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Gaucher disease is causedbymutations in theglucosidase, beta, acid
gene that encodes glucocerebrosidase (GCase). Glucosidase, beta,
acidmutations often cause protein misfolding and quantitative loss
of GCase. In the present study, we found that celastrol, an herb de-
rivative with known anticancer, anti-inflammatory, and antioxidant
activity, significantly increased the quantity and catalytic activity of
GCase. Celastrol interferedwith the establishment of the heat-shock
protein 90/Hsp90 cochaperone Cdc37/Hsp90-Hsp70-organizing pro-
tein chaperone complexwithmutant GCase and reduced heat-shock
protein 90-associated protein degradation. In addition, celastrolmod-
ulated the expression ofmolecular chaperones. Bcl2-associated atha-
nogene 3 and heat shock 70kDa proteins 1A and 1B were signifi-
cantly increased by celastrol. Furthermore, BAG family molecular
chaperone regulator 3 assisted protein folding and maturation of
mutant GCase. These findings provide insight into a therapeutic
strategy for Gaucher disease and other human disorders that
are associated with protein misfolding.

Gaucher disease (GD), one of the most prevalent human
metabolic storage disorders, is caused by inadequate glu-

cocerebrosidase (GCase) (1, 2). Loss of GCase activity leads to
accumulation of toxic amounts of glucocerebroside and glu-
cosylsphingosine, causing metabolic dysfunction that eventu-
ally results in hepatosplenomegaly, cytopenias, bone disease,
and, in some patients, central nervous system manifestations.
Mutations in the glucosidase, beta, acid (GBA) gene that en-
codes GCase are the most common causes of GD (3–5). These
mutations commonly result in amino acid substitutions in
GCase that significantly reduce protein stability without dis-
rupting intrinsic catalytic activity (6). Changes in the GCase pep-
tide sequence alter the conformation of the protein making it
vulnerable to degradation mechanisms involving Parkin, casitas
b-lineage lymphoma (Cbl), heat-shock protein 90 (Hsp90), and
the endoplasmic reticulum-associated degradation (ERAD) path-
way (7). Moreover, modulating the pathways involved in the
folding and degradation of mutant GCase has been shown to be
effective in increasing its activity (8).
Celastrol is derived from the root of Tripterygium Wilfordii

(Thunder of God Vine) and Celastrus Regelii. It has been demon-
strated to have antioxidant (9), anti-inflammatory (10), and anti-
cancer (10–13) effects. Recent studies have shown that celastrol
blocks protein degradation by inhibiting proteasomal function (13,
14) and prevents the degradation of mutant enzymes in certain
lysosomal storage diseases (15). The molecular mechanisms by
which celastrol exerts these effects, however, remain unknown.
Zhang et al. (16, 17) showed that celastrol interferes with Hsp90
binding to Hsp90 cochaperone Cdc37 (Cdc37), suggesting that
celastrol affects biologic processes by modulating molecular chap-
erones. Our recent discoveries in GD demonstrated that Hsp90 is
not only a critical chaperone that assists protein folding but is also
important in targeting the misfolded GCase for degradation (18,
19). Therefore, the potential therapeutic value of celastrol is of
great interest in protein folding-related disorders.
We investigated the effect of celastrol on GCase folding and

degradation. Using two commonGBAmutations in type I (N370S/
N370S) and type II/III (L444P/L444P) GD,we found that celastrol

increased the catalytic activity ofmutantGCase. Celastrol interfered
with the recruitment of Cdc37 to Hsp90 halting the assembly of the
requisite chaperone complex. Inhibition of Hsp90 reduced its rec-
ognition of mutant GCase and therefore limited the proteasomal
degradation of the mutant protein. Additionally, celastrol triggered
a reorganization of the gene expression pattern of molecular chap-
erones such as DnaJ homolog subfamily B members 1 and 9
(DNAJB1/9), heat shock 70kDa proteins 1A and 1B (HSPA1A/B),
and Bcl2-associated athanogene 3 (BAG3). The presence of BAG
family molecular chaperone regulator 3 (BAG3) further stabi-
lized the nascent GCase protein and assisted its folding and
catalytic activity.

Results
Celastrol Targets the Chaperone Function of Hsp90 and Inhibits Its
Recognition of Mutant GCase.Our previous findings demonstrated
that mutations in GCase result in its binding to Hsp90 (18, 19).
Recognition by Hsp90 initiates protein degradation through the
ERAD and valosin-containing protein (VCP)/protein 97 (p97)/
proteasome pathways (7, 19–21). We confirmed that Hsp90 rec-
ognizes mutant GCase and investigated the formation of the Hsp90
chaperone complex (Fig. 1A). Consistent with previous findings,
Hsp90 bound more avidly to both forms of mutant GCase versus
wild-type GCase. Moreover, Cdc37, a cochaperone of Hsp90,
likewise exhibited increased binding to mutant GCase. There
was no observable difference in the binding of Hsp70–Hsp90-
organizing protein (Hop) to mutant versus wild-type GCase.
Interfering with the function of Hsp90 has been shown to re-

duce the degradation of GCase (19). Zhang et al. (16) showed that
celastrol interferes with Hsp90 function by occupying a specific
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domain in the Hsp90–Cdc37 interface. We hypothesized that
recognition of GCase by Hsp90 is dependent on the establish-
ment of the Hsp90/Cdc37/Hop complex. We hypothesized that
blocking the assembly of the chaperone complex with the small

molecular weight compound celastrol would inhibit Hsp90-
associated GCase degradation. To test this hypothesis, we first
confirmed the effect of celastrol on the assembly of the Hsp90
chaperone complex using immunoprecipitation (Fig. 1B). We
found a reduction in Cdc37 binding to the Hsp90 chaperone
complex in the presence of celastrol suggesting that celastrol
interrupted the recruitment of Cdc37 to the protein complex.
We then evaluated the impact of celastrol on Hsp90 recogni-
tion of mutant GCase (Fig. 1C). The Hsp90/Cdc37/Hop complex
exhibited less affinity for both N370S and L444PGCase mutants in
the presence of celastrol, confirming our hypothesis that celastrol
inhibits the function of the Hsp90 chaperone complex and hence
cotranslational degradation of mutant GCase. The impact of
celastrol on Hsp90 recognition of mutant GCase was determined
using reverse immunoprecipitation (Fig. 1D). Hsp90 exhibited
less affinity for both N370S and L444P mutant forms of GCase in
the presence of celastrol.

Celastrol Increases the Amount and Catalytic Activity of GCase by
Reducing Protein Degradation. The potent inhibitory effect of
celastrol on the establishment of the Hsp90 chaperone complex
suggests that it may be useful for disorders related to abnormalities
in Hsp90 function. GCase activity was measured in fibroblasts de-
rived from either type I [GBA-mutant (GM) 00372 and GM00852]
or type II/III (GM00877 and GM08760) GD patients using a
fluorometric GCase assay. Celastrol consistently increased the
catalytic activity of GCase in fibroblasts from both types of GD
(Fig. 2A). In addition, a time-course study revealed that celastrol
increased the amount of GCase in GD fibroblasts (Fig. 2B).
Ubiquitination of both N370S and L444P GCase mutants was
reduced following treatment with celastrol indicating that the
increase in the amount of GCase was due to reduced protein
degradation (Fig. 2C). A pulse–chase assay using cycloheximide
further demonstrated that celastrol increased the stability of GCase
mutants (Fig. 2 D and E).

Celastrol Induces a Heat-Shock Response and Reorganizes the
Expression of Chaperone Genes. Protein misfolding and prema-
ture degradation is the major cause of quantitative loss of GCase
in GD (6, 18, 19). Molecular chaperones play important roles in
determining the fate of mutant GCase (8, 22). In addition to
blocking the chaperone function of Hsp90, celastrol has been

Fig. 1. Celastrol interferes with the formation of the Hsp90 chaperone
complex and reduces its recognition of mutant GCase. (A) Immunoprecipi-
tation demonstrated abnormal binding of the Hsp90/Cdc37/Hop chaperone
complex to mutant GCases. Whole-cell lysate (WCL) was used as loading
control. (B) Immunoprecipitation indicated that celastrol impaired the re-
cruitment of Cdc37 to the Hsp90 chaperone complex. (C) Immunoprecipi-
tation further showed that celastrol decreased recognition of the Hsp90/
Cdc37/Hop complex to both N370S and L444P mutant GCases. (D) Reverse
immunoprecipitation confirmed that celastrol decreased Hsp90 affinity for
N370S and L444P mutant GCases.

Fig. 2. Celastrol increases the quantity and catalytic activity of mutant GCase by reducing protein degradation. (A) Fluorometric GCase assay showed that
celastrol increased catalytic activity in fibroblasts derived from type I and type II/III GD patients. (B) Western blot confirmed that prolonged exposure to
celastrol also increased the amount of GCase in GD fibroblasts. (C) Immunoprecipitation further demonstrated that celastrol decreased ubiquitination of
N370S and L444P mutant GCase. (D) A pulse–chase assay with cycloheximide indicated that celastrol increased the stability of N370S and L444P mutant
GCases. (E) Quantitative analysis of the pulse–chase assay confirmed that celastrol increased the half-life GCase mutants.
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shown to affect the transcriptional activity of heat shock-related
genes (23, 24), suggesting that celastrol may also affect addi-
tional molecular chaperone families such as those involved in
GCase stabilization. To test this, the impact of celastrol on heat
shock element (HSE)-associated gene transcription was assessed
using a luciferase assay (Fig. 3A). Celastrol potently induced
HSE-mediated gene transcription, which was not observed fol-
lowing treatment with Hsp90 inhibitors geldanamycin and tanes-
pimycin (17-N-allylamino-17-demethoxygeldanamycin, 17-AAG).
In addition, we confirmed the induction of a heat shock response
by testing luciferase activity driven by the HSPA1A promoter. To
confirm the effect of celastrol on genes coding for key chaperone
proteins, HeLa cells were treated with varying amounts of celas-
trol, and chaperone gene expression was quantified using quanti-
tative real-time PCR (qRT-PCR) (Fig. 3B). Indeed, celastrol
increased the expression of multiple genes coding for molecular
chaperones in a dose-dependent manner.
Finally, we analyzed the impact of celastrol on the expression

of chaperone/cochaperone genes using high-throughput screen-
ing (Fig. 3C). Cells were treated with celastrol, and the mRNA
expression profile was analyzed using a quantitative PCR-based
screening assay. Celastrol induced a global change in the ex-
pression pattern of chaperone families: 91.8% (78 out of 85) of

the chaperones were up-regulated by celastrol. Chaperones that
assist protein folding/refolding were more potently induced by
celastrol. For example, T-complex protein 1, subunit alpha (TCP-1),
the gene coding for a key protein in the chaperone containing
TCP-1 (CCT)/TCP-1 ring complex (TRiC) that has been shown
to assist GCase folding (6), was up-regulated 4.5-fold by celastrol.
The genes coding for DnaJ homolog subfamily B members 1
and 9 (DNAJB1/9), which have been shown to assist protein
folding and suppress toxic protein aggregation (25, 26), were
up-regulated 68.3- and 12.3-fold, respectively. HSPA1A and
HSPA1B, which encode heat-shock protein 70 (Hsp70), were
up-regulated by 85.1- and 86.3-fold, respectively.

Celastrol-Induced BAG3 Expression Stabilizes Mutant GCase and Assists
in Its Maturation. Among chaperone genes that may affect GCase
stability, we found BAG3 was robustly up-regulated (∼60-fold)
by celastrol. BAG family chaperone regulator 3 (BAG3) has been
found to compete with Hip-1 for binding to the heat-shock cog-
nate 71kDa protein (Hsc70)/Hsp70 ATPase domain and promote
substrate release (27). Several recent discoveries indicate that
BAG3 also regulates the proteasomal and lysosomal protein
elimination pathways (28–30). However, the involvement of BAG3
in GCase folding and maturation is unclear. We hypothesized

Fig. 3. Celastrol modulates the expression pattern of molecular chaperones. (A) Luciferase assay showed that celastrol, but not geldanamycin or 17-AAG, in-
creased transcriptional activation of the HSE (Top) and HSP1A1 (Bottom) promoters. (B) Quantitative real-time PCR indicated that celastrol increased the ex-
pression of molecular chaperones in a dose-dependent manner. (C) A quantitative PCR-based gene screening array demonstrated that celastrol also reorganized
the expression of molecular chaperones in HeLa cells.
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that BAG3 stabilizes misfolded GCase and thus increases the
amount of GCase. To test this hypothesis, gene expression of
BAG3 and other chaperones was measured in type I and type
II/III GD fibroblasts using qRT-PCR (Fig. 4A and Fig. S1).
Consistent with the findings presented above, celastrol induced
expression of chaperones that assist protein folding in GD
fibroblasts including a 115–330% increase in BAG3 expression.
Likewise, celastrol increased BAG3 expression by 89–348% in
a luciferase assay, whereas no change in BAG3 expression was
observed following treatment with geldanamycin or 17-AAG
(Fig. 4B).
Next, we investigated the role of celastrol-induced BAG3 ex-

pression in GCase misfolding and degradation. The affinity of
BAG3 for GCase mutants was assessed using immunoprecipi-
tation (Fig. 4C). Celastrol increased the binding of BAG3/Hsp70
chaperones to N370S and L444P GCase mutants, indicating that
celastrol not only up-regulated expression of BAG3/Hsp70 but
also enhanced their binding to mutant GCase. Dicer-substrate
siRNAs targeting BAG3 were then implemented to assess the
importance of BAG3 in GCase degradation. All siRNAs reduced
BAG3 expression by ∼80% (Figs. S2 and S3). Ubiquitination of
GCase mutants was significantly increased in cells that were
cotransfected with BAG3 siRNAs, suggesting that BAG3 is es-
sential for stabilization of mutant GCases (Fig. 4D). Finally, the
importance of BAG3 in mutant GCase activity was confirmed by
measuring GCase activity in GD fibroblasts transfected with
BAG3 siRNAs (Fig. S4). Cells were exposed to celastrol, and
GCase activity was measured using a fluorometric assay (Fig.
4E). Cotransfection with BAG3 siRNAs, but not control siRNA,
significantly reduced GCase activity in both type I and type II/III
GD fibroblasts, suggesting that the therapeutic effect of celastrol
depends on the function of BAG3.

Discussion
Our results reveal that celastrol is an effective small molecular
weight compound that may be useful for the treatment of GD. It
increases the quantity and catalytic activity of mutant GCase in
GD fibroblasts by targeting molecular chaperones and inhibiting
protein degradation. Celastrol induces a heat-shock response in
GD fibroblasts and up-regulates genes coding for molecular
chaperones BAG3, Hsp70, and DNAJB1/9. Moreover, celastrol-
induced BAG3 assists in stabilizing mutant GCase by modulating
protein-folding machinery (Fig. 5). Thus, celastrol in GD may
serve as a valuable therapeutic paradigm for treating diseases
caused by protein misfolding.
Recent investigations have provided critical insights concern-

ing the pathogenic mechanisms of inherited disorders such as
GD. In the past, it was presumed that alterations in the amino
acid sequence of GCase reduced the catalytic activity of the
enzyme. These mutations appear more likely to affect the sta-
bility of the protein without inducing catastrophic changes in
enzymatic function (6, 18), and quantitative reduction of the
enzyme is determined by molecular chaperones (19). Therefore,
targeting molecular chaperones and protein misfolding has re-
cently been proposed as a therapeutic approach for this disease
and others resulting from premature protein degradation (31).
Our previous findings demonstrated that Hsp90 serves as a key

molecule that determines the fate of mutant GCase (19). Hsp90
recognizes the unnatural conformation of mutant GCase during
protein translation and targets the misfolded protein for degra-
dation. Hsp90 has been targeted using various molecular inhib-
itors in an attempt to restore the expression of mutant GCase.
For example, 17-AAG was shown to inhibit the N-terminal ATP-
binding pocket of Hsp90 which effectively reduced the ubiq-
uitination of GCase (19). In addition, histone deacetylase in-
hibitors (HDACi) inhibit the deacetylation of the middle domain

Fig. 4. BAG3 is induced by celastrol and stabilizes mutant GCase. (A) Quantitative real-time PCR of molecular chaperone expression in GD fibroblasts.
Celastrol increased the expression of BAG3, HSPA1A, HSPA1B, heat shock 105kDa/110kDa protein 1 (HSPH1), heat shock 70kDa protein 1L (HSPA1L), heat
shock 70kDa protein 4L (HSPA4L), and DNAJB1/9 in GD fibroblasts. (B) Luciferase assay demonstrated that celastrol, but not geldanamycin or 17-AAG, in-
creased BAG3 transcription in a dose-dependent manner. (C) Immunoprecipitation further showed that celastrol enhanced BAG3 and Hsp70 binding to
mutant GCase. (D) Small interfering RNA inhibition of BAG3 expression increased ubiquitination of mutant GCase. (E) A fluorometric enzyme assay further
indicated that siRNA inhibition of BAG3 reduced GCase activity in GD fibroblasts treated with celastrol.
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of Hsp90, reducing its chaperone function and increasing the
amount of GCase (18). However, it is not known whether a
subpopulation of Hsp90 is preferentially overexpressed in GBA-
mutant cells or whether cells overexpressing Hsp90 can be
targeted using a specific Hsp90 inhibitor, as has been demon-
strated in certain types of cancer (32–39). Nevertheless, our data
suggest that celastrol is a Hsp90 inhibitor that targets the for-
mation of the associated chaperone complex.
Enzyme replacement therapy is currently the gold standard for

treating GD (40, 41), but the inability of the enzyme to cross the
blood–brain barrier demands that unique approaches be taken to
treat the neuronopathic subtypes. Small molecular weight com-
pounds that modulate protein chaperones offer a promising al-
ternative to enzyme replacement therapy. However, additional
considerations must be taken into account before clinical testing.
For example, clinically available HDACi, Hsp inhibitors, and
celastrol itself are associated with significant toxicities (42–47).
Our results demonstrate that HDACi and celastrol could have
undesirable “off-target” effects that should be identified before
clinical trials in GD are pursued (48). Further work is required to
determine whether route of administration, dose, molecular
structure, or other aspects of these compounds can be selected to
maximize therapeutic effect and minimize toxicity. Another
noteworthy consideration regarding our findings is the involve-
ment of BAG3 in the genesis, progression, and therapeutic re-
sistance of multiple cancers (49–51), which may limit the
therapeutic implications of these findings. Furthermore, it is not
currently known whether GBA-mutant cells endogenously ex-
press higher levels of BAG3 or whether an increase in BAG3
expression contributes to the elevated risk of malignancy in GD
(52). Although these considerations must be taken into account
before further clinical investigations, proteostasis regulators such
as HDACi and celastrol offer an alternative to enzyme replacement
therapy for the treatment of neuronopathic subtypes of GD.

Recent studies have shown that celastrol occupies the interface
of Hsp90/Cdc37-binding site, blocking the establishment of Hsp90
complex and thus its function as a molecular chaperone (16, 17).
The present study demonstrates the importance of Hsp90 in the
folding and degradation of mutant GCase. The potent inhibitory
effect of celastrol on Hsp90 suggests that it may enhance GCase
stability. Others have demonstrated that celastrol inhibits the deg-
radation of mutant GCase in GD fibroblasts and mutant β-hexos-
aminidase A in Tay–Sachs disease fibroblasts by activating the heat
shock and unfolded protein responses (15), but the molecular
mechanism by which this occurs has not been well-addressed. We
demonstrated that binding of the Hsp90/Cdc37 complex to mutant
GCase was disrupted upon treatment of GD fibroblasts with
celastrol. Celastrol decreased recognition of mutant GCase by
the Hsp90 chaperone complex and therefore reduced GCase
degradation. Importantly, celastrol increased GCase activity by
inducing not only a heat shock response but also transcription
of key chaperone genes including DNAJB1/9 and BAG3.
BAG3 is potently induced in the presence of celastrol and

assists in the folding and maturation of GCase by reorganizing
molecular chaperones, thereby increasing the stability and cata-
lytic activity of mutant GCase. Celastrol targets Hsp90/Cdc37
heterodimerization limiting the affinity for GCase mutants and
thus blocking protein degradation. Additionally, celastrol indu-
ces a heat shock response and increases the expression of molec-
ular chaperones that assist GCase stabilization thereby increasing
the amount of mature GCase and catalytic activity of the enzyme.
Celastrol may be a valuable therapeutic option for GD, espe-
cially the neuronopathic phenotypes. Additionally, inhibition of
the Hsp90 chaperone system and induction of a heat shock
response by celastrol may be useful in additional human dis-
orders related to protein misfolding such as type C Niemann–
Pick disease, cystic fibrosis, neurofibromatosis type 2, succinate
dehydrogenase B-associated neuroendocrine tumors, and von
Hippel Lindau disease.

Materials and Methods
Cell Culture. Foreskin fibroblasts derived from GD patients were maintained
as previously described (19). Fibroblasts from type I GD (GM00372 and
GM00852) and type II GD (GM00877 and GM08760) were used (Coriell Institute
for Medical Research). HeLa cells were purchased from American Type Culture
Collections (ATCC). Cells were incubated in Eagle’s minimum essential medium
alpha (MEMα, Invitrogen) supplemented with 10% (vol/vol) FBS. For each
treatment condition, cells were incubated in either celastrol (Sigma–Aldrich)
dissolved in DMSO (Sigma–Aldrich) at the indicated concentration or in DMSO
alone overnight in a humidified chamber at 37 °C unless otherwise indicated.

Pulse–Chase Assay. The pulse–chase assay of mutant GCases was performed
using cycloheximide as previously described (53).

Immunoprecipitation. Cell pellets were lysed in Nonidet P-40 lysis buffer
supplemented with a Halt proteasome inhibitor mixture (Thermo Scientific).
One milligram of total protein was precipitated with DynaBeads Protein G
Immunoprecipitation Kit (Invitrogen). The antibodies for immunoprecipita-
tion included monoclonal antibodies against Flag-tag (Origene) and Hsp90
(Cell Signaling Technology).

Western Blot. Cell pellets were lysed with radioimmunoprecipitation (RIPA)
lysis buffer supplemented with a Halt proteasome inhibitor mixture. Protein
concentration was determined using a Bio-Rad protein assay kit (Bio-Rad).
Samples were separated on a NuPAGE Bis–Tris 4–12% (vol/vol) gel (Invi-
trogen). Protein was transferred to a PVDF membrane (Millipore) and pro-
bed with the primary antibody. The primary antibodies used in this study
included those to Hsp90, Hop, and Cdc37 (Cell Signaling Technology);
GCase (Abcam and Sigma–Aldrich); β-actin (Sigma–Aldrich); ubiquitin and
BAG3 (Abcam); and Flag-tag (Origene). The amount of protein was de-
termined by visualizing the primary antibody using HRP-conjugated
species-specific secondary antibody and SuperSignal West Pico Chemilu-
minescent Substrate (Thermo Scientific).

GCase Activity Assay. The fluorometric GCase enzyme activity assay was per-
formed as described previously (19).

Fig. 5. Celastrol rescues mutant GCase from degradation by modulating
molecular chaperones. Mutant GCase proteins assume an unnatural confor-
mation during protein translation. Misfolded GCase is targeted for protea-
somal degradation by the Hsp90/Cdc37/Hop chaperone complex. Celastrol
inhibits the assembly of the Hsp90/Cdc37/Hop complex and reduces the
degradation of mutant GCase. In addition, celastrol increases the expression
of chaperone genes such as DNAJB1/9, HSPA1A/B, and BAG3. Reorganization
of molecular chaperones further stabilizes GCase mutants by enhancing
protein folding and maturation.
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RNA Interference. RNA interference was carried outwith dicer-substrate RNAs
(IntegratedDNATechnologies). TheRNAoligomersused inpresent studywere
siBAG3.1: 5′-GCU GUA GAC AAC UUU GAA GGC AAG A-3′; siBAG3.2: 5′-CCC
AUG ACC CAU CGA GAA ACU GCA C-3′; and siBAG3.3: 5′-GCC AUA GGA AUA
UCUGUAUGUUGGA-3′. Fifty to 100 pmol of siRNA oligomer was transfected
into HeLa cells or GD fibroblasts with lipofectamine RNAiMAX Reagent
(Invitrogen). Cells were used for in vitro assays 48–72 h after transfection.
Efficacy of siBAG3 oligomers in blocking BAG3 protein expression was con-
firmed using Western blot against BAG3 (Figs. S2 and S3).

Quantitative Real-Time PCR. Total RNA was extracted from HeLa cells or GD
fibroblasts using an RNeasy Mini Kit (Qiagen). Genomic DNA was removed by
RNase-free DNase I (Qiagen). Total RNA was reverse-transcribed into cDNA
using SuperScript III first-strand synthesis supermix (Invitrogen) according to
the manufacturer’s protocol. The cDNA products were analyzed by qRT-PCR.

The gene expression of molecular chaperones was determined using heat
shock proteins and chaperones RT2 profiler PCR array (Qiagen). The primer
sets used in this study are described in Table S1.

Luciferase Assay. The luciferase assay was performed as previously de-
scribed (54).
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