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A growing epidemic of obesity and inflammatory bowel disease is threatening the
health of millions of people around the world. Recent studies have established that
these diseases are associated with systemic chronic inflammation and/or disrupted
endoplasmic reticulum (ER) homeostasis. However, the role of inflammation and ER
homeostasis in health and disease is not well understood. In this dissertation, I elucidate
the physiological role of inflammasome, TLR signaling and ER associated degradation
in various metabolic diseases.
First, I show (Sun et al. Diabetes 2012) that the onset of obesity associated
hyperglycemia and hyperinsulinemia coincides with the activation of the
inflammasome in white adipose tissue. But unexpectedly, the ATP-P2X7 signaling axis,
a well-known inflammasome-activating pathway, does not mediate the inflammasome
activation. The nature of the inflammasome-activating danger signal(s) in adipose tissue
in obesity remains to be characterized.
Second, we report (Ji and Sun et al. Cell Reports 2014) that chronic intake of a highfat diet (HFD), not a low-fat diet (LFD), leads to severe pulmonary damage and
mortality in mice deficient in Toll-like receptors (TLR) 2 and 4 (DKO) in part via gut
dysbiosis. This finding may be important for immunodeficient patients, particularly
those on chemotherapy or radiotherapy, where gut microbiota-caused conditions are
often life-threatening.
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Third, we investigate (Sun and Shi et al. PNAS 2014) the physiological
importance of the ER-associated degradation (ERAD) machinery, consisting of
suppressor and/or enhancer of lin-12-like (Sel1L) and hydroxymethylglutaryl reductase
degradation protein 1 (Hrd1). Hrd1 is a principle ER-resident E3 ligase and forms a
complex with an adaptor protein Sel1L, responsible for the degradation of a subset of
misfolded proteins in the ER. Using the inducible Sel1L knockout mouse and cell
models, we provide the first in vivo evidence that Sel1L is indispensable for Hrd1
stability, ER homeostasis and survival.
Fourth, we discover (Sun and Shi et al. 2014. Under review) that inositolrequiring enzyme 1α (IRE1α), the sensor of the unfolded protein response (UPR), is a
bona fide substrate of the Sel1L-Hrd1 ERAD complex. Enterocyte-specific Sel1Lknockout mice are more susceptible to experimental colitis, where IRE1α kinasemediated JNK activation contributes to epithelial inflammation. Interestingly, IRE1α
degradation is conserved in humans, and SEL1L-HRD1 expression is greatly reduced in
the inflamed gut of inflammatory bowel disease (IBD) patients. Hence, IRE1α
degradation by Sel1L-Hrd1 ERAD is a key regulatory mechanism for IRE1α signaling
and the maintenance of gut homeostasis.
In conclusion, this dissertation provides key insights into the pathophysiological
role of inflammation and ER homeostasis. Future studies based on this dissertation may
provide new avenues and initial validation for intervention in human metabolic and
intestinal diseases.
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CHAPTER 1

∗

INTRODUCTION

1.1

INFLAMMATORY RESPONSES IN OBESITY AND DIABETES
A growing epidemic of obesity is threatening the health of millions of people

around the world. Recent studies have established that obesity is associated with
systemic chronic inflammation and that this low-grade inflammation may play a
causal role in obesity-associated insulin resistance, type 2 diabetes, and other
complications (1-3). The elevated inflammatory status appears to originate from
infiltrated macrophages or other emerging immune cells in adipose tissue (4, 5).
Indeed, the role of the immune system in adipose tissues has become an exciting new
area of research in the field of obesity and metabolic regulation (6, 7).
Adipose tissue is the major site of triglyceride storage in the body and thus
contributes significantly to nutrient metabolism in various tissues. In addition, the
molecular cloning of leptin (8) and adiponectin (9) in the middle of 1990s has led to
the notion of adipose tissue as a secretory organ that modulates the function of itself
and peripheral tissues in an endocrine, paracrine and autocrine fashion. More
recently, various immune cells are reported to be present in adipose tissue to
modulate inflammation and regulate metabolism (Fig. 1.1). Thus, the interplay
between metabolic and immune systems plays a critical role in the pathogenesis of
obesity and type 2 diabetes. It is not clear, however, how inflammation is initiated in
adipose tissue.
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Besides being essential fuel molecules and components of cellular membranes,
lipids are important signaling moieties for both immune responses and metabolic
regulation. Various mechanisms have been proposed to account for lipid effect on
inflammation (Fig. 1.2). Below I will discuss the role of inflammasomes, Toll-like
receptors (TLRs) and gut microbiota in obesity-associated inflammation.

1.1.1

Role of inflammasome in obesity-associated inflammation
Inflammasomes, high molecular weight multi-protein complexes in the

cytosol, are responsible for the maturation of pro-inflammatory cytokines such as IL1β and IL-18 upon activation by stress signals derived from infection and damaged
tissue or cells (10). Since its first report in 2002 (11), four classes of Inflammasomes,
the NLR family, pyrin domain containing 1 and 3 (NLRP1 and NLRP3), the NLR
family, CARD domain containing 4 (NLRC4, also known as IPAF) and absent in
melanoma 2 (AIM2) inflammasomes, have been identified, among which the NLRP3
inflammasome is the best characterized. NLRP3 (also known as cyropyrin and
NALP3) activation leads to the recruitment of adaptor protein ASC (apoptosisassociated speck-like protein containing a C-terminal CARD) and pro-caspase-1,
forming an active inflammasome. The inflammasome subsequently releases bioactive
capase-1, which in turn cleaves cytokine preforms such as interleukin-1β (IL-1β) to
mature IL-1β to be secreted extracellularly (12, 13). Such activity of the NLR
inflammasome has been implicated in autoimmune diseases, cancer, inflammatory
diseases, infection, and most recently in metabolic disorders.
The expression of inflammasome components such as NLRP3 and caspase-1
as well as caspase-1 activity is elevated in adipose tissue of diet- or genetically-
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induced obese mouse models (14-17). Demonstrating the importance of
inflammasome activation in the development of insulin sensitivity, mice with wholebody ablation of caspase-1, NLRP3 or ASC are protected from obesity and insulin
resistance on long-term high fat diet (HFD) feeding (14-16, 18-20). These metabolic
improvements are associated with reduced IL-1β in adipose tissue and IL-18 in the
blood, as well as reduced effector T cells in adipose tissue of knockout mice (14, 16).
Together, these reports point to a role of inflammasome in adipose tissue in the
development of obesity and insulin resistance.
Studies in the immune system have revealed that the activation of
inflammasomes, or synthesis, processing and release of mature cytokines IL-1β and
IL-18 by macrophages, ex vivo requires two stimuli: an inflammatory stimulus such
as lipopolysaccharides (LPS) to prime cells to transcribe and synthesize cytokine
proforms, and then a second stimulus such as ATP, nigericin and bacterial toxins to
activate inflammasome (10, 13). In the context of metabolic disorders and obesity, the
nature of inflammasome-activating signals remains elusive. Several endogenous
stress signals have been implicated in inflammasome activation, including glucose,
palmitate, ceramides, cholesterol crystals, glucose, islet amyloid polypeptide (IAPP),
ATP and reactive oxygen species (ROS). It will be of great interest to further
investigate the physiological relevance of these putative activating signals in adipose
tissue as well as other metabolic tissues such as pancreas and the liver in the context
of obesity and type 2 diabetes. In Chapter 2, my study shows that the ATP-P2X7
signaling does not contribute to inflammasome activation in obese adipose tissue
(Sun et al. Diabetes 2012).
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1.1.2

Role of Toll-like receptors (TLRs) in obesity-associated inflammation
TLR proteins, a family of conserved cell surface and intracellular proteins,

play an essential role in the induction of innate and adaptive immune responses
against all known pathogens such as viruses, fungi, bacteria and protozoa. Through a
series of adaptor proteins recruited to TLRs such as myeloid differentiation factor 88
(MyD88), TLR signaling leads to the activation of various pro-inflammatory
pathways, including extracellular signal-regulated kinase (ERK), mitogen-activated
protein kinase (MAPK), c-Jun N-terminal kinase (JNK) and nuclear factor kappalight-chain-enhancer of activated B cells (NF-κB) signaling pathways.
Among 10 human and 12 mouse TLRs, TLR2 and TLR4 are best known for
their involvement in nutrient sensing and metabolic regulation. TLR4 is the best
known and detects LPS found in most gram-negative bacteria, while TLR2 in
conjunction with TLR1 or TLR6 recognizes lipopeptides and other components of
gram-positive bacteria. Recent studies have suggested that TLR4 is essential for
acute, lipid-induced insulin resistance (21, 22). Although results of TLR4-deficient
mouse models are mixed, TLR4 seems to play essential roles in regulating adipose
inflammation and systemic insulin sensitivity. Intriguingly, TLR2 deficiency has an
similar effect (22). The phenotypes of TLR2 or 4-deficient animals from recent
published studies (21, 23-33) are summarized in Table 1.1. Mechanistically, TLR2/4
may act as sensors for fatty acids (22) and then either initiate the classical
inflammatory pathway or divert fatty acids into ceramides, both of which antagonize
insulin action (34). Indeed, the detrimental effect of lipid infusion on insulin
sensitivity is partially blunted in hematopoietic TLR4-deficient mice (31), suggesting
that TLR4 in immune cells plays a role, but not exclusively, in mediating the lipid-
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effect. Despite these advantages, the metabolic functions of TLR proteins,
individually and collectively in a tissue-specific manner, deserve further
investigations. If individual TLR is proven to be involved in metabolic regulation,
then it may serve as a safe and effective therapeutic target in type 2 diabetes (35).

1.1.3

Role of gut microbiota in obesity-associated inflammation
Humans harbor ~1014 bacterial cells along the gastrointestinal tract, also

known as commensal microbiota, with up to 1000 species, including both pathogenic
and beneficial microbes. These microbiota are an integral part of human biology
shaped by coevolution with the host, and mostly exert beneficial effects in disease
control and energy metabolism. The symbiotic relationship of the host and the vast
numbers of both pathogenic and beneficial microbial species challenges the host
immunity to maintain tissue homeostasis and to limit bacterial translocation across
enterocytes (36).
Alterations of the commensal microbiota community can lead to peripheral
inflammation. HFD may increase the proportion of a LPS-containing microbiota in
the gut and somehow increase plasma LPS concentration or “endotoxemia”, which
may contribute to inflammatory response in peripheral tissues through the activation
of TLR4 protein (37). While LPS injection in animals has produced mixed results (3739), LPS injection in humans increases inflammatory gene expression in adipose
tissue and induces insulin resistance (40-42). However, it should be noted that the
diet used in the previous study (37) was 72% HFD with no carbohydrate and when
40% HFD was used, no effect on metabolic endotoxemia was observed (37),
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suggesting that gut microbiota may have a limited contribution to endotoxemia
under Western dietary conditions.
Meanwhile, host immunity plays an important role in shaping gut microbiota
composition. Defects in the innate immunity favors the overgrowth of pathogenic
bacteria that promote intestinal inflammation and induce colitis in
immunocompetent wildtype (WT) mice upon cohousing with the immunodeficient
mutants (43, 44). A recent study showed that TLR5 KO mice have altered
composition of the gut microbiota, which in turn regulates host metabolism (45).
Similarly, loss of TLR2 alters gut microbiota, increases circulating toxin levels and
promotes insulin resistance and obesity (46). Thus, TLR signaling may play an
important role in linking gut bacteria to metabolic regulation in the context of
obesity. In Chapter 3, in the analysis of the role of TLR2/4 in inflammation in obesity,
we report a surprising discovery linking TLR2/4 to obesity-associated pulmonary
damage and mortality via gut dysbiosis (Ji and Sun et al. Cell Reports 2014).
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Figure 1.1. Key immune populations and cytokines in white adipose tissue (WAT).
Immune cells involved in both pro- and anti-inflammatory responses are present in
adipose tissue. Cytokines allow immune cells and adipocytes to communicate among
each other and to maintain inflammatory homeostasis in WAT and influence
systemic insulin sensitivity. M1, “classically” activated M1 macrophages; M2,
“alternatively” activated M2 macrophages; TH1/ TH2, CD4+ type 1 or 2 helper T cells;
Treg, regulatory T cells; MDSCs, myeloid-derived suppressor cells; TNFα, tumor
necrosis factor alpha; IL, interleukin; MCP-1, monocyte chemotactic protein 1.
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Figure 1.2. Hypothetic models of how inflammation is initiated and developed in
obesity.
(A-B) Stress signals such as lipids may signal through TLRs (A) or inflammasome (B)
to activate inflammatory pathways, which may be responsible for the
downregulation of insulin signaling. (C) Lipids may downregulate inflammation via
the activation of transcription factor PPAR. (D) Stress signals induce adipocyte death,
from which cell debris may be phagocytosed by macrophages and influence
inflammation. (E) Lipids may promote ER stress and UPR, which may lead to the
activation of JNK and NF-κB, and consequently, induce inflammation and attenuate
insulin signaling. (F) Gut microbiota may influence inflammatory responses in the
host by the release of LPS, short chain fatty acids (SCFA) and peptidoglycan (PG),
which subsequently activate TLR4, GPR43 and NOD1 receptors, respectively. Lipids
antigens derived from microbiota may also alter the activation status of NKT cells.
Gut microbiota may influence the secretion of Angptl4 from enterocytes, which
inhibits LPL activity and lipid uptake in macrophages. TLR, Toll-like receptor; NFκB,
nuclear factor-κB; JNK, c-Jun N-terminal kinases; ROS, reactive oxygen species;
PPAR, peroxisome proliferator-activated receptors; AP1, activator protein 1; STAT,
signal transducer and activator of transcription; ER, endoplasmic reticulum; UPR,
unfolded protein response; LPS, lipopolysaccharide; GRP43, G-protein coupled
receptor 43; NOD1, nucleotide-binding oligomerization domain containing 1; NKT,
natural killer T cells; Angptl4, angiopoietin-like 4; LPL, lipoprotein lipase.
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Table 1.1. Effects of TLR2 or TLR4 deficiency on obesity-associated inflammation
and insulin resistance.
Mouse models
Length of HFD
(%cal from fat)

Obesity /
adiposity

Insulin
sensitivity a

Hepatic
steatosis

Inflammatory
phenotypes b
(in particular
tissues)

26w (58%)

↑
(females)

↑

⎯c

↓ (WAT, liver)

8w (60%)

=c

↑ (thoracic
aorta, liver)

⎯

8w (55%)

↓

↑

⎯

16w (60%)

=

⎯

⎯

↓ (WAT)

(32)

22w (42%)

↑

↑ (WAT only)

↓

↓ (WAT)

(29)

16w (60%)

↓

↑

⎯

↓ (WAT)

(12)

21w (45%)

↓

=

↓

⎯

(30)

BMT-Tlr4-/(C57BL)e

12w (⎯)

=

↑

↓

↓ (WAT, liver)

(31)

BMT-Tlr4-/(C57BL/6)f

12w (41%)

=

=

⎯

↓ (only in lean
WAT)

(24)

Tlr2-/(C57BL/6)

14w (42%)

↓

↑

↓

↓ (WAT)

(27)

Tlr2-/(C57BL/6)

20w (58%)

↓

↑

↓

↓ (WAT, liver,
pancreas)

(26)

Tlr2 ASONg
(Swiss)

8w (55%)

⎯

↑

⎯

↓ (WAT,
muscle)

(23)

TLR2
deficiency

TLR4-/BMT

Global TLR4 deficiency

Mouse models
(strain)
Tlr4-/(C57BL/6)

Metabolic phenotypes

Lps-d

Tlr4
(C3H/HeJ)d

Tlr4Lps-del
(C57BL/10)d

a

↓ (thoracic
aorta)
↓ (WAT, liver,
muscle)

Insulin sensitivity as indicated by glucose tolerance test, insulin tolerance test, HOMA analysis,
insulin-induced insulin receptor (IR), insulin receptor substrate-1 (IRS-1) and AKT phosphorylation in
specific tissues, or hyperinsulinaemic euglycaemic clamp studies.
b
Inflammatory phenotypes measured by inflammatory gene expression, circulation cytokine levels in
serum, immunohistochemistry staining for macrophages in adipose tissues, or IκB phosphorylation
and NF-κB activation in specific tissues.
c
⎯, no information is available. =, not altered comparing to corresponding control cohort.
d
Lps-d
Lps-del
Tlr4
, C3H/HeJ mice with loss-of-function mutation of TLR4. Tlr4
, C57BL/10 mice with a
deletion in the Tlr4 gene.
e
-/Bone marrow transplantation (BMT) of TLR4 C57BL/10 donor cells into irradiated wild-type
C57BL/6 recipient mice.
f
-/y
-/BMT of TLR4 C57BL/6 donor cells into irradiated A /a;Ldlr C57BL/6 recipient mice.
g
ASON, TLR2 antisense oligonucleotide i.p. in 8w HFD mice for 4 days.
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Refs

(21)
(28)
(33)

1.2

ENDOPLASMIC RETICULUM (ER) HOMEOSTASIS AND ERASSOCIATED DEGRADATION
The ER is the principle site for the folding and quality control of an estimated

one-third of metazoan proteome destined for the secretory pathway. The enormous
diversity in protein structure and folding requires integrated and coordinated quality
control responses to ensure ER homeostasis and prevent proteotoxicity. Certain
conditions such as the acute demand for elevated protein synthesis and secretion or
changes in ER microenvironment may cause sudden accumulation of misfolded
proteins and the disruption of ER homeostasis. The harmful accumulation of
improperly folded proteins in the ER leads to ER stress and contributes significantly
to the etiology and pathogenesis of many devastating diseases, including cystic
fibrosis, neurodegeneration, type 1 and type 2 diabetes (47). In response to ER stress,
cellular quality control responses, including unfolded protein response (UPR) and
ER-associated degradation (ERAD) act cooperatively and independently to ensure
ER homeostasis (Fig. 1.3). Below I will describe in detail the UPR and ERAD
machineries.

1.2.1

Unfolded protein response (UPR)
The UPR pathway is an evolutionarily conserved ER-to-nucleus signaling

pathway that integrates the ER and extracellular environment and initiates cellular
responses to alleviate ER stress. In response to misfolded proteins in the ER, UPR
sensors are activated to initiate downstream signaling cascades to induce protein
chaperone and ERAD component expression, promote ER membrane biogenesis,
attenuate global protein translation and in the case of unresolved ER stress, trigger
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apoptosis (48, 49). In metazoan, the UPR is mediated by three ER transmembrane
sensors: inositol-requiring enzyme 1α (IRE1α), PKR-like ER kinase (PERK) and
activating transcription factor 6 (ATF6) (48, 49).
IRE1α branch of UPR is the only pathway conserved from yeast to human.
The UPR sensor IRE1α is a type-1 transmembrane ER-resident protein with
bifunctional cytosolic kinase and RNase domains. Upon sensing of misfolded
proteins in the ER, IRE1α undergoes dimerization / oligomerization and transautophosphorylation via its kinase domain, which activates its RNase domain.
Activation of IRE1α RNase activity leads to the unconventional splicing of X-box
binding protein 1 (Xbp1) mRNA and the generation of an active XBP1s transcription
factor (50-55), which may in turn upregulate the expression of ER chaperones and
ERAD components (56-59). In addition, IRE1α has been linked to inflammatory
responses via the “IRE1α-JNK” signaling axis (60). The physiological importance of
this pathway has been implicated in various metabolic diseases including obesity
and inflammatory bowel disease (IBD). Obesity-associated factors such as nutrients
and oxidative stress may induce the activation of IRE1α in certain cell types, which in
turn affects inflammation and insulin sensitivity (61, 62). In Xbp1-deficient intestinal
epithelium, IRE1α is hyperactivated, which may promote the development of IBD
via the activation of JNK (63, 64). Recent studies have identified several IRE1αinteracting proteins such as BAX/BAK, RACK1, HSP90 and non-muscle myosin II
that regulate IRE1α activation and signaling (65-68), but whether and how IRE1α
protein stability is regulated remain unexplored.
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PERK, similar to IRE1α, senses ER stress and undergoes dimerization /
oligomerization and trans-autophosphorylation via its cytosolic kinase domain. The
kinase activity of PERK also phosphorylates eukaryotic initiation factor 2α (eIF2α),
thereby attenuates global protein translation and reduces protein load in the ER (48).
Despite of the reduction in global protein synthesis, the expression of a subset of
mRNAs is upregulated, including the transcription factor, activating transcription
factor 4 (ATF4). ATF4 then induces the transcription of C/EBP homologous protein
(CHOP), a transcription factor mediating apoptosis (49). Therefore, the PERK
pathway of the UPR is often associated with cell death upon persistent and
unresolved ER stress.
ATF6 activation and signaling involves a series of translocation and
proteolysis steps. Under ER stress, ATF6, a 90kDa transmembrane protein,
translocates from ER to the Golgi complex, where it undergoes regulated
intramembrane proteolysis by site 1 and site 2 proteases (S1P and S2P). This allows
the release of the 50kDa cytosolic fragment of ATF6, which subsequently dimerizes
and translocates to the nucleus as a transcription factor to induce the expression of
UPR target genes such as ER chaperons (69-71). To date, though ATF6 pathway is
generally considered to be pro-survival, the detailed mechanism underlying its
activation and deactivation is poorly understood partially due to the limited reagents
against ATF6. Further investigations are warranted to dissect the crosstalk between
the three UPR branches and their physiological roles in human health and diseases.
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1.2.2

ER-associated degradation (ERAD)
ERAD is an essential component of cellular quality-control systems to

safeguard the folding, maturation and proper function of secretory and membrane
proteins (72-74). In the last two decades, our understanding of the biochemical events
in ERAD is becoming increasingly sophisticated with the identification of many key
protein components. At least five ERAD E3 ligases have been identified in mammals,
including hydroxymethylglutaryl reductase degradation protein 1 (Hrd1) (75),
autocrine motility factor receptor (AMFR or Gp78) (76), ring finger protein 5 (RNF5
or RMA1) (77), membrane-associated ring finger (C3HC4) 6 (MARCH6 or TEB4) (78),
and ring finger protein 139 (RNF139 or TRC8) (79). Different ERAD E3 ligases are
responsible for the recognition and retrotranslocation of a subset of misfolded
proteins in the ER for proteasomal degradation in the cytosol and may exhibit
distinct and/or overlapping substrate specificity (73, 74).
Among several E3 ligases that have been identified so far, Hrd1 is the most
studied ER-resident E3 ligase and forms a complex with an ER-resident singletransmembrane protein Hrd3 in yeast or suppressor and/or enhancer of lin-12-like
(Sel1L)/mHrd3 in mammals, responsible for the degradation of a subset of misfolded
proteins in the ER (59, 80-85). The Hrd1-Hrd3 complex was first discovered in yeast
by the Hampton group to be responsible for the degradation of 3-hydroxy-3methylglutaryl-CoA reductase (80, 81). Recent studies from several groups have
demonstrated that Sel1L is an integral part of the mammalian Hrd1 ERAD complex
and is necessary for the ERAD process for a subset of model substrates (59, 82-85)
and endogenous substrates including luminal hedgehog (86), transmembrane CD147
(87) and ATF6 (88). However, while Hrd3p determines the stability of Hrd1p in yeast
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(81, 89), knockdown of Sel1L seems to have negligible effect on the steady-state level
of Hrd1 protein in cultured mammalian cells (59, 90, 91). Moreover, a recent
proteomics study showed that Hrd1-mediated degradation of model substrates may
proceed in a Sel1L-dependent or -independent manner, depending on substrate
topology and/or accessibility of specific E3 ligases (59). Degradation of ERtransmembrane proteins can be Sel1L-Hrd1-independent due to functional
redundancy among the ERAD complexes (92). Finally, pointing to a dispensable role
of Sel1L in ER homeostasis in vivo, knockdown of Sel1L in cultured cells fails to
induce UPR (93, 94) and deletion of Hrd3/Sel1 in the fly has no effect on eye size
(95). Thus, how Sel1L regulates ERAD and ER homeostasis in vivo remains unclear.
While Hrd1- and Sel1L-deficient yeast or worms are viable (81, 96-98), their
mouse models are embryonic lethal (99-101), pointing to their key role during
development. In developing embryos, loss of Sel1L was shown to prevent the
differentiation of pancreatic bud in part via the regulation of the Notch signaling
(102). In humans, genome-wide association study (GWAS) analyses revealed variants
in the Sel1L gene in patients with autoimmune thyroid diseases (103), progressive
early-onset cerebellar ataxia (104) and Alzheimer’s disease (105). However, the
pathophysiological role of Sel1L in vivo remains to be characterized and is limited
due to the embryonic lethality of the Sel1L-deficient mice, begging further
investigations using tissue-specific knockout mouse models. In Chapters 4 and 5
(Sun and Shi et al. PNAS 2014; Sun and Shi et al. 2014. Under review), my studies
demonstrate the physiological importance of Sel1L-Hrd1 ERAD machinery and
discover that ERAD-mediated degradation of IRE1α maintains intestinal
homeostasis.
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Figure 1.3. IRE1α branch of UPR and Sel1L-Hrd1 mediated ERAD in Metazoan.
ER homeostasis is maintained by quality control responses, including UPR and
ERAD. In response to misfolded proteins, IRE1α undergoes dimerization/
oligomerization and trans-autophosphorylation. The activation of IRE1α RNase
domain allows the splicing of Xbp1u mRNA to generate XBP1s, a transcription factor,
thereby inducing downstream UPR responses. In addition, IRE1α kinase activity may
induce JNK phosphorylation, leading to elevated inflammation. The activity of
IRE1α-XBP1 branch of UPR also induces the expression of Sel1L and Hrd1, two key
ERAD components. Sel1L-Hrd1 ERAD complex reduces misfolded protein load in
ER by recognizing, retrotranslocating and ubiquitinating misfolded proteins, and
thus the misfolded proteins can be degraded by proteasome in the cytosol.
Collectively, IRE1α branch of UPR and Sel1L-Hrd1 mediated ERAD function in a
coordinated and independent manner to maintain ER homeostasis. ER, endoplasmic
reticulum; UPR, unfolded protein response; ERAD, ER-associated degradation;
IRE1α, Inositol-requiring enzyme 1α; XBP1, x-box binding protein 1; JNK, c-Jun Nterminal kinase; Sel1L, suppressor and/or enhancer of lin-12-like; Hrd1,
hydroxymethylglutaryl reductase degradation protein 1.
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1.3

OUTLINE OF THE DISSERTATION
The first part of this dissertation (Chapters 2 and 3) focuses on the

inflammatory mechanisms in obesity. Though the association between obesity and
systemic chronic inflammation is apparent, how the inflammation is initiated,
regulated and contributes to insulin resistance and obesity-associated complications
is unclear. In Chapter 2, I study when and how the inflammasome is activated in
adipose tissue during obesity and discuss the role of the ATP-P2X7 signaling in this
process. In Chapter 3, we report the discovery that chronic intake of Western diet
leads to severe pulmonary damage and mortality in genetically susceptible mice.
Surprisingly, we find that the pulmonary damage and mortality is transmissible
through cohousing and fecal transplantation, pointing to the dominant role of gut
dysbiosis in obesity-associated mortality. This study highlights the importance of the
crosstalk between diet, host genetics and gut microbiota in nutrient metabolism,
health and diseases pathogenesis.
The second part of this dissertation (Chapters 4 and 5) focuses on the
physiological role of ERAD in specific tissue and cell types, as well as its crosstalk
with IRE1α branch of the UPR in vivo. UPR and ERAD are two key quality control
systems in the cell to maintain ER homeostasis and are likely to function in a
cooperative but interdependent manner. In mammals, three branches of the UPR and
five major ERAD complexes make their relationship much more complicated. In
addition, various cell types in mammals have different burdens and tolerance to ER
misfolded proteins, and hence different dependency on quality control systems,
begging the study of UPR and ERAD in a cell type-specific manner. In Chapter 4, we
demonstrate the key role of Sel1L in the regulation of Hrd1 stability, and the
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importance of Sel1L-Hrd1 complex in the maintenance of ER homeostasis. In Chapter
5, we further investigate the role of ERAD in the in gut epithelial cells in the context
of IBD. We discover that Sel1L-Hrd1-mediated degradation of the UPR sensor IRE1α
maintains intestinal homeostasis. This finding suggests a “checks and balances”
mechanism to dynamically fine-tune IRE1α abundance and activity, thus
changes/expands the current paradigms of ER biology.
Lastly, Chapter 6 reviews the contribution and significance of my dissertation
research as well as discusses possible future directions and clinical implications.
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CHAPTER 2

∗

THE ATP-P2X7 SIGNALING AXIS IS DISPENSABLE FOR OBESITY-ASSOCIATED
INFLAMMASOME ACTIVATION IN ADIPOSE TISSUE
2.1

ABSTRACT
Inflammasome activation in adipose tissue has been implicated in obesity-

associated insulin resistance and type 2 diabetes. However, when and how
inflammasome is activated in adipose tissue remains speculative. Here we test the
hypothesis that extracellular ATP, a potent stimulus of inflammasome in macrophages
via purinergic receptor P2X, ligand-gated ion channel, 7 (P2X7), may play a role in
inflammasome activation in adipose tissue in obesity. Our data show that
inflammasome is activated in adipose tissue upon 8-week feeding of 60% HFD,
coinciding with the onset of hyperglycemia and hyperinsulinemia as well as the
induction of P2X7 in adipose tissue. Unexpectedly, P2X7-deficient animals on HFD
exhibit no changes in metabolic phenotypes, nor in inflammatory responses or
inflammasome activation when compared to the wildtype controls. Similar
observations have been obtained in hematopoietic cell-specific P2X7-deficient animals
generated by bone marrow transplantation. Thus, we conclude that inflammasome
activation in adipose tissue in obesity coincides with the onset of hyperglycemia and
hyperinsulinemia, but unexpectedly, is not mediated by the ATP-P2X7 signaling axis.
The nature of the inflammasome-activating danger signal(s) in adipose tissue in obesity
remains to be characterized.
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2.2

INTRODUCTION
Obesity is a major health threat in both developing and developed countries and

poses a significant risk factor for type 2 diabetes, arthritis, cardiovascular diseases and
even cancer. The progression of obesity is strongly associated with chronic
inflammation in white adipose tissue (WAT) (1, 2, 106, 107). Genetic studies in mice and
clinical studies in humans have shown that downregulation of inflammatory response
in WAT is associated with improvement of systemic glucose homeostasis and insulin
sensitivity (6).
Pro-inflammatory cytokines such as Interleukin-1β (IL-1β) and IL-18 secreted by
adipose tissue have been linked to insulin resistance during obesity (108-111). The
maturation of IL-1β and IL-18 requires the activation of inflammasomes, including
NLRP1 (NLR family, pyrin domain containing 1), NLRP3, NLRC4 (NLR family, CARD
domain containing 4) and AIM2 (Absent in melanoma 2) inflammasome (10). The most
well studied inflammasome is NLRP3 inflammasome, a multi-protein complex
consisted of NLRP3, ASC (apoptosis-associated speck-like protein containing carboxylterminal CARD) and a cysteine protease caspase-1. The activation of inflammasome
induces the cleavage of pro-caspase-1 to active caspase-1, which in turn processes proIL-1β and pro-IL-18 to bioactive IL-1β and IL-18 to be released (112). Several recent
studies have demonstrated that the NLRP3 inflammasome is important for obesityassociated inflammation and the development of insulin resistance (20, 113-115).
Indeed, mice deficient in caspase-1 or NLRP3 were protected against obesity-associated
inflammation and insulin resistance with reduced circulating IL-18, reduced IL-1β and
effector T cells in adipose tissue, and improved systemic insulin sensitivity (20, 113-
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115). However, it remains unclear when and how inflammasome is activated in HFD
feeding.
Studies in immune system have revealed that the activation of inflammasome, or
synthesis, processing and release of mature IL-1β by macrophages, ex vivo requires two
stimuli: an inflammatory stimulus such as LPS primes cells to transcribe and synthesize
pro-IL-1β, and then a second stimulus such as ATP, nigericin and bacterial toxins is
required for optimal inflammasome activation and maximal IL-1β release (10). An
outstanding question with regards to inflammasome activation in obesity is what the
two activating stimuli are in adipose tissue. Stimuli including ATP, glucose or lipids
such as palmitate and ceramides have been suggested to play a role in inflammasome
activation in obese adipose tissue (20, 114-116). However, physiological relevance and
importance of these stimuli have not been documented with in vivo studies.
Extracellular ATP is a potent inflammasome-activating signal both in vitro and in
vivo in some disease settings such as cancer, graft-versus-host disease, hypersensitivity
and sterile inflammation (117-121). Among the several purinergic receptors capable of
ATP sensing (P2X1-7 and P2Y1-2, 4, 11,12), P2X7 is unique in its ability to activate
inflammasome (122). P2X7 is a cell surface ion channel receptor activated by a high level
of extracellular ATP and subsequently allows rapid efflux of potassium ions to activate
inflammasome (13, 117, 123, 124). In vivo, extracellular ATP can be released from
apoptotic and necrotic cells as a “danger signal” to up-regulate inflammation in a P2X7
dependent manner (118-121, 125), suggesting an interesting mechanism by which dying
cells regulate inflammasome activation. Intriguingly, obesity is associated with
increased cell death in adipose tissue and the aggregation of macrophages around dead
cells, also known as “crown-like structure” (126-129). It has been suggested that
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adipocyte cell death may contribute to the progression of inflammation in adipose
tissue (128, 130), although this remains controversial (129). How cell death is linked to
inflammation or inflammasome activation in obesity remains a mystery.
Here we addressed whether extracellular ATP links obesity, obesity-associated
cell death and inflammasome activation in adipose tissue via its receptor P2X7. Our data
show that induction of both P2X7 expression and inflammasome activation in adipose
tissue started at 8 week (w) feeding of 60% HFD, coinciding with the onset of
hyperglycemia and hyperinsulinemia. However, to our surprise, the ATP-P2X7
signaling axis is dispensable for inflammasome activation in obese adipose tissue.

2.3

MATERIALS AND METHODS

Mouse models
WT C57/B6 (CD45.2+, #000664), B6.129P2-P2rx7tm1Gab/J (P2X7-/-, #005576), B6.129P2P2ry2tm1Bhk/J (P2Y2-/-, #009132), B6.SJL-Ptprca Pepcb/BoyJ (CD45.1+, #002014) and B6.VLepob/J (ob/ob, #000632) were purchased from the Jackson Laboratory and bred in our
facility. The P2X7-/- and P2Y2-/- mice have been backcrossed to the B6 background for 7
and 12 generations, respectively. WAT tissue lysates from 16w-HFD caspase-1-/- mice
were kindly provided by Dr. Rinke Stienstra (Wageningen University, The
Netherlands). Mice were housed in our pathogen-free facility with 13% LFD with 13%
fat, 67% carbohydrate and 20% protein from Harlan Teklad (#2914), and at age of 6w,
placed on 60% HFD with 60% fat, 20% carbohydrate and 20% protein from Research
Diets Inc (D12492). All animal procedures were approved by the Cornell IACUC.

Metabolic phenotyping
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6w-old male mice were fed with either 13% LFD or 60% HFD for indicated period of
time from 1w to 29w. For GTT, mice were fasted for 16-18 hours (h) followed by an
injection of glucose (Sigma) at 1 g/kg body weight (BW). For ITT, mice were fasted for 5
h followed by an injection of insulin (Sigma) at 36 µg/kg BW. Blood glucose was
monitored using One-Touch Ultra (LifeScan) or AlphaTRAK Glucometer (Abbott).
Fasting insulin levels were measured following a 4 h fast. Mice were sacrificed by
cervical dislocation and tissues were either fixed for histology or snap-frozen in liquid
nitrogen for Q-PCR and Western blot analyses. Frozen tissues were stored at -80°C.

LPS/ATP induced IL-1β production in vivo
8w-old WT or P2X7-/- mice were injected i.p. with LPS at 2 ng/g BW (Sigma L4130) 1.5 h
prior to the ATP challenge i.p. (50mM ATP, adjusted to pH 7 with NaOH, Sigma) at 10
µl/g BW. 1 h later, mice were euthanized and blood serum was collected.

Bone marrow transplantation (BMT)
Bone marrow was obtained by flushing the femurs from sex-matched donor mice with
PBS. 8w-old recipient male mice were lethally irradiated (10 Gy) and transplanted with
5 million bone marrow cells via intravenous injection. 1w prior to and 2w post bone
marrow transplantation, 2 mg/ml neomycin (Cellgro) were added to drinking water.
After 4w recovery, recipients were placed on 60% HFD for 16w prior to metabolic
phenotyping.

Isolation of primary adipocytes and SVC
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Epididymal fat pads were collected and minced with razor blades. After two washes
with KRBH buffer (10 mM HEPES, pH7.4, 15 mM NaHCO3, 120 mM NaCl, 4 mM
KH2PO4, 1 mM MgSO4, 1 mM CaCl2 and 2 mM sodium pyruvate) supplemented with
200nM adenosine, 5mM glucose and 2% BSA, fat pads were digested with 1.5 mg/ml of
type II collagenase (for adipocytes, Sigma C6885) in KRBH buffer for 45 min with gentle
shaking at 37°C. Cell suspension was filtered through a 300 µm nylon filter (Small Parts
Inc.) and then spun at 2000 rpm for 5 min to separate floating adipocytes from the
pellets termed SVC. Red blood cells in the SVC were lysed using the cell lysis buffer
(BD Biosciences) prior to collection. Floating primary adipocytes were washed with
KRBH buffer and spun twice more to rid of the contaminating immune cells. Both SVC
and primary adipocytes were snap-frozen for RNA extraction.

Flow cytometry
2×105 cells were incubated with 20 µl of antibodies diluted at optimal concentrations for
20 min at 4°C. Cells were washed three times with PBS and then resuspended in 200 µl
PBS for analysis using the FACSCalibur Flow Cytometer (BD Biosciences). PerCPCD45.1, biotin-CD45.2, FITC-avidin and isotype control antibodies were purchased
from Biolegend, eBioscience and BD Biosciences.

Peritoneal macrophages
Mice were injected i.p. with 2 ml 4% thioglycollate (BD Biosciences #211716). Four days
later, mice were sacrificed and macrophages were harvested by flushing the peritoneum
with cold PBS twice, and were plated at 2×106 cells/ml in DMEM (Cellgro)
supplemented with 10% FBS (Sigma) and 1% penicillin/streptomycin (Cellgro).
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Peritoneal macrophages were treated with 0.1 µg/ml LPS (Sigma L4391) for 5 h
followed by addition of 0.5 or 5 mM ATP (Sigma) for 30 min followed by protein
extraction.

H&E histology
Adipose tissues were fixed in 4% formaldehyde, embedded in paraffin and sectioned by
the Cornell Histology Core Facility. Pictures were taken using the Axiovert 200M
microscope (Zeiss).

ELISA
Blood was collected in animals upon 4 h fasting during the day. Circulating insulin
levels were measured using the kit from Millipore. IL-1β level in circulation and
adipose tissue was measured using the ELISA kit from eBioscience per supplier’s
protocol. For tissue ELISA, a piece of WAT was lysed in 1 ml Tris-based lysis buffer by
homogenization and IL-1β level was normalized to total WAT weight.

RNA extraction, quantitative (Q) and reverse-transcription (RT)-PCR
RNA extraction from cells and tissues, and Q-PCR were carried out as previously
described (131) using Trizol plus QIAeasy kit (Qiagen) for adipocytes and adipose
tissues with DNase digestion (Roche). Q-PCR data collected on the Roche LightCycler
480 were normalized to ribosomal l32 gene in the corresponding sample. For RT-PCR,
equivalent amount of RNA was reverse transcribed and amplified by 30 PCR cycles
(95°C for 15s, 55-58°C for 15s, and 72°C for 20s). The PCR products were separated on a
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1.5% agarose gel and visualized using Bio-Rad ChemiDoc XRS+ system following
exposure. Table 2.1 lists primer sequences used in this study.

Table 2.1. Q- and RT-PCR primers used in this study.
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Western blot and quantitation
Tissues or cells were lysed in Tris-based lysis buffer containing 1% Triton X-100. 10-20
µg of total lysates were used in a mini SDS-PAGE as described (131). Antibodies specific
for p-S473 AKT (Cell signaling 9271S), AKT (C20, Santa Cruz sc-1618), IκB (Cell
signaling 9242), Caspase-1 p10 (M-20, Santa Cruz sc-514), Caspase-3 (Cell signaling
9665) and Arginase 1 (N-20, Santa Cruz sc-18351) were used at 1:1,000- 2,000 and for the
loading control HSP90 (Santa Cruz sc-7947) was used at 1:6000. Caspase-1 p20 antibody
clone 4B4 (a kind gift from Dr. Vishva Dixit, Genentech) was used at 1:400. The
secondary antibody goat anti-rabbit IgG HRP, goat anti-mouse IgG HRP and donkey
anti-goat IgG HRP (1:10,000) were from Bio-Rad and Jackson ImmunoResearch,
respectively. Quantification of band density was carried out using the ImageLab
software of the Bio-Rad ChemiDoc XRS+ system following exposure.

Microarray analysis
Microarray analyses of WAT were performed as previously described (132) with 4
groups (n=3-4 mice each): age- and gender-matched WT and P2X7-/- under either LFD or
12w HFD. Genes were filtered according to expression value >20 in >2 arrays with a
minimum of 10 probe sets per gene. This resulted in 16001 genes that were used to
generate the scatter plot. Thereafter, genes were selected that were differentially
expressed between HFD and LFD using q < 0.001 and fold change > 1.5, resulting in
3097 genes that were used to generate the heat map. Data will be deposited into the
GEO datasets upon acceptance of this manuscript.

Statistical analysis
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Results are expressed as mean ± s.e.m. Comparisons between groups were made using
either unpaired two-tailed Student t-test of the EXCEL software for two-group
comparisons or the two-way ANOVA test with the Bonferroni Post-tests of the PRISM
software for multi-group comparisons. P<0.05 was considered as statistically
significant.

2.4
2.4.1

RESULTS
Inflammasome activation in WAT coincides with the onset of hyperglycemia
and hyperinsulinemia
HFD feeding with 60% calories from fat progressively increased body weight,

gonadal WAT weight, fasting blood glucose and insulin levels (Fig. 2.1A). Upon 8w
feeding of 60% HFD, mice developed mild hyperglycemia and hyperinsulinemia. RTPCR analysis revealed that components of NLRP3 inflammasome such as Nlrp3, Casp1,
Asc, Il1b and Il18 were highly expressed in mouse epididymal adipose tissues while
other types of inflammasome sensors such as Nlrp1, Nlrc4 and Aim2 were expressed at
much lower levels (Fig. 2.1B). Furthermore, most NLRP3 inflammasome components
including Nlrp3, Casp1, Asc and Il18 were expressed at comparable levels in both
adipocytes and stromal vascular cells (SVC) in WAT, while Il1b was predominantly
present in SVC fraction of WAT (Fig. 2.1C).
Intriguingly, most NLRP3 inflammasome components including Nlrp3, Asc and Casp1,
were highly responsive to HFD feeding and elevated starting at 6w HFD (Fig. 2.1C), so
were other types of inflammasome sensors such as Nlrp1 and Nlrc4 (Fig. 2.2).
Interestingly, Il1b mRNA level was not changed while Il18 was decreased with HFD
(Fig. 2.1C). In support, at the protein levels, pro-caspase-1 p45 was increased by 5-fold
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after 8w HFD (Fig. 2.1D,E). The cleaved fragment of caspase-1 p35, a marker for
caspase-1 activation (11, 113, 116, 133), exhibited similar expression pattern (Fig. 2.1D,
E). The specificity of the caspase-1 antibody was confirmed using adipose tissue from
caspase-1-/- animals (Fig. 2.1F). Consistently, the IL-1β level in epididymal adipose
tissue was significantly increased after 12w, but not 6w, HFD (Fig. 2.1G). Intriguingly,
at 8w, not 6w, HFD, cell death in WAT was significantly increased as measured by
levels of cleaved caspase-3 (Fig. 2.1H,I), so were the crown-like structures (Fig. 2.3).
Thus, we conclude that inflammasome activation in adipose tissue coincides with the
increased cell death and with the onset of hyperglycemia and hyperinsulinemia.
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Figure 2.1. Inflammasome activation in WAT requires 8w HFD feeding.
(A) Body weight, epididymal WAT weight, insulin levels (following a 4 h fast) and
blood glucose (following a 16 hr fast) in wild-type (WT) mice on 60% HFD for the
indicated time periods from 1 to 24w, compared to age-matched mice on LFD (13% fat).
N=6-12 mice each group. (B) RT-PCR analysis of various inflammasome components in
purified primary adipocytes, SVC, epididymal WAT, liver and peritoneal macrophages
(Mac) of WT mice. The exclusive presence of Foxp3, a regulatory T cell-specific marker,
in SVC fraction indicates a clean separation of adipocytes and immune cells in SVC.
L32, a loading control. No RT, negative controls with no reverse transcription. (C)
Quantitative-PCR (q-PCR) analysis of various inflammasome components in
epididymal WAT from HFD-fed WT mice for the indicated time periods, compared to
18w-old WT mice on LFD (0w on HFD), n=5 mice per group. (D) Western blot analysis
of pro-caspase-1 p45 (procasp-1) and cleaved caspase-1 p35 in WAT from HFD-fed WT
mice with quantification shown in (E). (F) Western blot analysis of caspase-1 in WAT
from 12w and 29w HFD-fed WT mice and 16w HFD-fed caspase-1-/- mice, showing the
specificity of anti-caspase-1 antibody. Pos. CON, LPS-ATP treated macrophages. (G) IL1β concentration measured in WAT of WT mice on 6 or 12w of 60% HFD, compared to
age-matched mice on LFD. N=4-5 mice per group. (H) Western blot analysis of procaspase-3 and cleaved caspase-3 p17 and p19 in WAT from HFD-fed WT mice with
quantification shown in (I). For western blots, each lane represents an individual animal
or sample with HSP90 as a loading control. All experiments repeated at least twice.
Values represent mean ± s.e.m. *, P<0.05, **, P<0.01 and ***, P<0.001 comparing to LFD
or 0w HFD controls.
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Figure 2.2. Upregulation of the Nlrp1 and Nlrc4 transcripts in WAT with HFD.
Quantitative-PCR (q-PCR) analysis of Nlrp1 and Nlrc4 mRNA levels in epididymal
WAT from HFD-fed WT mice for the indicated time periods, compared to WT mice on
LFD. N=5 mice per group. Mice were plated on HFD at age of 6w old, and the LFD mice
were age-matched with 12w HFD mice. Values represent mean ± s.e.m. *, P<0.05, **,
P<0.01 and ***, P<0.001.
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Figure 2.3. Morphological changes of epididymal WAT with HFD feeding.
Representative images of H&E stained WAT sections from LFD and HFD male WT
mice. The LFD mice were age-matched with 6w HFD mice. Note the increase of
adipose-infiltrating cells upon long-term HFD.
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2.4.2

P2X7 expression in adipose tissue coincides with the activation of
inflammasome
Early studies have implicated a significant role of ATP-P2X7 signaling in

inflammasome activation in macrophages and dendritic cells and in the clearance of
dead cells (118, 121, 125). However, whether P2X7 plays a role in adipose tissue remains
unclear. RT-PCR analyses revealed that among all P2X family members P2X1-7, P2X7 was
expressed at relatively high levels in both adipocytes and SVC of mouse epididymal
adipose tissue (Fig. 2.4A). Both mRNA and protein levels of P2X7 were significantly
increased in the WAT of 13w-old ob/ob mice relative to age-matched WT lean mice (Fig.
2.4B-C). Similar observation was obtained in the liver but not muscle or pancreas (Fig.
2.4D).
We next asked when the induction of P2X7 occurred in adipose tissue using HFDfeeding mouse models. Intriguingly, induction of P2X7 protein also occurred at 8w HFD
feeding (Fig. 2.4E-F), a pattern strikingly similar to that of inflammasome activation.
Preceding the induction of its protein, P2X7 mRNA level was elevated starting 6w HFD
(Fig. 2.4G). Thus, P2X7 protein is induced in adipose tissue following 8w feeding of 60%
HFD, coincide with the activation of inflammasome and the onset of hyperglycemia and
hyperinsulinemia.
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Figure 2.4. P2X7 expression is induced in adipose tissue following 8w HFD feeding.
(A) RT-PCR analysis of members of the P2X family in purified primary adipocytes,
SVC, epididymal WAT, liver and peritoneal macrophages (Mac) of WT mice. L32, a
loading control. No RT, negative controls with no reverse transcription. (B) Q-PCR
analysis of P2X7 mRNA levels in the epididymal WAT of 13w-old ob/ob mice in
comparison to age- and gender-matched wild-type (WT) mice, n=5-7 mice per group.
(C,D) Western blot analysis of P2X7 in epididymal WAT, liver, muscle and pancreas
from 13w old WT and ob/ob mice (ob). Spleen from WT mice and WAT/liver from P2X7/-

(KO) mice were included as positive and negative controls, respectively. (E) Western

blot analysis of P2X7 in epididymal WAT from HFD-fed WT mice with quantification
shown in (F). (G) Q-PCR analysis of P2X7 mRNA levels in epididymal WAT from HFDfed WT mice, compared to 18w-old WT mice on LFD (0w on HFD), n=5 mice per group.
HSP90, a loading control. All experiments are representative data from two repeats.
Values represent mean ± s.e.m. *, P<0.05 and **, P<0.01.
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2.4.3

Whole-body P2X7 ablation does not affect metabolic status in both lean and
obese mice
We next addressed whether the ATP-P2X7 signaling axis plays a role in metabolic

regulation in HFD-induced obesity by placing P2X7-/- mice on 60% HFD feeding for
12w. Obese P2X7-/- mice exhibited similar body and gonadal fat weights relative to the
WT cohort (Fig. 2.5A-B). There were no gross morphological differences in WAT, liver
and pancreas tissues between KO and WT cohorts (Fig. 2.5C and 2.6). Systemic glucose
homeostasis and insulin sensitivity were not affected by P2X7-deficiency as shown by
glucose tolerance test, fasting insulin levels and AKT phosphorylation, respectively
(Fig. 2.5D-F).

2.4.4

Whole-body P2X7 ablation does not affect inflammatory status in obese WAT
Given the known role of P2X7 in ATP-induced inflammasome activation, we next

addressed whether the ATP-P2X7 signaling axis is required for inflammasome
activation in adipose tissue upon 12w HFD. Unexpectedly, levels of caspase-1 and its
cleavage product p35 were not affected in P2X7-/- WAT (Fig. 2.7A-B), nor were the IL-1β
level in WAT (Fig. 2.7C) or mRNA levels of key inflammasome components (Fig. 2.7D),
suggesting that P2X7 may be not involved in inflammasome activation in adipose tissue
during diet-induced obesity. In direct contrast, P2X7-deficient peritoneal macrophages
and mice were not able to respond to LPS plus ATP both in vitro (Fig. 2.7E) and in vivo
(Fig. 2.7F), further supporting the notion that P2X7 is the only purinergic receptor that
activates inflammasome in response to ATP stimulation. Consistently, protein levels of
inflammatory markers such as the inhibitor of NF-κB (IκB) and Arginase-1 (Arg1) (134,
135) in WAT were not affected by P2X7 deficiency (Fig. 2.7A). In support, expression of
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several key pro- and anti-inflammatory genes was not affected by P2X7 deficiency (Fig.
2.7G). This was further confirmed using an unbiased cDNA microarray analysis of
WAT from WT or P2X7-/- mice under LFD and 12w HFD where the HFD effect was
almost identical between WT and P2X7-/- samples. As shown in both scatter plots and
heat map, the loss of P2X7 had no significant effect on the expression of genes that were
regulated by HFD (Fig. 2.7H and 2.8A), including many inflammatory genes (not
shown). Taken together, these data suggest that the ATP-P2X7 signaling axis is
dispensable for obesity-associated inflammasome activation in WAT.
In addition to P2X7, several other P2 receptors including P2X1-6 and P2Y1-2, 4, 11,12
are capable of sensing extracellular ATP, but not associated with inflammasome
activation (136). Loss of P2X7 did not lead to compensatory increases of other P2
receptors in adipose tissue (Fig. 2.8B). Among the P2Y family members, P2Y2, a receptor
involved in phagocyte migration (125), is highly expressed in adipose tissue (Fig. 2.8C).
To further exclude a possible role of P2Y2 in inflammasome activation in WAT, we
characterized the metabolic phenotypes and inflammatory status in WAT of P2Y2-/- mice
following 15w HFD (Fig. 2.9). We failed to observe any alternations in metabolic
phenotypes (Fig. 2.9A-E), nor inflammatory responses (Fig. 2.9F-G) or inflammasome
activation (Fig. 2.9G-H) in adipose tissue when compared to age-matched WT controls.
These results excluded the involvement of another ATP receptor, P2Y2, in
inflammasome activation in obese WAT.
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Figure 2.5. Whole body P2X7-ablation does not affect metabolic status of obese mice.
(A) Body weight of age-matched male WT and P2X7-/- (KO) mice upon HFD feeding. (BF) Metabolic phenotypes of 18w-old male mice upon 12w HFD: epididymal WAT
weight (B), H&E staining of WAT sections comparing to WAT from age-matched WT
LFD mice (C), Glucose tolerance test with 1g glucose/kg BW following a 16 h fast (D),
serum insulin level following a 4 h fast (E) and Western blot analysis of phosphorylated
(p-S473) and total AKT following a 4 h fast (F). For all, n=10-29 mice per group.
Representative data from two repeats shown. Values represent mean ± s.e.m.
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Figure 2.6. Liver and pancreas morphology in mice with whole body P2X7-ablation.
Representative images of H&E stained liver and pancreas sections from age-matched
LFD-fed WT, 12w HFD-fed WT and P2X7-/- (KO) mice.
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Figure 2.7. Whole body P2X7-ablation does not affect inflammatory status of obese
WAT.
(A) Western blot analysis of caspase-1 p45, p35, IκB, Arg1 and P2X7 protein levels in
WAT of age-matched LFD WT, 12w HFD WT and P2X7-/- (KO) mice. Quantitation of
pro-caspase 1 and p35 shown in (B). Pos. CON, LPS-ATP treated macrophages. (C) IL1β concentration measured in WAT of 12w HFD-fed WT and KO mice, n=5 mice per
group. (D) Q-PCR analysis of inflammasome component genes in 12w HFD-fed WT
and KO WAT, n=10 mice per group. (E) Peritoneal macrophages were treated with LPS
(0.1 µg/ml) for 5 h followed by addition of ATP (0.5 or 5 mM) for 30 min, and analyzed
for pro-caspase-1 p45, cleaved caspase-1 p10 and P2X7 protein levels by Western blot
analysis. (F) Serum IL-1β levels in WT and KO mice injected with LPS or LPS plus ATP.
N=3 mice per group. (G) Q-PCR analysis of inflammatory genes in 12w HFD-fed WT
and KO WAT, n=10 mice per group. HSP90, a loading control. All experiments repeated
at least twice. Values represent mean ± s.e.m. (H) Scatter-plots of the comparisons of
fold changes induced by HFD (vs. LFD) in WAT of WT vs. P2X7-/- (KO) mice.
Correlation coefficient (R) shown. N=3-4 mice each. Heat map shown in Fig. 2.8A.
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Figure 2.8. The expression of P2 receptors in WAT of WT and P2X7-/-mice.
(A) Heat-map showing the fold-changes of genes in WAT of WT or P2X7-/- mice on LFD
or 12w HFD. Only genes that are upregulated (red) or downregulated (blue) by HFD in
WAT of WT mice (using the criteria of q < 0.001 and fold change > 1.5), a total of 3097
genes, shown. Each column represents an independent sample (n=3-4 mice each). (B) QPCR analyses of P2X and P2Y genes in 12w HFD-fed WT and P2X7-/- WAT, n=10 mice
per group. Of note, P2X2, P2X6, P2Y4, P2Y13 and P2Y14 were not detected in WAT in QPCR. (C) RT-PCR analysis of various P2Y genes in purified primary adipocytes, SVC,
epididymal WAT, liver and peritoneal macrophages (Mac) of WT mice. L32, a loading
control. No RT, negative controls with no reverse transcription.
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Figure 2.9. Whole body P2Y2-ablation does not affect metabolic status of obese mice
nor inflammatory status of obese WAT.
(A) Growth curve of age-matched male WT and P2Y2-/- mice upon HFD feeding. (B-E)
Metabolic phenotypes of 21w-old male mice upon 15w HFD: Glucose tolerance test
with 1g glucose/kg BW following a 16 h fast (B), insulin tolerance test with 36 µg
insulin/kg BW following a 5 h fast (C), epididymal WAT weight (D), serum glycerol
level following a 4 h fast (E). (F) Q-PCR analysis of inflammatory and inflammasome
genes in 15w HFD-fed WT and P2Y2-/- WAT. (G-H) Western blot analysis (G) and
quantification (H) of pro-caspase-1 p45, cleaved caspase-1 intermediate p35, IκB, Arg1,
phosphorylated (p-S473) and total AKT protein levels in 15w-HFD-fed WT and P2Y2-/WAT following a 4 h fast. For all, n=5-13 mice per group. Values represent mean ±
s.e.m.
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2.4.5

P2X7-ablation in hematopoietic cells does not affect inflammatory status in
obese WAT
To exclude a possible role of P2X7 in somatic cells such as pancreatic β cells (137)

and adipocytes (138) that may affect the outcome of inflammasome activation in
adipose tissue, we next specifically ablated P2X7 in hematopoietic cells using BMT.
Preliminary BMT experiments using congenic CD45.1+ and CD45.2+ mice showed
efficient immune cell reconstitution in SVC of WAT (Fig. 2.10). Next, lethally irradiated
WT mice were reconstituted with bone marrow from P2X7-/- or WT mice. Metabolic
phenotypes and inflammasome status were examined after 16w HFD following 4w
recovery (Fig. 2.11A). The loss of P2X7 in hematopoietic cells did not affect body weight
gain, fat weight and adipose tissue morphology (Fig. 2.11B-D). Liver and pancreas
tissue morphologies were also comparable between experimental and control cohorts
(Fig. 2.12). Systemic glucose tolerance and fasting insulin levels were not affected by
hematopoietic-specific P2X7 ablation (Fig. 2.11E-F). Moreover, mice with P2X7 deficiency
in hematopoietic cells exhibited no alterations in inflammasome activity as shown by
the protein levels of caspase-1 p45 and p35 (Fig. 2.13A-B) as well as mRNA levels of
three key inflammasome components (Fig. 2.13C). Additionally, overall inflammation
level in WAT was not altered as shown by protein levels of IκB (Fig. 2.13A) and mRNA
levels of various inflammatory genes (Fig. 2.13D). Thus, these data suggest that
hematopoietic P2X7 is not required for inflammasome activation in obese adipose tissue.
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Figure 2.10. Reconstitution of adipose tissue SVC fractions following congenic bone
marrow transplantation (BMT) between CD45.1+ and CD45.2+ mice.
BMT was performed between congenic CD45.1+ and CD45.2+ male C57BL/6 mice. Flow
cytometry analysis was used to determine the ratio of engraftment in spleen and SVC,
as indicated by CD45.1 and CD45.2 cell surface markers. Note that the majority of SVC
cells are CD45.1+ in CD45.2+ mice after BMT, as shown in the bottom right panel.
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Figure 2.11. P2X7-ablation in hematopoietic cells does not affect metabolic status of
obese mice.
(A) Schematic diagram of generation of BMT chimeric mice followed by 4w recovery
and 16w HFD feeding. (B) Body weight of age-matched chimeric mice upon HFD
feeding. (C-F) Metabolic phenotypes of 28w-old chimeric mice upon 16w HFD:
epididymal WAT weight (C), H&E staining of WAT sections (D), Glucose tolerance test
with 1g glucose/kg BW following a 16 h fast (E), and serum insulin level following a 4 h
fast (F). For all, n=7-8 mice per group. All experiments repeated twice. Values represent
mean ± s.e.m.
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Figure 2.12. Liver and pancreas morphology in 16w HFD-fed chimeric mice.
Representative images of H&E stained liver and pancreas sections from 28w-old
chimeric BMT mice after 16w HFD feeding (the same mice as shown in Fig. 2.11 and
2.13).
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Figure 2.13. P2X7-ablation in hematopoietic cells does not affect inflammasome
activation of obese WAT.
Western blot analysis (A) and quantification (B) of caspase-1 p45, p35, IκB and P2X7
protein levels in epididymal WAT from chimeric mice, n=5-7 mice per group. Pos.
CON, LPS-ATP treated macrophages. HSP90, a loading control. (C-D) Q-PCR analysis
of inflammasome (C) and inflammatory genes (D) in epididymal WAT from chimeric
mice, n=7-8 mice per group. All experiments repeated twice. Values represent mean ±
s.e.m.
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Figure 2.14. Western blot analyses of active caspase-1 cleavage product p20 in WAT of
(A) WT mice under LFD and 12w HFD with a negative control from Casp1-/- mice,
showing the specificity of the antibody, (B) WT and P2X7-/- mice under 12w HFD, and
(C) chimeric BMT mice under 16w HFD. For all, samples were the same as the ones
shown in the Fig. 2.1, 2.7 and 2.13. Upon electrophoresis on 12% SDS-PAGE and
transfer, the PVDF membranes were blocked in 5% milk for 40 minutes and then
incubated with rat anti-mouse caspase-1 p20 antibody overnight. Only a weak signal
indicating p20 at 20kD could be detected, together with a strong nonspecific band at
25kD. Nonetheless, these data are consistent with the data for the caspase-1
intermediate p35 shown in Fig. 2.1, 2.7 and 2.13.
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2.5

DISCUSSION
Previous studies have shown that inflammasome is activated in obese adipose

tissue either after 36w 60% HFD or 12w 45% HFD feeding (113, 115), and it remains
unclear how long it takes for HFD feeding to activate inflammasome in adipose tissue.
Here, we report a dramatic activation of inflammasome starting at 8w feeding of 60%
HFD, coinciding with the onset of hyperglycemia and hyperinsulinemia and with cell
death. This is consistent with the general timeline of inflammation during diet-induced
obesity, which was reported to be up-regulated at 9w in adipose tissue based on the
infiltration of macrophages with 60% HFD and the global induction of inflammatory
genes in microarray analysis with 45% HFD (127, 139). In parallel with the onset of
inflammation, cell death in adipose tissue was elevated at about 4-8w 60% HFD and
peaked at about 12w HFD (Fig. 2.1H-I and 2.3) (127). These tight correlations among
HFD feeding, cell death and inflammatory response strongly suggest that dying cells in
obese adipose tissue may release cell death-mediated “danger signals” to activate
inflammasome in situ. However, our data demonstrate that extracellular ATP-P2X7
signaling is not involved in inflammasome activation in obese adipose tissue in vivo.
This observation is in line with a recent study showing that adipocyte cell death is not
sufficient to drive inflammation (129).
We observed that P2X7, an inflammasome-activating ATP receptor in several
disease models (117-121, 123, 125), was highly induced at 8w HFD, coinciding with the
inflammasome activation in obese adipose tissue. In line with our observation, a recent
study showed that P2X7 expression is increased in adipose tissue of human patients
with metabolic syndrome (140). However, our data demonstrated that, although
required for LPS-ATP-induced inflammasome activation both in vitro and in vivo (Fig.
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2.7E-F), P2X7 is dispensable for inflammasome activation in obese adipose tissue in vivo.
One possible explanation is that the extent of cell death in adipose tissue during obesity
may be much lower than the systems used in previous studies such as drug-induced
tumor cell death, host-verses-graft disease and sterile inflammasome (20, 113-115).
Additionally, ATP may be quickly hydrolyzed in extracellular space (122, 141).
Therefore, as P2X7 receptor requires a high ATP level to be activated (~5mM) (Fig. 2.7E)
(141), extracellular ATP in obese adipose tissue may not reach the activation threshold
for P2X7 and thus fail to activate inflammasome in vivo. This possibility is supported by
a study showing that CD39-/- mice, which are incapable to hydrolyze extracellular ATP,
exhibit exacerbated insulin resistance (142). Although the inflammatory status was not
examined in the CD39-/- mice, this report suggests that extracellular ATP may have
metabolic effect when it reaches a certain level.
Though our data suggests that extracellular ATP may not be the “danger signal”
for inflammasome activation in WAT during obesity, it does not exclude the potential
importance of cell stress and death in obese adipose tissue during the pathogenesis of
obesity. Lipid spillover during adipocyte expansion and death has been linked to
macrophage infiltration and obesity-associated inflammation (143). Indeed, several
studies using lipodystrophy mouse models suggest that adipocyte cell death is
important for macrophage infiltration into adipose tissue (144, 145). Furthermore, both
palmitate and ceramides, but not unsaturated oleate, has been reported to activate
NLRP3 inflammasome in bone marrow derived macrophages in vitro (114, 115). As
saturated fatty acid has been demonstrated to induce ceramide biosynthesis in vivo (146),
it remains to be tested whether palmitate and ceramides activate inflammasome in
adipose tissue via the same mechanism. Thus, the function of lipids as inflammasome-
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activating signals in obese adipose tissue and its underlying molecular mechanism are
worth further studies.
Alternatively, inflammasome in obese adipose tissue may be activated by
mechanisms unrelated to in situ cell death. High glucose level has been suggested to
induce inflammasome activation. In isolated pancreatic islets, high glucose level was
shown to induce TXNIP expression and then activate inflammasome, which was not
mediated by ATP-P2X7 signaling (20). In another independent study, similar induction
of TXNIP and IL-1β by glucose was observed in adipose tissue explants and primary
adipocytes (116). These reports indicate that hyperglycemia during obesity may lead to
inflammasome activation. Interestingly, we observed that the onset of both
hyperglycemia and inflammasome activation in adipose tissue occurred at 8w HFD,
while 6w HFD feeding was not sufficient. Further studies are needed to show the
potential role of high circulating glucose levels in inflammasome activation in adipose
tissue in vivo.
To date, four classes of inflammasomes have been shown to activate caspase-1 in
vivo, including NLRP3, NLRP1, NLRC4 and AIM2 inflammasome (10). Different classes
of inflammasomes may respond to specific environmental cues. For example, the
NLRC4 inflammasome is activated by gram-negative bacteria, the AIM2 inflammasome
senses cytosolic double-stranded DNA, while the NLRP3 inflammasome responds to a
number of pathogen-associated or endogenous danger-associated activators (10).
Previous studies on inflammasome in adipose tissue focused on NLRP3 inflammasome
(113, 115). However, the nature of inflammasomes in adipose tissue remains unclear
and their cell-type specificity has not been examined. Here, we determined the
expression of the four classes of inflammasomes in epididymal adipose tissue and liver,
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by assessing the relative transcript levels of their sensors, NLRP3, NLRP1, NLRC4 and
AIM2. Besides NLRP3, both NLRP1 and NLRC4 were also expressed in adipose tissue
and were highly induced after 8w HFD. In contrast, AIM2 expression was very low in
adipose tissue. Thus, the role of non-NLRP3 inflammasomes in adipose inflammation in
obesity requires further investigation.
Inflammasome activation generates two active Caspase-1 subunits p20 and p10
with enzymatic activities (10). In addition, as first reported by the Tschopp group in a
cell free system (11), the caspase-1 intermediate product p35 may also serve as an
indicator for the activation of caspase-1. Recently, several studies by different groups
have used p35 as a marker of inflammasome activation in tissues (113, 116, 133). Indeed,
our data show that the p35 band is caspase-1 specific as it disappears in the caspase-1
deficient adipose tissue (Fig. 2.1F) and more importantly, that the appearance of
caspase-1 p35 subunit in WAT under various physiological setting is in line with that of
caspase-1 p20 (Fig. 2.1D, 2.1F, 2.7A and 2.13A vs. Fig. 2.14). Thus, the caspase-1 p35
fragment, albeit possibly not the active form, may be a bone fide indicator of
inflammasome status in WAT.
P2X7 was previously reported to regulate pancreatic beta cell functions by
modulating insulin secretion and beta cell mass (137). Upon feeding with high-fat/highsucrose Surwit diet (58% fat with majority of saturated fat, 26% carbohydrate and 16%
protein, no fiber) for 12w, P2X7-/- mice developed hyperglycemia, severe glucose
intolerance, decreased β cell mass and impaired beta cell function (137). Such beta cellassociated diabetic phenotype, however, was not observed in our study (Fig. 2.5, 2.6
and 2.12). The discrepancies may be due to specific diets used in the studies. In addition,
the ATP-P2X7 signaling axis has been reported to induce lipolysis and inhibit insulin
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signaling in adipocytes in vitro by up-regulating cyclic AMP levels or inhibiting
phosphorylation on Insulin receptor substrate (IRS) and AKT in rat primary adipocytes
(138, 147, 148). In contrast, others have reported that insulin signaling was
downregulated by ATP-P2X7 in astrocytes (149, 150). Here in our study, animals with
both global and hematopoietic-specific deletion of P2X7 did not exhibit altered systemic
insulin sensitivity and adiposity, suggesting a dispensable role of ATP-P2X7 signaling in
regulating adipocyte function and insulin sensitivity in vivo.
In conclusion, our study showed that inflammasome is activated, concurrently
with the development of hyperglycemia and hyperinsulinemia. Unexpectedly, the ATPP2X7 signaling axis seems not to play a critical role in this process. Further studies are
required to identify and characterize the endogenous signal(s) that is responsible for
inflammasome activation in adipose tissue during obesity.
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CHAPTER 3

∗

DIET-INDUCED ALTERATIONS IN GUT MICROFLORA CONTRIBUTE TO
LETHAL PULMONARY DAMAGE IN TLR2/TLR4 DEFICIENT MICE
3.1

ABSTRACT
Chronic intake of Western diet has driven an epidemic of obesity and metabolic

syndrome, but how it induces mortality remains unclear. Here we show that chronic
intake of a high-fat diet (HFD), not a low-fat diet (LFD), leads to severe pulmonary
damage and mortality in mice deficient in Toll-like receptors (TLR) 2 and 4 (DKO
hereafter). Diet-induced pulmonary lesions are blocked by antibiotics treatment and
transmissible to wildtype mice upon either cohousing or fecal transplantation, pointing
to the existence of bacterial pathogens. Indeed, diet and innate deficiency exert
significant impact on gut microbiota composition. Thus, chronic intake of HFD
promotes severe pulmonary damage and mortality in DKO mice in part via gut
dysbiosis, a finding that may be important for immunodeficient patients, particularly
those on chemotherapy or radiotherapy, where gut microbiota-caused conditions are
often life-threatening.

3.2

INTRODUCTION
Interactions between the diet, gut microbiota and host genetics are increasingly

recognized as critical determinants of nutrient metabolism, health and well-being (151).
Gut microbes have co-evolved with their hosts and developed a symbiotic relationship.
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Under healthy conditions, intestinal microflora plays an essential role in the digestion
and metabolism of nutrients, colonization resistance of pathogens and the development
and regulation of innate and adaptive immunity of the host (152, 153). Changes in
diets, alterations in host immunity and microbial ecology may alter host-microbial
homeostasis, leading to gut dysbiosis. These pathological events have been reported in
the pathogenesis of immunological diseases (152), obesity and its associated
complications, including insulin resistance (45), cardiovascular disease (154) and fatty
liver disease (155). However, the link between diet and mortality remains unclear.
Acute HFD intake causes glucose intolerance, alters adipose inflammation (156,
157) and microbial composition (151, 158, 159). Chronic HFD intake shifts microbial
community composition in obese animals and humans, which may help increase energy
absorption (160, 161). In addition, chronic HFD intake may promote the expansion of
pathobionts leading to the development of colitis or hepatocellular carcinoma in various
mouse models (160, 162, 163) and increase gut permeability and bacterial translocation,
a condition termed “metabolic endotoxemia” (37). In addition to diet, innate immunity
is known to shape commensal microbiota (164). Defects in the innate immunity favors
the overgrowth of pathogenic bacteria that promote intestinal inflammation and induce
colitis in immunocompetent wildtype (WT) mice upon cohousing with the mutants (43,
44). Moreover, dysfunction of Paneth cells, a specialized intestinal cell type secreting
antimicrobial peptides, compromises innate immunity and alters gut microbiota
composition (165, 166). In mice lacking MyD88, an adaptor protein that mediates TLR
signaling, expression of antimicrobial peptides is reduced (167). Interestingly, a recent
study showed that alterations in the microbiota of TLR-deficient mice are mediated by
familial transmission rather than innate deficiency (168). Thus, it is likely that both
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innate immunity and familial transmission may play a role in shaping microbiota
composition.
TLRs are important for the induction of innate and adaptive immune responses
against pathogens such as viruses, fungi, bacteria and protozoa (169). Among dozen
family members, TLR2 and TLR4 are the best characterized and exhibit distinct and
overlapping ligand specificities (170). It has been proposed that obesity may be
associated with increased systemic levels of ligands for TLR2 and TLR4 such as highmobility group B1 protein, heat shock proteins, endotoxins and etc (37, 171). Loss of
TLR2 or TLR4 attenuates inflammation in various tissues and improves insulin
sensitivity, however the results are mixed (157, 164). A recent study showed that loss of
TLR2 alters gut microbiota composition, increases circulating toxin levels and promotes
insulin resistance and obesity (46). Thus, TLR signaling may play an important role in
linking gut bacteria to metabolic regulation in the context of obesity. Serendipitously,
while characterizing the metabolic effect of both TLR2 and TLR4 signaling pathways in
vivo, we found that chronic intake of HFD, not LFD, promotes severe pulmonary
damage and mortality in mice deficient in both TLR2 and TLR4 (DKO hereafter). The
lethal pulmonary damage phenotype is transmissible to WT mice following co-housing
or fecal transplantation with DKO mice and is secondary to the pulmonary cell damage
likely caused by toxins derived from pathogenic gut microbes.
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3.3

MATERIALS AND METHODS

Summary of animal experiments
WT C57BL/6 mice were purchased from the Jackson Laboratory (#000664) and bred in
our own colony. TLR2/TLR4 DKO mice on the C57BL/6 background (backcrossed over
6 generations) were generated by Shizuo Akira (Osaka University) and provided to us
by Dr. Lynn Hajjar (University of Washington) via Dr. David Russell (Cornell
University) (172). The DKO and WT control mice were bred, reared and housed
separately in our specific pathogen-free facility. Of note, we recently generated a
transgenic mouse line on B6 background in our colony and reported that they survived
well beyond 1 year on HFD (173), excluding the possibility of the existence of a peculiar
pathogen in our facility. Mice were bred, reared and housed in separated
microisolators (i.e. single-housed by the genotype) in our brand-new pathogen-free
facility. In cohousing experiments, 3-week-old DKO and WT pups were weaned into
the same cages, 4-5 mice per cage, and were fed a 60% HFD when they reached 6 weeks
of age. In the antibiotic administration experiments, mice were given metronidazole
(1g/L; RPI), ampicillin (1g/L; Fisher), vancomycin (0.5g/L; VWR), and neomycin
(1g/L; Fisher) in the drinking water throughout the period of HFD feeding. Fresh
drinking water containing antibiotics was supplied every 4-7 days. Bone marrow
transplantation was carried out as previously described (174). Briefly, 6-week-old
recipient male mice were sublethally irradiated (10 Gy) and transplanted with 5 million
bone marrow cells via i.v. injection. Two weeks before irradiation, mice were treated
with water containing 0.2 mg/ml ciprofloxacin and 1 mg/ml metronidazole and
maintained for a total of 3 weeks. After a 6-week recovery, recipient mice were fed
HFD or LFD. For the cohousing BMT experiments, recipients were cohoused WT and
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DKO mice since weaning prior to the BMT as recipients. For fecal Transplantation,
feces from eight WT or DKO mice on 17-week HFD were pooled together, grounded in
PBS and filtered through a 70µm nylon mesh (Fisher). The concentration of filtrate was
adjusted to 300mg feces per ml and recipient mice were gavaged with 500 µl filtrate
each, twice a week for a total of three weeks. The two cohorts of recipient mice
were separately housed and put on HFD concurrently with the first gavage. For i.p.
challenge of filter-sterilized water-soluble gut luminal content, all intestinal luminal
contents from both small intestine and colon were collected from one moribund DKO
and healthy WT mice on HFD for 35 weeks. Supernatants were filtered with a 70µm
nylon mesh (Fisher) followed by a 0.45 µm filter (Millipore). The solutions were
collected and adjusted to 1 ml with PBS and injected i.p. into 8-week-old WT mice on
LFD at 500 µl per mice. 16 h later, mice were sacrificed and lungs were collected and
subjected for histological analysis.
In all of the studies, mice were carefully monitored for body weight, activities
and overall health. Moribund mice with labored breathing and lethargy were
euthanized and subjected to complete postmortem and histological examination of all
major organs. For mice that were found dead without obvious clinical signs,
postmortem examination was carried out to identify the cause of death. Only agematched male mice were used in the survival studies. Mice were fed a LFD, composed
of 13% fat, 67% carbohydrate and 20% protein from Harlan Teklad (#2914). For chronic
HFD feeding, 6-week-old males were fed a 60% HFD with 60% fat, 20% carbohydrate
and 20% protein from Research Diets Inc. (D12492) for up to a year. Fatty acid
composition of the diets has been previously described (175). All animal procedures
were approved by the Cornell IACUC.
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H&E histology and disease diagnosis
Tissues were fixed in 10% neutral buffered formalin, and processed by the Cornell
Histology Core Facility for sectioning and H&E staining on a fee-for-service basis.
Tissue section examination was performed by a board-certified veterinary pathologist
(G.E.D.).

Fecal bacterial analyses
Stool samples were collected from mice, snap frozen, and stored in -80˚C until use.
Total DNA was extracted using PowerSoil DNA isolation kit (MOBIO Laboratories)
with a bead-beating method per supplier’s protocol. Stool DNA samples from cohorts
treated with or without antibiotics were subjected to qPCR analysis targeting the
conserved region of the 16S rRNA gene for all groups of bacteria as previously
described (176). Primers were Eub338, ACTCCTACGGGAGGCAGCAG and Eub518,
ATTACCGCGGCTGCTGG. Bacterial 16S rRNA genes were amplified using primers
for the V4 region (515F and barcoded 806R) with 5PRIME Hot Start Master Mix (Fisher
Scientific). Primer sequences can be found at the Earth Microbiome Project
(http://www.earthmicrobiome.org/emp-standard-protocols/16s/). Duplicate PCR
reactions were performed for each sample, combined, and purified with Mag-Bind E-Z
Pure magnetic beads (Omega). After quantification with the Quant-iT PicoGreen assay
(Invitrogen), the PCR products were sequenced using paired-en 250 with Illumina
MiSeq platform at Cornell Biotechnology Resource Center Genomics Facility. Matepairs were merged using the fastq-join command in the ea-utils software package (177),
and the merged sequences were analyzed using the software QIIME. Closed-reference
OTU picking at 97% identity was done against the October 2012 Greengenes database,
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and the UniFrac beta-diversity metric was calculated on the resulting OTU abundances
after rarefaction to 27,233 sequences per sample. PCoA was performed on the
unweighted UniFrac distance matrix. Over/under represented OTUs in a given
category (e.g. HFD vs LFD, WT vs. DKO) were identified using the Predictive Analysis
of Microarrays (PAM) package under the R software, which implements a “nearest
shrunken centroid” classification method.

RNA extraction and quantitative (Q)-PCR
RNA extraction from cells and tissues, and Q-PCR were carried out as previously
described (174, 175) using Trizol (Invitrogen). Q-PCR data collected on the Roche
LightCycler 480 were normalized to ribosomal l32 gene in the corresponding sample.
Primer sequences are the following: Tnfa, TCAGCCGATTTGCTATCTCATA (Forward),
AGTACTTGGGCAGATTGACCTC (Reverse); Nlrp3, GTGGTGACCCTCTGTGAGGT
(Forward), TCTTCCTGGAGCGCTTCTAA (Reverse); Mip1a,
TTCTCTGTACCATGACACTCTGC (Forward), CGTGGAATCTTCCGGCTGTAG
(Reverse); Lyz1, GCCAAGGTCTACAATCGTTGTGAGTTG (Forward),
CAGTCAGCCAGCTTGACACCACG (Reverse); Il6,
AGACAAAGCCAGAGTCCTTCAG (Forward), TGCCGAGTAGATCTCAAAGTGA
(Reverse); Il1b, CCAAGCAACGACAAAATACC (Forward),
GTTGAAGACAAACCGTTTTTCC (Reverse); Il18, GCTGTGACCCTCTCTGTGAA
(Forward), GGCAAGCAAGAAAGTGTCCT (Reverse); Ifng,
GCGTCATTGAATCACACCTG (Forward), TGAGCTCATTGAATGCTTGG (Reverse);
Defa21, CCAGGGGAAGATGACCAGGCTG (Forward),
TGCAGCGACGATTTCTACAAAGGC (Reverse); Defa1,
TCAAGAGGCTGCAAAGGAAGAGAAC (Forward),
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TGGTCTCCATGTTCAGCGACAGC (Reverse); Defa-rs1,
CACCACCCAAGCTCCAAATACACAG (Forward),
ATCGTGAGGACCAAAAGCAAATGG (Reverse); Cr2,
CCAGGCTGATCCTATCCAAA (Forward), GTCCCATTCATGCGTTCTCT (Reverse);
Caspase1, AGATGCCCACTGCTGATAGG (Forward), TTGGCACGATTCTCAGCATA
(Reverse); Asc, CCAGTGTCCCTGCTCAGAGT (Forward),
TCATCTTGTCTTGGCTGGTG (Reverse); Ocln, GATGCAGGTCTGCAGGAGTA
(Forward), TCCCACCATCCTCTTGATGT (Reverse);
Cdh1,CCTGCCAATCCTGATGAAAT (Forward), GTCCTGATCCGACTCAGAGG
(Reverse); JAM1, GGCAGCTGTCCTGGTAACAC (Forward),
GGAACGACGAGGTCTGTTTG (Reverse); Cgn, GACAGTTCTGCAGTCCACCA
(Forward), CCGCTCAATTTCCTCTTCTG (Reverse); Rantes,
GCTGCTTTGCCTACCTCTCC (Forward), TCGAGTGACAAACACGACTGC (Reverse);
Nlrp1, CACTGCCCAAGATTGCTACA (Forward), CTTCACTCAGCACCAGACCA
(Reverse); Nfkbia, CTCCAGATGCTACCCGAGAG (Forward),
CATTCTTTTTGCCACTTTCCA (Reverse); Emr1, TGCTGTTCAGAACCACAATACC
(Forward), CACTGCCTCCACTAGCATCC (Reverse); Il12a,
CAGCACTTCAGAATCACAACC (Forward), AGCTCAGATAGCCCATCACC
(Reverse); Nos2, CCAAGCCCTCACCTACTTCC (Forward),
CTCTGAGGGCTGACACAAGG (Reverse); ZO1, CCCTGAAAGAAGCGATTCAG
(Forward), CCCGCCTTCTGTATCTGTGT (Reverse); Cldn1,
TTAGTGGCCACAGCATGGTA (Forward), GAAGGTGTTGGCTTGGGATA (Reverse);
Bcl2, AGTACCTGAACCGGCATCTG (Forward), GCTGAGCAGGGTCTTCAGAG
(Reverse).
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Ileal epithelial cell purification
After fat and connective tissue were removed, ileum was cut longitudinally to expose
luminal surface and contents were gently removed. After cut into small pieces and
washed with PBS, the intestinal pieces were placed in 5 ml of 30 mM EDTA in PBS,
incubated at 37oC on a shaker for 20 min, vortexed for 15 sec at max setting, and
allowed to sit on the bench for 5 min. Supernatant were transferred to a new collection
tube and centrifuged at 300 x g for 10 min at 4oC. Pellets consisted of ileal epithelial
cells were snap frozen in liquid nitrogen. The purity of ileal epithelial cells was
examined using Q-PCR analysis of the enterocyte-specific gene villin and leukocytespecific gene Cd45. And the purified cells were used to test the transcription level of
antibacterial peptides and tight junction gene.

Immunohistochemistry
IHC were performed as we recently described (178). Briefly, paraffin-embedded
intestinal sections were rehydrated, boiled in 1mM EDTA for antigen retrieval, and
stained with Histostain kit, DAB substrate (Invitrogen) or fluorescence-conjugated
secondary antibody. Primary antibodies used for IHC were: PCNA (rabbit, 1:100) and
Lysozyme C (goat, 1:200) from Santa Cruz. H&E and IHC slides (for PCNA) were
scanned using the Aperio Scanscope and pictures were taken at indicated
magnifications. Fluorescence Images were captured under a Zeiss LSM710 confocal
microscope at Cornell Biotechnology Resource Center Imaging Facility.

Staining for Gram positive and negative bacteria
Staining was performed by the Histology Core Laboratory at Cornell on a fee for service
basis. Briefly, the section was deparaffinized, hydrated in distilled water, soaked in
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Hucker-Conn solution for 3 min followed by Langeron's iodine for 3 min. After washes
in deionized water for 1 min, slides were dipped quickly 1-4 times in acetone until no
more blue dye was visibly released. Slides were then satined with fast Green-Safranin
working solution for 3 min, and rinsed in 100% ETOH. Slides were differentiated with
few dips in 1% alcoholic acetic acid until no more dye was visibly released. Finally,
slides were rinsed briefly in 100% ETOH, cleared in xylene and mounted with
mounting medium.

TUNEL staining
TUNEL staining were performed as we recently described (178). Briefly, paraffinembedded lung sections were rehydrated, treated with protease K, and stained for 1
hour at 37˚C using the in Situ Death Detection TUNEL Kit (Roche 11684795910). Images
were captured under a Zeiss LSM710 confocal microscope at the Cornell Biotechnology
Resource Center Imaging Facility.

Flow cytometry
Flow cytometric analysis of immune cells was performed as we previously described
(156, 175, 179). Fluorochrome- or biotin- conjugated antibodies against CD3 (145-2C11),
TCRβ (H57-597), CD4 (GK1.5), CD8 (YTS169), Gr-1 (RB6-8C5), CD11b (M1/70), CD45
(30-F11), IFN-γ (XMG1.2), TNF-α (MP6-XT22), avidin-PerCP and isotype control
antibodies were purchased from BioLegend or BD Biosciences. Data were analyzed
using the CellQuest software (BD Biosciences) and Flowjo (Flowjo.com). For
intracellular staining of TNF-α and IFN-γ, cells were purified and incubated with 50
ng/ml PMA (Sigma) and monensin (the GolgiStop kit, BD Biosciences) for 3h in vitro,
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and the rest of steps were performed per the Cytofix/CytopermTM plus kit protocol (BD
Biosciences).

Dextran-FITC uptake
To directly test epithelial permeability and integrity of the intestines, WT and DKO
mice were deprived of food and water for 4 hours and then gavaged with nondigestible 4 kDa FITC-dextran (Sigma) at a dose of 0.6 mg/g body weight. 50 µl serum
were collected from tail vein at various time points and serum intensity of FITC was
measured using the Synergy plate reader (Biotek) with the excitation at 488 nm. Data
were plotted against the standard curve of serial dilutions of FITC-dextran.

Serum endotoxin test
Blood were collected from tail vein. 10 µl serum was diluted in 40 µl endotoxin-free
water and inactivated at 70˚C for 10 minutes. The endotoxin level was measured using
the Limulus Amebocyte Lysate assay kit (QCL-1000TM, Lonza) per its protocol.

Statistical analysis
Results are expressed as mean ± s.e.m. Comparisons between groups were made using
either unpaired two-tailed Student t-test of the EXCEL software for two-group
comparisons or the one-way ANOVA test with the Tukey Post-tests of the PRISM
software for multi-group comparisons. Statistical analyses for survival curves were
performed using the Log-rank (Mantel-cox) test.
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3.4
3.4.1

RESULTS
Chronic intake of HFD causes severe acute pulmonary damage in DKO mice
WT and DKO mice were fed with either a 13% LFD or 60% HFD starting at the age

of 6 weeks, where 13% and 60% calories were derived from fat, respectively. DKO mice
fed the HFD over 38 weeks exhibited a significantly higher mortality rate with 6x higher
risk of death than age- and gender-matched WT cohort: 10 out of 17 (60%) DKO mice
died, while only 2 out of 22 (9%) WT mice died within 38 weeks when fed the HFD (Fig.
3.1A). Importantly, none of the DKO and WT mice on LFD died over the course of a
year (Fig. 3.1B), suggesting that mortality is HFD-dependent. DKO mice did not die
from malnourishment as they grew well on either diet and, if anything, were a bit
heavier than the WT cohort (Fig. 3.2A-B). DKO mice exhibited improved metabolic
parameters compared to WT cohort in terms of fasting glucose and hepatic steatosis
(Fig. 3.2C-D) as well as other parameters (not shown).
Affected DKO mice deteriorated quickly, exhibited respiratory distress and
shortness of breath and died within days. Postmortem examination invariably revealed
severe pleural effusion and diffuse pulmonary edema and hemorrhage (Fig. 3.1C-D).
The cellularity of the pleural effusion consisted of blood leukocytes including
CD4+/CD8+ T, B220+ B cells and F4/80- Gr1+ neutrophils (Fig. 3.1E). There was no
notable hemorrhage or effusions in other organs and body cavities nor gross
abnormalities in other organs and tissues such as the liver and spleen (Fig. 3.2D and not
shown), excluding systemic illness or sepsis as a cause of death and lung injury.
Histological examination of the lungs of WT mice fed the HFD or DKO mice on the LFD
revealed normal pulmonary architecture with well-aerated airways and alveolar
parenchyma, and intact cellular structure (Fig. 3.1F and 3.2E). By contrast, the lungs of
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DKO mice fed the HFD that died or were euthanized displayed severe, diffuse, acute
pulmonary edema and hemorrhage (Fig. 3.1G). Of note, two WT mice on HFD died of
other causes with no signs of pulmonary damages (not shown).
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Figure 3.1. Chronic intake of HFD causes severe acute pulmonary damage and
mortality in DKO mice.
(A-B) Survival curves of WT and DKO mice on HFD (A) or LFD (B) over a 40-50-week
period. Statistical analysis was performed using the Log-rank (Mantel-cox) test. (C)
Representative image of the thoracic cavity and lung of moribund DKO mice showing
severe acute pulmonary damage. h, heart; +, diaphragm; arrow, pleural effusion. (D)
Representative images of lungs taken from WT and moribund DKO mice. Hemorrhagic
pleural effusion was collected and shown in a tube. N=7. (E) Representative flow
cytometric analysis of T cells (CD4+ or CD8+), B cells (B220+) and neutrophils (Gr1+
F4/80-) in pleural effusion from moribung DKO mice. Representative data of 3
independent experiments. (F-G) Representative H&E images of lungs from WT and
moribund DKO mice on HFD at low (F) and high (G) magnifications. RBC, red blood
cells; *, edema fluid in the lumen of alveoli. Representative data of 5 independent cases.
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Figure 3.2. Growth curve, metabolic parameters and non-cardiogenic pulmonary
damage in DKO mice on HFD.
(A-B) Growth curves of WT and DKO mice on HFD (A) and LFD (B). N=5-9. (C) Blood
glucose of WT and DKO mice on HFD for 16 weeks following a 6 hour fast. N=5. (D)
Representative H&E images of livers from DKO mice on HFD for 29 weeks. N=3. (E)
Representative H&E images of lungs from DKO mice on LFD for 45 weeks. N=3. (F-G)
Normal heart morphology (F) and H&E images (G) of WT and DKO mice on LFD or
HFD for 35 weeks. *, p<0.05, by Student’s t test.
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3.4.2

Non-hematopoietic expression of TLR2 and TLR4 is critical for the protection
from diet-induced pulmonary damage and premature lethality
We next performed bone marrow transplantation (BMT) to determine whether

the expression of TLRs in the hematopoietic and/or nonhematopoietic compartment is
responsible for diet-induced mortality. Four chimeric cohorts were generated using
either WT (WT➞WT and DKO➞WT) or DKO (WT➞DKO and DKO➞DKO) mice as
recipients. To prevent infection, recipients were treated with a combination of
antibiotics, ciprofloxacin and metronidazole, in drinking water two weeks before and
one week after the irradiation for a total of three weeks. Chimeric mice were allowed to
recover for 6 weeks and then placed on HFD (Fig. 3.3A). Within 30 weeks, DKO
recipient chimeras, either WT➞DKO or DKO➞DKO mice, exhibited substantially
higher mortality rate of 36 and 64%, respectively, while all WT recipient chimeras
(DKO➞WT and WT➞WT) survived (Fig. 3.3B), suggesting that non-hematopoietic
TLR2/TLR4 is indispensable for diet-induced mortality. Interestingly, WT➞DKO mice
have reduced mortality when compared to DKO➞DKO mice (Fig. 3.3B), pointing to a
partial protective role of hematopoietic TLR2/TLR4 in disease pathogenesis. While all
the WT recipients exhibited normal lung architecture, the dying DKO recipients
exhibited acute pulmonary damage similar to those in the DKO mice (Fig. 3.3C-D). All
chimeras survived on LFD (Fig. 3.3E), suggesting that the mortality is diet-dependent
and not caused by irradiation. Thus, we conclude that TLR2/TLR4 actions primarily in
non-hematopoietic compartments protect against HFD-induced lethal pulmonary
damage and mortality.
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3.4.3

Diagnosis of the cause of death: non-cardiogenic pulmonary edema with
hematogenous injury to the lungs
Pulmonary edema can be either cardiogenic as a result of heart failure and

increased capillary hydrostatic pressure or noncardiogenic as a result of increased
vascular permeability of the lungs (180, 181). As no morphological evidence of
myocardial disease and no edema in peripheral tissues were observed in moribund
DKO mice (Fig. 3.2F-G), the cause of death was likely noncardiogenic. The causes for
noncardiogenic pulmonary edema are diverse, either direct injury to the lung including
alveolar epithelium by drugs and toxins or indirect injury as a result of systemic
inflammatory responses against pathogen infection (180). As tissue damages in the
DKO mice fed HFD were limited to the lungs, we excluded the possibility of severe
sepsis and multi-organ failure. Moreover, as the lesions were diffuse and present
throughout the lungs of DKO mice (Fig. 3.1F and 3.3D), we concluded that a
hematogenous injury rather than an aerogenous one to the lungs (e.g. inhaled toxins or
bacteria) is the most likely etiology. Indeed, recent studies showed that TLR2/TLR4 are
not required for pathogen resistance following intranasal infection (182-184). Thus, we
conclude that DKO mice fed HFD may die from hematogenous pathogenic insults.

3.4.4

Antibiotic treatment rescues lethal pulmonary damage and mortality
As the mortality of DKO mice was diet-dependent and required non-

hematopoietic expression of TLR2/TLR4, we next addressed the role of gut bacteria in
disease pathogenesis. We administrated DKO mice orally with a broad-spectrum
antibiotics consisting of ampicillin, neomycin, vancomycin and metronidazole,
concurrently with HFD feeding. Administration of antibiotics expectedly reduced the
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levels of total fecal bacteria with no significant impact on body weight, daily food intake
and body temperature (Fig. 3.4). Dramatically, antibiotic treatment prevented the death
of DKO mice following HFD intake for 38 weeks (Fig. 3.5A) with a total prevention of
pulmonary damage (Fig. 3.5B). Antibiotic treatment had no effect on the survival of the
WT cohort (Fig. 3.5C).

3.4.5

Transmissible pulmonary damage and lethality
To further address the contribution of gut microbiota, we co-housed WT mice

with DKO mice at the time of weaning, i.e. 3 weeks of age, and then placed them on
HFD at the age of 6 weeks. Intriguingly, co-housed WT mice exhibited higher mortality
following chronic HFD feeding with 22% mortality rate vs. 9% in single-housed (Fig.
3.6A). The cohousing effect was more pronounced in BMT chimeric mice where WT
and DKO recipients were co-housed since weaning: 7 out of 19 (37%) WT/DKO➞WT
chimeras co-housed with DKO chimeras died within 30-week HFD while all survived
when singly housed (Fig. 3.6B). Cohousing did not affect the mortality of
WT/DKO➞DKO chimeras (Fig. 3.6B). In both studies, cohousing eliminated the
statistical significance observed between single-housed cohorts (Fig. 3.6A-B).
Strikingly, histological examination revealed that these moribund WT mice exhibited
similar pulmonary pathologies as those of the DKO mice (Fig. 3.6C). Next we
performed oral fecal transplantation where DKO➞WT mice were orally gavaged twice
a week for three weeks with feces from either WT or DKO mice on 17-week HFD,
concurrently with HFD feeding. Strikingly, mice received DKO feces died within 17-19
weeks post gavage with pulmonary hemorrhage while those received WT feces
survived (Fig. 3.6D). Taken together, these data provide strong evidence for
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transmissible gut microbiota in DKO mice following chronic HFD feeding that are
dominant in disease pathogenesis.
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Figure 3.3. Non-hematopoietic expression of TLR2/TLR4 is required for the
protection from diet-induced pulmonary damage and premature lethality.
(A) Schematic diagram showing the experimental procedure of bone marrow
transplantation (BMT). Recipients were treated with broad-spectrum antibiotics,
ciprofloxacin and metronidazole, in drinking water two weeks before and one week
after the BMT. Mice were put on HFD after 6-week post-BMT recovery. (B) Survival
curves of chimeric mice. * and **, comparing WT➞DKO and DKO➞DKO, respectively,
to the two WT recipient cohorts by the Log-rank (Mantel-cox) test. (C) Representative
H&E images of the lungs in WT recipient mice showing normal pulmonary
architecture. (D) Representative H&E images of the lungs in DKO recipient mice
showing diffuse pulmonary edema and hemorrhage in airways and alveolar
parenchyma. Representative data of 3 independent cases. (E) Survival curves of
chimeric mice as (B) on LFD. n.s., no significance by the Log-rank (Mantel-cox) test.
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Figure 3.4. Changes in metabolic parameters following antibiotics treatment.
Fecal bacterial level (A), body weight (B), food intake (C), and rectal temperature (D) of
WT and DKO mice fed a HFD with or without antibiotic treatment (Abx). A, 2-week
Abx; B-D, 18-21-week Abx. Q-PCR analysis was performed with universal primers of
16S rRNA in fecal DNA samples. Relative quantity (RQ) was generated by normalizing
Ct values to universal 16S standard and then to fecal weight (mg). N=3-5. Values, mean
± s.e.m. Statistical analyses were performed with one-way ANOVA with the Tukey
Post-tests (different letters mark statistic significance, i.e. p < 0.05).
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Figure 3.5. HFD-induced lethal pulmonary damage is prevented by antibiotic
treatment.
WT or DKO mice on HFD were given drinking water with or without (CON) a
combination of antibiotics (Abx) including ampicillin, neomycin, vancomycin and
metronidazole. (A) Survival curves of DKO mice. P value is determined by the Log-rank
(Mantel-cox) test. (B) Representative H&E images of lungs from DKO mice on HFD
with or without Abx. Representative data of 3 independent cases. (C) Survival curves of
WT mice.
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Figure 3.6. HFD-induced pulmonary damage and mortality are transmissible to
wildtype mice by co-housing and fecal transplantation.
(A-B) Survival curves of single- and co-housed WT and DKO mice (A) and BMT
chimeric mice (B) on HFD. Co-housed groups are shown with solid lines and their
labels are boxed. Recipients with the same genotype are grouped. The Log-rank
(Mantel-cox) test was used for statistical analysis. (C) Representative H&E images of
lungs of DKO➞WT mice on HFD, either single-housed or co-housed with DKO➞DKO
mice (n=5 each). (D) Representative H&E images of the lungs of DKO➞WT chimeric
mice (n=2 each) that were gavaged twice a week for a total of three weeks with feces of
WT or DKO mice on HFD (for 17 weeks), showing pulmonary hemorrhage in mice
received fecal transplantation from DKO mice, but not WT mice. Recipients were put on
HFD concurrently with the first gavage. Recipients gavaged with DKO feces died at 17
and 19 week HFD while those with WT feces survived.
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3.4.6

Diet and innate deficiency modify microbiota composition in DKO mice
We next determined how both HFD and innate deficiency affect fecal microbiota

composition in our WT and DKO mice on either HFD or LFD for 17 weeks. We
performed culture-independent PCR amplification of variable region 4 (V4) of bacterial
16S rRNA genes followed by Illumina sequencing. The quality-filtered sequences were
analyzed using UniFrac. Principal coordinates analysis (PCoA) of unweighted UniFrac
distance between samples revealed that HFD feeding had a profound impact on the
microbiota composition in both WT and DKO cohorts when compared to age- and
gender-matched mice on LFD (Fig. 3.7A and 3.8). Moreover, WT and DKO mice had
distinct microbial profiles regardless of diet as revealed in PCoA analysis of the
unweighted UniFrac distances (Fig. 3.7A) and relative abundance of the bacteria (Fig.
3.8A), pointing to a likely effect of familial transmission on gut microbiota (168).
Profiles of gut microbiota between WT and DKO cohorts were further separated from
10- to 17-week HFD (Fig. 3.7B). While Bacteroidales (phylum: Bacteroidetes) were the
major representative signature operational taxonomic unit (OTUs) accounting for the
differences in gut microbiota composition between WT and DKO mice on LFD (Fig.
3.8B), Clostridiales (phylum: Firmicutes) became the predominant signature OTUs when
the mice were on HFD (highlight in red in Fig. 3.7C). Among 141 OTUs that were
significantly different between WT and DKO on HFD, 87 were higher in DKO mice.
Among these 87 OTUs, 56 (64%) were highly enriched in DKO mice only after chronic
HFD while remained undetectable or low in other cohorts (Fig. 3.8C), pointing to a
combinatorial effect of diet and innate deficiency on gut microbiota composition. Some
examples are shown in Fig. 3.7D-F. Of note, most of these signature sequences present
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only in DKO mice on HFD poorly matched with any known bacterial species (Fig. 3.7DE).
We next examined gut microbiota composition in BMT cohorts to further assess
the effect of innate immunity on gut bacteria. As recipients orally received
ciprofloxacin and metronidazole for three weeks (Fig. 3.3A), microbiota was expectedly
to be re-shaped (185, 186). Intriguingly, following 6-week HFD feeding, gut microbiota
in WT➞DKO chimeras were distinct from those in DKO➞DKO chimeras, but not
between the two WT recipient chimeras (Fig. 3.9A-B). This finding was unexpected
because the recipients – the DKO mice – were littermates from the same parents,
pointing to the effect of innate deficiency on microbiota. The difference in gut
microbiota composition between chimeric WT and DKO recipients on HFD was still
largely driven by changes in the bacterial order Clostridiales (Fig. 3.9C-D). Thus, host
innate immunity plays an important role in influencing microbiota composition.

3.4.7

Cohousing modifies microbiota composition of WT mice
Cohousing at weaning for over 20 weeks altered microbiota compositions of WT

mice on HFD, which became similar to the communities of DKO mice (Fig. 3.10A). Fig.
3.10B shows the top OTUs that changed in relative abundance in WT fecal microbiota
due to cohousing. Interestingly, several OTUs that were signatures of single-housed
DKO mice fed the HFD were now found in the cohoused WT (Fig. 3.10C). Thus,
cohousing modifies microbiota composition and presumably leads to the expansion of
pathogenic bacteria in WT mice.
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Figure 3.7. Chronic HFD intake and innate deficiency affect microbiota composition.
(A) Principal coordinates analysis (PCoA) of fecal microbiota from single-housed WT
and DKO mice on LFD or HFD for 17 weeks. (B) PCoA analysis of fecal microbiota from
single-housed WT and DKO mice on HFD for 10 or 17 weeks of the same set of mice.
(C) Heat map showing the relative abundance of the top bacterial OTUs representing
the difference between WT and DKO mice after 17-week HFD feeding. OTUs belonging
to the order of Clostridiales are highlighted in red. (D-F) Examples of the OTUs
significantly enriched only in HFD-fed DKO mice, showing the synergistic effect of
HFD and TLR deficiency on the abundance of gut microbiota. D-F, OTUs belong to the
order Clostridiales (D), Bacteroidales (E), and Lactobacillales (F). a.u, arbitrary units.
The phylum (P), class (C), order (O) and family (F) of each OTU are indicated. N=5-6
mice each. **, p<0.01; ***, p<0.001 by Student’s t-test with Bonferroni correction.
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Figure 3.8. Effect of diet and innate deficiency on fecal bacterial composition.
(A) The relative abundance of fecal microbiota on phylum level in single-housed WT
and DKO mice on LFD or HFD for 17 weeks. (B) Heat map showing the relative
abundance of the top bacterial OTUs representing the difference between LFD-fed WT
and DKO mice. The phylum (P), class (C), order (O), family (F) of each OTU are
indicated. (C) Pie graph showing 4 categories of changes seen in 87 OTUs that were
found higher in DKO mice on HFD vs. WT cohorts on HFD. The percent of each
category shown with bars indicating relative pattern among the cohorts. Of note, 56
OTUs (64%) were induced synergistically in DKO HFD mice, pointing to a combined
effect of HFD and innate deficiency.
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Figure 3.9. The effect of innate immunity deficiency on microbiota composition.
(A) PCoA analysis of fecal microbiota from single-housed BMT chimeric mice
(WT➞WT, DKO➞WT, WT➞DKO and DKO➞DKO) fed a HFD for 6 weeks. Note the
difference between DKO➞DKO and WT➞DKO. (B) The UniFrac distances either
within the same BMT group or between two BMT groups. A higher UniFrac distance
denotes greater dissimilarity between two mice. **, p<0.01 by Student’s t test, denoting
statistically significant differences between the two sets of UniFrac distances. (C-D)
Heat map showing the relative abundance of the top bacteria OTUs representing the
difference between WT➞WT and WT➞DKO (B) or DKO➞WT and DKO➞DKO (C) fed
a HFD for 6 weeks. Cohorts were age- and gender matched. The phylum (P), class (C),
order (O), family (F) of each OTU are indicated.
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Figure 3.10. Cohousing modifies microbiota composition of wildtype mice.
(A) PCoA analysis of fecal microbiota from WT and DKO mice on HFD either singlehoused for 17 weeks or co-housed for 24 weeks. (B) Heat map showing the relative
abundance of the top bacteria OTUs representing the difference between single- and cohoused (with DKO mice) WT mice (as A). OTUs belonging to the order of Clostridiales
are highlighted in red. (C) Examples of the OTUs (from the order Clostridiales) that
were transmitted from DKO to co-housed (co-) WT mice. Dashed lines indicate that
mice were single housed. a.u, arbitrary units. N=3-6 mice each. *, p<0.05; **, p<0.01; ***,
p<0.001, n.s, not significant by Student’s t-test with Bonferroni correction.
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3.4.8

Mucosal innate immunity is impaired in DKO mice fed HFD
We next further explored possible causes of gut dysbiosis. Previous studies have

shown the importance of the TLR-MyD88 signaling axis in Paneth cells in the
expression of antimicrobial peptides (167). Indeed, examination of ileum revealed
significant reduction of Paneth cell granules and numbers per crypt in the ileum of
DKO mice compared to those of WT mice on both LFD and HFD (Fig. 3.11A-B). mRNA
levels of various antimicrobial peptides including Lyz1 (encoding Lysozyme), defa
(Defensin α) and Cr2 (Cryptdin 2) in the small intestine of DKO mice were lower than
those in WT mice (Fig. 3.11C). More profound changes were seen in cohorts with HFD
feeding (Fig. 3.11B-C). This was further confirmed by immunofluorescent staining of
Lysozyme C, a marker of Paneth cells (Fig. 3.11D). Expression of various antimicrobial
peptides in WT mice was not affected by cohousing with DKO mice (Fig. 3.11E),
suggesting that innate deficiency, rather than microbiota, may primarily account for
Paneth cell defect. Although TLR signaling has been implicated in epithelial
proliferation and repair in response to injuries (187), we observed no obvious
abnormalities in overall intestinal morphology (e.g. enteritis and etc) and PCNApositive proliferating cells in the small intestine of WT and DKO cohorts (Fig. 3.12A-B).
Together, TLR2/TLR4 deficiency impairs Paneth cell function while having no effect on
epithelial proliferation.

3.4.9

Increased bacterial translocation in DKO mice on HFD
Gut permeability of DKO mice as measured by the absorption of dextran-FITC

was comparable between the two HFD cohorts (Fig. 3.13A and 3.11F), so was the
expression of tight junction genes in the small intestine (Fig. 3.11G). However, serum
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endotoxin level was significantly higher in DKO mice on HFD (Fig. 3.13B). These data
are in line with a previous report showing increased bacterial load in the spleen of mice
deficient in TLR signaling in the absence of any measureable changes in intestinal
barrier function (188). Indeed, levels of TNFα-expressing activated CD8+ cytotoxic and
CD4+ T cells were elevated in the spleen of DKO mice on HFD when compared to those
of HFD-fed WT cohort (Fig. 3.13C). This response was bacteria elicited as it was
attenuated by antibiotics treatment (Fig. 3.13C). Similarly, a two-fold increase of
activated IFNγ+ CD4+ TH1 and CD8+ cytotoxic T cells and a four-fold increase of Gr-1+
CD11b+ neutrophils were observed in the spleen of the WT➞DKO chimeras relative to
those in the WT➞WT chimeras (Fig. 3.13D-E), pointing to an active immune response.
As we were not able to detect bacteria in the liver of DKO mice fed the HFD using
Gram staining, Q-PCR and in vitro bacterial culture (Fig. 3.12C-D and not shown), we
speculate bacteria-derived toxin(s) as the possible culprit.

3.4.10 Increased pulmonary cell death and reduced tight junction in the lung of DKO
mice on HFD
Noncardiogenic pulmonary edema is often associated with increased cell death
(180). To directly assess cell death, we performed TUNEL staining on the lung sections.
Strikingly, massive amount of apoptotic cells were detected in the lungs of DKO mice
on chronic HFD, while no apoptotic cells were present in the WT cohort (Fig. 3.13F).
Consistently, expression of a key antiapoptotic gene Bcl-2 was downregulated in DKO
mice (Fig. 3.13F). Moreover, as tight junction proteins are essential for epithelial barrier
function and defects in tight junctions are known to prime the lung for pulmonary
edema and hemorrhage (189), we next examined the expression of tight junction genes.
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Indeed, several genes involved in tight junctions were downregulated in the lung of
DKO mice on HFD (Fig. 3.13G). Surprisingly, transcript levels of various inflammatory
genes including Tnfa, Il6, Il1b and il18 in the lungs were comparable between WT and
DKO mice (Fig. 3.13H). This finding is reminiscent of an early study showing that
lethal toxin derived from C. sordellii increases lung permeability and causes lung
damage in the absence of inflammation (190). Finally, pointing to a possible role of gutderived bacterial toxin(s) in disease pathogenesis, i.p. challenge of 8-week-old WT mice
with filter-sterilized water-soluble gut luminal contents from DKO mice on HFD, but
not WT mice on HFD, caused pulmonary hemorrhage after 16 h (Fig. 3.13I). Thus,
toxin-mediated pulmonary cell death is likely a possible cause of lethal pulmonary
damage in DKO mice on HFD.
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Figure 3.11. Impaired Paneth cell function in DKO mice on HFD.
(A) Representative H&E images of ileal crypts and Paneth cells in mice fed a LFD or
HFD for 35 weeks. Arrows point to the base of the crypts. n=3 mice each. (B)
Quantitation of Paneth cell number in the ileum of mice fed a LFD or HFD for 35 weeks.
n= 90-120 crypts from 3 mice each. (C) Q-PCR analysis of anti-bacterial peptide genes in
ileal mucosa of mice on LFD or HFD for 35 weeks. Lyz1, lysozyme 1; Cr2, defensin
alpha 2; Defa1, defensin alpha 1; Defa-rs1, defensin alpha related sequence 1; Defa21,
defensin alpha 21. n=3 mice each. (B-C) Statistical analyses were performed with oneway ANOVA with the Tukey Post-tests (different letters mark p < 0.05). (D) Confocal
images of Lysozyme C staining in the ileum of mice on HFD for 29 weeks. n=3 mice
each. (E) Q-PCR analysis of anti-bacterial peptide genes in ileal mucosa of mice on HFD
for 35 weeks, either single- or co-housed. n=2-3 mice each. (F) Serum levels of dextranFITC 1 and 2 hr post-gavage in mice on HFD for 27 weeks. n=5 mice each. (G) Q-PCR
analysis of epithelial tight junction genes in ileal mucosa of WT and DKO mice on HFD
for 35 weeks. Ocln, occludin; Cdh1, cadherin 1; Jam1, F11 receptor; Cgn, cingulin. n=3
mice each. Q-PCR data are normalized to ribosomal gene l32. For panels E, F and G,
values, mean ± s.e.m. a.u, arbitrary units. (E-G) *, p<0.05;**, p<0.001; n.s, not significant
by Student’s t test.
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Figure 3.12. Normal intestinal morphology, epithelial cell proliferation and failure to
detect bacteria in the lung of DKO mice on HFD.
(A) Representative H&E images of small intestine and colon morphology in mice fed a
HFD for 29 weeks. N=3. (B) Representative images of PCNA staining (brown) of small
intestines of BMT chimeric mice fed a HFD for 17 weeks. N=3. (C) Representative
images of Gram staining of lungs from a DKO mouse that died from severe acute
pulmonary damage. No bacteria were detected in the lung. *, red blood cells; arrows,
nuclei. (D) Controls for Gram staining. Left, bovine stomach tissue with gram-positive
bacteria stained in blue (arrows). Right, calf kidney tissue with gram-negative bacteria
stained in red (arrows).
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Figure 3.13. Hyperendotoxemia and increased pulmonary cell death in DKO mice on
HFD.
(A) Serum dextran-FITC levels 4 hr post-gavage in mice on LFD or 27-week HFD. N=412 mice each. (B) Serum endotoxin levels in mice on LFD or 27-week HFD. N=8-10 mice
each. (C) Flow cytometric analysis of TNFα+ CD4+ and TNFα+ CD8+ T cells in the spleens
of mice fed on HFD with or without Abx for 5 weeks. N=3-4 mice each. (D-E) Flow
cytometric analysis of activated IFNγ+ CD4+ and IFNγ+ CD8+ T cells and Gr1+ CD11b+
neutrophils in the spleens of BMT chimeric mice on HFD for 24 weeks. Quantitation
shown in (E). N = 3-4 mice each. (F) Representative confocal images of TUNEL staining
(green) of the lungs from mice on HFD over 24 weeks. Right, q-PCR analysis of the antiapoptotic gene Bcl-2. Bcl2, B-cell lymphoma 2. n=3 each. (G) Q-PCR analysis of tight
junction genes in the lungs of WT or moribund DKO mice on HFD for 29-36 weeks.
a.u., arbitrary units. n=3 mice each. Cldn1, claudin 1; Ocln, occludin; Cdh1, cadherin 1;
ZO1,tight junction protein 1; Jam1, F11 receptor. (H) Q-PCR analysis of inflammatory
genes in the lungs of WT or moribund DKO mice on HFD. Tnfa, tumor necrosis factor
alpha; Il6, interleukin 6; Mip1a, chemokine (C-C motif) ligand 3; Ifng, interferon gamma;
Il1b, interleukin (IL) 1 beta; IL18, IL18 ; Nlrp3, NLR family, pyrin domain containing 3;
Asc, PYD and CARD domain containing; Nfkbia, nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor alpha; Emr1, EGF-like module
containing, mucin-like, hormone receptor-like sequence 1; Il12a, IL12a; Nos2, nitric
oxide synthase 2, inducible; Rantes, chemokine (C-C motif) ligand 5. n=3 mice each. (I)
Lung histology of the WT mice on LFD i.p. challenged with filter-sterilized watersoluble gut luminal contents from WT and moribund DKO mice on HFD for 35
weeks. Note pulmonary hemorrhage in lungs of WT mice injected with luminal
contents from DKO mice, but not from WT mice. N=2-4. Values, mean ± s.e.m. (A-C)
statistical analyses were performed with one-way ANOVA with the Tukey Post-tests
(different letters mark p < 0.05). (E-H), *, p<0.05 by Student’s t-test.
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3.5

DISCUSSION
Consumption of a Western diet, one of the driving forces for the obesity epidemic

and type 2 diabetes, may promote the expansion of pathobionts which are associated
with increased incidence of colitis or hepatocellular carcinoma in genetically susceptible
mice (45, 154, 155, 160, 162, 163, 191). How obesity and Western diet are linked to
lethality remains vague. Here, our data demonstrate that chronic intake of HFD
promotes pulmonary damage and mortality in genetically susceptible mice. Strikingly,
similar to recent reports of transmissible colitogenic and metabolic phenotypes (43, 155,
192, 193), our data show transmissibility of pulmonary damage and mortality through
cohousing and fecal transplantation, pointing to the presence of a dominant bacterial
factor(s) in the intestines of DKO mice fed the HFD. Our data show Paneth cell defects,
alterations in microbiota composition and elevated circulating bacterial toxins in DKO
mice on HFD, which are associated with reduced tight junction gene expression and
elevated cell death in the lung.
Our study is in line with previous studies showing that specific changes of the
TLR/MyD88 innate signaling as well as inflammasome signaling pathways may impair
Paneth cell function and thereby are associated with altered gut microbiota composition
(43, 45, 46, 155). Our extensive microbiota sequencing data indicates that the majority of
bacterial species enriched in DKO mice on HFD (vs. WT mice on HFD) are expanded
during HFD feeding, thereby arguing for the role of innate immunity in shaping gut
microbiota and disease pathogenesis. Moreover, sequencing analyses of gut microbiota
from BMT chimeric mice following 6-week HFD reveal that gut microbiota in
DKO➞DKO chimeras are distinct from those in WT➞DKO chimeras. This data
provides strong support for the role of innate deficiency in shaping microbiota
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composition. Thus, our data demonstrate that host innate immunity plays an important
role in influencing microbiota composition. By contrast, a recent study showed that
alterations in the microbiota of TLR-deficient mice may be mediated by familial
transmission rather than innate deficiency (168). We speculate that the discrepancy
between the studies may be due to the differences in sampling points for microbiota
composition and diet in these studies. In the Ubeda et al. (168), samples were collected
5-7 weeks after the weaning on LFD where similar microbiota compositions were
observed between different genotypes in the same litter. In this study, samples were
analyzed at least over 13 weeks, 20 or 24 weeks in some cases, post weaning or
cohousing. Moreover, our studies were performed over the course of 3 years with
several breeding pairs, during which diet-induced lethality was consistently observed.
Therefore, we conclude that microbiota differences between WT and DKO cohorts in
our study cannot be explained exclusively by familial transmission and that rather,
HFD and TLR2/TLR4 deficiency synergistically alter the structure of bacterial
community, which may favor the outgrowth of potentially virulent species or
pathobionts in the gut.
Similar to any other diseases, disease etiology and pathogenesis of pulmonary
damage in our study are likely to be complex. Our data indicate a connection between
the acquisition of gut dysbiosis and lethal pulmonary damage in DKO mice where the
lethality is associated with chronic intake of HFD, preventable by antibiotics treatment
and transmissible through cohousing or fecal transplantation. In addition, we show that
i.p. challenge of WT mice with water-soluble gut luminal contents from DKO mice on
HFD causes damage to the lung while those from WT mice on HFD do not. Thus, these
data suggest that the susceptibility to pulmonary damages observed in DKO mice may
be a result of complex interactions between the gut microbiota and innate immunity at
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the level of specific cell types such as the intestinal epithelial cells (e.g., Paneth cells).
However, the exact origin of the phenotype cannot be firmly identified with the use of
whole body DKO mice. Genetic defect of TLR2/TLR4 in tissues such as the liver, lung
or intestines may contribute to disease pathologies, which requires the generation and
characterization of tissue- and cell-type-specific DKO mice. Moreover, we can’t
conclusively exclude other possibilities such as the role of lung microflora. The
functional role and implications of the lung microbiota are unknown at this point, but
this is a promising avenue for future investigations, particularly given the recent
literature that has linked microbiota in the lung with healthy or diseased lung (194-196).
Although pulmonary damage in our study is acute, an extended feeding period or
“incubation period” (time from initial HFD feeding to death) is required before the
development of severe pulmonary damage and peak mortality. This is likely
attributable to a gradual change in gut microbiota composition, the overgrowth of a
specific gut pathogen(s), and/or production of a threshold level of deleterious bacterial
product(s) leading to systemic translocation and pulmonary alveolar endothelial
damage. In addition, a recent study showed that HFD and HFD-induced obesity in WT
mice do not dramatically affect inflammatory response in the lung, but do modulate
sensitivity to LPS challenge (197). Moreover, our data show decreased tight junction
gene expression with elevated cell death in the lung of DKO mice on HFD. As tight
junction proteins are essential for epithelial barrier function and the junctional
deterioration often leads to pulmonary edema and hemorrhage (189), this finding
provides possible molecular mechanism underlying disease pathogenesis. Future
studies are required to further elucidate how tight junction genes are regulated.
Defining the role of a specific bacterial specie(s) or toxin(s) remains extremely
challenging given diverse gut bacteria and complex disease pathogenesis (198). Our
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bacterial sequencing reveals increased abundance of several bacteria belonging to the
order Clostridiales (Phylum: Firmicutes) in DKO mice on HFD, which are found in WT
mice upon cohousing. Clostridia are one of the most prominent Gram-positive and
spore-forming bacteria indigenous to the murine gastrointestinal tract (199). Certain
species of Clostridia secrete metabolites that are required for the optimal induction of
intestinal regulatory T cells independently of TLR signaling (200). Clostridia species
have also been implicated in the maintenance of mucosal homeostasis and the
pathogenesis of IBD (201, 202). Certain members of the Clostridium genus have wellestablished pathogenic properties and are capable of producing potent toxins (152, 203,
204), which may contribute to pulmonary alveolar endothelial damage and vascular
permeability (204). Indeed, administration of bacterial toxin such as those from C.
sordellii in mice causes similar lethal pulmonary damage as reported in this study (190,
205-207). Whether certain members of the Clostridium genus are responsible for
pulmonary damage in DKO mice remains to be demonstrated. A better understanding
of the host-microbiota interactions will be essential for future efforts to target specific
subsets of gut microbiota as a therapeutic means. The conclusion of this study may be
important for patients with immunodeficiency or immune suppression, particularly
those on chemotherapy or radiotherapy, where gut microbiota-caused conditions are
often life-threatening (152).
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CHAPTER 4

∗

SEL1L IS INDISPENSABLE FOR MAMMALIAN ERAD, ER HOMEOSTASIS AND
SURVIVAL
4.1

ABSTRACT
Sel1L is an adaptor protein for the E3 ligase Hrd1 involved in endoplasmic

reticulum-associated degradation (ERAD). Its physiological importance in mammalian
ERAD, however, remains to be established. Here, using the inducible Sel1L knockout
mouse and cell models, we provide the first in vivo evidence that Sel1L is indispensable
for Hrd1 stability, ER homeostasis and survival. Acute loss of Sel1L leads to premature
death in adult mice within 3 weeks with profound pancreatic atrophy. Contrary to
current belief, our data show that mammalian Sel1L is required for Hrd1 stability and
ERAD function both in vitro and in vivo. Sel1L deficiency disturbs ER homeostasis,
activates ER stress, attenuates translation and promotes cell death. Serendipitously,
using a biochemical approach coupled with mass spectrometry, we found that Sel1L
deficiency causes the aggregation of both small and large ribosomal subunits. Thus,
Sel1L is an indispensable component of the mammalian Hrd1 ERAD complex and ER
homeostasis, which is essential for protein translation, pancreatic function, cellular and
organismal survival.
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4.2

INTRODUCTION
Protein misfolding and aggregation in the ER contributes significantly to the

etiology and pathogenesis of many devastating diseases, including α1-antitrypsin
deficiency, type 1 diabetes, Creuzfeld-Jacob disease and cystic fibrosis (47). ERAD
targets misfolded secretory and membrane proteins in the ER for proteasomal
degradation (73, 74, 89), while the unfolded protein response (UPR) senses ER stress
signals and initiates global changes in transcription and translation (49, 208). These two
are the key quality-control systems in the cell to maintain ER homeostasis and adjust ER
capacity in response to environmental cues. In yeast, while cells tolerate the loss of each
pathway, loss of both pathways leads to synthetic lethality (56, 209), suggesting that
these two pathways function in a cooperative but interdependent manner.
In mammals, the relationships between the two are much more complicated in
part due to increased complexities within the UPR and ERAD systems. At least three
major branches of UPR and five major ERAD complexes have been identified to date.
Moreover, studies have suggested that different cell types in mammals have different
burdens and tolerance to ER misfolded proteins and hence different dependency and
requirement for UPR and ERAD for survival. How various cell types maintain ER
homeostasis remains an open and challenging question. Animal models are needed to
directly address physiological significance of the ERAD and UPR in a cell type-specific
manner. Several animal models defective in UPR have been characterized to date,
however, studies of ERAD mouse models have been limited (99-101, 210).
Among several key E3 ligases that have been identified so far, Hrd1 is a principle
ER-resident E3 ligase and forms a complex with an ER-resident single-transmembrane
protein Hrd3 in yeast or Sel1L/mHrd3 in mammals, responsible for the degradation of
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a subset of misfolded proteins in the ER (59, 80-85). Studies have implicated Sel1L in
various cellular processes, including tumorigenesis of various cancer types (211), stem
cell differentiation (212), pancreatic epithelial cell differentiation (102) and
retrotranslocation of cholera toxin to the cytosol (91). Variants in the Sel1L gene has
been identified in human patients with autoimmune thyroid diseases (103), in canines
with progressive early-onset cerebellar ataxia (104) and in humans with Alzheimer’s
disease (105). However, our ability to dissect physiological roles of Sel1L has been
limited due to the embryonic lethality of the Sel1L-deficient mice (99). To circumvent
this problem, we have generated and characterized inducible Sel1L-deficient mouse and
cell models to permit an assessment of Sel1L function in adult animals and
immortalized mouse embryonic fibroblasts (MEFs). Here our data demonstrate, for the
first time, an indispensable role of Sel1L in mammalian ERAD and ER homeostasis and
physiological consequences associated with acute Sel1L deficiency.

4.3

MATERIALS AND METHODS

Mice
The Sel1ltm1a(KOMP)Wtsi (Sel1Lflox/+) ES cells on the C57BL/6N background were purchased
from the KOMP Repository Project (ID CSD44577, UC Davis,
http://www.knockoutmouse.org/martsearch/project/44577) (213). Exon 6 of Sel1L
gene was flanked with two loxP sites (floxed). The lacZ-neo cassette was deleted by
crossing the animals onto the βActin-FLPe deleter mice on the C57BL/6J background
(JAX 003800). The resulting Sel1Lflox/+ animals were intercrossed to generate Sel1Lflox/flox
(f/f) mice. The Sel1Lflox/flox mice were then crossed with actin-promoter driven estrogen
receptor-Cre fusion protein transgenic (ERCre) mice on the C57BL/6J background (JAX
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004682). The last cross generated f/f;ERCre+ and the control cohort f/f;ERCre- littermates
at 1:1 ratio. Mice were fed on low-fat diet consisted of 13% fat, 67% carbohydrate and
20% protein (Harlan Teklad 2914). Wildtype B6 mice were purchased from JAX and
bred in our mouse facility. All animal procedures have been approved by the Cornell
IACUC (#2007-0051).

Tamoxifen-mediated Sel1L deletion and survival analysis
Tamoxifen (Sigma T5648) was dissolved in sunflower oil at 5 mg/mL. Age-matched
littermates at the age of 8-20 weeks were injected intraperitoneally with tamoxifen at the
volume of 5 µL/g body weight daily for three consecutive days. Body weights were
monitored daily until the end of experiments. For humane reason and guidelines from
IACUC, when body weight drops below 80% of the starting body weight, mice were
announced “dead” and euthanized.

Metabolic phenotyping and tissue collection
Food intake was measured every other day by weighing the food pellets in the cage. Ad
libitum blood glucose was measured at 9:30am every two days using TRUEresult
Glucometer (Nipro Diagnostics). Rectal temperatures of mice were measured after
overnight fasting using a thermometer (Alpha Technics model 4600). Metabolic cage
analysis was performed with a Comprehensive Lab Animal Monitoring System
(CLAMS, Columbus Instruments, Columbus, OH) with one-day acclimation followed
by two-day measurement. Euthanasia was performed by cervical dislocation. Tissues
were immediately harvested and either fixed in 10% neutralized formalin for histology
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or snap-frozen in liquid nitrogen for Western blot analyses. Frozen tissues were stored
at -80°C.

Intralipid gavage
Mice were fasted overnight and gavaged with intralipid (20% fat emulsion, Baxter
2B6023) at 20 µL/g body weight. Blood plasma was collected before and 1.5 hours after
the gavage. Triglyceride levels in the plasma were measured using the Triglyceride
Determination Kit (Sigma-Aldrich TR0100) following the manufacture’s instruction.

Oil red O staining of fecal smear
Fat malabsorption (steatorrhea) was detected by Oil-Red O staining of fecal smear as
previously described (214). Fecal samples were collected from mice at day 13. Fecal
samples from mice on 60% high-fat diet (Research Diets) for 2 month were used as a
positive control.

Multiplex assay and ELISA
Blood plasma was collected from mice under ad libitum at day 13 and analyzed with
Bio-plex Pro mouse diabetes panel 8-plex system (Bio-Rad 171-F7001M) per supplier’s
protocols. Additionally, plasma insulin levels were measured using the mouse insulin
ELISA kit (Crystal Chem 90080) per supplier’s protocols.

Pancreatic enzymatic activity
Tissue enzymatic activities were analyzed at day 13. 20 mg tissue from each sample
was homogenized on ice by Dounce homogenizer with 200 µL saline. After
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centrifugation, supernatant was diluted 20 or 50 fold for lipase or amylase activity
assays, respectively, with kits from Biotron Inc. (47C and 17C).

TEM
Mice at day 12 after tamoxifen injection were sacrificed at 9-10 am ad libitum. Pancreas
was immediately sliced into 1-2 mm3 pieces and fixed, stained, dehydrated and
embedded in Poly/bed 812 (Polysciences). Fixation and embedding processes were
carried out at the Cornell Center for Materials Research Core Facility. Embedded
samples were cut with Leica Ultracut Ultramicrotome system and images were taken by
JEM-1400 Transmission Electron Microscope on a fee-for-service basis at the Electron
Microscopy & Histology Core Facility at Weill Cornell Medical College.

Histological analysis and immunohistochemistry staining
Tissues were fixed in 10% neutralized formalin, and processed by the Cornell Histology
Core Facility for paraffin embedding, sectioning and H&E staining on a fee-for-service
basis. Tissue section examination was performed by our collaborating pathologist in
this study (G.D.). For immunohistochemistry staining (IHC), paraffin-embedded
pancreatic sections were rehydrated, boiled in 1mM EDTA for antigen retrieval, and
stained with Histostain kit and DAB substrate from Invitrogen. Antibodies used for
IHC were: α-Amylase (1:200), Sel1L (1:200) and Ki67 (1:50) from Abcam, and Hrd1
(rabbit, 1:200) from Novus Biologicals. Staining of insulin and glucagon was performed
by the Cornell Histology Core Facility. H&E and IHC sections were scanned using the
Aperio Scanscope and pictures were taken at various magnifications. Quantitation was
performed as described below.
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TUNEL and confocal analysis
Paraffin-embedded pancreas tissue sections were rehydrated, treated with protease K,
and stained for 1 hour at 370C using the in Situ Death Detection TUNEL Kit (Roche
11684795910). The fluorescence was visualized and images were captured under a Zeiss
LSM710 confocal microscope with 10X magnification at Cornell Biotechnology Resource
Center Imaging Facility. For quantitation of TUNEL positive cells, 40 views were
randomly chosen under 20X magnification from WT and Sel1LIKO pancreas and
TUNEL+ cells were counted as a blind study.

Image quantitation
Size of pancreatic granules in WT and Sel1LIKO mice was measured from TEM pictures
using ImageJ (National Institute of Health, Bethesda, USA). A scale was set for a known
distance of 2 µm and 100 granules were randomly chosen from WT and Sel1LIKO
pancreas as a blind study, outlined with oval or elliptical selection tool and measured
for perimeter (µm) and area (µm2) (215). For Ki67 quantitation, the number of
pancreatic Ki67-positive nucleus on immunostained tissue sections was measured by
randomly selecting a total of 30 ~45000 µm2 centrally located areas from each genotype
(n=3 mice each genotype) and visually counting the Ki-67 positive cells as a blind study.
The results were then calculated as the average number of Ki67 positive cells per area.

Tissue lysate preparation, Western blot and quantitation
Preparation of cell and tissue lysates, subcellular fractions, and Western blot were
performed as previously described (216, 217). Antibodies used in this study were:
HSP90 (rabbit, 1:6,000), GRP78 (goat, 1:1,000), Bcl-2 (rabbit, 1:1,000), pancreatic lipase
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(goat, 1:1,000), CHOP (mouse, 1:500), EDEM1 (goat, 1:1,000), XTP3B (goat, 1:1,000) from
Santa Cruz; PERK (rabbit, 1:1,000), (p-S51)-eIF2α (rabbit, 1:2,000), LC3B (rabbit, 1:1,000),
(p)-S6K and S6 (1:1000) from Cell Signaling; Sel1L (rabbit, 1:2,000), α-Amylase (rabbit,
1:5,000), OS9 (rabbit, 1:10,000) from Abcam; Hrd1 (rabbit, 1:8,000), GAPDH (mouse,
1:40,000) from Novus Biologicals; Pdia1 (rabbit, 1:10,000), GRP58 (rabbit, 1:2,000) from
Assay Design. CREB (rabbit, 1:10,000) was a kind gift from Dr. Marc Montminy (Salk
Institute). Bag6 and H2A (218) were generously provided by Dr. Yihong Ye (NIDDK,
NIH). Band density was quantitated using the Image Lab software on the ChemiDOC
XRS+ system (Bio-Rad). Protein levels were normalized to HSP90 and presented as
mean ± SEM unless otherwise specified. Linear regression line analysis shown in Fig. 3F
was performed using Graphpad Prism software and the goodness of fit was
represented by R2 value. Data points were collected from various tissue and cell
samples (pancreas, gut, kidney and MEFs) in several independent experiments,
including all those shown in this paper.

RNA extraction, RT-PCR for Xbp1 mRNA splicing and qPCR
To extract RNA from pancreas, mice were anesthetized and pancreas tissues were
perfused locally with RNAlater reagent (Qiagen). Tissues were then excised and soaked
in RNAlater on ice for stabilization. Total RNA was extracted using Trizol and RNA
miniprep kit (Sigma RTN350) with DNaseI digestion (Roche). RNA quality was
determined by measuring the OD260/280 and visualized on an agarose gel. RT-PCR
were performed as previously described (216). Percent of Xbp1 mRNA splicing defined
as the ratio of Xbp1s level to total Xbp1 (Xbp1u +Xbp1s) levels was quantitated using the
ImageLab software. Reactions without cDNA were included as negative controls to
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ensure the specificity. All qPCR data were normalized to ribosomal l32 gene in the
corresponding sample. Q-PCR primer sequences are listed in Table 4.1. Xbp1 mRNA
splicing in Sel1LIKO MEFs was analyzed as described above.

Table 4.1. Primer sequences used in this study.

	
  

109	
  

Microarray and data analysis
RNA quality and concentration was examined using the RNA 6000 Nano kit on the
Agilent 2100 bioanalyzer. The cDNA array of pancreatic RNA was performed as
previously described (174). A fold-change of 1.5 and q value <0.01 were set as cut-off for
differential regulation and analyzed by Ingenuity analysis. The microarray datasets
have been submitted to Gene Expression Omnibus.

Polysome profiling of tissues and cells
Sel1LIKO MEFs were treated with vehicle or 4-OHT for 3 days, and harvested at 80%
confluence from ten 10cm plates. Cells were treated with vehicle or thapsigargin (Tg,
300 nM) for 2 hours and 0.1 mg/mL cycloheximide (CHX) was added at the last 3 min
of treatment. The plates were washed with ice-cold PBS containing 0.1 mg/mL CHX,
and cells were scraped in 1mL PBS. After centrifugation at 500 g, cell pellet was lysed in
1 mL lysis buffer (20 mM Tris pH7.4, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT, 250
µg/mL CHX, 1% Triton-X100, 100 µg/mL heparin, 120 U/mL RNAseOUT (Invitrogen)
and 0.5% protease inhibitor cocktail (Sigma)) and homogenized with Dounce grinder.
Lysate was incubated on ice for 10 min and centrifuged at 12000g for 10min, and 800 µL
of the supernatant was layered onto a 12 mL 15-45% sucrose gradient prepared using
the Gradient Master (BioComp Instruments) with the polysome buffer (20 mM Tris
pH7.4, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT). After centrifugation at 32,000 rpm for
2.5 hours in a SW40 rotor, the gradients were fractioned at 1.5 mL/min with an
automated fractionation system (ISCO), which continuously monitored absorbance
values at 254 nm. For kidneys, mice on day 9 were anesthetized and the bottom half of
the left kidney was removed, homogenized with Dounce grinder in 1 mL lysis buffer

	
  

110	
  

(with 200 U/mL RNAseOUT). Lysate was cleared by centrifugation and fractioned with
15-45% sucrose gradients as described above. Our multiple attempts using pancreas for
polysome profiling failed likely due to the large amount of tissue RNases.

NP40 fractionation for pancreas tissue
Frozen pancreas tissue from WT and Sel1LIKO mice at day 13 (~15 mg) was weighed and
homogenized in NP40 lysis buffer (50 mM Tris-HCl pH 8.0, 0.5% NP40, 150 mM NaCl, 5
mM MgCl2) supplied with protease inhibitor (Sigma). The lysate volume was
normalized by tissue weight at 500 µL per 10 mg tissue. The lysate was centrifuged at
12,000 g for 10 min and the supernatant was collected as NP40S fraction. The pellet
weight was measured and presented as the percent of the total tissue weight. The pellet
was then suspended in 1X SDS sample buffer (50 mM Tris-Cl, 2% SDS, 0.29 M 2mecaptoethanol, 10% glycerol, 0.01% bromophenyl blue) with the volume normalized
to initial tissue weight, heated at 95°C for 30 min and collected as the NP40P fraction.
The NP40S and NP40P fractions were subsequently analyzed by Western blot or
Coomassie Brilliant Blue staining (see below).

Soluble protein aggregates in pancreas The NP40S fraction was mixed with 5X SDS
sample buffer (250 mM Tris-Cl, 10% SDS, 1.44 M 2-mecaptoethanol, 50% glycerol, 0.05%
bromophenyl blue). Samples were heated at 65°C for 5 min and 20 µL was loaded onto
12% SDS-PAGE. Gel was incubated with Coomassie Brilliant Blue (0.5 g Coomassie
Brilliant Blue R-250 in 450mL methanol, 450mL Milli-Q water, and 100mL acetic acid)
with gentle rocking for 30 min at room temperature followed by 2 washes with Milli-Q
water 5 min each. Gel was destained in destaining solution (45% methanol, 45% Milli-Q
water, 10% acetic acid) that was changed every 30 min until bands could be clearly
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visualized. Protein bands in the stacking gels were considered as soluble protein
aggregates.

Mass spectrometry analysis Protein bands excised from Coomassie-stained gels were
subjected to an in-gel trypsin digestion as previously described (68). The resultant
peptide mixtures were pressure-loaded onto a C18 reverse phase capillary column and
analyzed by online nanoflow liquid chromatography tandem mass spectrometry (LCMS/MS) on an Agilent 1200 quaternary HPLC system (Agilent, Palo Alto, CA)
connected to an LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific) using a 2hour gradient, as previously described (68). MS data were searched with ProLuCID on
IP2 (Integrated Proteomics Applications, Inc., San Diego, CA) against a mouse UniProt
database, and filtered using DTASelect2 with a 5 ppm delta mass cutoff of the peptide
masses and a false positive rate below one percent.

Generation of Sel1LIKO MEFs
MEFs were generated from day 13.5 embryos of mating between f/f;ERCre+ and
f/f;ERCre- mice. Briefly, head and liver from embryos at day 13.5 were carefully
removed (saved for genotyping), and the remaining part was minced and digested with
2 mL of trypsin at 37°C for 10 min, vigorously pipetted into single cell suspension, and
cultured in 10cm dish. After two passages, MEFs were immortalized by transduced
with the pBabe-SV40 retroviral system (gifts from Dr. Robert Weiss, Cornell University)
and selected with puromycin as we previously described (216).

In vitro studies of MEFs

	
  

112	
  

To induce Sel1L deletion, f/f;ERCre+ or control f/f;ERCre- (WT) MEFs were treated with
400 nM 4-OHT (Sigma H7904, dissolved in 100% ethanol). Every 4 days, cells were
trypsinized, counted and plated at 2x105 cells per 10 cm dish as p1 and p2. p0 refers to
parental cells without 4-OHT treatment. Cell viability assays were carried out using the
Cell Counting Kit-8 (CCK-8) per supplier’s protocol in 96 well plates (Dojindo).
Brefeldin A (BFA)-Bodipy staining of MEFs was performed as previously described
(68). For transfection with the model substrate A1ATNHK-GFP, f/f;ERCre+ MEF cells in 6
well plates were transfected with plasmids encoding A1ATNHK-GFP using
Lipofectamine 2000 per supplier’s protocol (Invitrogen). 6 hours later, transfection
medium was replaced with fresh culture medium containing either vehicle or 4-OHT
for 3 days prior to analysis. Flow cytometric analysis was performed using BD
FACSCalibur and gated on GFP-positive population. Cells were also examined using
the inverted Nikon Eclipse Ti microscopy (Nikon).

Statistical analysis
Results are expressed as mean ± SEM unless indicated otherwise. Comparisons between
groups were made by unpaired two-tailed Student’s t-test, where p < 0.05 was
considered as statistically significant. Survival curves were compared by the Log-rank
(Mantel-Cox) test. All experiments were repeated at least two to three times and
representative data are shown.

	
  

113	
  

4.4

RESULTS

4.4.1

Premature lethality of Sel1LIKO mice
Sel1L is ubiquitously distributed in many tissues with the strongest expression in

the pancreas (Fig. 4.1A). To study the role of Sel1L in vivo, we generated tamoxifeninducible knockout mice f/f;ERCre+ (Sel1LIKO) with f/f;ERCre- (WT) littermates as a
control cohort (Fig. 4.1B-C). Mice were born at an expected Mendelian ratio (Fig. 4.2A)
and grew normally in the first 16-week of life following weaning at 3 weeks of age (Fig.
4.2B). To acutely induce Sel1L deficiency, adult mice were injected daily with tamoxifen
for three days (from day 0 to day 2). Day 0 was defined as the day with the first
tamoxifen injection. Following tamoxifen injection, Sel1LIKO animals progressively lost
body weight starting around day 8. They became runted and moribund with reduced
body temperature and died within 2-3 weeks (Fig. 4.1D-F), despite higher food intake,
normal blood glucose levels, energy expenditure and physical activity (Fig. 4.1G-H and
4.2C).
The observations that Sel1LIKO mice lost body weight despite higher food intake
and normal metabolic parameters prompted the speculation that Sel1LIKO mice may
suffer from maldigestion and malabsorption. To directly test this, we gave mice an oral
bolus of lipid. Indeed, serum triglyceride level was significantly lower in Sel1LIKO mice
than that of WT mice (Fig. 4.1I). Moreover, fecal fat contents of Sel1LIKO mice were
higher than those of WT littermates (Fig. 4.1J). Both evidence points to the diagnosis of
maldigestion and malabsorption. Thus, acute Sel1L deficiency leads to early lethality
and nutrient malabsorption in adult mice.
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Figure 4.1. Early lethality and nutrient malabsorption in Sel1LIKO mice.
(A) Western blot analysis of Sel1L in different tissues from WT mice. Gastroc,
gastrocnemius; BM, bone marrow; WAT/BAT, white/brown adipose tissue. HSP90, a
loading control. (B) Diagram illustrating the generation of Sel1Lflox/+ animals. Gray boxes,
exons. The loxP sites flank the exon 6. (C) Diagram illustrating the generation of
Sel1Lflox/flox;ERCre mice. ERCre, estrogen-receptor-controlled Cre. (D) Body weight
change after three daily injections of tamoxifen in adult mice. Arrows point to three
consecutive tamoxifen injection. WT, n=20; IKO, n=29. (E) Surviving curve of WT and
IKO mice after tamoxifen injection. WT n=16; IKO n=25. ***, p<0.001 by the Log-rank
(Mantel-Cox) test. (F) Rectal body temperature at day 13 (n=5). (G) Food intake after
tamoxifen injection (n=5). (H) Blood glucose levels (ad libitum) after tamoxifen injection
(n=5). (I) Serum Triglyceride (TG) levels before and at 1.5 h post-lipid gavage in WT
and IKO mice. n=5 each. (J) Oil red O staining of fecal smear from WT and IKO mice.
Non-stained and stained fecal smear slides from 2 month HFD fed mice were used as
negative and positive controls, respectively. Representative pictures of 4 mice each
group shown. Data are mean ± s.e.m. *, p<0.05; **, p<0.01; ***, p<0.001 by Student’s ttest except for E. Representative data of at least two experiments shown.
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Figure 4.2. Characterization of acute Sel1L knockout mice.
(A) Genotyping of f/f;ERCre- and f/f;ERCre+ mice by PCR. (below) Observed genotypes
in the offsprings. (B) Growth curve without tamoxifen injections. (C) Metabolic cage
study of WT and IKO mice from day 10 to 12. RER, respiratory exchange ratio. n=4
each. Data are mean ± s.e.m. *, p<0.05 by Student’s t-test.
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4.4.2

Pancreatic atrophy in the pancreas of Sel1LIKO mice
At day 8, visual and histological examinations revealed no apparent

abnormalities in tissues such as small intestine, lung, liver, heart and skeletal muscle
(Fig. 4.3). However, that was not the case for the pancreas. Unlike the pancreas of WT
mice which had a firm consistency and uniform yellow opaque color, the pancreas of
Sel1LIKO mice was diffusely dark red, soft and weighed about half of that of the WT
mice; a change consistent with severe pancreatic atrophy (Fig. 4.4A-B). Histologically,
dramatic morphological degenerative changes were noted in the exocrine pancreas of
Sel1LIKO mice, including dramatic reduction of eosinophilic cytoplasmic secretory
zymogen granules, increased basophilia marked anisokaryosis and binucleated cells
(Fig. 4.4C). A few lymphocytes and neutrophils were frequently detected in the
interstitium of the exocrine pancreas of Sel1LIKO mice, a change interpreted as mild
pancreatitis (Fig. 4.5A). In line with reduced eosinophilic staining in the H&E-stained
tissue sections, the protein levels of two major components of acinar cell zymogen
granules, pancreatic α-amylase and lipase, were significantly reduced in the pancreas of
Sel1LIKO mice (Fig. 4.4D). The reduction of pancreatic α-amylase was further confirmed
by immunohistochemistry staining of pancreatic tissue (Fig. 4.4E). Accordingly,
enzymatic activities of pancreatic lipase and α-amylase were reduced by over 60-80% in
the pancreas of Sel1LIKO mice (Fig. 4.4F). The mRNA levels of α-amylase and pancreatic
lipase were downregulated as well (Fig. 4.4G). Of note, Sel1L deletion was limited to the
exocrine pancreas (Fig. 4.4E). This observation provided an explanation for the normal
function of the endocrine pancreas in terms of blood glucose (Fig. 4.1H) and
insulin/glucagon levels in the circulation and pancreatic islets (Fig. 4.5B-C). Thus,
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Sel1LIKO mice exhibit pancreatic atrophy with defects in nutrient digestion and
absorption.
The phenotypes of the Sel1LIKO pancreas and mice indeed resemble the condition
of exocrine pancreatic insufficiency (EPI), a disease often seen in mammals, including
humans, dogs and cats (219). EPI is associated with a reduction in pancreatic enzymes
and hence nutrient maldigestion and malabsorption.

4.4.3

Increased cell death in the pancreas of Sel1LIKO mice
To identify signaling pathways that were affected by acute Sel1L deficiency, we

performed a non-biased whole-genome microarray analysis of the pancreas at day 13
(Fig. 4.6A). Strikingly, over 2,000 genes were altered in the pancreas of Sel1LIKO mice,
with a fold change of >1.5 or <-1.5 and q-value <0.01. Among them, 1,195 genes were
upregulated by >1.5 while 1,000 genes were downregulated more than 1.5 fold. Top 20
genes that were either upregulated or downregulated in Sel1LIKO samples were shown
in Fig. 4.6B. Functional pathway analysis of Sel1L-responsive transcripts revealed that
Sel1L deficiency facilitated expression of a host of biological processes including cell
death, ER stress response, lipid and carbohydrate metabolism (Fig. 4.4H). Indeed,
ingenuity analysis further revealed that, in addition to XBP1s, key regulators of lipid
metabolism including members of peroxisome proliferator-activated receptor family
(PPARα, PPARγ and PPARβ/δ) and sterol regulatory element binding transcription
factor 2 (SREBF2) were activated in the pancreas of Sel1LIKO mice (Fig. 4.6C).
TUNEL staining showed 3-4-fold increase of TUNEL-positive cells in the
exocrine pancreas of Sel1LIKO mice (Fig. 4.4I and 4.7A), confirming increased cell death.
Accordingly, the anti-cell death protein Bcl-2 was significantly reduced (Fig. 4.7B).
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Histological assessment of H&E-stained pancreatic tissues of Sel1LIKO mice revealed
pyknotic nuclei with eosinophilic cytoplasm (Fig. 4.7C), a finding consistent with
increased cell death. Although disruption of ER homeostasis is linked with the
activation of autophagy in some cell types (220, 221), Sel1L deficiency was not
associated with increase of autophagy in pancreas as measured by LC3B cleavage (Fig.
4.7B). Expression of a proliferation marker Ki67 was significantly reduced in the
exocrine pancreas of Sel1LIKO mice when compared to that in WT mice (Fig. 4.7D). Thus,
in line with pancreatic atrophy, Sel1L deficiency promotes cell death and pancreatic
atrophy in the exocrine pancreas.
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Figure 4.3. Tissue histology of Sel1LIKO mice.
H&E images of various tissues from WT and IKO mice at day 8.
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Figure 4.4. Exocrine pancreatic insufficiency and increased cell death in the pancreas
of Sel1LIKO mice.
Experiments were performed at day 13. (A) Picture of WT and IKO pancreas from male
mice. Each picture represents 5 mice each group. (B) H&E images showing pancreatic
atrophy in IKO mice. (C) H&E images showing reduced eosinophilic zymogen
staining, different nuclei sizes (arrows) and binucleated cells. (D) Western blot analysis
of various pancreatic enzymes with quantitation shown below. Asterisk indicates the
non-specific band. Each lane represents one mouse. (E) Immunohistochemistry of
Amylase and Sel1L. n=3-5 each group. Asterisk denotes an islet. Note Sel1L deletion is
largely limited in the exocrine pancreas. (F) Enzymatic activities in WT and IKO
pancreas. n=5 each group. (G) qPCR analysis of genes in the pancreas. n=5 each.
Amy2a5, amylase 2a5; Pnlip, pancreatic lipase. (H) Ingenuity analysis showing top 25
significantly changed functional annotations between WT and IKO pancreas (day 13)
with a threshold of fold change >1.5 or <-1.5 and q-value <0.01. Red arrow, cell death;
blue arrows, stress responses. (I) Confocal images of TUNEL staining (green) with
nuclei stained with DAPI. Positive/negative controls shown in Fig. 4.7A. Quantitation
of TUNEL-positive cells in 40 random views under 20X magnification shown on the
right. Data are mean ± s.e.m. *, p<0.05; ***, p<0.001 by Student’s t-test. Representative
data of at least two experiments shown.
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Figure 4.5. Sel1LIKO mice develop EPI and nutrient malabsorption.
Mice were analyzed at 13 day after the first tamoxifen injection. (A) H&E images of IKO
pancreas, showing lymphocyte infiltration. Arrows indicates neutrophils and
lymphocytes. n=3-5 each group. (B) Plasma insulin and glucagon levels. n=5 each. (C)
Representative immunohistochemical staining of insulin and glucagon on the
pancreatic sections. n=3-5 each group.
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Figure 4.6. Microarray analysis of the pancreas.
Pancreas were harvested at day 13. (A) Images showing high quality of pancreatic total
RNA analyzed by Agilent Bioanalyzer. Two peaks represent 18S and 28S ribosomal
RNA. RIN: RNA integrity number. RIN on a scale of 1-10 (1= lowest; 10= highest). (B)
Heat map showing the top 20 genes that were either upregulated or downregulated in
IKO pancreas. Red arrows, UPR genes. (C) Ingenuity analysis of the microarray data
showing that the transcription factors involved in lipid metabolism were activated in
IKO pancreas.
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Figure 4.7. Increased cell death and decreased proliferation in the exocrine pancreas
of Sel1LIKO mice.
Pancreas were harvested at day 13. (A) Positive and negative controls of the TUNEL
staining. IKO pancreas section incubated with TUNEL reaction without dTd enzyme
served as a negative control. Small intestinal collected 24 hours after 10 Gy irradiation
were used as a positive control. (B) Western blot of Bcl-2 and LC3B cleavage with
quantification below. (C) H&E images of cell death in the exocrine pancreas of IKO mice
(arrows). n=3 samples. (D) Immunohistochemistry staining of Ki67 in WT and IKO
pancreatic sections. Quantitation of Ki67 from 40 random views under 20X
magnification shown on the right (n=3 mice each). Asterisk denotes an islet in the
image. Data are mean ± s.e.m. *, p<0.05; ***, p<0.01 by Student’s t-test. Representative
data of two experiments shown.
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4.4.4

Characterization of the Sel1L-Hrd1 ERAD complex in the exocrine pancreas of
Sel1LIKO mice
While recent studies showed a dispensable role of Sel1L in Hrd1 stability and ER

homeostasis (see Introduction), our microarray data suggested that ER stress response
was induced by Sel1L deficiency (Fig. 4.4H). As Sel1L is a known Hrd1 cofactor, we
first determined the impact of Sel1L deficiency on Hrd1 and ERAD. Taking advantage
of an inducible model, we analyzed dynamic cellular response to Sel1L loss. Following
tamoxifen injection, Sel1L protein level was greatly abolished at day 4. Remarkably,
Hrd1 protein levels decreased gradually, reaching 30% at day 4 and 20% at day 8 (Fig.
4.8A-B). The decrease of Hrd1 protein levels was not due to transcriptional suppression
as Hrd1 mRNA was actually increased (Fig. 4.8C). The concurrent reduction of Sel1L
and Hrd1 protein levels in the pancreas of Sel1LIKO mice was further confirmed using
immunohistochemistry (Fig. 4.8D). Similar observation of Sel1L-regulated Hrd1
stability was seen in other tissues of Sel1LIKO mice including the kidney and ileum (Fig.
4.8E). Indeed, Hrd1 and Sel1L protein levels exhibited a linear correlation in various
Sel1L-deficient tissues and MEFs (Fig. 4.8F). Together, we conclude that Sel1L regulates
Hrd1 protein stability in vivo and that we have generated an inducible mouse model
deficient in both Sel1L and Hrd1.
Hrd3/Sel1L-Hrd1 belong to a larger macromolecular complex involved in
ERAD, including EDEM1, OS9 and XTP3B (82, 222-227). We next examined how Sel1L
deficiency affects their protein levels. Strikingly, protein levels of EDEM1, OS9.1 and
OS9.2 were elevated by over 50-, 5- and 2-fold, respectively, in pancreas at day 13, but
not XTP3B (Fig. 4.8G-H). Elevated EDEM1 and OS9 protein levels were not due to
transcriptional regulation as their mRNA levels were not increased in the pancreas of
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Sel1LIKO mice (Fig. 4.8I). Thus, Sel1L-Hrd1 deficiency causes the accumulation of
EDEM1 and both OS9 isoforms, but not XTP3B.
Providing further support that Sel1L deficiency leads to ERAD defects, the
amount of detergent-insoluble fraction of the pancreas of Sel1LIKO mice was significantly
increased upon the loss of Sel1L (Fig. 4.8J). Detergent-insoluble fraction represents
protein aggregates formed from misfolded proteins (228) as shown by the distribution
of soluble cytosolic protein BAG6 and aggregation-prone histone protein H2A (218)
(Fig. 4.8K). Of note, the alteration of protein levels of Hrd1 and other Sel1L-associated
factors as well as some digestion enzymes was not due to their re-distribution between
the soluble and insoluble fractions of the pancreas (Fig. 4.8K). Thus, these data supports
the notion that Sel1L deficiency causes the accumulation of misfolded proteins in the
ER. Taken together, Sel1L is an indispensable component of Hrd1 ERAD complex and
mammalian ERAD.

4.4.5

UPR activation in the exocrine pancreas following the loss of Sel1L
We next determine the extent of UPR activation and the dynamic UPR response

in the exocrine pancreas of Sel1LIKO mice at days 4, 8 and 13. Phosphorylation of UPR
sensor PKR-like ER kinase (PERK) was significantly elevated at all time points (Fig.
4.9A-B). Phosphorylation of its downstream target eukaryotic translation initiation
factor 2a (eIF2α) at serine 51 increased at day 4 and continued to increase with time (Fig.
4.9A-C). Nuclear accumulation of CHOP was increased in Sel1LIKO pancreas (Fig. 4.9D).
Providing further support to the UPR activation, Xbp1 mRNA splicing by another UPR
sensor inositol-requiring enzyme 1a (IRE1α) was doubled in the pancreas of Sel1LIKO
mice (Fig. 4.9E). mRNA levels of a subset of ER chaperones were elevated (Fig. 4.9F).
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At the protein level, Grp58 protein was upregulated in the pancreas of Sel1LIKO mice
while others such as Grp78, Calnexin and Pdia1 were not (Fig. 4.9G-H). Thus, our data
demonstrate that Sel1L is essential for the maintenance of ER homeostasis, and that
acute Sel1L deficiency induces persistent UPR, which may account for increased cell
death and pancreatic atrophy.

4.4.6

Dilated ER and smaller zymogen granules in the exocrine pancreas of Sel1LIKO
mice
We next delineated the consequence of Sel1L deficiency at the organelle and

molecular levels using transmission electron microscopy (TEM). The central lumen of
the acinus was characterized by the presence of apical cell microvilli (Fig. 4.10A).
Strikingly, rather than being long and thin sheet-like densely-packed cisternae as in WT
cells, the ER in the acinar cells of Sel1LIKO mice was extensively swollen and fragmented
(Fig. 4.10A). The alterations of ER morphology in the pancreas of Sel1LIKO mice were
distinct from those previously reported in the exocrine pancreas of XBP1-/- neonates
(229), PERK-/- neonates (214) and Grp78+/- mice (230), likely due to different status of
ERAD and UPR. Moreover, secretory zymogen granules, that were highly prominent in
the exocrine pancreas of WT mice, were significantly reduced in size in the pancreas of
Sel1LIKO mice compared to that in WT mice (Fig. 4.10B-C). Thus, acute Sel1L deficiency
leads to massively dilated and fragmented ER in the exocrine pancreas with smaller
zymogen granules.
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Figure 4.8. Sel1L is indispensable for the stability of Sel1L-Hrd1 complex in vivo.
Pancreas was harvested at days 4, 8 and 13. (A) Western blot analysis of Sel1L and Hrd1
in WT and IKO pancreas at day 4 and 8, with quantitation shown in (B) upon
normalized to the loading control HSP90. (C) Q-PCR analysis of Sel1L and Hrd1 genes at
day 13. n=5. (D) Immunohistochemical staining of Sel1L and Hrd1 in pancreas at day
13. n=3 each. (E) Western blot analysis of Sel1L and Hrd1 in the ileum and kidney of
IKO mice. (F) Linear regression analysis between Hrd1 and Sel1L protein levels in
various WT or Sel1L-deficient tissues and cell lines, including pancreas, gut, kidney and
MEFs. Each dot represents one sample (n=25). The slope of the regression line and the
square of the correlation coefficient (R2) are shown. (G) Western blot analysis of Sel1Lassociated factors (EDEM1, OS9 and XTP3B) in WT and IKO pancreas at day 13 with
quantitation shown in (H). (I) Q-PCR analysis of Edem1 and Os9 in the pancreas at day
13. (J) Percentage of NP40 insoluble pellet weight in total tissue weight at the indicated
times following tamoxifen injection. n=2-6. WT samples were pooled from 2 samples of
day 8 and 4 samples of day 13. (K) Western blot analysis of various proteins in the
NP40P and NP40S fractions of pancreas at day 13 using lysis buffer containing 0.5%
NP40. The distribution of Bag6 and H2A marks the soluble (S) and insoluble (P)
fractions, respectively. Representative data of three samples each shown. Data are mean
± s.e.m. *, p<0.05; **, p<0.01; ***, p<0.001 by Student’s t-test. Representative data of two
experiments shown.
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Figure 4.9. Sel1L is required for ER homeostasis in the exocrine pancreas.
Pancreas were harvested at the indicated times. (A-B) Western blot analysis of PERK
activation in WT and IKO pancreas at days 4 and 8 (A) and 13 (B). HSP90, loading
control. (C) Quantitation of A-B. (D) Western blot analysis of CHOP in cytosolic (C) and
nuclear (N) fractions of the pancreas. CREB and GAPDH represent nuclear and
cytosolic makers, respectively. (E) RT-PCR analysis of Xbp1 splicing with the
quantitation of the ratio of Xbp1s to total Xbp1 mRNA shown below. (F) Q-PCR analysis
of UPR and ERAD-related genes. (G) Western blot analysis of various chaperones in
pancreas at day 13 with quantitation shown in (H). Data are mean ± s.e.m. *, p<0.05; **,
p<0.01; ***, p<0.001 by Student’s t-test. n=3 mice each group except RT-PCR where n=5.
Representative data of two experiments shown.
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Figure 4.10. Dilated ER and smaller zymogen granules in the exocrine pancreas of
Sel1LIKO mice.
Pancreas was harvested at day 12. (A) Representative TEM images of exocrine pancreas
of WT and IKO mice showing a profound dilation of the ER. (B) Representative TEM
images of exocrine pancreas of WT and IKO mice showing smaller secretory granules.
Asterisks indicate the acinar lumen; N, nucleus; M, mitochondrion; ZG, zymogen
granules; ER, endoplasmic reticulum; and Mv, Microvillus. Scale bar shown. (C)
Quantitation of granule sizes in 100 granules each genotype in histogram (left) and
Whiskers plot (right). In the Whiskers plot, the medium, the 25th to 75th percentiles and
the minimum to maximum range of granule sizes are shown. n=3 mice each group.
Data are mean ± s.e.m. ***, p<0.001 by Student’s t-test.
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4.4.7

Reduced polysome association and increased ribosomal aggregation in the
exocrine pancreas of Sel1LIKO mice
Dilated ER lumen and increased eIF2α phosphorylation suggested an altered

translation rates in Sel1LIKO pancreas. Indeed, translation was reduced in the pancreas of
Sel1LIKO mice as demonstrated by reduced phosphorylation of p70 S6 ribosomal kinase
(S6K), a downstream target of AKT and mTOR (95) (Fig. 4.11A). Polysome profiling
using the kidneys of Sel1LIKO mice revealed increased 80S monosomal peak along with a
dramatic reduction in the number of polysomes (Fig. 4.11B). The ratio of polysomes (P)
to monosomes (M) reduced by over 50% in the Sel1LIKO tissue. Multiple attempts to
detect polysomes in the pancreas failed likely due to the presence of large amount of
pancreatic RNase. Thus, these data indicate that acute loss of Sel1L reduces polysome
association and hence attenuates global translation.
Translation attenuation was very obvious when the same amount of total lysates
(per g tissue) prepared in 0.5% mild detergent NP-40 were separated on SDS-PAGE
(Fig. 4.11C). Intriguingly, we noticed a strong band in the stacking gel of Sel1LIKO
samples, which likely represents soluble aggregates (Fig. 4.11C). LC-MS/MS analysis
of the band identified a total of 134 proteins in Sel1LIKO vs. 64 in WT samples, with 39
overlapping hits (Fig. 4.11D). Strikingly, there were 36 distinct ribosomal proteins
present in Sel1LIKO samples (vs. 9 in WT), which included 10 small and 26 large
ribosomal subunits (vs. 3 and 6 in WT, respectively, Fig. 4.11E-F). The percent of
spectral counts contributed by ribosomal proteins was nearly 50% in Sel1LIKO sample vs.
5% in WT sample, which accounted for the increase of total spectral counts in Sel1LIKO
samples (Fig. 4.11G). In addition, eIF3A, a core stress granule constituent (231), as well
as several helicases and splicing factors were detected (Fig. 4.11E). The presence of
ribosomal subunits as well as other RNA processing components likely marks the
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formation of stress granules in the pancreas of Sel1LIKO mice, which indeed is often
associated with eIF2α phosphorylation and translational arrest (231). Thus, acute Sel1L
deficiency reduces translation and induces ribosomal aggregation, likely in the form of
stress granules.

4.4.8

A cell-culture model of acute Sel1L deficiency
To further establish cell-autonomous effect of Sel1L and to allow a temporal

regulation of Sel1L function in vitro, we generated f/f;ERCre+ immortalized MEFs
termed Sel1LIKO MEFs. The f/f;ERCre- MEFs treated with the tamoxifen analog 4hydroxytamoxifen (4-OHT) or f/f;ERCre+ MEFs treated with vehicle were used
interchangeably as controls. Starting at the first passage (p1) following 4-OHT
treatment, Sel1LIKO MEFs exhibited decreased growth and cell viability, and at p2,
growth and viability of Sel1LIKO MEFs were greatly attenuated (Fig. 4.12A-B). Both Sel1L
and Hrd1 protein levels were progressively reduced with time (Fig. 4.12C), further
supporting the notion that Sel1L is required for Hrd1 stability. Degradation of a known
substrate null Hong Kong variant of α1-antitrypsin (A1ATNHK)-GFP was attenuated in
p1 Sel1LIKO MEFs (Fig. 4.12D). Moreover, ER stress was activated upon the loss of Sel1L,
as illustrated by 4-fold increase of Xbp1 mRNA splicing, increased Brefeldin A-marked
ER/Golgi mass and eIF2α phosphorylation (Fig. 4.12E-G). Conversely, translation in
Sel1LIKO MEFs was attenuated as shown by phosphorylation of ribosomal S6 protein
(Fig. 4.12G) and polysome profiling (Fig. 4.12H). It is worth pointing out that the effect
of Sel1L deficiency on translation is modest in comparison to that of WT MEFs treated
with 300 nM thapsigargin (Tg, an ER stress inducer) for 2 hours. Thus, acute loss of
Sel1L in vitro alters ER homeostasis and negatively affects cell growth and translation,
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thus representing a great model to investigate the function and physiological substrates
of the Sel1L-Hrd1 ERAD complex as well as primary cellular response to misfolded
proteins.
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Figure 4.11. Reduced translation and increased ribosomal aggregation in the exocrine
pancreas of Sel1LIKO mice.
(A) Western blot analysis of (p)-S6K in of pancreas at day 13. Quantitation shown on the
right. Data are mean ± s.e.m. *, p<0.05 by Student’s t-test. (B) Polysome profiling
analysis of the kidneys of WT and IKO mice at day 13. M, monosomes; P, polysomes;
P/M, ratio of polysomes to monosomes based on quantitation of area under curve of
each fraction. (C) Coomassie blue stained SDS-PAGE gel of WT and IKO pancreatic
lysates (loaded at an equal tissue weight) at day 13. Note stronger signals in the
stacking gel of the IKO samples, which were sliced and subjected to LC-MS/MS
analysis (D-G). HSP90, a loading control. (D) Venn diagram showing the overlap of hits
in WT and IKO samples identified by the LC-MS/MS analysis. (E) Functional categories
of the hits. (F) Spectra counts of ribosomal subunits. RPL and RPS, 60S and 40S
ribosomal subunits, respectively. (G) Diagram showing spectral counts of ribosomal
and non-ribosomal proteins. The percent of counts from ribosomal proteins were 5% in
WT (15/332) and 48% in IKO (348/720), which accounted for the increased total spectral
counts in IKO sample.
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Figure 4.12. Sel1L is indispensable for Hrd1 stability, cellular growth and ER
homeostasis in vitro.
(A) Microscopic images of f/f;ERCre- and f/f;ERCre+ MEFs at day 4 of different passages
(p). p0, vehicle (ethanol) treated; p1/2, 4-OHT treated. Quantitation of cell number from
one experiment (representative of two) shown on the right. (B) Cell viability analysis as
measured by CCK-8 of MEFs at day 4 of each passage. (C) Western blot analysis of
Sel1L and Hrd1 in f/f;ERCre+ MEFs at day 4 of each passages. Quantitation from one
representative experiment of at lest three repeats shown below the gel. (D) Flow
cytometric analysis of transfected A1ATNHK-GFP in p0 or p1 Sel1LIKO MEFs. GFPpositive cells from each passage were gated and overlaid in the histogram (n=3).
Representative microscopic images shown on the right. (E) Xbp-1 mRNA splicing of
MEFs at day 4. Quantitation of the percent of Xbp1s in total Xbp1 mRNA shown on the
right. (F) Flow cytometric analysis of the ER/Golgi volume in MEFs stained with
Brefeldin A (BFA)-Bodipy at each passage. Quantitation of mean fluorescence intensity
(MFI) shown on the right. (G) Western blot analysis of eIF2α and S6 phosphorylation in
MEFs at day 4 of each passage. HSP90, a loading control. Quantitation from 3
experiments shown on the right. (H) Polysome profiling of f/f;ERCre+ MEFs at p0 and
p1. Tg (300 nM, 2h)-treated p0 MEFs were included as a positive control for ER stress.
M, monosomes; P, polysomes; P/M, ratio of polysomes to monosomes based on the
quantitation of area under curve of respective fraction. Data are mean ± s.e.m. *, p<0.05;
**, p<0.01; ***. p<0.01 compared with WT. Representative data of at least two
experiments shown.
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4.5

DISCUSSION
Here our data demonstrate that Sel1L has an indispensable role in mammalian

ERAD and ER homeostasis. Acute Sel1L deletion results in a dramatic downregulation
of Hrd1 and progressive activation of the UPR, which leads to massive dilation and
fragmentation of the ER and promotes cell death. Moreover, our data further show that
acute Sel1L deficiency reduces translation efficiency and induces ribosomal
aggregation. Consistently, the effect of Sel1L on Hrd1 stability, ER stress, translation
and cell death were observed in vitro in Sel1LIKO MEFs. Further pointing to its
physiological importance, Sel1LIKO adult mice exhibit pancreatic atrophy and die within
3 weeks. Thus, Sel1L is indispensable for Hrd1 stability, ERAD and ER homeostasis,
which is essential for pancreas secretory function and survival of adult animals.
Hrd3/Sel1L is a highly conserved ER-resident type 1 single transmembrane
protein responsible for the degradation of a subset of misfolded ER proteins (80, 81, 83,
85). The physiological importance of Sel1L in mammalian ERAD has yet to be
demonstrated. Here our data show that Sel1L is indispensable for mammalian ERAD
and ER homeostasis. Like Hrd3 in yeast, Sel1L controls the stability of Hrd1 in multiple
tissues as well as MEFs. Acute loss of Sel1L results in a reduction of overall Hrd1-Sel1L
ERAD activity and concurrent induction of UPR and dilation of ER in the pancreas and
MEFs. The discrepancies between our and other recent studies on Sel1L-mediated
regulation of Hrd1 stability (59, 90, 91) are likely due to the difference in cell types
and/or residual Sel1L levels in previous studies. Thus, our data show that the effect of
Sel1L on Hrd1 stability and the importance of Sel1L in ERAD are evolutionarily
conserved from yeast to mammals. Because of the significant downregulation of Hrd1
in Sel1L-deficient mice, our mouse model is indeed deficient for both Sel1L and Hrd1.
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Therefore, the Sel1LIKO mouse model provides a unique model system to further
delineate the function of Sel1L and Sel1L-Hrd1 ERAD in vivo.
Why is the pancreas so sensitive to Sel1L dysfunction? Across all tissues, the
pancreas is the most active in protein synthesis with over 90% of the newly synthesized
proteins being targeted to the secretory pathway (232). In response to food intake,
acinar cells secrete a large amount of pancreatic juice containing electrolytes and a
variety of digestive enzymes including pancreatic lipase and α-amylase (233, 234). It is
thus well established that ER homeostasis is critical for pancreatic function. Animal
models with defects in UPR such as X-box-binding protein 1 (Xbp1)- (229) and Perkdeficient mice (214) all exhibit profound defects in the exocrine pancreas. Interestingly,
for reasons that are currently unclear, IRE1α-deficient adult mice exhibit only mild
defects in exocrine pancreas (235). We showed recently that 2-hour refeeding following
overnight fasting causes UPR activation in pancreas (217). The Hrd1-Sel1L ERAD
complex may play an important role in the clearance of misfolded proteins in the ER
and, hence is indispensable for the reset of ER homeostasis during refeeding. Loss of
the Sel1L-Hrd1 complex alters ER homeostasis and leads to persistent UPR. This UPR
may induce the expression of ER chaperones and reduce translation, thereby resetting
ER homeostasis. However, as the accumulation of a subset of misfolded proteins
continues, it overwhelms the UPR system, which causes ribosomal aggregation and
ultimately leads to cell death in the pancreas. In yeast, accumulation of misfolded
protein within the ER lumen causes persistent UPR activation, leading to oxidative
stress and ultimately cell death (236). How other mammalian cell types respond to
Sel1L deficiency remains an intriguing question. Further investigation and comparisons
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of tissue and cell type-specific role of Sel1L will likely provide key insights into the
physiological role of ERAD.
Sel1L function in vivo is likely to be mediated through the E3 ligase Hrd1. Sel1L,
however, may have Hrd1-independent functions in other cellular processes (59).
Cellular Sel1L is 5-7-fold more abundant than Hrd1 (237). As Sel1L and Hrd1 exist in a
1:1 stoichiometric complex in ERAD (81, 84), Sel1L may exist in an Hrd1-independent
complex. Indeed, a recent study showed that Sel1L may form a Sel1L-LC3-I complex to
deliver certain proteins involved in ERAD such as OS9 for lysosomal degradation
thereby controlling the efficacy of ERAD (94). Our microarray showed that Sel1L
deficiency alters the expression of over 2,000 genes in the pancreas. While many of these
genes are linked to UPR and cell death, others are related to nutrient metabolism
including carbohydrate and lipids. While lipid metabolism may be correlated with
XBP1s activation in Sel1LIKO cells (238), how carbohydrate metabolism is altered by
Sel1L deficiency remains unclear. Thus, more future studies are required to decipher
whether Sel1L exerts an Hrd1-independent function in vivo. One of the foreseeable
challenges, however, is to distinguish a novel function of Sel1L from its effect on ERAD
and ER homeostasis.
Here our data show that acute loss of Sel1L increases eIF2α phosphorylation and
reduces polysome-mediated translation. Serendipitously, our biochemical fractionation
of soluble pancreatic aggregates coupled with LC-MS/MS reveals many ribosome
subunits, both small and large, in the soluble aggregates of Sel1L-deficient pancreas.
Strikingly, several RNA binding proteins and initiation factors including helicases,
splicing factors and eIF3A are present in the soluble aggregates as well, leading to the
speculation that Sel1L deficiency may lead to the formation of stress granules in the
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pancreas. Stress granules are often associated with translational arrest induced by eIF2α
phosphorylation and contain nontranslating mRNAs, translation initiation components
and many additional proteins modulating mRNA metabolism (231). Phosphorylation of
eIF2α prevents the delivery of initiator methionine to the 40S pre-initiation complex,
which stalls translation initiation. The stalled preinitiation complex together with
mRNAs and other RNA binding proteins forms a highly dynamic cytosolic structure
known as stress granules, which not only protect mRNAs but also make them readily
available upon the relief of the stress (231). Although stress granules are often
associated with eIF2α phosphorylation, whether it occurs in vivo in response to
physiological ER stress remains unknown. Thus, our data suggest that stress granules
may form in response to ERAD deficiency and UPR activation in vivo.
As stress granules are highly dynamic and contain weakly aggregated particles,
biochemical fractionation of stress granules has been challenging (239). To date,
contents of stress granules have only been defined using immunostaining. Thus, our
serendipitous finding may open the door for future biochemical purification of stress
granules and further characterization of their contents. In addition, as stress granules
contains only small ribosomal subunits (231), the identification of many large ribosomal
subunits in the soluble aggregates of Sel1L-deficient pancreas is interesting. We
speculate that, similar to the small subunits, these large subunits may aggregate as well
when the small units are not available, and become available as well when the stress is
relieved. Indeed, studies have shown that the composition of stress granules is stress
specific (231, 240). Thus, aggregation of small and large ribosomal subunits may be
associated with Sel1L deficiency-induced stress granules. The nature of this event
deserves further investigation.
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In summary, our study establishes, for the first time, the physiological significance
of Sel1L and the Hrd1-Sel1L ERAD complex in vivo. Sel1L is indispensable for Hrd1
stability and ERAD function, and likely together with Hrd1, Sel1L regulates ER
homeostasis, UPR and translation. The inducible Sel1L animal and cell models are
invaluable tools to further delineate tissue- and cell-type-specific role of Sel1L and
Sel1L-Hrd1 ERAD in vivo, to identify its physiological substrates and lastly, to
characterize cellular response to constitutive UPR.
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CHAPTER 5

∗

ENDOPLASMIC RETICULUM-ASSOCIATED DEGRADATION OF IRE1α
MAINTAINS INTESTINAL HOMEOSTASIS
5.1

ABSTRACT
Various quality-control systems are in place in the endoplasmic reticulum (ER) to

maintain folding fidelity and prevent proteotoxicity for nearly one-third of total
proteins encoded by mammalian genome. Two principle surveillance programs,
unfolded protein response (UPR) and ER-associated degradation (ERAD), are
responsible for the initiation of cellular response to and clearance of misfolded proteins
in the ER, respectively. Their responses to misfolded proteins in the ER are likely
coordinated, but to date the underlying mechanism is poorly characterized. Here we
discover that IRE1α, the sensor of the unfolded protein response (UPR), is a bona fide
substrate of the Sel1L-Hrd1 ERAD complex. In vivo, IRE1α protein is stabilized and
accumulates in various Sel1L- or Hrd1-deficient cell types including adipocytes and
enterocytes. Our data further show that enterocyte-specific Sel1L-knockout mice are
more susceptible to experimental colitis, where IRE1α RNase-mediated XBP1s
production and kinase-mediated JNK activation exert opposite effects on epithelial
inflammation and homeostasis. Mechanistically, Sel1L-Hrd1-mediated IRE1α
ubiquitination and degradation require both lectin protein OS9 and intramembrane
hydrophilic residues of IRE1α at the steady state, which are attenuated by ER stress.
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Lastly, IRE1α degradation is conserved in humans, and SEL1L-HRD1 expression is
greatly reduced in the inflamed gut of IBD patients. Hence, IRE1α degradation by
Sel1L-Hrd1 ERAD is a key regulatory mechanism for IRE1α signaling and the
maintenance of gut homeostasis.

5.2

INTRODUCTION
The endoplasmic reticulum (ER) is the principle site for the folding and quality

control of an estimated one-third of metazoan proteome destined for the secretory
pathway. The enormous diversity in protein structure and folding requires integrated
and coordinated quality control responses to ensure ER homeostasis and prevent
proteotoxicity. The appearance and accumulation of improperly folded proteins in the
ER triggers cellular responses involving the clearance of misfolded proteins by the ERassociated degradation (ERAD) machineries and the activation of unfolded protein
response (UPR) (49, 241, 242). The imbalance of ER homeostasis often results in the
aggregation of misfolded proteins in different cellular compartments, which are
hallmarks of human diseases including cystic fibrosis and α1-antitrypsin deficiency.
However, the crosstalk between the two quality-control systems remains poorly
characterized.
Among several known mammalian ERAD complexes, the Sel1L-Hrd1 complex
forms a principle ERAD machinery, responsible for the recognition and
retrotranslocation of a subset of misfolded proteins in the ER for proteasomal
degradation in the cytosol (59, 80-85, 96, 227). Using inducible whole-body and
adipocyte-specific Sel1L-deficient mouse models, we recently demonstrated that Sel1L
is a key component of mammalian Hrd1 ERAD machinery (178, 243). In both models,
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loss of Sel1L leads to a profound reduction of Hrd1 protein level with a concomitant
accumulation of two ERAD factors OS9 and EDEM1, pointing to an indispensable role
of Sel1L in Sel1L-Hrd1 ERAD.
Identification of endogenous substrates in the context of human diseases have
brought fundamental insights relevant for the treatment of ERAD-associated human
diseases such as cystic fibrosis and α-1 antitrypsin deficiency. However, the nature of
endogenous ERAD substrates remains poorly characterized. Here we report the
identification of the UPR sensor IRE1α as a bona fide ERAD substrate as well as its
underlying molecular mechanism. Using an epithelial ERAD-deficient mouse model,
we further demonstrate patho-physiological significance of ERAD-mediated IRE1α
degradation in the pathogenesis of experimental colitis. Finally, we show that ERAD of
IRE1α is conserved in humans and that the expression of Sel1L-Hrd1 in the human gut
is negatively correlated with inflammation.

5.3

MATERIALS AND METHODS

Mice
Cell-type-specific Sel1L∆IEC, Sel1L∆IEC/+, Sel1L∆IEC;Chop-/-, inducible Sel1L KO (Sel1LIKO),
inducible Hrd1 KO (Hrd1-/-), Ire1a-/- and Xbp1-/- mice were used in this study. Sel1Lflox/flox
mice on the C57BL/6J background were generated from Sel1Ltm1a(KOMP)Wtsi ES cells as
previously described (178). Sel1LIKO mice were generated as previously described (178).
Sel1Lflox/flox mice were crossed with villin-1 promoter-driven Cre mice (B6.SJL-Tg(Vilcre)997Gum/J, JAX 004586), which have been backcrossed to the C57BL/6J background
for more than five generations. Figures 5.3A and 5.11A show different breeding
schemes to generate enterocyte-specific Sel1L−/− (Sel1L∆IEC), Sel1L+/- (Sel1L∆IEC/+ or HET)
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and Sel1L+/+ (WT) mice. In addition, Sel1L∆IEC mice were crossed with Chop-/- mice
(B6.129S(Cg)-Ddit3 tm2.1Dron/J, JAX 005530) to generate Sel1Lflox/flox;VillinCre+;Chop-/- double
knockout (DKO) mice. 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). Cohoused age-matched adult littermates were used at the age of 6-12
weeks in all in vivo experiments. Animal euthanasia was performed by cervical
dislocation. Intestine tissues were immediately harvested and either fixed in 10%
neutralized formalin for histology or flushed with PBS and snap-frozen in liquid
nitrogen for protein and RNA analyses. Liver-specific Ire1a-/- and Xbp1-/- mice (244) on
low-fat diet at the age of 10 weeks were sacrificed at the fed state and livers were
collected. Frozen tissues were stored at -80°C. All animal procedures have been
approved by the Institutional Animal Care and Use Committee (IACUC) at Cornell
University and Weill Cornell Medical College.

Cell lines
SV40-transformed immortalized Sel1L-inducible parental Sel1Lflox/flox;ERCre+ MEFs was
generated as previously described (178). To induce Sel1L deletion, Sel1Lflox/flox;ERCre+
MEFs were treated with 400 nM 4-Hydroxytamoxifen (4-OHT, Sigma H7904, dissolved
in ethanol). Sel1Lflox/flox;ERCre+ MEFs treated with vehicle (ethanol) or Sel1Lflox/flox;ERCreMEFs treated with 4-OHT were used as WT controls. In some studies, parental
Sel1Lflox/flox;ERCre+ MEFs were transfected to generate cells stably expressing pcDNA3His-Myc-HRD1 using Lipofectamine 2000 (Invitrogen) per supplier’s protocol. 24 h
later, cells were selected with 400 µg/ml G418 (EMD Millipore) and G418-resistant cells
were expanded for further analysis. These cells were treated with 4-OHT or vehicle as
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described as above to delete Sel1L. Hrd1-/- and WT MEFs were kindly provided by Dr.
Toshihiro Nakajima (Tokyo Medical University) (100). Sel1L-/- and WT MEFs were
previously described (99). IRE1α-/- MEFs stably expressing pMSCV-hIRE1α-HA were
generated as previously described using retroviral transduction (245). All cells
including HEK293T and MEF cells were maintained in DMEM (Cellgro, Herndon, VA)
supplemented with 10% FBS (Sigma) and 1% penicillin/streptomycin (Cellgro). Mouse
intestinal m-ICcl2 cells were a kind gift from Dr. Judith Appleton (Cornell) and were
cultured as previously described (246). For stable shRNA knockdown, Sel1L and Hrd1
shRNA targeting sequences (GGTTACACTGTGGCTAGAA and
GGAGAGTTTCAGATGATTA) were cloned into pSuper/retro vector (H1 promoter).
m-ICcl2 cells stably expressing XBP1s were generated using retroviral transduction as
previously described (216). Control RNAi were against the firefly luciferase. Retroviral
transduction and stable cell line generation were carried out as previously described
(216).

Generation of SEL1L-, HRD1- and OS9 deficient HEK293T cells
SgRNA oligos were designed for SEL1L, HRD1 and OS9 (SEL1L: #1
5’ACTGCAGGCAGAGTAGTTGC, #2 5’GACATCAGATGAGTCAGTAA; HRD1: #1
5’GGACAAAGGCCTGGATGTAC, #2 5’ GGCCAGCCTGGCGCTGACCG; OS9:
5’GCAAGTCTGACCGGCGGTGTC). The oligos were inserted into the pX330-U6Chimeric_BB-CBh-hSpCas9 vector (Addgene plasmid 42230) at the BbsI site (247). The
constructs were co-transfected into HEK293T cells with a puromycin-expressing
plasmid, pX261–dU6, which was modified from pX261-U6-DR-hEmx1-DR-Cbh-NLShSpCas9-NLS-H1-shorttracr-PGK-puro (Addgene plasmid 42337) (248) by deleting the
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fragment harboring the U6 promoter and crRNA, or pBABE-puro. Puromycin was
added 1 day after transfection at 3 µg/ml for 2 days. Cells were recovered for 3–6 days
in fresh medium and either used as a pool (Fig. 5.14A) or further selected for single
colonies (Fig. 5.12K-M and 5.14C). To isolate a single colony, approximately 100 cells
were reseeded into 15-cm plates and incubated for 2 weeks. Individual colonies were
picked and expanded. Knockout efficacy was assessed by Western blotting. As the two
sets of sgRNAs gave the same result, representative data from one sgRNA are shown.

ER purification and precipitation
ER purification was performed as previously described (249). Briefly, Sel1Lflox/flox;ERCre+
MEFs were treated with 4-OHT or vehicle for 4 days to generate Sel1LIKO and WT MEFs,
respectively. Subsequent steps were performed at 4°C in the presence of the protease
inhibitor cocktail (Sigma). A total of 1x107 cells were homogenized in Dounce grinder
with buffer A (50 mM Tris-HCl pH 8.0, 1 mM β-mercaptoethanol, 1 mM EDTA, and 0.32
M sucrose), and then centrifuged at 5,000 g for 10 min. The supernatant was centrifuged
at 105,000 g for 1 h (XL-80K, Beckman). The pellet was disrupted in lysis buffer (50 mM
Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 1 mM dithiothreitol, 1 mM sodium
orthovanadate and 10 mM sodium fluoride) followed by centrifugation at 15,000 g for
20 min. The resulting supernatant, the ER fraction, was quantitated using the Bradford
assay and adjusted to the same protein concentration. 200 µL ER fraction was mixed
sequentially with 800 µL methanol and 200 µL chloroform (CHCl3) and, after a brief
vortex, 600 µL H2O. Samples were vortexed and centrifuged at 13,000 g for 1.5 min. The
upper layer was removed and 400 µL methanol was added. After a brief vortex,
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samples were centrifuged at 13,000 g for 1.5 min. The precipitated protein samples were
subjected to mass spectrometric analysis.

Mass spectrometry
The precipitated protein was resuspended in 2 M urea and 100 mM Tris pH 8.0 and
subjected to digestion with trypsin (Promega) per the manufacturer’s protocol. The
resulted protein digest was pressure-loaded onto a Kasil-fritted fused silica capillary
column (250-µm i.d.) packed with 3 cm 5 µm Partisphere strong cation exchange resins
(Whatman, Clifton, NJ) and 3 cm 5 µm Aqua C18 resins (Phenomenex, Ventura, CA).
After desalting, this sample-loaded back-end column was then connected to a 100-µm
i.d. capillary column with a 5-µm pulled tip packed with 15 cm 3-µm Aqua C18 material
through a zero-dead-volume union (UpChurch Scientific, Oak Harbor, WA), and the
entire three phase column was placed inline with an Agilent 1200 quaternary HPLC
(Agilent, Palo Alto, CA) and analyzed using a modified 11-step separation described
previously (250). As peptides were eluted from the microcapillary column, they were
electrosprayed directly into a hybrid LTQ-Orbitrap mass spectrometer (Thermo Fisher
Scientific, San Jose, CA) with the application of a distal 2.5 kV spray voltage. A cycle of
one FT full-scan mass spectrum (400-1400 m/z, 60000 resolution) followed by 10 datadependent LTQ MS/MS spectra at a 35% normalized collision energy was repeated
continuously throughout each step of the multidimensional separation. Application of
mass spectrometer scan functions and HPLC solvent gradients were controlled by the
Xcalibur data system (Thermo Fisher Scientific, San Jose, CA). MS/MS spectra were
extracted using RawXtract (version 1.9.9) (251) and searched with the ProLucid
algorithm (252) against a Uniprot mouse database (released 2013_02_19), that was
concatenated to a decoy database in which the sequence for each entry in the original
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database was reversed. ProLuCID search results were assembled and filtered using the
DTASelect (version 2.0) program (253) with a false positive rate below one percent at
the protein level.

In vitro drug treatments
Thapsigargin (Tg), tunicamycin (Tm), cycloheximide (CHX) and MG132 were
purchased from Millipore (Billerica, MA). Tg, Tm and MG132 were dissolved in DMSO
and used at 150–300 nM, 2.5 µg/ml, and 10 µM, respectively. CHX was dissolved in
ethanol and used at 50 µg/ml CHX. To evaluate inflammatory responses, cells were
treated with 50 ng/ml murine TNFα as indicated in Fig. 5.7I-K. In some experiments
(Fig. 5.8H), cells were treated with 50 ng/ml murine TNFα for 10 min with or without 1
h pretreatment with 50 µM SP600125.

Plasmids
Plasmids used in these study were: pCMV-Tag4A-hIRE1α-Flag (gift from Dr. Yong Liu,
Institute of Nutritional Sciences, China) (67); pMSCV-hIRE1α-HA encoding WT, ∆N
(amino acids 467-977) and ∆C (amino acids 1-500) IRE1α (gifts from Dr. Claudio Hetz,
University of Chile) (65), pMSCV-hIRE1α-HA K599A mutant were previously described
(245); pEGFP-N2-mSel1L was previously described (99); pcDNA3-His-Myc-Hrd1 WT
and ring-finger mutant C2A (C291A/C294A) (gifts from Dr. Yihong Ye, NIDDK) (75);
pcDNA3-HA-Ub and pcDNA3-HA-hSel1L plasmids (gifts from Dr. Hideki Nishitoh,
University of Miyazaki) (254); pTKbasal-hIRE1α-HA and N176Q mutant plasmids (gifts
from Dr. Takao Iwawaki) (255). Human IRE1α T3A mutants (T446A, S450A and T451A)
were generated using site directed mutagenesis of pCMV-Tag4A-hIRE1α-Flag and
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mutagenesis primers are Forward: 5’
CTTAAGGACATGGCTGCCATCATCCTGGCCGCCTTCCTGCTGATTG, Reverse
5’CAATCAGCAGGAAGGCGGCCAGGATGATGGCAGCCATGTCCTTAAG.

Histological analysis
Tissues were fixed in 10% neutralized formalin and processed by the Cornell Histology
Core Facility on a fee-for-service basis. Briefly, following paraffin embedding and
sectioning, sections stained with hematoxylin and eosin (H&E) were digitized by using
a brightfield ScanScope high-resolution digital image capture system (Aperio
Technologies, Inc., Vista, CA) and photomicrographs were taken using Aperio
ImageScope v.10.0 software. Tissue sections were examined blindly by a board-certified
anatomic pathologist (G.E.D.). For the assessment of the severity of colitis, histological
scores of the distal colon were blindly determined based on globet cell loss, crypt
abscesses, immune cell infiltration and epithelial erosion (0, none; 1, low; 2, moderate; 3,
high; 4, maximal) as described previously (256).

Dextran sodium sulfate (DSS)-induced colitis
Mice were fed with 3% (wt/vol) DSS (molecular weight 40-50 kDa; Affymetrix, Santa
Clara, CA) dissolved in drinking water for 5 days ad libitum and then fresh water
thereafter. Body weights were monitored every other day until the end of experiments.
Stool consistency (0, normal; 1, soft but still formed; 2, very soft; 3, diarrhea) and stool
blood (0, negative; 1, positive hemoccult; 2, blood traces in stool visible; 3, rectal
bleeding) were assessed on day 6 after DSS treatment started (256). For antibiotic
cotreatment, mice were given ampicillin (1 g/l; Fisher) and neomycin sulfate (1 g/l;
Cellgro) dissolved in drinking water during and after DSS treatment. For humane
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reasons and IACUC guidelines, mice were declared “dead” and were euthanized when
body weight dropped by 20%. Tissues were collected as described above.

Drug treatment in vivo
4µ8C (Millipore) was dissolved in sunflower oil with 10% DMSO at 0.5 mg/ml. Agematched littermates were gavaged with 4µ8C or vehicle (sunflower oil with 10%
DMSO) at a volume of 10 µl/g body weight daily. In the colitis study, daily 4µ8C
gavage started 2 days prior to DSS treatment. SP600125 (LC Laboratories), a JNKspecific inhibitor (257), was dissolved in 7% KolliphorTM Solutol HS-15 (Sigma, in PBS)
at 3 mg/ml. Age-matched littermates were injected intraperitoneally with SP600125 or
vehicle at a volume of 10 µl/g body weight every other day with concurrent 5-day 3%
DSS feeding regimen until the end of the experiment. Mice were monitored daily and
body weights were measured every other day. Mice were sacrificed and tissues were
either snap frozen in liquid nitrogen or fixed in formalin as described above.

Colonic epithelium isolation
After fat and connective tissue were removed, the colon was cut longitudinally to
expose the luminal surface. After removing its contents, the colon was cut into small
pieces, washed with ice-cold PBS and shaken in 5 mL PBS containing 30mM EDTA at
37°C for 20 min. Colonic epithelial cells were released by vortexing at max setting for 15
sec twice and collected from supernatant fractions followed by snap freezing. Purified
cells were used for protein and mRNA analysis. The purity of colonic epithelial cells
was examined using RT-PCR analysis of the enterocyte-specific gene villin and
leukocyte-specific gene CD45.
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Transmission electron microscopy (TEM)
Sel1Lflox/flox;ERCre+ MEFs were treated with vehicle (WT) or 4-OHT (Sel1L

IKO

) for 3 days,

harvested and fixed as cell pellets. Samples were stained, dehydrated and embedded in
Poly/bed 812 (Polysciences). Embedded cells or tissues were cut with a Leica Ultracut
Ultramicrotome system and images were taken by JEM-1400 Transmission Electron
Microscope on a fee-for-service basis at the Electron Microscopy & Histology Core
Facility at Weill Cornell Medical College.

Immunohistochemistry and immunofluorescence staining
Formalin-fixed, paraffin-embedded intestinal sections were rehydrated and boiled in
1mM EDTA for antigen retrieval. Sections were then blocked for 30 min and incubated
with primary antibody against Sel1L (rabbit, 1:200; Abcam) overnight at 4°C.
Immunohistochemistry staining (IHC) was performed with the Histostain kit and DAB
substrate from Invitrogen. Sections were scanned and images were taken using the
Aperio Scanscope. Immunofluorescence staining (IF) was performed as described above
for IHC, with the exception that donkey anti-rabbit IgG-FITC and/or donkey anti-goatIgG Alexa Fluor 594 (Jackson ImmunoResearch) were used as secondary antibodies.
Images were captured under a Zeiss LSM710 confocal microscope with 25X
magnification at the Cornell Biotechnology Resource Center Imaging Facility.

FISH
Formalin-fixed paraffin-embedded intestine sections were mounted on Probe-On Plus
slides (Fisher) and evaluated by FISH with probes to all bacteria (EUB338-5'Cy3) or
E.coli/Shigella (E.coli-5'Cy3, 16S rRNA), in combination with a non-specific binding
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control probe (non-EUB338-5’FAM) (IDT, Coralville, IA), as previously described (258,
259). Sections were examined with an Olympus BX51 fluorescence microscope and
images were captured with an Olympus DP-7 camera.

Organoid culture
Small intestine crypts were isolated and cultured as described previously (260). Briefly,
small intestines from adult mice were rinsed with ice-cold PBS to remove luminal
contents and cut longitudinally to expose luminal surface. To remove differentiated
cells and villi, the tissue was shaken vigorously in 35 ml ice-cold PBS for 7-8 times, 3
min each time, until very little material came off. Tissues were cut into small pieces and
shaken gently in 30 ml PBS containing 2 mM EDTA at 4°C for 1 h. Crypts were released
by shaking vigorously in 15 ml ice-cold PBS 4 times and were pelleted at 230 rcf for 2
min at 4°C. Isolated crypts were mixed with Matrigel (Corning), plated in 24-well
plates, and cultured in crypt culture medium (Advanced DMEM/F12 (Invitrogen))
containing growth factors (50 ng/ml EGF (Invitrogen), 500 ng/ml R-spondin-1 (R&D)
and 100 ng/ml Noggin (Peprotech)). For drug treatment, organoids were either treated
with 30 µM 4µ8C for 8 h or with 2 µM MG132 and/or 100 µM chloroquine (CHL) for 2 h,
then removed from Matrigel mechanically in ice-cold PBS and pelleted immediately for
protein or RNA extraction.

Protein lysate preparation, Western blot and quantitation
Preparation of cell and tissue lysates and Western blot were performed as previously
described (216). IRE1α phosphorylation was measured by a Phos-tag-based Western
blot method (216, 217, 261). Antibodies used in this study were: HSP90 (rabbit, 1:6,000),

	
  

158	
  

GFP (sc-8334, 1:2000), GRP78 (goat, 1:1,000), IRE1β (goat, 1:1000), JNK1 (rabbit, 1:1000),
α-Tubulin (mouse, 1:2000) from Santa Cruz; IRE1α (rabbit, 1:2000), PERK (rabbit,
1:2,000), (p-S51)-eIF2α (rabbit, 1:2,000), LC3B (rabbit, 1:1,000), Caspase-3 (rabbit, 1:1000),
(p-T183/Y185)-JNK (mouse, 1:2000) from Cell Signaling; Sel1L (rabbit, 1:2,000), OS9
(rabbit, 1:10,000) from Abcam; Hrd1 (rabbit, 1:8,000) from Novus Biologicals; ERP57
(rabbit, 1:2,000) from Assay Design; Calnexin (SPA-860, 1:8,000) and PDIA1 (SPA-890,
1:8,000) from Assay Design or ENZO; Flag-HRP (A-8592, 1:8,000), HA (H9658, 1:5,000)
from Sigma; Bag6 (rabbit, 1:10,000) and H2A (rabbit, 1:10,000) were a kind gift from Dr.
Yihong Ye (NIDDK). Band density was quantitated using the Image Lab software on
the ChemiDOC XRS+ system (Bio-Rad). Protein levels were normalized to HSP90 and
are presented as mean ± SEM unless otherwise specified. Data points were collected
from various tissue and cell samples in several independent experiments, including all
those shown in this paper.

Immunoprecipitation
Cells were scraped and lysed for 30 min at 4°C using the standard lysis buffer (150 mM
NaCl, 1mM EDTA, 50 mM Tris HCl pH 7.5 or 8.0, protease inhibitor and protein
phosphatase inhibitor cocktails, and 10 mM NEM) supplemented with either 1% Triton
X-100 or 1% Nonidet P-40 (NP-40). After centrifugation at 12,000 g at 4°C for 10 min,
supernatant were collected and protein concentration was measured using the Bradford
assay. A total of ~ 2 mg protein lysates was incubated with 2 µl primary or irrelevant
antibody overnight at 4°C with gentle rocking. Immunocomplexes were precipitated
with protein A-agarose beads (Invitrogen, 15918014) for 8 h at 4°C followed by three
washes with IP lysis buffer. Immunocomplexes were eluted by boiling for 5 min in 2 X
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SDS sample buffer followed by Western blot analysis. Antibodies used for IP are: IRE1α
(Cell Signaling, 14C10), GFP (Santa Cruz, sc-8334), and normal rabbit IgG (Santa Cruz,
sc-2027). For immunoprecipitation of transfection-based lysates, lysates were
immunoprecipitated overnight at 4°C with HA-agarose beads (Sigma, A2095) or FLAGagarose beads (Sigma, A2220). Immunoprecipitates were then directly washed, eluted
and used for Western blot analysis. For denaturing IP, HEK293T cells transfected with
indicated plasmids in each 10 cm dish were lysed in 200 µl NP-40 lysis buffer with 1%
SDS and 5 mM DTT, and denatured at 95°C for 10 min. Subsequently, samples were
diluted 1:10 with NP-40 lysis buffer by 10 folds followed by IP as described above.

NP-40 Fractionation
Frozen terminal ileum tissue was weighed and homogenized in NP-40 lysis buffer (50
mM Tris·HCl pH 8.0, 0.5% NP-40, 150 mM NaCl, 5 mM MgCl2) supplied with protease
inhibitor (Sigma). The lysate volume was normalized by tissue weight at 500 µL per 10
mg tissue. The lysate was centrifuged at 12,000 × g for 10 min and the supernatant was
collected as NP-40S fraction. The pellet was then resuspended in 1× SDS sample buffer
(50 mM Tris·Cl, 2% (wt/vol) SDS, 0.29 M 2-mecaptoethanol, 10% (vol/vol) glycerol,
0.01% bromophenyl blue) with the volume normalized to initial tissue weight, heated at
95 °C for 30 min and collected as the NP-40P fraction. The NP-40S and NP-40P fractions
were subsequently analyzed by Western blot.

RNA extraction, RT-PCR for Xbp1 mRNA splicing and qPCR
Total RNA were extracted from mouse tissues and cells using Trizol and RNA miniprep
kit (Sigma RTN350) with DNaseI digestion (Roche). RNA quality was determined by
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measuring the OD260/280 and visualized on an agarose gel. RT-PCR were performed
as previously described (216). Percent of Xbp1 mRNA splicing defined as the ratio
of Xbp1s level to total Xbp1 (Xbp1u +Xbp1s) levels was quantitated using a ImageLab
software. All qPCR data for mouse tissues and cells were normalized to
ribosomal l32 gene in the corresponding sample. Q-PCR primer sequences are:
Ire1a (CTGTGGTCAAGATGGACTGG, GAAGCGGGAAGTGAAGTAGC),
Ire1b (CCGCTCATACAAAGGGACAT, ATGAAGCCAGCAGGAAGTTG),
Xbp1s (GAGTCCGCAGCAGGTG, GTGTCAGAGTCCATGGGA),
Perk (TCAAGTTTCCTCTACTGTTCACTCA, CGGGAAACTCCAAGTTCTCA),
Chop (TATCTCATCCCCAGGAAACG, GGGCACTGACCACTCTGTTT),
Grp78 (TGTGGTACCCACCAAGAAGTC, TTCAGCTGTCACTCGGAGAAT),
Erdj4 (CTTAGGTGTGCCAAAGTCTGC, GGCATCCGAGAGTGTTTCATA),
Sel1l (TGGGTTTTCTCTCTCTCCTCTG, CCTTTGTTCCGGTTACTTCTTG),
Hrd1 (AGCTACTTCAGTGAACCCCACT, CTCCTCTACAATGCCCACTGAC),
Os9 (GCTCACGCCTACTACCTCAAA, GCCAGACAAGTCTCTGTGACG),
Edem1 (GGGACCAAGAGGAAAAGTTTG, GAGGTGAGCAGGTCAAATCAA),
Pdia6 (TGGTTCCTTTCCTACCATCACT, ACTTTCACTGCTGGAAAACTGC),
Tnfa (TCAGCCGATTTGCTATCTCATA, AGTACTTGGGCAGATTGACCTC),
L32 (GAGCAACAAGAAAACCAAGCA, TGCACACAAGCCATCTACTCA),
Human Sel1l (AGCCTACATGATGCAAACTGTG,
AAGAGGCTAAGTGGTGAACAGG),
Human Hrd1 (ACCAGCATCCCTAGCTCAGA, TCCTCAGGCATCTCCTCTGT),
Human Actb (CCTGTACGCCAACACAGTGC, ATACTCCTGCTTGCTGATCC).

Microarray analysis
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Colonic epithelium was purified from 8-week-old WT and Sel1L∆IEC male mice followed
by snap freezing in liquid nitrogen and RNA extraction. RNA quality and
concentration was examined using the RNA 6000 Nano kit on the Agilent 2100
bioanalyzer. The cDNA array of intestinal RNA was performed as previously described
(174). The microarray datasets will be deposited in the Gene Expression Omnibus upon
the acceptance of the manuscript.

Human IBD samples, RNA extraction and qPCR analysis
Terminal ileum tissue biopsies (n=57) were obtained at endoscopy from 11 UC patients
(7 non-inflamed and 4 inflamed mucosa), 20 CD patients (11 non-inflamed and 9
inflamed mucosa), 7 miscellaneous and 19 healthy individuals (control group) as
previously described (249). Inflammation was scored by an in house scheme as shown
in Fig. 5.15A. Biopsies were considered “inflamed” with inflammation scores equal to or
greater than 3. All patients gave informed consent for the procedure. This study was
approved by the Mater Health Services Health and Research Ethics Committee. Total
RNA were extracted by RNeasy Plus Mini Kit (Qiagen), and all RNA samples had RIN
or RQI >3. RT qPCR analysis was performed with Biorad Viia 7 (Life Technologies)
using SensiFASTTM SYBR Lo-Rox kit (Bioline, Meridian Life). Q-PCR data for human
tissues were normalized to the beta-actin gene (Actb) in the corresponding sample. Fold
changes were calculated by the delta-delta 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
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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 representative
data are shown. For human studies, the Mann Whitney test was used for comparisons
to generate p values and Spearmans r values were calculated for correlations.

5.4
5.4.1

RESULTS
Identification of IRE1α as an endogenous Sel1L-Hrd1 ERAD substrate in vitro
The parental Sel1L f/f;ERCre+ mouse embryonic fibroblasts (MEFs) treated with

tamoxifen analog (4-OHT) generated inducible Sel1L-null (Sel1LIKO) cells (178) with
ERAD defect and dilated ER when compared to that of f/f;ERCre+ MEFs treated with
vehicle (Fig. 5.1A). In a search for endogenous ERAD substrates, we performed
quantitative LC-MS/MS analysis of purified microsomal/ER fractions from Sel1LIKO and
WT MEFs (Fig. 5.2A). We postulated that proteins enriched in the ER of Sel1LIKO MEFs,
in the absence of transcriptional induction, might include possible ERAD substrates.
Indeed, two known ERAD components OS9 and EDEM1 were among the hits identified
(Fig. 5.1B-C and 5.2B). This finding is consistent with our recent observations that both
were elevated in Sel1L-deficient pancreas and/or adipose tissues (178, 243).
Strikingly, the UPR sensor IRE1α was also enriched in the ER of Sel1LIKO MEFs
(Fig. 5.1B-C and 5.2B). Western blot analysis of total cell lysates confirmed the
accumulation of IRE1α in Sel1LIKO MEFs, independently of transcription (Fig. 5.1D and
5.2C). Similar observations were obtained in Hrd1-deficient MEFs (Fig. 5.1E and 5.2DE). Indeed, IRE1α protein level, but not PERK, was negatively correlated with the levels
of Sel1L and Hrd1 (Fig. 5.1F-G). Excluding a non-specific drug effect, 4-OHT treatment
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had no effect on IRE1α protein level in f/f;ERCre- MEFs (Fig. 5.1H). We next measured
the half-life of IRE1α in ERAD-deficient cells using the translation inhibitor
cycloheximide (CHX). Indeed, IRE1α stability was improved in Hrd1-deficient MEFs
and to a lesser extent in Sel1L-deficient MEFs (Fig. 5.1I-J). Taken together, our data
demonstrate that IRE1α is a bona fide endogenous substrate of the Sel1L-Hrd1 ERAD in
vitro.

5.4.2

IRE1α is an ERAD substrate in enterocytes in vivo
Deregulated IRE1α signaling in intestinal epithelium has been implicated in the

pathogenesis of IBD (63, 64). To establish and explore pathological significance of
ERAD-mediated IRE1α degradation in vivo, we generated intestinal epithelial cell
(IEC)-specific Sel1L-deficient mice (Sel1L∆IEC) by crossing the Sel1Lflox/flox mice (178) with
Cre transgenic animals under the control of IEC-specific villin promoter (Fig. 5.3A).
Reduction of Sel1L and Hrd1 protein levels was observed in both the small intestine
and colonic epithelium of Sel1L∆IEC mice (Fig. 5.4A-B and 5.3B). These mice were
deficient for ERAD function as demonstrated by the accumulation of OS9 protein (Fig.
5.4A-B). Thus, we have generated Sel1L∆IEC mice with epithelial Sel1L-Hrd1 ERAD
deficiency.
In line with in vitro observations, IRE1α protein level was elevated by over 15-fold
in the small intestine and colonic epithelium of Sel1L∆IEC mice (Fig. 5.4A-B),
independently of transcription (Fig. 5.4C). Similarly, acute loss of Sel1L or Hrd1 in
epithelia caused a large accumulation of IRE1α protein independently of gene
transcription (Fig. 5.4D-G), pointing to the involvement of Hrd1 and excluding
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developmental defect as a possible cause for IRE1α accumulation in Sel1L∆IEC mice. By
contrast, ERAD deficiency had no effect on the IRE1α homolog IRE1β (262, 263) (Fig.
5.4H-I). Knockdown of Sel1L or Hrd1 in the small intestinal crypt cell line m-ICcl2
stabilized IRE1α and increased its half-life at the basal state while having a negligible
effect on PERK protein stability (Fig. 5.3C-F).
IRE1α protein level was highly elevated in primary crypt organoids of Sel1L∆IEC
mice compared to those of WT cohorts (Fig. 5.4J). Treatment with MG132, not
chloroquine, for 2 h elevated IRE1α protein levels in WT organoids (Fig. 5.3G and 5.4J),
suggesting that IRE1α is degraded by the proteasome in WT cells. Interestingly,
treatment with chloroquine, but not MG132, increased IRE1α protein level by over 30%
in Sel1L∆IEC organoids (Fig. 5.4J), pointing to the involvement of autophagy in the
clearance of misfolded IRE1α protein in ERAD deficient cells (264-266). Demonstrating
that Sel1L-Hrd1-mediated IRE1α degradation is a general phenomenon, IRE1α protein
level was highly elevated in the pancreas of Sel1LIKO mice at day 4 and 8 post-tamoxifen
injection (178) (Fig. 5.4K) and white adipose tissue of adipocyte-specific Sel1L deficient
(Sel1L∆adipo) mice (243) (Fig. 5.4L). IRE1α protein was significantly stabilized in Sel1L∆adipo
adipocytes (Fig. 5.4M). Taken together, our data demonstrate that IRE1α is a bona fide
endogenous substrate of the Sel1L-Hrd1 ERAD.
Previous studies have shown that in both yeast and mammalian cells, IRE1α
signaling pathway regulates the expression of ERAD components (56-59). Indeed,
overexpression of XBP1s in m-ICcl2 cells increased the expression of Sel1L, Hrd1 and
OS9 (Fig. 5.3H). Moreover, loss of IRE1α or XBP1 in vivo attenuated the expression of
ERAD components including Hrd1 and OS9 (Fig. 5.3I). Together, these data
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demonstrate a negative regulatory circuit consisting of IRE1α-XBP1 and the Sel1L-Hrd1
ERAD.
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Figure 5.1. Identification of IRE1α as a Sel1L-Hrd1 ERAD substrate in vitro.
(A) Representative TEM images of f/f;ERCre+ MEFs treated with vehicle (WT) or 4-OHT
(IKO) for 3 days. ER, endoplasmic reticulum; N, nuclear. (B) Spectral counts of
identified proteins in quantitative proteomics analyses of ER fractions of f/f;ERCre+
MEFs treated with vehicle (WT, x-axis) or 4-OHT (IKO, y-axis) for 4 days, with some
examples shown in (C). (D) Western blot analysis of whole cell lysate from WT and IKO
MEFs. (E) Western blot analysis of IRE1α in WT and Hrd1-/- MEFs. (F-G) Western blot
analysis of f/f;ERCre+ MEFs treated with 4-OHT for indicated times, with quantitation
shown in (G). (H) Western blot analysis of f/f;ERCre- MEFs treated with 4-OHT are
shown. (I-J) Western blot analysis of IRE1α in MEFs treated with 50 µg/ml cycloheximide
(CHX) at the indicated time, with quantitation shown (J). Representative data from at least
two repeats shown. Values, mean ± sem.
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Figure 5.2. Identification of IRE1α as an ERAD substrate.
(A) Western blot analysis of Bag6 and Calnexin in ER- and cytosolic (Cyto)- fractions
from f/f;ERCre+ MEFs treated with vehicle (WT) or 4-OHT (IKO) for 4 days. (B) Spectral
counts in quantitative proteomics analyses of purified ER fractions from WT and
Sel1LIKO MEFs. a Gene name; b L, lumenal protein; TM, transmembrane protein; cTSC,
total spectral counts. (C) Q-PCR analysis of WT and IKO MEFs. (D) Quantification of
IRE1α protein levels in Fig. 5.1E. (E) Q-PCR analysis of WT and Hrd1-/- MEFs.
Representative data from at least two repeats shown. Values, mean ± sem. *, p<0.05; **,
p<0.01 by Student’s t test.
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Figure 5.3. Generation and characterization of Sel1L∆IEC (EKO) mice and Sel1L/Hrd1
knockdown enterocytes.
(A) Diagram illustrating the breeding scheme for the generation of Sel1L∆IEC mice. (B)
Immunohistochemistry staining of Sel1L in the ileum of WT and Sel1L∆IEC mice. (C-D)
Western blot and q-PCR analyses of m-ICcl2 enterocytes stably expressing Sel1L and
Hrd1 knockdown (Sel1Li and Hrd1i) and control (CONi). Relative protein levels are
shown below the blots. (E-F) Western blot analysis of IRE1α and PERK in control and
knockdown m-ICcl2 cells treated with 50 µg/ml cycloheximide (CHX) for the indicated
times, with quantitation shown in (F). (G) Representative images of primary crypt
organoids in culture. (H) Q-PCR analysis of m-ICcl2 enterocytes stably expressing XBP1s.
(I) Q-PCR analysis of ERAD and UPR genes in IRE1a-/- and XBP1-/- liver, showing
IRE1α-XBP1-mediated transcriptional regulation of ERAD components. All experiments
were repeated at least twice with n=3-5 mice each. Values, mean ± sem. *, p<0.05; **,
p<0.01; ***, p<0.001 by Student’s t test.
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Figure 5.4. IRE1α is an endogenous Sel1L-Hrd1 substrate in vivo.
(A-B) Western blot analysis of IRE1α and Sel1L-Hrd1 ERAD protein levels in the
terminal ileum and isolated colonic epithelium (colon epi) of WT and Sel1L∆IEC (EKO)
mice, with quantitation shown in (B). Each lane represents an independent sample.
HSP90, a loading control. (C) Q-PCR analysis of Sel1l, Hrd1 and Ire1α mRNA levels in
the gut. (D-E) Western blot and Q-PCR analyses of Sel1L and IRE1α in the gut of
Sel1Lf/f;ERCre- (WT) and Sel1Lf/f;ERCre+ (IKO) mice 13 days post-tamoxifen injection.
(F-G) Western blot and Q-PCR analyses of Hrd1 and IRE1α in the gut of
Hrd1+/+;ERCre+ (WT) and Hrd1f/f;ERCre+ (Hrd1-/-) mice 10 days post-tamoxifen
injection, with quantitation shown below the blots. (H) Western blot analysis of IRE1β
in the ileum. Kidney tissue from Sel1Lf/f;ERCre- (WT) and Sel1Lf/f;ERCre+ (IKO) mice 13
days post-tamoxifen injection is used as a negative control for IRE1β. Quantitation is
shown on the right. (I) Q-PCR analysis of Ire1α expression level in the gut. (J) Western
blot analysis of primary crypt organoids treated with 2 µM MG132 and/or 100 µM
chloroquine (CHL) for 2 h, with quantitation shown below the blots. (K) Western blot
analysis of IRE1α in the pancreas of Sel1Lf/f;ERCre- (WT) and Sel1Lf/f;ERCre+ (IKO) mice
4 and 8 days post-tamoxifen injection, with quantitation shown below. (L) Western blot
analysis of IRE1α in adipose tissue of Sel1L∆adipo (AKO) mice, with quantitation shown
below the blots. (M) Western blot analysis of IRE1α in primary adipocytes treated with
50 µg/ml cycloheximide (CHX) at the indicated time, with quantitation shown below.
All experiments were repeated at least twice with n=3 mice each. Values, mean ± sem. *,
p<0.05; **, p<0.01; ***, p<0.001 by Student’s t test.
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5.4.3

Consequence of ERAD deficiency in IRE1α activity and inflammation
Previous studies (267) showed that overexpression of IRE1α leads to its

activation in vitro. We next addressed consequences of ERAD deficiency in IRE1α
activation and signaling. Among various downstream signaling events, IRE1α
phosphorylation, Xbp1 mRNA splicing and JNK phosphorylation are best characterized
events associated with IRE1α activation. In Sel1L∆IEC enterocytes, IRE1α was
hyperphosphorylated and activated as measured by mobility shift of IRE1α protein in a
phos-tag gel and Xbp1 mRNA splicing (Fig. 5.5A-C). Similar observation was obtained
for Sel1LIKO MEFs (Fig. 5.5D-E). Accumulated IRE1α protein did not form NP-40
insoluble aggregates in the enterocytes of Sel1L∆IEC mice (Fig. 5.5F) and remained highly
responsive to ER stress in Sel1LIKO MEFs, reaching nearly 100% phosphorylation
following the treatment of ER stressor thapsigargin at a very low dose (Fig. 5.5G-H).
Loss of Sel1L in enterocytes was associated with elevated JNK phosphorylation (Fig.
5.5I-J) and Tnfa expression in enterocytes stimulated with TNFα (Fig. 5.5K). Taken
together, Sel1L-Hrd1 ERAD restrains IRE1α signaling and hence attenuates IRE1αassociated inflammation.

5.4.4

Hypersensitivity to experimental colitis of Sel1L∆IEC mice
Sel1L∆IEC and Sel1Lflox/flox (WT) control littermates were born at the expected

Mendelian ratios (Fig. 5.6A) and grew at comparable rate for both females and males
(Fig. 5.7A). Length and gross morphology of the colon were comparable between the
two cohorts (Fig. 5.7B-C and 5.6B). Cell death was not increased in the colonic
epithelium of Sel1L∆IEC mice (Fig. 5.6C). However, when challenged with dextran
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sodium sulfate (DSS), Sel1L∆IEC mice exhibited increased susceptibility to DSS-induced
colitis and developed more severe clinical signs of colitis, including body weight loss
(Fig. 5.7D), gross rectal bleeding and diarrhea (Fig. 5.6D). The majority of Sel1L∆IEC mice
(~90%) succumbed to DSS treatment by day 12 (Fig. 5.7E). Colon shortening, a typical
clinical feature of colonic inflammation was more pronounced in Sel1L∆IEC mice at day 9
(Fig. 5.7F). Histological examination of the distal colon of Sel1L∆IEC mice at day 9
revealed a near complete loss of epithelium and crypts, increased colonic mucosal
damage/erosion, massive immune cell infiltration and lymphoid foci formation, and
edema (Fig. 5.7G-H). The difference in colitis sensitivity was not due to variable DSS
intake (Fig. 5.6E). DSS-induced colitis and lethality could be prevented by coadministration of broad-spectrum antibiotics in the drinking water (Fig. 5.7E). FISH
analysis of eubacteria demonstrated more severe bacterial invasion of the colonic
mucosa of Sel1L∆IEC mice compared to WT littermates after DSS treatment, including
patchy bacteria invasion into the epithelium, thick mat of superficial invasive bacteria
associated with diffuse ulceration and intraluminal bacteria proliferation in epithelial
cell debris (Fig. 5.6F). Interestingly, although not commonly present in the gut,
invasive E. coli were found at the colonic mucosa of Sel1L∆IEC mice (panel 1, Fig. 5.7I),
and some were associated with dead cells sloughed off the epithelium (panel 2).
Indeed, adherent and invasive E. coli has been previously associated with aggravated
disease pathogenesis in human CD patients (258, 268-270).
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Figure 5.5. Consequences of Sel1L-Hrd1 ERAD deficiency on IRE1α activation and
inflammation.
(A) Phos-tag-based (P-T) Western blot analysis of IRE1α phosphorylation in the gut of
WT and Sel1L∆IEC (EKO) mice. (B-C) RT-PCR analysis of Xbp1 mRNA splicing, with
quantitation shown (C). (D-E) Western blot and RT-PCR analyses of IRE1α activation in
WT and IKO MEFs, with quantification of spliced Xbp1 shown in (E). (F) Western blot
analysis of IRE1α in the NP-40P and NP-40S fractions of the ileum using lysis buffer
containing 0.5% NP-40. The distribution of Bag6 and H2A marks the soluble (S) and
insoluble (P) fractions, respectively. (G-H) Western blot analysis of IRE1α activation in
WT and IKO MEFs treated with thapsigargin (Tg) at indicated concentrations for 2 h,
with quantitation of total p-IRE1α (left) and percent of p-IRE1α (right) shown in (H). In
(G), data was from the same blot at the same exposure, with irrelevant lanes in the
middle cut off. (I-K) Loss of Sel1L enhances inflammatory tone of enterocytes. m-ICcl2
enterocytes with either control (CONi) or Sel1L knockdown (Sel1Li) were treated with
50 ng/mL murine TNFα at the indicated times and analyzed for: (I) JNK
phosphorylation, with quantitation shown in (J), and (K) Tnfa gene expression. All
experiments were repeated at least twice with n=3 mice each. Values, mean ± sem. *,
p<0.05; ***, p<0.001 by Student’s t test.
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Figure 5.6. Sel1L∆IEC (EKO) mice are susceptible to experimental colitis.
(A) Expected and observed genotypes in the offsprings from the last breeding in Fig.
5.3A. (B) Gross morphology of the colon in WT and Sel1L∆IEC mice. (C) Western blot
analysis of caspase-3 cleavage in colon epithelium (colon epi) of WT and Sel1L∆IEC mice.
(D-F) Sel1L∆IEC mice are susceptible to DSS-induced experimental colitis. 12-wk-old mice
were treated with 3% DSS for 5 days followed by fresh water. (D) Assessment of stool
consistency and stool blood on day 6 as a blind study. Score for stool consistency: 0,
normal; 1, soft but still formed; 2, very soft; 3, diarrhea. Score for stool blood: 0,
negative; 1, positive hemoccult; 2, blood traces in stool visible; 3, rectal bleeding. (E)
Average daily water intake per mouse during the 5-day DSS treatment. (F) FISH
staining showing the distribution of Eubacteria (red) in colonic mucosa of DSS-treated
mice at day 9. Bacteria detected in the crypts of WT mice (Panel 2). More severe
bacteria invasion in Sel1L∆IEC mice comparing to WT littermates, including patchy
bacteria invasion into epithelium (panel 3), intralumenal bacteria proliferation (panel 4)
and thick mat of superficial invasive bacteria (panel 5). Green, non-specific signal; blue,
DAPI-stained nucleus. All experiments were repeated at least twice with n=3-4 mice
each. Values, mean ± sem. **, p<0.01 by Student’s t test.
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Figure 5.7. Sel1L∆IEC (EKO) mice are sensitized to experimental colitis.
(A-C) Growth curve (A), colon length (B) and gross colon morphology (C) of adult WT
and Sel1L∆IEC mice. (D-I) Sel1L∆IEC mice are susceptible to DSS-induced experimental
colitis. 12-wk-old mice were treated with 3% DSS for 5 days followed by fresh water.
(D) Body weight change. N=8-11 each. (E) Survival curve of DSS-treated mice with or
without antibiotics (Abx). ***, p<0.001 comparing EKO to the other cohorts by the logrank Mantel–Cox test. N=7-14 each. (F) Colon length on day 9. (G) Inflammatory score
of colon on day 9 as a blind study. 0, none; 1, low; 2, moderate; 3, high; 4, maximal. (H)
Representative H&E images of colon on day 9 showing epithelial ulceration (arrow
heads), severe edema (asterisks), and regenerative crypts (arrows). (I) FISH staining
showing the presence of E. coli (red) in the colonic mucosa of DSS-treated mice on day 9.
Green, non-specific signal; blue, DAPI-stained nucleus. Panels 1 and 2 show invasive E.
coli in colonic mucosa and sloughed-off epithelia, respectively, of EKO mice. All
experiments were repeated at least twice with n=3-5 mice each. Values, mean ± sem. ***,
p<0.001 by Student’s t test unless otherwise indicated.
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5.4.5

Pathological significance of epithelial Sel1L-Hrd1-mediated IRE1α
degradation in colitis
We next determined the significance of IRE1α degradation in the pathogenesis of

experimental colitis. IRE1α is a bifunctional enzyme with both kinase and RNase
activities (Fig. 5.8A). We first tested the role of IRE1α RNase activity in disease
susceptibility of Sel1L∆IEC mice using an IRE1α RNase-specific inhibitor 4µ8C (271).
Treatment with 4µ8C reduced levels of spliced Xbp1 mRNA in the colon but not CHOP
(Fig. 5.9A), pointing to the specificity of the drug. Although 4µ8C treatment did not
affect body weight (Fig. 5.9B), Sel1L∆IEC mice treated with 4µ8C were more sensitive to
DSS-induced colitis, with more rapid body weight loss relative to vehicle-treated
Sel1L∆IEC mice, reaching 100% mortality by day 7 (vs. ~20% for vehicle-treated Sel1L∆IEC
mice) (Fig. 5.8B-C). At day 7, colon shortening of Sel1L∆IEC mice treated with 4µ8C was
more pronounced than that of vehicle-treated Sel1L∆IEC mice (Fig. 5.8D). Histological
assessment revealed that 4µ8C treatment exacerbated colonic damage in Sel1L∆IEC mice,
where near complete mucosal ulceration was noted (Fig. 5.8E and 5.9C). Importantly,
4µ8C treatment had no obvious effect on WT mice (Fig. 5.8B-E), pointing to the
importance of ERAD and IRE1α degradation in the pathogenesis of experimental colitis.
To elucidate the underlying molecular mechanism by which inhibition of RNase
activity of IRE1α accelerates disease progression, we isolated and subjected primary
crypt organoids to 4µ8C treatment. 4µ8C treatment reduced Xbp1 mRNA splicing as
well as XBP1s target genes (Grp78 and p58ipk) while having no effect on the expression
of the PERK downstream effector Chop (Fig. 5.8G and 5.9D-F). Moreover, 4µ8C
treatment significantly enhanced phosphorylation of both IRE1α and JNK (Fig. 5.8F).

	
  

180	
  

Consistently, expression of TNFα, a central mediator of colitis-associated inflammation
(272), was highly elevated in 4µ8C-treated Sel1L∆IEC organoids (Fig. 5.8G).
In addition to RNase activation, IRE1α kinase activity has been linked to JNK
activation and inflammation in the epithelium (63, 64) (Fig. 5.8A). To directly assess the
role of IRE1α-mediated JNK activation in disease pathology, we used a JNK-specific
inhibitor SP600125 (257) since there is no IRE1α kinase-specific modulator and since the
use of JNK inhibitor uncouples IRE1α kinase from its RNase activation. Treatment with
SP600125 downregulated inflammation (Fig. 5.8H) and ameliorated DSS sensitivity of
Sel1L∆IEC mice (Fig. 5.8I-K).
CHOP, a downstream effector of the PERK pathway of UPR implicated in cell
death (273), was highly elevated in the gut of Sel1L∆IEC mice (Fig. 5.8G and 5.10A). To
determine the role of CHOP in disease pathogenesis of Sel1L∆IEC mice, we generated
Sel1L∆IEC mice on the CHOP knockout background. Four cohorts grew comparably (Fig.
5.10B) and loss of CHOP in Sel1L∆IEC mice had no effect on IRE1α protein levels (Fig.
5.10C-D). To our surprise, we found no evidence for a possible role of CHOP in
sensitivity to experimental colitis of Sel1L∆IEC mice (Fig. 5.8L-M and 5.10E).
To address the effect of Sel1L haploinsufficiency on IRE1α biology and gut
homeostasis, we generated Sel1L∆IEC/+ mice as littermates to WT and Sel1L∆IEC mice (Fig.
5.11A-B). In all the parameters we measured (IRE1α protein level, ER stress, sensitivity
to experimental colitis and etc), Sel1L∆IEC/+ mice resembled their WT littermates but were
distinct from their Sel1L∆IEC littermates (Fig. 5.11C-H). Moreover, as Sel1L∆IEC/+ mice
expressed the Cre recombinase, these data excluded a possible effect of Cre in disease
pathogenesis of Sel1L∆IEC mice. Thus, these data demonstrate that one copy of Sel1L in

	
  

181	
  

the epithelium is sufficient for ER and intestinal homeostasis. Taken together, our data
demonstrate that ERAD-mediated IRE1α degradation restrains epithelial IRE1α
signaling, which is important for the maintenance of epithelial inflammation and gut
homeostasis.
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Figure 5.8. Pathological significance of epithelial IRE1α degradation by Sel1L-Hrd1
ERAD.
(A) Model illustrating the IRE1α activities targeted by specific inhibitors. (B-E) 12w-old
WT and Sel1L∆IEC (EKO) mice were gavaged with 5 mg/kg 4µ8C or vehicle (Veh) daily
starting 2 days before DSS feeding. N=6 each group, two repeats. (B) Body weight
change. **, p<0.01 comparing EKO 4µ8C to EKO Veh by Student’s t test. (C) Survival
curve. ***, p<0.001 comparing EKO 4µ8C to EKO Veh by the log-rank Mantel–Cox test.
N=19 EKO Veh and 6 EKO 4µ8C with experiments terminated at day 8. (D) Colon
length at day 7. (E) Representative H&E images of colon at day 7 showing epithelial
ulceration (arrows), severe edema (asterisks), and regenerative crypts (arrow heads).
Images at low magnification are shown in Fig. 5.9C. (F-G) Western blot (F) and Q-PCR
(G) analyses of primary crypt organoids treated with 30 µM 4µ8C for 8 h. Relative
protein levels are shown below the blots. P-T, phos-tag gel. HSP90, a loading control. In
F, data were from the same blot at the same exposure with irrelevant lanes cut off. (H)
Western blot analysis of m-ICcl2 enterocytes with either control (CONi) or Sel1L
knockdown (Sel1Li) treated with 50 µM JNK inhibitor SP600125 (SP) for 1 h followed by
50 ng/mL murine TNFα for 10 minutes. (I-K) 6w-old mice were injected
intraperitoneally with 30 mg/kg SP600125 (SP) every other day with concurrent
treatment of 3% DSS for 5 days followed by fresh water: body weight change (I), colon
length at day 7 (J) and representative H&E images of colon at day 7 (K). *, p<0.05; **,
p<0.01 comparing EKO SP to EKO Veh by Student’s t test. (L-M) 8w-old WT, EKO,
Chop-/- and EKO;Chop-/- double knockout (DKO) littermates were treated with 3% DSS
for 5 days followed by fresh water: body weight change (L) and colon length at D7 (M).
N=5-6 each. ***, p<0.001 comparing WT to EKO; n.s., not significant comparing EKO to
DKO by Student’s t test. All experiments were repeated at least twice. Values, mean ±
sem. *, p<0.05; **, p<0.01; ***, p<0.001 by Student’s t test unless otherwise indicated.
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Figure 5.9. 4µ8C inhibits IRE1α RNase activity and Xbp1 splicing.
(A-B) WT and Sel1L∆IEC (EKO) mice were gavaged with 5 mg/kg 4µ8C or vehicle (veh)
daily with regular water feeding. (A) Q-PCR analysis of spliced Xbp1 and Chop mRNA
levels in colon 2 days after 4µ8C treatment. (B) Body weight of mice with daily gavage
of 4µ8C for 8 days. (C) Representative H&E images of colon at day 7 of DSS-treated
mice with 5 mg/kg 4µ8C or vehicle (veh) daily. L marks the gut lumen. Higher
magnification images are shown in Fig. 5.8E. (D-F) 4µ8C inhibits Xbp1 splicing in
organoids treated with 30 µM 4µ8C for 8 h. (D) Image showing the quality of RNA
isolated from cultured organoids. (E) RT-PCR analysis of Xbp1 splicing with
quantitation shown below. (F) Representative Q-PCR analysis of Grp78 and p58ipk in
organoids. All experiments were repeated at least twice. Values, mean ± sem. **, p<0.01
by Student’s t test.
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Figure 5.10. CHOP does not play a role in the disease pathogenesis of Sel1L∆IEC (EKO)
mice.
(A) Q-PCR analysis of Chop mRNA levels in the gut of WT and Sel1L∆IEC mice. (B)
Growth curve of 4 littermates: WT, Chop-/-, Sel1L∆IEC (EKO) and Sel1L∆IEC;Chop-/- (DKO)
mice. (C-D) Western blot analysis of protein levels in the ileum, with quantitation
shown in (D). (E) Representative H&E images of colon on day 9 from 8w-old mice
treated with 5-day 3% DSS followed by fresh water. All experiments were repeated at
least twice with n=3-4 each. Values, mean ± sem. **, p<0.01; ***, p<0.001 by Student’s t
test.
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Figure 5.11. Haploinsufficiency of epithelial Sel1L has no effect on IRE1α activity and
the susceptibility of experimental colitis.
(A) Breeding scheme for the generation of Sel1L∆IEC/+ (HET) and their littermates. (B)
Growth curve of the littermates. (C-D) Western blot analysis in the ileum, with
quantitation shown in (D). (E) Q-PCR analysis of UPR genes in ileum. (F-H) 12w-old
mice were treated with 5-day 3% DSS followed by fresh water. (F) Body weight change.
(G) Colon length on day 9. (H) Representative H&E images of colon on day 9 of mice
treated with 3% DSS for 5 days. All experiments were repeated at least twice with n=3-4
each. Values, mean ± sem. *, p<0.05; **, p<0.01; ***, p<0.001 by Student’s t test.
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5.4.6

Molecular mechanisms underlying Sel1L-Hrd1-mediated IRE1α degradation
ERAD proceeds through four tightly coupled steps: substrate selection,

retrotranslocation to the cytosol, ubiquitination conjugation, and proteasomal
degradation (242). We next explored the molecular mechanisms underlying substrate
selection and ubiquitination, specifically addressing how Sel1L-Hrd1 ERAD complex
assesses IRE1α as a potential ERAD target. In line with an early study (274), IRE1α
polyubiquitination was catalyzed by Hrd1 via its catalytic RING finger domain (Fig.
5.12A and 5.13A). MG132 treatment significantly increased IRE1α ubiquitination (Fig.
5.13B). Consistent with the idea that disruption of the RING finger motif of Hrd1
prolongs the interaction with its substrate (75), IRE1α interacted much stronger with the
catalytic inactive Hrd1 compared to WT Hrd1 (Fig. 5.12A). Overexpression of Hrd1 was
sufficient to reverse IRE1α accumulation in Sel1LIKO MEFs (Fig. 5.12B-C), suggesting that
Sel1L may affect IRE1α degradation indirectly via Hrd1. Intriguingly, IRE1α
ubiquitination was reduced when challenged with ER stress (Fig. 5.12D and 5.13B-C),
and so was IRE1α interaction with Hrd1 and Sel1L (Fig. 5.12D-E). Consistently, IRE1α
protein accumulated during ER stress in WT cells, but to a lesser extent in Sel1LIKO MEFs
(Fig. 5.12F-G). The dissociation from the Sel1L-Hrd1 ERAD complex during ER stress is
significant because it allows IRE1α to accumulate and subsequently, homodimerize
and/or aggregate to mount a proper UPR (49, 68).
We next determined the mechanisms underlying substrate specificity and
selection. Inspired by the elegant work in yeast (275), we explored the role of
intramembrane hydrophilic residues of IRE1α in its degradation. IRE1α has three
highly conserved hydrophilic amino acids (T446, S450, T451) from humans to fish, but
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not in lower species (Fig. 5.13D). Mutation of these three amino acids to alanine
(T446A, S450A and T451A; in short T3A) attenuated IRE1α interaction with Hrd1 and
reduced IRE1α ubiquitination (Fig. 5.12H), leading to its stabilization (Fig. 5.12I-J).
IRE1α is glycosylated at residue N178 of the luminal domain (276) (Fig. 5.13E), so
we asked whether OS9, a lectin known to recruit misfolded glycoproteins (82, 226, 227,
277), is involved in IRE1α degradation. OS9 interacted strongly with both exogenous
and endogenous IRE1α (Fig. 5.13F). Deletion of OS9 increased IRE1α protein level at
the steady state as well as its stability (Fig. 5.12K-M and 5.13G). Thus, both OS9 and
intramembrane hydrophilic residues of IRE1α may operate in parallel in ERADmediated IRE1α degradation at the steady state, which is antagonized by ER stress (Fig.
5.12N).

5.4.7

Human studies link SEL1L-HRD1 ERAD, IRE1α, and intestinal inflammation
To determine whether IRE1α ERAD is conserved in humans, we employed the

CRISPR/Cas9-mediated knockout of SEL1L and HRD1 in human cells. In line with our
observations in mice, loss of SEL1L in human cells led to a reduction of HRD1 protein
and an accumulation of OS9 (Fig. 5.14A). Moreover, SEL1L or HRD1 deficiency in
human cells led to IRE1α accumulation, independently of gene transcription (Fig.
5.14A-B). Endogenous IRE1α protein as well as OS9 was greatly stabilized in SEL1Ldeficient HEK293 cells, which was not seen for the cytosolic protein BAG6 (Fig. 5.14CD). Thus, IRE1α degradation by SEL1L-HRD1 ERAD is conserved from mice to
humans. In human small intestines, expression of SEL1L was tightly correlated with
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that of HRD1 (Fig. 5.14E) and was reduced by nearly 10-fold with inflammation (Fig.
5.14F and 5.15A-B). Similar observations were made for HRD1, albeit to a lesser extent,
but not for the ER chaperone CALRETICULIN (Fig. 5.14F and 5.15B). Thus, SEL1LHRD1 ERAD mediates IRE1α degradation and is downregulated in inflamed gut of
human IBD patients.
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Figure 5.12. Molecular mechanisms underlying Sel1L-Hrd1-mediated IRE1α ERAD:
ubiquitination, substrate selection and the effect of ER stress.
(A) Western blot analysis of immunoprecipitates of Flag-agarose in transfected
HEK293T, showing the ubiquitination of IRE1α by HRD1 in vitro. (B-C) Western blot
analysis of IRE1α in WT and IKO MEFs stably expressing HRD1-myc, with quantitation
shown in (C). (D) The same as (A) except that cells were treated with 300 nM
thapsigargin (Tg) for 5 h, showing reduced IRE1α interaction with Hrd1 and IRE1α
ubiquitination following ER stress. (E) Western blot analysis of immunoprecipitates of
HA-agarose in Ire1α-/- MEFs stably expressing HA-IRE1α, showing the dissociation
between IRE1α and endogenous Sel1L upon tunicamycin (Tm) treatment for 2 h. (F-G)
Western blot analysis of IRE1α in WT and IKO MEFs treated with Tg at the indicated
times, with quantification shown in (G). (H) Western blot analysis of
immunoprecipitates of Flag-IRE1α in transfected HEK293T cells, showing that T3A
mutation reduced IRE1α ubiquitination and interaction with Hrd1. (I-J) Western blot
analysis of IRE1α in CHX-treated HEK293T cells transfected with WT and T3A IRE1α,
with quantitation shown in (J). (K) Western blot analysis of IRE1α in WT and OS9-/HEK293T cells, with quantification shown in Fig. 5.13G. (L-M) Western blot analysis of
IRE1α in CHX-treated WT and OS9-/- HEK293T cells, with quantitation shown in (M).
Immunoprecipitation in (E) were done in Triton X-100 buffer, while the rest were done
in NP-40 buffer. Representative data from at least two repeats shown. Values, mean ±
sem. *, p<0.05 by Student’s t test. (N) Model for ERAD-mediated IRE1α degradation
under the steady state, which is attenuated by ER stress.
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Figure 5.13. Molecular mechanism underlying IRE1α degradation.
(A) Western blot analysis of immunoprecipitates of Flag-agarose in transfected
HEK293T under denaturing condition as described in the methods, confirming the
ubiquitination of IRE1α. (B-C) Western blot analysis of immunoprecipitates of Flagagarose in transfected HEK293T treated with thapsigargin (Tg) or MG132 as indicated.
(D) Alignment of IRE1α transmembrane domain (444-464) across species showing three
conserved hydrophilic residues. (E) Western blot analysis of IRE1α in HEK293T cells
transfected with WT or N176Q IRE1α. (F) Western blot of immunoprecipitates of HAor Flag-agarose in transfected HEK293T cells. (G) Quantitation of proteins shown in
Fig. 5.12K. Representative data from at least two repeats shown. Values, mean ± sem.**,
p<0.01 by Student’s t test.
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Figure 5.14. Human studies link SEL1L-HRD1 ERAD, IRE1α and intestinal
inflammation.
(A) Western blot analysis showing IRE1α accumulation in CRISPR/Cas-mediated
SEL1L- and HRD1-deficient HEK293T cells. A pool of transfected cells was used. (B) QPCR analysis of IRE1a and OS9 in SEL1L-deficient HEK293T cells. (C-D) Western blot
analysis of IRE1α in CHX-treated WT and SEL1L-deficient HEK293T cells, showing the
stabilization of IRE1α in selected colonies of SEL1L-deficient cells, with quantitation
shown in (D). The ERAD substrate OS9 and the cytosolic proteins BAG6 and HSP90 are
shown as controls. All experiments were repeated at least twice. Values, mean ± sem. *,
p<0.05 by Student’s t test. (E) Correlations between SEL1L and HRD1 expression in
human terminal Ileum. (F) Q-PCR analysis of SEL1L and HRD1 expression in the
inflamed (I) vs. non-inflamed (NI) terminal ileum of humans (with inflammatory score
cut-off at 2). Fifty-seven samples were analyzed in total. Values, mean ± sem and were
normalized to actin beta (Actb) gene. **, p<0.01; n.s., not significant by Mann Whitney
testing. Spearmans r value was calculated for correlations. (G) Model depicting the role
of Sel1L-Hrd1-mediated IRE1α degradation in the maintenance of intestinal
homeostasis, and the regulatory circuitry consisting of IRE1α and Sel1L-Hrd1 ERAD.
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Figure 5.15. Human studies link ERAD of IRE1α and intestinal inflammation.
(A) Inflammatory score scheme used for human biopsy samples. (B) Q-PCR analysis of
SEL1L and HRD1 expression in human terminal Ileum samples from control subjects
(CON) and Crohn’s disease (CD) or ulcerative colitis (UC) patients with or without
inflammation. NI, non-inflammation; I, inflammation. N= 57 patients. Values, mean ±
sem. **, p<0.01 by Mann Whitney testing.
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5.5

DISCUSSION
Both UPR and ERAD are evolutionarily conserved quality-control systems in the

cell essential for the maintenance of ER homeostasis. However, how they are
coordinated remains poorly characterized. The findings reported here fill an important
gap in quality control mechanisms by demonstrating an ingenious and intricate built-in
system of “checks and balances” to dynamically fine-tune IRE1α protein level, thereby
its activity and signaling (Fig. 5.12N). Our data further showed that Sel1L-Hrd1 ERADmediated IRE1α degradation in enterocytes is important for IRE1α-mediated
inflammation and gut homeostasis in vivo (Fig. 5.14G).

ERAD-mediated IRE1α degradation
Our data reveal that IRE1α, similar to other glycoproteins such as unassembled T
cell receptor α chain (TCRα) and MHC class I heavy chain, is subjected to quality
control in the ER. Secretory and membrane proteins are cotranslationally translocated
into the ER, acquire N-glycans and disulfide bonds, and become folded with the help of
ER chaperones such as calnexin and calreticulin. If folding is not productive, foldingincompetent glycoproteins become substrates of ERAD following mannose-trimming,
and are then delivered to the E3 ligase complex via the activity of lectin proteins such as
OS9 and XTP3B (82, 224, 278-280). Understanding of the mechanisms underlying ERAD
has been hampered by the lack of natural substrates. The discovery of IRE1α, a singletransmembrane-spanning protein, as an endogenous ERAD substrate will lead to a
qualitative advance in understanding of mammalian ERAD. Investigation of
endogenous IRE1α degradation will not only circumvent issues associated with the
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overexpression of artificial antigens or the use of unpaired orphan receptor proteins,
but also provide key insights into the degradation process of an endogenous
transmembrane protein.
Polypeptides that do not meet the quality control standards are retained within the
ER and delivered to the ERAD ligases for cytosolic degradation. In addition, ERAD is
required for the regulated turnover of ER resident enzymes such as HMG CoA
reductase. We speculate that IRE1α degradation is not only a generalized stress
response, but also is specifically directed to fine-tune IRE1α protein level and activity.
In support of this model, our data show that IRE1α interacts with and is ubiquitinated
by the Sel1L-Hrd1 ERAD core complex at basal state. ER stress triggers the complex
dissociation and hence attenuation of IRE1α ubiquitination, which coincide with IRE1α
oligomerization. We propose that IRE1α degradation represents an important
regulatory mechanism for a dynamic control of IRE1α level and signaling in response to
a dynamic flux of misfolded proteins in the ER.
In yeast, the first checkpoint of ERAD monitors the folding of cytoplasmic
domains of misfolded proteins followed by that of luminal domains (281). Intriguingly,
IRE1α interacting proteins including two important chaperones, one in the ER,
Bip/GRP78 (282), and the other in the cytosol, HSP90 (283). Given its role in protein
folding and ERAD (284), we speculate that Bip/GRP78 binding to IRE1α may regulate
IRE1α degradation, in addition to sequestration of IRE1α in an inactive state as
previously proposed (282). Moreover, it has been shown that HSP90 stabilizes IRE1α
through cytosolic interactions (283), pointing to a possible role of cytosolic domain of
IRE1α in stability control. We recently showed that cancer-associated IRE1α mutation
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Pro830Leu (P830L) confers instability to IRE1α protein (245). As P830 is located at the
junction between the cytosolic kinase and RNase domains and P830L mutation changes
the conformation of IRE1α cytosolic tail, this observation suggests that cytosolic tail of
IRE1α may play an important role in its ERAD. We postulate that folding- or
activation-associated conformational changes of luminal and cytosolic domains of
IRE1α may influence substrate selection by the ERAD complex. The role of Bip/GRP78
and HSP90 will be addressed in future studies.

The effect of epithelial ERAD-mediated IRE1α degradation in IBD
Sel1L-Hrd1 ERAD deficiency causes the accumulation and activation of IRE1α (but
not IRE1β), which subsequently increases inflammation and sensitizes the epithelium to
external challenges such as DSS and pathogens (not shown). Intriguingly, cytosolic
kinase and RNase activities of IRE1α exert distinct and opposite effects on disease
pathogenesis. IRE1α RNase activity attenuates inflammation and ameliorates sensitivity
to experimental colitis in Sel1L∆IEC mice. This is likely due to the protective role of XBP1s
in ER homeostasis and thereby reducing IRE1α activation. Indeed, downregulation of
IRE1α RNase activity reduces XBP1s production, which further enhances IRE1α kinase
activation and inflammation. This observation is in line with earlier reports of XBP1deficient mice where XBP1 deficiency leads to increased IRE1α activation and
inflammation (63, 64, 238, 244, 285, 286). By contrast, IRE1α kinase activity may
instigate epithelial inflammation and exacerbate sensitivity to experimental colitis, in
part via JNK activation. Thus, our study expands the current paradigm by
demonstrating a critical role of Sel1L-Hrd1 ERAD as key regulators of IRE1α signaling
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in IBD.
Hypomorphic XBP1 associated with reduced XBP1s activity has been identified in
human IBD (64). As XBP1s transcriptionally regulates Sel1L-HRD1 gene expression in
enterocytes, we speculate that reduced XBP1s activity may account for the reduced gene
expression of SEL1L and HRD1 in inflamed gut as we observed in humans. Although
the causal effect of SEL1L in inflammation will be difficult to establish in humans, we
speculate that SEL1L-HRD1 ERAD may play a causal role in the pathogenesis of
inflammation in IBD based on our Sel1L∆IEC mouse model. It should be pointed out that,
given its broad substrate specificity, the physiological effect of Sel1L-Hrd1 ERAD is
likely to go beyond IRE1α-mediated signaling events. Future investigations are
warranted to identify other endogenous ERAD substrates and their importance in gut
homeostasis and the pathogenesis of IBD.

Physiological role of Sel1L and Sel1L-Hrd1 ERAD
The physiological role of Sel1L-Hrd1 ERAD has been difficult to assess due to the
embryonic lethality of Sel1L or Hrd1-deficient mice (99, 100). Recently, using the
inducible Sel1L knockout mouse and cell models, we provide the first in vivo evidence
that Sel1L is indispensable for Hrd1 stability, ER homeostasis and survival in cells and
mice (178). Acute loss of Sel1L leads to premature death in adult mice within 3 weeks
with profound pancreatic atrophy. Furthermore, using an adiponectin-promoter-driven
Cre mouse model, we recently generated adipocyte-specific Sel1L-deficient mice (243).
Strikingly, these mice are protected against diet-induced obesity and develop
postprandial hypertriglyceridemia. Our data further revealed that Sel1L deficiency
results in the ER retention and accumulation of lipoprotein lipase (243). Thus, Sel1L
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and Sel1L-Hrd1 ERAD may have cell type- and tissue- specific cargos and substrates,
which will provide key insights into physiological role of ERAD.

Although precise mechanisms for Sel1L-Hrd1-mediated IRE1α degradation, its
selection, ubiquitination and retro-translocation processes, remains obscure, the data
presented here indicate that cells have evolved an ingenious regulatory circuit that
monitors IRE1α protein level and hence ER homeostasis. As the flux of misfolded
proteins in the ER is likely to be dynamic, it is tempting to speculate that Sel1L-Hrd1
ERAD-mediated IRE1α degradation may act as a toggle switch to dynamically fine-tune
IRE1α signaling. Conditions that either perturb or disrupt this regulatory circuit (e.g.
genetic mutations, viral infections and stress responses) may have profound negative
consequences on the flexibility of ER homeostasis and thus disease pathogenesis.
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CHAPTER 6
DISCUSSION AND FUTURE DIRECTION
6.1 THE ROLE OF INFLAMMATION IN METABOLIC DISORDER
The aim of the first part of this dissertation is to delineate the role of inflammatory
responses and signaling pathways in obesity-associated metabolic diseases. Though
obesity has been associated with systemic chronic inflammation, how the inflammation
is initiated, regulated and contributes to obesity-associated complication is not well
understood. Chapters 2 and 3 of this dissertation provide new insights and
understanding into the role of inflammation in metabolic disorders. In Chapter 2, I find
that inflammasome activation in adipose tissue in obesity coincides with the onset of
hyperglycemia, hyperinsulinemia and increased adipocyte death, however, is not
mediated by the ATP-P2X7 signaling pathway. This study rules out one very likely in
situ signal for inflammasome activation and begs future investigation on the initiating
of obesity-associated inflammation in adipose tissue. During obesity, adipocytes face
increased cellular stress and death, leading to the release of “danger signals” such as
lipids, ROS and ATP (143). In addition, insulin resistance during obesity causes
hyperlipidemia and hyperglycemia, causing high circulating lipid and glucose levels.
Previous reports have shown that saturated fatty acids, such as palmitate, as well as
ceramides can induce inflammasome activation in macrophages in vitro (19, 115). High
glucose may also induce the expression of inflammasome components in adipocytes
(18, 20). Future studies are required to delineate whether and how elevated lipids and
glucose levels activate the inflammasome in adipocytes in vivo, and whether their
signaling contributes to immune cell infiltration into adipose tissue, systemic
inflammation and insulin resistance.
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During obesity, inflammatory responses in other metabolic organs such as the
liver, muscle, pancreas and intestine also contribute to insulin resistance and metabolic
syndrome. The activation of TLRs, especially TLR2 and TLR4, has been indicated in the
pathogenesis of insulin resistance in the liver, muscle and adipose tissue primarily by
sensing saturated fatty acids or endotoxins (21, 37, 164) (Table 1.1). In the
gastrointestinal system, TLR2 was shown to regulate gut microbiota composition, thus
restrict endotoxin levels in circulation and prevent insulin resistance (46). Chapter 3
describes a surprising finding that chronic intake of Western diet leads to severe
pulmonary damage and mortality in TLR2/4 deficient mice. This study highlights the
importance of intestinal epithelial TLR2/4 in preventing gut microflora dysbiosis
during obesity by regulating the expression of tight junction genes, thus restricting the
entry of bacteria toxins. It is not understood, however, how TLR2/4 are activated on
intestinal epithelium, how they signal downstream to regulate gene expression in
enterocytes and how this signaling pathway is regulated. Moreover, the individual
contribution of TLR2 and TLR4 in gut epithelium remains to be dissected.
It is well known that TLR signaling is mainly mediated by two adaptor molecules,
MyD88 and toll/interleukin-1 receptor domain-containing adaptor inducing interferon
(TRIF). Upon activation, TLR4 initially recruits MyD88 to transmit signals for early
phase activation of NF-κB and MAPK to induce inflammatory cytokines. Thereafter, the
TLR4 undergoes dynamin-dependent endocytosis and is retained in endosomes, where
it signals through TRIF to activate late phase NF-κB responses including the induction
of type I interferon and inflammatory cytokines (287-289). For an unknown reason,
TLR4 requires the activation of both pathways for the induction of inflammatory
cytokines (290). On the contrary, TLR2-TLR1 and TLR2-TLR6 receptors only induce NF-
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κB activation through the recruitment of MyD88. In addition, MyD88 is also shared by
interleukin-1 receptor (IL-1R) signaling cascade. The MyD88 and TRIF signaling
pathways are reported to be differentially activated and regulated under specific
circumstances, and subsequently induce different cellular responses (290). However,
such complex regulation of MyD88 and TRIF signaling pathways is poorly understood,
especially in non-hematopoietic cells and metabolic organs in vivo. Therefore, a
combination of cellular and physiological studies using MyD88 and TRIF single and
double knockout models will allow better understanding of their role in metabolic
regulation and diseases.
Human genetic variations have been identified in all TLRs as well as MyD88, TRIF
and downstream signaling mediators. They generally lead to partial or complete
functional deficiency and thus enhanced susceptibility to and severity of infections (291).
For example, patients with mutant alleles of TLR4 have amino acids substitutions
D299G or T399I, both of which compromise the interaction between TLR4 and LPS,
resulting in the susceptibility to sepsis caused by gram-negative bacteria infection (292,
293). Three deletion or substitution mutations have been identified in MyD88 leading to
defective MyD88 signaling and recurrent infection with pyogenic bacteria in patients
(294, 295). On the contrary, another substitution mutant, L265P, of MyD88 leads to its
spontaneous activation and constitutive production of pro-inflammatory cytokines like
IL-6, contributing to the human malignancies of chronic lymphocytic leukemia and
diffuse large B cell lymphoma (296, 297). Given the emerging role of non-hematopoietic
TLR, it will be intriguing to investigate the effect of human TLR variations on
metabolism and host-microbial interactions, as well as analyze their contribution to the
pathogenesis of metabolic disorders and complications in human population.
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Pancreatic β cells are the sole cell type in the body for the production, storage and
secretion of insulin, thus the reduction in their function and mass is central to the
development and progress of both type 1 and type 2 diabetes. The very low replication
capacity of human β cells have spurred efforts to understand the molecular mechanisms
underlying the regeneration and proliferation of β cells in vivo. An early study using
genetic lineage tracing has shown that proliferation of β cells is the major mechanism
for the maintenance of adult β cell mass (298). However, how β cells proliferation and
pancreatic islet mass is regulated is poorly understood, limiting the development of
new pharmacological strategies for the treatment of diabetes. During our
characterization of TLR2/4 DKO mice, we made a surprising discovery that TLR2/4
may play a direct role in β cell proliferation and the maintenance of β cell mass (Sun and
Ji et al. In preparation). Loss of non-hematopoietic TLR2/4 dramatically increased β cell
proliferation and mass in obese animals, allowing them to be highly insulin sensitive
and glucose tolerant. Moreover, the islet injury model suggested that downregulation of
TLR2/TLR4 signaling on β cells may be beneficial for their recover from injuries. Indeed,
though it is well known that diabetes is associated with immune cell infiltration and
increased cytokine production in pancreatic islets (299), whether and how inflammation
directly regulates β cell proliferation is not clear. Our observations suggest that TLR2/4
is a very attractive therapeutic target in the treatment of β cell failure and require
further investigation to establish the cell-autonomous effect of TLR2/4 on β cell
proliferation, the downstream signaling pathways of TLR2/4 in β cells, as well as the
conservation of this regulatory pathway in humans.
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6.2 THE PHYSIOLOGICAL ROLE OF ER QUALITY CONTROL
The aim of the second part of this dissertation is to examine the physiological role
of ERAD, a key ER quality control mechanism, in specific tissue and cell types. In
mammals, diverse cell types have different burdens and tolerance to misfolded proteins
in the ER, and hence different dependency on quality control systems, begging
physiological studies in a cell type-specific manner. Chapters 4 and 5 demonstrate a key
role of Sel1L in the regulation of Hrd1 stability, and the importance of Sel1L-Hrd1
complex in the maintenance of ER homeostasis. Surprisingly, I discovered a crosstalk
between Sel1L-Hrd1 ERAD and the IRE1α branch of the UPR and highlight the
importance of this crosstalk in intestinal homeostasis. Together, these findings expand
the current paradigms of ER biology and provide an unprecedented opportunity to
investigate the physiological and pathological significance of the regulation of ER
homeostasis in human diseases.
It is well known that Sel1L-Hrd1 belong to a larger macromolecular complex
involved in ERAD, including EDEM1, OS9 and XTP3B (82, 222-227). These cofactors
play important roles in the initial recognition and recruitment of ERAD substrates to the
Sel1L-Hrd1 complex. The misfolded or unassembled protein substrates are then
dislocated across the ER membrane through dislocons, get ubiquitinated by E3 ligase
Hrd1 and degraded by cytosolic proteasome (242). My data show that Sel1L deficiency
leads to Hrd1 destabilization, while Hrd1 deficiency causes Sel1L accumulation. In
addition, Sel1L-Hrd1 deficiency increases the protein levels of endogenous OS9 and
EDEM1, but not XTP3B (Chapter 4). These changes are uncoupled from the
transcriptional regulation, suggesting that Sel1L, OS9 and EDEM1 may be degraded
through the Sel1L-Hrd1 ERAD complex, likely together with the degradation of
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misfolded proteins. Indeed, ERAD-mediated degradation of OS9 has been recently
suggested (87). Sel1L was also reported to regulate EREM1 and OS9 availability
through LC3-dependent endo/lysosome degradation, a process termed ER tuning (300).
Given the importance of Sel1L, EDEM1 and OS9 in the substrate recognition,
recruitment and degradation, I propose that Hrd1-mediated degradation of ERAD
components may serve as an important self-regulatory mechanism to prevent the
overactivation of ERAD, which may represent a new form of “ERAD tuning” (94).
My studies reveal cell-type specific responses to the loss of Sel1L-Hrd1 ERAD. By
using whole body inducible Sel1L knockout mice, I found that the pancreas is
particularly sensitive to ERAD dysfunction. In exocrine pancreas, acute loss of Sel1L
leads to severe ER dilation, activation of UPR, attenuation of translation and elevated
cell death, eventually resulting in pancreatic atrophy. In contrast, such apparent
abnormalities are not observed in other tissues including the intestine, lung, liver, heart
and muscle. The premature lethality of the mice prevented me from further examining
cellular responses to acute ERAD deficiency in different cell types. However, the
hypersensitivity of exocrine pancreatic acinar cells reflects their strong dependency on
ER quality control systems, which is in line with their high rate of protein synthesis and
secretion (232). On the contrary, in Sel1L-deficient enterocytes, though IRE1α-mediated
inflammation is elevated upon stimulation, I did not observe significant ER dilation or
increased cell death in absorptive enterocytes, suggesting that the ER homeostasis is
reset in these cells to maintain their normal function under the steady state. Further
investigation and comparison of tissue and cell type-specific role of ERAD will provide
key insights into the physiological role of ER quality control.
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Intestinal epithelium comprises four main cell types: columnar absorptive
enterocytes, Paneth cells, Goblet cells and entero-endocrine cells. Other than absorptive
enterocytes, the other three cell types are all professional secretory cells. Paneth cells
reside the base of the crypts in the small intestine and play important role in intestinal
innate immunity by secreting various antimicrobial peptides into intestinal lumen,
thereby control the balance between host and enteric bacteria (301). Recently, Paneth
cells are also reported to constitute the niche for intestinal stem cells via Wnt signaling
(302). Interestingly, previous reports have suggested an important role of autophagy in
regulating Paneth cell function and intestinal inflammation (303). Goblet cells exist in
both small intestine and colon and secret mainly one protein, Mucin, onto the apical
surface of epithelium. Mucin is synthesized in ER and undergoes extensive
glycosylation and multimerization process during the transport from the ER to Golgi,
allowing it to form a viscous layer as a physical barrier between luminal bacteria and
epithelial surface (304). In addition, entero-endocrine cells secret hormones to regulate
metabolism in response to feeding, an emerging target for obesity and diabetes therapy
(305). It will be intriguing to examine how these cell types respond to chronic or acute
Sel1L deficiency. Comparing the cell-type specific role of ER quality control in different
lineages of intestinal epithelial cells will allow a comprehensive understanding of the
physiological and pathological importance of ER homeostasis in the gut.
In Chapter 5, our study reports an exciting discovery that IRE1α is degraded by
the Sel1-Hrd1 ERAD machinery. Our data show that lectin protein OS9 and
“hydrophilic scanning” (275) of the transmembrane domain of IRE1α are involved in
substrate selection during IRE1α degradation. However, the molecular basis for
retrotranslocation of IRE1α from the ER to cytosol remains unclear. Several possible
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scenarios are likely: the attachment of ubiquitin at the IRE1α cytosolic domain facilitates
the extraction of IRE1α from the membrane, or alternatively, a luminal part of IRE1α is
transported across the membrane prior to ubiquitination and extraction of its
membrane anchor. Although ubiquitin conjugation within the cytosolic tails of
unpaired TCRα and MHC class I heavy chain, two well-characterized ERAD substrates,
are not required for their dislocation and degradation (306, 307), it should be noted that
unlike TCRα and MHC class I heavy chain, IRE1α has a large cytosolic tail with 28
lysine residues that can be potentially ubiquitinated. Future studies are required to
determine whether dislocation of this single-membrane-spanning protein from the ER is
initiated by transport of a luminal part across the membrane prior to its ubiquitination,
or ubiquitination at its cytosolic tail precedes its extraction from the ER membrane. A
more precise definition of the mechanism by which IRE1α molecules are discharged to
the cytosol will likely provide important insights into the destruction of misfolded
single-transmembrane ER proteins in general.
Classic ERAD substrates are the proteins that failed to achieve native structures in
the ER. The identification and characterization of ERAD substrates have not only
advanced our understanding of ERAD biology, but also provided key insights into the
pathology and therapeutic strategies of associated diseases. For example, the cystic
fibrosis transmembrane conductance regulator (CFTR) is an ion channel on epithelial
cells and is extremely misfolding-prone, therefore degraded by ER-associated E3 ligases
RMA1 and gp78 (308, 309). Over a thousand CFTR alleles have been identified in
human cystic fibrosis (CF) patients, leading to altered salt and water balance on
epithelial surface. About 90% of CF patients carry at least one disease-causing mutant, a
deletion of a phenylalanine at position 508 (∆F508), leading to the misfolding and
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degradation of nearly all the protein (77). Because ∆F508-CFTR can still partially
function if it reaches the plasma membrane, many efforts have been devoted to inhibit
its degradation or facilitate its folding and secretion by targeting ER proteolytic and
folding machineries (241). In Chapter 5, we report that Sel1L-Hrd1-mediated IRE1α
degradation directly fine-tunes its protein level and signaling in response to ER stress, a
mechanism key to the maintenance of gut homeostasis. It is not understood, however,
whether this regulatory mechanism of IRE1α can be targeted by potential small
molecular therapeutics. Future investigations are warranted to identify other
endogenous ERAD substrates and their importance in physiology and diseases
pathogenesis. Our generation of cell-specific and inducible ERAD deficient mouse and
cell models will be essential in the endeavor.
ERAD and autophagy are two key mechanisms to clear misfolded proteins and
aggregates in the ER (310). For those that are not ERAD substrates or when ERAD fails,
they may be targeted to lysosome for degradation via autophagy. Studies of
aggregation-prone α1-antitrypsin revealed that mutant proteins may aggregate, some of
which may be degraded by autophagy (265). Recent studies showed that inhibition of
ERAD machinery stimulates autophagic activity towards model substrates (264, 266).
Thus, in the absence of Sel1L-Hrd1 ERAD, I speculate that misfolded protein substrates
in the ER may accumulate and/or aggregate, which may be cleared by autophagy.
Indeed, previous studies suggested the interplay between autophagy and IREα-XBP1
signaling to regulate intestinal homeostasis (63). My data also show that IRE1α can be
targeted for lysosomal degradation in Sel1L∆IEC epithelial cells. Thus, IRE1α is degraded
by Sel1L-Hrd1 ERAD under steady-state conditions and may be shunted towards the
lysosomal degradation pathway in the absence of ERAD. The crosstalk among various
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ER quality control systems requires further investigation.

In conclusion, studies of my dissertation are highly relevant to human health and
diseases. Several TLR2/4 inhibitors have been characterized and can be tested as
potential therapeutics for obesity-associated inflammation. It is also theoretically
possible to target ERAD and autophagy with small molecules. Therefore, further
studies based on this dissertation may provide new avenues and initial validation for
intervention in human metabolic and intestinal diseases.
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