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inflammation is poorly understood. Here, we demonstrated that cytosolic HMGB1 regulates apoptosis by protecting the
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intestinal epithelial cell-specific Hmgb1 deletion and patients with IBD were both characterized by increased calpain
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assays and studies of enteroids verified that HMGB1 protects beclin 1 and ATG5 from calpain-mediated cleavage events
that generate proapoptotic protein fragments. Together, our results indicate that HMGB1 is essential for mitigating the
extent and severity of inflammation-associated cellular injury by controlling the switch between the proautophagic and
proapoptotic functions of beclin 1 and ATG5 during inflammation. Moreover, these studies demonstrate that HMGB1 is
pivotal for reducing tissue injury in IBD and other complex inflammatory disorders.
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Introduction

Inflammatory bowel diseases (IBDs) are chronic, debilitating dis-
orders caused by gastrointestinal mucosal damage and inflamma-
tion. Two separate but related disease phenotypes make up IBD:
Crohn’s disease (CD) and ulcerative colitis (UC). The pathophys-
iology of IBD is complex, and there are likely numerous mecha-
nisms that are unique but also shared between the 2 conditions.
However, both are thought to result from gastrointestinal barrier
compromise, leading to inflammation and infiltration with innate
and adaptive immune cells (1). The gastrointestinal barrier is pri-
marily composed of intestinal epithelial cells (IECs) and their sol-
uble products (2). IECs also participate in inflammatory responses
directly through processes such as autophagy and indirectly
through the production of cytokines that recruit innate and adap-
tive immune cells to sites of mucosal damage (3). The proteins
found in the cytosol and released from IECs during inflammation
include high-mobility group box 1 (HMGB1).

HMGBI is a nuclear, nonhistone DNA-binding protein (4).
During cellular stress, it localizes to the cell cytosol and can exit
the cell through loss of membrane integrity or active secretion (5).
Once it is free from cells, HMGBI acts as a damage-associated
molecular pattern (DAMP) molecule to activate innate immune
receptors and drive inflammatory responses (6). Circulating
HMGBI levels are increased in many human inflammatory dis-
eases and their associated experimental models (5). Consistent
with this, intestinal HMGBI expression is elevated in the dex-
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The intracellular protein HMGB1 is released from cells and acts as a damage-associated molecular pattern molecule

during many diseases, including inflammatory bowel disease (IBD); however, the intracellular function of HMGB1 during
inflammation is poorly understood. Here, we demonstrated that cytosolic HMGB1 regulates apoptosis by protecting the
autophagy proteins beclin 1and ATG5 from calpain-mediated cleavage during inflammation. Colitis in mice with an intestinal
epithelial cell-specific Hmgb1 deletion and patients with IBD were both characterized by increased calpain activation,

beclin 1and ATG5 cleavage, and intestinal epithelial cell (IEC) death compared with controls. In vitro cleavage assays and
studies of enteroids verified that HMGB1 protects beclin 1and ATG5 from calpain-mediated cleavage events that generate
proapoptotic protein fragments. Together, our results indicate that HMGB1 is essential for mitigating the extent and severity
of inflammation-associated cellular injury by controlling the switch between the proautophagic and proapoptotic functions of
beclin 1and ATG5 during inflammation. Moreover, these studies demonstrate that HMGB1 is pivotal for reducing tissue injury

tran sodium sulfate (DSS) model of murine colitis (7). Further-
more, HMGB1 antagonism using anti-HMGBI antibody or ethyl
pyruvate ameliorates colitis in the DSS and III07~ mouse models,
respectively (7, 8). Very little is known about HMGBI1 in human
IBD, just that children with IBD have increased levels of this pro-
tein in their feces (9). These data reflect the fact that the majority
of HMGBI1 research has focused on its extracellular functions dur-
ing inflammation, despite it being concurrently found in the cell
cytosol under these conditions. The indications that HMGBI lev-
els were altered in experimental and human colitis and the pres-
ence of this protein in IECs, a key cell type in the pathophysiology
of IBD, led us to study the intracellular role of this protein in IECs
during human and experimental colitis.

Results

Loss of HMGBI exacerbates murine colitis. Mice globally deficient
in HMGBI die within 24 hours of birth, so we generated HmgbI-
floxed mice (Hmgbl#) to test the role of HMGBI1 in physiologic
disease models (10). We crossed these mice with mice expressing
CRE recombinase under the villin promoter (Vil-Cre) to create
mice lacking Hmgb1 solely in IECs (Vil-Cre Hmgb1"#) (Supplemen-
tal Figure 1, A-C; supplemental material available online with this
article; doi:10.1172/]JCI76344DS1). We treated these mice with
DSS to induce colitis and found that 100% of Vil-Cre Hmgb1"#
mice died by day 11 of the study versus only 25% of Hmgbl*# mice
(Figure 1A). DSS administration is commonly used as an acute
model of IBD and most closely mimics UC in humans (11). Treat-
ment with a lower dose of DSS resulted in significantly worse
colitis in Vil-Cre Hmgb1"# when compared that seen in HmgbI"#
mice (Figure 1, B-E). Vil-Cre Hmgb1*# mice lost more weight and
developed worse signs of colitis after DSS administration than did
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controls (Figure 1, B and C). They also had greater colon shorten-
ing and histology consistent with increased intestinal damage in
response to DSS administration (Figure 1, D and E).

We also examined the role of IEC HMGBI1 in a model of
immune-mediated chronic colitis by crossing Vil-Cre Hmgbl¥#
mice with II107~ mice. In the II107~ model, chronic colitis devel-
ops due to loss of tolerizing DCs in the gastrointestinal tract, and
failure to produce functional Tregs (12, 13). One hundred percent
of Vil-Cre HmgbI## 11107~ mice developed colitis as opposed to less
than 25% of Hmgb1"# Il107~ mice (Figure 1F). Colitis in Vil-Cre
Hmgb1 11107~ mice also developed earlier and was more severe,
as measured by clinical signs and histopathology, than that seen in
controls (Figure 1, F-H). Therefore, loss of HMGB1 in IECs exac-
erbated colitis in acute (DSS) and chronic (1/107") mouse models.

The autophagic response to DSS in IECs is blunted in the absence
of HMGBI. We next explored the potential mechanisms under-
lying these effects. In the normal mouse intestine, HMGB1 was
found almost exclusively in the nucleus of IECs (Figure 2A). After
3 days of DSS treatment (before the onset of frank inflammation),
HMGBI1 was primarily localized to the IEC cytosol. HMGB1
translocation was accompanied by an increase in Hmgbl mRNA
and a decrease in HMGBI protein (Figure 2B and Supplemental
Figure 2, A and B). This decrease in HMGBI protein is transient
in the acute colitis model, and the level rises at later time points
(7). We also appreciated increased levels of HMGB1 in Hmgb1"#
11107 mice after they developed chronic colitis (Figure 2C). The
autophagy initiation protein beclin 1 has been reported to inter-
act with HMGBI in the cell cytosol, and autophagy is diminished
in HmgbIl”~ mouse embryonic fibroblasts (14). This led us to eval-
uate microtubule-associated light chain 3 (LC3) lipidation and
levels of the autophagy substrate p62 to characterize autophagy
in the absence of HMGBI. Under nonstimulated conditions, the
ratio of LC3II to LC3I and p62 levels were similar in Hmgb1¥#
and Vil-Cre Hmgb1"# mice (Figure 2, D and E, and Supplemen-
tal Figure 2, C-E). This indicates that autophagy is not defective
in HMGBI-deficient cells under nonstressed conditions. How-
ever, following DSS administration, autophagy was decreased in
Vil-Cre Hmgb1¥# cells. Autophagy is thought to be a cell-survival
mechanism, and failure is associated with increased apoptotic
death (15). So, we examined cell death by terminal TUNEL stain-
ing. Vil-Cre Hmgb1# mice exhibited more TUNEL-positive cells
at day 5 than did Hmgb1*# mice (Figure 2F), suggesting that loss
of HMGBI in IECs leads to decreased autophagy and increased
apoptosis during DSS colitis.

Since IEC death was the most striking feature of DSS coli-
tis in Vil-Cre Hmgb1"# mice, we investigated whether this death
was associated with activation of the adaptive immune system.
There were no obvious differences in cellular infiltration of the
gut mucosa on day 3 after DSS administration, the time point at
which we saw more IEC death in Vil-Cre Hmgb1*# mice by TUNEL
staining (Supplemental Figure 3A). Similarly, expression levels
of mucosal cytokines were not significantly different at this time
point, aside from decreased expression of TNF-a protein in Vil-Cre
Hmgbl## mice (Supplemental Figure 3, B and C). TNF-a is gener-
ally considered to be a proinflammatory cytokine, so decreased
levels would not be expected to be contributing to tissue damage.
Additionally, Tnfa”~ mice develop more severe colitis in response

RESEARCH ARTICLE

to DSS than do Tnfa”* mice, suggesting that this cytokine may
also have antiinflammatory or prohealing functions in the intesti-
nal mucosa (16). Taken together, these data suggest that IECs die
before mucosal immune cell infiltration into the Vil-Cre Hmgb1"#
model, not as a result of immune cell infiltration.

HMGBI protects beclin 1 and ATG5 from cleavage during inflam-
mation. Identification of an autophagy defect in HMGB1-deficient
cells led us to examine beclin 1 in IECs during DSS colitis. Beclin
1 has roles in both cell survival and cell death. Under conditions
that favor autophagy, it forms a complex with ambra 1, VPS34,
and VPS15 in order to initiate autophagy (17). However, cleavage
by cell proteases to remove the N-terminal BCL-2-interacting
domain converts it to a proapoptotic protein (18). Beclin 1 expres-
sion was increased in Vil-Cre Hmgbh1"f mice at both the mRNA and
protein levels (Supplemental Figure 4, A and B). This protein was
cleaved into fragments of approximately 50, 37, and 35 kDa after
DSS treatment in the absence of HMGBI1 (Figure 3A). Increased
beclin 1 expression and cleavage were also appreciated in
Hmgb1"# 11107~ and Vil-Cre Hmgbl"' Il107~ mice after devel-
opment of colitis, but Vil-Cre Hmgbl"# I/107~ mice had higher
levels of the 50-kDa beclin 1 fragment than did Hmgb1"/ 11107
mice (Figure 3B). The primary 50-kDa fragment seen in Vil-Cre
Hmgb1"# mice treated with DSS or lacking IL-10 was consistent
with calpain 1 cleavage (19). An in vitro cleavage assay showed
that HMGBI protects beclin 1 from calpain 1-mediated cleavage
in a dose-dependent manner (Figure 3, C and D). HMGBI itself
was not cleaved by calpain, therefore it did not diminish cleav-
age of beclin 1 by acting as a surrogate substrate for the protease
(Supplemental Figure 4C). Additionally, the band pattern in vitro
and in vivo was consistent with cleavage at aa 63 (EETN[63]SG),
a putative cleavage site that would generate a 53-kDa fragment
lacking the BCL-2-interacting domain (Figure 3D and ref. 20).

After determining that HMGB1 protects beclin 1 from
calpain-mediated cleavage, we considered that it could perform a
similar function for other proteins. All of the core autophagy pro-
teins, except LC3, have been reported to be cleaved by calpains
(20). Two of these proteins, beclin 1 and ATGS5, are converted to
proapoptotic proteins by this cleavage event. A blast search for
homology between beclin 1 and ATG5 revealed that beclin 1 and
ATG5 share sequence homology in the region of the calpain cleav-
age site (Supplemental Figure 4D). However, sequence similar-
ities were not present in the remaining autophagy proteins. This
led us to examine ATG5 expression and cleavage in DSS-treated
Vil-Cre Hmgb1"/ and Vil-Cre Hmgb1"# 11107~ mice. As with beclin
1, ATG5 expression and cleavage were increased in mice lacking
IEC HMGBI1 compared with what was observed in controls (Fig-
ure 3, E and F, and Supplemental Figure 4E). An in vitro cleavage
assay demonstrated that HMGBI protects ATG5 against calpain
1 cleavage in a dose-dependent manner (Figure 3G). Coimmu-
noprecipitation (co-IP) experiments performed using mucosal
scrapings from DSS-treated Hmgbl"# and Vil-Cre Hmgb1"# mice
showed that HMGBI interacts with beclin 1 and ATG5 during
inflammation (Figure 3H). The in vitro calpain cleavage assay
showed that HMGBI can interact with free ATG5, but the physi-
ologically relevant form in vivo is thought to be the ATG5-ATG12
conjugate (21). This conjugate is the form that coimmunoprecip-
itated with HMGBI in vivo, showing that HMGBI interacts with
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Figure 1. Loss of HMGB1 exacerbates DSS and I/107- colitis. (A) Survival curve for 8-week-old Hmgb1" (n = 12) and Vil-Cre Hmgb1/f (n = 9) littermates
treated with 3% DSS for 5 days. The mice were then followed until day 19. (B) Weight loss (mean + SEM) of Hmgb1%7 (n = 19) and Vil-Cre Hmgb1"f

(n = 16) mice expressed as a percentage of their initial body weight during a 5-day treatment with 2.5% DSS and a 14-day recovery period. (C) Disease
activity index (DAI) (weight loss, stool consistency, and rectal bleeding; mean + SEM) generated on day 5 from DSS-treated mice (Hmgb1"f, n = 8; Vil-Cre
Hmgb1", n = 8). (D) Gross appearance and length (mean + SEM) of the colon on day 14 after DSS (Hmgb1", n = 8; Vil-Cre Hmgb1", n = 8). (E) H&E
staining of formalin-fixed colons from DSS-treated mice on day 14. Images were obtained 20 mm from the rectum (original magnification, x100)
(Hmgb1"f, n = 3; Vil-Cre Hmgb1%/, n = 3). (F) Vil-Cre Hmgb1"71110*/- males were mated with Hmgb1"1/10*- females, and the progeny (Hmgb1"11107/-,

n = 8; Vil-Cre Hmgb1"71110-~, n = 7) were observed for signs of colitis for 8 to 12 weeks. (G) Mean DAI for Hmgb1"7 11107/~ (n = 8) and Vil-Cre Hmgb1"A 1110/
(n = 7) mice. (H) Histological images of H&E-stained, formalin-fixed colons from Hmgb1"/7 11107~ (n = 4) and Vil-Cre Hmgb1"7 11107/~ (n = 4) littermate mice
(original magnification, x200). The intestine from the Hmgb1"71110-- mouse was essentially normal, while the Vil-Cre Hmgb1"f 1110~ mouse showed
signs of chronic intestinal inflammation and colitis (loss of goblet cells, crypt abscesses, cellular infiltration, elongation of mucosa, and epithelial ero-
sion). Data were analyzed using 2-tailed Student’s t tests. **P < 0.01; ****P < 0.001.

the form of ATG5 important for autophagy. The putative HMG-
Bl-interacting region (aa 197-200) is distant from the site of con-
jugation with ATG12 (aa 130), suggesting that conjugation would
not be expected to interfere with an interaction between HMGB1
and ATGS5 (21). Calpains are known to target proteins that are in
complexes, so it is also not surprising that the ATG5-ATG12 conju-
gate would be a target for this protease (22, 23). Immunoblotting
for ATG7, a calpain-cleaved protein with no homology with beclin
1 or ATGS5, showed that cleavage and expression of this protein
were similar between genotypes, suggesting that the homolo-
gous sequence in beclin 1 and ATG5 represents a specific HMGB1
interaction motif (Supplemental Figure 4F and ref. 20). To further
determine whether HMGB1-mediated protection of beclin 1 and
ATGS from calpain cleavage involved direct, specific interactions,
we performed an in vitro calpain cleavage assay incorporating a
competitor peptide containing the putative interaction motif or
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a mock competitor peptide in which this region was mutated to
alanine residues (Supplemental Figure 4G). In this assay, the pres-
ence of HMGBI protected beclin 1 from calpain cleavage, and
this protection was abrogated by the addition of the competitor
peptide, but not the mock peptide, to the reaction mixture. Thus,
HMGBI interacts with beclin 1 and ATG5 and regulates the gener-
ation of proapoptotic protein fragments of these proteins during
calpain-mediated inflammation.

Calpains are cysteine proteases active in the nucleus, cytosol,
and extracellular milieu (24-26). They have been implicated in
the pathophysiology of several inflammatory diseases, but calpain
activity in IBD or colitis models is not well understood. It has been
shown that the administration of a calpain inhibitor ameliorates
2,4, 6-trinitrobenzenesulfonic acid-induced (TNBS-induced) coli-
tis and that ethyl pyruvate decreases calpain activity in addition to
preventing cytosolic translocation of HMGBI (27, 28). Measurement
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Figure 2. The autophagic response to DSS in the intestinal epithelium is blunted in the absence of HMGB1. (A) Confocal microscopic images of colons
from untreated (n = 3) or DSS-treated (day 3) (1 = 3) Hmgb™" mice stained for the DNA marker Hoechst (blue) and HMGB1 (red) (original magnification,
x400). Colocalization was evaluated using Pearson'’s correlation coefficient with the Costes correction (mean + SEM) (B) gRT-PCR (mean + SEM) and
immunoblot for HMGB1 expression in colonic mucosal scrapings from untreated (n = 4) and DSS-treated (n = 4) Hmgb 1" mice. (C) Immunoblot for HMGB1
in intestinal mucosal scrapings from Hmgb1"7 11107/~ mice with and without signs of colitis (n = 4). (D) Immunoblot for LC3 and p62 in Hmgb1"7 (n = 4) and
Vil-Cre Hmgb1"f (n = 4) mice on day 3 of DSS treatment. LC3II represents the lipidated form of LC3 and is increased during autophagy. LC311/LC3I (mean

+ SEM) represents the ratio between the lipidated and unlipidated forms of the protein. (E) Confocal microscopic images of endogenous LC3 staining in
frozen colonic sections from Hmgb1"/7 (n = 3) and Vil-Cre Hmgb 1" (n = 3) mice on day 3 of DSS treatment (original magnification, x630). Autophagosomes
have the appearance of LC3-positive punctate structures. (F) TUNEL staining on frozen colonic sections from Hmgb1" (n = 3) and Vil-Cre Hmgb1"7 (n = 3)
mice on day 5 of DSS treatment (original magnification, x400). Data were analyzed using 2-tailed Student’s t tests, except for the data in F, which were
analyzed by 2-way Anova with Bonferroni’s multiple comparisons test as well as the 2-tailed Student’s t test for between-genotype comparisons within a
treatment group. *P < 0.05; ****P < 0.001.

of calpain activity in the gastrointestinal mucosa demonstrated cal-
pain activation after DSS administration that was higher in Vil-Cre
Hmgb1"# mice than in controls (Figure 3I). In some inflammatory
diseases, calpain activation occurs through caspase 1-mediated deg-
radation and downregulation of the endogenous calpain inhibitor

calpastatin (29-32). When calpastatin levels decrease sufficiently,
calpains are spontaneously activated in the presence of calcium
(29-32). We investigated whether this might be the mechanism of
calpain activation in HMGBI1-deficient IECs by immunoblotting for
the p20 fragment of caspase 1. We found that caspase 1 was activated
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Figure 3. HMGB1 protects beclin 1 and ATG5 from cleavage during murine colitis. (A) Immunoblot for beclin 1 using an antibody that recognizes aa 171-291
of the protein. Blots are representative of Hmgb1"7 (n = 4) and Vil-Cre Hmgb1" (n = 4) mice. (B) Immunoblot for beclin 1in Hmgb1/7 11107~ (n = 4) and
Vil-Cre Hmgb1"7 [1107~ (n = 4) mice. (C) Beclin 1immunoblot of the products from an in vitro cleavage assay of beclin 1 by calpain 1 with decreasing amounts
of HMGB. (D) MYC-DDK (FLAG) immunoblot of the products of the beclin 1in vitro cleavage assay. Recombinant beclin 1 contained a C-terminal MYC-DDK
epitope tag. (E) Immunoblot for ATGS using an antibody that recognizes aa 2-15 of the protein. Blots are representative of Hmgb1"f (n = 4) and Vil-Cre
Hmgb1/f (n = 4) mice. (F) Immunoblot for ATGS in Hmgb1"7 11107/~ (n = 4) and Vil-Cre Hmgb1"f 11107~ (n = 4) mice. (G) ATG5 immunoblot of the products
from an in vitro cleavage assay of ATG5 by calpain 1 with decreasing amounts of HMGB?1. (H) Co-IP of HMGB1 and beclin 1 or ATG5 in colonic mucosal lysates
from Hmgb1"f (n = 4) and Vil-Cre Hmgb1" (n = 4) mice treated with DSS for 3 days. (I) Calpain activity assay evaluating cleavage of a fluorogenic calpain
1/2 substrate (Suc-LLVY-AMC) in samples of colonic mucosa from Hmgb1"/f (n = 3) and Vil-Cre Hmgb 1" mice (n = 3) on day 3 of DSS treatment (mean

+ SEM). (J) Immunoblot for the active p20 fragment of caspase 1in Hmgb1"? (n = 4) and Vil-Cre Hmgb17" mice (n = 4) on day 3 of DSS treatment. (K)
gRT-PCR for calpastatin in cDNA from Hmgb1" (n = 6) and Vil-Cre Hmgb1"/f mice (n = 6) on day 3 of DSS treatment (mean + SEM). Data were analyzed by
2-tailed Student’s t tests. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001. RFU, relative fluorescence units.

by DSS, and the levels were higher in Vil-Cre Hmgb1*# mice than in We further investigated how calpains contribute to colitis
controls (Figure 3]). Despite the increase in caspase 1 activity, thelev-  in Vil-Cre Hmgb1"# mice by treating them with calpeptin, a cal-
els of IL-1B were comparable in Hmgb1*# and Vil-Cre Hmgbl”f mice = pain inhibitor, during DSS administration. The weight loss expe-
(Supplemental Figure 3, B and C). In addition, quantitative reverse  rienced by the treated mice was less than that of the untreated
transcriptase PCR (RT-PCR) with primers recognizing calpastatin ~ mice and did not differ from that seen in Hmgbl*# mice (Figure
demonstrated decreased expression in Vil-Cre Hmgb1”# mice (Fig-  4A). Calpeptin treatment also improved the architectural distor-
ure 3K). Therefore, calpains are activated during murine colitis sec-  tion and epithelial cell death seen in Vil-Cre Hmgb1*# mice after
ondary to caspase 1-mediated decreases in calpastatin. DSS administration (Figure 4B). Finally, calpeptin treatment
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Figure 4. Calpain inhibition rescues DSS colitis. Hmgb1"f and Vil-Cre Hmgb1"f mice were administered 2.5% DSS in their
drinking water for 5 days and then sacrificed. Vil-Cre Hmgb7"" mice were also treated with vehicle control or the calpain
inhibitor calpeptin (5 mg/kg) by daily i.p. injection. (A) Weight loss on day 5 of DSS administration (mean). (B) H&E-
stained sections of formalin-fixed, paraffin-embedded intestines from Vil-Cre Hmgb1"/f mice treated with vehicle (n = 4)
or calpeptin (n = 4). Images were from areas 10 mm proximal to the animal’s rectum (original magnification, x400). (C)
Immunoblot for beclin 1in intestinal mucosal scrapings from untreated Hmgb1"f (n = 4) and Vil-Cre Hmgb1"" mice treated
with vehicle (n = 4) or calpeptin (n = 4). (D) Immunoblot for ATG5 in intestinal mucosal scrapings from untreated Hmgb1"f
(n = 4) and Vil-Cre Hmgb1"7 mice treated with vehicle (n = 4) or calpeptin (n = 4). Data were analyzed by 1-way ANOVA with

Bonferroni's multiple comparisons test. **P < 0.01.

decreased the amount of full-length and cleaved beclin 1 and
ATGS proteins in Vil-Cre HmgbI"# mice given DSS (Figure 4, C
and D). Thus, calpain inhibition decreases beclin 1 and ATG5
cleavage and ameliorates colitis in mice treated with DSS.

Vil-Cre Hmgb1# mice have an IEC-specific deletion of HMGBI1,
suggesting that loss of a cell-intrinsic function or functions is most
likely responsible for the increased IEC death seen with DSS admin-
istration. However, in vivo data cannot exclude the possibility that
inflammatory mediators produced by other cell types could be
acting on IECs to cause their death. To differentiate between cell-
intrinsic and cell-extrinsic causes of IEC death, we isolated IEC pro-
genitors from Hmgb"# and Vil-Cre Hmgb*# mice and grew them
in culture to form intestinal organoids (enteroids) (Supplemental
Figure 5A). We then challenged the cells with muramyl dipeptide
(MDP), a component of bacterial cell walls. Stimulation of cells
with MDP resulted in increased HMGB1 expression in HmgbI¥#
enteroids (Figure 5A and Supplemental Figure 5B). Enteroids lack-
ing HMGBI1 had increased beclin 1 expression at rest and higher
levels of the 50-kDa fragment of beclin 1 after MDP stimulation
compared with controls (Figure 5B). The level of active caspase
3, indicative of cell death pathway activation, was also increased
in Vil-Cre Hmgb1"# enteroids after MDP stimulation (Figure 5C).
Administration of calpeptin in conjunction with MDP prevented
caspase 3 activation in both Hmgb1*# and Vil-Cre Hmgb1"# enteroids
(Figure 5D). Treatment of enteroids with MDP in the presence of
bafilomycin, which allows autophagy activation but inactivates
lysosomes so that LC3II accumulates, showed that autophagy was
severely compromised in HMGBI1-deficient IECs (Figure 5E and
Supplemental Figure 5C). Hence, HMGBI plays a cell-intrinsic
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activation. results
assays and in vivo co-IP
experiments  suggested
that HMGBI acts directly
to prevent beclin 1 and
ATGS5 cleavage, but this
did not rule out the possi-
bility that the primary function of HMGBL in vivo is to indirectly
inhibit calpain activity. In order to differentiate between these
possibilities, we stimulated enteroids with MDP and followed
beclin 1 and ATGS cleavage, calpain activity, and caspase 3 acti-
vation over time. Both beclin 1 and ATG5 cleavage occurred in
Vil-Cre Hmgb1## cells at 60 minutes, while calpain activity was
low and not significantly different between the genotypes (Figure
5, F-1). In Hmgb1"# cells, cleavage of both proteins was first appre-
ciated at 240 minutes, as calpain activity began to rise (Figure 5,
F-1, and Supplemental Figure 5D). At 120 minutes, active caspase
3 activity was higher in Vil-Cre Hmgb1*f cells than in controls (Fig-
ure 5H). Calpain activity was not significantly higher in Vil-Cre
Hmgb1"# cells compared with that in controls until 240 minutes,
after beclin 1 and ATG5 were cleaved and caspase 3 activated
(Figure 5H). These results show that death was triggered prior
to massive increases in calpain activity in cells lacking HMGBI,
likely due to the proapoptotic effects of beclin 1 and ATGS5. They
also demonstrate that the differential cleavage of beclin 1 and
ATG5 in Hmgb1"# versus Vil-Cre Hmgb1"f cells is not a product of
higher calpain activity in the Vil-Cre Hmgb1## cells.

Our data show that loss of HMGBI leads to IEC death in
vivo and in vitro during cell stress. The death of these cells could
be critical to the development of colitis in 2 ways by inducing
(a) the loss of the gastrointestinal barrier with exposure of the
underlying immune system to the microbial contents of the gut
lumen and (b) the release of proinflammatory molecules from
dying IECs. To test whether the death of HMGBI-deficient and
-replete IECs differs in the ability of these cells to stimulate pro-
fessional immune cells, we examined cultured mesenteric lymph
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Figure 5. Loss of cell-intrinsic HMGB1 functions leads to IEC death. |EC progenitors were isolated from the small intestines of Hmgb1" (n = 4) and Vil-Cre
Hmgb1"f (n = 4) mice and grown in culture until intestinal enteroids formed. The cells were then treated with 10 ug/ml L-18 MDP and lysed in 1% Triton
lysis buffer. (A) Immunoblot for HMGB1 in lysates from cells treated with MDP for 4 hours. (B) Immunoblot for beclin 1in lysates from cells treated with
MDP for 4 hours. (C) Immunoblot for active caspase 3 in lysates from cells treated with MDP for 4 hours. (D) Immunoblot for active caspase 3 in lysates
from cells treated with MDP for 4 hours in the presence of DMSO (vehicle control) or 1 ug/ml calpeptin. (E) Immunoblot for LC3B in lysates treated with
MDP for 4 hours in the presence or absence of 100 nM bafilomycin A1. (F) Immunoblot for beclin 1in lysates from cells treated with MDP at the indicated
time points. (G) Immunoblot for ATGS in lysates from cells treated with MDP at the indicated time points. (H) Immunoblot for cleaved caspase 3 in lysates
from cells treated with MDP at the indicated time points. (1) Calpain activity in enteroid lysates at the indicated times after MDP treatment. Data were
analyzed by 2-way ANOVA with Bonferroni’s multiple comparisons test as well as the 2-tailed Student’s t test for between-genotype comparisons within

a treatment group **P < 0.01; ****P < 0.001.

node (MLN) cells stimulated by supernatants derived from
MDP-stimulated Hmgbl*# and Vil-Cre Hmgb1"# enteroids. Pro-
duction of IFN-y and IL-17 was similar between groups, whereas
production of IL-6 and TNF-a was lower in MLN cultures
stimulated with supernatants derived from Vil-Cre Hmgh1"#
enteroid cultures (Supplemental Figure 6). This suggests that
loss of the gastrointestinal barrier function of IECs, rather than
direct immune activation by their death, may be a more impor-
tant contributor to the increased severity of the colitis seen in
Vil-Cre Hmgb1"# mice.

Human IBD is also characterized by altered HMGBI expression,
beclin 1 and ATGS5 cleavage, and increased IEC death. Finally, we
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investigated whether HMGBI1 regulates apoptosis during human
IBD. Human IBD was associated with higher HMGBI mRNA
levels and a shift in HMGBI intracellular localization from the
nucleus to the cytosol (Figure 6, A and B). Conversely, HMGB1
protein expression was decreased in patients with active colitis
compared with that in controls (Figure 6A and Supplemental
Figure 7A). When we examined beclin 1 expression in active
colitis, we found that it was increased at both the mRNA and
protein levels (Figure 6C and Supplemental Figure 7, B-E). Most
important, we found that cleavage of beclin 1, cleavage of ATG5,
and levels of the active p19 fragment of caspase 3 were increased
in patients with active colitis (Figure 6, C-E, and Supplemental
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Figure 6. IBD in humans is associated with decreased HMGB1, beclin 1, and ATG5 cleavage and increased cell death. (A) HMGB1 expression by gqRT-PCR in
controls (n = 6) and in patients with active UC (n = 5) or indeterminate colitis (IC) (n = 1) (mean + SEM). Immunoblot for HMGB1 protein in lysates of snap-
frozen endoscopic biopsies. Lanes 1-4, controlled CD patients; lanes 5-8, active CD patients (mean + SEM). (B) Confocal microscopic images of endoscopic
biopsies stained for Hoechst (blue) and HMGB1 (red) in controls (1 = 3) and in patients with active UC (n = 4) (original magnification, x400). Colocalization
evaluated using Pearson's correlation coefficient with the Costes correction (mean + SEM). (C) Beclin 1immunoblot. Lane 1, control/normal; lane 2, control/
normal; lane 3, control/quiescent CD; lane 4, moderate UC; lane 5, moderate UC; and lane 6, severe CD (mean + SEM). (D) Immunoblot for ATGS in lysates of
snap-frozen endoscopic biopsies (mean + SEM). Samples were loaded as in A. (E) Immunoblot with antibody recognizing the active p19/p17 fragments of
cleaved caspase 3. Samples were loaded as in Figure 4D. (F) Immunoblot for the active p20 fragment of cleaved caspase 1. Samples were loaded as in Figure
4D. (G) Calpain activity as evaluated by cleavage of the fluorescent substrate in samples from controls (n = 3) and from patients with active UC (n = 3) (mean
+ SEM). (H) Calpastatin levels analyzed by gRT-PCR in controls (n = 6) and in patients with active UC (n = 5) or IC (n = 1) (mean + SEM). Data were analyzed by
2-tailed Student’s t tests, except for data in G, which were determined by the 1-tailed Student’s t test. *P < 0.05; **P < 0.01; ****P < 0.001.

Figure 7, C-F). These data show that patients with active coli-
tis have beclin 1 and ATGS5 cleavage as well as activation of cell
death pathways in cells with decreased levels of intracellular
HMGBI. We also observed significantly increased calpain activ-
ity, increased active caspase 1, and decreased calpastatin mRNA

in patients with active colitis (Figure 6, F-H). Thus, humans with
IBD exhibit the same pattern of protease activation, beclin 1 and
ATGS cleavage, and cell death as that seen in DSS-treated mice
lacking IEC HMGBI. These data suggest that decreased intra-
cellular HMGBI contributes to the pathophysiology of IBD.
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Figure 7. HMGB1 protects beclin 1 and ATG5 from calpain-mediated cleavage and conversion from proautophagic to proapoptotic functions. (A) Calpain
activation occurs secondarily to inflammasome-mediated caspase 1activation with subsequent degradation and downregulation of the calpain inhibitor
calpastatin. Low levels of calpastatin in the presence of calcium lead to autoactivation of calpains. Inflammasome-mediated caspase 1activation is termi-
nated by autophagic degradation of inflammasomes. (B) HMGB1 interacts with beclin 1and ATG5 to prevent calpain-mediated cleavage of these proteins,
allowing autophagy to proceed. (C) In the absence of HMGB1, beclin 1and ATGS are cleaved by calpain, generating protein fragments that localize to the

mitochondria and trigger cell death.

Discussion

HMGBI controls the autophagy/apoptosis checkpoint in IECs by
protecting beclin 1 and ATG5 from calpain 1 cleavage (Figure 7).
The calpain activity seen in DSS-treated mice and IBD patients
appears to result from caspase 1-mediated degradation and down-
regulation of calpastatin, the endogenous calpain inhibitor. Active
caspase 1 is generated by inflammasome activation in response
to microorganisms or cell stress (33). This protease cleaves pro-
IL-1B, pro-IL-18, or pro-IL-33 to generate the active forms of these
inflammatory cytokines, and inflammasome signaling is termi-
nated by autophagic degradation of assembled inflammasomes
(34).