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Deficiency in the anti-apoptotic protein DJ-1 promotes
intestinal epithelial cell apoptosis and aggravates
inflammatory bowel disease via p53
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Parkinson disease autosomal recessive, early onset 7 (PARK7
or DJ-1) is involved in multiple physiological processes and
exerts anti-apoptotic effects on multiple cell types. Increased
intestinal epithelial cell (IEC) apoptosis and excessive activation
of the p53 signaling pathway is a hallmark of inflammatory
bowel disease (IBD), which includes ulcerative colitis (UC) and
Crohn’s disease (CD). However, whether DJ-1 plays a role in
colitis is unclear. To determine whether DJ-1 deficiency is
involved in the p53 activation that results in IEC apoptosis in
colitis, here we performed immunostaining, real-time PCR, and
immunoblotting analyses to assess DJ-1 expression in human
UC and CD samples. In the inflamed intestines of individuals
with IBD, DJ-1 expression was decreased and negatively corre-
lated with p53 expression. DJ-1 deficiency significantly aggra-
vated colitis, evidenced by increased intestinal inflammation
and exacerbated IEC apoptosis. Moreover, DJ-1 directly inter-
acted with p53, and reduced DJ-1 levels increased p53 levels
both in vivo and in vitro and were associated with decreased p53
degradation via the lysosomal pathway. We also induced experi-
mental colitis with dextran sulfate sodium in mice and found that
compared with DJ-17/~ mice, DJ-1~/~p53~/~ mice have reduced
apoptosis and inflammation and increased epithelial barrier integ-
rity. Furthermore, pharmacological inhibition of p53 relieved
inflammation in the DJ-17/~ mice. In conclusion, reduced DJ-1
expression promotes inflammation and IEC apoptosis via p53 in
colitis, suggesting that the modulation of DJ-1 expression may be a
potential therapeutic strategy for managing colitis.
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Inflammatory bowel disease (IBD),® which includes ulcera-
tive colitis (UC) and Crohn’s disease (CD), is prevalent world-
wide. Evidence suggests that epithelial barrier defects play an
important role in pathogenesis (1, 2). Under physiological con-
ditions, the intestinal epithelium forms a physical and bio-
chemical barrier between luminal bacteria and mucosal
immune cells (3). To maintain intestinal barrier integrity, the
number of cells produced by proliferation in the crypt bases is
matched by the number of cells lost by apoptosis (4). Overacti-
vated intestinal epithelial cell (IEC) apoptosis is frequently
found in both UC and CD (5, 6, 7), leading to disruptions in
intestinal barrier integrity that may allow the infiltration of bac-
teria from the lumen into the bowel wall (8) and trigger an
inflammatory cascade, including proinflammatory cytokine
production, to clear the invading bacteria (9). However, this
cascade also provokes IEC death and further destroys epithelial
barrier integrity, thereby creating a vicious cycle and exacerbat-
ing IBD (9-11). At present, the molecular mechanisms that
regulate IEC apoptosis during the development of IBD remain
elusive.

Parkinson disease (autosomal recessive, early onset) 7
(PARK? or DJ-1) is a protein that was first reported to be asso-
ciated with autosomal-recessive, early-onset parkinsonism (12,
13), and this protein is an essential regulator of a variety of
cellular activities, including antioxidative activity, antiapopto-
tic effects (14), transcriptional regulation, chaperone activity,
and protein degradation (15). DJ-1 has been shown to be an
important regulator of cellular apoptosis. DJ-1 can inhibit apo-

© The abbreviations used are: IBD, inflammatory bowel disease; Akt, anti-apo-
ptotic protein kinase; ASK1, apoptotic signal-regulating kinase 1; CD,
Crohn'’s disease; CRC, colorectal cancer; DAI, disease activity index; Daxx,
death domain-associated protein; DKO, double-knockout; DSS, dextran
sulfate sodium; IEC, intestinal epithelial cell; IL, interleukin; PARK7, Parkin-
son disease (autosomal recessive, early onset) 7; TEER, transepithelial elec-
trical resistance; TNBS, 2,4,6-trinitrobenzenesulfonic acid; TNF, tumor
necrosis factor; UC, ulcerative colitis; LDH, lactate dehydrogenase; 10D,
integral optical density; Gy, gray; CQ, chloroquine; IHC, immunohisto-
chemical; CAV1, caveolin-1; Grx1, glutaredoxin; IP, immunoprecipitation;
FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde-3-phosphate de-
hydrogenase; TUNEL, terminal deoxynucleotidyltransferase-mediated
dUTP nick end labeling; PFT, pifithrin.
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Reduced colonic DJ-1 expression worsens IBD via p53

ptotic cell death through many downstream regulators, such as
apoptotic signal-regulating kinase 1 (ASK1) (16), anti-apopto-
tic protein kinase (Akt) (16), death domain-associated protein
(Daxx) (17), and p53 (18). Whether the antiapoptotic effects of
DJ-1 play a role in maintaining intestinal barrier integrity
remains unknown. Genome-wide searches have successfully
identified DJ-1 as one of the susceptibility loci in IBD (19). Pre-
vious studies have suggested that DJ-1 promotes the survival of
human colon cancer cells and predicts a poor prognosis in colo-
rectal cancer (CRC) (20, 21). However, the role of DJ-1 in IBD
has not been fully explored.

The tumor suppressor gene p53 is a central factor that deter-
mines cell fate and prevents the expansion of damaged and
mutated cells. Many studies have shown that p53 plays a part in
the development of IBD; however, the underlying mechanisms
remain unclear. p53 expression is increased in colitis in both
humans and mice (22, 23), positively correlated with the sever-
ity of colitis in 2,4,6-trinitrobenzenesulfonic acid (TNBS)-in-
duced mouse models and remarkably reduced in patients
treated with an anti-tumor necrosis factor (TNF) monoclonal
antibody (mAb) (22). Furthermore, in p53 knockout (KO) mice
(p53~/~ mice), the apoptosis rate of IECs is significantly
reduced (24). Accumulating evidence indicates that the role of
DJ-1 in modulating cell apoptosis might rely on p53 expression.
In a TAB-treated heart failure model, DJ-1-deficient mice
were relatively prone to developing heart failure accompanied
by increased cardiomyocyte apoptosis and a significantly
increased p53 mRNA level (25).

In this study, we first described the down-regulated
expression of DJ-1 in both CD and UC patients and mouse
colitis models. Additionally, DJ-1 deficiency was found to
aggravate colitis and exacerbate mucosal cell apoptosis,
leading to the breakdown of the epithelial barrier. Thus,
interfering with DJ-1 expression may be a potential thera-
peutic approach for colitis.

Results
Intestinal DJ-1 expression is reduced in IBD

To explore the role of DJ-1 in IBD, we first measured DJ-1
expression in intestinal mucosal samples from patients with
active IBD and control individuals. As shown in Fig. 14, DJ-1
protein expression was markedly reduced in the samples from
both CD patients and UC patients compared with those from
the healthy control subjects, as indicated by semiquantitative
analysis of the integral optical density (IOD) of DJ-1-positive
areas (Fig. 1B). We also found that DJ-1 protein levels were
decreased in the inflamed zone compared with the nonin-
flamed zone in individual patients (Fig. 1, C and D). Then, we
examined DJ-1 levels in a mouse colitis model. Consistent with
the results for the IBD patients, the DJ-1 mRNA level was
decreased by ~50% in dextran sulfate sodium (DSS)-induced
colitis mice (Fig. 1E), and DJ-1 protein expression was lower in
the DSS-induced mice colon than in control mice (Fig. 1, F and
G). In TNBS-induced mouse colitis models, DJ-1 had a similar
expression pattern (Fig. 1H). IECs and bone marrow cells from
wildtype (WT) mice were isolated and treated with TNF« for
6 h. A reduced DJ-1 mRNA level (Fig. 1]) and lower DJ-1 protein
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expression (Fig. 1) were found in the IECs but not in the bone
marrow cells (Fig. 1L). Reduced DJ-1 protein expression was
also found in IECs from DSS-treated mice compared with those
from control mice (Fig. 1K). Taken together, these results sug-
gested that the down-regulation of DJ-1 expression was present
in IBD.

DJ-1 deficiency aggravated DSS-induced experimental colitis

To determine the effect of DJ-1 deficiency on colitis, DJ-17/~
mice were generated. DJ-1~/~ mice and control WT litter-
mates were treated with 3.5% DSS in the drinking water for 7
days to establish an acute experimental colitis model, but the
KO mice showed poor health and were sacrificed on day 6. In
the KO mice, body weight began to fall on day 4 (Fig. 24), which
was much earlier than the time observed for the WT mice.
Furthermore, higher disease activity index (DAI) scores (Fig.
2B) and shorter colon length (Fig. 2C) were observed in the KO
mice than in the WT mice. Histological examination results for
colon sections corresponded with the clinical observations.
Compared with the WT mice, the KO mice exhibited marked
disruption of the epithelial architecture, with larger areas of
crypt loss, fewer goblet cells, and more severe inflammation
(Fig. 2D), as evidenced by a significantly elevated histological
score (Fig. 2E). The inflammatory response, especially inflam-
matory cytokine secretion (26), lymphocyte infiltration (27),
and NF-«B signaling pathway activation (28), is an indispens-
able component of IBD pathogenesis. As all the mice were sac-
rificed on day 6 because of the poor health of the KO mice, only
TNFa transcriptional levels showed a dramatic elevation after
DSS treatment in colons from the WT mice. Other proinflam-
matory cytokines (interleukin (IL)-6 and IL-18) and chemo-
kines (MCP1, IL-8, and CCL3) remained unactivated, and this
state was substantially exacerbated in the DJ-1~/~ mice (Fig.
2F). Increased cytokine levels were also observed in the
serum of the KO mice compared with that of the W'T mice
(Fig. S1A). In the colon, the neutrophil infiltration marker
myeloperoxidase showed higher expression in the lamina
propria of the KO mice than in that of the WT mice (Fig.
S1B) and higher levels of the macrophage marker F4/80 were
observed in the submucosa of the KO mice (Fig. S1C), con-
firming and extending the cytokine and chemokine observa-
tions. Signaling by NF-«B, which is a master regulator of
gene transcription, is often dysregulated in IBD patients,
resulting in overzealous inflammation (28). Furthermore, we
also found that the IkBa-NF-«B signaling pathway was acti-
vated in KO mice compared with WT mice (Fig. 2G). We also
used the Caco-2 cell line exposed to several inflammatory
mediators (MIX) to establish a cell model to mimic gut
inflammation in IECs (see “Experimental procedures”).
Notably, knocking down DJ-1 expression with 3 small inter-
fering RNAs (siRNAs) increased the mRNA levels of associ-
ated cytokines (TNFa and IL-8) (Fig. S1D). In addition, DJ-1
overexpression alleviated the expression of inflammatory
mediators induced by MIX (Fig. S1E). Both the clinical and
histological results indicated that DJ-1 deficiency markedly
aggravated colitis in mice.
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Figure 2. DJ-1 KO mice are hypersensitive to DSS-induced experimental colitis. A-G, WT (n = 5) and DJ-1 KO (n = 5) mice were treated with 3.5% DSS for
6 days. Body weight (A) and the disease activity index (B) calculated from weight loss, stool consistency, and bleeding were scored daily. Mice were sacrificed
on day 6, and colon length (C) were measured. Values are expressed as the mean * S.D. **, p < 0.01; ***, p < 0.001. D, histological changes in colon tissue
samples from water-treated WT, water-treated DJ-1~/~ (KO), DSS-treated WT (WT DSS), and DSS-treated DJ-1 KO (KO DSS) mice were examined by hematoxylin
and eosin staining (original magnification, X50). E, semiquantitative scoring of histopathology was then performed as described under “Experimental proce-
dures.” Values are expressed as the mean = S.D.*** p < 0.001. F, colons were collected from WT and KO mice after DSS treatment for cytokine and chemokine
analysis. The relative mRNA levels of cytokines and chemokines in the colon were calculated. Values are expressed as the mean = S.D.*, p < 0.05; **, p < 0.01;
*** p < 0.001. G, Western blotting was used to analyze IkBa-NF-kb protein expression in colons harvested from mice after DSS administration.

Figure 1. Reduced DJ-1 expression is found in the intestine of patients with IBD and in chemically induced mouse acute experimental colitis. A,
Representative IHC analysis of DJ-1 expression in colonic tissue samples from healthy individuals (Normal), patients with UC, and patients with CD (original
magnification, X50). B, statistical analysis of DJ-1 expression in healthy individuals (n = 15), patients with UC (n = 23), and patients with CD (n = 63). Values are
expressed as mean = S.D.*¥, p < 0.01;****,p < 0.0001. C, representative IHC analysis of DJ-1 expression in the inflamed zone and noninflamed zone of the same
individual patients with IBD (original magnification, X 100). D, statistical analysis of DJ-1 expression in the inflamed zone and noninflamed zone in colonic tissue
samples from the same patients (n = 10). Values are expressed as mean * S.D. **, p < 0.01, paired t test. £, intestinal DJ-1 mRNA expression in normal mice (n =
6) and mice treated with 3% DSS (n = 4) or 4% DSS (n = 6) for 7 days was determined by quantitative PCR. Values are expressed as the mean + S.D.*, p < 0.05;
*** p < 0.001. F, representative IHC analysis of DJ-1 expression in normal and DSS-treated mice (original magnification, X100). G, Western blotting of DJ-1
protein expression in colon from mice treated with or without 3% DSS for 7 days. H, Western blotting of DJ-1 protein expression in colon from mice treated with
or without TNBS. / and J, Western blotting of DJ-1 protein (/) and mRNA (J) expression in IECs treated with or without TNFa. K, Western blotting of DJ-1 protein
expression in [ECs isolated from control mice and DSS-treated mice. L, Western blotting of DJ-1 protein expression in bone marrow cells treated with or without
TNFa.
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DJ-1 expression in hematopoietic cells is essential for colitis in
the DSS-induced colitis model

To determine the cell populations that contribute to the
DJ-1-mediated protection against colitis, we generated 4
groups of DJ-1 bone marrow chimeras. WT and KO recipient
mice received a sublethal dose of y-ray irradiation (8.0 Gy) to
kill the bone marrow cells, but all the KO recipient mice died
between day 3 and 6 after irradiation, indicating that the KO
mice were more susceptible to irradiation than the WT mice.
Thus, a lower irradiation dose (6.5 Gy) was given to KO-recip-
ient mice. Six weeks after bone marrow reconstitution, the gen-
otypes of the bone marrow were evaluated (Fig. S2) and then the
mice were subjected to DSS. WT to WT mice, in which DJ-1
was intact in all cells, had significantly lower body weights (Fig.
S3A) and higher DAI scores (Fig. S3B) than KO to WT mice, in
which DJ-1 was disrupted only in myeloid cell. Histological
examination results for colon sections corresponded with the
clinical observations (Fig. S3, D and E). Moreover, activation of
the IkBa-NF-«B signaling pathway (Fig. 3F) and increased pro-
inflammatory cytokines and chemokines (MCP1, IL-13, CCL3,
and IL-6) were observed in the WT to WT group (Fig. S3G),
which suggested that DJ-1 in immune cells exacerbated colitis.
On the other hand, the loss of body weight, DAI scores, colon
shortening, histological scores, and levels of proinflammatory
cytokines and chemokines in WT to KO mice in which DJ-1
was intact only in myeloid cells, were ameliorated in KO to KO
mice (Fig. S3, H-N). Collectively, these data indicate that a lack
of DJ-1 in the epithelium is critical to improve colitis, whereas
the role of DJ-1 in immune cells may be the reverse.

DJ-1 deficiency contributed to IEC apoptosis

An abnormal intestinal barrier is deemed a defining feature
of IBD and experimental colitis. Cell apoptosis regulation is
among the diverse functions of DJ-1. On this basis, we hypoth-
esized that DJ-1 performs a critical function in the regulation of
intestinal permeability by controlling IEC apoptosis. We found
that expression of Claudinl, a cell-cell adhesion molecule
located at the tight junctions between cells in epithelial cell
sheets (29), was barely observed in DSS-induced DJ-1~/" mice
(Fig. S4A). In addition, TUNEL staining of histological sections
confirmed that DJ-1~/~ mice had greatly increased numbers of
apoptotic cells in the epithelium and lamina propria of the
colon, whereas WT mice showed only a mild increase in apo-
ptotic cells (Fig. 34). We also measured intestinal permeability
in DJ-17/~ and WT mice without DSS treatment and found
that the FITC-dextran level in the serum was not different
between the two groups (Fig. 3B). However, abnormalities in
epithelial permeability were much more severein DJ-1~/~ mice
thanin WT mice after DSS treatment (Fig. 3B). The levels of the
cleaved, activated forms of caspase 3 and caspase 7 were signif-
icantly higher in DJ-1~/~ mice than in WT mice after exposure
to DSS (Fig. 3C). An abnormal intestinal barrier was also noted
in vitro by using a coculture model. Transepithelial electrical
resistance (TEER) increased relatively slowly in a DJ-1-silenced
group transfected with a DJ-1-specific siRNA every week (Fig.
S4B). After DJ-1 expression was knocked down in HCT116 cells
for 24 h, the cells were then stimulated with human TNFa« for
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24 h to induce cell apoptosis. As shown in Fig. 3, D and E, the
caspase 3/7 activity in the live cells and the lactate dehydroge-
nase (LDH) level in the culture medium were significantly ele-
vated in the DJ-1-silenced group. Increased cell apoptosis in a
DJ-1-silenced group was also found in Caco-2 cells treated with
MIX (Fig. 3, F and G).

Interaction with p53 was required for DJ-1 function in IBD in vitro

The data described above suggested that the down-regula-
tion of DJ-1 expression aggravated IEC apoptosis and barrier
function lesion development in colitis. Kato and colleagues (30)
found that DJ-1 bound to the DNA-binding region of p53 in a
manner dependent on the oxidation of C106. Interestingly,
knocking out DJ-1 significantly up-regulated colonic p53 and
p21 expression in DSS-treated mice (Fig. 4A). Accordingly, the
p53 protein level was also increased in the DJ-1-deficient
HCT116 colitis model (Fig. 4B). Furthermore, to identify pro-
tein-protein interactions, we prepared 293T cells and HCT116
cells expressing FLAG-DJ-1 and performed co-immunopre-
cipitation (co-IP) assays. Our results revealed a marked inter-
action between DJ-1 and p53 in the two cell lines (Fig. 4, C and
D). Then endogenous DJ-1 was immunoprecipitated from
HCT116 cell lysates, the results showed that DJ-1 physically
associated with p53 in untreated and TNFa-treated cells (Fig.
4E). However, how does DJ-1 alter P53 expression? The local-
ization and phosphorylation of p53 were tested in DJ-1 knocked
down cells and these cells were no different from control cells
(Fig. S5A). DJ-1 overexpression in HCT116 cells decreased p53
expression. The cells were simultaneously treated with the pro-
teasome inhibitor MG132 or the lysosome inhibitor chloro-
quine (CQ). The results showed that CQ (Fig. 4G) but not
MG132 (Fig. 4F) prevented the down-regulation of p53 in the
context of DJ-1 overexpression. Together, these results indi-
cated that the degradation of p53 by DJ-1 occurred via the lys-
osomal pathway, accompanied by increased LC3-II and
decreased p62 levels (Fig. S5B). p53 protein levels in both the
cytoplasm and nucleus were increased after TNFa stimulation
(Fig. S5C). An immunofluorescence staining assay showed that
DJ-1and p53 colocalized in the cytoplasm in HCT116 cells (Fig.
4H). Finally, we determined whether the p53 protein was impli-
cated in human IBD. Immunohistochemical (IHC) analysis
indicated that p53 expression levels were significantly higher in
both CD and UC colon tissue samples than in normal control
tissue samples (Fig. 4, I and /) and negatively correlated with
DJ-1 expression levels in 65 paired human samples (Fig. 4K).

DJ-1 participated in IBD through a p53-dependent mechanism
in vivo

To further test the hypothesis that p53 activation plays an
essential role in mediating DSS-induced colitis in DJ-1~/~
mice, a rescue experiment was conducted using DJ-1 and p53
double KO (DKO) mice. DKO and KO mice were treated with
DSS for 7 days. Although body weight loss (Fig. 54) showed no
difference between the two groups, the DAI and colon length
shortening were significantly ameliorated in the DKO mice
compared with the KO mice (Fig. 5, B and C). Histological
examination results for colon sections corresponded with the
clinical observations (Fig. 5, D and E). In accordance with the
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alleviated mucosal damage observed in the DKO mice, intesti-
nal permeability was markedly decreased in these animals
according to serum FITC-dextran analysis (Fig. 5F). The
expression levels of proinflammatory cytokines and chemo-
kines, which were prominently elevated in the KO mice, were
significantly reduced in the DKO mice (Fig. 5G). Consistently,
the DJ-1 deficiency-induced activation of caspase 3 and caspase
7 were dramatically blunted in the DKO mice (Fig. 5H). Fur-
thermore, the activation of the IkBa-NF-«B signaling pathway
was also decreased in the DKO mice (Fig. 5H). Taken together,
these results suggested that the stimulatory effects of DJ-1 defi-
ciency on the development and progression of colitis were
largely dependent on p53 signaling.

Targeted suppression of p53 was an effective therapeutic
strategy in DJ-1- deficient mice

We used a pharmacological inhibitor of p53 to test whether
targeting p53 in DJ-1- deficient mice exerted a therapeutic effect
on colitis. PFT-«a was administered to both KO and WT mice by
intraperitoneal injection at a dosage of 2.2 mg/kg every other day
along with DSS administration. Consistently, the body weight loss
and colon length shortening exacerbated by DJ-1 deficiency were
observed in control KO mice, whereas these adverse effects were
dramatically blunted in the KO mice intraperitoneally injected
with PFT-« (Fig. 6, A and B). Histological examination results for
colon sections agreed with the clinical observations (Fig. 6, C and
D). The inflammatory response (Fig. 6E) was significantly reduced
by injecting PFT-a into KO mice. The tight junction protein Clau-
dinl showed increased expression in the KO mice intraperitone-
ally injected with PFT-a compared with the KO mice injected with
the vehicle (Fig. S6).

Discussion

In this study, we showed that DJ-1 played a critical role in
maintaining epithelial barrier homeostasis in colitis. First, we
found that intestinal DJ-1 expression was decreased in patients
with UC or CD and in an acute colitis mouse model. DJ-1 defi-
ciency increased the susceptibility of mice to DSS-induced exper-
imental colitis. Furthermore, we found that DJ-1 deficiency pro-
moted DSS-induced apoptosis in IECs and TNFa-induced cell
apoptosis, leading to the breakdown of the epithelial barrier in vivo
and in vitro, which resulted in increased susceptibility to experi-
mental colitis. We provide the first evidence that DJ-1 performs
critical functions in maintaining intestinal epithelial barrier home-
ostasis and thus participates in colitis.

Genome-wide association studies by genetic consortia have
identified numerous variants involved in IBD pathogenesis
(31). Anderson and co-workers (19) conducted a meta-analysis
of 6 UC genome-wide association studies, comprising 6,687
cases and 19,718 controls, and further explored the top associ-
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ation signals in 9,628 cases and 12,917 controls; they found that
the DJ-1 loci might be new susceptibility loci in IBD. However,
the possible mechanism remains to be described. A recent
study demonstrated that DJ-1 might be a novel prognostic bio-
marker and potential therapeutic target in human CRC (20, 21).
Despite studies examining CRC, the role of DJ-1 in IBD has not
been elucidated. In this study, we found that DJ-1 expression
was obviously decreased in the intestine of colitis mice and in
human intestinal samples from patients with CD or UC. In
addition, we are the first to demonstrate that DJ-1 may be a
vitally important factor in the protection against intestinal epi-
thelium injury because completely knocking out DJ-1 increased
mouse susceptibility to DSS-induced acute colitis. These find-
ings suggested that the down-regulation of DJ-1 expression
might contribute to the development of IBD.

Increased IEC apoptosis is found in both UC and CD and has
been perceived to be a major homeostatic and pathogenic
mechanism of IBD (32). DJ-1 deficiency can promote cell apo-
ptosis in several disease-associated conditions. Junn and co-
workers (17) proposed that DJ-1 directly interacts with Daxx,
hampering the interaction between Daxx and ASK1 and
thereby inhibiting ASK1 activation and cell death. DJ-1 may
inhibit oxidative stress-induced apoptotic cell death not only by
interacting with ASK1 directly, but also by activating and phos-
phorylating Akt (16). Furthermore, DJ-1 can also inhibit
TRAIL-induced apoptosis by recruiting pro-caspase 8 to FADD
(33). Our data first demonstrated that DJ-1 deficiency pro-
moted DSS-induced IEC apoptosis. The FITC-dextran perme-
ability experiment also suggested that DJ-1 could be helpful in
maintaining the integrity of the colonic epithelial barrier.

After searching for potential DJ-1-interacting proteins in
the STRING database, we found that p53, an inducer of epithe-
lial cell apoptosis (22, 23, 24), was significantly activated in
DJ-1"/~ mice after DSS treatment. Several studies have dem-
onstrated the link between p53 and DJ-1. Partly knocking down
DJ-1 expression results in the up-regulation of p53 expression
and increased apoptosis in the KG1 cell line. DJ-1/p53 interac-
tions contribute to apoptosis resistance in clonal myeloid cells
and may serve as a prognostic marker in patients with myelo-
dysplastic syndrome (34). Knocking down DJ-1 expression
increases Bax protein levels and accelerates the caspase 3 acti-
vation and cell death induced by UV exposure, suggesting that
the cytoprotection mediated by DJ-1 involves inhibiting the
p53-Bax-caspase pathway (18). These studies inspired us to
determine whether DJ-1 can act as an upstream molecule of p53
for regulating apoptosis in IBD. In this study, we found that the
p53 protein level was increased in DJ-1- deficient mice and that
DJ-1 interacted with p53 in vitro. Both genetically and pharma-
cologically, we discovered that p53 inhibition could rescue the

Figure 3.DJ-1 restricts DSS-induced intestinal epithelial cell apoptosis. A, TUNEL (brown) staining of colonic sections from mice treated as described in the
legend to Fig. 2 is shown (original magnification, X200). B, these mice were fed FITC-dextran (60 mg/100 g) 4 h before sacrifice on day 6, and the serum level
of FITC-dextran was detected with a microplate reader (control n = 4-5/group, DSS n = 5/group). Values are expressed as the mean = S.D. *, p < 0.05. C, the
protein levels of active caspase 3, caspase 7, and DJ-1 in the mouse colon were probed by Western blotting. D and E, DJ-1 expression was knocked down in
HCT116 cells by siRNAs for 24 h, and then the cells were stimulated with 100 ng/ml of TNFa for 24 h. The activity of caspase 3/7 (D) and LDH (E) were measured
as described under “Experimental procedures,” and the results were normalized to control results. F and G, DJ-1 expression was knocked down in Caco-2 cells
by siRNAs for 24 h, and then the cells were stimulated with MIX for 24 h. The activity of caspase 3/7 (F) and LDH (G) were measured as described under
“Experimental procedures,” and the results were normalized to the control results.
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histological damage caused by DJ-1 deficiency. In our study, we
also found a pronounced negative correlation between DJ-1
expression and p53 expression in 65 paired human samples.
Based on our findings, further study is needed to clarify the
mechanism leading to DJ-1 down-regulation. We found that
the upstream region of DJ-1 has rarely been reported. Our
group found that caveolin-1 (CAV1), a protein that aggravates
colitis, might regulate DJ-1 activity. We found that the DJ-1
level was decreased in the WT mice after DSS treatment as we
reported in Fig. 1, but the decreased DJ-1 was rescued in the
CAV1 KO mice after DSS treatment (Fig. S7). Considering that
changes in the DJ-1 level might be subjected to regulation of its
upstream signal molecule, we put CAV1 as a potential
upstream molecule. We are fully aware that the effect size is not
as evident as we had expected; therefore further research con-
cerning DJ-1 and caveolin-1 double KO mice is needed to iden-
tify the detailed mechanism. However, some studies have
reported that DJ-1 can regulate caveolin-1 (35, 36), which is
contrary to our finding, so DJ-1 and caveolin-1 double KO mice
have been generated in our group. In addition, glutaredoxin
(Grx1), a small thioltransferase, is considered another up-
stream molecule. A study reported that Grx1l could control
renal tubular epithelial cell apoptosis by regulating DJ-1 (37).
Knocking down Grx1 expression has also been reported to
increase cell death (38) and decrease the DJ-1 protein content
in different cell lines (38, 39). Overexpression of DJ-1 abolishes
the cell toxicity associated with diminished Grx1 function (38).
Grx1~/~ mice have diminished levels of DJ-1 protein than WT
controls (40). However, the role of Grx1 in IBD has not yet been
reported, and the protein level of DJ-1 in DSS-treated Grx1 KO
mice needs to be measured in future studies. Experiments
regarding the role of Grx1 and DJ-1 in colitis has been under-
taken. There are several limitations to our study. First, further
studies are needed to determine DJ-1 mRNA levels in more CD
and UC patients of different phases, such as those in mild or
severe, active or remission periods. DJ-1 could probably be a
monitoring indicator for severity of colitis. Additionally, evi-
dence for reduced DJ-1 expression promoting cytotoxicity via
p53 at the cellular level is lacking. siRNA or shRNA with an
increased p53-silencing efficiency can be used in further stud-
ies. Mechanistically, we assumed that DJ-1 might degrade p53
through autophagy, but the underlying mechanism remains to
be elucidated. Further studies are anticipated to determine the
cellular mechanism of the p53—-D]J-1 interaction. Furthermore,
we found that DJ-1 might play different roles in different cell
types. Research concerning IEC-specific DJ-1 KO mice, bone
marrow-specific DJ-1 KO mice, and colonic DJ-1 overexpres-
sion awaits further exploration in future studies. In summary,
our data demonstrated that a defect in DJ-1 expression might

Reduced colonic DJ-1 expression worsens IBD via p53

aggravate inflammation and epithelial cell apoptosis through
p53 signaling in colitis, suggesting that the modulation of DJ-1
expression might be a potential therapeutic approach for colitis
treatment (Fig. S8).

Experimental procedures
Tissue samples

Human paraffin-embedded colon sections from IBD patients
or normal control subjects were obtained from the Department
of Gastroenterology, First Affiliated Hospital, Zhejiang Univer-
sity, and the Department of Gastroenterology, Ruijin Hospital
of Shanghai Jiaotong University. The use of colon tissue sam-
ples from patients in this study was approved by the Ethics
Committee of the First Affiliated Hospital, College of Medicine,
Zhejiang University, and the studies abided by the Declaration
of Helsinki principles.

Mice

DJ-1"'~ mice (The Jackson Laboratory, Bar Harbor, ME,
stock number 006577, C57BL/6 background) were kindly pro-
vided by Dr. Xiaoni Kong and mated with WT mice (C57BL/6
background) to obtain mice with the DJ*/~ genotype. p53-
heterozygous KO mice (C57BL/6 background) were purchased
from Biocytogen Co., Ltd. (Beijing, China). Control mice were sib-
ling littermates obtained from crossing DJ "/~ mice with their sib-
lings. The genotypes of the DJ-1~/~ mice and p53*/~ mice were
identified by using PCR as described by The Jackson Laboratory
and the information provided by the company. DJ-1"/~ mice were
mated with p53™/~ mice to generate DJ-1~/"p53 ™/~ DKO mice.
Animals, which were maintained under specific pathogen-free
conditions, were bred and maintained at 23 * 2 °C on a 12-h light/
12-h dark cycle at the Medical Science Institution of Zhejiang
Province (Hangzhou, China). All animals were given mouse chow
and water ad libitum (5 mice per cage). Eight- to 10-week-old male
mice, weighing 20-25 g, were used for all experiments. All of the
animal experiments were performed according to guidelines
approved by the Animal Care and Use Committee of the First
Affiliated Hospital, College of Medicine, Zhejiang University.

Induction of DSS-induced and TNBS-induced colitis and
treatment

For colitis induction, mice were administered 3.5% DSS (MP
Biomedicals, Solon, OH) in the drinking water for 6 or 7 days.
For TNBS treatment, mice were presensitized by application of
1% TNBS (Sigma-Aldrich) to the skin for 1 week. After fasting
for 24 h, the mice received 100 ul of 2.5% TNBS by rectal injec-
tion with a 1-ml syringe fitted with a catheter, as described by
Wirtz et al. (41). For the p53 function experiment, PFT-« (Sell-

Figure 4. Interaction with p53 is required for DJ-1 function in IBD in vitro. A, p53 and p21 were analyzed by Western blotting of colonic total protein from
treated mice. B, DJ-1 expression was knocked down by siRNAs for 24 h in HCT116 cells, the cells were stimulated with 100 ng/ml of TNFa« for 24 h, and p53
expression was determined by Western blotting. C and D, HCT116 cells (C) or 293T cells (D) infected with a FLAG-tagged DJ-1 overexpression plasmid or the
empty vector (NC) for 48 h were collected, and total FLAG-tagged DJ-1 was immunoprecipitated using M2 beads. £, HCT116 cell lysates were immunoprecipi-
tated with anti-DJ-1 or control IgG antibodies. Fand G, 293T cells infected with FLAG-tagged p53 and His-tagged DJ-1 were stimulated with 100 ng/ml of TNF«
for 24 h and then treated with MG132 (25 um, F) or CQ (50 uMm, G) for another 4 h. H, representative immunofluorescence staining with a DJ-1-specific antibody
(anti-DJ-1, green) and p53-specific antibody (anti-p53, red) is shown (original magnification, X 1000)./, representative IHC analysis of p53 expression in colonic
tissue samples from healthy individuals (normal), patients with UC, and patients with CD is shown. J, statistical analysis of p53 expression in healthy individuals
(n = 11), patients with UC (n = 13), and patients with CD (n = 44) was performed. The results are represented as the mean = S.D. *, p < 0.05; **, p < 0.01; **¥,
p < 0.001, unpaired t test. K, correlative analysis of the DJ-1 IHC staining I0D/area score and p53 IHC staining I0D/area score is shown (IBD group, n = 65).
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eck, Houston, TX) was administered by intraperitoneal injec-
tion at a dosage of 2.2 mg/kg every other day along with DSS
administration.

Determination of DAl scores

DAI scores were calculated as previously described (42).
Body weight, bleeding, and stool consistency were monitored
every day during colitis experiments. All scores were relative to
the scores on day 0, which were set to 0. For body weight, no loss
was scored as 0, 1-5% weight loss was scored as 1, 6-10%
weight loss was scored as 2, 11-20% weight loss was scored as 3,
and higher than 20% was scored as 4. Bleeding scores were
determined as follows: 0, no blood as examined by hemoccult
(Beckman Coulter) analysis, 2, positive hemoccult test, and 4,
gross bleeding. For stool consistency, 0 indicated well-formed
stool pellets, 2 indicated pasty and semiformed stools that did
not adhere to the anus, and 4 indicated liquid stools that
adhered to the anus.

Analysis of histological scores

Paraffin-embedded sections (4-mm thickness) were sub-
jected to hematoxylin and eosin (H&E) staining for histological
analysis. Histological scoring was performed as previously
described (43). Briefly, scores for inflammatory cell infiltration
(score 0-3) and tissue damage (score 0—3) were assessed. For
inflammatory cell infiltration, the presence of occasional
inflammatory cells in the lamina propria was scored as 0, the
presence of increased numbers of inflammatory cells in the
lamina propria was scored as 1, confluence of inflammatory
cells extending into the submucosa was scored as 2, and trans-
mural extension of the infiltrate was scored as 3. For tissue
damage, no mucosal damage was scored as 0, the presence of
lymphoepithelial lesions was scored as 1, the presence of sur-
face mucosal erosion or focal ulceration was scored as 2, and
extensive mucosal damage with extension into the deeper
structures of the bowel wall was scored as 3. The combined
histological score ranged from 0 (no changes) to 6 (extensive
cell infiltration and tissue damage).

Cell culture

HCT116 cells, Caco-2 cells, 293T cells, and RAW264.7 cells
were purchased from the Chinese Academy of Sciences (Shang-
hai, China). To develop an in vitro model to investigate inflam-
matory signaling in IECs, Caco-2 cells were exposed to the
inflammatory mediators (MIX) LPS (1 pg/ml) (Sigma-Aldrich),
TNFa (50 ng/ml), recombinant human interferon-vy (rhIFN-v;
50 ng/ml), and rhIL-18 (25 ng/ml) (PeproTech, Rocky Hill, NJ)
for 24-h (44). To establish a cell apoptosis model, HCT116 cells
were treated for 24 h with 100 ng/ml of TNFa. Caco-2 and

Reduced colonic DJ-1 expression worsens IBD via p53

RAW264.7 cells were used for the co-culture system as
previously described (45). HCT116 and Caco-2 cells were
transfected with DJ-1-specific siRNAs (siD]J-1-1, 5'-GAUU-
AAGGUCACCGUUGCA-3’; siDJ-1-2, 5'-GAATTTATCT-
GAGTCTGCT-3'; and siDJ-1-3, 5'-TGATGAATGGAGG-
TCATTA-3') or corresponding scrambled siRNAs as a
negative control (forward, 5'-UUCUCCGAACGUGUCA-
CGQUATdAT-3'; reverse, 5'-ACGUGACACGUUCGGAG-
AAdTdT-3") using Lipofectamine 3000 (Invitrogen). An
overexpression plasmid containing the full-length DJ-1
DNA sequence or full-length p53 DNA sequence was trans-
fected into HCT116 and HEK293T cells using Lipofectamine
3000 according to the manufacturer’s instructions. Cells
were transfected with siRNAs or plasmid DNA for 24 h and
then incubated for another 24 h with TNFa or MIX before
harvesting.

TEER measurement

TEER values were measured using a Millicell-ERS instru-
ment (Millipore, Eschborn, Germany) according to the man-
ufacturer’s instructions.

Immunohistochemistry

Immunohistochemistry was performed as described previ-
ously (46). Five fields at a final magnification of X100 were
randomly selected for each sample, and the IOD of all the pos-
itive staining in each photograph was measured with Image Pro
Plus 6.0 software.

Western blotting analysis

Western blotting analysis was performed as described previ-
ously (46). RIPA buffer (Beyotime, Jiangsu, China) was used to
extract proteins supplemented with protease and phosphatase
inhibitors (Invitrogen). Protein concentrations were measured
using the BCA Protein Assay Kit (Beyotime). A total of 20 ug of
protein from each group was separated by 12% SDS-PAGE and
then electrophoretically transferred to polyvinylidene difluo-
ride membranes (Millipore). After blocking with 5% nonfat
milk (Sangon, Shanghai, China) in a Tris-buffered saline/
Tween solution at room temperature for 1 h, the membranes
were incubated overnight with primary antibodies at the dilu-
tions specified by the manufacturers. The membranes were
then incubated with the corresponding horseradish peroxi-
dase-conjugated secondary antibody at a 1:5,000 dilution for
1 h. After three washes with Tris-buffered saline /Tween, spe-
cific bands were visualized using an ECL detection kit (Beyo-
time) and imaged with the ChemiScope 6000 Pro Touch (Clinx
Science Instruments Co., Ltd., Shanghai, China). The antibod-
ies used for this study are listed in Table S1.

Figure 5.DJ-1 participatesin IBD through a p53-dependent mechanism in vivo. A and B, WT mice (n = 8),DJ-1~’" mice (n = 11),and DJ-1"/"p53~/~ (DKO)
(n = 5) mice were treated with 3.5% DSS for 7 days and their body weights (A) and DAI scores (B) were monitored daily. The results are represented as the
mean = S.D.*, p < 0.05; ****, p < 0.0001. C, mouse colon length were measured after sacrifice. The results are represented as the mean = S.D. ***, p < 0.001;
**¥% p < 0.0001. D, representative images of hematoxylin and eosin staining of colon tissue samples from mice are shown (original magnification, X50 for
upper panels; X100 for lower panels). E, histological analysis of colon tissue samples is shown. The histological scores were determined in a double-blinded
manner. The results are represented as the mean = S.D. ***, p < 0.001; ****, p < 0.0001, unpaired t test. F, intestinal permeability was evaluated by measuring
the concentration of FITC-dextran in the blood serum. G, quantitative RT-PCR analysis was used to assess cytokine and chemokine production in whole-colon
homogenates (7 days of DSS treatment). The results are represented as the mean = S.D. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. H,
immunoblotting was used to analyze cleaved caspase 3, cleaved caspase 7, and |kBa-NF-«B signaling pathway molecule protein levels in colon tissue samples
from mice treated as described above. Lysates from four different mice were analyzed for each group.
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Figure 6. Targeted suppression of p53 is a therapeutic strategy for DJ-1 deficiency in mice. A, PFT-a was administered by intraperitoneal injection into WT
mice (n = 8) and DJ-1"/" mice (n = 6), and the control group (WT n = 5, KO n = 7) was intraperitoneally injected with DMSO. All mice were treated with 3.5%
DSS for 7 days, and their body weights were monitored daily. The results are represented as the mean = S.D.*, p < 0.05. B, mouse colon length were measured
after sacrifice. The results are represented as the mean =+ S.D. G, representative images of hematoxylin and eosin staining of colon tissue samples from mice are
shown (original magnification, X 50 for upper panels; X100 for lower panels). D, histological analysis of the colon tissue samples described in C was performed.
The histological scores were determined in a double-blinded manner. The results are represented as the mean = S.D.*, p < 0.05; **, p < 0.01, unpaired t test.
E, immunoblotting was used to analyze IkBa-NF-«B expression in colon tissue samples from mice treated as described in A. Lysates from three or four different

mice were analyzed for each group.

Serum cytokine measurements

Serum cytokine levels were measured using the BD Cyto-
metric Bead Array (BD Biosciences, NJ) Mouse Soluble Pro-
tein Master Buffer Kit. Briefly, mouse soluble protein stan-
dards were reconstituted and serially diluted, capture beads
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were mixed by design, and the standards and mouse serum

samples were transferred to the appropriate assay tubes con-
taining capture beads and incubated for 1 h at room temper-
ature. Then, 50 ul of mixed phycoerythrin detection reagent
was added to each well and incubated for 1 h. After washing,

SASBMB



the standards and samples were acquired on a flow
cytometer.

Bone marrow chimeras

Bone marrow chimeras were established as previously
reported (10). Briefly, recipient mice received a sublethal dose
of y-ray irradiation (8.0 Gy for WT mice; 6.5 Gy for KO mice) to
kill the bone marrow cells, and at 6 h postirradiation, the WT
and KO recipients received 100 ul of fresh WT or KO bone
marrow cells at a concentration of 2 X 10”/ml. Six weeks after
bone marrow transplantation, blood was collected from the
mice and evaluated with a DJ-1 genotyping analysis to exclude
mice with failed reconstitution. Then, the mice were fed 3.5%
DSS for the indicated time to induce colitis.

Immunoprecipitation

HCT116 and 293T cells were plated in 10-cm? dishes and
then transfected with FLAG-tagged full-length DJ-1 DNA for
48 h before being lysed with 1 ml of ice-cold IP lysis buffer
(Pierce) and a protease inhibitor mixture (Invitrogen). The cell
lysates were immunoprecipitated with 18 ul of anti-FLAG M2
Affinity gel (Sigma) and incubated with rocking at 4 °C for 3 h
(7.5 circles/min). Then, the agarose was washed four times with
lysis buffer and boiled in SDS sample buffer. For endogenous
protein IP, HCT116 cell lysates were immunoprecipitated
using an anti-DJ-1 antibody plus protein A/G-agarose. The
proteins were then separated using SDS-PAGE and subjected
to Western blotting analysis with anti-DJ-1 or anti-p53
antibodies.

Analysis of apoptosis

To identify apoptotic cells in colon tissue, TUNEL staining
was performed with a one-step TUNEL apoptosis assay kit
(Roche, Mannheim, Germany) according to the manufacturer’s
instructions. To identify apoptotic cells in vitro, caspase-3/7
activity (Promega, Fitchburg, WI) and the LDH level (Dojindo,
Kyushu, Japan) in culture supernatants were measured accord-
ing to manufacturer’s instructions.

Real-time PCR

Total RNA was isolated from colon tissue samples or cell
lysates using the standard TRIzol (Takara, Otsu, Japan) method
according to the manufacturer’s instructions. The isolated
RNA was reverse transcribed into cDNA using the Prime-
Script® RT reagent Kit (Takara). Quantitative real-time PCR
was performed using the ABI 7500 real-time PCR System
(Applied Biosystems, Carlsbad, CA) with SYBR Green (Takara).
The relative expression levels of target genes were normalized
to the expression level of GAPDH, which was used as an inter-
nal control, and calculated by the 2742“” method. The primer
sequences are listed in Table S2.

Epithelial isolation and dissociation

IECs were isolated as previously reported (47). Briefly, colon
tissue (~6 c¢m) from the rectum to the cecum was excised,
opened, cut longitudinally, and washed in cold Dulbecco’s PBS
(DPBS). The intestine was first placed in ice-cold dissociation
reagent number 1 and then in reagent number 2. After remov-
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ing any remaining intestinal tissue, the cells were washed, dis-
sociated with dispase, passed through 40-um filters and used
for studies.

FITC-dextran permeability assay

Intestinal permeability was assessed by oral administration
of FITC-labeled dextran (M, 4,000; Sigma-Aldrich) as previ-
ously described (9). After the withdrawal of food overnight, all
mice were gavaged with FITC-dextran (60 mg/100 g of body
weight) 4 h before sacrifice. The serum was then collected, and
the FITC-dextran level in the serum was measured with a fluo-
rescence spectrophotometer with emission and excitation
wavelengths of 488 and 520 nm, respectively. The serum FITC-
dextran concentration was calculated from standard curves
generated from serial dilutions of FITC-dextran in PBS.

Statistical analysis

Statistical analysis was performed using GraphPad Prism. All
data are shown as the mean = S.D. For comparisons among
three or more groups, one-way analysis of variance followed by
Bonferroni analysis for multiple comparisons (for data meeting
homogeneity of variance criteria) or Tamhane’s T2 analysis (for
data demonstrating heteroscedasticity) was performed. The
differences in values between two groups were evaluated using
Student’s ¢ test. A difference was considered statistically signif-
icant when p < 0.05.
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