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Delivery of granule contents to epithelial surfaces by
secretory cells is a critical physiologic process. In the
intestine, goblet cells secrete mucus that is required
for homeostasis. Autophagy proteins are required for
secretion in some cases, though the mechanism and cell
biological basis for this requirement remain unknown.
We found that in colonic goblet cells, proteins involved
in initiation and elongation of autophagosomes were
required for efficient mucus secretion. The autophagy
protein LC3 localized to intracellular multi-vesicular va-
cuoles that were consistent with a fusion of autophago-
somes and endosomes. Using cultured intestinal epithelial
cells, we found that NADPH oxidases localized to and
enhanced the formation of these LC3-positive vacuoles.
Both autophagy proteins and endosome formation were
required for maximal production of reactive oxygen spe-
cies (ROS) derived from NADPH oxidases. Importantly,
generation of ROS was critical to control mucin granule
accumulation in colonic goblet cells. Thus, autophagy
proteins can control secretory function through ROS,
which is in part generated by LC3-positive vacuole-asso-
ciated NADPH oxidases. These findings provide a novel
mechanism by which autophagy proteins can control
secretion.
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Introduction

The inner lining of the colon consists of an expansive single-
celled epithelial layer that is coated throughout by a layer of
mucus (McGuckin et al, 2011). The epithelium is organized
into repeating units, each component consisting of a crypt of
Lieberkiihn that is surrounded by a ‘cuff’ of epithelial cells
derived from the crypt. A population of epithelial stem cells
located at or near the base of each crypt gives rise to multiple
lineages, including absorptive colonocytes, hormone-
secreting enteroendocrine cells and goblet cells (Snippert
et al, 2010). All lineages undergo terminal differentiation as
they migrate upwards within the crypt towards the surface
cuff (Chang and Leblond, 1971).

Goblet cells are a secretory lineage that specialize in mucus
production and begin their differentiation within the crypt.
Goblet cells secrete mucus, which forms a layer that overlays
the epithelium and forms an important barrier to intestinal
microbes (Johansson et al, 2011). Intestinal mucus is
composed of multiple highly glycosylated proteins called
mucins. In the mouse colon, the major secreted mucins
produced by goblet cells are Muc2, Muc5AC and Muc6
(McGuckin et al, 2011). Mucins are stored in secretory
granules that are apically localized in the cytoplasm and
compartmentalized to this location by a cytoskeletal cage
(Specian and Oliver, 1991). Constitutive secretion occurs by
fusion of individual mucin granules with the apical plasma
membrane (Davis and Dickey, 2008). Mucin granules can
accumulate within the goblet cell cytoplasm leading to
increased size, which can be secondary to either increased
mucin production or diminished secretion (Artis and Grencis,
2008; Zhu et al, 2008).

Loss of autophagy proteins leads to defects in the function
of various secretory cell types, though the precise mechanism
is unclear (Cadwell et al, 2008; Ebato et al, 2008; Jung et al,
2008; Marino et al, 2010; DeSelm et al, 2011; Ushio et al,
2011). Specifically in the intestine, autophagy proteins are of
interest as multiple proteins in this pathway have been
identified in genome-wide association studies for
inflammatory bowel disease (Franke et al, 2010; Anderson
et al, 2011). Autophagy (macroautophagy) is a bulk
degradation process in which a curving membrane cistern
(a phagophore) encloses cytoplasm into a double membrane-
delimited vacuole (an autophagosome). Conversion of the
cytosolic protein LC3-I into phosphatidylethanolamine-
conjugated LC3-II on the phagophore surface, catalysed by
the autophagy proteins Atg7, Atg3 and an Atgl2-Atg5 con-
jugate in association with oligomeric Atgl6L1, is essential for
phagophore expansion and closure of the autophagosome.
Autophagosomes subsequently fuse with endosomes to form
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an amphisome that in turn fuses with lysosomes for degrada-
tion of cytoplasmic components (Levine et al, 2011).

The functional importance of this convergence between
autophagic and endocytic pathways has been shown
during bacterial infections (Seglen, 2008). For example,
bacteria-containing phagosomes must be targeted to the
autophagic pathway for their maturation and delivery to the
lysosome in a process termed as LC3-associated phagocytosis
or LAP (Sanjuan et al, 2007; Florey et al, 2011; Henault et al,
2012). Furthermore, NADPH oxidase-derived reactive oxygen
species (ROS) are essential for the interaction of phagocytosis
and autophagy pathways (Huang et al, 2009). The NADPH
oxidase family consists of several cytochrome subunits
(Nox1-5), and additional cytosolic regulatory proteins
including a common membrane bound subunit p22phox,
which is important for the stabilization of the oxidase. The
different isoforms of cytochrome subunits are differentially
expressed depending on the cell type. Importantly, expression
of these isoforms is not limited to phagocytic cells where
NADPH oxidase-derived ROS function in bactericidal roles.
These oxidases are also expressed in various epithelial cell
types including the intestine; however, their functional
significance in these cell types is unclear (Bedard and
Krause, 2007).

We evaluated the function of autophagy proteins in the
colonic epithelium of mice and found mucin accumulation in
goblet cells lacking autophagy proteins. The mechanistic
basis of a requirement for autophagy proteins in secretory
epithelial cells is not well understood. This is in part due to
the fact that the precise cellular location of autophagosomes
in tissues visualized by endogeneous LC3 has been challen-
ging. Here, we performed studies using loss-of-function mu-
tations for autophagy proteins, endogeneous LC3f
localization and a novel epithelial cell-culture system. We
found that LC3 localized to complex multi-vesicular struc-
tures that were also positive for endosomal markers and
NADPH oxidases in goblet cells. Loss of autophagy proteins,
endocytosis and NADPH oxidase components all resulted in
diminished ROS generation as well as accumulation of mucin
within goblet cells. Importantly, these defects in mucin
accumulation resulting from the loss of function of auto-
phagy, endocytosis and NADPH oxidase function could all be
rescued by exogeneous ROS, suggesting functional linkages
between these processes.

Results

Autophagy proteins control mucin granule

accumulation in colonic goblet cells in vivo

To assess the role of the autophagy protein Atg5 in the colonic
epithelium, we compared Alcian blue-stained sections from
mice lacking Atg5 expression in the intestinal epithelium
(Atgs”!, Hara et al, 2006; Villin-Cre +, Madison et al, 2002
or AtgSVC) to littermate controls (AtgS”’; Villin-Cre — as well
as AtgS”*; Villin-Cre + ). In the intestine, Alcian blue labels
highly glycosylated proteins most notably goblet cell mucins.
This staining showed that AtgSVC mice contained larger
areas of cytoplasmic mucin within goblet cells as compared
to controls (Figure 1A). We confirmed this finding using
immunostains for Muc2, an abundant mucin produced by
colonic goblet cells, as well as the lectin Ulex europaeus
agglutinin 1 (UEA, Supplementary Figure S1A and B),
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which labels L-fucose groups found on both intracellular
mucin and secreted mucus (Falk et al, 1994). This enlarged
goblet cell phenotype in AtgSVC mice was apparent in
immature goblet cells located in the crypt base as well as in
mature goblet cells in the upper portion of crypts. We used
these histological sections to quantify the area of mucin
staining per goblet cell in the upper crypt region and
confirmed that AtgSVC colonic goblet cells contained an
enlarged area of Alcian blue-positive staining as compared
to littermate controls (Figure 1B). Importantly, Atg5SVC mice
contained similar numbers of goblet cells per crypt as com-
pared to controls (Figure 1C). Comparison of haematoxylin
and eosin-stained sections showed no obvious defects in
colonic crypt height, epithelial proliferation and cell death
indicating no obvious change in epithelial turnover
(Supplementary Figure S1C-F). Additionally, there was no
change in the presence of inflammatory cells in colons of
Atg5VC mice (Supplementary Figure S1G). Therefore, our
interpretation is that colonic goblet cells in AtgSVC mice
contained normal numbers of goblet cells that showed ab-
normal mucin accumulation.

We previously showed that autophagy gene-deficient
Paneth cells contain abnormal secretory granules (Cadwell
et al, 2008). However, transmission electron microscopic
analysis of colonic goblet cells from Atg5VC and control
mice showed no obvious differences in the size and the
shape of individual mucin granules (Figure 1D), indicating
that the role of autophagy proteins differs in these two
secretory cell types. Furthermore, the density of mucin gran-
ules within goblet cells was similar in Atg5VC and control
mice (Figure 1E). We did observe that AtgSVC goblet cells
contained a significantly greater number of mucin granules
than controls (Figure 1F). Thus, the major defect in Atg5-
deficient colonic goblet cells was an accumulation of ultra-
structurally normal-appearing mucin granules.

The accumulated mucin granules in Atg5VC colonic goblet
cells suggested a defect in granule exocytosis. Therefore, we
analysed mucosal surfaces for mucus extravasation from
crypt openings of AtgSVC and control mice. To visualize
mucus emerging from crypts in whole-mount preparations,
we used fluorescently conjugated-UEA (Figure 1G) as well as
scanning electron microscopic analysis of the mucosal sur-
face (Figure 1H). Using both methods, we observed regions of
diminished mucus emerging from colonic crypts of AtgSVC
mice compared to controls. These findings supported our
hypothesis that AtgSVC goblet cells had a defect in granule
exocytosis.

We next tested the function of additional autophagy pro-
teins in colonic goblet cells. We analysed colons from Atg?"";
Villin-Cre + (Komatsu et al, 2005) and LC3 7~ (Cann et al,
2008) mice and found that loss of function of either of these
genes also led to mucin accumulation in colonic goblet cells
(Supplementary Figure S2A-D). Taken together, these data
showed that the autophagy proteins Atg5, Atg7 and LC3p
played a common role in regulating goblet cell mucin accu-
mulation.

Atg5h controls mucin granule accumulation in cultured
colonic goblet cells

As a tool to further dissect the mechanisms and the involve-
ment of additional autophagy genes involved in mucin
granule accumulation in Atg5-deficient cells, we established
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Figure 1 Atg5-deficient goblet cells accumulate mucin. (A) Alcian blue-stained sections of descending colons from control and AtgSVC mice.
The area between the two black dashed lines indicates the crypt base where epithelial progenitors and nascent goblet cells reside.
Bars =200 pm. (B) Quantification of average mucin area/goblet cell in control and AtgSVC mice (n=5-7 mice/group from 3 independent
experiments; 100 goblet cells measured/mouse). **P<0.01 as determined by the Student’s t-test. This analysis was performed on upper crypt
goblet cells (above the upper dashed line in A). (C) Quantification of the average number of goblet cells per crypt (n =3 mice/group; over 100
crypts measured/mouse). (D) TEM images of upper crypt goblet cells from control and Atg5VC transverse colons. The yellow dashed lines
outline the mucin granules in the apex of the cells. Bars =2 pm. (E, F) Quantification of (E) the average granule density and (F) the average
number of mucin granules/goblet cell (n =3 mice/group and 20 goblet cells evaluated/mouse). ***P<0.001 as determined by the Student’s
t-test. (G, H) Whole-mount images of the mucosal surface from control and AtgSVC transverse colons. Whole-mount colonic samples were
either stained with Ulex europaeus agglutinin-1 (UEA) that labelled mucus (G) or analysed by the scanning electron microscopy (H). Yellow
arrows indicate the crypt opening orifices. Green arrowheads indicate goblet cells protruding from the surface epithelium of Atg5SVC mice

(insets in H show higher power image of the latter). Bars = 100 pm.

an in vitro system for colonic epithelial cells that contained
goblet cells. We modified a colonic epithelial spheroid culture
system (Figure 2A) that is enriched in stem cells (Miyoshi
et al, 2012). To promote goblet cell differentiation, we
reduced Wnt ligands and added DAPT, an inhibitor of
Notch signalling to the culture media (Pellegrinet et al,
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2011; Supplementary Figure S3A). We also added LPS to
induce mucin expression. This treatment increased the num-
ber of Muc2-positive goblet cells (Figure 2B). gqRT-PCR for
Muc2 and Atohl additionally confirmed the enhanced com-
mitment to goblet cell differentiation in DAPT-treated colonic
epithelial cultures (Figure 2C and D). Herein, all in vitro
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experiments with colonic epithelial cells were conducted
using these conditions.

Using this system to culture and differentiate colonic
epithelial cells, we tested the role of Atg5 in goblet cells.
We found that goblet cells generated from Atg5SVC colonic
epithelial stem cells showed greater mucin accumulation
compared to controls as evidenced by an increased area of
cytoplasmic Muc2 as well as UEA staining (Figure 2E-G).
Importantly, there was no difference in Muc2 mRNA levels in
Atg5VC epithelial cultures compared to controls (Figure 2H).
Collectively, these results demonstrated that the loss of Atg5
in vitro recapitulated the goblet cells defects observed in
Atg5VC mice.

We then used our in vitro system to test the role of
additional autophagy proteins in goblet cell function. In
particular, we wanted to distinguish between conventional
autophagy or related processes such as LAP (Florey et al,
2011; Henault et al, 2012). Specifically, we evaluated the role
of Atgl4, which is a required component of the class II Pi3K
complex that initiates autophagy. We also evaluated FIP200,
which is also required for autophagy initiation but is not
required for LAP ((Florey et al, 2011; Martinez et al, 2011).
To study the role of these upstream autophagy genes, we
isolated colonic epithelial spheroids from FIP200”" and
Atgl4”"  mice and delivered recombinant Tat-Cre
recombinase (Morimoto et al, 2010). This transient delivery
of Cre efficiently mediates recombination of floxed alleles
(Shaw et al, 2008; Morimoto et al, 2010). We tested three
clones that contained fully excised floxed alleles
(Supplementary Figure S3B and C) for goblet cell mucin
accumulation. All lines from FIP200”' + Tat-Cre and Atg14""
+ Tat-Cre colonic epithelial spheroids showed increased
mucin accumulation compared to controls (Figure 2I-K).
This was similar to what we observed with Atg5SVC epithelial
cultures. These results demonstrated that factors involved in
the initiation and maturation of autophagosomes, including
one protein, FIP200, that is not required for LAP were
required for colonic goblet cell function.

Intersection of autophagy proteins and endocytosis in
colonic goblet cells

We next analysed intestinal tissue sections of wild-type mice
stained for endogeneous LC3 to localize autophagosomes.
Targeting of LC3f to autophagosomes requires Atg5 (Levine
et al, 2011); therefore, we also analysed tissue sections from
Atg5SVC mice. We detected LC3p in concentrated cytoplasmic
regions of colonic crypt epithelial cells from control but not
Atg5VC mice (Figure 3A). By this analysis, LC3f signal did
not appear to be associated with the mucin granule compart-
ment of goblet cells.

To determine the subcellular membrane localization of
LC3p in crypt epithelial cells, we performed immunogold
transmission electron microscopy. In control, but not in
Atg5VC mice, we detected LC3B-positive membranes within
the goblet cell cytoplasm (Figure 3B, inset). Interestingly,
many of these LC3B-positive membranes were multi-ves-
icular vacuoles that were morphologically quite distinct
from conventional autophagosomes, which are characterized
by multiple or double delimiting membranes. We detected no
LC3B signal on mucin granules or plasma membranes
(Supplementary Figure S4).
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To better understand the pathways that were altered in
response to the loss of Atg5 expression, we performed
microarray analysis of mRNAs isolated from laser capture
microdissected colonic epithelial cells. We compared gene
expression in crypt base cells from AtgSVC versus control
mice, as this area of the epithelium is enriched for immature
goblet cells (Chang and Leblond, 1971) and thus would allow
for analysis of the earliest changes associated with loss
of Atg5. Such analysis can elucidate pathways and
compensatory changes that occur in response to loss of
function of a specific gene.

We then used the bioinformatics suite, DAVID (Huang da
et al, 2009a, 2009b) to derive enriched KEGG pathways and
Gene Ontology terms from the list of 320 transcripts that
were significantly altered in the AtgS-deficient epithelium.
The most significantly altered pathway determined by KEGG
pathway analysis was endocytosis (Figure 3C; Supplementary
Figure S5A and B). Significantly enriched GO terms for the
domain ‘cellular components’ included endosome as well as
other endomembrane compartments (Supplementary
Figure S5C). These results were interesting since recent
studies have shown endosomes and the plasma membrane
can serve as potential membrane sources for autophagosomes
(Ravikumar et al, 2010; Longatti et al, 2012). Additionally,
intersection of autophagic with endocytic vesicles has been
well documented (Seglen, 2008; Razi et al, 2009). Importantly,
we found no significant differences between Atg5SVC and
control samples when comparing mRNAs encoding secreted
mucins suggesting that there is no obvious defect in mucin
production (Supplementary Figure S5C).

Endocytosis plays a role in mucin granule accumulation
To investigate the possibility that endosomes intersect with
the autophagic pathway, we performed double label immu-
nogold transmission electron microscopic studies, and found
that LC3B-positive vacuoles in goblet cells were also positive
for the early endosomal marker EEA1 (Figure 3D).
Additionally, we found that these LC3p-positive vacuoles
also co-labelled with markers of late endosomes (Rab7)
and lysosomes (Lampl), indicating that LC3f can be present
on organelles throughout endocytic maturation process.
However, we did not detect co-labelling of LC3f and Rabll
indicating that LC33 was not present on recycling endosomes
(Figure 3E-G).

We next determined whether EEA1 and LC3p co-localize in
colonic epithelial cells grown in monolayers (Figure 4A). In
wild-type colonic epithelial cells, we observed intracellular
LC3p puncta. Interestingly, we found a significant co-locali-
zation of endogeneous LC3fB and EEA1 (Figure 4B), consis-
tent with the presence of the double positive vacuoles
observed in vivo by immunogold localization. Treatment
with Dynasore, an inhibitor of dynamin-mediated endo-
cytosis, did not significantly reduce the number of LC3
puncta, but did diminish co-localization of LC3 with EEA1
(Figure 4C and D). Additionally, LC3 II conversion was un-
changed in Dynasore-treated spheroids compared to controls.
Also, autophagic flux was not altered by Dynasore treatment
as determined by LC3 II conversion using the lysosomal
inhibitor bafilomycin Al (bafAl; Figure 4E). These results
demonstrated that inhibition of endocytosis did not affect
autophagy.
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We next tested the role of endocytosis in mucin granule colonic spheroids with Pitstop 2, an inhibitor of clathrin-
accumulation. Importantly, cultured wild-type colonic spher- mediated endocytosis, resulted in a similar increase in mucin
oids treated with Dynasore resulted in mucin accumulation in accumulation as compared to colonic spheroids treated with
goblet cells (Figure 4F and G) similar to what was observed in a highly related molecule that binds clathrin but does not
the absence of autophagy proteins. Additionally, treatment of inhibit endocytosis (negative control for Pitstop 2;
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Supplementary Figure S6). These experiments showed that localize to endosomes in macrophages and neutrophils
clathrin-mediated endocytosis played a role in mucin granule (Casbon et al, 2009; Lamb et al, 2012) and are required for
accumulation. the recruitment of LC3f3 to bacteria-containing phagosomes

(Huang et al, 2009). On the basis of these findings, we
NADPH oxidases contribute to LC3 and EEA1 hypothesized that NADPH oxidases are a functional link
co-localization and mucin accumulation between the autophagic and endocytic pathways in goblet
On the basis of prior studies, NADPH oxidases are a potential cells. First, we determined whether loss of NADPH oxidase
link between autophagosomes and endosomes (Sanjuan et al, function resulted in diminished co-localization of LC3 and
2007; Huang et al, 2009). NADPH oxidases are known to EEA1. p22phox is a common membrane component of most

C
Term P-value
Endocytosis 7.2E-06
Steroid biosynthesis 1.0E-02
SNARE interactions in vesicular transport 1.0E-02
Steroid hormone biosynthesis 2.0E-02
Huntington's disease 5.0E-02

Figure 3 LC3p is localized to EEAl-positive multi-vesicular vacuoles within colonic goblet cells. (A) Images of colonic sections stained for
LC3p (green) from control and AtgSVC mice. The white-dashed lines indicate the border between the basal surface of the crypt epithelium and
the mesenchyme. White asterisks denote non-specific plasma cell staining from the mouse monoclonal anti-LC3p antibody. Bars =50 pum.
(B) Immunogold transmission electron microscopic image for LC3f in a colonic goblet cell from a wild-type mouse. The inset is a low power
image of the entire goblet cell. The black box within the inset indicates the area shown in this panel. Note this area is not associated with mucin
granules. Bar =500 nm. (C) Enriched KEGG pathways for Atg5-deficient epithelial cells obtained from a microarray comparing control and
AtgSVC colonic crypt base epithelium. P-values were determined by modified Fisher’s exact test. (D-G) Double label immunogold transmission
electron microscopic images from wild-type mice for LC3B (12nm particles) and EEA1 (D), Rab7 (E), Rabll (F), or Lampl (G) (18 nm
particles). Bars =200 nm.

Figure 2 Atg5-deficient colonic epithelial spheroids accumulate cytoplasmic mucin within goblet cells. (A) Schematic for the generation of
differentiated goblet cells within colonic epithelial spheroid cultures. (B) Representative whole-mount images of single spheroids cultured in
either 50 % conditioned media (CM) or 5% CM+ 5 uM DAPT and stained for Muc2 (green) to visualize goblet cells. Bars =20 um. (C, D) Graph
of relative expression (as measured by qRT-PCR) of Atohl (C) and Muc2 (D) mRNAs comparing spheroids grown in either 5% CM or 5% CM +
DAPT to spheroids grown in 50% CM (n =4-5 samples/group). Error bars indicate s.e.m. *P<0.05; **P<0.01 as determined by a two-tailed
Student’s t-test. (E, F) Images of colonic epithelial spheroids isolated from control and AtgSVC mice grown in 5% CM + DAPT and stained for
Muc2 (green: E) or with the lectin, UEA (red: F). Bars =20 um. (G) Quantification of average mucin area/goblet cell. Error bars indicate s.e.m.
(n= 6 samples/group; 100 cells were quantified/sample; **P<0.01 as determined by a two-tailed Student’s t-test). (H) Relative expression of
Muc2 mRNA in differentiated spheroids from control and Atg5VC mice as measured by qRT-PCR (n =4-5 samples/group). No statistically
significant differences were found in Muc2 expression as determined by the Student’s t-test. (I, K) Images of FIP200"" (I) and Atg14”" (K)
colonic epithelial spheroids treated with recombinant Tat-Cre and stained with UEA (red). (J, L) Quantification of average mucin area/goblet
cell. Error bars indicate s.e.m. (n =6 samples/group; 100 cells were quantified/sample; **P<0.01 and ***P<0.001 as determined by a two-
tailed Student’s t-test).
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Figure 4 Inhibition of endocytosis results in goblet cell mucin accumulation. (A) Schematic for the generation of differentiated colonic
epithelial cells grown in a monolayer. (B) Colonic epithelial monolayers from wild-type mice treated with either vehicle or 100 uM Dynasore
and stained for LC3p (green) and EEA1 (red). Bars =5 pm. (C, D) Quantification of average number of LC3f dots per cell (C) and the percentage
of LC3p dots that co-localized with EEA1 per cell (D) (n=3 experiments/group; 25-30 cells/experiment). (E) LC3 immunoblots of epithelial
spheroids treated with 100 uM Dynasore and 100 nM BafA1 as indicated. GAPDH is a loading control. Representative image is shown from n =3
experiments. (F) Images of wild-type colonic epithelial spheroids labelled with TRITC-UEA (red) after treatment with either vehicle or 100 pM
Dynasore. Bars = 20 pum. (G) Quantification of average mucin area/goblet cell (n =6 samples/group; 150 cells were quantified/sample). Error

bars indicate s.e.m. ***P<0.001 as determined by the Student’s t-test.

NADPH oxidases. Using colonic spheroids developed from
p22phox mutant mice (Cyba™/33%m/333 herein referred to as
p22 mut), we found that p22phox was required for maximal
co-localization of LC3p and EEA1 in epithelial cells
(Figure 5A-C). However, the absence of p22phox did not
alter LC3 II conversion or autophagic flux (Figure 5D).
Additionally, p22phox did not appear to accumulate in the
presence of the lysosomal inhibitor, bafAl suggesting that
p22phox is not degraded by autophagy (Supplementary
Figure S7A). Collectively, these results supported a role for
NADPH oxidases in the intersection of autophagy and en-
docytosis.

Next, we determined the localization of p22phox in colonic
epithelial cells. By double-label immunogold electron micro-
scopy, we found that p22phox localized to LC3fB-negative
small vacuoles, which co-labelled with the endosomal mar-
ker Rab5 as well as LC3[B-positive multi-vesicular vacuoles
(Figure 5E; Supplementary Figure S7B). We confirmed this
finding in vitro and found that a subset of LC3f co-localized
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with p22phox in colonic epithelial cells by double label
immunofluorescence analysis (Figure 5F). The percent co-
localization was similar to the percent co-localization of LC3
and EEA1 (Figure 5C).

To determine whether the requirement of NADPH oxidases
influenced intracellular mucin accumulation in goblet cells, we
next stained colonic spheroids from p22 mut and control mice
for UEA. We found greater mucin accumulation in the p22 mut
goblet cells as compared to controls (Figure 5G and H).
This finding was similar to what we observed either when
Atg5 was deleted or when endocytosis was blocked. To test
whether other components of the NADPH oxidase complex
were also important for this process, we examined the goblet
cells in mice deficient for p47phox, a cytosolic subunit of the
Nox2 NADPH oxidase and found enhanced mucin accumula-
tion in colonic goblet cells of p47phox ~/~ mice as compared
to controls (Supplementary Figure S7C-E). Together, these
data indicate a new role for NADPH oxidases in the function
of goblet cells.

©2013 European Molecular Biology Organization
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Endocytosis and Atgb are required to generate maximal
ROS in colonic epithelial cells

Since NADPH oxidases were required for mucin secretion, we
considered the possibility that products of this enzyme com-
plex, ROS, may be the molecules responsible for functionally
linking NADPH oxidase and mucin granule accumulation. We
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found that wild-type spheroids produced significantly higher
levels of ROS as compared with p22 mut spheroids or wild-
type spheroids treated with diphenyleneiodonium (DPI)
chloride, an inhibitor of NADPH oxidases. Importantly, we
found that AtgS5-deficient spheroids or wild-type spheroids
treated with Dynasore exhibited significantly diminished ROS
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production as compared to controls (Figure 6A and B). These
results indicated that both endosomes and autophagy
proteins were required for efficient ROS production, and that
the major source of ROS was NADPH oxidases. The lack of ROS
generation in p22 mut, Atg5-deficient and Dynasore-treated
spheroids correlated with enhanced mucin accumulation. We
tested the requirement for ROS production in vivo by treating
wild-type mice with the ROS scavenger N-acetylcysteine (NAC).
We found enhanced mucin accumulation in colonic goblet cells
of NAC-treated mice as compared to controls (Figure 6C;
Supplementary Figure S8). In order to localize ROS production
within wild-type colonic epithelial cells to subcellular struc-
tures, we treated colonic epithelial monolayers with cerium
chloride (Vazquez-Torres et al, 2000; Lam et al, 2011). Using this
method, an electron dense precipitate detected by transmission
electron microscopy indicates areas of ROS production. We
found that complex multi-vesicular vacuoles contained
precipitate in wild-type cells (Figure 6D). Collectively, these
results supported the hypothesis that localized NADPH oxidase-
dependent ROS production played an important functional role
in mucin accumulation.

Exogeneous ROS restore defects in goblet cell mucin
accumulation

We next tested whether administration of exogeneous ROS
could restore the defect in mucin accumulation observed in
the absence of Atg5, endocytosis or functional NADPH oxi-
dases. Therefore, we added hydrogen peroxide to Atg5-defi-
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cient intestinal epithelial spheroid cultures. This resulted in
increased intracellular ROS within spheroid cultures as mea-
sured by DCF fluorescence (Figure 7A). We found that
hydrogen peroxide treatment led to diminished intracellular
mucin in Atg5-deficient goblet cells as compared to vehicle-
treated controls (Figure 7B and C). These changes in intra-
cellular mucin content were likely not a result of altered
mucin production as Muc2 mRNA levels were not signifi-
cantly different across all groups (Figure 7D). Additionally,
treatment of hydrogen peroxide did not alter autophagic flux
(Supplementary Figure S9A). We also found that administra-
tion of hydrogen peroxide to Dynasore-treated spheroids as
well as p22 mut spheroids resulted in diminished intracellular
mucin compared to vehicle-treated controls (Figure 7E-H).
Intracellular ROS generation can lead to elevated cytosolic
calcium (Wang et al, 1999; Cheranov and Jaggar, 2006;
Granados et al, 2006; Hidalgo et al, 2006; Bedard and
Krause, 2007). In turn, elevated cytosolic calcium levels can
lead to mucin granule release (Abdullah et al, 1997; Conway
et al, 2003; Davis and Dickey, 2008). Therefore, we explored
whether calcium mediated the effect of ROS on mucin granule
accumulation in colonic goblet cells. Using Fluo-4 to measure
intracellular calcium levels, we found that Atg5VC and p22
maut spheroids contained diminished calcium levels relative
to wild-type spheroids (Supplementary Figure S9B). The
addition of a cell permeable calcium chelator, BAPTA-AM,
inhibited the effect of hydrogen peroxide on mucin release in
both Atg5-deficient and p22 mut spheroids (Figure 7I).
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(n=3 independent experiments/group; 10-30 spheroids quantified/culture). *P<0.05 as determined by ANOVA with Tukey’s multiple post-
test comparisons. (B) Images of control and AtgSVC colonic epithelial spheroids labelled with TRITC-UEA (red) after treatment with either
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Treatment of BAPTA-AM did not alter autophagic flux proteins and NADPH oxidase components were due to in-
(Supplementary Figure S9C). Conversely, we found that sufficient generation of ROS and cytosolic calcium.

release of intracellular calcium stores through treatment
with either phorbol myristate acetate (PMA) or ionomycin

resulted in diminished intracellular mucin in both Atg5- Discussion

deficient and p22 mut goblet cells, without altering autopha- Many epithelial secretory cell types require autophagy pro-
gic flux (Figure 7J; Supplementary Figure S9D). Taken to- teins for their function; however, the mechanistic basis is
gether, these results suggested that defects in mucin unclear. In this study, we found that two additional processes,
accumulation associated with loss of function of autophagy endocytosis and NADPH oxidase-driven ROS production,
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work in concert with autophagy proteins to affect goblet cell
function. The importance of endocytosis has been demon-
strated in many highly secretory cell types (Gundelfinger
et al, 2003); however, the role of NADPH oxidases is less
clear (Crutzen et al, 2012; Li et al, 2012). In our experiments,
inhibition of any one of these three pathways led to the
accumulation of mucin in colonic goblet cells that was
consistent with decreased secretion. We observed this
phenotype using in vivo models, as well as a newly
developed in vitro system to culture and differentiate
intestinal epithelial stem cells. In addition, we provided
multiple lines of evidence to suggest that these three
processes were functionally linked in a common pathway
(Figure 8). These processes appeared to intersect at vacuoles
that carry both autophagic (LC3) and endocytic (EEA1, Rab?7)
markers. All three processes were required to maximize the
generation of ROS in colonic epithelial cells, and addition of
exogeneous ROS was sufficient to restore the defect in mucin
granule accumulation, supporting the functional linkage of
all three components.

We observed in our colonic epithelial cultures that ~70%
of LC3 puncta co-localized with the early endosomal marker
EEA1. The majority of these vacuoles therefore appear to be
amphisomes, formed by fusion between LC3-positive (but, by
definition EEA1-negative) autophagosomes and EEA1-posi-
tive endosomes. Amphisomes were first characterized more
than two decades ago and since then the convergence of
endocytosis and autophagy has been noted in several cases
(Gordon and Seglen, 1988; Gordon et al, 1992; Berg et al,
1998; Seglen, 2008; Razi et al, 2009). Amphisomes arise from
either single or multiple fusion events between
autophagosomes and endosomes/phagosomes to form a
pre-lysosomal organelle that has been hypothesized to be
essential for various cellular processes (Seglen, 2008). Our
observation that blockade of endocytosis did not alter LC3
lipidation and puncta formation suggests that inhibition of
endocytosis does not inhibit autophagy even when

accumulation of mucins occurs. We found that processes
that intersect at these LC3- and EEAl-double positive
vacuoles (consistent with amphisomes) were essential for
goblet cell function. This finding is important because it
potentially links amphisomes to a specific cellular function,
in this case the production of ROS, which is required for
goblet cell secretion.

Previous observations in phagocytic cells showed that
NADPH oxidases are present on endosomes/phagosomes
and are important for recruitment of LC3 to phagosomes
through LAP (Sanjuan et al, 2007; Casbon et al, 2009; Huang
et al, 2009; Henault et al, 2012; Lamb et al, 2012). In contrast,
our findings suggest that LC3 is recruited to amphisomes by
a different mechanism that requires conventional autophagy
initiating factors such as FIP200 that is not required for LAP.
Supporting this, we found that loss of Atgl4, another protein
required for initiation of the autophagy pathway, also
resulted in accumulation of mucin granules. The precise
mechanism by which ROS (produced by these NADPH
oxidases) regulates cellular functions is often unclear. The
downstream effects of ROS are pleotropic in different cell
types and include microbial killing, elevation of organelle
pH, activation of ion channels, and protein modifications
that regulate cell signalling (Bedard and Krause, 2007; Lam
et al, 2010). Additionally, intracellular ROS can regulate
autophagy by altering Atg4 activity (Scherz-Shouval et al,
2007). Our findings in colonic goblet cells suggest that ROS
can modulate cytosolic calcium levels to regulate mucin
granule release.

We found that these amphisome-like vacuoles are a physi-
cal site within the goblet cell at which all of the pathways
required for goblet cell secretion (autophagy, endocytosis,
ROS generation by NADPH oxidases) converge. We therefore
propose that these organelles may act as a scaffold in other
secretory cell types such as B-islet cells. Interestingly, sepa-
rate studies in these cells have shown that autophagy pro-
teins (Ebato et al, 2008; Jung et al, 2008) as well as the
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Figure 8 Model of LC3-positive vacuoles that are associated with ROS generation by NADPH oxidases in goblet cells. Schematic of the
organelles within a single goblet cell, which are located in the goblet cell cytoplasm in areas distinct from mucin granules (e.g., within the
rectangle). An enlarged view of the rectangle contents is included. This area includes the plasma membrane, endosomes, LC3-positive
autophagosomes and their fusion product. Endocytosis, autophagosomes and the NADPH oxidase complex are required for the generation of
ROS which in turn controls mucin granule accumulation in these cells by as yet unknown mechanisms.
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NADPH oxidase (Nox2) regulate insulin secretion (Crutzen
et al, 2012; Li et al, 2012); however, these two pathways have
not yet been functionally linked in this cell type.

It is interesting that our findings in goblet cells are distinct
from what was observed in Paneth cells and osteoclasts. In
Paneth cells, loss of autophagy proteins results in abnormal
secretory granule morphology and content distribution
(Cadwell et al, 2008, 2009, 2010). Here, we observed
normal mucin containing granules in goblet cells lacking
autophagy proteins. In osteoclasts, secretory lysosomes fuse
at the LC3-positive portions of the plasma membrane in an
autophagy protein-dependent manner (DeSelm et al, 2011).
However, in goblet cells LC3 was localized to amphisomes
and was not detected at the plasma membrane. This
indicates, remarkably, that while autophagy proteins are
required for secretion of granule contents in all three
primary cell types, the mechanisms involved appear to be
distinct (Cadwell et al, 2008; Marino et al, 2010; DeSelm et al,
2011; Ushio et al, 2011). Primary goblet cells, which can be
studied in vivo, in spheroid cultures, and in monolayers
proved to be an amenable cell type to uncover unexpected
interactions between distinct signalling and trafficking
pathways and indicate new avenues of study in other
secretory cells that require autophagy protein function.

Materials and methods

Mice

All animal experiments were performed in agreement with proto-
cols approved by the Washington University School of Medicine
Animal Studies Committee. Villin-Cre mice were obtained from
Jackson Laboratories (Madison et al, 2002). The Atg5™¥/* and
Atg7M/Mex mice and the breeding scheme to generate Atg5VC,
Atg7VC and littermate controls were described previously (Hara
et al, 2006; Cadwell et al, 2008). LC3~/~, FIP200"/10% ' Atg14/10%/
flox | Cyba™333/mmf333 (n 2 2phox mutant) and p47phox ~/~ mice were
previously described (Jackson et al, 1995; Gan et al, 2006; Cann
et al, 2008; Nakano et al, 2008; Matsunaga et al, 2009). For NAC
experiments, drinking water with 3% NAC (or without NAC as a
control) was changed every 48h for the 7-day treatment period.
Mice were housed in a specific pathogen-free barrier facility with
the addition of screening for Murine Norovirus, and were
maintained under a strict 12-h light cycle and fed autoclaved
chow diet (PicoLab Rodent Chow 20, Purina Mills).

Intestinal epithelial culture

Colonic crypts were isolated and cultured in Matrigel (BD
Biosciences) in the presence of 50% conditioned medium (CM)
containing Wnt3a, R-spondin 3 and Noggin. This method generated
epithelial spheroids enriched for Lrg5-positive stem cells (Miyoshi
et al, 2012). To induce goblet cell differentiation, spheroids were
incubated in 5% CM plus 5 uM DAPT (Sigma). Lipopolysaccharides
(LPSs) from E. coli (Sigma) were dissolved in PBS at 1 mg/ml and
added to cultures at a final concentration of 25 pg/ml for final the
48h of the culture period. DPI chloride (Sigma) was dissolved in
DMSO and administered at a final concentration of 10 uM for 4 h.
Dynasore (EMD Chemicals) was dissolved in DMSO and
administered to cultures at a final concentration of 100 uM for 1 h.
Hydrogen peroxide (Sigma) was diluted in sterile water and added
to cultures at a final concentration of 300 uM for 1h. BAPTA-AM
(Abcam) was dissolved in DMSO and added to cultures at a final
concentration of 100 uM for 1 h. PMA and ionomycin (Sigma) were
dissolved in DMSO and added to cultures at a final concentration of
1uM and 100nM, respectively. For 2D cultures, spheroids were
trypsinized and passed through a 70-um filter. Approximately 4000
aggregates per well were plated onto a Matrigel-coated (1:40
dilution of Matrigel in PBS was used for coating) 8-well
chambered slide (Nunc). During seeding, ROCK inhibitor (Y-
27632, Sigma) was added at a final concentration of 10 uM. After
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24h, 5% CM plus 5 uM DAPT was used for a culture period of 3 days
to obtain differentiated cells.

For Tat-Cre mediated recombination, 5uM Tat-Cre protein was
added to a single-cell suspension of colonic epithelial cells obtained
from colonic spheroids in 50% CM with 10 pM Y-27632 overnight
(Morimoto et al, 2010; Shaw et al, 2008). The next day the cells were
pelleted, plated in matrigel, and cultured as described above. Single
spheroids were picked and genotyped to determine recombination
efficiency.

Histology

Colons were removed, cut open along the proximal-distal axis and
pinned flat. The tissue was incubated in Bouin’s fixative for 16 h at
4°C, and then blocked in 2% blocking agar for paraffin embedment.
In all, 5 um sections were stained with Alcian Blue, Periodic acid-
Schiff (PAS) or Haematoxylin and Eosin. Images were captured at
room temperature using an Olympus BX51 microscope, which was
equipped with a 40 x (0.75 NA) UPlan FL air objective. Image
preparation and adjustment of brightness and contrast of images
were done using Adobe Photoshop CS3.

Immunofluorescence

All images were captured at room temperature using a Zeiss
Axiovert 200 with Axiocam MRM camera and AxioVision software.
The follow objectives on the microscope were used for image
acquisition: a 20 x (0.8 NA) Plan-APOCHROMAT air objective
(for visualization of whole-mount tissue and spheroids), and a
40 x (1.3 NA) Plan-NEOFLUAR oil objective (for visualization of
colonic epithelial cells). For whole-mount immunofluorescence,
colons were dissected, carefully opened lengthwise, pinned flat,
and fixed in 10% buffered formalin for 1h at 24°C without disrupt-
ing the luminal contents. The tissue was rinsed three times in PBS
and stained with 1:100 TRITC-conjugated lectin from Ulex euro-
paeus (UEA, Sigma) for 1h at 24°C. The tissue was then counter-
stained with bis-benzimide to label nuclei and mounted on glass
slides using Mowiol media. Images were taken at a magnification of
x 20. For immunohistochemistry, formalin-fixed paraffin-em-
bedded tissue sections were de-paraffinized using standard proce-
dures and antigen retrieved with Trilogy buffer (Cell Marque).
Sections were blocked in 1% BSA, 0.3% Triton X-100 PBS and
incubated with the respective antibodies overnight at 4°C (1:100
dilution). Mouse monoclonal anti-LC3 was from MBL international
(M152-3B). Sections were then incubated with Alexa488-conjugated
anti-mouse secondary antibody for 1h at room temperature.
Followed by counterstain with bis-benzimide and coverslipped
with a 1:1 glycerol/PBS solution. For immunofluorescence detection
of goblet cells in crypt cultures, spheroids were grown on cham-
bered slides (Nunc) and fixed in methanol. Mucin was detected
using either a Rabbit polyclonal anti-Mucin2 (H-300) (Santa Cruz,
sc-15334) or a TRITC-conjugated lectin from UEA (Sigma).
Secondary antibody was an Alexa488-conjugated anti-rabbit anti-
body (Invitrogen). Staining and visualization were performed as
described for tissue sections. For immunocytochemistry of colonic
epithelial cells, monolayers were grown on Matrigel-coated glass
chambered slides and fixed with 4% PFA for 15min. Cells were
blocked in 1% BSA, 0.1% Triton X-100 PBS with addition of 10%
donkey serum and incubated with the respective antibodies
overnight at 4°C (1:100 dilution). Rabbit LC3B was from Sigma
(L7543), and Goat EEA1 and p22phox were from Santa Cruz (sc-6414
and sc-11712). Secondary staining was performed using Alexa488-
conjugated anti-rabbit antibody and Alexa594-conjugated anti-goat
antibodies (Invitrogen). Visualization was performed as described for
tissue sections. Image preparation and adjustment of brightness and
contrast of images were done using Adobe Photoshop CS3.

Immunoblotting and autophagy flux assays

Differentiated colonic spheroids were isolated using Cell Recovery
Media (BD Biosciences) to remove matrigel. For flux assays, orga-
noids were treated with 100 nM bafilomycin Al (Sigma) for 1h in
the presence of indicated drugs. Spheroids were then pelleted and
lysed in RIPA buffer with protease inhibitors (Sigma). Samples were
run on 15% Tris-HCI gels (Bio-Rad) and transferred onto nitrocel-
lulose membrane (Bio-Rad). Membranes were blocked with 5%
milk in 0.1% Tween-20 Tris-buffered saline for 1h at room
temperature and probed with the antibodies: rabbit anit-LC3
(Sigma), mouse anti-GAPDH, and goat anit-p22°"°* (Santa Cruz
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Biotechnology) overnight at 4°C. Blots were incubated for 1 h with
horseradish peroxidase-conjugated secondary antibodies (Sigma)
before development using the SuperSignal West Dura chemi-
luminescent kit (Thermo Fisher Scientific).

LCM and microarray analysis

LCM and RNA isolation techniques from mouse colon were per-
formed as previously described (Stappenbeck et al, 2003; Pull et al,
2005). Briefly, colons were removed, infused with OCT and frozen.
In all, 6 pm serial sections were cut and stained with methyl green.
The goblet cells residing in the lower crypts of the descending colon
were captured and total RNA was isolated. Total cellular RNA was
extracted (PicoPure RNA isolation Kit; Arcturus).

Preparation and analysis of Agilent whole mouse genome
arrays

In all, 5ng of total RNA from each sample was amplified using the
Transplex Complete Whole Transcriptome Amplification Kit
(Sigma), labelled using a modified protocol with the ULS aRNA
Fluorescent Cy5 labeling kit (Kreatech Diagnostics); and purified
using DNA Clean and Concentrate spin columns according to the
manufacturer’s protocol (Zymo Research Corporation). cDNA was
hybridized to 4 x 44K Mouse Whole Genome Microarrays (Agilent)
for 18 h following the manufacturer’s protocol. Microarrays were
washed in 0.01 x SSC/0.005% Triton X-102 at 40°C, dried with
HEPA filtered compressed nitrogen and scanned on an Agilent
Technologies DNA Microarray Scanner at 5um resolution. Data
were extracted from the scanned image using the Agilent
Technologies Feature Extraction Software, background subtracted,
and normalized by the Lowess method (Yang et al, 2002). The fold
increase or decrease in mRNA expression was calculated by
comparing the Atg5VC to control. GO term and KEGG pathway
analysis of significantly changed genes were analysed using the
DAVID Bioinformatics tool (Huang da et al, 2009a, b).

ROS and calcium detection

Crypt cultures were grown on 24-well plates and treated as de-
scribed in various experiments. Cells were washed in HBSS and
incubated with 5uM of fluorescent ROS indicator 5-(and-6)-chlor-
omethyl-2/,7’-dichlorodihydrofluorescein diacetate, acetyl ester
(DCF) (Invitrogen) for 15min. After incubation, crypt cultures
were washed in HBSS three times. Images for quantification were
captured with a Zeiss Axiovert 200 with Axiocam MRM camera with
a x 10 objective. To minimize effects of photo-oxidation, a max-
imum of four wells were imaged per experiment.

For calcium detection assays, cells were washed in HBSS and
incubated with 5 pM Fluo-4 (Invitrogen) for 30 min. Cells were then
washed in HBSS and the dye was allowed to equilibrate for 30 min.
Images were captured as described above.

qRT-PCR analysis

RNA from crypt cultures was isolated and purified using the
NucleoSpin RNA 1II extraction kit (Machery-Nagel) according to
the manufacturer’s protocol. For cDNA synthesis, Superscript re-
verse transcriptase and random primers were used (Invitrogen).
gRT-PCR was performed in triplicate for each sample using SYBR-
Green master mix (Clontech) and analysed by Eppendorf Realplex
Mastercycler.

Quantification and statistical analysis

Quantification of goblet cell theca size, and ROS production by DCF
was conducted using the ImageJ software (NIH). LC3 and EEA1 co-
localization was conducted using the co-localization plug-in for
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