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INTRODUCTION

Glucocorticoids are among the most potent and effective agents for treating inflammation and autoimmune diseases. Synthetic glucocorticoids,
including dexamethasone (Dex), fluticasone propionate, and many other
steroid analogs, are used clinically for treating asthma, allergy, and rheumatoid arthritis as well as in the treatment of certain cancers, such as
leukemia and lymphoma (1). However, at therapeutic dosages, glucocorticoids induce a range of debilitating side effects, including diabetes,
osteoporosis, skin atrophy, and growth retardation (2, 3). Therefore, the
discovery and development of novel synthetic glucocorticoids that retain
their beneficial therapeutic effects but reduce adverse side effects remain
major medical challenges.
The action of glucocorticoids is mediated through the glucocorticoid
receptor (GR), a steroid hormone–regulated transcriptional factor that
belongs to the nuclear receptor superfamily. GR regulates gene expression
either by transcriptional activation (transactivation) or by transcriptional
repression (transrepression). To mediate transactivation, GR binds to a
glucocorticoid response element (GRE) and activates downstream gene
transcription. To mediate transrepression, GR functionally interacts with
other transcriptional factors [such as nuclear factor kB (NF-kB) or activating protein 1 (AP-1)] and represses transcription of their downstream
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target genes (4). The transrepression activity of GR, especially at genes
targeted by NF-kB or AP-1, is considered to be the major basis for the
anti-inflammatory and immunosuppressive effects of glucocorticoids.
Lysosomes are ubiquitous organelles that are central to cellular homeostasis. They sequester digestive enzymes, such as acidic hydrolases,
which are responsible for the degradation and recycling of cellular substrates transferred from exosomes, endosomes, or autophagosomes (5).
Lysosome biogenesis is coordinated by the transcription factor EB (TFEB),
which activates a genetic program that stimulates lysosomal biogenesis
and function in response to changing cellular conditions (6, 7). Lysosomal
activity is essential to autophagy, a cellular pathway that delivers cytoplasmic components to lysosomes for degradation and is involved in many
diseases, including cancer, metabolic syndrome, and viral infections (8).
The lumen of lysosomes is acidic (pH ~5.0) relative to the slightly alkaline cytosol (pH 7.2). The acidity of lysosomes is maintained by vacuolar
adenosine triphosphatase (V-ATPase) proton pumps, which transport protons from the cytosol into the lysosomal lumen, and chloride ion channels,
which transport chloride anion from the lumen to the cytosol (9, 10). The
acidic pH of lysosomes is critical for the enzymatic digestion of substrates as
well as for vesicle fusion with other vacuolar compartments such as autophagosomes, a key step in autophagy. Neutralization of the internal acidic
environment by weak alkaline compounds, such as chloroquine (CQ), or by
inhibition of the proton pumps with bafilomycin A1 inhibits lysosomal function (8, 11). CQ is a widely used antimalaria drug that inhibits the growth of
parasites by disrupting their lysosome-mediated digestion of heme, which
is obtained from feeding on the host’s red blood cells (12, 13). CQ and its analog amodiaquine (AQ) have been used as nonsteroidal anti-inflammatory
drugs to treat rheumatoid arthritis and lupus erythematosus (14, 15), but
the mechanism by which these drugs work remains unclear.
Here, we show that inhibition of lysosomal function, with either CQ or
bafilomycin A1 or by knockdown of TFEB, repressed inflammation through
potentiation of glucocorticoid signaling, thus providing a mechanistic basis
for therapeutic strategies that combine glucocorticoid and lysosomal inhibitors in the treatment of inflammation and autoimmune diseases.
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The antimalaria drug chloroquine has been used as an anti-inflammatory agent for treating systemic
lupus erythematosus and rheumatoid arthritis. We report that chloroquine promoted the transrepression
of proinflammatory cytokines by the glucocorticoid receptor (GR). In a mouse collagen-induced arthritis
model, chloroquine enhanced the therapeutic effects of glucocorticoid treatment. By inhibiting lysosome
function, chloroquine synergistically activated glucocorticoid signaling. Lysosomal inhibition by either
bafilomycin A1 (an inhibitor of the vacuolar adenosine triphosphatase) or knockdown of transcription
factor EB (TFEB, a master activator of lysosomal biogenesis) mimicked the effects of chloroquine. The
abundance of the GR, as well as that of the androgen receptor and estrogen receptor, correlated with
changes in lysosomal biogenesis. Thus, we showed that glucocorticoid signaling is regulated by lysosomes,
which provides a mechanistic basis for treating inflammation and autoimmune diseases with a combination of glucocorticoids and lysosomal inhibitors.
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To evaluate the mechanism by which CQ enhanced glucocorticoid signaling, we assayed the effect of CQ on GR
distribution, the ability of CQ to compete with GR ligands
for binding to the GR, and the ability of CQ to bind heat
shock protein 90 (HSP90, a chaperone protein required
for GR function). CQ failed to alter the distribution of
GR in cells in the presence or absence of the GR ligand
Dex (fig. S2). In cell extracts, CQ failed to compete with
Dex for binding to GR (Fig. 2A); however, CQ modestly
increased the maximal binding (Bmax; Bmax,PBS = 3.8,
Bmax,CQ = 4.9) of Dex to GR without having much of
an effect on the affinity (Kd; Kd,PBS = 5.2 nM, Kd,CQ =
5.8 nM) (fig. S3A). CQ failed to compete with radiolabeled 17AAG, an inhibitor of HSP90 (22), for binding
to HSP90 (fig. S3B), suggesting that CQ does not alter
GR activity by affecting the activity of its chaperone.
The effect of CQ on increasing GR-Dex binding activity is consistent with a previous observation that CQ
increased GR activity in rat liver extract (23). Therefore,
we hypothesized that the anti-inflammatory effect of CQ
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CQ suppresses the activity of proinflammatory factors (16–18), but it is
not clear whether CQ represses the inflammatory signals at the mRNA
level or at the protein level. Because macrophages are key cellular mediators of inflammatory responses, we used real-time polymerase chain reaction (PCR) to measure the effects of
CQ on the mRNA abundance of interleukin-1b (IL-1b)
A
IL-1β
1.2
and IL-6, two proinflammatory cytokines produced by
the human THP-1 cells in response to stimulation with
lipopolysaccharide (LPS) (Fig. 1A). [THP-1 cells are a
0.8
monocyte cell line that can be induced to differentiate
into macrophages by the phorbol ester PMA (phorbol
12-myristate 13-acetate).] CQ significantly decreased
0.4
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the abundance of transcripts encoding IL-1b and IL-6.
Similar results were obtained from mouse macrophage
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AD293 cells coexpressing the GR with a luciferase re0.15
porter gene controlled either by the mouse mammary
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tumor virus (MMTV) promoter, which is transactivated
by GR (19), or by an AP-1–controlled promoter, which
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is transrepressed by GR (20, 21). CQ activated the MMTV
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reporter and repressed the AP-1 reporter in a dose0
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tained with the CQ analog AQ (fig. S1B). Knockdown
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of the endogenous GR in THP-1 cells by small interfering
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8
RNA (siRNA) reduced the inhibitory effects of CQ on
the expression of the genes encoding IL-1b and IL-6 (Fig.
6
1, E and F). Together, these data suggest that the anti4
*
inflammatory effects of CQ may be mediated through GR.

GR siRNA

GR mediated the anti-inflammatory effects of CQ
through transrepression of proinflammatory cytokines

is mediated by promoting glucocorticoid-mediated GR signaling, which may
in part be mediated by increasing the GR-Dex binding activity.
We examined the effect of CQ in the presence of Dex on both GR transactivation and transrepression in AD293 cells. CQ increased Dex-stimulated
GR activity, as shown by enhanced activation of the MMTV promoter or repression of the AP-1 promoter (Fig. 2B). This enhancement occurred with all
concentrations of Dex, even the highest concentration tested (1 mM in Fig. 2B).
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Fig. 1. The anti-inflammatory effect of CQ was partially mediated by GR. (A) In THP-1 cells
exposed to LPS (1 mg/ml), CQ (50 mM) reduced the mRNA abundance of IL-1b and IL-6
(measured by real-time PCR) compared to PBS (vehicle)–treated cells exposed to LPS
(1 mg/ml). Data represent the means and SD (n ≥ 3 samples). (B) Dex (100 nM) repressed
IL-1b and IL-6 mRNA transcription in LPS-stimulated THP-1 cells. Data represent the means
and SD (n ≥ 3 samples). (C) Dose effect of CQ in activation of the MMTV-luciferase reporter in
AD293 cells without added exogenous glucocorticoid. Cells were treated with CQ for 16 hours.
RLU, relative luciferase units that were normalized with Renilla luciferase. Data represent
the means and SD (n ≥ 3 samples). Statistical significance between the 50 mM and 0 mM CQ
samples is indicated. (D) Dose effect of CQ in repression of the AP-1 luciferase reporter in
AD293 cells exposed to PMA (6.25 ng/ml) in the absence of exogenous glucocorticoid. Data
represent the means and SD (n ≥ 3 samples). Statistical significance between the 50 mM and
0 mM CQ samples is indicated. (E) Knockdown of GR by siRNA decreased the repression by
CQ of IL-1b and IL-6 mRNA in LPS-stimulated THP-1 cells. Data represent the means and SD
(n ≥ 3 samples). NC siRNA, negative control siRNA. (F) GR knockdown efficiency was
measured at the mRNA level by real-time PCR and at the protein level by Western blotting
with the PA1-511A antibody that recognizes human GR. b-Actin was used as a loading control. mRNA data represent the means and SD of n ≥ 3 samples and the Western blotting data
are representative of three experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Clinical arthritis scores (±SEM)

RLU

After CQ + Dex treatment

CQ enhances glucocorticoid
signaling and affects
global gene expression in
macrophage cells
We performed gene expression profiling on
LPS-stimulated THP-1 cells after addition
of Dex, CQ, or both (Fig. 3A). We characterized the response to combined treatment
as either “enhanced” or “synergistic.” Enhanced responses were those that exhibited
a greater response in the presence of both
Dex and CQ than either drug alone. Synergistic responses were a subset of the enhanced
responses and represented those in which in

Fig. 2. CQ enhances glucocorticoid-mediated GR signaling. (A) CQ and Dex competition assays
show that CQ did not bind to GR. Data are representative of three experiments. (B) CQ (50 mM)
enhanced Dex-stimulated transactivation of the MMTV reporter (MMTV-Luc) or transrepression of
the AP-1 reporter (AP-1–Luc) in AD293 cells. For the AP-1 reporter assay, the cells were stimulated with
PMA (6.25 ng/ml). Data represent the means and SD (n ≥ 3 samples). (C) Removal of endogenous GR
ligands from serum with charcoal (stripped medium) decreased the effectiveness of CQ (50 mM) on enhancing GR-mediated changes in gene expression in AD293 cells. *P < 0.05 compared to CQ treatment
in the presence of normal medium. Data represent the means and SD (n ≥ 3 samples). (D) CQ (50 mM)
enhanced glucocorticoid (Dex, 100 nM)–mediated repression of IL-1b and IL-6 mRNA in THP-1 cells
exposed to LPS (1 mg/ml). *P < 0.05 compared to Dex-alone treatment. Data represent the means
and SD (n ≥ 3 samples). (E) Mean clinical arthritis scores of mice treated with vehicle (PBS, n = 10),
Dex (4 mg per mouse, n = 13), CQ (400 mg per mouse, n = 10), or Dex + CQ [(4 mg + 400 mg) per mouse,
n = 15]. *P < 0.05, **P < 0.01. (F) Representative pictures of the feet of arthritic mice before and after
CQ + Dex treatment.
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of microarray data. Twelve of the 14 repressed genes and 10 of the 11
activated genes exhibited an enhanced response to combined CQ and
Dex treatment (Fig. 3C and fig. S4C). Of those that were enhanced, most
(10 of 10 activated genes and 9 of 12 repressed genes) also exhibited a
synergistic response.
Notables among those synergistically transrepressed were genes encoding phospholipase A2 (PLA2G4A) and several chemokines (Fig. 3C and fig.
S4C). PLA2G4A is a key enzyme of prostaglandin-mediated inflammation
pathways (24), and inhibition of phospholipase A2 is an important mechanism of GR-mediated anti-inflammation (25). Many chemokines serve as
activators of inflammation and have been linked to many inflammation
and autoimmune diseases including rheumatoid arthritis, allergic asthma,
and multiple sclerosis (26, 27). All five chemokines transrepressed by Dex
more than twofold (CCL1, CCL2, CCL7, CCL8, and CCL19), which are crucial
for monocytes and macrophages to induce inflammation (26), exhibited a
synergistic repression in response to both Dex and CQ. Together, these
results suggest that treatment with CQ plus glucocorticoid inhibits the major
inflammatory chemokines produced by macrophage cells.

change in gene expression compared with a ~12-fold change in response to
Dex alone or ~3-fold (stimulated) or ~5-fold (reduced) change in response to
CQ (fig. S4A), with fold change relative to cells exposed to LPS in the
absence of any drug treatment. Tables S1 to S5 list the top 70 genes regulated by Dex, CQ, or Dex + CQ, as well as the top 70 genes showing a synergistic effect upon Dex + CQ treatment. There is a modest correlation
between Dex + CQ– and CQ-regulated genes with a coefficiency of 0.672
and P < 2.2 × 10−16 (fig. S4B). Consistent with this correlation, the synergistic effect occurred more frequently with genes that exhibited the greatest
responsiveness to GR (either induced or repressed), and a larger percentage of repressed genes exhibited the synergistic response (Fig. 3B). For example, the synergy was observed for 70% of genes that were repressed more
than 20-fold by Dex treatment alone, whereas synergy was observed only for
15% of genes repressed more than 2-fold by Dex.
We analyzed 14 genes that were synergistically transrepressed and 11
genes that were synergistically transactivated in the microarray experiment
with real-time PCR (Fig. 3C and fig. S4C). We chose this subset of genes
because they represent a spectrum of Dex-responsive genes for validation
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Fig. 3. Gene expression profiling of THP-1 cells exposed to CQ, Dex, or both. (A) Top 70 GR-regulated
genes that showed a synergistic effect upon treatment with CQ (50 mM) plus Dex (100 nM) in THP-1
cells stimulated with LPS (1 mg/ml). Changes in gene expression of the genes listed in bold capital letters
were validated with real-time PCR. (B) Percentage of Dex-induced and Dex-repressed genes that have
enhanced or synergistic effects with CQ. Enhanced responses were those that in the presence of both
Dex and CQ exhibited a greater response than either drug alone (Dex + CQ cotreatment > Dex alone or
CQ alone). Synergistic responses represented those in which in the presence of both Dex and CQ, the
response more than exceeded the sum of the response to either drug individually (Dex + CQ cotreatment > Dex alone + CQ alone). (C) Validation of the synergistic effect on the indicated repressed
or activated genes by real-time PCR. Selected genes represent a spectrum of Dex-regulated genes
(from low to high); for other validations, see fig. S4. Genes include those particularly relevant for inflammatory responses and represent a range of GR-responsive genes.

Interfering with lysosomal
function with V-ATPase
inhibitors potentiates
glucocorticoid signaling
CQ is a lysosomotropic agent that accumulates in lysosomes and raises the lumenal
pH, thereby preventing lysosomal fusion
with autophagosomes and inhibiting the
clearance of the autolysosomes (11, 28). We
used LysoTracker as a pH-sensitive indicator to monitor the effect of CQ on lysosomal pH. When we gradually increased CQ
concentration (0 to 250 mM), we observed
a gradual reduction in the fluorescence
intensity (sharpness) of puncta (Fig. 4A),
indicating increased lysosomal pH. Using
the lysosomal markers LAMP1 (lysosomeassociated membrane protein 1) and LAMP2
and the autophagosomal marker LC3, we
also detected the accumulation of autolysosomes and autophagosomes after 24-hour
CQ treatment in U2OS cells, which are osteosarcoma cells uniquely fit for performing
high-quality imaging of lysosomes (29)
(fig. S5).
If the effects of CQ on GR signaling are
mediated through inhibition of lysosomal
functions, other lysosomal inhibitors
should have similar effects. Because CQ
did not alter GR localization, we verified
that inhibition of the V-ATPase proton
pump with bafilomycin A1 also did not
alter GR localization (fig. S2). Like CQ,
bafilomycin A1 and concanamycin A, two
inhibitors of the V-ATPase proton pump
(30), enhanced Dex-mediated transactivation in the MMTV reporter assays in AD293
cells (Fig. 4B) and had a synergistic effect on
Dex-mediated transrepression of the genes
encoding IL-1b and IL-6 in THP-1 cells
(Fig. 4C). Individual knockdown of 12 of
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the 13 components of the V-ATPase (9) with siRNAs in AD293 cells increased GR transactivation (Fig. 4D). Efficiency of knockdown as assessed by real-time PCR was variable, with an average knockdown
efficiency of ~70% (fig. S6). These results provide further support that
inhibition of lysosomal function enhances glucocorticoid signaling.
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Fig. 4. The V-ATPase inhibitor bafilomycin A1 potentiated glucocorticoid signaling by inhibiting lysosomal function. (A) CQ interferes with lysosomal function by increasing lysosomal internal pH. AD293
cells were treated with the indicated concentrations of CQ for 4 hours and then stained with LysoTracker
Red, which labels all low-pH compartments. The rectangles represent 1.5× magnifications of regions from within the images; images were obtained by 100×/oil objective lens. Scale bars, 10 mm. (B)
Bafilomycin A1 (Baf A1, 100 nM) and concanamycin A (CocA, 1 nM) potentiated glucocorticoid (Dex,
10 nM)–stimulated transactivation of the MMTV reporter in AD293 cells. **P < 0.01 compared to
Dex induction in the presence of dimethyl sulfoxide (DMSO). Data represent the means and SD (n ≥ 3
samples). (C) Baf A1 (100 nM) synergized with glucocorticoid (Dex, 100 nM) in repression of IL-1b and IL-6
mRNA transcription in THP-1 cells in the presence of LPS (1 mg/ml). **P < 0.01 compared to Dex induction treatment. Data represent the means and SD (n ≥ 3 samples). (D) Knockdown of V-ATPase components by siRNA potentiated glucocorticoid (Dex, 10 nM)–mediated transactivation of the MMTV
reporter in AD293 cells. Dashed line indicates the transactivation level of negative control siRNA
(NC siRNA). *P < 0.05, **P < 0.01, compared to NC siRNA in cells treated with Dex; average siRNA
knockdown efficiency was 70 ± 10% as measured by real-time PCR (fig. S6). Data represent the
means and SD (n ≥ 3 samples).

Because androgen receptor (AR) and estrogen receptor (ER) belong to the same nuclear receptor subfamily as GR, we investigated
whether AR and ER activities were also regulated by lysosomes. Lysosomal inhibition
by CQ enhanced the transcriptional activity
of AR and ER in reporter gene assays (Fig.
6, A and B). Increased lysosomal biogenesis
resulting from overexpression of TFEB decreased AR and ER activity in reporter gene
assays in AD293 cells (Fig. 6, C and D). Correspondingly, overexpression of TFEB reduced the amount of AR and ER (Fig. 6,
E and F), without causing any changes in
the abundance of p53 or b-catenin, indicating some specificity of lysosome-mediated
degradation for steroid hormone receptors.
Consistent with this, CQ had no effect on a
b-catenin–activated reporter (fig. S8). Thus,
lysosomal activity appears to regulate nuclear receptor signaling, which may have
implications for developing treatments for
diseases associated with aberrant nuclear receptor signaling.
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expression (Fig. 5A). In THP-1 cells, knockdown of TFEB mimicked the
effect of CQ in repressing the transcription of proinflammatory cytokines
(Fig. 5B). Overexpression of TFEB decreased Dex-induced activation of the
reporter gene, as well as the reporter gene activity in the absence of Dex,
which is an indicator of basal GR activity (Fig. 5C). These results highlight the
inverse relationship between lysosomal function and glucocorticoid signaling.
TFEB regulates GR transcriptional activity by
Because one of the key functions of lysosomes is protein degradation, we
controlling GR protein degradation
analyzed whether there was a relationship between lysosomal function and
To further establish the relationship between lysosomal function and gluco- the amount of GR by examining the effect of changing the amount of
corticoid signaling, we examined the roles of TFEB, a master transcriptional TFEB on GR abundance and the effect of CQ treatment on GR abunactivator of lysosomal biogenesis (6). The transcriptional activity of TFEB dance. In cotransfected AD293 cells, overexpression of TFEB reduced
correlates closely with the number of lysosomes in response to stimuli, such the amount of GR both in the presence and in the absence of Dex (Fig.
as starvation, that result in an increased need for lysosomal function (6, 7). In 5D). Conversely, in U2OS cells stably expressing GR, knockdown of TFEB
the MMTV reporter assay, knockdown of TFEB increased Dex-induced gene increased the abundance of GR (Fig. 5E, left) without affecting the
amount of GR-encoding mRNA (Fig. 5E,
right), indicating that the increased amount
of GR was due to decreased lysosomal activA
B
ity and not to an increase in transcription.
MMTV-Luc
4
Given that CQ is a lysosome inhibitor,
CQ may protect GR from degradation by
EtOH
lysosomes. Indeed, CQ increased the
Dex
3
amount of GR in U2OS cells stably expressing GR both in the presence and in the ab2
sence of Dex (Fig. 5F). A dose-response
experiment showed that cells exposed to
as little as 10 mM CQ had increased GR
1
(fig. S7), and this was the concentration at
which CQ activated the GR-responsive re0
porter gene (Fig. 1C). Thus, stabilization of
DMSO Baf A1 CocA
GR by CQ through inhibition of lysosomes
may contribute to the potentiation of glucoC
D
corticoid signaling by CQ.
MMTV-Luc **
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TMR (tetramethyl rhodamine) HaloTag ligand, which covalently binds to
the HaloTag and then chased with the nonfluorescent succinimidyl ester
We monitored GR stability in pulse-chase experiments by the HaloTag (O4) HaloTag ligand. In the absence of exogenous GR ligand, the fluomethod (31, 32), which does not require the use of radioactivity. We tran- rescence signal of TMR-labeled Halo-GR protein [visualized in SDS–
siently pulse-labeled Halo-tagged GR (Halo-GR) with the fluorescent polyacrylamide gel electrophoresis (SDS-PAGE) gel] decayed, indicating
protein degradation (Fig. 7A). Addition of CQ to inhibit
lysosomal function, but not the proteasomal inhibitor
A
B
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Consistent with the importance of the lysosomal path0.06
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way in AD293 cells, CQ augmented Dex-mediated
reporter gene expression, whereas MG132 had little efβ-Actin
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fect on GR activity (fig. S9A).
However, MG132 increases GR activity in other
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lines, including COS7 cells (33, 34). To determine
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5
whether the relative importance of these two degrada20
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tion pathways was cell line–specific, we evaluated the
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effect of CQ and MG132 on Dex-mediated reporter
gene expression in COS7 cells. Indeed, in COS7 cells,
E
F
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addition of MG132 resulted in a greater enhancement
EtOH
Dex
1.2
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of Dex-mediated reporter gene activity than did addition of CQ (fig. S9B). Thus, cells have at least two path0.8
GR
ways that control the abundance of GR, a lysosomal
GR
pathway that operates in the cytoplasm and a proteaso0.4
β-Actin
mal pathway that operates in the nucleus, and the imporβ-Actin
tance of these pathways varies in different cells.
0
Exp 1
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We then used live-cell imaging to track the degraFig. 5. Lysosomal biogenesis master regulator TFEB regulates GR activity. (A) Knockdown of dation process of Halo-GR in real time. An advantage
TFEB by siRNA potentiated glucocorticoid (Dex, 10 nM)–mediated transactivation of the MMTV of the HaloTag systems is that the protein fate (synthereporter in AD293 cells. **P < 0.01, compared to Dex-treated cells with control siRNA. Data re- sis, trafficking, and degradation) can be visualized in
present the means and SD of n ≥ 3 samples. (B) Knockdown of TFEB by siRNA decreased living cells. Consistent with the biochemical pulse-chase
proinflammatory cytokines IL-6 and tumor necrosis factor–a (TNFa) mRNA abundances, with assays, CQ delayed the degradation of GR in living
or without Dex (100 nM), in THP-1 cells exposed to LPS (1 mg/ml). TFEB knockdown efficiency cells (Fig. 7C and videos S1 and S2). Knockdown of
was measured at the mRNA level. *P < 0.05, **P < 0.01, compared to control siRNA. Data reTFEB also delayed Halo-GR degradation in pulsepresent the means and SD (n ≥ 3 samples). (C) Overexpression of TFEB in AD293 cells inhibited chase experiments (Fig. 7D, top), such that we detected
glucocorticoid (Dex, 10 nM)–mediated induction of the MMTV reporter. The TFEB-expressing more GR by Western blot (Fig. 7D, bottom). Thus, in
plasmid (0 to 20 ng) balanced with an equal amount of vehicle plasmid was used in transfection. both live-cell experiments and biochemical pulse-chase
*P < 0.05, **P < 0.01, compared to Dex-treated vehicle control samples (TFEB 0 ng). Data experiments, we showed that lysosomes contribute to
represent the means and SD (n ≥ 3 samples). (D) Cotransfection of TFEB (100 to 1000 ng of the degradation of GR and that inhibition of lysosomal
3×FLAG-TFEB per well, six-well plate) with GR (500 ng per well, six-well plate) gradually de- function can stabilize GR.
creased the amount of GR, with or without GR ligand (Dex, 100 nM) in AD293 cells. GR was
Because lysosomes rapidly degrade most proteins,
detected with the PA1-511A antibody. Data shown are representative of three experiments. (E) with the exception of lysosomal structural proteins or
Knockdown of TFEB by siRNA increased the abundance of GR in U2OS cells stably expressing adaptors such as LAMP1 and LAMP2, we could not
GR. Data shown are representative of two experiments. GR mRNA was not affected by TFEB detect a stable association of GR with lysosomes or
siRNA as measured by real-time PCR. Data from two experiments are shown. (F) CQ (50 mM) LAMP1 or LAMP2. However, by imaging live cells with
increased the amount of GR in U2OS cells stably expressing GR, with or without glucocorticoid Halo-GR, we found that the sites positive for lysosome
(Dex, 100 nM). b-Actin served as the loading control. Data shown are representative of three [LAMP1-YFP (LAMP1 fused to yellow fluorescent proexperiments.
tein)] had an empty “hole” of Halo-GR (Fig. 7E). We
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also noted that the Halo-GR holes moved in the same direction as lysosomes (video S3). We interpret the absence of GR staining in those areas
occupied by lysosomes as degradation of GR in the lysosomes. Because
the association of GR and lysosomes is transient, we performed continuMMTV-Luc
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Fig. 6. Lysosomes regulate AR and ER activity. (A) CQ enhanced the transactivation activity of the AR ligand R1881 (10 nM) on the MMTV reporter in
AD293 cells. **P < 0.01 compared to vehicle control R1881–treated cells.
Data represent the means and SD (n ≥ 3 samples). (B) CQ enhanced the
transactivation activity of the ER ligand E2 (10 nM) on the ERE reporter in
AD293 cells. **P < 0.01 compared to vehicle control E2–treated cells. Data
represent the means and SD (n ≥ 3 samples). (C) Overexpression of TFEB
decreased the AR (R1881, 10 nM)–mediated activation of the MMTV reporter
in AD293 cells. *P < 0.05, **P < 0.01 compared to vehicle control (TFEB 0 ng)
R1881–treated cells. Data represent the means and SD (n ≥ 3 samples).
(D) Overexpression of TFEB decreased the ER (E2, 10 nM)–mediated activation of the MMTV reporter in AD293 cells. *P < 0.05 compared to vehicle
control E2–treated cells. Data represent the means and SD (n ≥ 3 samples). (E) Cotransfection of TFEB (250 ng of 3×FLAG-TFEB per well in
24-well plate) with AR (100 ng/well, 24-well plate) decreased the abundance of AR, with or without the AR ligand R1881 (10 nM), in AD293 cells.
AR was detected with the 441 antibody; endogenous p53 and b-catenin
were detected with the DO-1 and 610154 antibodies, respectively. (F) Cotransfection of TFEB (250 ng of 3×FLAG-TFEB in 24-well plate) with ER
(100 ng/well, 24-well plate) decreased the abundance of ER, with or without the ER ligand E2 (10 nM) in AD293 cells. ER was detected with the
F10 antibody.

DISCUSSION

We present three main discoveries. First, we identify a mechanism by which
CQ and its analog AQ function as anti-inflammatory drugs by enhancing the
activity of glucocorticoids and thereby repressing the transcription of proinflammation cytokines. Second, we demonstrate an inverse relationship between lysosomal function and glucocorticoid signaling, such that conditions
that reduce lysosomal functions (CQ or bafilomycin treatment or TFEB
knockdown) lead to increased glucocorticoid signaling. Third, we provide
evidence that lysosomes are a site of GR degradation and thus control the
stability of cytoplasmic GR. These discoveries provide a mechanistic framework for understanding the role of lysosomes and glucocorticoids in the development and homeostasis of the immune system and also provide a rational
basis for developing new therapeutics that can be combined with glucocorticoids for treating inflammation and autoimmune diseases.
As major organelles responsible for the degradation and recycling of
cellular substrates, lysosomes play critical roles in host cell defense by
digesting intracellular and extracellular pathogens (35, 36). The catabolic
functions of lysosomes are required for antigen processing and presentation to the major histocompatibility complex (MHC) class II (37), which is
crucial both for the development of self-tolerance and for the development
of autoimmune diseases by immune systems. Endogenous glucocorticoids,
like cortisol, through their interaction with GR, also have critical roles in the
development and homeostasis of immune systems (38). In addition, cortisol
and related synthetic glucocorticoids are used to treat inflammation and
autoimmune diseases because of their potent inhibitory effects on immune
systems. Despite the importance of both the lysosomal and the glucocorticoid pathways in regulating the immune system, the functional relationship between these two pathways had not been identified previously.
The inverse relationship between lysosomal and glucocorticoid pathways provides a new perspective in considering their modulation of the immune system. We reason that lysosomal biogenesis and function would
expand in response to attacks of infectious agents on the host cells, which
should then repress glucocorticoid signaling so that inflammatory cytokines
are produced and attract other components of the immune system. In contrast, the demand for lysosomal functions would be reduced after destruction
of the pathogens, and an increased sensitivity to glucocorticoid signaling
would repress the expression of genes encoding inflammatory cytokines
and chemokines. In this situation of infection and clearance, lysosomes
not only serve as clearing houses that help host cells to get rid of pathogens,
but also serve as signaling hubs that regulate the activity of the immune
system through modulation of glucocorticoid activity.
Having established a relationship between lysosomal function and glucocorticoid signaling, we explored mechanisms by which this occurred and
found that lysosomes controlled the stability of cytoplasmic GR without
affecting its localization. However, we anticipate that stabilization of the
receptor may only be part of the mechanism by which lysosomes regulate
cellular responsiveness to glucocorticoids. We speculate that some of the
potentiation of glucocorticoid signaling by CQ could result from the cellular
consequences of the malfunction of lysosomes. The disruption of lysosomal
function affects pathways including protein synthesis, degradation, and
trafficking. Homeostasis of lysosomes, as well as of autophagosomes, is
critical for many physiological and pathological processes that involve
autophagy, including the balance of catabolism and anabolism, antigen
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ous recording of GR and lysosomes to visualize the interaction. We
captured yellow “sparks” at the border of lysosomes, which may represent
GR entering the lysosomes (Fig. 7F and video S3). The yellow sparks
appeared and disappeared quickly, which is consistent with the rapid association of GR with lysosomes and fast degradation.
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Fig. 7. A lysosomal pathway contributes to degradation of cytoplasmic GR. (A) Pulse-chase assay of unliganded GR in AD293 cells. AD293 cells were transfected with 200 ng of Halo-GR per well in 24 wells.
Cells were pulse-labeled with 20 nM TMR ligand and then chased with 10 mM succinimidyl ester (O4)
ligand. Upper panels, fluorescent TMR-Halo-GR SDS-PAGE scanning images. Lower panels, Western
blots. GR was detected by PA1-511A antibody. CQ (50 mM) and MG132 (10 mM) were added at the same
time that chase began. Data shown are representative of three experiments. (B) Pulse-chase assay of
liganded GR in AD293 cells. Cells were transfected, labeled, and chased as described for (A). Upper
panel, TMR-Halo-GR bands; lower panel, Western blots. Dex (100 nM), CQ (50 mM), and MG132 (10 mM)
were added at the same time that chase began. Data shown are representative of three experiments. (C)
Live-cell images of Halo-GR in the pulse-chase assay. AD293 cells were passaged into 40-mm glassbottomed dishes and transfected with 0.5 mg of Halo-GR. Halo-GR was labeled with 2 nM TMR ligand (red
fluorescence) and chased with 10 mM O4 ligand. Images were obtained with a 40× confocal microscope.
Scale bar, 10 mm. See videos S1 and S2. (D) Pulse-chase assay of GR AD293 cells in which TFEB was
knocked down. AD293 cells were transfected with 200 ng of Halo-GR together with 20 nM target siRNA in
24-well plates. Cells were labeled and chased as described in (A). Upper panel, TMR-Halo-GR bands;
lower panel, Western blots. Data shown are representative of two experiments. (E) Live-cell images of
Halo-GR and LAMP1-YFP in AD293 cells. Cells were transfected with 500 ng of Halo-GR and 500 ng of
LAMP1-YFP in 40-mm glass-bottomed dishes. Cells were pulse-labeled by 20 nM TMR ligand; images
were obtained with a 40× confocal microscope. Scale bar, 5 mm. Arrows indicate lysosomal location.
(F) Dynamic association of Halo-GR and lysosomes in AD293 cells. Cells were transfected and labeled
as in (E). Images were obtained with a 60× confocal microscope. Scale bar, 5 mm. Arrows point to the
yellow sparks of lysosomes, indicating GR movement. See video S3.

presentation, bone remodeling, body development, and tumorigenesis (8). Therefore,
it is unlikely that the activation of glucocorticoid signaling due to interference with
lysosomal function can be explained by a
single signaling event, which may also partially explain the variability in the gene expression response to lysosomal interference.
Detailed mechanisms of this dynamic regulation between lysosome function and glucocorticoid signaling, including how GR is
targeted to lysosomes, will be a subject of future investigation.
The identification of a lysosomal pathway for the cytoplasmic degradation of receptors of the nuclear receptor family was
unexpected because it is generally established that the ubiquitin-proteasome system is responsible for the rapid clearance
of active transcriptional factors (39, 40),
and the autophagy-lysosome pathway is
responsible for the clearance of aged organelles and aggregated damaged proteins (8).
However, we found that nuclear-localized
GR (ligand-bound) was mainly degraded by
a proteasome-dependent process, and cytoplasmic GR was mainly controlled by lysosomes, although we did note cell-specific
differences in the relative contributions of
these two pathways. These pathways may also contribute to regulate GR activity differently under different circumstances, such as
during differentiation or development.
Similar to GR activity, we found that
AR and ER activities were also controlled
by lysosomes (Fig. 6). Because AR and ER
contribute to the development and progression of prostate cancers and breast cancers
(41–43), the reduction in AR and ER abundance in response to overexpressed TFEB
suggests that increasing lysosomal function
could be used as a strategy to reduce AR
and ER signaling, which may lead to therapeutic applications for prostate cancer and
breast cancer.
Given the widespread clinical use of
glucocorticoids for treating inflammatory
diseases and cancers, our discovery of the
synergism between CQ and glucocorticoids
has immediate therapeutic implications.
Clinical studies of rheumatoid arthritis have
shown that combined treatment of CQ with
a low dose of glucocorticoid (for example,
prednisolone at <15 mg/day) achieved a better
effect, in terms of reducing joint destruction
and increasing the remission rate, than either
agent alone (44–46). Our results provide
mechanistic insight for this treatment strategy
and suggest that combined treatment not only
will allow a lower dose of glucocorticoid to be
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MATERIALS AND METHODS

Antibodies and Western blotting
The antibody recognizing GR was purchased from Thermo Scientific (PA1511A), the antibody recognizing AR (441) was from Santa Cruz (sc7305),
the antibody recognizing ERa (F10) was from Santa Cruz (sc8002), the
antibody recognizing p53 (DO-1) was from Santa Cruz (sc-126), the antibody recognizing b-catenin was from BD Biosciences (#610154), the antibody recognizing FLAG (M2) was from Sigma (F-1804), the antibody
recognizing LAMP1 (LY1C6) was from Abcam (#ab13523), and the antibody recognizing LAMP2 (ABL-93) was from Santa Cruz (sc-20004).
For Western blotting, protein lysates separated by 4 to 20% gradient SDSPAGE were transferred to nitrocellulose membrane. Membranes were
blocked with 10% milk and then incubated with appropriate first and second
antibodies with extensive washes (three times) between each step. Chemiluminescent signals were detected by SuperSignal West Pico (Pierce).

Cell transfection and reporter gene assays
For testing of GR-mediated transactivation, AD293 cells were transfected
with 100 ng of pHHLuc (MMTV-Luc) plasmid, 0.1 ng of pRShGR (encoding human full-length GR) by FuGENE 6 (Roche), and 5 ng of Renilla
luciferase control plasmid per well in 24-well plates. For GR-mediated
repression, AD293 cells were transfected with 10 ng of AP-1–Luc, 10 to
100 ng of pRShGR, and 5 ng of Renilla luciferase control plasmid per well
(24-well plate). At 24 hours after transfection, cells were subjected to various
treatments (Dex, CQ, AQ, or different combinations) overnight in the presence of PMA (6.25 ng/ml), which increases AP-1 transcriptional activity to
allow detection of repression of its activity by Dex in the AD293 cells. Luciferase activity was assayed with the Dual-Glo Luciferase system (Promega).
For the Wnt TCF (T cell factor) reporter assay, 293STF cells (with an
integrated “Super-Top-Flash” TCF luciferase reporter) were transfected
with 20 ng of Renilla control plasmid. Cells were induced with the indicated reagents 24 hours after transfection. Cells were harvested 17 hours
after induction.

Total RNA extraction and real-time PCR
THP-1 cells were induced with PMA (25 ng/ml) for 48 hours to differentiate into macrophage cells (for RAW264.7 cells, differentiation did not

require PMA). The differentiated cells were exposed to the indicated reagents (Dex or other synthetic hormones, CQ, or a combination thereof) in
the presence of LPS (1 mg/ml) for 12 hours. Total RNA was extracted with
either Trizol (Invitrogen) or a Qiagen RNA extraction kit. Complementary DNA (cDNA) was synthesized from total RNA with an Invitrogen
Superscript cDNA synthesis kit. Target genes were quantified with a
Power SYBR Green real-time PCR kit (ABI) in a StepOnePlus Real-Time
PCR instrument. In every case, GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) was used as an internal control and data were analyzed
by the DDCt method. The specificity of target primers was tested both in
a dissociation curve and against a water control. See table S6 for the sequences of all target gene primers. Fold changes in induction or repression were calculated as compared to the appropriate vehicle control group
[for example, DMSO, EtOH, or a mixture thereof, or phosphate-buffered
saline (PBS)].

siRNA and transfection
THP-1 cells were induced with PMA (100 ng/ml) for 24 hours to differentiate into macrophages, and then they were transfected with 20 to
50 nM siRNA using siLentFect (Bio-Rad). At 24 to 48 hours after transfection, cells were exposed to the indicated reagents in the presence of LPS
(1 mg/ml) for 6 to 12 hours, and then RNA was isolated and subjected to realtime PCR analysis. AD293 cells were transfected with 10 nM siRNA by
HiPerFect (Qiagen) in 24-well plates; for DNA and siRNA mixture transfection, 100 ng of DNA plasmid and 20 nM siRNA were transfected with
Lipofectamine 2000 (Invitrogen) in 24-well plates. See table S7 for all siRNA
target sequences.

In vitro GR ligand binding assay and Dex and HSP90
competition assays
We grew U2OS cells stably expressing GR to 100% confluence and then
isolated cytosolic fractions as previously described (47). Cytosol (5 to 10%)
supplemented with 20 mM sodium molybdate was added to varying
concentrations of [3H]Dex (0 to 25 nM) ± 100-fold excess of nonradioactive Dex and incubated at 4°C for 16 hours. To test the effect of
CQ on GR-Dex binding, we added 50 mM CQ (or PBS control) to the
[3H]Dex cytosol mixtures. Unbound [3H]Dex was removed by dextrancoated charcoal. Standard binding curve was plotted by [bound steroid]
versus [free steroid]. The binding capacity and affinity were also determined by Scatchard plot analysis by plotting [bound steroid]/[free steroid]
versus [bound steroid]. For the competition binding assay performed with
CQ and [3H]Dex, [3H]Dex was fixed at 25 nM, and then varying concentrations of CQ (0.25 to 2.5 mM) were added; the data were plotted as a standard competition curve. For the competition assay with CQ and 17AAG
for HSP90 binding, [3H]17AAG was fixed at 25 nM and then varying CQ
concentrations (2.5 nM to 500 mM) were added; the data were plotted as a
standard competition curve. Experiments were repeated at least three times
with duplicate at each point.

Mouse CIA model
DBA/1 male mice (7 to 10 weeks old; Taconic) were intradermally immunized at the base of the tail with 100 ml of chicken collagen/FCA (Freund’s
complete adjuvant) emulsion (EK-0210, Hooke Laboratories). Twenty-one
days later, they were given a 100-ml booster dose of chicken collagen/FIA
(Freund’s incomplete adjuvant) emulsion (EK-0211, Hooke Laboratories).
From day 20 after the first immunization, mice were monitored daily for
clinical symptoms of arthritis. The clinical score of arthritis per paw was
graded according to the Hooke Laboratories manual as follows: 0, normal
paw; 1, one toe inflamed and swollen; 2, more than one toe, but not the
entire paw, inflamed and swollen, or mild swelling of entire paw; 3, entire
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effective but may also achieve therapeutic effects in situations when even a
maximal dose of glucocorticoid fails to suppress the inflammation. Our
study addresses why the combined treatment has better effects and provides
a rational basis for developing new therapeutic applications by leveraging
the synergy between glucocorticoids and lysosomal inhibitors.
In summary, we have discovered a mechanism of action for the antiinflammatory effects of CQ and AQ, in which these lysosomal inhibitors
synergize with glucocorticoids to mediate transrepression of proinflammatory signals. Although not all of the anti-inflammatory effects of CQ may be
mediated by enhancing the immunosuppressive effect of glucocorticoids,
our results suggest that this is a major mechanism responsible for the repression of proinflammatory signals at the transcriptional level. Second,
we have discovered an inverse relationship between lysosomal biogenesis
and function and glucocorticoid signaling, which has both theoretical importance and therapeutic implication. Combined with the established roles of
lysosomes in antigen presentation and pathogen clearance, the present work
pushes these ubiquitous organelles further to the center of cellular processing
of inflammatory responses. Our work opens a new field of opportunity to
explore proteins associated with lysosomal pathways as drug targets for
treating inflammation, autoimmune diseases, and cancer.

RESEARCH ARTICLE
paw inflamed and swollen; and 4, very inflamed and swollen paw or
ankylosed paw. If the paw was ankylosed, the mouse could not grip
the wire top of the cage. Thus, each mouse could be scored from 0 to 16.
Upon arthritis onset (score of 3 to 4), mice were randomized and given
the following treatments by intraperitoneal injection: vehicle, Dex (4 mg
per mouse), CQ (400 mg), or Dex/CQ (4 mg + 400 mg) in 200 ml of PBS.
Blood was withdrawn by intracardiac puncture or from the orbital sinus at
the seventh day after treatment, and then the mice were euthanized. All
animal procedures were approved by the institutional animal care and ethics
committee.

Microarray analysis gene expression of THP-1 cells

Pulse-chase experiments with HaloTag
We monitored GR stability in pulse-chase experiments by means of the
HaloTag method, a recombinant protein tag method that enables specific
labeling of target proteins (31, 32). AD293 cells were passaged and
transfected with 200 ng of Halo-GR by Lipofectamine 2000 in 24-well
plates. One day after transfection, cells were pulse-labeled with 20 nM
TMR ligand for 15 min at 37°C according to the Promega manual, and
then cells were washed with fresh phenol-free medium [plus 10% charcoalstripped fetal bovine serum (FBS)] four times. Cells were chased with
10 mM preblocked succinimidyl ester (O4) ligand in phenol-free (10%
charcoal-stripped FBS) medium for various time periods. The succinimidyl
ester (O4) ligand was preblocked by incubation in 100 mM tris-Cl (pH 8.0)
for 60 min at room temperature to mask the functional group. Cells were
lysed by 1× Passive Lysis Buffer (Promega); the lysis solution was mixed
with 2× SDS loading buffer, incubated at 95°C for 2 min, and separated
by SDS-PAGE. Gels were visualized by the Bio-Rad ChemiDoc XRS
Plus system. Experiments were repeated at least three times.

Live-cell imaging
AD293 cells were passaged into 40-mm glass-bottomed culture dishes
(MatTek). One day after growth, cells were transfected with Halo-GR with
or without LAMP1-YFP (51). Twenty-four hours later, Halo-GR was
labeled with 2 nM TMR ligand for 15 min at 37°C. Live-cell images were
obtained with a Zeiss LSM 510 Meta confocal system. For pulse-chase
experiments to monitor Halo-GR protein stability, cells were chased with
10 mM O4 ligand as described above; pictures were taken every 5 min for
up to 7 hours. For colocalization experiments, pictures were taken every
20 s for 1 to 2 hours. Images were analyzed by Zeiss LSM Browser (v4.2).
Movies of living cell images were produced with Zeiss 510 Laser Scanning
Microscope software V3.2 SP1 (Carl Zeiss Microimaging).

Statistical analysis
All mouse data (clinical arthritis scores) were expressed as the means ±
SEM (n ≥ 5 samples). Reporter assays and real-time PCR data were
expressed as the means ± SD of at least triplicate samples. Data were
analyzed by two-tailed, unpaired t tests with GraphPad Prism 5 or Excel
software.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/4/180/ra44/DC1
Fig. S1. Activity of CQ and amodiaquine (AQ).
Fig. S2. Effect of CQ and bafilomycin A1 on GR localization in AD293 cells.
Fig. S3. CQ enhances glucocorticoid-mediated GR signaling.
Fig. S4. Microarray analysis of the effect of CQ/Dex on gene expression in THP-1 cells.
Fig. S5. CQ inhibition of lysosomes leads to accumulation of autophagosomes and
autolysosomes.
Fig. S6. Knockdown efficiency of the siRNAs targeting components of the V-ATPase.
Fig. S7. CQ stabilizes GR in AD293 cells.
Fig. S8. The effect of CQ on a b-catenin–activated reporter gene.
Fig. S9. Effect of the proteasome inhibitor MG132 and the lysosomal inhibitor CQ on GR
activation in AD293 cells and COS7 cells.
Table S1. Top 70 genes regulated by Dex in LPS-stimulated THP-1 cells.
Table S2. Top 70 genes regulated by CQ in LPS-stimulated THP-1 cells.
Table S3. Top 70 genes regulated by Dex + CQ in LPS-stimulated THP-1 cells.
Table S4. Top 70 genes showing a synergistic transactivation effect upon Dex + CQ treatment
in LPS-stimulated THP-1 cells.
Table S5. Top 70 genes showing a synergistic transrepression effect upon Dex + CQ
treatment in LPS-stimulated THP-1 cells.
Table S6. Real-time PCR primers for target genes.
Table S7. siRNA target sequences.
Descriptions for Videos S1 to S3
Video S1. Pulse chase of Halo-GR in AD293 cells with PBS vehicle.
Video S2. Pulse chase of Halo-GR in AD293 cells exposed to CQ.
Video S3. Dynamic association of GR and lysosomes in AD293 cells.
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Targeting Lysosomes to Limit Inflammation
Chloroquine, which inhibits lysosome function, is best known for its use as an antimalarial agent. However, it has
also been clinically used to treat inflammation. He et al. showed that agents that inhibit lysosome function or biogenesis
promoted glucocorticoid-mediated regulation of gene expression and that this enhancement of glucocorticoid signaling
was associated with an increase in the stability and abundance of the glucocorticoid receptor. Other receptors of the
nuclear receptor family, but not other transcription factors, were also stabilized by inhibition of lysosomal function,
suggesting that a lysosomal pathway contributes to the degradation of this family of receptors and may present a target
for development of treatment strategies for autoimmune and inflammatory diseases, as well as diseases associated with
aberrant nuclear receptor signaling.

