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Introduction

Inflammatory bowel disease (IBD) presents in two major forms, 
Crohn disease and ulcerative colitis. The precise etiology of IBD 
is largely elusive but accumulating evidence suggests that genetic, 
environmental and immunological factors converge to provoke 

The identification of inflammatory bowel disease (IBD) susceptibility genes by genome-wide association has linked 
this pathology to autophagy, a lysosomal degradation pathway that is crucial for cell and tissue homeostasis. Here, 
we describe autophagy-related 4B, cysteine peptidase/autophagin-1 (ATG4B) as an essential protein in the control of 
inflammatory response during experimental colitis. In this pathological condition, ATG4B protein levels increase in parallel 
with the induction of autophagy. Moreover, ATG4B expression is significantly reduced in affected areas of the colon 
from IBD patients. Consistently, atg4b−/− mice present Paneth cell abnormalities, as well as an increased susceptibility 
to DSS-induced colitis. atg4b-deficient mice exhibit significant alterations in proinflammatory cytokines and mediators 
of the immune response to bacterial infections, which are reminiscent of those found in patients with Crohn disease 
or ulcerative colitis. Additionally, antibiotic treatments and bone marrow transplantation from wild-type mice reduced 
colitis in atg4b−/− mice. Taken together, these results provided additional evidence for the importance of autophagy in 
intestinal pathologies and describe ATG4B as a novel protective protein in inflammatory colitis. Finally, we propose that 
atg4b-null mice are a suitable model for in vivo studies aimed at testing new therapeutic strategies for intestinal diseases 
associated with autophagy deficiency.
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disease initiation and progression.1-3 Although the different forms 
of IBD have some mechanisms in common, they exhibit distinct 
pathophysiological features. In ulcerative colitis, inflammation is 
characterized by a continuous pattern that involves the superfi-
cial mucosal and submucosal layers, yet is limited to the colon. 
In contrast, inflammation in Crohn disease is transmural and 
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lethality.22-24 The availability of atg4b-null mice, which have 
normal life span and minor pathological alterations, opens the 
possibility to study the in vivo effect of autophagy impairment 
on intestinal homeostasis.

In this work, we provided evidence that autophagic activity 
and ATG4B expression increase during experimental colitis in 
mice and that the levels of ATG4B are reduced in colon tissues 
from IBD patients, specifically in inflamed areas. We have also 
found that deficiency in the ATG4B protease causes important 
changes in secretory pathways that in turn result in marked alter-
ations in inflammatory responses and in an increased susceptibil-
ity to experimental colitis. On this basis, we propose that ATG4B 
has a crucial role in intestinal homeostasis and plays a protective 
role in colitis.

Results

Deregulation of autophagy in experimental colitis is linked to 
changes in ATG4B protein levels. The identification of IBD 
susceptibility genes related to autophagy has revealed the impor-
tance of the autophagic process in the development of this pathol-
ogy in humans.6,7 Given that autophagy constitutes a protective 
mechanism by which cells adapt to diverse types of stressors,25 
we speculated as to whether autophagy induction in intestinal 
cells might also serve as a protective mechanism against IBD. 
To investigate this hypothesis, we treated wild-type (WT) mice 
with DSS, which induces an experimental colitis that resembles 
human IBD. As shown in Figure 1A, DSS treatment significantly 
increased autophagic flux in colon cells, as indicated by the con-
version of LC3-I to its cleaved and lipidated form LC3-II, and 
by a reduction in the cellular levels of the autophagic substrate 
SQSTM1/p62. Remarkably, DSS treatment also induced a sig-
nificant increase in the levels of ATG4B protease in colon tissue. 
ATG4B is known to proteolytically activate LC3 to render pos-
sible its lipidation and subsequent incorporation into autophago-
some membranes.19 Accordingly, high ATG4B expression levels 
have been associated with situations of increased autophagic 
flux.26,27 Prompted by these observations, we analyzed the expres-
sion of ATG4B in colon tissues from IBD patients by immuno-
histochemistry. As shown in Figure 1B, we observed a significant 
decrease in the levels of ATG4B protease in inflamed areas of the 
colon when compared with histopathologically normal regions 
from the same patient. The degree of inflammation inversely cor-
related with the expression of ATG4B. Based on these results, 
and taking advantage of the recently generated atg4b-deficient 
mice,19,28 we decided to investigate the possibility that ATG4B-
enabling autophagic activity might protect against colitis.

Atg4b-deficiency increases mice susceptibility to DSS-
induced colitis. atg4b-null mice are viable and reach adulthood 
normally, although they show deficient proteolytic processing of 
LC3 and its paralogues, leading to a systemic decrease in both 
basal and induced autophagy.19 As shown in Figure 2A, the ileum 
and colon from atg4b−/− mice showed an impairment in LC3-I to 
LC3-II conversion together with the accumulation of SQSTM1, 
indicating reduced autophagic flux.29,30 atg4b-deficient mice and 
control littermates were challenged by oral administration of 

discontinuous, and any region of the gut can be affected beyond 
the ileum, which is most affected.4,5

Genome-wide association studies have led to the identification 
of several IBD susceptibility genes including three genes impli-
cated in autophagy: the autophagy-related 16-like 1 (ATG16L1) 
gene, the immunity-related GTPase family M (IRGM) gene and 
the Unc-51-like kinase 1 (ULK1) gene.6-8 Likewise, a NOD2 
mutation associated with Crohn disease impairs autophagy by 
hampering ATG16L1 recruitment to the plasma membrane at 
the site of bacterial entry.9 Mutant mice deficient in Atg16l1 pos-
sess abnormal Paneth cells and are highly susceptible to dex-
tran sodium sulfate (DSS)-induced colitis.10,11 Collectively, these 
findings suggest that autophagy is essential for the maintenance 
of intestinal homeostasis. Autophagy is a degradative process 
in which portions of the cytoplasm are engulfed by a double-
membrane vesicle called the “autophagosome” which then fuses 
with lysosome to form “autolysosomes.”12,13 Autophagy plays 
an important role in cell and tissue homeostasis, and has been 
implicated in multiple processes including cell death, cell dif-
ferentiation, clearance of intracellular bacteria, antigen pre-
sentation and the regulation of innate and adaptive immune 
responses.14-16 The autophagic process involves a group of evolu-
tionarily conserved proteins, known as Atg proteins, originally 
described in yeast and required for autophagosome formation.13 
Among these autophagic proteins, several studies have focused 
on yeast Atg4, a cysteine proteinase that proteolytically activates 
pro-Atg8. This processing event is strictly required for the sub-
sequent conjugation of Atg8 with membrane-bound phospha-
tidylethanolamine (PE), which is essential for autophagosome 
completion. Atg4 is also required for deconjugating PE from the 
C-terminal Gly of Atg8–PE.17 We have previously identified and 
cloned the four human orthologs of the yeast proteinase Atg4, 
named ATG4A (autophagy related 4A, cysteine peptidase/
autophagin-2), ATG4B (autophagy-related 4B, cysteine pepti-
dase/autophagin-1), ATG4C (autophagy-related 4C, cysteine 
peptidase/autophagin-3) and ATG4D (autophagy-related 4D, 
cysteine peptidase/autophagin-4).18 Recently, we have generated 
mutant mice deficient in ATG4B protease and demonstrated 
that these animals exhibit a clear reduction of basal- and starva-
tion-induced autophagic flux in all tissues.19 Our previous study 
revealed that the three other ATG4 proteases (ATG4A, C and 
D) do not extensively compensate for the lack of ATG4B since 
very low LC3-I lipidation occurs in most tissues from atg4b-null 
mice. These findings can be explained on the basis of recent 
enzymatic studies showing that ATG4B is able to cleave each 
of the six ATG8 orthologs in mammals (LC3A, LC3B, LC3C, 
GABARAP, GABARAPL1 and GABARAPL2/GATE-16). 
In contrast, ATG4A is a potent protease for the GABARAP 
subfamily of ATG8-orthologs, but not for the LC3 subfam-
ily. Additionally, ATG4C and ATG4D have minimal activi-
ties toward the six ATG8-related substrates.20,21 However, this 
partial autophagy deficiency of atg4b-null mice is compatible 
with the survival of these animals, a situation which contrasts 
with other mutant mice deficient in Atg genes such as Atg3, 
Atg5, BECN1 (yeast VPS30/ATG6 ) and Atg7, that show a com-
plete autophagy deficiency resulting in embryonic or perinatal 
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Increased inflammation upon DSS-treatment in atg4b−/− 
mice is linked to alterations in proinflammatory cytokine pro-
files. Crohn disease and ulcerative colitis are characterized by an 
excessive response of the intestinal immune system and a marked 
overexpression of proinflammatory cytokines.31 Therefore, we 
comparatively evaluated the pattern of cytokine expression in 
colon tissue extracts and sera from DSS-treated atg4b−/− and 
WT mice. IL1A/IL1α and IL6 concentrations were significantly 
elevated in colons from atg4b−/− mice compared with WT lit-
termates upon DSS treatment (Fig. 3A). However, we did not 
find differences in serum cytokines between DSS-treated mice 
from both genotypes (data not shown). The marked changes in 
IL1A and IL6 levels in colon from atg4b−/− mice are consistent 
with those observed for both cytokines in cells from patients with 
Crohn disease and ulcerative colitis.32,33 Additionally, peritoneal 
macrophages from atg4b−/− mice stimulated with bacterial lipo-
polysaccharide (LPS) secreted less CXCL1, TNF/TNFα, CCL3, 
CCL2 and CCL5, while they secreted high levels of CXCL10, 
CSF2, IL1A and IL6 compared with WT macrophages; however, 
these differences did not reach statistical significance (Fig. 3B).

To further evaluate the mechanism of the severe inflammation 
phenotype associated with DSS-induced colitis in atg4b−/− mice, 
we next performed microarray-based comparisons of global tran-
scription in intestinal tissues from atg4b−/− mice vs. WT litter-
mate controls. This analysis revealed the selective upregulation of 

DSS and the severity of colitis was assessed by evaluating sur-
vival, weight loss and clinical illness score. Although the initial 
weight of both groups was not different, atg4b−/− mice showed 
a higher weight loss and a significant decrease in survival com-
pared with WT mice (Fig. 2B and C). Consistently, a higher 
clinical illness score was determined for atg4b−/− mice (Fig. 2D). 
In fact, mutant mice exhibited more severe colitis symptoms such 
as abundant bloody diarrhea and rectal bleeding than control 
animals. Disease severity was also assessed by colon length mea-
surement and macroscopic examination of the colon. While we 
did not find any differences in colon length from control mice 
between genotypes, a pronounced colon shortening was observed 
for DSS-treated atg4b−/− mice as compared with DSS-treated 
WT mice (Fig. 2E). Additionally, erythema and grossly bloody 
dark stools were commonly observed in colon from atg4b−/− mice 
but not in WT mice. Histological analyses after DSS treatment 
revealed larger areas of ulceration and crypt loss, more massive 
inflammatory cell infiltration into the submucosa, a more pro-
nounced loss of goblet cells and thickening of the mucosa with 
abundant edema in the colon from atg4b−/− mice as compared 
with controls (Fig. 2F). Consequently, both the histological score 
and the percentage of affected area were significantly higher in 
atg4b−/− mice relative to WT mice (Fig. 2G). Taken together, 
these data demonstrate that the absence of ATG4B increases the 
susceptibility to DSS-induced colitis.

Figure 1. Changes in ATG4B expression levels in experimental colitis and IBD. (A) Representative immunoblots (left) and densitometry analysis (right) 
of endogenous SQSTM1, LC3-I/II and ATG4B in colon tissue extracts from control (n = 3) and DSS-treated mice (n = 4). ACTB was used as loading con-
trol. (B) Representative images (left) and quantitative analysis of the fraction of the dashed area with positive signal (n > 50 crypts of each condition; 
right) of immunohistochemistry analysis against ATG4B in healthy and affected crypts in colon tissue sections from IBD patients. Images are repre-
sentative of 30 patients and show decreased levels of this protein in affected crypts. Scale bars: 20 μm. The results shown are means ± SEM. Statistical 
significance was determined by Student’s t-test (*p < 0.05; ***p < 0.005).
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and its levels are increased in sera from IBD patients.37 CHI3L1 
also plays a role in experimental colitis enhancing intracellular 
bacterial invasion and adhesion of bacteria to colonic epithe-
lial cells.38 Six-transmembrane epithelial antigen of prostate 4 
(STEAP4) is a plasma membrane metalloreductase induced by 
inflammatory factors such as TNF and IL6.39 CASP12/caspase 
12 is implicated in the inflammatory caspase activation pathway 
and plays a pathogenic role during colitis.40 Finally, CD177 plays 
a crucial role in neutrophil activation,41 contributes to interac-
tions between neutrophils and endothelial cells and is upregulated 

several genes in the colon from atg4b−/− compared with WT mice 
in response to DSS (Fig. 3C; Table S1). These include Gbp1, 
Chi3l1, Steap4, Casp12 and Cd177, which encode proteins of 
potential interest for the exacerbated colitis developing in atg4b−/− 
mice. Guanylate binding protein 1, interferon-inducible (GBP1) 
is a key GTPase in the protective immunity against microbial 
and viral pathogens34 and is overexpressed in colitis-susceptible 
mice and in patients with ulcerative colitis.35,36 Chitinase 3-like-1 
(CHI3L1) has been proposed as a marker of chronic inflamma-
tory diseases and inflammation-mediated oncogenic processes, 

Figure 2. Reduced autophagic flux in the ileum and colon from atg4b−/− mice is linked to their increased susceptibility to DSS-induced colitis. (A) 
Representative immunoblots of ATG4B, LC3 and SQSTM1 in protein extracts of ileum (left) and colon (right) from age-matched control and mutant 
mice fed ad libitum. Protein extracts from three mice per genotype are shown. ACTB was used as loading control. (B–E) 5% DSS was administered in 
drinking water for 7 d and then replaced by regular drinking water as indicated in Materials and Methods. (B) Initial weight and percent body weight 
after DSS treatment of WT and atg4b−/− mice. (C) Survival of control and mutant mice after DSS administration. (D) Clinical score data (see Materials 
and Methods) from treated mice. (E) Colon length and representative photographs of colon and cecum from control and DSS-treated mice of each 
genotype. (F) Representative light microscopy images of H&E stained colon tissue sections from WT and atg4b−/− mice after DSS administration. Scale 
bars: 100 μm. (G) Histological score data, including the percentage of affected area (see “Methods”). The results shown are mean ± SEM, n = 12 of each 
group. Statistical significance was determined by Student’s t-test (B, D and G), Log-rank test (C) or one-way analysis of variance (ANOVA; E) (*p < 0.05; 
**p < 0.01; ***p < 0.005).
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an important role in the control of stress conditions and apop-
tosis.43 S100A9 is a calcium-binding protein widely associated 
with inflammatory conditions.44 The upregulation in the three 
differential proteins found in atg4b−/− compared with WT mice 
after DSS was confirmed by immunoblot (Fig. 4). In summary, 
these transcriptomic and proteomic data suggest that a more 
severe DSS-induced colitis in atg4b−/− mice could be associated 
with deregulated expression of pro-inflammatory proteins, such 
as IL1A, IL6, GBP1, HSPB1 and S100A9. However, we cannot 
rule out that gene expression alterations in intestinal tissue from 
atg4b-null mice may reflect an increased inflammatory status 
in colon rather than a causative role in the exacerbated colitis 
observed in these mutant animals.

Increased colitis in atg4b−/− mice depends on both hema-
topoietic and intestinal tract homeostasis. To determine the 
precise contribution of hematopoietic and nonhematopoietic 
cells to the exacerbated experimental colitis of atg4b−/− mice, 
we generated bone marrow chimeric mice and challenged them 

during bacterial infections.42 Among the few downregulated 
genes found in colon from DSS-treated atg4b−/− mice, several 
interleukins and chemokines were found, perhaps reflecting an 
antiinflammatory feedback regulation (Table S2). Interestingly, 
microarray expression analyses of the ileum from untreated mice 
revealed a deregulation in the expression of genes encoding sev-
eral interleukins, chemokines and defensins in atg4b−/− mice (Fig. 
3C; Table S3). Since we used a small sample size with low sta-
tistical power for microarrays, gene expression profiles were inte-
grated with 2D DIGE combined with MALDI-ToF analysis.

Protein expression patterns between colon tissue from DSS-
treated atg4b−/− and WT mice revealed significant differences in 
three proteins: guanylate binding protein 1, interferon-inducible 
(GBP1), heat shock protein β 1 (HSPB1) and S100 calcium-
binding protein A9 (S100A9) (Fig. 4). The accumulation of 
GBP1 and HSPB1 in the colon from DSS-treated atg4b−/− mice 
was consistent with the transcriptional profiling. HSPB1 is a 
chaperone of the small heat shock protein (sHsp) group with 

Figure 3. Deregulated secretion of proinflammatory cytokines in colon from atg4b−/− mice. (A) Protein level of the proinflammatory cytokines IL1A and 
IL6 in colon tissue extracts from DSS-treated WT (n = 8) and atg4b−/− mice (n = 7). (B) Protein level of cytokines secreted by macrophages from WT (n = 
5) and atg4b−/− mice (n = 5) after their exposure to LPS in vitro. (C) Microarray analyses of the colon and ileum from atg4b−/− and WT mice. A heat map 
representing the expression profiles of genes with significant differential expression when comparing WT vs. atg4b−/− colon from control and DSS-
treated mice (left) or WT vs. atg4b−/− ileum from control mice (right) is shown, displayed as Log2-transformed expression signals. The results shown are 
means ± SEM. Statistical significance was determined by Student’s t-test (*p < 0.05).
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nonhematopoietic cells such as intestinal epithelial or stromal 
cells could be involved in colitis development in atg4b−/− mice. 
Therefore, we explored the possibility that Atg4b deletion could 
lead to defects in intestinal structure. Comparative morpho-
logical analyses of intestinal tissue between atg4b−/− and WT 
mice disclosed substantial abnormalities in the ileum from 
atg4b−/− mice, including changes in both number and size of 
secretory granules present in Paneth cells. These cells exhibited 
a scarce granule number and small granules in atg4b−/− mice, 
whereas most Paneth cells from WT controls were filled with 
granules of larger size (Fig. 6A). Additionally, atg4b−/− mice 
exhibited decreased lysozyme immunostaining compared with 
WT controls (Fig. 6B and C). Transmission electron micros-
copy revealed that Paneth cell granules from atg4b−/− mice were 
usually smaller and composed of an electron-dense core and 

with DSS at 8 weeks post-transplantation. Atg4b-deficient mice 
transplanted with WT bone marrow developed significantly 
less weight loss and milder clinical alterations compared with 
atg4b−/− mice transplanted with atg4b−/− bone marrow cells (Fig. 
5A, C and D). Moreover, we observed an improvement in the 
survival rate of atg4b−/− mice transplanted with bone marrow 
from WT animals (Fig. 5B). However, atg4b−/− (WT BM) 
chimeric mice were still more susceptible to colitis compared 
with WT mice transplanted with WT bone marrow (Fig. 5C). 
Interestingly, WT (atg4b−/− BM) chimeric mice were also more 
susceptible to develop colitis compared with WT (WT BM) 
chimeric mice. These findings suggest that the atg4b−/− pheno-
type is partially associated with a deficiency in hematopoietic 
cells, as WT bone marrow transplantation is not sufficient to 
fully protect atg4b−/− mice from DSS-induced colitis. Thus, 

Figure 4. Identification of differential proteins in colon from DSS-treated atg4b−/− mice. (A) Differential Gel Electrophoresis (DiGE) was performed with 
pooled samples from both genotypes: WT CyDye 3 (green, n = 5), KO CyDye 2 (red, n = 4). Differential spots that were analyzed and then validated by 
2D western blotting are shown. (B) Closer look on the differential spots. (C) Differential proteins identified by MALDI-ToF were confirmed by 2D west-
ern blotting as marked in red ovals. ACTB was used as loading control. pI, isoelectric point; MW, molecular weight.
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(Fig. 7), abolishing the difference in severity of DSS-induced 
colitis between atg4b−/− and WT mice.

Altogether, these results provide additional evidence for the 
importance of autophagy in intestinal pathologies and describe 
ATG4B as a novel protective protein against inflammatory coli-
tis. Finally, we propose that mice deficient in this protease are 
a suitable model for in vivo studies aimed at testing new thera-
peutic strategies for intestinal diseases associated with autophagy 
deficiency.

Discussion

The first hint in favor of a role of autophagy in IBDs has come 
from the identification of the autophagy-related genes ATG16L1 
and IRGM as Crohn disease susceptibility genes.6,7,49 Several 
mouse models with diminished or null expression of autophagy 
proteins have illustrated how autophagy defects may lead to 
intestinal abnormalities and contribute to the development of 
intestinal inflammation.10,11 The present study has uncovered 

an electron-lucent peripheral halo that was enlarged compared 
with WT mice (Fig. 6D and E). Ultrastructural analyses con-
firmed a reduction in the number of granules in atg4b−/− mice 
compared with control mice (Fig. 6E). Thus, Atg4b deficiency is 
associated with a series of Paneth cell alterations that are similar 
to those observed in Atg16l1HM, Atg5flox/flox-villin Cre and Atg7flox/

flox-villin Cre mice.45

Paneth cells are essential for the maintenance of an adequate 
population of commensal flora, limiting bacterial penetration of 
host tissues due to their ability of secreting lysozyme and a variety 
of antimicrobial peptides.46 Alterations in the commensal micro-
flora, including an increase of bacterial concentration or shifts 
in bacterial communities, have been described in IBD patients 
and in experimental models of colitis.47,48 Hypothetically, a 
deregulation of commensal microflora upon DSS-induced stress, 
due to defective Paneth cell function, might contribute to the 
exacerbated intestinal inflammation of atg4b−/− mice. In line 
with this possibility, antibiotic treatment significantly improved 
the survival, weight loss and clinical score of atg4b−/− mice  

Figure 5. Attenuated response to DSS-induced colitis in atg4b−/− (WT) bone marrow chimeric mice. Four groups of bone marrow chimeric mice were 
used: WT (WT), atg4b−/− (atg4b−/−), WT (atg4b−/−) and atg4b−/− (WT). Chimeric mice were treated with 2.5% DSS in drinking water for 7 d followed by 
regular drinking water as indicated in Materials and Methods. (A) Percent body weight and (B) survival after DSS administration. (C) Clinical score data 
(see Materials and Methods). (D) Colon length and representative photographs of colon and cecum from WT (atg4b−/−) (top) and atg4b−/− (WT) (bottom) 
chimeric mice after DSS-induced colitis. The results shown are means ± SEM, n = 10 of each chimeric mice. Statistical significance was determined on 
last day of the experiment by one-way analysis of variance (ANOVA; A, C and D), and survival differences between groups were analyzed by Log-rank 
test (B) (*p < 0.05).
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when infected with a certain virus strain.52 Moreover, intestinal 
epithelial deletion of Atg7 in mouse causes alterations in Paneth 
cells but it does not increase colitis susceptibility in these ani-
mals, indicating that this autophagy protein is dispensable for gut 
immune homeostasis.53 Altogether, these results point to a protec-
tive role for ATG4B in the regulation of the immune response in 
experimental murine colitis.

To explore the role of ATG4B in the production of inflamma-
tory cytokines, we stimulated peritoneal macrophages with LPS. 
atg4b-deficient macrophages secreted high levels of CXCL10, 
CSF2, IL1A and IL6 compared with WT macrophages after LPS 
treatment, although differences did not reach statistical signifi-
cance.54 Previously, a high IL1B/IL1β production in Atg16l1- and 
Atg7-deficient macrophages after endotoxin stimulation has been 
reported. However, we did not find differences in IL1B protein 
levels in our mutant mice. Remarkably, Il1b mRNA synthesis was 
not different in Atg16l1-deficient macrophages compared with 
WT macrophages, indicating that IL1B production could be reg-
ulated by autophagy at the post-transcriptional level. Similarly, 

autophagin-1 (ATG4B) as a novel protein that regulates intestinal 
homeostasis and plays a crucial role in the control of the inflam-
matory response occurring during experimental colitis. In this 
pathological condition, ATG4B protein levels increase paralleling 
the induction of autophagy in DSS-treated mice. Interestingly, 
damaged areas of the colon from IBD patients presented a sig-
nificant decrease in ATG4B expression, as compared with adja-
cent healthy tissue. Upon DSS treatment, atg4b-deficient mice, 
which exhibit a general defect in autophagy, developed a more 
pronounced, often lethal colitis, which was associated with all 
macroscopic and histopathological hallmarks of IBD, as well as a 
marked increase of the secretion of two major pro-inflammatory 
cytokines, IL1A and IL6. These observations agree with previ-
ous data showing an upregulation of the expression of IL1A and 
IL6 in Crohn disease and ulcerative colitis.50,51 The increased sus-
ceptibility of atg4b-deficient mice to develop colitis and altered 
IL1A and IL6 cytokine production seems to be quite unique 
when compared with other autophagy-deficient models. In fact, 
Atg16l1 hypomorphic mice only show a clear colitis phenotype 

Figure 6. Atg4b deficiency leads to Paneth cell abnormalities. (A) Ileum sections from WT and atg4b−/− mice were stained with PAS to analyze Paneth 
cell granules by light microscopy. Scale bars: 25 μm. (B) Representative images of anti-lysozyme immunohistochemistry and (C) immunofluorescence 
in WT and atg4b−/− ileum sections. Scale bars: 100 μm (B) and 50 μm (C). (D) Electron microphotographs of WT and atg4b−/− Paneth cells. Original 
magnifications: 2500x (left) and 5000× (right). Images are representative of three WT and three atg4b−/− mice. (E) Quantitative analysis of the secretory 
granules in Paneth cells, revealing a reduction in the number (top) and size (bottom) of these granules. n = 15 of each mouse genotype. The results 
shown are means ± SEM. Statistical significance was determined by Student’s t-test (***p < 0.005).
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Crohn disease and ulcerative colitis.35,36,38 Similarly, the pro-
teins encoded by these genes have been proposed to participate 
in the antibacterial immune response or to serve as biomark-
ers of chronic inflammation.37,40,42,55 Parallel proteomic studies 
allowed us to identify three differentially regulated proteins. 
GBP1 and HSPB1 were upregulated in the colon from DSS-
treated atg4b−/− mice, consistently with the gene expression data. 
Interestingly, the expression of GBP1 has been found upregu-
lated in colonic epithelia of individuals with IBD, whereas 
HSPB1 is overexpressed in colon cancer cells.36 Additionally, 
S100A9 was also overexpressed in the atg4b−/− inflamed colon. 
S100A9 plays an important role in innate immune system and 
its presence at high levels is a hallmark of numerous diseases 
associated with inflammation, including IBD.44 Collectively, 
these data suggest that Atg4b deficiency results in a severe colitis 
phenotype associated with altered regulation of key inflamma-
tory players.

we did not find IL1B differences at gene expression level in ileum 
or colon tissue from control or DSS-treated WT and mutant 
mice. Therefore, it seems that Atg4b deficiency is not playing an 
essential role in IL1B production when compared with Atg16l1. 
Other putative difference between Atg16l1- and Atg4b-deficient 
mice is that Atg16l1-deficiency causes a total impairment in auto-
phagy, whereas Atg4b deletion leads to severe autophagy impair-
ment but not to its total disruption.11

To identify the molecular mechanisms underlying the 
increased colitis susceptibility of atg4b−/− mice, we performed a 
series of microarray- and proteomic-based studies, leading to the 
identification of several potentially relevant biomarkers. Gene 
expression profile in the inflamed intestine of atg4b−/− mice 
was characterized by the upregulation of genes indicative of an 
active inflammatory response including Gbp1, Chi3l1, Steap4, 
Casp12 and Cd177. Most of these genes have been found over-
expressed in models of experimental colitis or in patients with 

Figure 7. Antibiotic treatment abrogated the susceptibility of atg4b−/− mice to DSS-induced colitis. WT and atg4b−/− mice were treated with antibiotics 
in drinking water one week before and during the administration of 5% DSS as indicated in Materials and Methods. (A) Percent body weight of WT and 
atg4b−/− mice and (B) survival after DSS alone or in combination with antibiotic cocktail. (C) Clinical score data (see Materials and Methods). (D) Colon 
length and representative photographs of colon and cecum from WT (top) and atg4b−/− (bottom) mice after antibiotic treatment during DSS-induced 
colitis. The results shown are means ± SEM, n = 12 of each mouse genotype. Statistical significance was determined on last day of the experiment by 
one-way analysis of variance (ANOVA; A, C and D), and survival differences between groups were analyzed by Log-rank test (B) (*p < 0.05; **p < 0.01; 
***p < 0.05).
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Sigma N1876-25G) and metronidazole (1 g/L; Sigma M3761-5G) 
in drinking water for a week. After that, 5% DSS was added to the 
antibiotic-containing water for 7 d followed by 3 d of antibiotic-
containing water. Weight was monitored daily.

Bone marrow transplantation. Bone marrow transplantation 
experiments were performed as described previously.59 Briefly, to 
induce bone marrow ablation female WT and atg4b−/− mice were 
treated with 25 mg/Kg of busulfan for 4 consecutive days, fol-
lowed by injection of 200 mg/Kg of cyclophosphamide on day 
5. Twenty-four hours later, male WT and atg4b−/− donor mice 
were killed by cervical dislocation and both femurs were removed 
aseptically. Bone marrow was flushed using PBS and single cell 
suspension was prepared by gently passing through a 14G needle 
and 5 x 105 cells were injected in recipient animals through the 
jugular vein. Eight weeks after transplantation, WT and atg4b−/− 
mice were treated with 2.5% DSS in drinking water ad libitum 
for 7 d followed by normal water for 3 d.

Histology and immunohistochemistry. The colon was 
washed free of stools, divided into proximal and distal portions, 
fixed in 4% paraformaldehyde and embedded in paraffin. Each 
sample was serially sectioned 5-μm thick at 100-μm intervals 
and stained separately with hematoxylin and eosin, periodic 
acid Schiff (PAS) or Alcian Blue. Colon tissue sections were 
analyzed for epithelial damage, inflammatory infiltration, crypt 
loss and ulcerations. The histological score represents the sum of 
the epithelial damage and inflammatory infiltration scores, and 
was evaluated as follows, modified from.60 Epithelial damage: 
0, normal morphology; 1, loss of goblet cells; 2, loss of goblet 
cells in large areas; 3, loss of crypts; 4, loss of crypts in large 
areas; Inflammatory infiltration: 0, no infiltrate; 1, infiltrate 
around crypt basis; 2, infiltrate reaching to lamina muscularis 
mucosae; 3, extensive infiltration reaching the lamina muscularis 
mucosae and thickening of the mucosa with abundant edema; 4, 
infiltration of the lamina submucosa. To perform immunohis-
tochemistry studies, deparaffined and rehydrated sections were 
first extensively rinsed in PBS (pH 7.5). Then, endogenous per-
oxidase activity and nonspecific binding were blocked with per-
oxidase block buffer (DakoCytomation) and 1% bovine serum 
albumin, respectively. Sections were incubated overnight at 4°C 
with a monoclonal antibody anti-lysozyme (Thermo Scientific, 
PA1-40308) and anti-ATG4B (Sigma, A2981). ATG4B sig-
nal was analyzed using the ImageJ software program (version 
1.46k). Human tissues were obtained as formalin-fixed, paraffin-
embedded tissue sections from the archives of the tumor bank 
of Hospital Universitario Central de Asturias. They remained 
anonymous according to guidelines approved by the Hospital’s 
Research Ethics Board.

Immunoblotting. Colon tissue was immediately frozen in liq-
uid nitrogen after extraction and homogenized in a 20 mM Tris 
buffer pH 7.4, containing 150 mM NaCl, 1% Triton X-100, 10 
mM EDTA and Complete® protease inhibitor cocktail (Roche 
Applied Science, 05 892 791 001). Then, tissue extracts were cen-
trifuged at 12,000 rpm at 4°C and supernatants were collected. 
Protein concentration was quantified by bicinchoninic acid tech-
nique (BCA protein assay kit, Pierce Biotechnology, 23225). A 
total of 25 μg of protein sample was loaded on either 8% or 13% 

Interestingly, atg4b−/− mice transplanted with bone marrow 
from WT animals exhibited an improved survival rate after 
DSS-treatment. However, these chimeric mice were still more 
susceptible to colitis than control animals indicating that non-
hematopoietic cells, such as intestinal epithelial or stromal cells, 
are also involved in the increased susceptibility of atg4b−/− mice to 
experimental colitis. In fact, atg4b−/− mice display abnormalities 
in a specialized intestinal epithelial cell type, the Paneth cells, 
indicating that ATG4B is required for the normal homeostasis 
of intestinal tissue. Paneth cells are located at small intestinal 
crypts and regulate innate immune functions through their abil-
ity to produce lysozyme and a broad range of antimicrobial pep-
tides, which are stored in granules for secretion into the crypt 
lumen.56,57 We found that, similar to other autophagy-deficient 
models,10 atg4b−/− Paneth cells possess fewer and smaller secre-
tory granules than WT control cells. It is likely that the observed 
defects in Paneth cells could lead to increased bacterial penetra-
tion of intestinal barrier, especially after challenge with DSS. 
This could explain the incomplete recovery of chimeric atg4b−/− 
mice transplanted with WT bone marrow. Taken together, these 
observations indicate that the increased colitis susceptibility of 
atg4b−/− mice is linked to a defective innate immune response 
together with an exacerbated inflammatory response to bacterial 
agents. Additional studies to explore how autophagy regulates 
granule production and exocytosis pathway in Paneth cells will be 
important to understand the mechanisms of IBD pathogenesis. 
Finally, the fact that atg4b−/− mice share many histopathological 
features and molecular alterations with patients from ulcerative 
colitis and Crohn disease, strongly supports their utility as an in 
vivo model to further explore the role of autophagy in intesti-
nal inflammatory diseases, enabling the possibility of developing 
novel pharmacological strategies for IBD treatment.

Materials and Methods

Animals. The generation of atg4b−/− mice has been previously 
described.19 In all experiments, homozygous atg4b−/− mice and 
their corresponding wild-type (WT) littermates were derived 
from interbreeding of heterozygous C57Bl6/129Sv mice and 
their genotypes were determined by Southern blot analysis of tail 
DNA. Mice were bred under specific pathogen-free conditions. 
All experiments were performed with 8- to 12-week-old mice and 
were approved by the Committee on Animal Experimentation of 
Universidad de Oviedo (Oviedo, Spain).

Colitis induction. To induce experimental colitis, WT and 
atg4b−/− mice were treated with 5% (wt/vol) dextran sodium sul-
fate (DSS, 36,000 to 50,000 Mw; MP Biomedical, 0216011001) 
in drinking water ad libitum for 7 d, followed by normal water for 
3 d. Control animals were given water only. Weight was monitored 
daily and rectal bleeding was measured and scored as previously 
reported.58 After treatment, blood was collected by submandibular 
bleeding and mice were sacrificed by CO

2
 inhalation. The colon 

was removed and its length was measured. To evaluate the effect 
of antimicrobial agents on experimental colitis, WT and atg4b−/− 
mice were treated with ampicillin (1 g/L; Sigma A9518-5G), van-
comycin (0.5 g/L; Sigma 861987-1G), neomycin sulfate (1 g/L; 
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differentially expressed genes was generated for each compari-
son between genotypes and between control and DSS-treated 
mice. Array data were clustered using Cluster 3.0 software and 
the heat maps were created using TreeView 1.1.5 software. The 
data discussed in this publication have been deposited in NCBI’s 
Gene Expression Omnibus62 and are accessible through GEO 
Series accession number GSE 36056 (www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE36056).

2-D DiGE analysis. Colon tissue from WT and atg4b−/− mice 
was homogenized in lysis buffer (7 M urea, 2 M thiourea, 4% 
CHAPS, 30 mM TRIS-HCl pH 8.5). A total of 50 μg of protein 
of each sample were covalently labeled with 400 pmol of a specific 
fluorophore (CyDye, GE Healthcare, 25-8010-65): Cy3 (WT), 
Cy5 (atg4b−/−) and Cy2 (pooled 1:1 WT and atg4b−/−). Labeled 
proteins were mixed and set to 450 μL with rehydration buffer 
(8 M urea, 4% CHAPS, 13 mM DTT, 1% IEF buffer). Samples 
were applied to IPG strips (24 cm, nonlinear pH gradient 3-11; 
GE Healthcare, 17-6003-74), and isoelectric focusing (IEF) was 
performed on an IPGphor Unit (GE Healthcare) for 26 h at a 
gradient voltage in the dark at 18°C. Once the IEF step was fin-
ished, strips were equilibrated for 15 min in SES-DTT buffer 
(6 M urea, 30% glycerol, 2% SDS, 75 mM TRIS-HCl pH 6.8, 
0.5% DTT and bromophenol blue), and for another 15 min in 
SES-IA (6 M urea, 30% glycerol, 2% SDS, 75 mM TRIS-HCl 
pH 6.8, 4.5% iodoacetamide and bromophenol blue). Proteins 
were then resolved in 13% SDS-PAGE gels using a Hoefer S600 
instrument (Ettan DALTsix, GE Healthcare). After electropho-
resis, cyanine dye-labeled proteins were visualized directly by 
scanning using a Typhoon™ 9400 imager (GE Healthcare). Cy2 
images were scanned using a 488 nm laser and an emission filter 
of 520 nm band pass (BP) 40. Cy3 images were scanned using 
a 532 nm laser and a 580 nm BP30 emission filter. Cy5 images 
were scanned using a 633 nm laser and a 670 nm BP30 emission 
filter. All gels were scanned at 200 μm resolution, analyzed with 
Progenesis SameSpots software and stained with SYPRO Ruby 
(Molecular Probes).

Tryptic digestion and MALDI-ToF analysis. Differential 
spots were manually excised over a transilluminator. Gel pieces 
were washed with 25 mM ammonium bicarbonate/acetonitrile 
(70:30), dried for 15 min at 90°C, and incubated with 12 ng/
μL trypsin (Promega) in 25 mM ammonium bicarbonate. The 
digestion was allowed to proceed for 1 h at 60°C. Peptides were 
purified with ZipTip C18 (Millipore, ZTC18S960) and eluted 
with 1 μL of CHCA (α-cyano-4-hydroxycinnamic acid, Sigma, 
C2020) to be placed onto MALDI-ToF’s plate. Once dried, pep-
tides were analyzed by mass spectrometry on a time-of-flight mass 
spectrometer equipped with a nitrogen laser source (Voyager-DE 
STR, Applied Biosystems). Data from 200 laser shots were col-
lected to produce a mass spectrum. Data explorer version 4.0.0.0 
software (Applied Biosystems) was used to analyze the spectra.

Statistics. All experimental data are reported as mean ± SEM. 
Statistical analyses of differences between two groups were per-
formed by the two-tailed Student’s t-test, and survival differences 
between groups were analyzed by Log-rank test. In experiments 
with more than two groups, differences were analyzed by mul-
tifactorial one-way analysis of variance (ANOVA). The Prism 

SDS-polyacrylamide gels. After electrophoresis, gels were electro-
transferred onto polyvinylidene difluoride (PVDF) membranes 
(Millipore), and then membranes were blocked with 5% non-
fat dried milk in PBT (phosphate buffered saline with 0.05% 
Tween 20) and incubated overnight at 4°C with the following 
primary antibodies diluted in 3% nonfat dried milk in PBT: 
anti-ATG4B (Sigma, A2981), anti-SQSTM1/p62 (Abnova, 
H00008878-M01), anti-LC3 (nanoTools, 0231-100/LC3-5F10), 
anti-GBP1 (Santa Cruz, sc-10586), anti-HSPB1 (ProteinTech, 
18284-1-AP), anti-S100A9 (R&D Systems, MAB2065) and 
anti-ACTB/β actin (Sigma, A2228). After three washes with 
PBT, filters were incubated with the corresponding secondary 
antibody at 1:10,000 dilution in 1.5% milk in PBT, and devel-
oped with Immobilon Western Chemiluminescent HRP sub-
strate (Millipore, P36599A).

Multiplex immunoassay. To determine the concentration 
of mouse CSF2/GMCSF, IFNG/IFNγ, IL1A, IL2, IL4, IL5, 
IL6, IL10, IL17 and TNF in serum and colon tissue extracts 
from DSS-treated WT and atg4b−/− mice, an analyte detection 
system by flow cytometry was used (Th1/Th2 10plex Mouse 
FlowCytomix, Bender MedSystems, BMS820FF), according to 
manufacturer’s instructions on a Luminex100 LabMap System 
(Luminex).

Cytokine secretion analysis. Peritoneal macrophages were iso-
lated from WT and atg4b−/− mice 4 d after intraperitoneal injec-
tion of 4% thioglycollate broth as described previously.61 Murine 
macrophages were precultured in DMEM medium supplemented 
with 10% fetal bovine serum (FBS), 2 mM L-glutamine and 1% 
penicillin-streptomycin for one day. Adherent macrophages were 
gently washed with and cultured in DMEM medium without 
serum 2 h before stimulation with endotoxin (lipopolysaccharide, 
LPS, 100 ng/mL). Supernatants were collected 16 h after stimu-
lation and levels of several cytokines in the culture medium were 
determined by Mouse Cytokine Antibody Array Panel A (R&D 
Systems, ARY006) according to manufacturer’s instructions.

RNA isolation and microarray hybridization. Total RNA of 
ileum and colon from control and DSS-treated WT and atg4b−/− 
mice was isolated using TRIzol reagent (Invitrogen Life Sciences, 
15596-18) following the manufacturer’s instructions. Additional 
cleanup of total RNA was performed using the RNeasy Mini kit 
(Qiagen). Purity of samples and efficiency of extractions were 
verified by spectrophotometry (NanoDrop) and using an Agilent 
2100 Bioanalyzer.

Double-stranded cDNA synthesis and in vitro transcrip-
tion to generate cRNA was performed using a commercial kit 
of Affymetrix (Sense Target Labeling kit). The biotin-labeled 
cRNA was purified, fragmented and hybridized to a Affymetrix 
GeneChip® Mouse Gene 1.0 ST Arrays according to the 
manufacturer’s protocol. Washing and scanning were per-
formed with a Fluidics Station 450 and GeneChip Scanner 
7G (Affymetrix), and quality control of microarray data was 
performed using Affymetrix Expression Console™ following 
standard Affymetrix Exon Array protocols. After scanning, raw 
data were processed with the RMAExpress program (http://
RMAExpress.bmbolstad.com), using default settings. The nor-
malized array data were log

2
-transformed and averaged. A list of 
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program version 4.0 (Graph-Pad Software Inc.) was used for cal-
culations and p values lower than 0.05 were considered significant.
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