
Sulforaphane Activates Heat Shock Response and Enhances
Proteasome Activity through Up-regulation of Hsp27*

Received for publication, June 8, 2010, and in revised form, July 30, 2010 Published, JBC Papers in Press, September 10, 2010, DOI 10.1074/jbc.M110.152686

Nanqin Gan‡§, Yu-Chieh Wu‡, Mathilde Brunet¶, Carmen Garrido¶, Fung-Lung Chung‡, Chengkai Dai�,
and Lixin Mi‡1

From the ‡Department of Oncology, Lombardi Comprehensive Cancer Center, Georgetown University, Washington, D. C. 20057,
the §Institute of Hydrobiology, Chinese Academy of Sciences, Beijing 100864, China, ¶INSERM UMR-866, Faculty of Medicine and
Pharmacy, 7 Boulevard Jeanne d’Arc, 21049 Dijon, France, and the �Jackson Laboratory, Bar Harbor, Maine 04609-1500

It is conceivable that stimulating proteasome activity for
rapid removal ofmisfolded and oxidized proteins is a promising
strategy to prevent and alleviate aging-related diseases. Sulfora-
phane (SFN), an effective cancer preventive agent derived from
cruciferous vegetables, has been shown to enhance proteasome
activities inmammalian cells and to reduce the level of oxidized
proteins and amyloid �-induced cytotoxicity. Here, we report
that SFN activates heat shock transcription factor 1-mediated
heat shock response. Specifically, SFN-induced expression of
heat shock protein 27 (Hsp27) underlies SFN-stimulated pro-
teasome activity. SFN-induced proteasome activity was signifi-
cantly enhanced in Hsp27-overexpressing cells but absent in
Hsp27-silenced cells. The role of Hsp27 in regulating protea-
some activity was further confirmed in isogenic REG cells, in
which SFN-induced proteasome activationwas only observed in
cells stably overexpressing Hsp27, but not in the Hsp27-free
parental cells. Finally, we demonstrated that phosphorylation
of Hsp27 is irrelevant to SFN-induced proteasome activation.
This study provides a novel mechanism underlying SFN-in-
duced proteasome activity. This is the first report to show that
heat shock response by SFN, in addition to the antioxidant
response mediated by the Keap1-Nrf2 pathway, may contribute
to cytoprotection.

The ubiquitin-proteasome system (UPS)2 is a nonlysosomal
protein degradationmechanism that plays a primary role in the
control of protein turnover in mammalian cells as well as in the
removal of abnormal proteins (1, 2). This tightly regulated pro-
teasome complex is thus involved in the cell cycle, cellular sig-
nal transduction, transcriptional regulation, stress responses,
cell differentiation, and metabolic adaptation (3, 4). Thus, UPS
dysfunction has been implicated in the development of many
diseases. Particularly, aging-related reduction of proteasome
activity, which results in an accumulation of oxidized and ubiq-
uitinated proteins and protein aggregation, has been attributed

to diseases such as cataract formation, cardiac dysfunctions
(transient ischemia or reperfusion, pressure overload, and
inclusion body myositis) and neurodegenerative diseases
(Alzheimer, Parkinson, and Hungtington) (3–6). Also, de-
creased proteasome activity leads to cellular senescence in
mammals (7). These findings suggest that UPS is a potential
therapeutic target for these diseases.
Sulforaphane (SFN), an isothiocyanate (ITC), is originally

isolated from broccoli (8). It has been shown to be an effective
cancer preventive agent in a variety of cancer cells and animal
models, and the intake of dietary ITCs is associated with
reduced human cancer risk (9–12). The major mechanism by
which SFN, an electrophile, protects cells is believed to be
through induction of direct and indirect antioxidant response,
including up-regulation of glutathione and activation of
NF-E2-related factor 2 (Nrf2)-mediated phase II enzymes and
antioxidant enzymes that relieve cells from oxidant stress and
carcinogenic attacks (11). However, its chemopreventive activ-
ity also includes other mechanisms, such as induction of cell
cycle arrest and apoptotic pathways, inhibition of angiogenesis,
and anti-inflammatory activity (9). Recently, SFN has been
shown to enhance mammalian proteasome activity through
induction of 26 S proteasome subunit PSMB5 (13). Both induc-
tion of PSMB5 and proteasome activation have been associated
with antioxidant response mediated through the Keap1-Nrf2
pathway (13–16).
Despite extensive studies centering on the Keap1-Nrf2 sig-

naling pathway by SFN, its effects on the heat shock response, a
highly conserved and fundamental cytoprotective mechanism
to heat shock or chemical stress, remain unexplored. Heat
shock response features induced expression of heat shock pro-
teins (HSPs) for repair of misfolded proteins caused by stressed
conditions (17). Heat shock transcription factor 1 (Hsf1) plays
an essential role in regulating expression of HSPs. When cells
are under unstressed conditions, themajority ofHsf1 is seques-
tered by chaperones, including Hsp90 and Hsp70, and exists
as a lament monomer in the cytoplasm. Upon stress, Hsf1
undergoes multistep activation, including release from HSP
complexes, hyperphosphorylation, homotrimerization, nuclear
translocation, and activation of genes with heat shock element
(HSE) in their promoter regions (17, 18).
In particular, expression of heat shock protein 27 (Hsp27)

(19), a small HSP that can be induced by a wide variety of
stresses including heat shock, oxidative stress, anticancer
drugs, and radiation (20), has been associated with elevated
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proteasome activity and rapid degradation of UPS substrates
I�B� and p27kip1 (21, 22). Additionally, functions of Hsp27
include redox homeostasis, chaperone activity, thermo-toler-
ance, antiapoptosis, and regulation of cytoskeleton and cell
development (23–25). Here, we report that SFN induces a rapid
and significant heat shock responsemediated byHsf1. Also, our
results indicate thatHsp27 expression, rather than its phospho-
rylation, underlies proteasome activity enhancement induced
by SFN. This study shows for the first time that the SFN-in-
duced heat shock response, like the antioxidant response, may
mediate cytoprotection. This novel discovery may improve our
knowledge of the chemopreventive activity by SFN and point to
a new direction for its future research, which might provide
novel leads for the discovery of compounds with more potent
induction of both chaperone and proteasome activities.

MATERIALS AND METHODS

Cell Lines and Reagents—HeLa, COS-1 cell lines were grown
inDMEMsupplementedwith 10% (v/v) fetal bovine serum, 100
unit/ml penicillin, and 100 �g/ml streptomycin (Invitrogen) at
37 °C, 5% CO2. Rat colon carcinoma REG cells (no detectable
Hsp27), REG-Hsp27 cells (REG cells stably transfected with
wild-type Hsp27) were grown in Ham’s F-10 medium supple-
mented with 10% (v/v) fetal bovine serum, 100 units/ml peni-
cillin, and 100 �g/ml streptomycin (Invitrogen). SFN was
generously provided by Dr. Stephen Hecht (University of Min-
nesota). Proteasome substrates Suc-LLVY-AMC, Boc-LRR-
AMC, and Z-LLE-AMC, proteasome inhibitors MG132 and
Epoxomicin, and p38 phosphorylation inhibitor SB203580
were purchased from Calbiochem. Actinomycin D and cyclo-
heximide were purchased from Sigma-Aldrich. OGX-427, a
second generation of antisense oligonucleotides against the
Hsp27 gene was a gift from OncoGeneX (British Columbia,
Canada). The control oligonucleotides for gene silencing
experiment were provided byDr. Jacques Landry (Universitaire
de Québec, Canada).
Cell Lysate Preparation—For immunoblots, cytoplasmic

proteins were extracted as supernatant after cells were lysed in
buffer A containing 50 mM Tris-HCl, 10 mM KCl, 5 mMMgCl2,
0.5% Nonidet P-40, 1 mM DTT, and a protease inhibitor tablet,
and centrifuged at 1,000 � g for 5 min. The pellet containing
nuclear proteins was washed twice in buffer A and dissolved in
buffer B containing 65 mM Tris-HCl, pH 8.0, 2% SDS, 150 mM

NaCl, and 50 mM DTT.
Immunoblotting and Antibodies—Cell lysate with 20 �g of

proteinswas loaded on a SDS-polyacrylamide gel and separated
by electrophoresis and then electroblotted onto polyvinylidene
difluoridemembranes (PVDF;Millipore). Immunoblot analysis
was performedwith specific antibodies and enhanced chemilu-
minescence-based detection (GE Healthcare). Antibodies
against p38-MAPK and phosphorylated p38 were purchased
from Cell Signaling (Danvers, MA). Antibodies against Hsp27,
phosphorylated Hsp27, Hsf1, heat shock cognate protein 70,
Hsp70, and Hsp90 were obtained from Assay Designs (Ann
Arbor, MI). Antibodies against �-tubulin and ubiquitin were
purchased from Sigma-Aldrich. Antibodies against p53 and
Nrf2 were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA).

Immunoprecipitation—Cells were treated with either 10 �M

SFN for 15 and 30 min or heat shock at 42 °C for 30 min before
being lysed in the radioimmune precipitation assay buffer con-
taining 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM PMSF, 1
mM EDTA, 5 �g/ml aprotinin. Cell lysate was centrifuged at
10,000 � g for 10 min. The supernatant was incubated individ-
ually with anti-Hsp70 or anti-Hsp90 (1 �g) at 4 °C overnight
followed by incubation with protein G-agarose beads (Santa
Cruz Biotechnology) at room temperature for 1 h. The beads
were washed four times with PBS and 0.1%TritonX-100 before
being boiled in 2% SDS buffer and loaded for SDS-PAGE.
Immunofluorescence Staining—The assay was performed

according to a published method (26). Briefly, 104 cells were
cultured on microscope coverglass (12-mm diameter; Fisher-
Brand) placed in individual wells of a 24-well tissue culture
plate (BDBioscience) for 24 h before being treatedwith either 5
�M SFN for heat shock for up to 1 h. The cells were then fixed
with 3% paraformaldehyde in PBS (20 min), quenched with 50
mM NH4Cl in PBS, and permeabilized for 30 min with 1% BSA
and 0.1% Triton X-100 in PBS. Cells were incubated overnight
at 4 °C with mouse monoclonal anti-Hsf1 (1:400, clone E-4;
Santa Cruz Biotechnology) and rabbit polyclonal anti-Nrf2
(1:400, clone C-20; Santa Cruz Biotechnology), rinsed three
times with 0.1% BSA and 0.075% saponin in PBS, then incu-
bated with Alexa Fluor 546-conjugated goat anti-mouse IgG
and Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:800 for
both; Invitrogen) for 1 h at room temperature. Once the label-
ing was complete, the coverglasses were rinsed twice with PBS
and mounted onto microscope slides with a small drop of Pro-
Long AntiFade reagent containing DAPI (Invitrogen). The
samples were viewed, and images were taken with a Fluoview-
FV300 Laser Scanning Confocal system (Olympus, Tokyo,
Japan).
Reverse Transcription-PCR (RT-PCR)—Total RNA was

extracted from cell lines using the RNeasy kit (Qiagen, Valen-
cia, CA) with an on-column DNase digestion. A total of 1 �g of
RNA was used as a template using the SuperScript One-step
reverse transcription-PCR system (Invitrogen) The sequences
of primers used in PCRwere as follows: Hsp27: forward primer,
5�-CACGAGGAGCGGCAGGACGAG and reverse primer,
5�-CAGTGGCGGCAG CAGGGGTGG; �-actin: forward
primer, 5�-TGACGGGGTCTACCCACACTGTG and reverse
primer, 5�-CATTGCGCTGGACGATGGAGGG. RT-PCR
products were separated on a 2% agarose gel containing
ethidium bromide and visualized by ultraviolet light.
Ectopic Expression of Hsp27—A plasmid that contained

Hsp27 (a gift from Dr. Tsuruo at the Japanese Foundation for
Cancer Research, Tokyo, Japan) (25) was transfected to COS-1
cells using Lipofectamine 2000 (Invitrogen) following theman-
ufacturer’s protocol. SFN treatment started after 48 h of
transfection.
Hsp27Knockdown—HeLacellswere treated at 50–60%conflu-

ence with 50 nM OGX-427 (27) or control oligonucleotides in
serum-free DMEM without antibiotics using OligofectamineTM
transfection reagent (Invitrogen). After 4 h of incubation at 37 °C,
DMEM with 3� the normal concentration of serum was added,
resulting in a final concentration of FBS of 10%. SFN treatment
started after 48 h of transfection.
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Hsf1 Knockdown—Hsf1 knockdown was achieved by lentivi-
ral-based Hsf1 shRNA (5�-GCAGGTTGTTCATAGTCA-
GAA-3�). A GFP-targeted shRNA (5�-GCAAGCTGACCCT-
GAAGTTCA-3�)was used as a control. The virus particleswere
generated inHEK-293T cell by transfection of shRNA-carrying
plasmids and pCMV-dR8.2 dvpr and pCMV-VSVG. Viral
transductionwas achieved by incubating target cells with virus-
containing medium with 5 �g/ml Polybrene (Sigma). SFN
treatment started after 24 h of transduction.
Assay for Proteasome Activity—Proteasome activity was ana-

lyzed based on a previously published method (15). After treat-
ment, cells were harvested and lysed with proteasome lysis
buffer (50mMTris-HCl, pH 7.8, 20mMKCl, 5mMMgCl2, 1mM

DTT, 1 mM ATP, 10% glycerol, and 0.04% Nonidet P-40) by
repeated pipetting, followed by incubation on ice for 20 min.
Cell lysate with 30 �g of proteins was incubated with 20 �M

fluorogenic peptide substrates in 100-�l volume for 60 min at
37 °C in the dark. Cold PBSwas used to dilute samples to 200�l
before fluorescence was measured by a Bio-Tek 96-well plate
reader (Winooski, VT) with an excitation filter of 365 � 20 nm
and an emission filter of 485 � 25 nm.
Luciferase Assay—HeLa cells were seeded in 6-well plates to

70–80% confluence and transfected with HSE-luc, a plasmid
containing an inducible humanHsp70B promoter-driven lucif-
erase reporter gene, by Lipofectamine 2000 (Invitrogen) follow-
ing the manufacturer’s instructions. After 24 h of growth, cells
were treated with either 5 or 10 �M SFN for up to 4 h. As a
positive control, cellswere heat-shocked at 42 °C for 30min and
incubated at 37 °C for 3 h and 30 min. Luciferase assays were
performed by using Dual-Luciferase Reporter Assay system
(Promega, Madison, WI) according to the manufacturer’s
instructions. Firefly luciferase activity value was normalized to
Renilla activity value. Promoter activity was presented as the
fold of change compared with the vehicle-treated control.
Data Analysis—At least three independent experiments

were conducted for all analyses. Values are expressed as
means � S.D. A Student’s t test was used to compare averaged
values, and p values of �0.05 were considered statistically
significant.

RESULTS

SFN Induces Proteasome Activities in Both HeLa and COS-1
cells—To study the effects of SFN on proteasome activity, both
HeLa and COS-1 cells were treated with 10 and 7.5 �M SFN,
respectively, for up to 8 h. Proteasome activities weremeasured
using three fluorescent-labeled peptide proteasome substrates
corresponding to three distinctive proteasome activities.
Results (Fig. 1) show that SFN treatment induced time-depen-
dent chymotrypsin-like and caspase-like, but not trypsin-like,
proteasome activity in both cell lines, which is consistent with a
previous report showing the same effects in murine neuroblas-
tomaNeuro2A cells (13). The results suggest that the induction
of proteasome activity by SFN may be cell line-nonspecific. To
confirm that the rise of caspase-like activity is proteasome-spe-
cific, we measured the population of apoptotic cells following
24 h of SFN treatment using Annexin V-propidium iodide
staining. The results indicate that SFN at 7.5 or 10 �M did not
induce noticeable apoptosis in cells (data not shown), ruling out

contributions of apoptosis-related caspase activation. The
notion that the activity is specifically associated with the pro-
teasome is also supported by the observation that inductionwas
completely attenuated by treatment with Epoxomicin, a spe-
cific proteasome inhibitor, at 10 �M for 1 h (Fig. 1A).
SFN-induced Proteasome Activation Requires de Novo Pro-

tein Synthesis—The time course of the proteasome induction
suggests that SFN-induced proteasome activationmay relate to
de novo protein synthesis. To test this, we pretreated HeLa and
COS-1 cells with the transcription inhibitor actinomycin D or
the protein synthesis inhibitor cycloheximide for 1 h and then
treated them with SFN for another 2 h. Results (Fig. 2A and B)
show that both actinomycin D and cycloheximide completely
blocked SFN-induced proteasome activation, but neither com-
pound alone had any effect on proteasome activity, indicating
that SFN-induced proteasome activation is likely mediated
through de novo protein synthesis.
SFN Induces Rapid Hsp27 Up-regulation—To study whether

SFN inducesHsp27, a protein known to be associated with pro-
teasome activity regulation (21, 22), we treated both HeLa and
COS-1 cells with 10 and 7.5 �M SFN, respectively, for up to 8 h.
Hsp27 transcript and protein levels were examined by RT-PCR
and immunoblotting, respectively. Results (Fig. 2, C and D)
show that expression of Hsp27 was substantially induced by
SFN as early as 2 h after treatment. Hsp27 mRNA and protein
level increases were time-dependent in both cell lines.
SFN Activates Hsf1—Hsp27, like other HSPs, is regulated by

Hsf1 (17, 18). To determine whether SFN activates Hsf1, we
treated HeLa cells with 10 �M SFN, extracted nuclear proteins,
and performed immunoblots. The results (Fig. 3A) show that
Hsf1 was significantly and rapidly enriched in the nucleus in a
time-dependent and concentration-dependentmanner by SFN
treatment, suggesting that Hsf1 was translocated into the

FIGURE 1. SFN enhances proteasome activities in HeLa and COS-1 cells.
Kinetic analysis of chymotrypsin-like, caspase-like, and trypsin-like protea-
some activities measured by using Suc-LLVY-AMC, Z-LLE-AMC, and Boc-LRR-
AMC substrates, respectively, in HeLa (A) and COS-1 (B) cells treated with 10
and 7.5 �M SFN, respectively. Treatment with 10 �M Epoxomicin (Epox), a
known proteasome inhibitor, for 1 h was used to indicate that SFN-induced
activities were proteasome-dependent. White bars, chymotrypsin-like activ-
ity; striped bars, trypsin-like activity; black bars, caspase-like activity. *, p �
0.05; **, p � 0.01. Error bars, S.D.
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nucleus, a sign of activation, by SFN. TheHsf1 activation is also
supported by a progressive mass increase of Hsf1, presumably
due to Hsf1 hyperphosphorylation, another signature event
withinHsf1 activation (17). To confirmnuclear translocation of
Hsf1, we immunostained Hsf1 in cells before and after SFN
treatment and obtained fluorescent images using laser confocal
microscopy. The results (Fig. 3B) show thatHsf1, stained in red,
is localized to both the cytoplasm and the nucleus before SFN
treatment. However, nuclear translocation of Hsf1 was rapid

after either SFN or heat shock treatments. Nrf2, a signaling
protein known to be activated by SFN through nuclear translo-
cation (11), was used as an assay control. It is noted that heat
shock did not induce substantial enrichment of Nrf2 in the
nucleus.
Literature indicates that both Hsp90 and Hsp70 sequester

Hsf1 in HSP complexes (28, 29). To demonstrate further that
SFN activates Hsf1, we performed immunoprecipitation of
Hsp90 and Hsp70 before and after SFN treatment. The results
(Fig. 3C) show that both SFN and heat shock caused the disso-
ciation of Hsf1 from Hsp90 and Hsp70, confirming that SFN
activates Hsf1.
SFN Induces Heat Shock Response—To demonstrate SFN-

induced and Hsf1-mediated heat shock response, we tran-
siently transfected a luciferase reporter plasmid carrying
Hsp70-based HSE and treated cells with SFN. The results (Fig.
4A) show that SFN activated Hsf1-mediated transcription. The
activation is also time- and concentration-dependent. To con-
firm the activation, we checked protein levels of Hsf1 and some
of its downstream gene products. Fig. 4B shows that SFN
induced substantial expression of Hsf1 and Hsp70. However,
the level of Hsp90 and Hsc70 remained the same. Taken
together, these results indicate that SFN induces heat shock
response, including overexpression of Hsp27, in cells.
To ascertain the role of Hsf1 in regulating HSPs, especially

Hsp27, we knocked down Hsf1 with lentiviral-based shRNA
before SFN treatment. The results (Fig. 4C) show that Hsf1 was
effectively knocked down by shRNA, and SFN-induced expres-
sion of Hsf1, Hsp70, and Hsp27 were abolished after Hsf1
knockdown, indicating that Hsf1 regulates overexpression of
Hsp27 by SFN. Also, SFN-activated the Hsf1-mediated heat
shock response was observed in COS-1 cells (Fig. 4D), indicat-
ing that the activation is unlikely cell type-specific.
Overexpression of Hsp27 Reinforces SFN-induced Proteasome

Activation—We next questioned whether SFN-induced Hsp27
expression is functionally associated with proteasome activity.
To answer this, we transiently transfected COS-1 cells with a
plasmid carrying Hsp27 or an empty plasmid. COS-1 cells were
chosen because the basalHsp27 level is relatively low compared
with HeLa cells. Results (Fig. 5A) show that SFN induced chy-
motrypsin-like activity �3-fold in cells with ectopically
expressed Hsp27, compared with only 1.5-fold in control cells.
The Fig. 5A inset shows that Hsp27 was selectively overex-
pressed with no substantial change in Hsc70. The results sug-
gest that selective overexpression of Hsp27 may be related to
SFN-induced proteasome activation. Also, proteasome activity
in untreated cell lines was similar, suggesting that proteasome
activity induction is triggered primarily by SFN treatment.
Silencing of Hsp27 Inhibits SFN-induced Proteasome

Activation—To confirm the role of Hsp27 in SFN-induced pro-
teasome activation, we pretreated HeLa cells with 50 nMOGX-
427, a second generation antisense oligonucleotides against
Hsp27 (27), prior to SFN treatment. HeLa cells were chosen
because the basal Hsp27 level is relatively high. Results (Fig. 5B)
show that OGX-427 significantly reduced Hsp27 protein
expression (see inset) and inhibited SFN-induced proteasome
activation, suggesting that Hsp27 expression is required for
SFN-induced proteasome activation.

FIGURE 2. SFN-induced proteasome activation dependents on de novo
protein synthesis and SFN induces Hsp27 expression. HeLa (A) and COS-1
(B) cells were pretreated with actinomycin D (Act.D) or cycloheximide (CHX)
for 1 h and then treated with SFN (10 �M for HeLa and 7.5 �M for COS-1).
Chymotrypsin-like activity was measured using substrate Suc-LLVY-AMC.
Hsp27 protein (C) and mRNA (D) levels were increased in SFN-treated cells.
Cells were treated with SFN for up to 8 h. Hsp27 protein and mRNA levels were
examined by immunoblotting and RT-PCR, respectively. �-Actin was used as
loading control for both assays. Band intensity was estimated using ImageJ
software and marked on top of each band. *, p � 0.05; **, p � 0.01. Error bars,
S.D.
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Hsp27 Expression in REG Cells Confers SFN-induced Protea-
some Activation—To confirm the relationship between the
Hsp27 expression level and proteasome activation further, we
treated a pair of isogenic cells, parental rat colon cancer REG
cells (no detectable Hsp27) and REG-Hsp27 cells (stably
transfected with wild-type Hsp27), with 5 �M SFN before
measuring proteasome activity. Results (Fig. 5C) show that
the SFN-stimulated chymotrypsin-like activity was observed
only in REG-Hsp27 cells, but not in parental REG cells, con-
firming that Hsp27 expression is essential for proteasome
activation by SFN. Hsp27 and Hsc70 levels are shown in the
inset.
Phosphorylation of Hsp27 Is Unrelated to SFN-mediated Pro-

teasome Activation—Hsp27 can be phosphorylated at serines
15, 78, and 82 by p38-regulated/activated protein kinase and
mitogen-activated protein kinases (MAPK)-associated protein
kinases (MAPKAP kinases 2/3), which are activated through
phosphorylation by p38 kinase (23, 30). Hsp27 phosphorylation
has been associated with its reduced oligomerization and chap-
erone activity (23). A previous report showed that SFNactivates
the p38 MAPK pathway (31). To investigate whether Hsp27
phosphorylation plays a role in SFN-induced proteasome acti-
vation, we pretreated HeLa cells with 10 �M SB203580, a spe-
cific p38 MAPK inhibitor, for 1 h followed by treatment with
SFN for 4 h. Results (Fig. 6A) show that SFN moderately
induced phosphorylation of both p38 and Hsp27, and
SB203580 effectively blocked their phosphorylation. However,
inhibition of Hsp27 phosphorylation did not have substantial
effects on SFN-induced proteasome activation (Fig. 6B), sug-
gesting that Hsp27 phosphorylationmay not be related to SFN-
induced proteasome activation.
To ascertain the role of Hsp27 phosphorylation, we tran-

siently transfected REG cells with plasmids carrying Hsp27-wt,
Hsp27–3A, and Hsp27–3D, for 48 h prior to SFN treatment.

Hsp27–3A mimics dephosphorylated Hsp27 with three phos-
phorylatable serines replace with alanine residues, whereas
three serines inHsp27–3Dwere replacedwith aspartates,mim-
icking phosphorylated Hsp27. Results (Fig. 6C) show that SFN-
induced proteasome activation was observed in cells trans-
fected withHsp27 variants, but not those with an empty vector.
No substantial differenceswere shown in cellswith threeHsp27
variants, confirming that Hsp27 expression, but not phospho-
rylation, may be relevant to proteasome activation by SFN.
SFN Treatment Alleviates Cells from Proteasome Inhibition—

To study the biological significance of the heat shock response
induced by SFN, we transiently transfected HeLa cells with
either pcDNA3 vector, a plasmid carrying Hsp27, or a plasmid
carryingHsf1 for 24 h.Cellswere treatedwith 10�MSFN for 2 h
and recovered in fresh medium overnight followed by 500 nM
MG132, a specific proteasome inhibitor, for 30 min. Results
(Fig. 7) show that MG132, as expected, caused accumulation of
ubiquitinated proteins (second lane); SFN-treated cell lysates
had reduced amounts of ubiquitinated proteins (third through
fifth lanes compared with second lane), suggesting that SFN
alleviated MG132-induced proteasome inhibition. Cells trans-
fected with either Hsp27 (fourth lane) or Hsf1 (fifth lane) had a
greater reduction in the buildup of ubiquitinated proteins, con-
firming the role of Hsf1-mediated heat shock response and more
specifically, Hsp27, in proteasome regulation. It is also noted that
heat shock of cells also reduced the amount of ubiquitinated pro-
teins, further supporting the role of heat shock response.

DISCUSSION

SFN is a promising cancer preventive agent. Previous studies
indicate that its major cell protective mechanism is the induc-
tion of the Keap1-Nrf2 pathway (8–16). SFN-enhanced protea-
some activity in murine neuroblastoma cells and induction of
proteasome subunit PSMB5 have also been attributed to Nrf2-

FIGURE 3. SFN activates Hsf1. A and B, SFN induces Hsf1 nuclear translocation and mass increase. A, HeLa cells were treated with 10 �M SFN for up to 4 h (left
panel) and SFN at different concentrations for 4 h (right panel). HS, heat shock at 42 °C for 1 h and recovery at 37 °C for 3 h. p53 was used as a loading control for
the nuclear proteins. B, HeLa cells were treated with either vehicle dimethyl sulfoxide (DMSO), 5 �M SFN, or heat shock for 1 h before immunofluorescent
staining. Hsf1 was stained in red, Nrf2 in green, and the nucleus in blue by DAPI. C, SFN induces dissociation of Hsf1 from Hsp90 and Hsp70. HeLa cells were
treated with 10 �M SFN or heat shock for up to 30 min before cell lysate was used to immunoprecipitate (IP) Hsp90 and Hsp70 individually.
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mediated antioxidant response (13). However, recent studies
suggest that Hsf1, instead of Nrf2, is related to the stress-in-
duced proteasome subunit expressions. A report revealed that a
variety of HSPs and proteasome subunits, including Hsp27 and
PSMB5, are significantly induced by WY-14643, a peroxisome
proliferator-activated receptor � inducer, in nrf2-null mice
(32). More recently, the interaction between Hsf1 and peroxi-
some proliferator-activated receptor� on a genetic level is con-
sidered a deciding factor in the regulation of some HSPs and
proteasome subunit genes (33). Additionally, a previous study

indicated that proteasome inhibition triggers Hsf1 activation,
and aHsf1-mediated rapid heat shock response has been impli-
cated in modulating the UPS pathway (34). In this study, we
discovered that SFN induces a rapid and significant Hsf1-me-
diated heat shock response and that SFN-induced Hsp27
expression, not its phosphorylation, underlies SFN-induced
proteasome activity enhancement. Our results not only con-
firm the link between the heat shock response and proteasome
activity but also specify the role of Hsp27 in stress-induced
proteasome activation.
Like Nrf2-mediated antioxidant response, Hsf1-mediated

heat shock response is also sensitive to redox conditions (34–
36). It can be induced by a variety of thiol-reactive and electro-
philic compounds, such as hydrogen peroxide, menadione,
cadmium, arsenic trioxide, 15-deoxy-PGJ2, 4-hydroxynonenal,

FIGURE 4. SFN induces Hsf1-mediated heat shock response. A, SFN acti-
vates Hsp70-based HSE-binding luciferase activity. HeLa cells were tran-
siently transfected with Hsp70-Luc for 24 h and treated with 5 or 10 �M SFN
for up to 4 h. **, p � 0.01; ***, p � 0.001. Error bars, S.D. B, SFN induces
substantial expression of Hsf1 and Hsp70, but not Hsp90 and Hsc70. HeLa
cells were treated with 10 �M SFN for up to 8 h before cell lysate was used for
immunoblots. C, Hsf1 regulates overexpression of Hsp70 and Hsp27 by SFN in
HeLa cells. HeLa cells were transduced by lentiviral-based Hsf1 shRNA for 24 h
before being treated with 5 and 10 �M SFN for 8 h. GFP-targeted shRNA was
used as a control. D, SFN activates Hsf1-mediated heat shock response in
COS-1 cells. COS-1 cells were transduced by lentiviral-based Hsf1 shRNA for
24 h before being treated with 5 and 10 �M SFN for 8 h.

FIGURE 5. Hsp27 expression regulates proteasome activities. A, ectopic
expression of Hsp27 reinforces SFN-induced proteasome activation. COS-1
cells were transiently transfected with either a control plasmid (white bars) or
a Hsp27-carrying plasmid (black bars) for 48 h before being treated with 7.5
�M SFN. Inset shows Hsp27 and Hsc70 levels by immunoblotting. B, silencing
Hsp27 abolishes SFN-induced proteasome activation. HeLa cells were tran-
siently transfected with either a control oligonucleotides (white bars) or OGX-
427 for 48 h before being treated with 10 �M SFN. C, Hsp27 is required in
SFN-induced proteasome activation. Parental REG cells (no detectable
Hsp27) and REG stably transfected with wild-type Hsp27 were treated with 5
�M SFN. Inset shows Hsp27 and Hsc70 immunoblot images. *, p � 0.05; **, p �
0.01; ***, p � 0.001. Error bars, S.D.
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and iodoacetamide (35–42). However, the detailed mecha-
nisms bywhich these compounds activateHsf1 are unclear. It is
possible that Hsf1 is activated indirectly through sensing accu-
mulation of oxidized andmisfolded proteins. It is also likely that
the activation is due to direct impact on Hsf1 through thiol
oxidation, S-glutathiolation, or disulfide formation (34–36). It
has been proposed that SFNmay covalently modify certain key
cysteines on Keap1 for the activation of Nrf2 (11). Therefore,
the possibility that SFN activates Hsf1 through covalent bind-
ing exists. The upstream mechanisms by which SFN activates
Hsf1 require further investigation.

BothHsf1-mediated heat shock response andNrf2-mediated
antioxidant response impart strong protection to stressed cells,
including redox homeostasis (11, 23). Recently, 4-hydroxynon-
enal has been shown to activate both Nrf2 and Hsf1 as anti-
apoptotic responses (43). Interestingly, Hsf1-mediated cyto-
protection is even stronger than that mediated by Nrf2. In
addition to their overlapping functions, two seemingly parallel
pathways may have cross-talk. Heme oxygenase 1, a known
phase II enzyme with antioxidant activity, is a bona fide HSP
(Hsp32) (43). Expression of NAD(P)H:quinone oxidoreduc-
tase, the most studied phase II enzyme, can be up-regulated
by heat shock treatment of cells (44). Also, Hsp27 expression
levels have been associated with activity of some detoxifying
enzymes, including glucose-6-phosphate dehydrogenase, phase II
enzymes glutathione S-transferase, and glutathione reductase
(45). Understanding their relationships will improve our
knowledge of both pathways and give insight to the biological
activity of SFN.
The mechanism by which Hsp27 activates the proteasome

and expedites removal of ubiquitinated proteins is still unclear.
It is conceivable that Hsp27 stimulates the UPS system through
protein interaction. �B-crystallin and �B-crystallin domain-
containing Hsp27 have been shown to interact directly with
ubiquitin and favorably bind to polyubiquitin chains (46, 47).
Also, they are able to bind to the 26 S proteasome subunits (21,
22). Additionally, Hsp27 has been found to induce p27kip1 ubiq-
uitination and degradation in a phosphorylation-independent
manner. This is consistent with our results that Hsp27 phos-
phorylation is not related to proteasome activation by SFN.
Unlike SFN, benzyl ITC and phenethyl ITC, two other often-

studied ITCs, induced neitherHsp27 protein accumulation nor

FIGURE 6. Phosphorylation of Hsp27 is unrelated to SFN-induced pro-
teasome activation. A, phosphorylation and protein levels of both p38
and Hsp27 in HeLa cells treated with 10 �M SFN in the presence or absence
of 10 �M SB203580, a specific p38 MAPK inhibitor are shown. Cell lysates
were collected after 4-h treatment. B, inhibition of Hsp27 phosphorylation
did not block SFN-induced proteasome activation. C, SFN promoted sim-
ilar levels of proteasome activity in cells transfected with three Hsp27
variants. Parental REG cells were transiently transfected with Hsp27-wt,
Hsp27–3A, Hsp27–3D, and control vector pcDNA3 for 48 h before treated
with 5 �M SFN. Inset shows Hsp27 and Hsc70 immunoblot images. *, p �
0.05; **, p � 0.01. Error bars, S.D.

FIGURE 7. Both SFN and heat shock treatments alleviate accumulation of
ubiquitinated proteins by proteasome inhibitor MG132. HeLa cells were
transiently transfected with control vector pcDNA3, a Hsp27-carrying plas-
mid, or a Hsf1-carrying plasmid for 24 h. Cells were pretreated with 10 �M SFN
for 2 h, the culture medium was replenished, cells were incubated in fresh
medium overnight, and then cells were treated with 500 nM MG132 for 30
min. Cell lysate was used to blot for ubiquitinated proteins. Heat shock was
carried out at 42 °C for 1 h, followed by 37 °C overnight.
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proteasome activation at the same concentration range. In fact,
both hydrophobic ITCs at concentrations above 5 �M rapidly
and significantly inhibit activities in both 20 S and 26 S protea-
some complexes, presumably through direct binding.3 Protea-
some inhibition is also evident when cells are treated withmore
than 40�MSFN.3Our previous studies also revealed a contrast-
ing structure-activity relationship among these three ITCs.
Benzyl ITC and phenethyl ITC, which have much higher bind-
ing affinities toward tubulin than SFN, cause significant micro-
tubule disruption, tubulin precipitation, tubulin degradation,
and ultimately cell cycle arrest at the G2/M phase and apopto-
sis. SFN, on the contrary, is relatively inert in tubulin-related
biological activities (26, 48–50).
BothHSPs andUPS are two key aspects of the protein quality

control mechanism, which guarantees normal cellular func-
tions and viability. Under stressed conditions, HSPs are dis-
patched to correct conformation and repair misfolded proteins
whereas UPS is activated to remove proteins that are beyond
repair. In this study, we showed that small molecular SFN can
induce expression of HSPs and stimulate proteasome activity.
These dual effects suggest SFN as a promising agent for the
prevention and relief of cancer and various aging-related dis-
eases, which commonly feature declined heat shock response
and decreased proteasome activity.
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