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ABSTRACT Inflammatory bowel disease (IBD) is an incurable chronic idiopathic disease that
drastically decreases quality of life. Endoplasmic reticulum (ER)-associated degradation (ERAD)
is responsible for the clearance of misfolded proteins; however, its role in disease pathogenesis
remains largely unexplored. Here we show that the expression of SEL1L and HRD1, the most
conserved branch of mammalian ERAD, is significantly reduced in ileal Crohn’s disease (CD).
Consistent with this observation, laboratory mice with enterocyte-specific Sel1L deficiency
(Sel1LAEC) develop spontaneous enteritis and have increased susceptibility to Toxoplasma gon-
dii-induced ileitis. This is associated with profound defects in Paneth cells and a disproportion-
ate increase of Ruminococcus gnavus, a mucolytic bacterium with known association with CD.
Surprisingly, whereas both ER stress sensor IRE1a and effector CHOP are activated in the small
intestine of Sel1L4E¢ mice, they are not solely responsible for ERAD deficiency-associated le-
sions seen in the small intestine. Thus our study points to a constitutive role of Sel1L-Hrd1
ERAD in epithelial cell biology and the pathogenesis of intestinal inflammation in CD.
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INTRODUCTION

Inflammatory bowel disease (IBD) is a devastating disease that af-
fects millions of people worldwide. Phenotypically, IBD is catego-
rized as Crohn’s disease (CD), which is defined by transmural inflam-
mation of the ileum and or colon, or ulcerative colitis (UC), which is
a mucosal inflammation and ulceration restricted to the colon. The
etiology of IBD is unresolved, but it is generally considered as a
disturbed host-microbial symbiosis in a genetically susceptible indi-
vidual, leading to aberrant proinflammatory immune responses
(Wlodarska et al., 2015). The intestinal epithelium is the physical in-
terface between the host and gut microbiota. Absorptive entero-

cytes and specialized cells such as Paneth and goblet cells, which
actively secrete antimicrobial peptides and mucin glycoproteins,
form an antimicrobial barrier that is critical for the maintenance of
intestinal homeostasis (Bevins and Salzman, 2011).

Disturbance of endoplasmic reticulum (ER) homeostasis has
been implicated in the pathogenesis of IBD (Heazlewood et al.,
2008; Kaser et al., 2008, 2013; Adolph et al., 2013; Das et al., 2013).
ER-associated degradation (ERAD) is a principal quality-control
mechanism in the cell, targeting misfolded proteins for cytosolic
degradation (Olzmann et al., 2013). Whereas the biochemical
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processes of ERAD have been well characterized, the physiological
significance of ERAD and its role in the pathogenesis of IBD are
undefined. The E3 ligase Hrd1 and its cofactor Sel1L (Hrd3p in
yeast) represent the most highly conserved branch of the mamma-
lian ERAD (Travers et al., 2000; Yoshida et al., 2003; Kaneko et al.,
2007; Christianson et al., 2012). The Sel1L-Hrd1 complex is respon-
sible for the recognition and retrotranslation of a subset of mis-
folded proteins in the ER directed for cytosolic proteasomal degra-
dation (Olzmann et al., 2013; Christianson and Ye, 2014). The
specific function of Sel1L-Hrd1 ERAD has been difficult to assess
due to the embryonic lethality of Sel1l- or Hrd1-deficient mice
(Yagishita et al., 2005; Francisco et al., 2010). Defining the role of the
ERAD machinery in specific cell types could lead to the identifica-
tion of molecular pathways underpinning ERAD-associated physiol-
ogy and disease.

Conditional knockout mouse and cell models deficient in Sel1L
provide in vivo evidence that Sel1L is an indispensable component
of mammalian E3 ligase Hrd1 ERAD complex (Sun et al., 2014). In
adipocytes, Sell1L is required for diet-induced obesity and the de-
velopment of postprandial hypertriglyceridemia by regulating the
ER exit of lipoprotein lipase (Sha et al., 2014). In a recent study, we
identified IRE1a, the sensor of unfolded protein response (UPR), as
an endogenous Sel1L-Hrd1 ERAD substrate (Sun et al., 2015). Sel1L-
Hrd1 ERAD degrades IRE1a under basal conditions in a BiP-depen-
dent manner. ER stress triggers the dissociation of IRETo. from the
ERAD complex, leading to IRE1o. accumulation and activation.

To dissect the physiological significance of Sel1L and Sel1L-Hrd1
ERAD-mediated IRETo degradation, we generated intestinal epi-
thelial cell-specific Sel1L-deficient (SelTL4E€) mice (Sun et al., 2015).
Surprisingly, epithelial Sel1L is dispensable for the overall morphol-
ogy of the colon under basal conditions; however, Sel1L deficiency
increases sensitivity to DSS-induced experimental colitis. This is in
part mediated through stabilization and accumulation of IRE1a pro-
tein in colonic epithelium (Sun et al., 2015). How Sel1L and Sel1L-
Hrd1 ERAD affect the function of the small intestine remains to be
demonstrated. Here we show that expression of epithelial SELTL
and HRD1 is inversely correlated with the severity of ileal inflamma-
tion in individuals with CD. Further mechanistic studies in mice pro-
vide definitive evidence for a critical role of epithelial Sel1L-Hrd1
ERAD in spontaneous enteritis and hypersensitivity to pathogens.

RESULTS

Expression of SEL1L and HRD1 in CD

To explore a possible role of SEL1L-HRD1 ERAD in CD, we deter-
mined the gene expression pattern of SEL1L and HRD1 in ileal tis-
sues from CD patients. Intriguingly, expression of SEL1L was tightly
correlated with that of HRD1 (Figure 1A) and was reduced by nearly
10-fold with inflammation (Figure 1B, Supplemental Figure S1A,
and Supplemental Table S1). Similar observations were made for
HRD1, albeit to a lesser extent (Figure 1B and Supplemental
Figure S1A). Expression of SEL1L and HRD1 was also positively cor-
related with the expression of UPR effectors and ER chaperones,
such as XBP1s, HSP5A, and CALRETICULIN (Supplemental Figure
S1, B and C). These results demonstrate down-regulation of SEL1L-
HRD1 in the inflamed small intestine of human patients with IBD,
pointing to a possible role of ERAD in disease pathogenesis.

An epithelia-specific mouse model defective in Sel1L-Hrd1
ERAD

To test directly the pathophysiological role of Sel1L-Hrd1 ERAD in
intestinal inflammation, we generated intestinal epithelial cell (IEC)-
specific, Sel1L-deficient mice (Sel1L4EC) by crossing Sel1Lo¥flox mice
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FIGURE 1: Human studies link SEL1L-HRD1 ERAD to intestinal
inflammation. (A) Correlations between SELTL and HRD1 expression
in human terminal lleum. (B) gPCR analysis of SEL1L and HRD1
expression in terminal lleum samples from patients with or without
inflammation. Inflammatory score is based on criteria in Supplemental
Table S1. NI, noninflammation (score < 2); |, inflammation (score > 3).
Values, mean + SEM. **p < 0.01 by Mann-Whitney test. Spearman'’s r
value was calculated for correlations.

(Sun et al., 2014) with Villin-Cre transgenic mice. Reduction of Sel1L
and Hrd1 protein was observed in the small intestine of Sel1[4/EC
mice (Figure 2, A-C). Indeed, these mice were defective in ERAD
function, as demonstrated by the accumulation of the known
substrate OS9 in IEC (Sha et al., 2014, Sun et al., 2014; Figure 2, A
and B). Thus Sel1L4E€ mice are defective in Sel1L-Hrd1 ERAD func-
tion in the small intestine.

Epithelial Sel1L deficiency leads to spontaneous enteritis

Of interest, the small intestine villi of Sel1L4EC mice were blunted,
and the lamina propria at the tip of the villi contained large clusters
of plasma cells and many eosinophils (Figure 3, A and B), similar to
those seen in lymphoplasmacytic (Ochoa et al., 1984) and eosino-
philic enteritis (Baig et al., 2006) in humans (Odze, 2003). Immuno-
fluorescence staining identified immunoglobulin G (IgG)-positive
B-cells at the tip of intestinal villi of SelTL4EC mice, whereas in wild-
type (WT) mice, these cells were present at the base of the villi
(Figure 3C). In line with elevated inflammation, the intestinal crypts
in the duodenum of Sel1L4¥¢ mice were longer and contained
an expanded population of epithelial cells expressing Kié7 and
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FIGURE 2: Generation of epithelial-specific Sel1L-deficient mice.

(A, B) Western blot analysis of Sel1L-Hrd1 ERAD protein levels in the
terminal ileum of WT and Sel1L4EC mice. (B) Quantitation. Each lane
represents an independent sample. HSP90, loading control.

(C) Immunohistochemistry staining of Sel1L in ileum of WT and
Sel1L4EC (EKO) mice, showing Sel1L depletion in epithelium. Al
experiments were repeated at least twice, with three mice each.
Values, mean + SEM. **p < 0.01 and ***p < 0.001 by Student’s t test.
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FIGURE 3: Sel1L4EC (EKO) mice are predisposed to spontaneous enteritis
hematoxylin and eosin (H&E) images of duodenum and villus tips in 14-wk-

10
fection

and T. gondii infection. (A) Representative
old WT and EKO mice, showing partial villous

blunting, plasmacytosis (arrowheads), and eosinophilic enteritis (arrows)—signs of spontaneous enteritis. (B) Histology
score of the presence and distribution of lymphocytes, plasma cells, and eosinophils within the lamina propria of
intestinal villi and crypts of duodenum as a blind study. Thirty 400 x fields. Scoring: O, none; 1, rare; 2, few scattered;

3, many groups; 4, large numbers. (C) Immunofluorescence staining of plasma cells (red) in duodenum, showing clusters

of IgG-positive plasma cells at the tip of the villi (arrows) of Sel1L4ES mice.

(D) Immunohistochemistry staining of Ki67 in

duodenum, showing mild crypt hyperplasia in EKO mice. (E) Quantitation of crypt length and villus-to-crypt ratio in
duodenum as measured from 30 villus-crypt units. All experiments were repeated at least twice with three mice each.
Values, mean + SEM. ***p < 0.001 by Student's t test. (F) Survival curves of female and male Sel1LEC mice after

T. gondii infection. *p < 0.05 by the log-rank Mantel-Cox test. Five mice each. (G) Representative H&E images of ileum

7 d after T. Gondii infection, with inset showing the boxed area.

reduced villus-to-crypt ratio relative to WT mice (Figure 3, D and E).
Thus epithelial Sel1L deficiency in the small intestine leads to spon-
taneous lymphoplasmacytic and eosinophilic enteritis.

Epithelial Sel1L is required for resistance to pathogen
infection

To determine whether Sel1L-Hrd1 ERAD deficiency influences intes-
tinal response to pathogen infection, we infected mice with Toxo-
plasma gondii, which causes a granulomatous Th1-dominated ileitis
and proliferation of Escherichia coli that recapitulates many of the
features of CD ileitis (Egan et al., 2012). Both male and female
Sel1L4E€ mice exhibited increased disease susceptibility and lethal-
ity to T. gondii infection (Figure 3F). Histological analyses revealed
more severe ileitis in SelTL4EC mice, with generalized villous stunt-
ing, Paneth cell loss, and crypt hyperplasia associated with massive
inflammatory cell infiltration (Figure 3G). Fluorescence in situ hybrid-
ization (FISH) analysis revealed increased adherence and invasion of
eubacteria and E. coli in the ileal mucosa of Sel1L4F¢ mice com-
pared with WT littermates (Supplemental Figure S2, A and B). Thus
epithelial Sel1L-Hrd1 ERAD is required for protection against patho-
gen infection in the small intestine.

Epithelial Sel1L is required for Paneth cell function

In the small intestine, Sel1L was ubiquitously expressed in the epi-
thelium and highly enriched in lysozyme C—positive Paneth cells at
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the base of crypts (Figure 4, A and B). Paneth cells comprise a spe-
cialized cell population in the small intestine that secretes antimicro-
bial peptides from secretory granules. Sel1L deficiency dramatically
reduced eosinophilic secretory granules in Paneth cells (Figure 5A),
resembling variable Paneth cell abnormalities in human CD patients
involving the terminal ileum (Liu et al., 2014; VanDussen et al.,
2014). Protein levels of the antimicrobial peptides lysozyme C and
Regllly were greatly reduced (Figure 5, B-D). Indeed, expression of
a panel of antibacterial peptides, including lysozyme and Regllly,
was reduced in the small intestine of Sel1Ll4EC mice (Figure 5E).
Transmission electron microscopy (TEM) of the ileum revealed di-
lated and fragmented ER cisternae, as well as “fried egg”-shaped
secretory vesicles with centrally located granules in Paneth cells of
Sel1LAEC mice (Figure 5F). Thus Sel1L-Hrd1 ERAD is required for the
secretory function of Paneth cells.

Epithelial Sel1L deficiency alters gut microbiota composition
Studies have shown that the secretory function of Paneth cells influ-
ences intestinal bacterial overgrowth and gut microbiota composi-
tion (Ayabe et al., 2000; Vaishnava et al., 2008). To delineate how
epithelial Sel1L deficiency affects gut microbiota composition, we
performed microbiota sequencing of fecal samples from Sel1L4/E¢
and cohoused WT littermates using culture-independent PCR am-
plification of variable region 4 (V4) of bacterial 16S rRNA genes (Ji
et al., 2014). The multiplexed amplicons were subjected to lllumina

Sel1L-Hrd1 ERAD in the small intestine | 485



FIGURE 4: Sel1L is highly enriched in Paneth cells. (A, B) Confocal
images of Sel1L (red) and lysozyme C (green) in small intestines of WT
mice showing enrichment of Sel1L in Paneth cells at the base of the
crypts. A close-up view of the boxed area is shown in B.

sequencing using the Mi-Seq platform. The overall microbial pro-
files were expectedly similar between cohoused WT littermates and
Sel1LYE€ mice as shown previously (Sun et al., 2015). However,

A B

)
b PR

“ 8P
My

E F
OwT
0 EKO
-~ 1.5
=
3 *kk *k *kk dek *%
N 1.0
S =
§ 0.5 =
£
00 v Yo N DO
N @ @ @ A A
PP P é\'boe’,"bq_e@ @"0\
G
4
[} Ruminococcus
= °
®©
2
Qé 2 Ruminococ¢us gnavus o
o . ° 4
o o w
' H
N At B
8 6 4 -2 0 2 4 6 8
Log, fold change (EKO/WT)

EKO Lysozyme C / DAPI

1+0.02 0.1+0.04***

in-depth analysis revealed a 10-fold increase of Ruminococcus gna-
vus, a Gram-positive anaerobic bacterium (Dethlefsen et al., 2006),
in Sel1L4E¢ mice compared with cohoused WT littermates (Figure 5,
G and H). Because R. gnavus is not overrepresented in other mouse
strains bred in our colony (Ji et al., 2014), this expansion appears to
be directly linked to the absence of epithelial Sel1L. Thus epithelial
Sel1L deficiency influences microbiota composition.

Epithelial Sel1L deficiency induces ER stress and cell death
in small intestine

In keeping with our previous report that IRE1a: is an ERAD substrate
(Sun et al., 2015), IRE1a protein level elevated by >20-fold in the
small intestine of Sel1L4EC mice, whereas its MRNA level was not af-
fected (Figure 6, A, B, and D). IRE1o. was moderately activated, as
measured by mobility shift of IRETo. protein in a Phos-tag gel (Sha
etal., 2009; Yang et al., 2010; Qi et al., 2011) and its substrate Xbp1
mRNA splicing (Figure 6, A and E). IRE1a. activation was in line with
the activation of other UPR markers, including PERK and elF20. phos-
phorylation, as well as elevated expression of various downstream
effectors and ER chaperones (Figure 6, A-D). Furthermore, epithelial
cell death in the small intestine was increased in Sel1L4E€ mice under
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FIGURE 5: Sel1L is required for Paneth cell function and the expression of antimicrobial peptides. (A) Representative
H&E images of ileal crypts of 14-wk-old Sel1LAEC mice showing shrunken eosinophilic granules in the Paneth cells (arrow)
of Sel1L4EC mice. (B) Western blot analysis of lysozyme C and Regllly in the terminal ileum, with quantitation shown below
the blots. (C, D) Confocal microscopic images of lysozyme C labeling of Paneth cells at the crypts of the terminal ileum at
low (C) and high (D) magnifications. (E) gPCR analysis of antibacterial peptide expression in ileum of WT and Sel1L4/E¢
mice. Experiments were repeated twice with three mice each. Values, mean = SEM. **p < 0.01 and ***p < 0.001 by
Student’s t test. (F) Representative TEM images of Paneth cells at the terminal ileum. Note the reduced size of secretory
granules (Gr) and fried egg-shaped secretory vesicles in Paneth cells of Sel1L4E¢ mice. ER, endoplasmic reticulum;

N, nucleus. (G, H) Volcano plots showing significantly different abundance of bacterial operational taxonomic units (OTUs)
on comparing Sel1L4EC to cohoused WT littermates. The two vertical reference lines indicate a fourfold change (log2),
and the horizontal line represents p < 0.05 (~log10) by Student’s t test followed by Benjamini-Hochberg correction. Two
OTUs significantly enriched in Sel1L4EC mice are shown in H. For microbiota analysis, WT, n=7; EKO, n = 6. Values, mean
+ SEM. a.u., arbitrary units. The p values by Student'’s t test followed by Benjamini-Hochberg correction.
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FIGURE 6: Sel1lL is required for the ER homeostasis in the epithelium of small intestines. (A-C) Western blot analysis of
IRE10, PERK, ER chaperones, and phosphorylated elF2c. in the ileum. Each lane represents an independent sample, and
quantitation is shown in B. P-T, Phos-tag—based Western blot analysis of IRE10. phosphorylation. HSP90, loading control.
(C) Quantitation of elF2a phosphorylation in ileum. (D) gPCR analysis of mRNA levels in the ileum. (E) RT-PCR analysis of
Xbp1 mRNA splicing, with quantitation shown below. (F) Western blot analysis of caspase-3 cleavage in the ileum, with
quantitation shown on the right. (G) Confocal images of terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) staining of terminal ileum, showing elevated cell death in the crypts of Sel1L4E¢ mice. The ileum from WT mice
24 h after 10 Gy irradiation (irr) was used as positive control (Pos CON). All experiments were repeated at least twice
with three mice each. Values, mean £ SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 by Student'’s t test.

basal conditions, as demonstrated by caspase 3 cleavage (Figure 6F).
Histological analyses revealed clustered cell death in both villi and
the crypts of small intestine of SelTL4EC mice but only at the tips of
the villi in WT mice (Figure 6G). Thus epithelial Sel1L regulates ER
homeostasis and cell survival in the small intestine.

Lack of epithelial Sel1L haploinsufficiency

To address whether Sel1L heterozygosity affects intestinal homeo-
stasis, we generated and characterized Sel1L4E“* (HET) mice.
Unlike SelTLAEC |ittermates, Sel1L4ES* mice did not develop enteri-
tis (Supplemental Figure S3A) or Paneth cell atrophy in the small
intestine (Supplemental Figure S3, B-E). ER homeostasis in the epi-
thelium of small intestines was not affected by Sel1L heterozygosity
(Supplemental Figure S3B). This result suggests that one copy of
Sel1L is sufficient to maintain Paneth cell function and homeostasis
in the small intestine.

IRE10 is dispensable for intestinal pathologies

of Sel1L4EC mice

UPR sensor IRETae may link ER stress to inflammation and cell death
(Hetz, 2012). IRETo. accumulated and was mildly activated in the
small intestine of Sel1L4EC mice (Figure 6). To determine whether
IRETar activation is responsible, at least in part, for the intestinal ab-
normalities in Sel1L4E¢ mice, we generated and characterized epi-
thelium-specific Sel1L4EC;Ire1a4EC mice (Figure 7, A and B). Both
IRETow protein and XbpTs mRNA were abolished in the double-
knockout mice (Figure 7, A and B). Surprisingly, loss of IRE1a. failed
to alter ERAD deficiency—induced enteritis (Figure 7C), Paneth cell
atrophy (Figure 7, D-F), or cell death (Figure 7, G and H) in the small
intestines of Sel1L4F¢ mice. Thus Sel1L deficiency—associated ab-
normalities of the small intestines are not mediated by IRE1o.

C/EBP homologous protein is dispensable for intestinal
pathologies of Sel1L4E¢ mice

C/EBP homologous protein (CHOP), a downstream effector of the
PERK pathway of the UPR, may link ER stress to cell death (Hetz,
2012). Chop mRNA was upregulated by fourfold in the small intes-
tine of Sel1LA4C mice (Figure 6D). To determine whether Chop is
responsible, at least in part, for the intestinal pathologies of SelTL4E¢
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mice, we generated and characterized Sel1L4E¢ mice on the Chop™-
background. Of interest, CHOP was not responsible for ERAD defi-
ciency-induced enteritis (Supplemental Figure S4A), Paneth cell at-
rophy (Supplemental Figure S4, Band C), or cell death (Supplemental
Figure S4, D and E). In aggregate, we conclude that Sel1L defi-
ciency-associated abnormalities of the small intestine are not medi-
ated by IRETa and CHOP.

DISCUSSION

The physiological importance of ERAD complexes in vivo is largely
unknown. We generated the first enterocyte-specific, Sel1L-Hrd1
ERAD-deficient mouse model, allowing the investigation of a new
pathway in the pathogenesis of IBD. Of interest, Sel1L[4EC mice de-
velop spontaneous inflammation in the small intestine (as discussed
here) but have few abnormalities in the colon (Sun et al., 2015). Dif-
ferences in the regional distribution of inflammation between colon
and ileum are frequently observed in human IBD, with CD frequently
restricted to the small intestine and UC restricted to the colon. The
decreased SEL1L and HRD1 expression in the ileal mucosa of pa-
tients with CD suggests a potentially causal effect of SELT1L-HRD1
ERAD in disease pathogenesis. Moreover, epithelial SelllL defi-
ciency is associated with the enrichment of R. gnavus in the fecal
pellets. Previous studies sowed that R. gnavus is mucolytic (i.e., de-
grades mucin; Hoskins and Boulding, 1981; Hoskins et al., 1985)
and is particularly overrepresented in human patients (Prindiville
et al., 2004; Png et al., 2010; Willing et al., 2010; Joossens et al.,
2011). Whether R. gnavus is responsible for the pathology of
Sel1L4EC mice remains to be established using monoassociation
studies.

Different cell types have distinct requirements for protein folding
and disposal and hence for Sel1L-Hrd1 ERAD. Comparative analysis
of the cellular response to ERAD deficiency in different cell types
may provide important insights into tissue- or organ-specific func-
tions of ERAD. Paneth and pancreatic acinar cells have a strict re-
quirement of Sel1L-Hrd1 ERAD (Sun et al., 2014; present results),
whereas Sel1L-Hrd1 ERAD seems dispensable for the normal physi-
ology of adipocytes and intestinal goblet cells (Sha et al., 2014; Sun
etal., 2014, 2015). The differential requirement of ERAD is likely due
to the diversity and amount of the proteins synthesized in specific

Sel1L-Hrd1 ERAD in the small intestine | 487
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showing levels of Sel1L, IRE1c, and various UPR markers. (C, D) Representative H&E images of duodenum (C) and ileum
(D), showing spontaneous enteritis and Paneth cell defect, respectively. (E, F) Western blot and qPCR analyses in
terminal ileum showing the expression of antibacterial peptides. (G, H) Western blot and TUNEL analyses of terminal
ileum. All experiments were repeated at least twice with three or four mice. Values, mean + SEM. *p < 0.05, ** p< 0.01,

and ***p < 0.001 by Student's t test.

cells. Cell type—specific ERAD function and endogenous ERAD sub-
strates are open areas for further investigation.

Disturbance of ER homeostasis has been implicated in the
pathogenesis of human CD and UC (Heazlewood et al., 2008; Kaser
etal., 2008, 2013; Adolph et al., 2013; Das et al., 2013). In addition
to ERAD, ER homeostasis is monitored by another highly conserved
protein quality-control system known as UPR. In the last several
years, the role of UPR in gut epithelium in the context of IBD has
been increasingly appreciated, with the characterization of entero-
cyte-specific UPR-deficient mice such as XBPT14EC, |RE1a4EC, and
CHOP~ mice (Bertolotti et al., 2001; Kaser et al., 2008, 2013;
Namba et al., 2009; Park et al., 2009; Zhao et al., 2010; Adolph
et al., 2013; Niederreiter et al., 2013; Tsuru et al., 2013). Xbp1
mRNA is spliced by IRETo. in response to ER stress, leading to the
generation of a stabilized transcription factor XBP1s to regulate ER
homeostasis. In Xbp1-deficient intestinal epithelium, IRETa is hy-
peractivated, which promotes the development of spontaneous in-
testinal inflammation via the activation of inflammatory mediators
such as JNK (Kaser et al., 2008; Adolph et al., 2013). In contrast, the
loss of epithelial IRETa: does not affect Paneth cell function or cause
spontaneous colitis in mice at a young age (Zhang et al., 2015; this
study), suggesting the importance of the unspliced form of XBP1 in
the maintenance of gut homeostasis. CHOP is a transcription factor
induced under ER stress and is believed to mediate ER stress—in-
duced apoptosis. CHOP”~ mice were protected from dextran so-
dium sulfate (DSS)-induced colitis (Namba et al., 2009). In our stud-
ies, Sel1L-Hrd1 ERAD deficiency causes dramatic accumulation and
activation of both IRETo. and CHOP in the epithelia of both small
(this study) and large intestines (Sun et al., 2014). In the colon, IRETo

488 | S.Sunetal.

heterozygosity partially rescues the DSS sensitivity of the Sel7L4/E¢
mice, whereas CHOP was dispensable (Sun et al., 2015). By con-
trast, in the present study, neither IRETo. nor CHOP was involved in
the pathogenesis of the small intestinal abnormalities observed in
Sel1L4EC€ mice. Moreover, Sel1L4E€ mice exhibit unique phenotypes,
including spontaneous plasmacytic and eosinophilic enteritis and a
disproportionate increase of mucolytic and potentially pathogenic
R. gnavus compared with previous UPR models (Bertolotti et al.,
2001; Kaser et al., 2008; Park et al., 2009; Zhao et al., 2010; Adolph
et al., 2013; Niederreiter et al., 2013; Tsuru et al., 2013). Thus the
physiological effect of Sel1L-Hrd1 ERAD in the small intestine is
likely to be mediated by other UPR branches or UPR-independent
mechanisms. Future investigations are warranted to identify other
endogenous ERAD substrates or associated signaling pathways to
elucidate their importance in the pathogenesis of IBD.

In addition to ERAD and UPR, autophagy has been impli-
cated as an important regulator of Paneth cell biology and pro-
tein homeostasis in the ER (Cadwell et al., 2008; Adolph et al.,
2013). The interplay among ERAD, UPR, and autophagy, how-
ever, has not been tested in vivo. The generation and character-
ization of compound mouse models will be critical to delineate
how they function cooperatively in a cell type—specific manner
in vivo.

MATERIALS AND METHODS

Mice

Cell type-specific Sel1L4EC, Sel1L4EC*, Sel1L4EC, Chop™-, and Sel1
LAEC: Ire Ta~~ mice were used in this study. Sel1L#¥fx mice on the
C57BL/6J background have been described (Sun et al., 2014,
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2015) and were crossed with villin 1 promoter—driven Cre mice (Bé.
SJL-Tg(Vil-Cre)997Gum/J, JAX 004586, Bar Harbor, ME), which
have been backcrossed to the C57BL/6J background for more
than five generations. Mice were housed under specific pathogen-
free conditions and fed on a low-fat diet consisting of 13% fat, 67%
carbohydrate, and 20% protein (Harlan Teklad 2914, Madison, WI).
Cohoused age-matched adult littermates were used at the age of
8-12 wkin all in vivo experiments. Killing of animals was performed
by cervical dislocation. Intestinal tissues were immediately har-
vested and either fixed in 10% neutralized Formalin for histology
or flushed with phosphate-buffered saline (PBS) and snap-frozen in
liquid nitrogen for protein and RNA analyses. Frozen tissues were
stored at —80°C. All animal procedures were approved by the Insti-
tutional Animal Care and Use Committee at Cornell University.

Histological analysis

Tissues were fixed in 10% neutralized Formalin and processed by
the Cornell Histology Core Facility as described (Sun et al., 2015).
Sections of proximal small intestine were scored for the presence
and distribution of lymphocytes, plasma cells, and eosinophils
within the lamina propria of intestinal villi and crypts in thirty
400x fields (0, none; 1, rare; 2, few scattered; 3, many groups;
4, large numbers) blinded to treatment group (Garner et al., 2009).
Crypt and villus length in the proximal small intestine was mea-
sured for 30 villous:crypt (V:C) units.

T. gondii infection

Pathogen infection was performed as previously described (Cohen
and Denkers, 2015). Briefly, T. gondiii cysts of the type Il ME49 strain
were passaged in vivo through sublethal infection of female Swiss
Webster mice (6-8 wk of age, JAX). Cysts were harvested from
chronically infected Swiss Webster mice by whole-brain homogeni-
zation in sterile PBS. For infection of Sel1L4¢ mice, 30 cysts of
T. gondii were administered by oral gavage in 200 pl of PBS and
monitored daily. Mice were killed on day 7, and intestines were fixed
in Formalin for histology. For survival curve, mice were followed until
the time indicated in the graph and killed.

FISH

Formalin-fixed, paraffin-embedded intestine sections were
mounted on Probe-On Plus slides (Fisher, Pittsburgh, PA) and evalu-
ated by FISH with probes to all bacteria (EUB338-5'Cy3) or E. coli/
Shigella (E. coli-5'Cy3, 16SrRNA), in combination with a nonspecific
binding control probe (non-EUB338-5'FAM; IDT, Coralville, 1A), as
previously described (Simpson et al., 2006; Baumgart et al., 2007).
Sections were examined with an Olympus BX51 epifluorescence
microscope, and images were captured with an Olympus DP-7
camera.

Microbiota sequencing and analysis

Fecal samples were collected from 8-wk-old mice and analyzed as
previously described (Ji et al., 2014). To identify bacteria that were
significantly altered, p values were calculated by unpaired two-
tailed Student's t-test and corrected by the Benjamini-Hochberg
procedure. p < 0.05 was considered statistically significant.

Human IBD samples, RNA extraction, and quantitative PCR
analysis

Terminal ileum tissue biopsies (n = 57) were obtained at endoscopy
from 11 UC patients (7 noninflamed and 4 inflamed mucosa), 20 CD
patients (11 noninflamed and 9 inflamed mucosa), and 7 miscella-
neous and 19 healthy individuals (control group) as previously
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described (Sheng et al., 2011). Inflammation was scored by an in-
house scheme as shown in Supplemental Table S1. Biopsies were
considered “inflamed” with inflammation scores >3. All patients
gave informed consent for the procedure. The study was approved
by the Mater Health Services Health and Research Ethics Commit-
tee. Total RNA was extracted by RNeasy Plus Mini Kit (Qiagen,
Valencia, CA), and all RNA samples had RNA integrity number or
RNA quality indicator value of >3. Reverse-transcription (RT) quanti-
tative PCR (gPCR) analysis was performed with Bio-Rad Viia 7 (Life
Technologies, Carlsbad, CA) using a SensiFASTTM SYBR Lo-Rox kit
(Bioline, Meridian Life). Primer sequences are listed in Supplemental
Table S2. The gPCR data for human tissues were normalized to
B-actin (ACTB) in the corresponding sample. Fold changes were
calculated by the AA method and normalized to the control group.

Statistical analysis

Results are expressed as mean + SEM. Comparisons between
groups were made by unpaired two-tailed Student’s t-test unless
otherwise indicated. Survival curves were compared by the log-rank
(Mantel-Cox) test. p < 0.05 was considered statistically significant.
All experiments were repeated at least two to three times, and rep-
resentative data are shown. For human studies, the Mann-Whitney
test was used for comparisons to generate p values, and Spearman’s
rvalues were calculated for correlations.
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