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SUMMARY
Colonic goblet cells are specialized epithelial cells that secrete mucus to physically separate the host and its
microbiota, thus preventing bacterial invasion and inflammation. How goblet cells control the amount of
mucus they secrete is unclear.We found that constitutive activation of autophagy inmice via Beclin 1 enables
the production of a thicker and less penetrable mucus layer by reducing endoplasmic reticulum (ER) stress.
Accordingly, genetically inhibiting Beclin 1-induced autophagy impairsmucus secretion, while pharmacolog-
ically alleviating ER stress results in excessive mucus production. This ER-stress-mediated regulation of
mucus secretion is microbiota dependent and requires the Crohn’s-disease-risk geneNod2. Overproduction
of mucus alters the gut microbiome, specifically expanding mucus-utilizing bacteria, such as Akkermansia
muciniphila, and protects against chemical and microbial-driven intestinal inflammation. Thus, ER stress is
a cell-intrinsic switch that limits mucus secretion, whereas autophagy maintains intestinal homeostasis by
relieving ER stress.
INTRODUCTION

Goblet cells are intestinal epithelial cells that secrete mucus and

antimicrobial proteins, creating a chemical barrier between the

host and its microbiota. This mucus barrier is crucial for symbio-

sis between the host and its microbiota as it limits microbial con-

tact with the host epithelium and subsequent proinflammatory

responses.1 Breakdown of this barrier and penetration of bacte-

ria into the inner mucus layer is a hallmark, and perhaps the

cause, of inflammatory bowel diseases (IBD) and enteric infec-

tions.2,3 Yet, despite their importance, how goblet cells control

the amount of mucus they secrete into the gut lumen is unclear.

Macroautophagy (hereafter autophagy) is a cell-intrinsic recy-

cling mechanism crucial for cellular homeostasis, which is

activated in times of stress such as starvation, infection, and

accumulation of unfolded proteins in the endoplasmic reticulum

(ER). Intestinal secretory cells, such as Paneth and goblet cells,

are highly sensitive to perturbations in the autophagy or the ER

stress response pathways. Indeed, mutations in autophagy-

and ER-stress-related genes are a risk factor for the breakdown

of the intestinal barrier and the development of IBD. Yet, the

exact reason for this is not fully clear.4

We wanted to understand how goblet cells control the amount

of mucus they secrete and why autophagy is needed for proper

goblet cell function. Here, we show that autophagy relieves ER
Cell Host & Microbe 31, 433–446, M
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stress in goblet cells to facilitate mucus secretion. We found

that the genetic activation of autophagy in mice via the Beclin

1 protein led to the suppression of intestinal ER stress, which

facilitated excess mucus secretion. This over-production of

mucus could be achieved without manipulation of the autophagy

process, by pharmacologically reducing ER stress or by acti-

vating specific arms of the unfolded protein response (UPR).

Moreover, this mucus over-production was microbiota depen-

dent and required the nucleotide-binding oligomerization-

domain-containing protein 2 (Nod2). Excess mucus secretion

led to expansion of mucus-utilizing bacteria and protection

from colitis. Thus, ER stress is a cell-intrinsic switch that limits

mucus secretion, while autophagy maintains proper mucus

secretion and intestinal homeostasis by relieving ER stress.

RESULTS

Activation of autophagy via Beclin 1 leads to production
of a thicker and less penetrable colonic mucus layer
During steady state, the autophagy-initiating protein Beclin 1 is

sequestered and inactivated by binding to the B cell lymphoma

2 protein (Bcl-2). To trigger autophagy, Bcl-2 must be phosphor-

ylated to release Beclin 1, which goes on to initiate the synthesis

of autophagosomes (Figure 1A).5 As functional autophagy is

vital for proper goblet cell function,6 we hypothesized that
arch 8, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 433
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Figure 1. Becn1F121A mice produce a thicker and less penetrable colonic mucus layer and mount a dampened immune response in the

colonic tissue

(A) Scheme depicting regulation of autophagy activation via Bcl-2 phosphorylation and its alteration in Becn1F121A mice.

(B) Alcian blue staining of Carnoy’s-fixed colonic tissue. The mucus layer is defined by the dashed line. Scale bars, 50 mm.

(C) Measurements of mucus thickness as shown in (B).

(D and E) (D) Detection of TLR4 and (E) TLR5 agonist in mouse serum using reporter cell lines.

(F) Principal coordinates analysis (PCoA) plot of RNA sequencing performed on colonic tissues.

(G) Volcano plot of transcripts from RNA sequencing. Genes in blue were down-regulated in Becn1F121A mice compared with wild-type mice and genes in red

were up-regulated.

(legend continued on next page)
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constitutive activation of the autophagy process will improve

goblet cell function and mucus secretion. We thus inspected

knockin mice in which the phenylalanine residue at position

121 of Beclin 1 is mutated to alanine (Becn1F121A mice), prevent-

ing the binding of Beclin 1 to its inhibitor, Bcl-2, leading to the

constitutive activation of autophagy (Figure 1A).5 We found

that the colonicmucus layer inBecn1F121Amicewas 50% thicker

than that in wild-type mice (Figures 1B and 1C). To determine

whether the thicker mucus layer in Becn1F121A mice improved

barrier function, we measured the levels of luminal antigens in

the sera of mice. Presence of microbial antigens in the blood is

directly linked to intestinal barrier function.7 We found lower

levels of agonists, which activate NOD1, NOD2, and Toll-like re-

ceptors 4 (TLR4) and TLR5 in the sera of Becn1F121A mice

(Figures 1D, 1E, and S1A–S1C). This implied that the thicker

mucus layer of these mice limited the translocation of bacterial

antigens into host tissues.

To determine how the improved barrier in Becn1F121A mice

affected the colonic tissue, we performed a transcriptional anal-

ysis. RNA sequencing of colonic tissues from wild-type and

Becn1F121A mice presented a clear difference in transcriptional

patterns between the two groups of mice (Figures 1F and 1G).

Unbiased pathway analysis of RNA sequencing data revealed

that the expression of genes involved in immune regulation

and response to bacteria was dampened in Becn1F121A mice

(Figure 1H). Specifically, levels of transcripts encoding innate

immune cytokines, antimicrobial proteins, and acute response

proteins were diminished in Becn1F121A mice (Figure 1I). Thus,

constitutive activation of autophagy leads to the excess secre-

tion of mucus from colonic goblet cells. This excess mucus

forms a barrier that better limits the translocation of luminal anti-

gens into the host serum as well as limiting immune responses in

the colon.

Autophagy reduces ER stress to promote mucus
secretion from goblet cells
Next, we wanted to determine the mechanism by which auto-

phagy activation promotes mucus secretion. One possibility is

that the constitutive activation of autophagy leads to the

expansion of goblet cell numbers. However, we found only a

slight reduction in the number of goblet cells in Becn1F121A

mice compared with wild-type mice (Figure 2A) and no differ-

ence in the mucus-filled cytoplasmatic (goblet cell theca) area

(Figure 2B). Additionally, transcript levels of transcription fac-

tors that mark the goblet cell lineage, Atoh1 and Spdef,8

were similar in the two groups of mice (Figure S2A). Another

possibility is that constitutive autophagy promotes mucus

secretion by regulating transcription of mucus-forming genes,

yet we found no significant differences in transcript levels of

these genes when comparing wild-type and Becn1F121A mice

(Figures 2C and S2A). A further possible explanation is

changes in reactive oxygen species (ROS) levels in goblet

cells. ROS have been previously shown to be affected by
(H) Pathway analysis of transcripts, which are down-regulated in Becn1F121A mic

represent number of genes in pathway.

(I) Heatmap depicting differentially expressed innate immune genes with an FDR

(C–F) Each dot represents amouse. (G) Each dot represents a gene. *p < 0.05; ***p

arbitrary units.
defective autophagy and thus impact mucus secretion.6

However, we found no difference in goblet cells’ levels of the

ROS-indicator 4 hydroxynonenal (Figure S2B). Thus, expan-

sion of goblet cells, overexpression of mucus-forming genes,

or ROS levels could not explain the reason behind the thicker

mucus layer in Becn1F121A mice.

We then reanalyzed the RNA sequencing data using Gene

Ontology (GO) cellular components analysis and found that

many of the differentially transcribed genes in the colon of

Becn1F121A mice encode proteins that are localized to the ER

(Figure S2C). As a mechanism to relieve ER stress, cells acti-

vate the autophagy process,9,10 while impaired autophagy

leads to increased ER stress.11 Of note, impairment of the

ER stress response is linked to the dysfunction of goblet

cells.12 Indeed, we found that levels of transcripts that are ex-

pressed in response to ER stress were reduced in the colonic

tissue of Becn1F121A mice (Figure 2D). Accordingly, protein

levels of the ER stress marker C/EBP homologous protein

(CHOP) were reduced in the colons of Becn1F121A mice

(Figures 2E and 2F). To verify that ER stress levels are reduced

specifically in goblet cells, we isolated colonic goblet cells from

wild-type and Becn1F121A mice using fluorescence-activated

cell sorting and analyzed the expression of the ER stress

response gene Hspa5. In line with our findings in whole colonic

tissues, we found that mRNA levels of Hspa5 were reduced in

sorted goblet cells from Becn1F121A mice (Figure 2G). We then

validated this reduction of ER stress in goblet cells at the pro-

tein level by immunohistochemical analysis of goblet cells in a

colonic section. We found a reduction in the levels of the ER

stress protein CHOP specifically in the goblet cells of

Becn1F121A mice (Figure 2H). Thus, constitutive activation of

autophagy reduces ER stress in colonic goblet cells.

This led us to hypothesize that constitutive activation of

autophagy in Becn1F121A mice promotes mucus secretion by

reducing ER stress in goblet cells. To test this hypothesis, we

treated Becn1F121A mice with the ER stress inducer thapsigargin

(Figure 2I).13 In line with our hypothesis, we found that themucus

layer in thapsigargin-treated Becn1F121A mice was decreased

compared with that in vehicle-treated Becn1F121A mice and

was indistinguishable from the mucus layer in wild-type mice

(Figures 2J and 2K). To further test the concept that autophagy

facilitates mucus secretion by reducing ER stress, we tested

whether preventing the activation of autophagy via Beclin 1,

thus leaving goblet cells unable to alleviate the ER stress via

autophagy, impairs mucus secretion. We used knockin mice in

which the three specific residues of Bcl-2, which are phosphor-

ylated to allow dissociation from Beclin 1, are mutated to alanine

(Figure 2L). In theseBcl2AAAmice, Beclin 1 is constantly bound to

Bcl-2 and is thus inactive.14 We found that the mucus layer in

Bcl2AAA mice was thinner than that in wild-type mice—and in

some colonic regions completely absent (Figures 2J and 2K).

Thus, autophagy facilitates mucus secretion via Beclin 1 by alle-

viating ER stress in goblet cells.
e according to GO biological function. Bars represent �log (p value) and dots

< 0.01. Each column represents a mouse and each row a gene.

< 0.001; ****p < 0.0001; Student’s t test. WT, wild type; F121A,Becn1F121A; a.u.,
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Figure 2. Autophagy relieves ER stress to facilitate mucus secretion from goblet cells

(A) Colonic goblet cell numbers per crypt.

(B) Quantification of the mucus-filled cytoplasmatic area of colonic goblet cells.

(legend continued on next page)
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Pharmacologically reducing ER stress leads to
sustainable excess secretion of mucus
Our observation that the activation of autophagy can alleviate ER

stress in a manner which results in elevated mucus secretion im-

plies that ER stress might be an intracellular cue that limits

mucus secretion. To test this hypothesis, we treated wild-type

mice with the bile acid tauroursodeoxycholic acid (TUDCA), a

chemical chaperone that reduces ER stress (Figure 3A).13 We

found that TUDCA treatment resulted in the secretion of a thicker

mucus layer, which resembled the mucus layer in Becn1F121A

mice (Figures 3B and 3C). In 20% of TUDCA-treated wild-type

mice, we found that the colonic luminal cavity was filled with

mucus (Figure 3D).

TUDCA affects all three arms of the unfolded protein response

(UPR) in an unspecific manner.15 The UPR is a highly regulated

cellular program which relieves ER stress to maintain cell func-

tion and avoid apoptosis.12 Thus, we next wanted to determine

whether relieving ER stress via activation of specific arms of

the UPR is sufficient for the induction of mucus secretion. To

test this, we treated wild-type and Becn1F121A mice with salubri-

nal, a specific inhibitor of eukaryotic translation initiation factor 2

alpha (eIF2a) dephosphorylation (Figure 3A).16 The pancreatic

ER kinase (PERK) arm of the UPR is activated when the ER

stress-sensor PERK phosphorylates eIF2a. When eIF2a is phos-

phorylated, it inhibits the translation of certain transcripts, while

promoting the translation of transcripts encoding chaperons and

other proteins needed to resolve ER stress.12 We found that the

activation of eIF2a in wild-type mice via salubrinal treatment led

to the excessive secretion of mucus from goblet cells, as was

seen in TUDCA-treated mice (Figures 3B and 3C). Additionally,

the mucus layer in salubrinal-treated Becn1F121A mice did not

differ from that of vehicle-treated Becn1F121A mice (Figures 3B

and 3C), indicating that autophagy activation via Beclin 1 and

eIF2a activation converge on the same pathway to induce

mucus secretion. Moreover, pharmacological activation of acti-

vating transcription factor 6 (ATF6), a transcription factor that

transcribes ER chaperone genes in response to ER stress,17

also led to an increase in mucus secretion in wild-type mice (Fig-

ure 3E). Thus, relieving ER stress via the activation of eIF2a or

ATF6 is sufficient to increase mucus secretion from goblet cells.

We then wanted to determine the kinetics of the elevated

mucus secretion that is induced by the reduction of ER stress.

We removed two adjacent colon sections from each wild-type

mouse and placed them in two chambers that allow the mea-

surement of mucus secretion from live, unfixed tissues under

physiological conditions. Only one chamber was infused with

TUDCA, allowing us to compare different conditions in tissues

that originated from the same mouse (Figure 3F). We found
(C) Expression levels of Muc2, which encodes the mucus-forming protein MUC2

(D) Heatmap depicting differentially expressed ER stress response genes with a

(E) Representative western blot of mouse colons detected with the indicated ant

(F) Densitometry analysis of western blots as in (E).

(G) qPCR analysis of Hspa5 mRNA in goblet cells isolated from colonic tissue via

(H) Quantification of protein levels of CHOP, specifically in colonic goblet cells v

(I) Scheme depicting ER stress activation via thapsigargin.

(J and K)Measurements of mucus thickness in colonic sections frommice treated

(L) Scheme depicting regulation of autophagy activation via Bcl-2 phosphorylatio

(A–C,F–H, andK)Eachdot represents amouse. ns,notsignificant; *p<0.05; ***p<0

type; F121A,Becn1F121A; AAA,Bcl2AAA; AB, Alcian blue; RPKM, reads per kilobase
that TUDCA treatment significantly increased mucus secretion

rates by 2-fold (Figures 3G and 3H). Additionally, unlike inducing

rapid goblet cell degranulation with the cholinergic agonist

carbachol, which leads to rapid mucus secretion over 15 min fol-

lowed by a reduction in the secretion rate,18 TUDCA treatment

led to a sustained increase in mucus secretion rates over the

entire measurement period of 45 min (Figure S3A). This increase

in secretion rates did not impact mucus permeability as

compared with the control group (Figure S3B). Thus, ER stress

is a cell-intrinsic switch that limits mucus secretion from

goblet cells.

ER stress control overmucus secretion rate is regulated
by the microbiota and Nod2
Crosstalk between the host immune system and the gut micro-

biota regulates multiple components which form the intestinal

barrier.19 Thus, we next wanted to examine whether these im-

mune-microbe interactions affect the control of ER stress on

mucus secretion. First, we treated germ-free mice with TUDCA

to reduce ER stress. Unlike conventionally colonized mice, we

found that TUDCA treatment did not affect themucus layer thick-

ness of wild-type germ-free mice (Figure 4A). We then tested

whether microbiota depletion also affects mucus secretion

rates. We treated wild-type mice with a cocktail of antibiotics

in drinking water, after which we removed two adjacent colon

sections and placed them in two chambers to measure mucus

secretion rates (as in Figure 3). Although TUDCA treatment of

the colons from microbiota-depleted mice still led to increased

mucus secretion, the stimulatory effect of the infusion was signif-

icantly lower as compared with the colonized mice (Figure 4B).

Furthermore, we found in histological sections that the thickness

of the colonic mucus layer in antibiotic-treated mice did not

expand in response to TUDCA treatment (Figure 4C). Thus, pres-

ence of the gut microbiota is needed for ER stress control of

mucus secretion.

Next, we wanted to determine how the microbiota is sensed

by the host to allow excess mucus secretion. Multiple aspects

of intestinal barrier function are controlled by the secretion of

interleukin 22 (IL-22) from T helper cells or innate lymphoid cells,

which then induces an antimicrobial response in intestinal

epithelial cells. Thus, we treated microbiota-depleted mice

with IL-22 and TUDCA. We found that IL-22 was not sufficient

to induce mucus secretion in response to reduced ER stress in

these microbiota-depleted mice (Figure 4C). We next tested

whether the adaptive arm of the immune system senses the mi-

crobiota to allow excess mucus secretion. To do so, we treated

Rag1-deficient mice, which lack mature T and B cells, with

TUDCA. We found that this treatment expanded the mucus layer
in the colons of mice via RNA sequencing.

n FDR < 0.01. Each column represents a mouse and each row a gene.

ibodies.

fluorescence-activated cell sorting.

ia immunohistochemistry.

with thapsigargin as indicated, and stained with Alcian blue. Scale bars, 50 mm.

n and its suppression in Bcl2AAA mice.

.001; ****p<0.0001. (A–CandF–H)Student’s t test; (K)one-wayANOVA;WT,wild

permillionmapped reads;MFI,mean fluorescent intensity; RQ, relative quantity.

Cell Host & Microbe 31, 433–446, March 8, 2023 437



(legend on next page)

ll
OPEN ACCESS Article

438 Cell Host & Microbe 31, 433–446, March 8, 2023



ll
OPEN ACCESSArticle
(Figure 4D), indicating that T and B cells are not the components

that regulate excess mucus secretion in response to microbiota

presence. Next, we tested whether direct microbiota sensing by

intestinal epithelial cells through TLRs is needed to facilitate

excessmucus secretion.We found that mice lacking the adaptor

protein MyD88, which is needed for TLR-induced signaling, also

responded to TUDCA treatment with excess mucus secretion

(Figure 4E). Finally, we tested whether the intracellular sensor

of bacteria, Nod2, was needed to facilitate excess mucus secre-

tion.We found thatmice lackingNod2 did not respond to TUDCA

treatment with excess mucus secretion (Figure 4F). Thus, func-

tional Nod2 is crucial for excess mucus secretion in response

to reduced ER stress.

Excess mucus secretion in Becn1F121A mice alters the
gut microbiota
The colonic mucus layer also serves as a nutrient source for the

microbiota by providing glycans for energy production by bac-

teria.20 Thus, we next examined whether the constitutive acti-

vation of autophagy shapes the gut microbiota via modulation

of the mucus layer. 16S rRNA gene sequencing of fecal sam-

ples from separately bred and housed mice revealed that

Becn1F121A mice harbor a distinct gut microbiota compared

with wild-type mice (Figures 5A, 5B, and S4A), characterized

by higher microbial diversity (Figure 5C). Relative abundance

analysis revealed that bacteria from the genus Akkermansia

were enriched in Becn1F121A mice (Figure 5D). Linear discrimi-

nant analysis effect size (LEfSe) analysis further confirmed that

the mucus-utilizing bacterium Akkermansia muciniphila was

abnormally over-abundant in Becn1F121A mice (Figures 5E,

5F, and S4B).

Variations in microbiota composition are highly dependent on

mouse housing conditions and diet.21 To test how robust the ef-

fects of constitutive activation of autophagy are on microbiota

composition, we performed 16S rRNA gene sequencing on

feces collected from wild-type and Becn1F121A mice housed at

a different animal facility (UT Southwestern Medical Center),

fed a diet from a different supplier. Again, we found a clear differ-

ence in microbial composition between wild-type and

Becn1F121A mice and an abnormal over-abundance of Akker-

mansia muciniphila (Figures 5G and 5H). AsAkkermansia mucini-

phila is a mucus-utilizing bacterium that can be cultured only on

mucus,22 its high relative abundance in the colons of Becn1F121A

mice further points to the over-abundance of mucus in these

mice. Thus, constitutive activation of autophagy reproducibly

and rigorously alters the gut microbiota with the expansion of

mucus-utilizing bacteria.
Figure 3. ER stress is a rate-limiting switch controlling mucus secretio

(A) Scheme depicting ER stress reduction by inhibiting eIF2a dephosphorylation

(B–D) Measurements of mucus thickness in colonic sections from mice treated w

50 mm. Each dot represents a mouse.

(E) Measurements of mucus thickness in colonic sections from mice treated with

a mouse.

(F) Scheme depicting mucus growth rate measurements. Created with BioRende

(G) Mucus growth over time ± SEM.

(H) Mucus growth rate. Lines connect tissues from the same mouse.

*p < 0.05, ***p < 0.001; ****p < 0.0001; (C) one-way ANOVA; (E) Student’s t test;

TUDCA, tauroursodeoxycholic acid.
The microbiota of Becn1F121A mice confers protection
from colitis
Next, we assessed how the altered mucus layer in Becn1F121A

mice affects susceptibility to colonic inflammation. Penetrability

of the colonic mucus layer is directly linked to colonic inflamma-

tion in both mice and humans.2,3 Thus, we hypothesized that

Becn1F121A mice would be less susceptible to colitis. Dextran

sulfate sodium (DSS) treatment instigates colonic inflammation

through a direct toxic effect on the mucus barrier2 and thus

was chosen as a suitable model to test the robustness of the

mucus layer in Becn1F121A mice. When treating mice with 3%

DSS for 5 and 7 days, we found that Becn1F121A mice lost less

weight, displayed less signs of severe disease, suffered from

reduced colon shortening, and had less histological damage

as compared with wild-type mice (Figures 6A–6D and S5A–

S5E). We further confirmed this in a model of moderate colitis

by treating mice with 2% DSS for 7 days (Figures S5F–S5H).

Additionally, we found that Becn1F121A mice still maintained bet-

ter barrier function than wild-type mice following DSS treatment

(Figure S5I).

The gut microbiota plays an important role in susceptibility to

colitis.23 As themicrobiota of separately bredBecn1F121A mice is

altered in comparison with wild-type mice, we investigated

whether this microbiota contributes to the reduced susceptibility

of Becn1F121A mice to DSS-induced colitis. We colonized germ-

free wild-type mice with microbiota from either wild-type or

Becn1F121A mice (Figure 6E) and analyzed the effects of fecal

microbiota transplant (FMT). Although FMT from wild-type do-

nors into wild-type recipients was highly efficient, FMT from

Becn1F121A donors into wild-type recipients was only partially

efficient (Figures 6F and 6G). This implies that specific conditions

present in the intestines of Becn1F121A mice are needed to

support their microbiota structure. However, the microbiota of

recipients from Becn1F121A mice was still highly diverse and

different than the microbiota of recipients from wild-type mice

(Figures 6F–6H). We then challenged these recipient mice with

DSS and found that the microbiota of Becn1F121A mice did not

prevent weight loss or colon shortening but did reduce histolog-

ical damage (Figures 6I–6K). Thus, the microbiota of Becn1F121A

mice provides partial protection from colitis.

Becn1F121A mice are protected from colitis in a
microbiota-independent manner
We then investigated whether the distinct microbiota of

Becn1F121Amicewas essential to protect thesemice from colitis.

We bred heterozygous Becn1F121A mice together so that the

wild-type and Becn1F121A offspring were exposed to the same
n

via salubrinal, by TUDCA, or by activating ATF6 via AA147.

ith TUDCA or salubrinal as indicated, and stained with Alcian blue. Scale bars,

the ATF6 activator AA147 and stained with Alcian blue. Each dot represents

r.com.

(G) nonlinear regression; (H) paired t test. WT, wild type; F121A, Becn1F121A;
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Figure 4. ER stress-controlled mucus secretion is regulated by the

microbiota and Nod2

(A) Measurements of mucus thickness in colonic section from wild-type germ-

free mice treated with TUDCA.

(B) % change in mucus secretion rates in response to TUDCA of colonic tis-

sues from mice untreated or treated with antibiotics.

(C) Measurements of mucus thickness in colonic sections from wild-type mice

treated with combinations of antibiotics, TUDCA, and IL-22.

(D) Measurements of mucus thickness in colonic sections from Rag1�/� mice

treated with TUDCA.
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microbiota throughout development and adulthood (Figure 7A).

We found that the microbiota of littermate wild-type and

Becn1F121A mice were similar to each other, and indistinguish-

able from the microbiota of wild-type mice bred separately

(Figures 7B–7D). Yet, the mucus layer of Becn1F121A mice re-

mained thicker than that of their wild-type littermates (Figure 7E),

indicating that the unique Becn1F121A mice microbiota did not

play an essential role in promoting excessive mucus secretion

in Becn1F121A mice. We then challenged these littermate mice,

and separately bred wild-type and Becn1F121A mice, with DSS.

We found that Becn1F121A mice were still protected from acute

colitis compared with their littermate wild-type mice, though

to a lesser extent than separately bred Becn1F121A mice

(Figures 7F and 7G). Thus, the altered microbiota is not needed

for protection against colitis in Becn1F121A mice.

Becn1F121A mice are protected from infection-driven
colitis
Finally, we tested whether Becn1F121A mice are also protected

from a clinically relevant model of intestinal inflammation by in-

fecting mice with an adherent-invasive E. coli (AIEC).24 AIEC

infection is strongly associated with IBD and is thought to be

involved in the early stages of IBD development.25 Microbiota

differences are negligible in this model as mice are pretreated

with antibiotics.24 We found that, unlike wild-type mice,

Becn1F121A mice did not develop chronic intestinal inflammation

or suffer from colon shortening 10 weeks after being infected

with AIEC (Figures 7H–7K). We further validated these results

in an acute infection model (14 days) as well (Figures 7L and

7M). Thus, constitutive activation of autophagy also protects

mice from infection-driven chronic colitis.

DISCUSSION

Goblet cells are tasked with producing mucus to protect the in-

testine frommicrobial invasion.26 Yet, how these cells control the

exact amount of mucus they need to secrete was not clear. Our

results illuminate how mucus secretion from intestinal goblet

cells is controlled by ER stress and autophagy. As secretory cells

that produce large amounts of proteins, goblet cells are inher-

ently susceptible to the accumulation of ER stress.12 Indeed,

the loss of genes involved in theUPR leads to apoptosis of goblet

cells in vivo.27 Additionally, single-cell analysis has revealed that

genes involved in relieving ER stress are specifically enriched in

the goblet cells population in wild-type mice during steady

state.8 This observation suggests that, compared with other in-

testinal epithelial cells, goblet cells carry out a transcriptional

program that is meant to relieve ER stress during steady state

in an attempt by these goblet cells to preserve proteostasis.

Thus, coupling ER stress to mucus secretion might be a
(E) Measurements of mucus thickness in colonic sections from MyD88fl/fl and

MyD88DIEC mice treated with TUDCA.

(F) Measurements of mucus thickness in colonic sections from Nod2�/� mice

treated with TUDCA.

(A–F) Each dot represents a mouse. ns, not significant; *p < 0.05; ***p < 0.001.

(A, B, D, and F) Student’s t test; (C and E) one-way ANOVA; WT, wild type;

TUDCA, tauroursodeoxycholic acid; ABX, antibiotics; IL-22, interleukin 22; fl,

flox; IEC, intestinal epithelial cell.



Figure 5. Becn1F121A mice contain an altered gut microbiota

16S rRNA sequencing was performed to characterize gut microbiota composition.

(A and B) (A) PCoA of fecal microbiota b diversity based on weighted UniFrac and (B) Bray-Curtis dissimilarity in mice housed at the Bar-Ilan University.

(C) a diversity comparison based on richness and evenness.

(D) Relative taxonomic composition.

(E) Cladogram depicting LEfSe analysis of differently abundant bacteria in wild-type and Becn1F121A mice.

(legend continued on next page)
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Figure 6. The microbiota of Becn1F121A mice confers protection from colitis

(A–D) Mice were treated with 3% DSS for 7 days. (A) Relative weight change ± SEM, (B) disease activity index ± SEM, (C) colon length, and (D) histological

damage score.

(E) Scheme depicting FMT experiment. Created with BioRender.com.

(F and G) PCoA of fecal microbiota b diversity based on weighted UniFrac (F) and Bray-Curtis dissimilarity (G) of wild-type germ-free mice following FMT and

separately housed wild-type and Becn1F121A mice fecal donors.

(H) a diversity comparison based on richness and evenness of wild-type germ-free mice following FMT.

(I–K) Mice were treated with 3% DSS for 7 days following FMT. (I) Disease activity index ± SEM, (J) colon length and histological damage score (K).

(C, D, F, G, J, and K) Each symbol represents a mouse. *p < 0.05; **p < 0.01; ****p < 0.0001; (C, D, J, and K) Student’s t test; (A, B, and I) multiple t tests corrected

for false discovery rate; (H) one-way ANOVA. WT, wild type; F121A, Becn1F121A; FMT, fecal microbiota transplant.
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mechanism by which goblet cells preserve viability by reducing

mucus secretion when cells are pushed to their limits. As mucus

is released and passes to the outside of the body, its concentra-

tion cannot be used as feedback to adjust secretion rates. How-

ever, the mechanism of regulation via ER stress that we describe

here can provide cell-intrinsic control over the amount of mucus

that is secreted.
(F) Relative abundance of Akkermansia muciniphila in mice housed at the Bar-Ila

(G) Principal coordinates analysis (PCoA) of fecal microbiota b diversity based o

(H) Relative abundance of Akkermansia muciniphila in mice housed at UTSW.

(A, B, and F–H) Each symbol represents a mouse. (D) Each column represents a m

F121A, Becn1F121A; UTSW, UT Southwestern.
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How Beclin 1 activation relieves ER stress in goblet cells is not

clear at this point. Autophagy has been shown to alleviate ER

stress in other cells by multiple mechanisms.10 Specifically in in-

testinal epithelial cells, autophagy has been shown to remove

inositol-requiring enzyme 1 a (IRE1a) via Atg16L1-dependent

autophagy, thus reducing ER stress and preserving goblet cell

function.11 Yet another possibility is that autophagy removes
n University.

n weighted UniFrac on mice housed at UTSW.

ouse. ***p < 0.001; ****p < 0.0001; (C, F and H) Student’s t test. WT, wild type;

http://BioRender.com


Figure 7. Becn1F121A mice are protected from DSS- and AIEC-induced colitis in a microbiota-independent manner

(A) Scheme depicting littermate (L.M.) experimental design. Created with BioRender.com.

(B and C) (B) PCoA of fecal microbiota b diversity based on weighted UniFrac and (C) Bray-Curtis dissimilarity of separately bred and littermate wild-type and

Becn1F121A mice.

(D) a diversity comparison based on richness and evenness.

(E) Measurements of mucus thickness in colonic section from littermate mice stained with Alcian blue.

(F and G) Disease activity index ± SEM (F), and histological damage score (G) of mice treated with 3% DSS for 7 days.

(legend continued on next page)
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misfolded proteins from goblet cells. Properly folding themucus-

forming protein MUC2 is a demanding task for goblet cells, and

defects in this folding process have been linked to goblet cell

dysfunction.28

Our discovery that autophagy is needed to sustain mucus pro-

duction by relieving ER stress provides a possible explanation

for the prevalence of mutations in key autophagy genes found

in IBD patients.4 With the inability to relieve ER stress because

of dysfunctional autophagy, goblet cells might have difficulties

keeping up with mucus production demands. Additionally, our

observation that Nod2 is needed to facilitate mucus secretion

when ER stress is reduced provides a possible explanation for

the high frequency of mutations in this gene found in IBD pa-

tients.29,30 NOD2 activates an inflammatory response when

sensing bacterial-derived muramyl dipeptide (MDP). Thus, the

observation that inactivating mutations in NOD2 predispose to

diseases that are characterized by chronic inflammation is

somewhat paradoxical. The role we discovered for Nod2 in

mucus secretion could thus provide an explanation for the

observation that the mucus layer becomes penetrable in IBD pa-

tients,3 leading to the constant contact of microbes with the host

epithelium and subsequently to chronic inflammation.

Finally, our observation that goblet cells possess the ability to

produce more mucus when autophagy is constitutively acti-

vated, in a way that protects from intestinal inflammation, raises

the question of why evolution has shaped goblet cells to not do

so in the wild? Mucus production is very energetically costly, as

the MUC2 protein is highly glycosylated. Thus, it is possible that

evolutionary constraints have shaped the mucus layer to fit the

energy consumption of the animal. Excess mucus secretion

can also be detrimental, for example, in cystic fibrosis, allergy,

or asthma. Thus, it is possible that altering the regulation of

mucus secretion in the intestine might also affect mucus secre-

tion in other organs. Indeed, if an organism has a need to pro-

duce more mucus, it does so by increasing goblet cell numbers,

as seen during infection by intestinal parasites and worms.31

Interestingly, the same signals that lead to the production of

more goblet cells in the intestine (type 2 cytokines) also lead to

an increase in goblet cells and mucus secretion in the airways.32

Limitations of the study
Here, we show that ER stress levels control mucus secretion

from colonic goblet cells and that constitutively activated auto-

phagy reduces ER stress to facilitate excess mucus secretion

and protection from colitis. We acknowledge that there are

several limitations to our study. First, we cannot rule out the pos-

sibility that the constitutive activation of autophagy or reduction

of ER stress affects cells other than goblet cells and that these

cells then affect mucus secretion, the microbiota, and suscepti-

bility to colitis. For example, although Paneth cells are not pre-

sent in the colon, the secretion of antimicrobial proteins from

Paneth cells is highly dependent on both autophagy and ER

stress levels,13,33 and these proteins have been shown to reach
(H–K) Survival curve (H), stool lipocalin 2 levels (I), colon length (J), and histological

108 CFU AIEC for 10 weeks.

(L and M) Colon length (L) and histological score (M) of mice pretreated with 20 m

(B, C, E, G, and I–M) Each symbol represents a mouse. *p < 0.05; **p < 0.01; ***p <

WT, wild type; F121A, Becn1F121A; L.M., littermates; a.u., arbitrary units.
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the colon.34 However, there are no mouse models currently

available that allow the constitutive activation of autophagy—

or reduction of ER stress—in goblet cells alone. Second, the

biochemical changes to the mucus layer in Becn1F121A mice

that lead to the expansion of mucin-utilizing bacteria are not

clear. It would be valuable to characterize these changes to

the mucus layer using sensitive glycomics and proteomics

methods. Finally, understanding the exactmolecular mechanism

by which autophagy relieves ER stress, in goblet cells specif-

ically, could provide a viable option for the development of

mucus-targeted therapeutics.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-GADD153/CHOP SCBT sc-166682

Anti-Tubulin Abcam ab176560

Anti-EPCAM BD Biosciences 563214

Anti-4 Hydroxynonenal Abcam ab48506

Bacterial and virus strains

Adherent-invasive E. Coli pathotype (AIEC),

NRG857c strain (O83:H1)

Small et al.24 N/A

Chemicals, peptides, and recombinant proteins

tauroursodeoxycholic acid (TUDCA) Sigma-Aldrich T0266

Ulex Europaeus Agglutinin I (UEA I), DyLight� 649 Vector Laboratories DL-1068-1

Fixable Viability Stain 510 BD Biosciences 564406

Salubrinal Enzo ALX-270-428

Thapsigargin Sigma-Aldrich T9033

Dextran sulfate sodium colitis grade, 36,000 - 50,000 Da MP Biomedicals SKU: 02160110-CF

Compound 147 (AA147) Abbexa abx283245

IL-22-Fc Genentech PRO312045

Critical commercial assays

TLR4 HEK-Blue� reporter cells Invivogen hkb-mtlr4

TLR5 HEK-Blue� reporter cells Invivogen hkb-mtlr5

RNeasy Universal kit Qiagen 73404

Purelink� Microbiome DNA Purification Kit Invitrogen A29790

AMPure magnetic beads Beckman Coulter A63880

Lcn-2 ELISA kit R&D systems DY1857-05

NOD1 HEK-Blue� reporter cells Invivogen hkb-mnod1

NOD2 HEK-Blue� reporter cells Invivogen hkb-mnod2

TLR9 HEK-Blue� reporter cells Invivogen hkb-mtlr9

Deposited data

RNA sequencing This paper GSE220457

16S rRNA gene sequencing This paper GSE220883

Experimental models: Organisms/strains

Mouse: C57BL/6JOlaHsd Envigo Israel 2BL

Mouse: Becn1F121A (C57BL/6) Fernández et al.5 N/A

Mouse: Nod2flox/flox (C57BL/6) Kim et al.35 N/A

Mouse: B6.129X1(Cg)-Bcl2tm1.1Sjk/J The Jackson Laboratory #018430

Mouse: Germ-free Mice/Swiss Webster Taconic Biosciences SW-F/SW-M

Mouse: B6.129S7-Rag1tm1Mom/J The Jackson Laboratory # 002216

Mouse: B6.129P2(SJL)-Myd88tm1Defr/J The Jackson Laboratory # 008888

Mouse: B6.C-Tg(CMV-cre)1Cgn/J The Jackson Laboratory # 006054

Mouse: B6.Cg-Tg(Vil1-cre)997Gum/J The Jackson Laboratory # 004586

Oligonucleotides

515F - (barcode) 50-AATGATACGGCGACCACCGAG

ATCTACACGCTAGCCTTCGTCGCTATGGTAATTGT

G TGYCAGCMGCCGCGGTAA-30

DeSantis et al.36 N/A

806 R 50- CAAGCAGAAGACGGCATACGAGATAG

TCAGTCAGCCGGACTACHVGGGTWTCTAAT -30
DeSantis et al.36 N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Quantitative Insights into Microbial Ecology 2 (QIIME2) Bolyen et al.37 N/A

PRISM Graphpad N/A

FIJI Schindelin et al.38 N/A

Divisive Amplicon Denoising Algorithm (DADA2) DeSantis et al.36 N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Shai Bel

(shai.bel@biu.ac.il).

Materials availability
This study did not generate new unique reagents.

Data and code availability
RNA-seq data (GSE220457) and 16S rRNA gene sequencing data (GSE220883) have been deposited at NCBI Gene Expression

Omnibus and are publicly available as of the date of publication. Accession numbers are listed in the key resources table. Microscopy

data reported in this paper will be shared by the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Mice (see key resources table) were separately bred, unless indicated otherwise, andmaintained in the SPF barrier at the Azrieli Fac-

ulty of Medicine, Bar-Ilan University, Israel.MyD88DIEC mice were generated by breedingMyD88flox and Vil1-cre mice. Nod2-/- mice

were generated by breeding Nod2flox (a kind gift from Philip Rosenstiel35) and CMV-cre mice. Germ-free Swiss Webster mice were

bred andmaintained in isolators as described.39 8–14-week-old mice were used for all experiments. All experiments were performed

using protocols approved by the Institutional Animal Care and Use Committees (IACUC) of the Bar-Ilan University.

Mucus thickness measurements
Mice were euthanized by cervical dislocation, according to IACUC guidelines, and a 1cm long colon tissue sample containing a fecal

pellet was removed. Tissues were immediately fixed in Carnoy’s fixative to preserve the mucus layer and processed for paraffin

embedding.40 5mm thick sections were cut using a microtome and stained with Alcian blue stain. Stained sections were visualized

using a Zeiss Axioimager M2 microscope and mucus layer thickness (the blue stained area engulfing the fecal pellet) was measured

using Zeiss Zen software. 30 measurements were performed per section and the average calculated for each mouse. For measure-

ments following antibiotic treatment, mice were treated with 1 mg/ml ampicillin, 0.5 mg/ml vancomycin, 1 mg/ml neomycin, 1 mg/ml

streptomycin and 1 mg/ml metronidazole for 6 weeks.

Barrier function analysis
Blood was collected post-mortem via cardiac puncture and incubated at room temperature for 30 minutes in 1.5ml tubes to allow

clotting. Samples were then centrifuged at 1,500g for 20 minutes at 4�C after which serumwas collected to new tubes. 20ml of serum

was added to wells containing InvivoGen HEK-Blue� reporter cells, and luminal antigens were detected following manufacturer’s

instructions.

In vivo tauroursodeoxycholic acid, salubrinal, thapsigargin, AA147 and IL-22 treatment
Tauroursodeoxycholic acid (TUDCA; Sigma T0266), was dissolved in PBS and administered at 250 mg/kg body weight. TUDCA was

administered to mice via intraperitoneal injection twice a day for 3 days. On the 4th day, mice were treated in the morning and eutha-

nized 4 hours after the last treatment. Control mice were treated with PBS. Salubrinal (Enzo ALX-270-428) was dissolved in dimethyl

sulfoxide (DMSO) at 50 mg/ml and diluted 1:400 in PBS. Mice were treated with 1 mg Salubrinal/kg body weight via intraperitoneal

injection once a day for 3 days before being euthanized. Thapsigargin (Sigma T9033), was dissolved in ethanol at 10 mg/ml and then

diluted 1:40 in PBS. Thapsigargin (2.5mg/kg bodyweight) was administered tomice via intraperitoneal injection once a day for 2 days

and mice were euthanized 4 hours after the last treatment. Control mice were treated with ethanol diluted 1:40 in PBS. AA147

(2mg/kg bodyweight) was administered tomice via intraperitoneal injection twice a day for 3 days andmice were euthanized 4 hours

after the last treatment. IL-22-Fc (Genentech, 100ug per dose) was administered once a day for 4 days.
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Chemical-induced colitis model
Micewere treated with dextran sulfate sodium (DSS, colitis grade, 36,000–50,000Da,MP) in drinking water at the concentrations and

durations indicated in the figure legends. Fresh DSS was prepared daily. Disease activity index (DAI) was measured daily, based on

weight loss, stool consistency and rectal bleeding as previously described.41 Briefly, weight loss relative to initial weight, stool con-

sistency (solid, loose or diarrhea) and rectal bleeding were each individually scored on a 0-4 scale and summed for eachmouse at the

indicated timepoints. Barrier function using FITC-dextran was performed on the last day as previously described.41 Briefly, micewere

orally treated with 200 ml of 3-5 kDa FITC-dextran via gavage 4 hours prior to termination. Blood was then collected and serum sepa-

rated as above. FITC-dextran was detected using a plate reader at 530 nm with excitation at 485 nm.

Infection-induced colitis model
Mice were infected with adherent-invasive E. Coli pathotype (AIEC), NRG857c strain (O83:H1) (a kind gift from Brian Coombes24).

NRG857c was cultured in Luria broth (LB) containing chloramphenicol (34 mg*ml-1) and ampicillin (100 mg*ml-1). 24h before infection,

mice were treated with 20mg streptomycin and then infected with 108 colony forming units (CFU) AIEC. After either 14 days or

10 weeks mice were euthanized, and intestines were fixed in 4% PFA. For quantification of Lipocalin-2 levels, feces were collected

and immediately froze in liquid nitrogen and stored at -80�C. Then, samples were reconstituted in PBS containing 0.1% Tween 20,

vortexed for 20 min, and centrifuged at 21,000g for 20 min at 4�C. Fecal Lcn-2 levels were determined by the Lcn-2 ELISA kit (R&D

systems, DY1857-05) according to the manufacturer’s instructions. Results were calculated by OD and feces weight ratio.

Fecal microbiota transplant
Feces collected from mice housed at the SPF barrier facility were immediately transferred into an anaerobic chamber. Feces were

vortexed in sterile PBS, debris allowed to settle by gravity, and supernatant transferred to new tubes. Sealed tubes were then

removed from the anaerobic chamber and orally administered to germ-free Swiss Webster mice via gavage. Feces from each

SPF-housed mouse were used to inoculate two germ-free mice. Inoculated mice were then transferred to Tecniplast IsoCages to

prevent outside contamination for two weeks, after which mice were challenged with DSS as above.

METHOD DETAILS

RNA sequencing and analysis
RNA from frozen colonic tissues was extracted using Qiagen RNeasy Universal kit. Integrity of the isolated RNA was analysed using

the Agilent TS HS RNA Kit and TapeStation 4200 at the Genome Technology Center at the Azrieli Faculty of Medicine, Bar-Ilan Uni-

versity. 1000ng of total RNA was treated with the NEBNext poly (A) mRNA Magnetic Isolation Module (NEB, #E7490L). RNA

sequencing libraries were produced by using the NEBNext Ultra II RNA Library Prep Kit for Illumina (NEB #E7770L). Quantification

of the library was performed using a dsDNA HS Assay Kit and Qubit (Molecular Probes, Life Technologies) and qualification was

done using the Agilent TS D1000 kit and TapeStation 4200. 250nM of each library was pooled together and diluted to 4nM according

to the NextSeq manufacturer’s instructions. 1.6pM was loaded onto the Flow Cell with 1% PhiX library control. Libraries were

sequenced with the Illumina NextSeq 550 platform with single-end reads of 75 cycles according to the manufacturer’s instructions.

Sequencing data was aligned and normalized (reads per kilo base per million mapped reads) using Partek bioinformatics software.

Pathway analysis was performed using the ShinyGO webtool.42 Heat maps, principal component analysis (PCA) plots and volcano

plots were generated using GraphPad Prism software.

Isolation of goblet cells for qPCR analysis
Colonic tissues were washed with PBS, cut into 3 pieces, and washed with HBSS buffer supplemented with 5% FBS and 1% peni-

cillin and streptomycin on ice. Cut tissues were then transferred to HBSS buffer supplemented with 10mMEDTA, 1mMDTT, 5% FBS

and 1% penicillin and streptomycin and incubated at 37�C with shaking at 200 rpm for 10 minutes. Tissues were then vortexed,

passed through a 70mm strainer and further dissociated with a syringe. Dissociated cells were then collected via centrifugation at

500g for 10minutes at 4�C. Isolated cells were resuspended in PBS containing 5%FBS, incubatedwith BDHorizon� Fixable Viability

Stain 510, anti-EPCAM antibody and UEA-1-DyLight 649 and sorted using a BD FACSAria�Cell Sorter. RNAwas extracted from live

EPCAM+ UEA-1+ cells were using Qiagen RNeasy Universal kit and cDNA prepared using Thermo High-Capacity cDNA Reverse

Transcription Kit. mRNA levels of Hspa5 were analyzed using TaqMan probes and normalized to 18s levels.

Immunoblot
Total proteins were extracted from colonic tissue samples by homogenizing in RIPA buffer (Thermo Fisher 89900). 50mg of total pro-

tein (as determined by Bradford assay) were loaded onto a 4-20% gradient SDS-PAGE and subsequently transferred to a PVDF

membrane. Membranes were blocked with 5% nonfat dry milk in PBS with 0.1% Tween-20. The membranes were incubated at

40C overnight with the following primary antibodies: a-GADD153/CHOP (SCBT sc-166682) and a-Tubulin (Abcam ab176560). After

washing, membranes were incubated with the species-appropriate HRP-conjugated secondary antibodies. Membranes were visu-

alized using an Alliance Q9 system and band density was quantified using FIJI software.38
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Ex vivo mucus measurements and tauroursodeoxycholic acid treatment
Mucus growth rate in colonic tissue explant was measured as previously described18 with some modifications. Briefly, distal colon

tissue from 8-12 week-old wild type mice was collected and washed with 4-5 ml of Kreb’s transport buffer. After muscle removal,

tissue was separated into 2 pieces. The tissues were mounted in a heated chamber (37oC). One piece of colon was incubated

with RPMI supplemented with 6 mg/ml tauroursodeoxycholic acid (TUDCA), while another was mounted and incubated with

RPMI as a control. Mounted tissues were covered by Kreb’s mannitol buffer, the mucus was overlaid with 10 mm-sized beads

and mucus thickness was measured repeatedly with a micromanipulator-connected glass needle. Mucus growth measurement

was performed for 45 min. For measurements following antibiotic treatment, mice were treated with 1 mg/ml of Ampicillin,

0.5 mg/ml of Cefoperazone and 1 ml/ml of Clindamycin in sterile drinking water for 5 days. Antibiotics were then removed for

2 days (washout) and mice were then treated for an additional 5 days with 1 mg/ml of Streptomycin, 1mg/ml of Neomycin, and

0.5 mg/ml of Vancomycin. Antibiotics were then replaced with drinking water 12 hours prior to mucus measurements as above.

Bacterial DNA extraction, amplification, and purification
DNA was extracted from fecal samples using the Invitrogen Purelink� Microbiome DNA Purification Kit according to the manufac-

turer’s instructions, following two minutes of bead beating (Bio Spec). Following DNA extraction, the V4 variable region of the bac-

terial 16S rRNA gene was amplified by polymerase chain reaction (PCR) using the 515F and 806R primers, and each sample received

a unique 515F barcoded primer. Primer sequences used were: 515F- (barcode) 50-AATGATACGGCGACCACCGAGATCTACACGC

TAGCCTTCGTCGCTATGGTAATTGTG TGYCAGCMGCCGCGGTAA-30 and 806 R 50- CAAGCAGAAGACGGCATACGAGATAGT

CAGTCAGCCGGACTACHVGGGTWTCTAAT -3036

PCR reactions were carried out with the Primestar taq polymerase (Takara) for 30 cycles of denaturation (95 �C), annealing (55 �C)
and extension (72 �C), and a final elongation at 72 �C. Amplicons were purified using AMPure magnetic beads (Beckman Coulter),

and subsequently quantified using Picogreen dsDNA quantitation kit (Invitrogen). Samples were pooled at equal concentrations

(50 ng/ml), loaded on 2% E-Gel (Thermo Fisher), and purified using NucleoSpin Gel and PCR Clean-up (Macherey-Nagel).

16S rRNA gene sequence analysis
Purified products were sequenced using the Illumina MiSeq platform (Genome Technology center at the Azrieli Faculty of Medicine

Bar-Ilan University). FASTQ data was processed and analyzed using Quantitative Insights into Microbial Ecology 2 (QIIME2) version

2019.4.37 Single-end sequences were demultiplexed, and reads were denoised and clustered using Divisive Amplicon Denoising

Algorithm (DADA2).36 Primers were trimmed off and single end reads were truncated to R150 base pairs. A phylogenetic tree

was constructed and features were assigned taxonomy using Greengenes reference database with 99% confidence.36

Analysis was performed on a rarefied feature table of 7340 reads per sample after filtration of mitochondria and chloroplast se-

quences. Alpha diversity was calculated using the Shannon index, referring to bacterial evenness within the sample.43 For between

sample diversity (beta diversity), weighted and unweighted UniFrac distances were calculated.44 Over-represented and under-rep-

resented features were identified using linear discriminant analysis effect size (LEfSe).45

Histological scoring of colitis severity
Distal colon tissues were fixed in 4% paraformaldehyde, paraffin embedded, sectioned, and stained with hematoxylin and eosin.

Histopathological analysis and semi-quantitative scoring were performed by a board-certified toxicological pathologist according

to the scoring system described by Cooper et al.,46 taking into consideration the grades of extension (laterally, along the mucosa

and deep into the mucosa, submucosa, and/or muscular layers) of the inflammation and ulceration. Analysis was performed in a

blinded fashion.

Immunohistochemistry
Paraffin-embedded colonic tissues were sectioned and washed in xylene followed by re-hydration in decreasing concentrations of

ethanol. Antigen retrieval was performed by boiling slides in 0.1M trisodium citrate andwashing in PBS. Slides were blockedwith 1%

BSA, 10% FBS, 1% Triton X-100 in PBS and then incubated with primary antibodies at 4oC overnight at 1:200 dilution. Secondary

antibodies were diluted 1:400 and applied to slides for 1 hour at room temperature in the dark. Slides were then washed and

mounted. Images were captured using a Zeiss AxioImager M2 microscope and analyzed with either Zeiss or FIJI software.38

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad PRISM as indicated in figure legends.
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Figure S1. Reduced translocation of luminal antigens into the bloodstream of Becn1F121A 
mice, Related to Figure 1. (A) Detection of NOD1, (B) NOD2 and (C) TLR9 agonist in mouse 
serum using reporter cell lines. Student’s t test; P values are displayed. WT, wild type; F121A, 
Becn1F121A; A.U., arbitrary units. 
 



 
Figure S2. Transcripts of ER proteins are altered in Becn1F121A mice, Related to Figure 2. 
(A) Expression levels of goblet cell-specific transcription factors in colons of mice using RNA 
sequencing. (B) Levels of the ROS-indicator 4 hydroxynonenal specifically in colonic goblet cell 
using immunohistochemistry. (C) Pathway analysis of differently expressed genes between wild 
type and Becn1F121A mice using GO cellular components analysis. ER-related compartments are 
marked in red. (A and B) Each dot represents a mouse. Student’s t test. ns, not significant; 4-
HNE, 4 hydroxynonenal; RPKM, Reads per kilobase of transcript; WT, wild type; F121A, 
Becn1F121A. 
 



 
Figure S3. Reducing ER stress increases mucus secretion rate in a sustainable manner, 
Related to Figure 3. (A) Mucus secretion rates measured in colonic explants treated as noted. 
Each dot represents a mouse. *P<0.05; **P<0.01; ns, not statistically significant. Two-way 
ANOVA. TUDCA, tauroursodeoxycholic acid. (B) Confocal Z-stack imaging of mucus 
penetrability in TUDCA treated colon explants. DNA is in green, UEA-1 lectin in purple, WGA 
lectin in orange and beads in cyan. 
 



 
Figure S4. The gut microbiota of Becn1F121A mice is different than that of wild type mice 
and enriched with mucus-utilizing bacteria, Related to Figure 5. 16 S rRNA sequencing was 
performed to characterize gut microbiota composition. (A) PCoA of fecal microbiota b diversity 



based on unweighted UniFrac. Each dot represents a mouse. (B) Legend of cladogram depicting 
LEfSe analysis of differently abundant bacteria in wild type and Becn1F121A mice in Figure 5E. 
 

 
Figure S5. Becn1F121A mice are protected from colitis, Related to Figure 6. (A) Colon length 
of naïve wild type and Becn1F121A mice. (B-E) Relative weight change ±SEM (B), disease 
activity index ±SEM (C), colon length (D) and histological damage score (E) of mice treated 
with 3% DSS for 5 days. (F-I) Disease activity index ±SEM (F), colon length (G), histological 
damage score (H) and FITC-dextran in serum (I) of mice treated with 2% DSS for 7 days. (A, C-
E, and G-I) Each symbol represents a mouse. *P<0.05; **P<0.01; ***P<0.001; (A, C-E and G-
I) Student’s t test; (B, C and F) Multiple unpaired t tests corrected for false discovery rate. WT, 
wild type; F121A, Becn1F121A; A.U., arbitrary units.  
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