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Glucocorticoids alleviate intestinal
ER stress by enhancing protein folding
and degradation of misfolded proteins
Indrajit Das,1,2 Chin Wen Png,1 Iulia Oancea,1,3 Sumaira Z. Hasnain,1
Rohan Lourie,1,3 Martina Proctor,1 Rajaraman D. Eri,1,4 Yong Sheng,1
Denis I. Crane,2 Timothy H. Florin,1,3 and Michael A. McGuckin1,3,5

Endoplasmic reticulum (ER) stress in intestinal secretory cells has been linked with colitis
in mice and inflammatory bowel disease (IBD). Endogenous intestinal glucocorticoids are
important for homeostasis and glucocorticoid drugs are efficacious in IBD. In Winnie mice
with intestinal ER stress caused by misfolding of the Muc2 mucin, the glucocorticoid
dexamethasone (DEX) suppressed ER stress and activation of the unfolded protein response
(UPR), substantially restoring goblet cell Muc2 production. In mice lacking inflammation,
a glucocorticoid receptor antagonist increased ER stress, and DEX suppressed ER stress
induced by the N-glycosylation inhibitor, tunicamycin (Tm). In cultured human intestinal
secretory cells, in a glucocorticoid receptor-dependent manner, DEX suppressed ER stress
and UPR activation induced by blocking N-glycosylation, reducing ER Ca2+ or depleting
glucose. DEX up-regulated genes encoding chaperones and elements of ER-associated
degradation (ERAD), including EDEM1. Silencing EDEM1 partially inhibited DEX’s suppression
of misfolding-induced ER stress, showing that DEX enhances ERAD. DEX inhibited Tm-induced
MUC2 precursor accumulation, promoted production of mature mucin, and restored ER exit
and secretion of Winnie mutant recombinant Muc2 domains, consistent with enhanced protein
folding. In IBD, glucocorticoids are likely to ameliorate ER stress by promoting correct
folding of secreted proteins and enhancing removal of misfolded proteins from the ER.
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Inflammatory bowel disease (IBD) is characterized by an aberrant or exaggerated immune
response against the intestinal microflora influenced by genetic and environmental factors.
Ulcerative colitis (UC) and, to a lesser degree,
Crohn’s disease colitis are characterized by the
loss of goblet cells, a thinner mucus layer, presence of crypt abscesses, and distortion of mucosal glands (Dvorak et al., 1980; Trabucchi et al.,
1986). Recent studies suggest that defects in the
intestinal epithelial secretory cells leading to an
aberrant mucosal barrier could be involved in
the pathogenesis of IBD (Heazlewood et al., 2008;
Kaser et al., 2008; Wei et al., 2012).
The major macromolecular component of intestinal mucus is the mucin glycoprotein MUC2,
which is synthesized by secretory goblet cells
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(McGuckin et al., 2009). N-glycosylation and
formation of numerous disulfide bonds, which
are necessary for dimerization and folding of
MUC2, take place in the endoplasmic reticulum
(ER), which is the initial site for synthesis and
posttranslational modification of secreted and
transmembrane proteins (Marciniak and Ron,
2006). MUC2 is a likely candidate for misfolding in the ER, because of its large size (>5,000 aa),
high disulfide content, and homo-oligomerization.
Impaired ER function caused by factors such
as inhibition of posttranslational modifications,
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Glucocorticoid drugs are immunosuppressive agents widely
used to treat inflammatory disorders, including IBD (Barnes,
1998), but are also endogenously produced in the intestine
where they are an important component of homeostasis (Cima
et al., 2004; Mueller et al., 2006). The mechanism of glucocorticoids is attributed to pleiotropic effects of the glucocorticoid receptor (GR) on multiple transcriptional pathways.
Steroid-activated GR binds to glucocorticoid-responsive elements, resulting in modulation of antiinflammatory transcriptional pathways such as NF-B, Annexin1, and MAPK (Lasa
et al., 2002; Martens et al., 2005). GR can also decrease the
expression of proinflammatory genes directly by protein–
protein interactions (Martens et al., 2005). Although, glucocorticoids have been reported to inhibit ER stress in epithelial
cells (Fujii et al., 2006; Shang et al., 2011), the mechanism of
action was not demonstrated. In this study, we demonstrate
that glucocorticoids ameliorate ER stress in intestinal secretory cells by promoting correct protein folding and enhancing degradation of misfolded proteins.
RESULTS
Glucocorticoids suppress ER stress and restore
mature Muc2 biosynthesis in Winnie mice
Biosynthesis of Muc2 involves C-terminal dimerization and
N-glycosylation in the ER, followed by O-glycosylation in the
Golgi and N-terminal oligomerization, thus forming large polymers that are stored in granules in the thecae before secretion.
We have previously shown that the missense mutation in the
N-terminal D3-domain of Muc2 in Winnie mice results in altered oligomerization and inappropriate assembly of some Muc2
molecules, leading to accumulation of non–O-glycosylated
misfolded Muc2 precursor in the ER (Heazlewood et al.,
2008). Mis-folding results in ER vacuolization, smaller goblet
cell thecae and reduced secretion of mature Muc2 that appears to correlate with goblet cell age.
To explore the influence of glucocorticoids on intestinal
ER stress and ER stress–mediated inflammation, Winnie and
C57BL/6 WT mice were treated with dexamethasone (DEX)
for 28 d and colonic tissue was analyzed for morphometric
changes in goblet cells, inhibition of ER stress, and inflammation. Alcian blue (AB)/periodic acid Schiff (PAS) staining was
used to determine the amount of fully glycosylated mature
mucin within the goblet cell secretory granules that stain with
AB due to the presence of negatively charged sugars.Volumetric analysis showed a significant decrease in the amount of
mature glycosylated mucin in Winnie compared with WT
mice, as reported previously (Heazlewood et al., 2008). Although
DEX treatment did not affect mucin production in WT mice,
in Winnie mice DEX significantly restored the production of
O-glycosylated mucins (Fig. 1 A). In the proximal and mid colon
of mice there are two distinct goblet cell lineages: a shorter lived
surface lineage and a longer lived basal lineage, whereas the distal
colon contains only the short-lived surface lineage (Altmann,
1983). In the distal colon, DEX restored mucin production to
the levels seen in WT mice, whereas in the proximal and mid
colon, restoration was less complete due to incomplete recovery
Glucocorticoids alleviate ER stress | Das et al.
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altered ER Ca2+, increased protein synthesis, viral infection,
temperature shock and energy depletion can lead to accumulation of unfolded or misfolded proteins in the ER, initiating
ER stress.
ER stress has been linked to a spectrum of human diseases
including neurodegenerative diseases, developmental disorders, cancer, diabetes, cystic fibrosis, and infectious and inflammatory diseases (Nanua and Yoshimura, 2004; Medigeshi
et al., 2007; Deng et al., 2008; Maeda et al., 2009; Hosoi and
Ozawa, 2010). Recently the accumulation of MUC2 precursor and molecular evidence of ER stress in intestinal secretory
cells have been linked to intestinal inflammation and the
pathogenesis of IBD (Heazlewood et al., 2008; Kaser et al.,
2008). ER stress in intestinal secretory cells could promote
inflammation by diminishing the efficacy of the mucosal barrier via reduced synthesis and secretion of mucins and antimicrobial molecules, and by initiating inflammatory signaling in
stressed intestinal secretory cells (McGuckin et al., 2010).
Several murine models link intestinal ER stress with
inflammation. Mis-sense mutations in Muc2 in the N-ethylN-nitrosourea mutants Winnie and Eeyore lead to Muc2 misfolding in the ER resulting in ER stress and to spontaneous
TH17 dominant intestinal inflammation akin to human UC
(Heazlewood et al., 2008; Eri et al., 2011). Mice deficient
in the mucin-specific, ER-resident protein disulfide isomerase (PDI), anterior gradient 2 (Agr2) show complete shutdown of mucin biosynthesis by goblet cells, accompanied
by ER stress and spontaneous intestinal inflammation (Park
et al., 2009). Intestinal deficiency in the ER-resident enzyme fatty acid synthase results in loss of palmitoylation of
Muc2, Muc2 misfolding, ER stress, reduced mucin production, and inflammation (Wei et al., 2012). In response to
protein misfolding, cells activate the unfolded protein response
(UPR), which maintains a healthy ER via restoration of correct protein folding, degradation of terminally misfolded proteins, and inhibition of polypeptide translation (Kaufman,
2002; Schröder and Kaufman, 2005; Vembar and Brodsky,
2008).The ER chaperones glucose-regulating peptide (GRP)
78, calnexin, and calreticulin assist nascent glycoproteins to
fold correctly and subsequently exit the ER (Kamimoto et al.,
2006; Malhotra and Kaufman, 2007). GRP78 remains associated with the UPR pathway-initiating molecules inositolrequiring enzyme (IRE)1-/ and protein kinase RNA-like
ER kinase (PERK), and with activating transcription factor
(ATF)6-/ under normal physiological conditions (Kaufman,
2002). During ER stress, GRP78 is sequestered from the UPRtransducing molecules to the misfolded proteins, resulting
in activation of the UPR (Xue et al., 2005b). Mice with an
inadequate UPR, such as the intestinal-specific Xbp1 deletion (Kaser et al., 2008), Ire1 (Ern2) knockout (Bertolotti
et al., 2001), and Woodrat mice (hypomorphic for Mbtps1;
Brandl et al., 2009), are more susceptible to intestinal inflammation. Together, these murine models show that in intestinal secretory cells either increased protein misfolding or an
inappropriate UPR to the normal level of misfolding results
in intestinal inflammation.
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of mucin production in the basal long-lived goblet cell lineage
(Fig. 1 A). Small intestinal goblet cells are also affected in Winnie
mice and recovered with DEX treatment (not depicted).
To investigate the influence of DEX on Muc2 biosynthesis,
immunohistochemical analysis was performed using an antibody that stains both the precursor and the fully O-glycosylated

Muc2, and a Muc2 precursor antibody that does not react with
the O-glycosylated mucin. These antibodies revealed that (a)
the increase in AB-positive O-glycosylated mucin in DEXtreated Winnie mice was accompanied by an increase in thecal
Muc2 (Fig. 1 B), and (b) this was accompanied by a decrease
in Muc2 precursor in the ER region of goblet cells (Fig. 1 C).
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Figure 1. Glucocorticoids restore mucin biosynthesis in intestinal goblet cells with a mucin folding defect. WT C57BL/6 (WT) and Winnie (Win) mice at
4 wk of age were treated with DEX (20 ng/g body weight i.p. daily for 28 d) or vehicle (control) and intestinal tissue sampled (n = 7–8/group, single experiment). (A) Representative AB/PAS stained proximal, mid and distal colon tissue sections from control and DEX-treated WT and Winnie mice. The volume of stored O-glycosylated mucin in each intestinal region as a percentage of total crypt volume is shown at the right. Box plots with whiskers show
median, quartiles and the maximum range. Kruskal-Wallis nonparametric analysis, Dunn’s multiple comparison #, WT versus Win *, Win versus DEXtreated Win; *, P < 0.05; ###,***, P < 0.001. (B) Cellular localization of Muc2 in representative mid colon tissue sections of control and DEX-treated WT and
Winnie mice was determined by immunohistochemistry with the mM2.2 antibody reactive with the precursor and mature forms of Muc2. (C) Accumulation
of Muc2 precursor in representative mid colon tissue sections in control and DEX-treated WT and Winnie mice was assessed by immunohistochemistry
with an antibody reactive with the precursor but not the mature form of Muc2. (D) Abundance of the Agr2 protein disulfide isomerize involved in Muc2 biosynthesis in representative mid colon tissue sections in control and DEX-treated WT and Winnie mice was assessed by immunohistochemistry. Bars, 50 µm.
JEM Vol. 210, No. 6
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Consistent with the AB staining, in the proximal and mid colon,
the decrease in Muc2 precursor accumulation was less than in
the distal colon. The recovery of mucin production is thus
explained by decreased misfolding of Muc2 rather than an
increase in another mucin. To further analyze the effect on
misfolding, we stained for the ER PDI Agr2, which is co
expressed with Muc2 and required for Muc2 biosynthesis
(Park et al., 2009). Although the precise role for Agr2 in Muc2
biosynthesis is not demonstrated, PDIs are involved in disulphide bond formation and Muc2 has 215 cysteines, and forms
disulphide-linked oligomers. Agr2 accumulated in the same
region of Winnie goblet cells as the Muc2 precursor, and
accumulation was diminished by DEX treatment (Fig. 1 D).
Restoration of mucin biosynthesis and reduction of misfolded Muc2 precursor suggested that glucocorticoids alleviate

ER stress. mRNA for the chaperone and key regulator of ER
stress, Grp78, was up-regulated 18- and 24-fold in the Winnie
proximal and distal colon, respectively (Fig. 2). Splicing of Xbp1
mRNA, which directly measures Ire1 endonuclease activity,
was increased in the Winnie colon, as was mRNA expression
of Ire1, Atf4, and Ddit3 (Chop), all of which are consistent
with ER stress and activation of the UPR (Fig. 2). All of these
markers decreased significantly, returning to near normal levels in Winnie mice treated with DEX, whereas these genes were
unaffected in treated WT mice (Fig. 2).
DEX treatment decreased ER stress while promoting mature mucin production. Therefore, we examined the expression
of mRNA for Muc2, Agr2, and the goblet cell transcription
factor Spdef (Park et al., 2007; Gregorieff et al., 2009; Noah et al.,
2010). Spdef and Muc2 were significantly decreased in Winnie
Downloaded from jem.rupress.org on December 10, 2013
Figure 2. Glucocorticoids reduce ER stress
and activation of the UPR and restore
goblet cell gene expression in Winnie mice.
mRNA expression of ER chaperones (Grp78),
UPR signaling molecules (splicing of Xbp1,
Ire1), UPR transcription factors (Atf4, Atf6,
and Ddit3 [Chop]), and goblet cell–related
genes (Muc2, Agr2, and Spdef) was determined by qRT-PCR in the proximal and distal
colons from control and DEX-treated WT and
Winnie (Win) mice in the experiment described
in Fig. 1. mRNA levels were corrected to
-actin and are presented as fold changes in
expression relative to the mean expression in
vehicle treated WT mice. Statistics: Box plots
with whiskers show median, quartiles, and the
maximum range. Kruskal-Wallis nonparametric analysis, Dunn’s multiple comparison #, WT
versus Win, *, Win versus DEX-treated Win;
#,*, P < 0.05; ##,**, P < 0.01; ###,***, P < 0.001.
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colons consistent with diminished goblet cell differentiation/
maturation or premature apoptosis. In contrast, Agr2 was upregulated 4.3- and 6.7-fold in the proximal and distal regions
of the colon, respectively (Fig. 2). Agr2 is regulated by Spdef
during goblet cell maturation (Gregorieff et al., 2009; Noah
et al., 2010), so increasing Agr2 in the face of decreasing Spdef
implies that there is a UPR-regulated increase of Agr2 in response to mucin misfolding. DEX increased Muc2 and Spdef
mRNA close to levels seen in WT mice and diminished the
increase in Agr2, suggesting that the recovery in mature mucin
after glucocorticoid treatment is accompanied by decreased
ER stress, decreased activation of the UPR, and increased
goblet cell maturation and mucin biosynthesis.

JEM Vol. 210, No. 6

Glucocorticoids suppress ER stress
in intestinal epithelial cells in vitro
To determine the mechanisms by which glucocorticoids suppress ER stress, experiments were conducted in cultured human
LS174T colonic adenocarcinoma cells. LS174T cells show goblet cell differentiation and secretion of major intestinal mucins, primarily MUC2. ER stress was induced by inhibiting
N-glycosylation with Tm (MUC2 has 29 N-glycosylation sites).
Tm-induced ER stress was demonstrated by up-regulation of
GRP78 at both the mRNA and protein level, increased splicing of XBP1 mRNA, and increased production of CHOP
mRNA (Fig. 4 A). Exposure to DEX before, during, or after
Tm significantly decreased the expression of these three genes
(Fig. 4 A) and GRP78 protein (Fig. 4 B) indicating that DEX
directly inhibits ER stress in these intestinal epithelial cells.
Pretreatment with DEX was most effective, suggesting that
DEX up-regulates genes involved in alleviating ER stress induced by protein misfolding. DEX also protected Tm-treated
LS174T cells from apoptosis at all but very high concentrations
of Tm (Fig. 4 C). A titration experiment showed that DEX
suppressed ER stress in a dose-dependent manner at concentrations >1 ng/ml (2.5 nM; Fig. 4 D).
Suppression of Tm-induced ER stress by DEX was inhibited by RU38486 (Fig. 4 E), and interestingly, RU38486
increased ER stress in the absence of Tm. This implies that
autocrine glucocorticoid signaling suppresses ER stress in
LS174T cells, analogous to the finding in RU38486-treated
mice (Fig. 3 E). Alternative glucocorticoids, prednisolone, and
hydrocortisone, also inhibited Tm-induced increased expression of GRP78, sXBP1, and CHOP (Fig. 4 F). DEX also inhibited ER stress in HT29 colon cancer cells (not depicted). To
confirm that this phenomenon occurs in nontransformed cells,
we established primary human colonic crypt cultures. DEX
inhibited Tm-induced up-regulation of GRP78 and sXBP1
in the cultured crypts confirming suppression of ER stress in
normal colonic epithelial cells (Fig. 4 G).
To further explore the mechanism by which glucocorticoids alleviate ER stress in LS174T cells we analyzed the mRNA
expression of MUC2, SPDEF, and AGR2 (Fig. 4 A).Tm treatment significantly inhibited SPDEF and MUC2 mRNA
showing that Tm-induced ER stress diminishes goblet cell
maturation and mucin biosynthesis. In Tm-treated cells, DEX
restored the expression of MUC2 and SPDEF, but decreased
the expression of the PDI, AGR2, consistent with less ER stress
and diminished activation of the UPR.The amelioration of ER
1205
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Glucocorticoids suppress intestinal
inflammation in Winnie mice
Inflammation in Winnie is characterized by activation of
innate and adaptive immunity, with increased production of
proinflammatory cytokines, an influx of immune cells and
elongation of colonic crypts (Heazlewood et al., 2008; Eri
et al., 2011). Glucocorticoids suppress inflammatory responses
(Barnes, 1998) and inflammatory factors could enhance ER
stress (Hasnain et al., 2012). Because the influence of DEX on
Muc2 biosynthesis could be via direct effects on ER stress in
goblet cells and/or mediated indirectly via suppression of
inflammation, we assessed molecular and histological markers
of inflammation. In DEX-treated Winnie mice, total inflammatory scores decreased in the proximal, mid, and distal colon,
whereas DEX had no effect on WT mice (Fig. 3 A). Colonic
mRNA expression of innate (Il1, Tnf), TH1 (Ifn, Tnf), and
TH17 (Il17a) cytokines was assessed. Tnf, Il17a, and Il1 were
significantly elevated in Winnie mice, but there was no change
in Ifn (Fig. 3 B). After DEX treatment, cytokine gene expression returned to the levels seen in WT mice in the proximal
colon, and decreased substantially in the distal colon (Fig. 3 B).
Winnie mesenteric lymph node (MLN) leukocytes secreted
more TNF, IFN-, and IL-17A, and DEX inhibited the se
cretion of T cell cytokines in leukocytes from Winnie and WT
mice (not depicted), confirming that DEX suppressed production of inflammatory cytokines. Thus, the decreased ER
stress and restored mucin production after DEX treatment
could result from suppression of inflammation.
We assessed the efficacy of higher dose DEX over a shorter
time course of 5 d. Consistent with the 4-wk treatment, acute
treatment with DEX decreased intestinal inflammation
(Fig. 3 C) and restored mucin production in apical goblet
cells (not depicted) and substantially decreased Grp78 and
sXbp1 mRNA in the Winnie colon (Fig. 3 D), suggesting that
DEX might have a direct effect on ER stress. However, this
acute treatment with DEX also reduced histological inflammation, colonic inflammatory cytokine expression, and the
secretion of cytokines from cultured MLN leukocytes (unpublished data). This experiment could not differentiate between
direct effects of the glucocorticoid on ER stress and indirect
effects via inflammation. Therefore, to assess the influence of
glucocorticoids in the noninflamed intestine we treated WT

mice with the glucocorticoid receptor antagonist RU38486
for 5 d. This resulted in increased intestinal Grp78 and sXbp1
mRNA (Fig. 3 E), demonstrating that endogenous glucocorticoids suppress ER stress in the absence of a misfolding trigger or inflammation. Furthermore, ER stress induced in WT
mice by 12-h treatment with the N-glycosylation inhibitor,
tunicamycin (Tm), was almost completely inhibited by prior
administration of DEX (Fig. 3 E), showing that exogenous
glucocorticoids inhibit intestinal misfolding-induced ER stress
in the absence of inflammation.
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Figure 3. Glucocorticoids suppress intestinal inflammation in Winnie mice and also suppress basal ER stress in the noninflamed intestine.
(A) Representative hematoxylin and eosin–stained proximal, mid, and distal colon tissue sections from control and DEX-treated WT and Winnie (Win) mice
in the experiment described in Fig. 1. The total intestinal inflammatory scores for each region of the colon are shown at the right. Bar, 50 µm. (B) Tnf,
Ifn, Il17a, and Il1 mRNA levels measured by qRT-PCR in the proximal and distal colon of control and DEX-treated WT and Win mice corrected to -actin
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stress without activation of the UPR by DEX in colonic epithelial cells suggests that DEX inhibits ER stress by either (a)
increasing removal and degradation of the terminally misfolded proteins from the ER or (b) enhancing correct folding
of proteins.

Inhibition of ER stress by glucocorticoids
is partially dependent on enhanced ERAD
Like many other complex secretory proteins, it is likely that a
significant proportion of MUC2 misfolds during biosynthesis
(Austin, 2009). Molecular chaperones of the folding cycle play
a very important role in assisting and monitoring correct protein folding. If proteins attain terminally illegitimate conformations then they are subjected to removal from the ER and
subsequent degradation by a process known as ER-associated
degradation (ERAD; Olivari and Molinari, 2007). Elimination
of terminally misfolded soluble proteins like MUC2 requires
cleavage of N-linked glycans by mannosidases such as the ER
degradation–enhancing -mannosidase–like lectins (EDEMs).
Removal through the Sec61 translocon pore is assisted by molecular chaperones like OS9 on the ER side and VCP in the
cytosol. We hypothesized that DEX was inhibiting ER stress
by up-regulating components of the ERAD pathway and enhancing removal of terminally misfolded MUC2, and thereby
reducing stress in the ER, averting activation of the UPR and
permitting continued MUC2 synthesis. To test this hypothesis,
we examined DEX modulation of the expression of ERAD
pathway members and assessed the importance of this pathway using siRNA knockdown of EDEM1.
To identify direct modulation of ERAD genes, we treated
LS174T cells with DEX before, during, or after induction of

Glucocorticoids promote correct folding
of proteins in the ER
Because DEX does not depend solely on ERAD to inhibit
ER stress, we hypothesized it might promote correct protein
folding under adverse conditions. Therefore, we used antibodies reactive with the MUC2 precursor and mature MUC2
to evaluate MUC2 misfolding in LS174T cells. Tm resulted
in accumulation of the MUC2 precursor (>7-fold increase),
accompanied by >80% reduction in production of mature
MUC2 (Fig. 7 A). Treatment with DEX reversed this, with disappearance of the precursor and restoration of mature mucin
with the relative abundance of precursor and mature mucin
indistinguishable from nontreated control cells (Fig. 7 A).
Similarly, immunofluorescence staining of DEX-treated cells
showed restoration of mature mucin production and reversal of the Tm-induced precursor accumulation (Fig. 7 B).

and presented as fold changes in expression relative to the mean expression of vehicle-treated WT mice. (C) WT and Win mice were treated with DEX
(100 ng/g body weight) or vehicle i.p. daily for 5 d. Representative hematoxylin and eosin–stained mid-colon tissue sections and inflammation scores are
shown. Bar, 50 µm. (D) mRNA expression of Grp78, and sXbp1 measured by qRT-PCR as in B in the experiment in C. (E) WT mice were administered DEX
(20 ng/g body weight i.p. daily), RU-38486 (100 ng/g i.p. daily) or vehicle (control) for 5 d ± Tm (400 ng/g i.p.) 16 h before sampling the intestine and
assessing Grp78 and sXbp1 as in D; n = 7–8/group, single experiment. Statistics: box plots with whiskers show median, quartiles, and the maximum range.
Kruskal-Wallis nonparametric analysis, Dunn’s multiple comparison: #, WT versus Win; *, Win versus DEX-treated Win; &, versus untreated; $, versus Tm;
#,*,&,$, P < 0.05; ##,**,&&, P < 0.01; ###,***, P < 0.001.
JEM Vol. 210, No. 6
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Glucocorticoid modulation of ER stress
is independent of NF-B
Many of the antiinflammatory effects of glucocorticoids can
be attributed to inhibition of NF-B, and protein misfolding
can activate NF-B via the UPR. As expected, induction of
ER stress in LS174T cells with Tm resulted in activation of
NF-B (Fig. 5 A) and production of the NF-B–induced inflammatory chemokine IL-8 (Fig. 5 B). However, pharmaco
logical inhibition of NF-B actually caused a mild increase in
ER stress in LS174T cells and did not suppress Tm-induced
ER stress (Fig. 5 C). Furthermore, co-treatment with the NF-B
inhibitor reduced rather than improved the DEX inhibition
of Tm-induced ER stress (Fig. 5 C), showing that inhibition
of ER stress by glucocorticoids is independent of their inhibition of NF-B.

ER stress. In the absence of Tm, DEX up-regulated EDEM1
mRNA by 4.9-fold (Fig. 6 A). Tm also increased EDEM1 by
5.1-fold, but when pretreated with DEX, expression was higher
(7.6-fold greater than control) showing that DEX modulates
EDEM1 independently of the UPR. In a different pattern,
SEC61 and VCP were slightly up-regulated by DEX alone,
but to a greater degree by Tm alone and remained high when
cells were co-treated with Tm and DEX. These results show
that DEX modulates components of the ERAD pathway;
therefore, to test our hypothesis that DEX inhibits ER stress
via boosting ERAD, we knocked down EDEM1 by siRNA.
siRNA transfection decreased EDEM1 mRNA expression by
≥75% in LS174T cells. EDEM1 knockdown up-regulated the
expression of GRP78 and sXBP1 14.6- and 4.6-fold, respectively, showing that inhibiting ERAD in intestinal secretory
cells induces ER stress, which is consistent with a substantial
basal rate of misfolding (Fig. 6 C). Furthermore, Tm-induced
ER stress was greater in the absence of EDEM1, demonstrating that EDEM1 is important in disposal of misfolded
proteins in both the basal state and during exacerbated misfolding (Fig. 6 C). DEX was less able to inhibit the expression
of UPR-regulated genes GRP78, sXBP1, and CHOP in cells
with EDEM1-silenced versus control siRNA (Fig. 6 C). Expression of MUC2, SPDEF, and AGR2 were not modulated
by EDEM1 knockdown. Collectively, these results demonstrate that DEX up-regulates components of the ERAD pathway and that, although enhanced ERAD partially explains
the mechanism by which the steroid inhibits ER stress, other
ERAD-independent (or at least EDEM1-independent) mechanisms also appear to contribute.
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Figure 4. Glucocorticoids abrogate the Tm-induced activation of the UPR in human colonic epithelial cells. LS174T cells were treated with DEX
(10 µg/ml) for 6 h before, during, or after exposure to Tm (10 µg/ml) for 6 h. (A) mRNA expression of UPR genes GRP78, sXBP1, CHOP, and goblet cell–related
genes MUC2, SPDEF, and AGR2 were measured by qRT-PCR. The expression of these were normalized to -actin. (B) Western blot analysis of GRP78 with
densitometric analysis of GRP78 protein levels relative to -actin on the right. (C) LS174T cells were treated with DEX (10 µg/ml) for 6 h before a range of
concentrations of Tm for 24 h and mitochondrial activity was assessed by MTT assay presented as the percentage of untreated cells; n = 4/condition; representative from two experiments. (D) Dose–response curve of DEX inhibition of GRP78 and sXBP1 mRNA expression after exposure to Tm. The mRNA expression was analyzed by qRT-PCR and normalized to -actin. (E) Treatment of LS174T cells with RU38486 (1 µg/ml) for 2 h before DEX (100 ng/ml), was
performed to inhibit glucocorticoid receptors. The UPR response induced by Tm was determined by qRT-PCR as in A. (F) Effect of 2.5 µM hydrocortisone or
prednisolone on Tm induced ER stress in LS174T cells; qRT-PCR as in A. (G) Human colonic crypts in culture were treated with DEX (10 µg/ml) for 8 h before
exposure to Tm (10 µg/ml) for 12 h, and mRNA expression of GRP78 and sXBP1 was assessed as in A. Statistics: A, C, E: n = 4 in an experiment representative
of 2–3 individual experiments; D, F, G: n = 4 single experiment. Box plots with whiskers show median, quartiles and the maximum range. Kruskal-Wallis nonparametric analysis, Dunn’s multiple comparison: #, versus control; *, versus Tm; $, versus Tm + DEX + RU38486; *,#, P < 0.05; **,##,$$, P < 0.01; ***,###, P < 0.001.
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proteins. Glucocorticoids have been reported to block Ca2+
channels in the ER and thereby inhibit leakage of Ca2+ from
the ER (De et al., 2011). As with Tm, DEX provided protection from Tg-induced cell death for all but the highest concentrations of Tg (Fig. 8 D).
Depletion of intracellular ATP by reducing glucose in the
media induces ER stress (Fujii et al., 2006). We also demonstrated that DEX inhibits this form of ER stress in LS174T
cells (Fig. 8 E).
DISCUSSION
In this study we demonstrated that glucocorticoids directly
ameliorate ER stress in intestinal secretory cells occurring as a
result of protein misfolding in vitro and in vivo. To our knowledge, this is the first study to demonstrate direct inhibition of
ER stress by glucocorticoids in vivo, and to show the mechanism of action is via GR-driven enhancement of protein folding and degradation of misfolded proteins. These mechanisms
are independent of the well documented NF-B-mediated

Figure 5. Glucocorticoid inhibition of ER stress is independent of
suppression of NF-B. (A) NF-B activation was assessed by measuring
NF-Bp65 after treating LS174T cells with Tm ± DEX (10 µg/ml). (B) IL-8
was measured in culture supernatants from LS174T cells treated with Tm ±
DEX. (C) mRNA expression of GRP78 and sXBP1 in the presence of the
NF-B inhibitor BAY11-7085 (20 µM). Statistics: n = 4 in a single experiment; Box plots with whiskers show median, quartiles, and the maximum
range. Kruskal-Wallis nonparametric analysis, Dunn’s multiple comparison: #, versus control; *, versus Tm; $, versus BAY11; , versus BAY11 + Tm;
#,*,, P < 0.05; ##,**,$$,, P < 0.01; ###,***,$$$, P < 0.001.
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These observations show that DEX corrects folding of
MUC2 and progression through the secretory pathway despite inhibition of N-glycosylation by Tm.
To provide further evidence that DEX promotes correct folding, cDNAs encoding the WT and Winnie Muc2 N-terminal
D3 domain were expressed in MKN45 gastric cells, which
lack endogenous MUC2. The D3 domain, which is mutated
in Winnie, is involved in N-terminal oligomerization of Muc2,
and we have previously shown inappropriate oligomerization
and retention in the secretory pathway of Winnie recombinant D3 domain (Heazlewood et al., 2008). First, induction of
ER stress by Tm in cells transfected with the WT D3 domain
resulted in a major reduction (57%) in the amount of the precursor monomer in the ER and the appearance of a faster
migrating form likely to be a form with fewer N-glycans.
This was accompanied by a 70% reduction in the secretion of
appropriately glycosylated plus some underglycosylated oligomer. These changes were completely reversed by treatment
with DEX, consistent with successful progression through the
secretory pathway (Fig. 7 C). Second, the Winnie D3 mutation almost completely abolished secretion, but DEX treatment resulted in a 6.9-fold increase in the secretion of the
Winnie D3 oligomer (Fig. 7 D), suggesting that DEX promotes factors involved in correct folding and exit from the
ER in secretory cells.
Calnexin and calreticulin are ER chaperones for glycoproteins and integral components of the folding cycle in which
attempts are made to refold misfolded proteins (Hebert et al.,
1995). Genes encoding these chaperones were up-regulated
by DEX alone, Tm alone, and by the combination of Tm and
DEX (Fig. 8 A), thus providing a mechanism by which DEXinitiated changes in gene expression could promote correct
mucin folding.
Calnexin and calreticulin were first isolated as Ca2+-binding
proteins; the ER is the major intracellular calcium store; and
depletion of ER Ca2+ induces ER stress (Lodish and Kong,
1990). Therefore, to identify if the inhibition of ER stress
by DEX is dependent on Ca2+, we treated LS174T cells with
thapsigargin (Tg), which depletes ER calcium. Tg induced
ER stress and up-regulated mRNA expression of GRP78,
sXBP1, CHOP, and AGR2 by 13.1-, 4.0-, 19.4-, and 6.8-fold,
respectively (Fig. 8 A), whereas the mRNA expression of
MUC2 and SPDEF were significantly reduced. DEX treatment before, simultaneously and following Tg treatment,
suppressed ER stress, but the temporal efficacy was opposite
to that with Tm. Posttreatment with DEX was the most
effective in inhibiting Tg-induced ER stress and activation of
UPR and also restored MUC2 and SPDEF mRNA expression (Fig. 8 B), whereas pretreatment was the most effective
for Tm-induced ER stress (Fig. 4 A). Posttreatment with DEX
was also most effective in decreasing Tg-induced GRP78
protein (Fig. 8 C). The inability of DEX to effectively protect
cells when Ca2+ is disturbed suggests that suppression of ER
stress by glucocorticoids is dependent on maintenance of ER
Ca2+, which is consistent with a role for the Ca2+-dependent
chaperones, CNX and CRT, and/or other Ca2+-dependent
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anti-inflammatory action of the steroids on leukocytes which
was evident in DEX-treated Winnie mice. Although one could
argue the repression of ER stress by glucocorticoids in Winnie
mice could be due to inhibition of inflammation, we demonstrated that endogenous and exogenous glucocorticoids inhibit
ER stress in the noninflamed intestine in vivo, and prevent
accumulation of misfolded proteins in intestinal goblet cells
cultured in vitro.
Glucocorticoids significantly inhibited ER stress in vitro
when protein misfolding and ER stress was induced by inhibition of N-glycosylation, disturbance of intracellular Ca2+,
depletion of glucose or inhibition of ERAD. This shows that
modulation of ER stress by glucocorticoids is potentially relevant to many forms of human disease involving protein
misfolding and ER stress. This study also enhances our basic
understanding of ER functioning. Although the current understanding is that the UPR is the master regulator of components of the folding cycle and ERAD (Shang and Lehrman,
2004), we demonstrate that glucocorticoids can modulate
these pathways independently of the UPR and help prepare
1210

the ER for biosynthetic challenges before induction of ER
stress. Thus glucocorticoids are likely to act at multiple levels
to prevent inflammation in the intestine.
Glucocorticoids up-regulated chaperones involved in correct protein folding, calnexin and calreticulin, and components
of ERAD including EDEM’s, suggesting regulation of a suite
of genes, which can improve the capability of the ER of secretory cells to produce complex proteins with limited need for
activation of the UPR. These changes were accompanied by a
reduction in misfolding and increased secretion of mature protein in the face of inhibition of N-glycosylation or misfolding
mutations. While restoration of protein secretion could be
achieved by reducing the threshold of ER quality control
mechanisms which block exit of misfolded proteins from the
ER, we saw no evidence for secretion of misfolded protein aggregates in the presence of the glucocorticoids in our experimental systems.
Several previous studies provide support for a protective
effect of glucocorticoids on ER stress. Glucose depletioninduced ER stress in human embryonic kidney 293 cells was
Glucocorticoids alleviate ER stress | Das et al.
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Figure 6. Glucocorticoids increase expression
of proteins involved in ERAD contributing to
the inhibition of ER stress. (A) LS174T cells
were treated with DEX (10 µg/ml) for 6 h ± Tm
(5 µg/ml) for 6 h, as shown. mRNA expression of
the molecular chaperones involved in the ERAD
pathway (EDEM1, SEC61, and VCP) were measured by qRT-PCR. The expression was normalized
to -actin. (B) EDEM1 was silenced in LS174T
cells by EDEM1 siRNA treatment for 48 h. mRNA
expression of GRP78, sXBP1, CHOP, MUC2, SPDEF,
and AGR2 were measured in EDEM1-silenced
LS174T cells, treated with DEX (10 µg/ml) for 6 h,
and treated with Tm (5 µg/ml) for 6 h. The expression of these genes was normalized to -actin.
Statistics: n = 4, representative of 2–3 experiments; box plots with whiskers show median,
quartiles, and the maximum range. Kruskal-Wallis
nonparametric analysis, Dunn’s multiple comparison: (A) #, versus control; *, versus Tm; (B) #, versus
control; *, versus Tm and same siRNA; , versus
EDEM1 siRNA alone; #,*, P < 0.05; ##,**,, P < 0.01;
###,***,, P < 0.001.
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inhibited by DEX facilitating synthesis of nephrin, analogous
to the recovery in MUC2 production we observed in Tmtreated intestinal cells. Diminished ER stress was attributed
to increased ATP production based on a correlation with
DEX-increased ATP levels but without direct testing of
that mechanism (Fujii et al., 2006). Our study demonstrated
that glucocorticoids, differentially orchestrated the transcription of components of the folding cycle and molecules involved in ERAD independently of activation of the UPR.
JEM Vol. 210, No. 6

Our experiments in glucose-replete media show that DEX suppressed three different forms of ER stress, making it unlikely
an increase in cellular ATP explains the suppression. Interestingly in 293 cells DEX could not suppress Ca2+ ionophoreinduced ER stress (Fujii et al., 2006), whereas we found DEX
could suppress thapsigargin-induced ER stress. In another
study in which LPS induced mild ER stress in lung NCIH292 epithelial cells, DEX inhibition of ER stress was attributed to decreased MUC5AC production but without direct
1211
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Figure 7. Glucocorticoids ameliorate ER stress by enhancing correct folding and secretion of proteins. (A and B) LS174T cells were treated with
DEX (10 µg/ml) for 6 h, followed by treatment with Tm (5 µg/ml) for 6 h. (A) Proteins were reduced and separated by agarose gel electrophoresis and detected by Western blotting with the 4F1 antibody (precursor) and the Muc2 (H300) antibody (mature mucin). Representative from four replicates analyzed
by densitometry and expressed as percentage of untreated control cells. Note that Mr cannot be estimated using agarose gels. (B) Immunofluorescence
staining and confocal microscopy with the same antibodies as in A; MUC2 precursor (green), mature mucin (red); bar, 10 µm. (C) MKN45 cells were transfected with a plasmid encoding the rMuc2-D3 WT protein and treated with DEX (10 µg/ml) for 6 h, followed by 6-h treatment with Tm (10 µg/ml). The
lysates and secretions from transfections were analyzed by PAGE/Western blotting. Recombinant proteins were detected with the M2 anti-FLAG antibody,
and no reactivity was seen with untransfected cells. Representative from four replicates analyzed by densitometry after correction for -actin in the
same lane and expressed as percentage of untreated control cells. (D) MKN45 cells were transfected with a plasmid encoding rMuc2-D3 with the Win
mutation. Lysates and secretions were analyzed as in (C). Statistics: A, C, D: representative blot shown, densitometry from 4 distinct experimental replicates run on the same set of Western blots; box plots with whiskers show median, quartiles, and the maximum range. Kruskal-Wallis nonparametric analy
sis, Dunn’s multiple comparison: #, versus control; *, versus Tm; ##,**, P < 0.01; ###, P < 0.001.
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Figure 8. Glucocorticoids up-regulate Ca2+-dependent chaperones and inhibit ER stress induced by chelation of Ca2+ or by ATP depletion.
(A) In LS174T cells treated with DEX (10 µg/ml) for 6 h, followed by treatment with Tm (5 µg/ml) for 6 h, mRNA expression of ER-resident glycoprotein chaperones involved in the folding cycle (calnexin, Cnx and calreticulin, Crt) was determined by qRT-PCR. mRNA levels were corrected to
-actin and are presented as fold changes in expression relative to the mean expression in untreated control cells. (B) LS174T cells were treated
with thapsigargin (Tg; 5 µM) for 6 h. Cells were treated with DEX (10 µg/ml) for 6 h before, during, or after exposure to Tg; qRT-PCR as in A; n = 4,
representative of three individual experiments. (C) Western blot analysis of GRP78 with densitometric analysis of GRP78 protein levels relative to
-actin on the right in the experiment in A. (D) LS174T cells were treated with DEX (10 µg/ml) for 6 h before a range of concentrations of Tg for
24 h and mitochondrial activity assessed by MTT assay presented as the percentage of untreated cells. (E) LS174T cells were grown in media with
low glucose (5.5 mM) for 6 h ± DEX (10 µg/ml). mRNA expression of GRP78, sXBP1, and CHOP were measured by qRT-PCR. Statistics: A, B, D,
and E: n = 4 in an experiment representative of 2–3 individual experiments; C: representative Western blot from 2 distinct experiments, each with
n = 2; A, B, E: box plots with whiskers show median, quartiles, and the maximum range; Kruskal-Wallis nonparametric analysis, Dunn’s multiple
comparison: #, versus control; *, versus Tg; *, P < 0.05; ##,**, P < 0.01; ###,***, P < 0.001; E: versus control, ###, P < 0.001; versus low glucose;
*, P < 0.05; ***, P < 0.001.
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that modulation of local intestinal cytokine levels by glucocorticoids can indirectly inhibit the propagation of ER
stress and pathophysiology in the intestinal secretory cells in
synergy with the direct effects we have demonstrated.
In glucocorticoid-treated Winnie mice, the complete recovery of goblet cell mucin production in the apical lineage
versus incomplete restoration in the basal lineage is likely to
be caused by the longer life span of the basal cells contributing
to the progressive build-up of misfolded proteins and more
severe ER stress. ER stress in Winnie and LS174T cells resulted
in decreased expression of both SPDEF and MUC2 mRNA
consistent with down-regulation of these genes by the UPR.
SPDEF is expressed during goblet cell maturation, stays
expressed in fully differentiated cells, and regulates MUC2.
Glucocorticoids increased the expression of SPDEF but not
MUC2 mRNA in nonstressed cells, and abolished the decrease
in both genes induced by Tm. The UPR-mediated decrease in
SPDEF and MUC2 is likely to contribute significantly to decreased mucin production in the ER-stressed intestine. This
suggests that the UPR does not only regulate protein translation but also modulates transcription factors required for
secretory cell maturation. Deficiency of the ER-resident enzyme, fatty-acid synthase (FAS), decreases s-palmitoylation of
MUC2 and induces ER stress in both LS174T cells and in
murine intestinal goblet cells, resulting in colitis with a phenotype similar to Winnie (Wei et al., 2012). Glucocorticoids
increase FAS expression and s-palmitoylation of proteins in
nonintestinal cells (Xu et al., 1995) providing another mechanism by which steroids could enhance intestinal mucus production. All of these observations suggest that glucocorticoids
are important at multiple stages in the intestine from development, maturation of epithelial cells, to maintenance of a functional mucosal barrier, and that treatment of all these functions
are potentially important for inducing and maintaining remission in IBD.
In this study, we have demonstrated that glucocorticoids
very effectively reduce ER stress in the intestine. Although
systemic and, to a lesser extent, topical glucocorticoid therapy
is widely used to control inflammation in IBD, long-term use
is restricted by pleiotropic physiological side effects. Because
glucocorticoids directly suppress ER stress in epithelial cells,
luminal delivery of glucocorticoids such as budesonide with
low systemic activity, should be an effective route of administration, as demonstrated in clinical trials in UC (Manguso
and Balzano, 2007), and perhaps should be considered as a
component of maintenance therapy for patients in remission.
Overexpression of LRH-1 significantly increases the expression of steroidogenic enzymes and the synthesis of cortisol in
intestinal cells (Sidler et al., 2011). Boosting endogenous production of LRH-1 or boosting steroid synthesizing enzymes
downstream of LRH-1 will increase the endogenous production of the local intestinal cortisol and could be used to
maintain epithelial cell homeostasis and maintain long term
remission. Identification of all the links between glucocorticoid receptor-induced transcription and improved ER folding and ERAD could reveal additional targets for therapy,
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testing of this mechanism (Shang et al., 2011). In contrast
to the decreased production of MUC5AC, we observed DEX
facilitated correct folding and secretion of MUC2 in Tmstressed LS174T cells, facilitated secretion of MUC2 D3-domain
proteins carrying the Winnie mutation, and that DEX also recovered mucin biosynthesis in Winnie mice. DEX has also recently been shown to inhibit IRE1 and splicing of XBP1, and
enhance amylase secretion in AR42J exocrine pancreatic cells,
which is consistent with our findings (Cross et al., 2012). All
of these previous reports of diminished ER stress with DEX
are compatible with our proposed mechanism of action via
facilitation of folding and boosting ERAD.
Functional maturity of the intestine is facilitated by endogenous local intestinal glucocorticoids (Gartner et al., 2002;
Solomon et al., 2001). Hydrocortisone (HC) effects differentiation and proliferation of fetal small intestinal and colonic
epithelial cell proliferation and maturation (Arsenault and
Ménard, 1985). Colonic and small intestinal epithelial cells
express glucocorticoid receptors and synthesize glucocorticoids (Atanasov et al., 2008; Modica et al., 2010; Mueller et al.,
2006). Glucocorticoid production by intestinal epithelial cells,
is dependent on nuclear receptor liver receptor homologue-1
(LRH-1; Mueller et al., 2006). Germ line haploinsufficiency
for Lrh-1 reduces local glucocorticoid synthesis and predisposes mice to TNBS-induced intestinal inflammation (Coste
et al., 2007). In support of a role for local glucocorticoid synthesis in IBD, UC, and Crohn’s disease patients have lower
intestinal LRH-1 expression and glucocorticoid concentrations (Coste et al., 2007). We have now shown by inhibiting
glucocorticoid signaling in mice with RU38486 that endogenous glucocorticoids suppress ER stress in the noninflamed
intestine and that protection from misfolding-induced ER
stress can be boosted by exogenous glucocorticoids. Interestingly, we also demonstrated inhibition of endogenous glucocorticoids by RU38486 induces ER stress in LS174T cells,
despite these cells being shown to have low endogenous
LRH-1 (Sidler et al., 2011). Facilitation of protein folding
and minimizing ER stress in secretory cells by local glucocorticoids is likely to be an important component of maintaining intestinal homeostasis.
Although DEX directly inhibits ER stress in vitro independently of suppression of NF-B, it is possible that the DEXmediated inhibition of inflammation in leukocytes has indirect
suppressive effects on ER stress in vivo. Inflammatory factors
produced by leukocytes could modulate ER stress. For example,
TNF initiates ER stress in murine fibrosarcoma cells attributed to increased production of reactive oxygen species (Xue
et al., 2005a). Similarly, TNF and IFN- increase GRP78 in
intestinal enterocyte-like Caco2 cells (Hao et al., 2012). In
Winnie mice, DEX inhibited TNF and IFN- production by
MLN T cells, and the mRNA expression of these genes in
the colon, which could also contribute to the diminished ER
stress. DEX also enhances FOXP3 expression and IL10 production by T regulatory cells (Chen et al., 2006; Xie et al.,
2009), and IL-10 inhibits ER stress in intestinal cells (Shkoda
et al., 2007; Hasnain et al., 2013). These observations indicate
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1 µg was reverse transcribed to cDNA by using a iScript cDNA synthesis kit
(Bio-Rad Laboratories). Quantitative PCR with primers spanning exons was
performed using Platinum SYBR Green qPCR SuperMix-UDG (Invitro
gen) on a Rotor-Gene 6000 and analyzed using Corbett Rotorgene version 6
software (Corbett LifeScience). Expression of each gene was normalized
to the housekeeping gene, -actin, using the Pfaffl equation and expressed
relative to the mean of a relevant control group.

MATERIALS AND METHODS

Antibodies, Western blotting, immunohistochemistry, and immunofluorescence. Antibodies were sourced as follows: mouse Muc2 C-terminal
reactive polyclonal (Heazlewood et al., 2008), mouse Muc2 precursor antibody (a gift from G. Hansson, University of Gothenburg, Gothenburg, Sweden),
human MUC2 (Santa Cruz Biotechnology, Inc.; clone sc15334), human
MUC2 nonglycosylated VNTR peptide repeat (4F1; Heazlewood et al.,
2008), GRP78 (Santa Cruz Biotechnology, Inc.; polyclonal N-20), anti-FLAG
(Sigma-Aldrich; clone M2), -actin (Novus Biologicals; clone AC-15), and
AGR2 (ab22208; Abcam). Standard immunohistochemical procedures were
performed on intestinal sections to detect Muc2, Muc2 precursor, and Agr2
with the MACH4 HRP polymer detection system (Biocare Medical). Standard immunofluorescence staining for MUC2, MUC2 precursor (detected
with anti–rabbit Alexa Fluor 633 and anti–mouse Alexa Fluor 488; Invitrogen) and DAPI (Invitrogen) was analyzed by multi-tracking on a confocal
microscope (LSM510; Carl Zeiss). Agarose gel electrophoresis was conducted to separate MUC2 and MUC2 precursor, and Western blotting performed with detection by dual label infrared fluorescence on an Odyssey
instrument (Li-Cor).

Cell culture and drug treatments. The human colon carcinoma cell line
LS174T (American Type Culture Collection) and the human gastric carcinoma cell line MKN45 (Institute of Physical and Chemical Research Cell
Bank) were cultured in DMEM high and RPMI 1640 medium, respectively,
supplemented with 10% FCS, 2 mM l-glutamine, 100 U/ml penicillin, and
100 µg/ml streptomycin (Invitrogen), and maintained at 37°C in 5% CO2.
Cells were cultured in the presence of DEX, Tm, Tg, cycloheximide (CHX),
mifepristone (RU38486; Sigma-Aldrich), and NF-B inhibitor (BAY11-7085;
Sigma-Aldrich) at the concentrations and times indicated in the figure legends. Chemicals were dissolved in DMSO or PBS and appropriate vehicle
controls were used in all experiments. Human colonic crypts from noninflamed colon from a patient undergoing surgery for diverticular disease were
cultured using techniques adapted from Jung et al. (2011). Crypts (400 crypts/
50 µl Matrigel) were cultured in Wnt3a-conditioned medium and ADF 1:1
with 10 mM Glutamax, Hepes, N-2 (1×; Invitrogen), B-27 without retinoic
acid (1×; Invitrogen), 10 mM Nicotinamide (Sigma-Aldrich), 1 mM N-AcetylL-cysteine (Sigma-Aldrich), 50 ng/ml RSPO1 (Acrobiosystems), human
EGF (Invitrogen), 100 ng/ml human Noggin (PeproTech), 1 µg/ml gastrin
(Sigma-Aldrich), 500 nM LY2157299 (Axon MedChem), 10 µM SB202190
(Sigma-Aldrich), 0.01 µM PGE2 (Sigma-Aldrich), and 10 µM DAPT (SigmaAldrich; gamma-secretase inhibitor to induce goblet cell differentiation).
Mice and drug treatments. WT C57BL/6 (purchased from the Animal
Resource Authority, Western Australia) and the mutant Winnie with a single
missense mutation in Muc2 on a C57BL/6 background (Heazlewood et al.,
2008) bred in-house were housed in a PC2 specific pathogen-free animal
facility. All animal experimentation was approved by the University of
Queensland Animal Ethics Committee. Equal numbers of male and female
mice were injected i.p with DEX, RU38486 or Tm at the doses and times
indicated in the figure legends.
Morphometric analysis of stored mucin in intestinal goblet cells.
Quantification of the volume of goblet cell thecae containing fully O-glycosylated mucins was performed in AB and PAS-stained paraffin sections of
intestine. O-glycosylated mucins stain blue/purple with AB, whereas the
non–O-glycosylated precursor stains magenta. The morphometric analysis
was performed using ImagePro Plus 3.0 software. Three different regions
from the proximal, mid, and distal colon, containing four to seven longitudinally sectioned crypts, were analyzed in each animal. The software was
programmed to determine the area occupied by the blue-stained goblet cell
thecae in each crypt and express that as a ratio of the area (equivalent to relative volume) of the crypt.
Assessment of intestinal inflammation. Histological scoring of mucosal
epithelial damage and inflammatory infiltration in H&E-stained intestinal
tissue sections was performed as previously described (Heazlewood et al.,
2008). Leukocytes were harvested from the MLNs and 2 × 106 leucocytes
were cultured in RPMI 1640 containing 10% FCS and stimulated with
50 ng/ml of PMA and 750 ng/ml ionomycin for 48 h. MLN culture supernatants were assayed for inflammatory cytokines IL-1, TNF, IFN- (BD),
and IL-17 (R&D systems) according to the manufacturer’s instructions.
RNA isolation and gene expression analysis. RNA from colonic tissue
and cultured cells was extracted in TRIzol (Invitrogen) and purified using a
RNeasy mini kit (QIAGEN). RNA quality and quantity was assessed using
a NANODROP1000 spectrophotometer (Thermo Fisher Scientific), and
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siRNA silencing of EDEM1. On-target plus siRNA specific for EDEM1,
as well as scrambled control siRNA were chemically synthesized (Thermo
Fisher Scientific) as a mixture of four siRNAs targeting different regions.
LS174T cells with a confluence of 70–80% were transfected with 200 nM of
EDEM1 or scrambled control siRNA using RNAi-MAX (Life Technologies)
according to the manufacturer’s instructions. The level of knockdown of the
EDEM1 was determined by qRT-PCR.
Expression of recombinant truncated Muc2 N-terminal proteins.
MKN45 cells were transfected with WT and Winnie rMUC2-D3 plasmid
encoding the human MUC2 D3-domain with Lipofectamine 2000 (Invitrogen)
in serum-free conditions as previously described (Heazlewood et al., 2008).
After 6 h, FCS was added to 10% and experiments conducted 48 h after
transfection. For assessment of secretions, culture media was replaced with
serum-free media for 24 h before collecting and concentrating the supernatant through a 10-kD centrifugal membrane filter (Millipore).
NF-kBp65 phosphorylation assay. All reagents were supplied in the
SureFire NF-kBp65 (p-Ser536) assay kit (PerkinElmer). The assay was performed in 384-well white Proxiplates according to the manufacturer’s instructions. In brief, cells were harvested and lysed in the AlphaScreen
SureFire lysis buffer and protease inhibitors and PhosSTOP (Roche). The
detection mix was added to 4 µl lysate containing equal amounts of total
proteins. The detection mix consisted of reaction buffer, dilution buffer, activation buffer, acceptor beads, and donor beads (prepared in a 40:20:10:1:1
ratio) prepared under low light conditions. The plate was incubated at least
4 h at room temperature in the dark. Plates were read on the EnVision plate
reader (Perkin Elmer).
Statistical analysis. All statistical analyses were performed using Prism
v5.01 (GraphPad Software). For normally distributed data a Student’s t test
or an ANOVA with an appropriate post-hoc test was used to compare
groups. For analyses where a normal distribution could not be demonstrated,
including where the number of replicates was low, the nonparametric KruskalWallis test with Dunn’s multiple comparison tests were used and data were
presented as box plots. The sample size and statistical analysis used are detailed
in each figure legend.
Glucocorticoids alleviate ER stress | Das et al.
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possibly via intermediary transcription factors, which could
avoid unwanted off-target effects of glucocorticoids. In
summary, judicious glucocorticoid modulation of ER stress
has important therapeutic ramifications for a wide range of
ER stress–mediated diseases and for the therapeutic use of
glucocorticoid drugs.
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