — D C— . ~———
0 8

1 2 3 4 5 6

Myc-USP15
HA-Nrf2

(short exposure)

HA-Nrf2

(long cxposurc: lancs 1-2)
Keapl

[-actin

Page 23

Figure 6. The effect of USP15 on Nrf2 protein stability is mediated through the Neh2 degron and

isdependent on Keapl

(A) MDA-MB-231 cells were transfected with empty vector or Myc-USP15 along with 5nM
Control-siRNA (Ct) or Keap1-siRNA (K) for 72 h. Cell lysates were collected and subjected

to immunoblot analysis using the indicated antibodies. (B) MDA-MB-231 cells were

transfected with the indicated plasmids. Cell lysates were collected 48 h post-transfection
and subjected to immunoblot analysis using the indicated antibodies.
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Figure 7. USP15-siRNA causes paclitaxel resistance through upregulation of Nrf2

(A-C, E-G) Spec2-Vector, Spec2-Keapl, 231-Vector, or 231-Nrf2 cells were transfected
with either Control-siRNA or USP15-siRNA (5 nM), followed by treatment with paclitaxel
for 48 h at the indicated doses. Cell viability was measured using the MTT assay at 72 h
post-transfection. Data is presented as mean £ SD. (D, H). An aliquot of cells used for the
MTT assay were collected and further analyzed by immunoblot using the indicated
antibodies. Relative protein expression was quantified in (H) and is presented in the lower
table. Ct=Control-siRNA; U=USP15-siRNA; *= HA-Nrf2
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