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Background:Mechanisms that regulate proteasome subunit expression are not completely understood.
Results:We described a novel Nrf1-dependent increase in proteasome gene expression.
Conclusion: The increase in proteasome function causes polycomb protein degradation.
Significance: Compensatory increase in proteasome subunit expression may be useful in therapy.

The polycomb group (PcG) proteins, Bmi-1 and Ezh2, are
important epigenetic regulators that enhance skin cancer cell
survival. We recently showed that Bmi-1 and Ezh2 protein level
is reduced by treatment with the dietary chemopreventive
agents, sulforaphane and green tea polyphenol, and that this
reduction involves ubiquitination of Bmi-1 and Ezh2, suggest-
ing a key role of theproteasome. In thepresent study,weobserve
a surprising outcome that Bmi-1 and Ezh2 levels are reduced by
treatmentwith the proteasome inhibitor,MG132.We show that
this is associated with a compensatory increase in the level of
mRNA encoding proteasome protein subunits in response to
MG132 treatment and an increase in proteasome activity. The
increase in proteasome subunit level is associated with
increased Nrf1 and Nrf2 level. Moreover, knockdown of Nrf1
attenuates the MG132-dependent increase in proteasome sub-
unit expression and restores Bmi-1 and Ezh2 expression. The
MG132-dependent loss of Bmi-1 and Ezh2 is associated with
reduced cell proliferation, accumulation of cells in G2, and
increased apoptosis. These effects are attenuated by forced
expression of Bmi-1, suggesting that PcG proteins, consistent
with a prosurvival action, may antagonize the action of MG132.
These studies describe a compensatory Nrf1-dependent, and to
a lesser extent Nrf2-dependent, increase in proteasome subunit
level in proteasome inhibitor-treated cells and confirm that PcG
protein levels are regulated by proteasome activity.

The polycomb group (PcG)2 genes encode a family of pro-
teins thatmethylate and ubiquitinate histones to close chroma-

tin and suppress gene expression (1, 2). There are two cooper-
ating polycomb repressive complexes, PRC2 and PRC1. The
PRC2 complex includes Eed, Ezh2, SUZ12, and RbAp46. The
PRC1 complex includes Bmi-1, Mel18, HPC, HPH, SCML, and
Ring1A/1B (1). These complexes suppress gene expression via a
sequential two-step mechanism. In the initial step, the Ezh2
subunit of the PRC2 complex catalyzes trimethylation of lysine
27 of histone H3 (H3K27me3) (3, 4). Following this, the chro-
mobox homolog (CBX) protein interacts with H3K27me3 to
anchor the PRC1 complex to chromatin, and the Ring1B sub-
unit of the complex ubiquitinates lysine 119 of histoneH2A (5).
These events lead to the closing of chromatin and cessation of
gene expression. The ultimate effect of these changes is to
silence tumor suppressor gene expression to enhance cell
survival.
Because PcG proteins act to silence tumor suppressor

expression, reducing PcG expression is an important goal of
chemoprevention. We have recently shown that sulforaphane
(SFN), a bioactive chemopreventive agent, derived from cruci-
ferous vegetables, and bioactive polyphenols derived from
green tea reduce polycomb group protein level and reduce
H3K27me3 formation (6, 7). Moreover, this is associated with
enhanced expression of genes that suppress cell proliferation
and activate cell death processes, including increasing p21Cip1

expression and activating apoptosis (8–10). The loss of Bmi-1
and Ezh2 expression is due to enhanced degradation in the
proteasome (6, 7), and these results suggest that dietary isothio-
cyanates suppress cancer progression by reducing PcG protein
level via a proteasome-dependent mechanism.
In the course of these studies, we observed the counterintui-

tive finding that treating skin cancer cells with MG132, a pro-
teasome inhibitor, reducedBmi-1 and Ezh2 level. In the present
study, we examine the mechanism accounting for this finding.
Our results indicate that inhibition of proteasome function is
associatedwith a compensatory increase in proteasome subunit
mRNA level and proteasome activity. Nrf1 and Nrf2 are key
transcription factors that control proteasome subunit gene
expression in cells under stress (11–15). Our studies show that
MG132 triggers an increase in Nrf1 and Nrf2 level and that
knockdown of Nrf1, and to a lesser extent Nrf2, in MG132-
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treated cells prevents the increase in proteasome subunit-en-
codingmRNA.This suggests that proteasome inhibitors induce
degradation of Bmi-1 and Ezh2 via a compensatorymechanism
that involves an Nrf1-dependent increase in proteasome sub-
unit gene expression.

MATERIALS AND METHODS

Chemicals and Reagents—MG132, dimethyl sulfoxide
(DMSO), and mouse monoclonal �-actin antibody were pur-
chased from Sigma. MG132 was dissolved in DMSO as 1000-
fold concentrations, and the aliquots were stored at �80 C. For
cell culture experiments, the DMSO concentration in the
medium did not exceed 0.1%. Mouse monoclonal Bmi-1 anti-
body (ab14389) was from Abcam (Cambridge, MA). Mouse
monoclonal antibody specific for Ezh2 (catalog number
612667) was purchased from BD Transduction Laboratories.
Rabbit polyclonal H3K27me3 (catalog number 07-449) and
mouse monoclonal Suz12 (catalog number 04-046) antibodies
were obtained from Upstate Biotech Millipore (Lake Placid,
NY).Mousemonoclonal antibody specific for p21Cip1 (sc-6246)
was from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit
polyclonal anti-caspase-9 (catalog number 9502) was obtained
from Cell Signaling (Danvers, MA). Mouse monoclonal anti-
PARP was obtained from BD Pharmingen (catalog number
55494). Horse peroxidase-conjugated secondary antibodies,
including sheep anti-mouse IgG (NA931) and donkey anti-rab-
bit IgG (NA934), were obtained from GE Healthcare.
Cell Cultures—Human squamous cell carcinoma cell line

SCC-13 was purchased from American Type Culture Collec-
tion (ATCC; Manassas, VA) and cultured in DMEM supple-
mented with L-glutamine, D-glucose, sodium pyruvate, 100
units/ml penicillin, 100 units/ml streptomycin, and 5% fetal
bovine serum (FBS). Statistical differencewas determinedusing
the Student’s t test.
Proliferation Studies—Cells were seeded at low densities in

complete medium and allowed to attach for 24 h. Cells were
then treated by the addition of fresh DMEMmedium contain-
ing increasing MG132 concentrations. After 24 h of treatment,
the cells were harvested with 0.025% trypsin, 1 mM EDTA and
counted using a coulter counter.
MG132 Treatment and Immunoblot Analysis—Subconflu-

ent SCC-13 cells, growing inDMEM,were treatedwithMG132
at 0–5.0 �M for 24 h. The cells were then washed in PBS and
lysed in 20 mM Tris (pH 7.5) containing 150 mM NaCl, 1 mM

EGTA, 1 mM EDTA, 1% Triton X-100, 2.5 mM sodium pyro-
phosphate, 1 mM glycerophosphate, 1 mM sodium vanadate, 1
�g of leupeptin, and 1 mM phenylmethylsulfonyl fluoride. For
immunoprecipitation studies, 50 �g of total protein lysate was
incubated in the presence of 1 �g of mouse monoclonal Bmi-1
or Ezh2 antibody for 3 h at 4 °C. Then samples weremixed with
25 �l of protein A/G-agarose beads overnight at 4 °C, and the
immunoprecipitate was electrophoresed on a 10% polyacryl-
amide gel for immunoblot analysis using a rabbit polyclonal
anti-ubiquitin antibody (6, 7).
Quantitative PCR—SCC-13 cells were treated with DMSO

orMG132 for different time periods. Total DNA-free RNAwas
extracted (illustra RNAspin mini kit; GE Healthcare) and
reverse-transcribed using SuperScript reverse transcriptase

and oligo(dT) primers (Qiagen, Valencia, CA). The LightCycler
480 system (Roche Applied Science) was used to measure
mRNA level. Primer sequences used to detect proteasome
subunits mRNA include PSMA7 (forward, 5�-CTGTGCTTT-
GGATGACAACG-3�; reverse, 5�-CGATGTAGCGGGTGAT-
GTACT-3�), PSMB4 (forward, 5�-CTCGTTTCCGCAACA-
TCTCT-3�; reverse, 5�-TGTCCATCTCCCAGAAGCTC-
3�), PSMB7 (forward, 5�-TGCAAAGAGGGGATACAAGC-3�;
reverse, 5�-GCAACAACCATCCCTTCAGT-3�), PSMC1 (forward,
5�-TTCCGAGTTGCTGAAGAACA-3�; reverse, 5�-ATCCATCC-
AACTGGTTCAGC-3�),PSMD12(forward,5�-GTGCGCGACTG-
ACTAAAACA-3�; reverse, 5�-TAGGCAGAGCCTCATTTGCT-
3�), and cyclophilin A (forward, 5�-CATCTGCACTGCCA-
AGACTGA-3�; reverse,5�-TTCATGCCTTCTTTCACTTTGC-3�)
(16).
RNA Interference Studies—SCC-13 cells were harvested in

0.025% trypsin containing 1 mM EDTA and replated in 35-mm
dishes in antibiotic-free normalDMEMmedium containing 5%
FBS. The cells (�30–40% confluent) were transfected with 3
�g of Nrf1, Nrf2, or scrambled small interfering RNA (siRNA)
(Santa Cruz Biotechnology) in serum-free medium using
siRNA transfection reagent (Santa Cruz Biotechnology). After
6 h, DMEM containing 10% FBS and 2� antibiotics was added,
and at 24 h after transfection, the cells were treated for 24 hwith
0 or 2 �M MG132 in DMEM containing 5% FBS and standard
antibiotics.
Adenovirus Infection Studies—Adenoviruses were produced

and infected as described previously (17, 18). Subconfluent
SCC-13 cells were infected with 2.5 multiplicity of infection of
tAd5-EV or tAd5-hBmi-1 in the presence of 2.5 multiplicity of
infection of Ad5-TA virus in the serum-free DMEM medium
containing 6 �g of Polybrene/ml (H9268, Sigma). After 6 h, the
DMEM was supplemented with 10% FBS. At 24 h after infec-
tion, the virus-containing medium were replaced by fresh
DMEM (5% FBS) containing 0 or 2 �M MG132, and the cells
were incubated for 24–48 h before cell counting or preparation
of cell lysates.
Proteasome Activity Assay—Proteasome activity was meas-

ured using a 20 S proteasome activity assay kit (catalog num-
berAPT280, Chemicon International, Temecula, CA). Subcon-
fluent cells were treated with either DMSO or 3 �MMG132 for
different time periods prior to total cell extract preparation.
The assay is based on the detection of the fluorophore 7-amino-
4-methylcoumarin (AMC) after cleavage from the labeled sub-
strate LLVY-AMC by the 20 S proteasome. Protein lysate
(40–50�g) was incubatedwith LLVY-AMCat 37 °C for 90min
in assay buffer (25 mMHEPES, pH 7.5, 5 mM EDTA, 0.5% Non-
idet P-40, and 0.01% SDS). AMC fluorescence intensity was
measured using a 380-nm excitation filter and a 460-nm emis-
sion filter in a fluorometer.

RESULTS

MG132 Regulation of PcG Protein Level and Cell
Proliferation—Fig. 1,A and B, show anMG132-associated con-
centration- and time-dependent reduction in Bmi-1 and Ezh2
level. It is surprising that a proteasome inhibitor would reduce
Bmi-1 and Ezh2 level as our previous study showed that protea-
some activity was required for PcG protein loss in cells treated
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with cancer preventive agents (6, 7). We therefore initiated
studies designed to understand this regulation. One possibility
is that MG132 influences PcG protein gene expression. How-
ever, this mechanism does not appear likely as MG132 treat-
ment does not significantly alter Bmi-1 and Ezh2 mRNA level
(Fig. 1C). An alternate explanation, which would be consistent
with our previous result, is that inhibition of proteasome activ-
ity increases proteasome function. This is a real possibility as
compensatory increase in proteasome activity has been
recently described in proteasome inhibitor-treated cells (14,
15). To assess this, we monitored PcG protein ubiquitination
status in MG132-treated cells. Total cell extract fromMG132-
treated SCC-13 cells was used to detect ubiquitin conjugates.
Fig. 2A reveals anMG132-dependent increase in ubiquitin con-
jugation at concentrations of �2 �M MG132, and time course
studies reveal an increase at 4 h following treatment with 3 �M

MG132 (Fig. 2B). To determine whether Bmi-1 and Ezh2 are
ubiquitinated, total extracts were immunoprecipitated with
anti-Bmi-1 or anti-Ezh2 or normal mouse anti-IgG followed by
immunoblot detection of ubiquitin. As shown in Fig. 2C,

MG132 treatment caused a substantial increase in Bmi-1 and
Ezh2 ubiquitination.
MG132-dependent Regulation of Nrf1/Nrf2—Recent studies

indicate that cells can compensate for reduced proteasome
activity by increased expression of 26 S proteasome subunit
genes leading to increased proteasome formation and activity
(14, 15). This increase in subunit gene expression requires the
NF-E2-related transcription factors, Nrf1 and Nrf2, which act
to increase proteasome subunit gene expression (11–13). We
therefore assessed the impact ofMG132 treatment onNrf1 and
Nrf2 expression. As shown in Fig. 3A, MG132 concentrations
�2 �M increase Nrf1 and Nrf2 level, and time-course studies
indicate that MG132 treatment increases Nrf1 at 4 h and that
the level continues to increase to 24 h (Fig. 3B). Increased Nrf2
is detected at 1 h, and levels peak at 8 h (Fig. 3B). Thus, protea-
some inhibitor treatment increases Nrf1 and Nrf2 level.
The fact that Nrf1 and Nrf2 expression is elevated suggests

that the proteasome subunit expression may be increased (11–
15). We examined this by treating SCC-13 cells with 3 �M

MG132 and monitoring proteasome subunit mRNA level at
times thereafter. Fig. 4A shows that mRNA encoding the
PSMA7, PSMB4, PSMB7, PSMC1, and PSMD12 proteasome
subunits is increased and indicates that some are increased in a
transient manner (PSMA7, PRMB4, and PSMB7), whereas

FIGURE 1. MG132 modulates PcG protein function in SCC-13 cells. A, sub-
confluent SCC-13 cells were treated in the presence of 0 –3 �M MG132 for
24 h. Total cell lysates were then prepared for immunoblot detection of Bmi-1,
Ezh2, and �-actin. B, time course of MG132 impact on PcG protein levels.
SCC-13 cells were treated with 3 �M MG132 for the indicated times, and the
cells were harvested for immunoblot analysis. C, SCC-13 cells were treated
with 3 �M MG132 for 0 –24 h. Total RNA (1 �g) was prepared for analysis of
Bmi-1 and Ezh2 mRNA level by quantitative RT-PCR. Bmi-1 and Ezh2 level is
normalized to cyclophilin A. The values are mean � S.E., n � 3, and no group
was significantly different from untreated group shown as the open bar.

FIGURE 2. MG132 treatment increases protein ubiquitination. A and B,
SCC-13 cells were treated with 0 –5 �M for 24 h or 3 �M MG132 for 0 –24 h and
total cell extracts were prepared to immunoblot with anti-ubiquitin (Ub).
�-Actin was used as a loading control. C, MG132 treatment increases ubiquiti-
nation (Ubi) of Bmi-1 and Ezh2. Cells were treated with 0 or 3 �M MG132 for
24 h, and extracts were prepared followed by immunoprecipitation (IP) with
anti-Bmi-1 or anti-Ezh2 or normal mouse anti-IgG. The precipitate was then
electrophoresed on a polyacrylamide gel followed by immunoblot (IB) detec-
tion using anti-ubiquitin. Similar results were observed in each of three
experiments.
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others (PSMC1 and PSMD12) are stably increased. The increase
ranges from 2- to 6-fold depending upon the subunit. Next we
determined whether the increase in MG132-dependent protea-
some subunit mRNA level is associated with increased protea-
some activity. Time-course studies indicate an increase of total
proteasome activity at 4 h and a continued increase to 16 h (Fig.
4B). These findings indicate that proteasome inhibitor treatment
can result in a compensatory increase in proteasome activity.
To study the role of Nrf1 andNrf2 in this regulation, SCC-13

cells were incubated with Nrf1-specific or Nrf2-specific siRNA
and treated with MG132. Fig. 5B shows that siRNA treatment
reduces Nrf1 and Nrf2 in an isoform-specific manner. An
examination of impact on proteasome subunit mRNA revealed
that Nrf1 knockdown completely eliminates the MG132-de-
pendent increase in proteasome subunit expression (Fig. 5A)
and thatNrf2 knockdown partially eliminates the response. It is
also interesting that basal expression of subunits is not modu-
lated by Nrf1 or Nrf2 knockdown, suggesting that these regu-
lators are involved in the inductive response and not in main-
tenance of basal expression.

FIGURE 3. MG132 treatment activates increases Nrf1 and Nrf2 level. A and
B, subconfluent cells were treated with 0 –3 �M MG132 for 24 h or treated with
3 �M MG132 for 0, 1, 4, 8, 16, and 24 h. Total protein extracts were prepared for
electrophoresis on a 10% polyacrylamide gel for immunoblot identification
of Nrf1, Nrf2, and �-actin. This experiment is representative of three separate
independent experiments.

FIGURE 4. MG132 increases the level of mRNA encoding the proteasome subunit proteins. A, SCC-13 cells were treated with 0 (open bars) or 3 �M (closed
bars) MG132 for the indicated times. Total RNA was prepared and reverse-transcribed for quantitative PCR analysis. Cyclophilin A was used as control. The
mRNA abundance values are mean � S.E., n � 3. Asterisks indicate a significant increase as compared with the time 0 group (p � 0.05). B, SCC-13 cells were
treated without or with 3 �M MG132 for 0 –24 h, and total cell lysates was assayed for proteasome activity. Identical results were observed in each of three
experiments. The activity values are mean � S.E., n � 3. Asterisks indicate a significant increase as compared with the time 0 group (p � 0.05).
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Wenext examined the impact ofmanipulatingNrf1 andNrf2
level, whereas inhibiting proteasome activity, on Bmi-1 and
Ezh2 level. SCC-13 cells were treated with Nrf1- or Nrf2-spe-
cific siRNA in the presence or absence of MG132. As shown in
Fig. 6,MG132 treatment increases Nrf1 andNrf2 level, and this
is associated with loss of Bmi-1 and Ezh2.Moreover, Bmi-1 and
Ezh2 levels are restored in cells treated with Nrf1-specific
siRNA (upper panel). In contrast, Nrf2-specific siRNA is less
effective (lower panel). These findings suggest thatNrf1-depen-
dent events (i.e. increased proteasome subunit expression) are
required for the loss of PcG proteins in proteasome inhibitor
challenged cells.
Impact of Bmi-1 Overexpression on Response toMG132—We

next examined the biological impact of MG132 treatment. As
shown in Fig. 7A, treatment with MG132 causes cells to accu-
mulate in theG2/Mphase of the cell cycle, and this is associated
with a substantial increase in level of the p21Cip1 cyclin-depen-
dent kinase inhibitor (Fig. 7B). In addition to the accumulation
of cells in G2/M, there is a substantial increase in sub-G1 DNA
content, from 0.3 to 14.6%, suggesting enhanced apoptosis.

This is confirmed by anMG132-dependent increase in cleavage
of procaspase-9 and PARP (Fig. 7C).
The above findings suggest that MG132 alters cell cycle

progression and promotes apoptosis. A key question is the
role of Bmi-1 and Ezh2 in this process. We tested the impact
of Bmi-1 on these responses. Bmi-1 is a cell survival protein
that is known to reduce expression of tumor suppressor
genes (19). As PcG proteins have this prosurvival role, we
next determined whether forced expression of Bmi-1 protein
could counter the impact of MG132. SCC-13 cells were
infected with empty or Bmi-1-encoding adenovirus, and
after 24 h, treated with 2 �M MG132 for 48 h. Vector-driven
expression of Bmi-1 partially reverses the MG132-depen-
dent reduction in cell number (Fig. 8A) and also the loss of
Ezh2 (Fig. 8B). It also suppresses the MG132-associated
increase in p21Cip1 level and cleavage of procaspase-9 and
PARP (Fig. 8B). In addition, as shown in Fig. 8C, Bmi-1
reverses the MG132-associated change in cell morphology.
Thus, PcG protein expression can partially counter the
MG132-dependent reduction in cell survival.

FIGURE 5. Nrf1 knockdown eliminates MG132-dependent increase in proteasome subunits. A, SCC-13 cells were transfected with Nrf1- or Nrf2-specific or
control siRNA. After 24 h, cells were treated with 0 or 2 �M MG132 for 16 h. PSMA7, PSMB4, PSMB4, PSMC1, PSMD12, and cyclophilin A mRNA levels were
measured by quantitative RT-PCR. The values are mean � S.E., n � 3. The single asterisks indicate a significant increase over control (open bar) basal mRNA level.
The double asterisks indicate a significant reduction as compared with the MG132-treated control (closed bar) mRNA level (p � 0.05). B, SCC-13 cells were
transfected with control or Nrf1- or Nrf2-specific siRNA for 24 h and then treated with 3 �M MG132 for 16 h prior to preparation of cell extracts for immunoblot
detection of the indicated proteins. �-Actin was used to normalize protein loading. Similar results were observed in three separate experiments.
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Impact of Other Proteasome Inhibitors on SCC-13 Cell Pro-
teasome Function—Proteasome inhibitors include peptide
aldehydes (MG132), peptide vinyl sulfones, peptide boronates
(bortezomib), peptide epoxyketones (epoxomicin), and �-
lactones (lactacystin). These are distinguished by different
pharmacophores that react with a threonine residue in the pro-
teasome active site (20). To determine whether another protea-
some inhibitor can regulate Nrf1 and Nrf2 expression, protea-
some subunit expression, and Bmi-1 and Ezh2 degradation, we
treated SCC-13 cells with lactacystin for 24 h. Fig. 9A shows
that lactacystin treatment increases Nrf1 and Nrf2 level and
that this increase is reduced by treatment with specific Nrf1- or
Nrf2-specific siRNA. Fig. 9B shows that lactacystin increases
the level of mRNA encoding the PSMA7, PSMB4, PSMC1,
PSMD12, and PSMB7 proteasome subunits. Moreover, knock-
down studies indicate that Nrf1 is required for increased
expression of all of these genes, whereasNrf2 is required for the
increased expression of someof them (Fig. 9B). Finally, we show
in Fig. 9C that treatment with two inhibitors, bortezomib and
lactacystin, reduces Bmi-1 and Ezh2 level. These findings indi-
cate that proteasome inhibitor treatment produces a compen-
satory increase in proteasome subunit gene expression that
requires Nrf1, and in some cases Nrf2, and that the increase in
proteasome activity reduces Bmi-1 and Ezh2 levels. Thus, more
than one proteasome inhibitor impacts these endpoints.
Impact of Proteasome Inhibitors on Other Epidermis-derived

Cells—We were curious whether this regulation is also
observed in other epidermis-derived cell types, and so wemon-
itored the impact of MG132 treatment on proteasome subunit
mRNA level in KERn (normal human keratinocytes), HaCaT
(immortalized, but relatively normal keratinocytes), and A431
(transformed keratinocytes) cells. Fig. 10A shows that MG132

treatment increases Nrf1 and Nrf2 level in each cell type and
that the increase can be reversed by treatingwithNrf1- orNrf2-
specific siRNA. Fig. 10B shows that treatment with 2 �M

MG132 for 24 h increases expression of PSMA7, PSMB4,
PSMB7, PSMC1, and PSMD12 in each cell type and that the
increase is attenuated in the absence of Nrf1. In addition, the
increase is attenuated by knockdown of Nrf2, particularly for
selected subunit genes, in A431 and HaCaT cells. It is interest-
ing that basal expression for all genes is not impacted byNrf1 or
Nrf2 knockdown (Fig. 10B).
We also monitored the impact of MG132 on proteasome

activity in A431 and HaCaT cells and normal human keratino-
cytes. Fig. 11 confirms an increase in proteasome activity in
each of these cell types.

DISCUSSION

Polycomb Group Proteins in Skin Cancer—The polycomb
genes are key regulators of cell survival that suppress expression
of genes that cause terminal differentiation, apoptosis, and ces-
sation of cell proliferation by creating regions of compressed
chromatin (1). The mechanism involves two polycomb repres-
sive complexes, PRC2 and PRC1, which act sequentially. A key
protein of the PRC2 complex is the Ezh2 catalytic subunit, a
methyltransferase that trimethylates lysine 27 of histone H3

FIGURE 6. Nrf1 knockdown in SCC-13 cells partially reverses the MG132-
dependent reduction in Bmi-1 and Ezh2 protein level. Subconfluent cul-
tures of SCC-13 cells were transfected with either control or Nrf1- or Nrf2-
specific siRNA, and after 24 h, they were treated with 0 or 2 �M MG132 for an
additional 24 h. Cell lysates were prepared for immunodetection of Nrf1, Nrf2,
Bmi-1, Ezh2, and �-actin. Identical results were observed in each of three
independent experiments.

FIGURE 7. Impact of MG132 on cell cycle and apoptosis. A, SCC-13 cells
were treated with 0 or 3 �M MG132 for 24 h, and cells were harvested with
0.025% trypsin, 1 mM EDTA and counted using a coulter counter. B and C,
SCC-13 cell were incubated without or with increasing concentrations of
MG132 for 24 h or 3 �M MG132 for indicated times. Total cell extracts were
prepared and electrophoresed, and procaspase-9 and PARP levels were mon-
itored by immunoblot. �-Actin was used as a loading normalization control.
These experiments are representative of three separate experiments.
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(H3K27me3) (1). The PRC1 complex consists of four subunits
including Ring1B, Bmi-1, polyhomeotic homolog 1, and CBX
(1). CBX binds to H3K27me3 to anchor the PRC1 complex to
chromatin (10), and the catalytic subunit, Ring1B, ubiquitinates
H2AK119. Ring1B activity is optimal when associated with
Bmi-1 (21). These events ultimately lead to suppression of gene
expression.
Bmi-1 and Ezh2 overexpression is observed in a host of can-

cers and is associated with poor prognosis and enhanced onco-
genic potential (22). Ezh2, for example, is overexpressed in
bladder, prostate, breast, colorectal, and oral squamous cell car-
cinoma (23–31).
Role of Proteasome in Regulating PcG Protein Level—PcG

protein level is reduced in skin cancer cells treated with cancer
prevention agents, and this is associatedwith PcGprotein ubiq-
uitination, suggesting that the loss is mediated via the protea-

some (6). To expand on these studies, we examined the impact
of MG132 on PcG protein level. We had expected that treat-
ment with proteasome inhibitor would preserve PcG protein
level, but to our surprise,MG132 treatment reduced Bmi-1 and
Ezh2 level. Mechanistic studies reveal that MG132 treatment
does not alter the level of Bmi-1- or Ezh2-encoding mRNA.
However, MG132 treatment does cause a substantial increase
in general protein ubiquitination and ubiquitination of Bmi-1
and Ezh2.
Recent studies describe elevated proteasome synthesis and

activity inDrosophila, yeast, and human cells treated with pro-
teasome inhibitors (14, 32–34). This compensatory increase is
also observedwhen the level of one of the proteasome subunits,
PSMD4, is reduced in level using siRNA (32). The proteasome
inhibitor-associated increase in proteasome subunit expression
is absent in Nrf1-null cells (14) and cells treated with Nrf1

FIGURE 8. Impact of Bmi-1 overexpression on SCC-13 cell response to MG132. A and C, subconfluent SCC-13 cells were infected with 2.5 multiplicity of
infection (MOI) of tAd5-EV or tAd5-hBmi-1 in the presence of 2.5 multiplicity of infection of tAd5-TA helper virus. After 24 h, 0 or 2 �M MG132 was added for an
additional 48 h, and the cells were then photographed and counted. The cell number values are mean � S.E., n � 3. The asterisks indicate a significant increase
in cell number as compared with control (open bar) (p � 0.05). B, the cells were treated with tAd5-EV or tAd5-hBmi-1 and MG132 as described above, and total
cell extracts were prepared for immunoblot analysis of the indicated protein. �-Actin level serves as a loading control.
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siRNA, but not in cells lackingNrf2 (14, 15), suggesting that the
Nrf1 transcription factor drives the increase in subunit protein
expression that ultimately leads to increased proteasome
activity.
Our present study indicates that proteasome inhibitor treat-

ment of SCC-13 cells increasesNrf1 andNrf2 level and that this
is associated with increased expression of proteasome subunit-
encodingmRNAs. The 20 S proteasome core structure features
four stacked rings, each of which is made of seven distinct sub-
units. The � subunit proteins, encoded by the PSMA1–PSMA7
genes, make up the outer proteasome rings, whereas the inner
rings are composed of the � subunits encoded by the PSMB1–
PSMB7 genes (35). The 20 S core is capped by base and lid
complexes (36). The base is encoded by six ATPase genes
(PSMC1–PSMC6) and three non-ATPase genes (PSMD1,
PSMD2, and PSMD4), and non-ATPase subunits, encoded by
genes PSMD3, PSMD6–9, and PSMD11–14, form the lid (37).
Our studies show that MG132 treatment increases the level of
mRNA encoding representative members of each class of sub-
units (i.e., PSMA7, PSMB4/PSMB7, PSMC1, and PSMD12),
suggesting that MG132 produces a general increase in protea-
some subunit gene expression. Subunit mRNA expression
increases from 2- to 6-fold depending upon the subunit. An
important finding is that knockdown of Nrf1 level eliminates
the MG132-dependent increase in subunit mRNA. Moreover,
this response is observed for all subunits tested, suggesting that
the increase in Nrf1 expression drives the increase in all of the
proteasome genes. This finding is consistent with recent stud-
ies suggesting thatNrf1 drives stress-induced increased expres-
sion of the proteasome subunits, leading to increased protea-
some-associated proteolysis (14, 32–34). However, we also
observe a role for Nrf2 as Nrf2 knockdown partially attenuated
the MG132-dependent increase in expression of some of the
subunit genes (i.e. PSMC1 and PSMD12).

In addition to MG132, we also examine the impact of other
proteasome inhibitors (i.e. lactacystin and bortezomib) onNrf1
and Nrf2, proteasome subunit, and Bmi-1 and Ezh2 level. We
conclude that, likeMG132, these inhibitors increase Nrf1/Nrf2
and proteasome subunit expression and reduce Bmi-1/Ezh2
level. These findings strongly suggest that reduced proteasome
activity leads to increased Nrf1 (and Nrf2) expression and that
Nrf1 (and Nrf2) increase proteasome subunit gene transcrip-
tion. Increased subunit production ultimately restores and
increases proteasome activity, which ultimately leads to a
reduction in Bmi-1 and Ezh2 expression.
Impact of Loss of PcG Protein Expression—We further show

that treatment with proteasome inhibitor reduces cell prolifer-
ation, as demonstrated by an accumulation of cells inG2/M and
increased p21Cip1 level. We also show a proteasome inhibitor-
associated increase in apoptosis, as evidenced by accumulation
of subG1 DNA content and increased procaspase-9 and PARP
cleavage. Because is it likely thatmany changes occur in protea-
some inhibitor-treated cells, we assessed whether loss of PcG
expression was a key event related to loss of cell survival poten-
tial. These experiments show that forced expression of Bmi-1
attenuates theMG132-associated reduction in cell survival and
that this is associated with a Bmi-1-dependent suppression of
p21Cip1 level and inhibition of procaspase-9 and PARP cleav-
age. These findings suggest that loss of Bmi-1 is essential for the
full impact of MG132.
PcGGenes in Epidermal Squamous Cell Carcinoma and Role

as Cancer Prevention Targets—PcGproteins have an important
prosurvival role in epidermis, and Bmi-1 and Ezh2 expression is
markedly elevated in epidermal squamous cell carcinoma (10).
As such, the PcG proteins are important chemopreventive tar-
gets (10). Indeed, treating keratinocyte with cancer prevention
agents reduces PcG protein expression. Treatment with (�)-
epigallocatechin-3-gallate (EGCG), a major bioactive chemo-

FIGURE 9. Lactacystin (LAC) and bortezomib impact on proteasome expression and Bmi-1/Ezh2 level. A, subconfluent SCC-13 cells treated with indicated
concentrations of proteasome inhibitor for 24 h. The cells were then harvested, and protein extracts were prepared for immunoblot detection of the indicated
proteins. �-Actin level was monitored to normalize protein loading. Similar results were observed in three experiments. B, impact of Nrf1 and Nrf2 knockdown
on lactacystin-dependent increase in mRNA encoding proteasome subunits. Subconfluent SCC-13 cells were transfected with 3.0 �g of control or Nrf1- or
Nrf2-specific siRNA. After 24 h, the cells were then treated with 0 or 2 �M lactacystin for 16 h before assay of gene expression by quantitative RT-PCR. The values
are mean � S.E., n � 3. The single asterisks indicate a significant increase over control (open bar) basal mRNA level. The double asterisks indicate a significant
reduction as compared with the MG132-treated control (closed bar) mRNA level (p � 0.05). C, SCC-13 cells were treated for 24 h with bortezomib or lactacystin,
and total extracts were prepared for immunoblot to detect the indicated proteins. Similar results were observed in three separate experiments.
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preventive agent in green tea (38), reduces Bmi-1 level in kera-
tinocytes (9, 39). This reduction is associated with reduced cell
survival and proliferation and reduced cyclin and cyclin-depen-
dent kinase level. In addition, EGCG treatment reduces the
level of the PRC2 complex proteins, Ezh2 and Suz12, and
reduces H3K27me3 formation (9). These findings indicate that
treatment with EGCG reduces the level and function of both
the PRC2 and the PRC1 complexes. Sulforaphane is another
important cancer prevention agent (40–42). Topical applica-
tion of sulforaphane-containing broccoli sprout extract pro-
tects against UVB-induced skin carcinogenesis in SKH-1 mice
(43). SFN also inhibits 7,12-dimethylbenz(a)anthracene/12-O-
tetradecanoylphorbol-13-acetate-induced cancer in C57BL/6
mice (44). Our studies show that SFN treatment reduces Bmi-1

and Ezh2 level in skin cancer cells and that this is associated
with reduced H3K27me3 formation, accumulation of cells in
G2/M, loss of cyclins and cyclin-dependent kinases, accumula-
tion of cdk inhibitors, and enhanced apoptosis (6). An impor-
tant feature of this regulation is that SFN and EGCG reduce
Bmi-1 and Ezh2 level via a proteasome-dependent mechanism.
This is evidenced by the fact that both Bmi-1 and Ezh2 are
ubiquitinated in SFN- and EGCG-treated cells and is inhibited
by low levels of lactacystin (6, 9, 39). Proteasome inhibitors are
also important anticancer agents that are presently in clinical
trials and have been used extensively to treatmultiplemyeloma
(45–48). An interesting feature of these agents, as compared
with the chemopreventive agent, SFN, is that both induce pro-
teasome-dependent degradation of Bmi-1 and Ezh2, and this is

FIGURE 10. Nrf1 and Nrf2 impact on MG132-induced proteasome subunit expression in normal keratinocytes and A431 and HaCaT cells. A, cells were
transfected with 3.0 �g of control or Nrf1- or Nrf2-specific siRNA, and after 24 h, treated with 0 or 2 �M MG132 for an additional 16 h. Cell lysates were prepared
for immunodetection of Nrf1, Nrf2, Bmi-1, Ezh2, and �-actin. Similar results were observed in three experiments. B, impact of Nrf1 and Nrf2 knockdown on the
MG132-dependent increase in proteasome subunit-encoding mRNA. Subconfluent cells were transfected with 3.0 �g of control, Nrf1-, or Nrf2-specific siRNA.
After 24 h, the cells were then treated with 0 or 2 �M lactacystin for 16 h before assay of gene expression by quantitative RT-PCR. The values are mean � S.E.,
n � 3. The single asterisks indicate a significant increase over control (open bar) basal mRNA level. The double asterisks indicate a significant reduction as
compared with the MG132-treated control (closed bar) mRNA level (p � 0.05).
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associated with similar changes in cell cycle and apoptosis reg-
ulation and accumulation of cells in G2/M. This suggests that
increased proteasome activitymay be the common facilitator of
both responses. It is also of interest that forced expression of
Bmi-1 attenuates the response to SFN and MG132, suggesting
that Bmi-1-dependent epigenetic change antagonizes the
action of these agents. However, we also note that Bmi-1 over-
expression does not overcome the impact of treatment with
elevated levels of MG132 (greater than 3 �M, not shown). This
suggests, as expected, that the proteasome is affecting numer-
ous processes, of which reduction of Bmi-1 level is only one.
These studies suggest that co-treatment with proteasome
inhibitor and green tea polyphenol or SFN may produce an
enhanced cell death phenotype via action to increase protea-
some-dependent loss of prosurvival regulators.
Universality of the Proteasome Compensatory Response—A

feature of cell function that is increasingly appreciated is that
proteasome function is necessary for cell function and survival.
Thus, reducing basal proteasome activity is expected to drive a
compensatory increase in proteasome activity as cells attempt
to restore basal proteasome function. We show in the present
study that treatment with proteasome inhibitor activates Nrf1
expression, which leads to increased proteasome subunit pro-
duction and increased proteasome activity. We do not antici-
pate that this is unique to the particular cell types we are using
as two previous studies describe activation of proteasome activ-
ity in response to treatment with proteasome inhibitor (14, 15).
For example, Steffen et al. (15) showed that treatment of human
Ea.hy926 andCRL2429 cells with proteasome inhibitor triggers
accumulation of damaged proteins in the cells, which leads to
nuclear accumulation of Nrf1, where it activates proteasome

gene expression, leading to enhanced proteasome activity. It is
possible that altered redox state and accumulation of mutant
proteins are the trigger forNrf1 accumulation in their system. It
is likely that increased proteasome subunit synthesis is a com-
mon cellular response to inhibition of proteasome function in
most and perhaps all cell types.We do not presently knowwhat
induces Nrf1 level in keratinocytes, but it is possible that it is
due to accumulation of mutant proteins, which leads to Nrf1
production and stimulation of proteasome subunit synthesis.
Additional studies will be required to assess this possibility.
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