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Figure 1. Development of DSS-induced colitis in CHOP-null mice and WT mice. CHOP-null mice (Chop™ ™) and WT niice were treated with or without 3% DSS
for 7 days. Body weight (A) and DAI (B) were measured daily. After 7 days, length of colon (C), colonic MPO activity (D), and colonic TBARS (E) were determined
as described in the Materials and Methods. G and H: After 7 days, sections of colonic tissues were prepared and subjected 10 histological examination (H&E
staining) and the damage score and extent of lesion for seven independent sections were determined. F: One of the sections is shown. Values are mean *+ SEM

(n =510 13). **P < 0.01; *P < 0.05; n:s., not significant.

phometric measure for the degree of inflammation, was
less severe in CHOP-null mice than in the WT mice (Fig-
ure 1C). Colonic MPO activity, an indicator of infiltration of
leukocytes, was lower in DSS-administered CHOP-null
mice than in the WT mice (Figure 1D). Colonic TBARS, an
index of lipid peroxidation associated with inflammation,
was also lower in DSS-administered CHOP-null mice than
in the WT mice (Figure 1E). Absence of the Chop gene
did not affect the background levels of these indices
(colon length, colonic MPO activity, and colonic TBARS)
(Figure 1, C-E). Figure 1F shows results of histological
analyses of colonic tissues prepared from DSS-adminis-
tered and control CHOP-null mice and WT mice. Crypt
loss and infiltration of leukocytes were more apparent in
sections from DSS-administered WT mice than those
from CHOP-null mice. Histological score analysis (dam-
age score and extent of lesion) revealed that the histo-
logical differences between DSS-administered CHOP-
null mice and the WT mice were statistically significant
(Figure 1, G and H). Results in Figure 1 show that CHOP-
null mice are more resistant to DSS-induced colitis than
the WT mice.

We examined the effect of DSS administration on ex-
pression ‘of CHOP and GRP78 in the intestine at both
mRNA and protein levels. Analysis by real-time RT-PCR

revealed that the mRNA expression of Chop in colonic
tissues was induced by the DSS administration in the WT
mice and that the Chop mRNA was not expressed in
CHOP-null mice (Figure 2A). The mRNA expression of
Grp78 was also induced by DSS administration (Figure
2A), suggesting that the ER stress response is induced
simultaneously with development of DSS-induced colitis.
Results in Figure 2A also suggest that CHOP positively
regulates the mRNA expression of Grp78 in the intestine.

Immunohistochemical and immunoblotting analyses
demonstrated that DSS administration increases the level
of CHOP in colonic tissues in the WT mice but not in
CHOP-null mice (Figure 2, B and D). CHOP expression
was localized in nuclei, being consistent that CHOP is a
transcription factor. We also found that DSS administra-
tion increases the level of GRP78 in colonic tissues in WT
mice and that this increase was not so clearcut in CHOP-
null'mice (Figure 2, C and D).

We also examined the effect of a deficiency in CHOP
on the development of TNBS-induced colitis. As shown
in Figure 3A, a TNBS (3 mg/kg)-dependent decrease in
body weight was less apparent in CHOP-null mice than in
WT mice. Administration of a higher dose of TNBS (8
mg/kg) caused the death of some mice, with the survival
rate of CHOP-null mice being much higher than that of
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colonic tissues of CHOP-null mice and WT mice.
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DSS was administered to CHOP-null mice
(Chop™~) and WT mice, as described in the
legend of Figure 1. Colonic tissues were re-
moved and total RNA was extracted. Samples
were subjected to real-time RT-PCR, using a spe-
cific primer set for Chop or Grp78. Values were
normalized to Gapdh, expressed relative to the
control sample (ie, WT mice without DSS treat-
ment), and given as the mean = SEM (n = 4), A:
**or *"P < 0.01; *P< 0.05; n.s., not significant.
Sections of colonic tissues were prepared and
subjected to immunohistochemical analysis with
an antibody against CHOP (B) or GRP78 (C). B:
The right panel in'each column is a X4 mag-
nified image of the boxed area defined in the
left panel. D: Total protein was extracted from
colonic tissues and analyzed by immunoblotting
with an antibody against CHOP, GRP78, or actin.
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WT mice (Figure 3B). Histological analysis of colonic
tissues revealed that TNBS-dependent intestinal mucosal
damage was more severe in the WT mice than in CHOP-
null mice (Figure 3, C-E). We also found that this TNBS (3
mg/kg) administration up-regulated the mRNA expres-
sion of Chop and Grp78 in the intestine (data not shown).

Analysis of the mRNA Expression of Various
Genes in DSS-Administered CHOP-Null Mice
and WT Mice

To obtain a better understanding of the molecular mech-
anism governing CHOP-dependent exacerbation of DSS-
induced colitis, we compared the mRNA expression of
various genes in the intestine of both DSS-administered
CHOP-null mice and WT mice. Tested genes included.
those for pro-inflammatory cytokines (I-18, Tnf-a, and
I-6), CAMs expressed on vascular endothelial cells
" (Madcam-1, Vcam-1, and Icam-1), CAMs expressed on
leukocytes (CD11b, CD49d, and L-selectin), an anti-in-
flammatory cytokine (/-70), and CHOP-regulated genes
" (Caspase-11, Ero-1a, and Bcl-2). Mac-1 and very late
gene (VLA)-4 are CAMs expressed on leukocytes and
Mac-1 is a heterodimer of CD11b and CD18 and VLA-4 is
a heterodimer of CD49d and CD29. The mRNA expres-
sion of all of the pro-inflammatory cytokine genes tested
was up-regulated by DSS administration, whereas the

mRNA expression of Tnf-e but not-that of /-18 and /-6
was significantly lower in DSS-administered CHOP-null
mice than in WT mice (Figure 4A). On the other hand, the
“mRNA expression of /-10 was higher in DSS-adminis-
tered CHOP-null mice than in WT mice (Figure 4D).

The mRBNA expression of all CAM genes tested was
also up-regulated by DSS administration and the mRNA
expression of Vecam-1 and CD71b but not' other CAM
genes was significantly lower in DSS-administered CHOP-
null mice than in WT mice (Figure 4, B'and C). The mRNA
expression of Caspase-11 and £ro-1a but not Bel-2 was
up-regulated by DSS administration in the WT mice, and
the mRNA expression of Caspase-17.and Ero-1a was
significantly lower in DSS-administered CHOP-null mice
than in WT mice (Figure 4, E and F).

The results in Figure 4 suggest that CHOP: regulates
the mRNA expression of Tnf-a, Il-10, CD11b, Caspase-11,
and Ero-Te under inflammatory conditions. To test this
idea in vitro, we compared the mRNA expression of these
factors in the presence of LPS in peritoneal macrophages
prepared from CHOP-null mice and WT mice. As shown
in Figure 5A, LPS treatment stimulated the expression of
Chop and Grp78 mRNAs in macrophages in a CHOP-
dependent manner. The mRNA expression of CD11b,
Caspase-11, and Ero-Ta was up-regulated by the LPS
treatment, and the expression of these genes was sig-
nificantly lower in LPS-treated CHOP-null macrophages
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Figure 3. Development of TNBS-induced colitis in CHOP-null mice and WT
mice. CHOP-null mice (Chop™") and WT mice were intrarectally adminis-
tered with (TNBS) or without (EtOH) TNBS of 3 mg/mouse (A, C-E) or 8
mg/mouse (B) once and cultivated for the indicated days. Body weight (A)
and mouse survival rate (B) were measured daily. After 1 day, sections of
colonic tissues were prepared and subjected to histological examination
(H&E staining) as described in the legend of Figure 1, C-E. Values are
mean * SEM (n = 6 to 12). **P < 0.01; n.s., not significant.

than in the WT macrophages (Figure 5, C, E, and F). The
mRNA expression of /l-710 in the presence of LPS was
higher in CHOP-null macrophages than in WT macro-
phages. However, no significant difference was found in
the mRNA expression of Tnf-a (Figure 5, B and D). These
results suggest that CHOP is involved in the expression
of CD11b, Caspase-11, ll-10, and Ero-1e under inflam-
matory conditions, and that these may play an impor-
tant role in CHOP-dependent exacerbation of DSS-
induced colitis.

Involvement of IL-1B and Infiltration of
Macrophages in the CHOP-Dependent
Exacerbation of DSS-Induced Colitis

CHOP-induced expression of Caspase-11 and the result-
ing activation of Caspase-1 and stimulation of production
of IL-1B are responsible for CHOP-dependent exacerba-
tion of LPS-induced lung inflammation.3® To test whether
a similar mechanism is involved in the CHOP-dependent
exacerbation of DSS-induced colitis, we measured the
levels of IL-1B8 and Caspase-1 activity in colonic tissues in
DSS-administered mice. As shown in Figure 6, A and B,
DSS administration increased the level of IL-18 and
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Figure 4. The mRNA expression of various genes in colonic tissues. DSS was
administered to CHOP-null mice (Chop™"") and WT mice, as described in the
legend of Figure 1. Relative mRNA expression of each gene in colonic tissues
was monitored and expressed as described in the legend of Figure 2A. A:
IL-1B, TNF<, IL-6. B: Madcam-1, Vcam-1, Icam-1. C: CD11b, CD49d,
L-selectin. D: IL-10. E: Capsase-11. F: Ero-1a, Bcl-2. Values are mean *+ SEM
(n=4105).* or ""P<0.01; " or °P < 0.05; n.s., not significant.

Caspase-1 activity in colonic tissues in WT mice. These
alterations were significantly suppressed in CHOP-null
mice. Similar results were observed in LPS-treated mac-
rophages; the levels of IL-1B and the Caspase-1 activity
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Figure 5. The mRNA expression of various genes in peritoneal macro-
phages. Peritoneal macrophages were prepared from CHOP-null mice
(Chop™~) and WT mice and incubated with 10 ng/ml of LPS for 12 hours (3
hours for the Tnf<). Relative mRNA expression of each gene in colonic
tissues was monitored and expressed as described in the legend of Figure 2A.
A: Chop, Grp78. B: Tnfw. C: CD11b, D: IL-10. E: Caspase-11. F: Ero-1Ia.
Values aré mean * SEM (n = 3). ** or P < 0.01; * or “P < 0.05; n.s., not
significant.
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Figure 6. Involvement of Caspase-11-Caspase-1-IL-18 pathway in CHOP-
dependent exacerbation of DSS-induced colitis. DSS was administered to
CHOP-null mice (Chop™") and wild-type mice (WT), as described in the
legend of Figure 1, A'and B. C and D: Peritoneal macrophages were prepared
from CHOP-null mice (Chop™~) and WT mice and incubated with 10 ng/ml
of LPS for 24 hours. A and C: The amount of IL-18 was determined by
enzyme-linked immunosorbent assay. B and D: The Caspase-1 activity was
measured as described in Materials and Methods. Values are mean * SEM
(n=3104).*"P<0.01;*P < 0.05; ns., not significant.
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in LPS-stimulated peritoneal macrophages prepared
from CHOP-null mice were lower than in those from the
WT mice (Figure 6, C and D).

Mac-1 is a CAM expressed on macrophages; its bind-
ing to ICAM-1 expressed on vascular endothelial cells is
important for infiltration -of blood-circulating macro-
phages into inflamed tissues.“® To test whether infiltration
of macrophages is involved in the CHOP-dependent ex-
‘acerbation of DSS-induced colitis, we compared infiltra-
tion of macrophages between DSS-administered CHOP-
null mice and the WT mice by immunohistochemical
analysis with an antibody against CD68, which is ex-
pressed on lysosomal membranes of macrophages.** As
shown in Figure 7A (see magnified panels), the antibody
targeted mononuclear cells, confirming that this antibody
can be used to detect macrophages. Results in Figure 7A

show that DSS-induced infiltration of macrophages into

colonic tissues was suppressed in CHOP-null mice com-
pared with the WT mice. To confirm a role for CHOP in the
expression of CD11b (Mac-1) in vitro, we used RAW264
cells (mouse leukemic monocyte) and plasmids for over-
expression of CHOP and C/EBP-B, known to act co-
ordinately with CHOP in the transcription of some
genes.*® As shown in Figure 7B, CD71b mRNA expres-
sion was up-regulated by transfection of cells with the
plasmid with Chop, and this up-regulation was further
stimulated by simultaneous transfection with a plasmid
with C/ebp-B. We confirmed the overexpression of Chop
and C/ebp- B, depending on the transfection of each plas-
mid (Figure 7, C and D). We found the CHOP-binding
consensus sequences in the promoter of CD11b (Figure
7E). Overexpression of C/ebp-B did not affect the mRNA
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Figure 7. Involvement of infiltration of macrophages in CHOP-dependent
exacerbation of DSS-induced colitis. DSS was administered to CHOP-null
mice (Chop™") and WT mice, as described in the legend of Figure 1. A:
Sections of colonic tissues were prepared and subjected to immunohisto-’
chemical analysis with an antibody against CD68. The bottom panel in each
column is a X4 magnified image of the boxed area defined in the middle
panel. RAW264 cells were transiently transfected with expression plasmid
for CHOP and C/EBP-B and cultured for 12 hours. The relative mRNA
expression of each gene was monitored and expressed as described in the
legend of Figure 2A. B-D: Values are mean  SEM (n = 3), P < 0.01; *P <
0.05; ns. not significant. E: The structure and sequences of the CD11b
promoter are shown.

expression of Chop. Results in Figure 7 suggest that
up-regulation of the expression of CD71b (Mac-1) by
CHOP is involved in CHOP-dependent exacerbation of
DSS-induced colitis through stimulation of macrophage
infiltration into the intestine.

Involvement of ROS Production and
ROS-Induced Apoptosis in Exacerbation of
DSS-Induced Colitis

We_ measured ROS production in the intestine by mea-
suring the lipid-derived free radical spin adduct with ESR



1794 Namba et al
AJP May 2009, Vol. 174, No. 5

) A 4 i\ B O wTnes -
wT \I\——W/I,"’\/\KAM I" W Chop*
200, n=3
'k«wf:/\/\/ﬁlk Tl o |,
[ 8
h 5 10
wro_ S S N
oS —\.J L/ \ ’\”M\! * s
g P— Y
Chop* 0
oes ‘\! T Y Vehicle 0SS
MnO e M
C e D - =~ Control
160 ~— Control 160 H — s
E1207 — LPs g E120 H
WT,§ 80 ns § 80
40 -, i ,
o @i 1 100 10 o o o
== Control
o = Control 160; " e
1204 = LPS g'}ﬂ n
o § Y
“© k w
O T e e o T T e
DCF fluorescence DCF fluorescence
'E gum F Sws G =
W siCHOP - n=3 - 1601 = Control
z =3 T 4
3 " [ £ - e Evm == 1Le%
I 1 g 3 G B0y .
g i :
s & e - * o
- CRECEEC
g'§ 2 y—j' N §§1 L CF Murascence |
g F 4 -
s o " 160 — Contro{
control  LPS control  LPS |lEm-1n§ 120 \ — pS
H e
] =3 @
T BaeRole o 2.
3,0=3 0 100 10 10*
5 . DCF fluorescence
£ -
H "
:i ’ :
e,

control

Figure 8. Involvement of ROS production in CHOP-dependent exacerbation
of DSS-induced colitis. DSS was administered to CHOP-null mice (Chop™"")
and wild-type mice (WT), as described in the legend of Figure 1. A: After
administration of POBN, the colons were dissected and subjected to radical
adduct ESR spectrum analysis. The intensity of the ESR signal of radical
adduct (shown by bars) was determined, expressed relative to the control
sample (ie, wild-type mice without DSS treatment), and given as the mean *
. SEM (n = 3). B: *P < 0.05; n.s., not significant. C: Peritoneal macrophages
were prepared from CHOP-null mice (Chop™") and WT mice and incubated
with 10 ng/ml of LPS for 24 hours. D-H: RAW264 cells were transienty
- transfected with siRNA for CHOP (D-F) or ERO-1a (G, H) or nonsilencing
..-(ns) siRNA (D-H) and incubated with 50 ng/ml of LPS for 24 hours. The
- production of ROS was monitored by fluorescence-activated cell sorting
" analysis with H,DCF, as described in the Materials and Methods (C, D, and
L Relative mRNA expression of the CHOP (E) or Ero-lIa (F, H) was
monitored and expressed as described in the legend of Figure 2A. Values are
mean * SEM (n = 3).** or *"P < 0.01.
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‘Spectroscopy and spin trap POBN, which reacts with
ROS to form a radical spin adduct. This method, in vivo
e radical production ex vivo detection, was shown to be
ective for monitoring ROS production in the lung in
0442 However, this is the first attempt to use this
chnique on intestinal tissue. As shown in Figure 8A, a
dical spin adduct of ESR spectrum similar to that re-
rted in the lung was obtained. The hyperfine couphng
nstants for the POBN radical adducts were o™
191 % 0.08 Gand off = 2.45 + 0.04 G, which are similar
‘data previously reported in the lung,*’*2 suggesting
this ESR spectrum is derived from lipid-derived free
cals and that this method can be used for the moni-
g the ROS production at the intestine in vivo. As
' in Figure 8B, the level of ROS production in the
tine was elevated by DSS administration in the WT
and lower in DSS-administered CHOP-null mice
1the WT mice. We also found that administration of

vitamin E, an antioxidant, decreased the intestinal level of
ROS production and the DAI in DSS-treated WT mice
(Supplemental Figure 1 at http.//ajp.amjpathol.org). Re-
sults suggest that the DSS-induced production of ROS in
the intestine was suppréessed in CHOP-null mice.

Production of ROS in peritoneal macrophages pre-
pared from CHOP-null mice and WT mice was compared
using fluorescence-activated cell sorting analysis. The
cell-permeable fluorescent dye, H,DCF, can be con-
verted to a fluorescent product, DCF, in a ROS-depen-
dent manner. Therefore, the increase in the green fluo-

" rescence (x axis in Figure 8, C, D, and G) is indicative of
an increase in the level of ROS productjon.“o Treatment
of WT macrophages with LPS stimulated ROS production
(Figure 8C), as has been described previously.“® How-
ever, this stimulation was not clearly observed in CHOP-
null macrophages, indicating that CHOP is responsible
for LPS-stimulated ROS production (Figure 8C). We also
examined the effect of siRNA for CHOP on LPS-stimu-
lated ROS production in RAW264 cells (Figure 8D). We
confirmed that treatment of RAW264 cells with LPS up-
regulated the expression of CHOP mRNA and that trans-
fection of cells with siRNA for CHOP significantly sup-
pressed the expression of not only CHOP but also Ero-Ta
mRNA (Figure 8, E and F). As is the case with peritoneal
macrophages, treatment of RAW264 cells with LPS stim-
ulated ROS production and transfection of cells with
siRNA for CHOP partially suppressed this LPS-stimulated
ROS production (Figure 8D). To examine the role of
ERO-1a in this CHQP-dependent production of ROS, we
also examined the effect of siRNA for ERO-1a on LPS-
stimulated ROS production in RAW264 cells. We con-
firmed that transfection of cells with siRNA for ERO-1«
significantly suppressed the expression of £ro-1a mRNA
(Figure 8H). Transfection of cells with siRNA for ERO-1«
partially suppressed this LPS-stimulated ROS production
(Figure 8G). Results in Figure 8 suggest that CHOP stim-
ulates ROS production in macrophages at least partly
through the up-regulation of ERO-1a.

Next, we compared the level of apoptosis in the co-
lonic mucosa of DSS-administered CHOP-null mice and
WT mice by use of the TUNEL assay. More TUNEL-
positive cells (apoptosis) were observed in the colonic
mucosa of DSS-administered WT mice than in CHOP-null
mice (Figure 9A), suggesting that ROS-induced apopto-
sis associated with DSS- mduced colitis is suppressed in
CHOP-null mice.

To test the role of CHOP in ROS-induced apoptosis in
vitro, we examined the effect of siRNA for CHOP on cell
death induced by menadione, a superoxide anion (a
representative ROS) releasing drug, in a colonic cancer
cell line (HCT-15). We confirmed that transfection of cells
with siRNA for CHOP inhibited the mRNA expression of
CHOP in both the presence and absence of menadione
(Figure 9B). As shown in Figure 9C, treatment of cells with
menadione induced cell death in a dose-dependent
manner, whereas transfection of cells with siRNA for
CHOP significantly suppressed this menadione-induced
cell death. We confirmed that cell death such as that
evident in Figure 9C was mediated by apoptosis by
showing that apoptotic DNA fragmentation and chroma-
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tin condensation accompanied the cell death (data not
shown), The results in Figure'9 suggest that CHOP makes
colonic cells sensitive to ROS-induced apoptosis, maybe
through modulation of apoptosis-inducing pathway
such as down-regulation of Bcl-2 and up-regulation of
Bim."®~'® We also examined the effect of CHOP on intra-
cellular antioxidant activity. As shown in Figure 9D, the
level of antioxidant activity that was measured by extinc-
tion of hydrogen peroxide was not affected by transfec-
tion of siRNA for CHOP. Results in Figures 8 and 9 imply
that CHOP stimulates ROS-induced apoptosis through
both increasing the ROS production and modulating the
apoptosis-inducing pathway.

Discussion

CHOP is a transcription factor involved in the ER stress
response, which has been recently revealed to play an
important role in various diseases, including neurode-
generative diseases, diabetes, gastric ulcer, and lung
inflammation.24-39-47-50 However, its role in I1BD has re-
mained unknown. In this study, we obtained direct ge-
netic evidence that CHOP stimulates the development of
DSS- and TNBS-induced colitis, animal models of IBD, by
showing that CHOP is up-regulated by DSS or TNBS
administration and that CHOP-null mice are resistant to
development of experimental colitis in these madels. It
was recently reported that IRE1B knockout mice are sen-
sitive to DSS-induced colitis®" and that up-regulation of
GRP78 in IL-10 knockout mice contributes to spontane-
ous development of colitis through activation of nuclear
factor-xB.2" Thus, it seems that some aspects of the ER
stress response are positively involved, and other as-
pects negatively involved, in the development of experi-
mental colitis.

Our in vivo and in vitro analyses suggested that CHOP
stimulates the development of DSS-induced colitis via
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Figure 9. Involvement of ROS-induced apopto-
sis in CHOP-dependent exacerbation of DSS-
induced colitis. DSS was administered to CHOP-
null mice (Chop™") and WT mice, as described
in the legend of Figure 1. Sections of colonic
tissues were prepared and subjected to TUNEL
assay and DAPI staining. A: The right panel in
each column is a X3 magnified image of the
boxed area defined in the left panel. HCT-15
cells were transfected with siRNA for CHOP
(siCHOP) or nonsilencing (ns) siRNA and were
incubated with indicated concentrations of men-
adione for 12 hours. B: Relative mRNA expres-
sion of the CHOPwas monitored as described in
the legend of Figure 2A. C: Cell viability was

. determined using the MTT method. D: The in-
tracellular antioxidant activity was measured as
described in the Materials and Methods. Values
shown are mean = SEM (n = 3). ** or P <
0.01; n.s., not significant.
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several mechanisms. One of these is the Caspase-11-
Casapse-1-IL-1B pathway, which was recently shown to
play an |mportant role in LPS-induced lung inflamma-
tion.*® It is well-known that IL-1B stimulates the develop-
ment of IBD and experimental colitis,® that CHOP posi-
tively regulates the transcription of Caspase-11, and that
Caspase-11 activates Caspase-t1, and that the produc-
tion of IL-1B from pro-IL-18 is catalyzed by Caspase-1.3°
In this study, our in vivo analysis showed that the intestinal
level of IL-1B and the activity of Caspase-1 was lower in
DSS-administered CHOP-null mice than in WT mice. Be-
cause the production of IL-18 is stimulated under inflam-
matory conditions, it is possible that this decreased level
of IL-1B is not a cause but a result of the amelioration of
colitis in CHOP-null mice. However, we showed that
up-regulation of Caspase-11 mRNA expression and the
activity of Caspase-1 in the intestine after DSS admin-
istration was suppressed in CHOP-null-mice and in
macrophages prepared from CHOP-null mice, com-
pared with the respective WT control. These results
suggest that the Caspase-11-Casapse-1-IL-18 path-
way is involved in the CHOP-dependent exacerbation
of DSS-induced colitis.

We also postulated that CHOP positively regulates the
expression of CD11b (Mac-1) and that this mechanism is
involved in CHOP-dependent exacerbation of DSS-induced
colitis thorough stimulation of macrophage infiltration into
the intestine. Mac-1 is expressed on the macrophage cell
surface and stimulates the infiltration of blood-circulating
macrophages into inflamed tissues.*® In this study, we
showed that CD71b (Mac-1) mRNA expression and infil-
tration of macrophages into the intestine were both re-
duced in DSS-administered CHOP-null mice compared
with WT mice. We also showed that up-regulation or
down-regulation of expression of Chop stimulates or sup-
presses, respectively, the expression of CD11b (Mac-1).
Furthermore, we found the consensus DNA sequence for

(24



1796 Namba et al
AJP May 2009, Vol. 174, No. 5

CHOP binding in the promoter region of CD77b. Because
IL-1B was reported to stimulate infiltration of macro-
phages,? lower levels of IL-18 in DSS-administered
CHOP-null mice may contribute to their lower levels of
macrophage infiltration. However, it is also possible that
the CHOP-dependent inductions of CD71b (Mac-1) ex-
pression is attributable to the increased recruitment of
Mac-1-positive myeloid cells.

We showed that intestinal ROS production is lower in
DSS-administered CHOP-null mice than in WT mice and
propose that this is one of the mechanisms governing the
CHOP-dependent exacerbation of DSS-induced colitis.
Although a number of in vitro studies have suggested that
CHOP is involved in ROS production,“®:52 this is the first
evidence showing that CHOP is involved in ROS produc-
tion in vivo. We revealed this by use of radical spin adduct
ESR spectrum analysis. This analysis should be useful for
detecting intestinal ROS production in vivo. Furthermore,
we suggested that the lower levels of ROS production in
CHOP-null mice are attributable to the lower level of
expression of ERO-1a; Ero-7a mRNA expression in the
intestine in DSS-administered CHOP-null mice and ROS
production in LPS-stimulated macrophages prepared
from the mice were lower than in the respective WT
control samples. Furthermore, we showed that SiRNA for

ERO-1a suppresses LPS-stimulated ROS production in-

RAW264 cells.

Analysis using the TUNEL assay revealed that DSS-
induced apoptosis in colonic mucosa was inhibited in
CHOP-null mice. This correlates with other parameters for
DSS-induced colitis. However, it was not clear whether

the alteration to apoptosis is caused by or is a result of -

the inhibition of DSS-induced colitis. Given that transfec-
tion with siRNA for CHOP inhibited ROS-induced apopto-
sis in vitro, this result suggests that CHOP stimulates
ROS-induced apoptosis, which seems to contribute to
the lower level of apoptosis in the colonic mucosa and to
a phenotype resistant to DSS-induced colitis as seen in
CHOP-null mice. A number of mechanisms have been
proposed for the stimulation of apoptosis by CHOP, such
as down-regulation of Bcl-2, translocation of BAX to mi-
tochondria, and activation of Bim.'64954 Because we
showed that Bcl-2 mRNA expression was not affected by
the lack of Chop, other mechanisms seem to be involved.
It is also possible that activation of Caspase-11 is in-
volved in the stimulation of ROS-induced apoptosis by
CHOP, because Caspase-11 stimulates the activation of
capsase-3 and Caspase-7, both of which are directly
involved in the induction of apoptosis.5®

In addition to the mechanisms described above, other
mechanisms may be involved in the CHOP-dependent
exacerbation of DSS-induced colitis, such as down-reg-
ulation of IL-10 and up-regulation of GRP78. IL-10 was
reported to suppress development of IBD and experi-
mental colitis,*® whereas expression of GRP78 stimulates
the development of DSS-induced colitis through activa-
tion of nuclear factor-«B.2" We showed here that expres-
sion of /-10 or Grp78 mRNA in the intestine of DSS-
administered CHOP-null mice was higher or lower,
respectively, than in the WT control.

Glucocorticoids, 5-aminosalicylic acid (5-ASA), and
immunosuppressive drugs are currently used for the clin-
ical treatment of 1BD.2 Although some new types of
drugs, such as infliximab, have been developed recently
for the treatment of I1BD, a number of clinical problems,
such as side effects, are yet to be addressed.5” Thus,
IBD remains an uncured disease for which the develop-
ment of new types of drugs is clinically important. As
described above, some aspects of the ER stress re-
sponse are positively and other aspects negatively in-
volved in IBD development. As such, factors located
downstream (such as CHOP) rather than upstream (such
as ATF6 and IRE1) of the ER stress response may be
better drug targets for IBD. Results in this study suggest
that inhibitors of CHOP may be therapeutically beneficial
for IBD. '

" In summary, results in this study show that CHOP is
positively involved in the development of DSS-induced
colitis. Furthermore, the results suggest that this: effect
involves various mechanisms, such as Mac-1-induced
infiltration of macrophages, ERO-1a-induced ROS pro-
duction, Caspase-11-induced production of IL-18, and
stimulation of mucosal apoptosis.
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Alteration in the expression of claudins, consisting of tight junctions (TJs), has been reported in various
clinically isolated tumors. Claudins play an important role not only in the intercellular barrier function of TJs
but also in migration and invasiveness of cancer cells. However, the use of different types of cells and different
claudins in these studies has complicated the picture. In this study, we systematically examined the effect of
claudin (claudin-1, -2, -3, -4 and -15) overexpression on the paracellular permeability, migration and invasiveness
of Caco-2 colonic cancer cells. Overexpression of claudin-4 or claudin-2 increased or decreased, respectively,
paracellular permeability. Overexpression of claudin-4 specifically stimulated the invasive activity of the Caco-2
cells. Furthermore, activation of matrix metalloproteinase (MMP)-2 and MMP-9 were observed in the claudin-4-
overexpressing cells, suggesting that the invasive activity was stimulated through an increase in MMP activity.
Overexpression of claudin-2 or claudin-3 and -4 stimulated or inhibited, respectively, the migration activity of
the Caco-2 cells. Immunostaining analysis revealed that each of the overexpressed claudins localized at TJs
under the conditions used to evaluate paracellular permeability. In- contrast, they localized mainly in intracellu-
lar compartments under experimental conditions designed to assess cell invasion and migration. Overall, the
results of this study show that the effect exerted by the claudins on the intercellular barrier function of TJs, as
well as on cell migration and invasive activity, differs depending on the particular claudin species. Furthermore,

825

the subcellular localization of the claudins varies according to the culture conditions.

Key words tight junction; claudin; invasion; permeability; cancer

Tight junctions (TJs), the most apical intercellular struc-
tures in epithelial and endothelial cells, create a physiological
intercellular barrier separating the apical and basolateral
spaces, as well as regulating the paracellular permeability of
various solutes. They also act as a divide between the apical
and basolateral membranes, thereby maintaining cell polar-
ity. TJs contain transmembrane proteins such as claudins,
occludin and junctional adhesion molecules. The C-terminal
regions of these proteins interact with cytosolic proteins,
such as zonula occludens (ZO)-1, -2 and -3, which are linked
to the actin cytoskeleton and are potentially involved in sig-
nal transduction.'~® Among these transmembrane proteins,
the claudin family of proteins (claudin-1 to -24) play a major
role in maintaining the intercellular barrier.”*

Given that a loss of TJ structure and function is frequently
observed in epithelium-derived cancers,®™'® TJs have at-
tracted considerable attention in relation to this disease. The
loss of TJ structure and function is thought to promote can-
cer cell proliferation by allowing constitutive accessibility of
cancers to nutrients and growth factors. As TJs function as a
barrier against cancer cell invasion, loss of TJ structure and
function could also stimulate the metastasis of tumors.!!"1>—19
- Alteration in the expression of the constituent proteins of
TJs, in particular claudins, is frequently observed in tumors
clinically isolated from various types of tissues, including
colon, breast, pancreas, prostate, uterus and ovary*’—12 16—20)
It was initially believed that these alterations in expression
affect cancer development only through the modulation of
the barrier function of TJs. However, a number of recent
studies suggest that the expression of certain claudins modu-
lates the invasiveness and migration of cancer cells through
various mechanisms.>'" For example, we recently reported
that overexpression of claudin-4 or claudin-2 causes a de-
crease or an increase, respectively, in the migration activity

* To whom correspondence should be addressed.  e-mail: mizu@gpo.kumamoto-u.ac.jp

of gastric carcinoma (AGS) cells.?'?? Studies from other
groups have also shown that claudin overexpression (claudin-
1, 3, 4, 5) can affect the invasiveness and migration of vari-
ous types of cancer cells. 6226

Thus, an alteration in claudin expression appears to play a
role in the progression of tumors, both by modulating the
barrier function of TJs and by altering the migration and in-
vasiveness of the cancer cells. However, the overall relation-
ship between claudin expression and these cell functions have
not been fully. elucidated, partly due to the different types of
cells and different cell culture conditions (i.e. cell density)
used in the various studies. For example, although we showed
that overexpression of claudin-4 decreases cell migration ac-
tivity in AGS cells, other groups have reported that the over-
expression stimulates cell invasion and migration in human
ovarian cancer cells,” but inhibits the jnvasiveness of pan-
creatic cancer cells.'® The relationship between the barrier
function of TJs and cell migration and invasion also remains
unclear, as these two functions were not investigated simulta-
neously in most studies. Furthermore, the subcellular local-
ization of overexpressed claudins is still open to debate;
some reports have demonstrated their localization at TJs
whereas others have described their localization in intracellu-
lar component.’**"—2 In this study, we selected Caco-2 cells
(human carcinoma cell line derived from colon) for investi-
gation of these issues, as functional TJs can be formed in
these cells, and assay systems for their invasion and migra-
tion activities have been established.?**? Our results reveal
that the TJ intercellular barrier function, as well as cell mi-
gration and invasion, are affected differently, depending on
the claudin species being overexpressed. We also found that
subcellular localization of claudins alters according to the
culture conditions. -

© 2009 Pharmaceutical Society of Japan
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MATERIALS AND METHODS

Chemicals and Media Dulbecco’s modified Eagle’s
medium (DMEM) was obtained from Nissui Pharmaceutical
Co. Fetal bovine serum (FBS), fibronectin and G418 were
purchased from Sigma, non-essential amino acids (NEAAs)
from BioWhittaker, and lipofectamine (TM2000) and
pcDNA3.1(—) from Invitrogen. The RNeasy kit was ob-
tained from Qiagen, the first-strand cDNA synthesis kit came
from GE. Healthcare and iQ SYBR Green Supermix was
from Bio-Rad. Matrigel was purchased from BD Biosciences
and the 24-well transwells were from Costar. Antibodies

against claudin-1, claudin-2, claudin-3, claudin-15 and ZO-1

were from Zymed and those against claudin-4, occludin and
actin were from Santa Cruz Biotechnology. Fluorescein
isothiocyanate-dextran (4kDa; FD4) was obtained from
Fluka Biochemika.

Cell Culture and Plasmid Construction for Overexpres-
sion of Claudins Caco-2 cells were cultured in DMEM con-
taining 10% FBS.

Full-length human claudin-1, -3 and -15 cDNAs were
polymerase chain reaction (PCR)-amplified, using genome
prepared from Caco-2 cells, and cloned into pcDNA3.1(—)
to create the plasmid for overexpression of each claudin. The
construction of the overexpression of plasmids for claudin-2
and claudin-4 was previously described.?!*?

Transfection of Caco-2 cells with plasmids was carried out

using Lipofectamine (TM2000) according to the manufac-
turer’s protocols. The stable transfectants expressing each
claudin were selected by immunoblotting analysis. Positive
clones were maintained in the presence of 400 (g/ml G418.

Gelatin Zymography The proteolytic activity of matrix
metalloproteinase (MMP)-2 and -9 was assessed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS)-
PAGE using zymogram gels containing 0.1% (w/v) gelatin,
as described previously.*? The culture medium was concen-
trated and the protein concentration was determined accord-
ing to the Bradford method.>® Following electrophoresis at
4°C, the gels were washed with 2.5% Triton X-100 for 1h
at 37°C and incubated with zymogram development buffer
for 2d at 37°C. Bands were visualized by staining with
Coomassie Brilliant Blue.

Real-Time Reverse Transcription (RT)-PCR Total RNA
was extracted using an RNeasy kit according to the manufac-
turer’s protocol. Samples (2.5 ug RNA) were reverse-tran-
scribed using a first-strand cDNA synthesis kit according to
the manufacturer’s instructions. Synthesized cDNA was used
in real-time RT-PCR (Chromo 4 instrument; Bio-Rad) exper-
iments using iQ SYBR GREEN Supermix, and analyzed
with Opticon Monitor Software according to the manufac-
turer’s instructions. The real-time PCR cycle conditions were
2 min at 50 °C, followed by 10 min at 90 °C and finally 45 cy-
cles of 95 °C for 30's and 63 °C for 60s. Specificity was con-
firmed by electrophoretic analysis of the reaction products
and by inclusion of template- or reverse transcriptase-free
controls. To normalize the amount of total RNA present in
each reaction, actin cDNA was used as an internal standard.

Immunoblotting Analysis Whole cell extracts were pre-
pared as described previously.”? The protein concentration of
the sample was determined by the Bradford method.>® Sam-
ples were applied to 12% polyacrylamide gels containing
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SDS, subjected to electrophoresis, and proteins then im-
munoblotted with each antibody.

Cell Invasion Assay The cell invasion activity was
measured by transwell matrigel invasion assay as described
previously,>® with some modifications. Serum-free medium
containing 5 mg/ml matrigel was applied to the upper cham-
ber of a 24-well transwell and incubated at 37 °C for 4 h. The
cell suspension was applied to the matrigel and the lower
chamber was filled with medium containing 10% FBS and
5 pg/ml fibronectin. The plate was incubated at 37°C for
48 1. Cells were removed from the upper surface of the mem-
brane and the lower surface of the membrane was stained for
10 min with 0.5% crystal violet in 25% methanol, rinsed with
distilled water and air-dried overnight. The crystal violet was
then extracted with 0.1 M sodium citrate in 50% ethanol and
the absorbance was measured at 585 nm.

Cell Migration Assay Cells in serum-free medium were
applied to the upper chamber of the transwell and the lower
chamber was filled with medium containing 10% FBS and
5 pg/ml fibronectin. The plate was incubated at 37°C for
48 h, and migrated cell were assessed as described for cell in-
vasion assay. )

Immunofluorescence Microscopy Caco-2 cells  were
grown in the Lab-Tek II chamber slide system (Nalge Nunc
International). Cells were fixed in ice-cold methanol or ace-
tone for 20 min and blocked in phosphate buffered saline
(PBS) containing 3% bovine serum albumin (BSA) for 30
min. The samples were then incubated with each primary
antibody. After washing, samples were incubated with the
respective secondary antibody conjugated with Alexa Fluor
594 or Alexa Fluor 488 (Molecular Probes). Images were
captured on a confocal laser-scanning fluorescence micro-
scope (FLUOVIEW FV500-IX-UV, Olympus).

Measurement of Transepithelial Resistance (TER)
Caco-2 cells were seeded at an initial density of 4.3X10°
cells/cm? in the upper chamber of transwells. The cells were
incubated at 37°C for 7d, with a change of medium every
second day. TER was measured using an epithelial voltohm-
meter (Millipore). The results were expressed as the meas-
ured resistance in Ohms multiplied by the area. of the filter
(0.33 cm?). v

Permeability Assay for Fluorescein Isothiocyanate
(FITC)-Dextran We determined the permeability of Caco-
2 cells by measuring transepithelial passage of FD4. The
cells were seeded in the upper chamber of a 24-well transwell
and incubated at 37 °C for 7d. FD4 (5 mg/ml) was added to
the upper chamber. Aliquots were withdrawn from the lower
chambers after 4h and measured for fluorescence at 520 nm
with excitation at 485nm. An apparent permeability coeffi-
cient (P,,,) was calculated as described previously.*”

Statistical Analysis All values are expressed as the
mean*standard deviation (S.D.). Two-way analysis of vari-
ance (ANOVA), followed by the Tukey test or the Student’s
t-test for unpaired results, was used to evaluate differences
between more than three groups or between two groups, re-
spectively. Differences were considered to be significant for
values of p<0.05.

RESULTS

Overexpression of Claudins and Their Subcellualr Lo-
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Overexpression of Claudins and Their Localization in Caco-2 Cells
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was not observed in mock transfectant control cells (data not
shown). The results presented in Fig. 1B suggest that each
overexpressed claudin localizes at TJs.

We used cells at high density for experiments shown in
Fig. 1B, as was also the case for the experiments illustrated
in Fig. 2. However, as a lower density of cells (migrating and
growing cells) is used in the invasion and migration assays
(see Figs. 3 and 4), we also monitored the localization of
each overexpressed claudin in cells cultured at low density.
As shown in Fig. 1C, in this situation the claudins did not lo-
calize at the cell surface, but instead were found throughout
the intracellular compartments. It therefore seems that the
overexpressed claudins. only gradually localized at the cell
surface (TJs) in response to increasing cell density.

Effect of Overexpression of Claudins on the Barrier
Function of TJs We examined the effect of overexpression
of each claudin on the intercellular barrier function of TJs by
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Caco-2 cells stably transfected with claudin-1, -2, -3, -4 or -15 expression plasmid (Cldn-1, -2, -3, -4 or -15) and mock transfectant control cells (Mock) were cultured for 7d.
The TER (A) and permeability of FD4 (B) were examined as described in Materials and Methods. Values are mean*S.D. (n=3). ** p<<0.01 (A, B).
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Caco-2 cells stably transfected with claudin-1, -2, -3, -4 or -15 expression plasmid (Cldn-1, -2, -3, -4 or -15) and mock transfectant control cells (Mock) were cultured for the in-
dicated periods and cell numbers were determined by direct cell counting (A). These cells were cultured on matrigel-coated transwells for 48 h and invasion activity was measured
as described in Materials and Methods. The results are expressed relative to the control (B). Values are mean+8.D. (n=3). ++p<0.01 (A, B).

examining the TER and permeability of FD4. TER is a meas-
ure of ion flux, mainly reflecting the ion flux across the TJs.”
The TER in the mock transfectant control was 160 Ohm - cm?
(Fig. 2A), which is similar to the value previously reported.>”
Overexpression of claudin-4 dramatically increased the TER,
whereas overexpression of claudin-3 resulted in a similar but
less pronounced effect (Fig. 2A). In contrast, overexpression
of claudin-1, -2 and -15 produced a slight but significant de-
crease in the TER (Fig. 2A).

As shown in Fig. 2B, overexpression of claudin-4 or
claudin-2 significantly decreased or increased, respectively,
FD4 permeability, whereas overexpression of the other
claudins had no significant effect (Fig. 2B). These results
suggest that claudin overexpression can either positively or
negatively affect the barrier function of TJs in Caco-2 cells,
depending on the particular claudin species. In particular,
overexpression of claudin-4 or claudin-2 seems to increase or
decrease, respectively, the intercellular barrier function of
Ts.

Effect of Overexpression of Claudins on Cell Invasion
Figure 3A shows the growth curve of each clone. The growth
of each of the claudin-overexpressing clones was indistin-
guishable from that of the mock transfectant control, demon-
strating that the claudins did not affect the growth of the
Caco-2 cells.

The effect of overexpression of each claudin on cell inva-
siveness was then examined using the transwell matrigel gel
invasion assay. As shown in Fig. 3B, the claudin-4-overex-
pressing clone showed significantly greater cell invasion ac-
tivity than the mock transfectant control. In contrast, clones

3]

overexpressing the other claudins produced similar results
to the control (Fig. 3B), highlighting the specificity of the
claudin-4 response.

Mechanism for Alteration of Cell Invasion Activity by
Overexpression of Claudin-4 Cell migration is an impor-
tant factor in determining cell invasiveness. We therefore ex-
amined the effect of overexpression of each claudin on cell
migration, using the transwell chamber assay. As shown in
Fig. 4A, claudin-2-overexpressing cells showed significantly
greater cell migration activity than the mock transfectant
control cells, whereas the claudin-3- or claudin-4-overex-
pressing cells showed less. These results reflect those previ-
ously observed in AGS cells.?*? :

It has been reported that dynamic F-actin restructuring, in
other words the formation of actin stress fibers, occurs in mi-
grating cells and that this plays an important role in migra-
tion.>® We used an immunostaining technique to examine the
effect of overexpression of each claudin on F-actin architec-
ture. A wound healing assay was used to obtain migrating
cells, with the emergence of actin stress fibers being assessed
48h after making the wound. As shown in Fig. 4B, typical
actin stress fibers were observed in claudin-2-overexpressing
cells. However, such a response was not observed in either
the control cells or in those expressing the other claudins
(Fig. 4B). These results suggest that overexpression of
claudin-2 stimulates the formation of actin stress fibers, lead
ing to the greater migration activity of these cells.

We next examined the localization of each overexpressed
claudin in the wound healing cells. As shown in Fig. 4C
(upper panel), not only claudin-2 but also the other claudins
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Caco-2 cells stably transfected with claudin-1, -2, -3, -4 or -15 expression plasmid (Cldn-1, -2, -3, -4 or -15) and mock transfectant control cells (Mock) were cultured in tran-
swell chambers for 48 h. Cell migration activity was measured as described in Materials and Methods and is expressed relative to the control. Values are mean*S.D. (n=3).
##p<0.01 (A). These cells were cultured for 7 d, then wounded, and cultired for a further 48 h (B, C). Actin stress fibers were observed by immunostaining (B). The localization of
each claudin was monitored as described in the legend of Fig. 1. Wounded sides are shown by broken lines (C).
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Effect of Overexpression of Each Claudin on the Activity and Expression of MMPs

Caco-2 cells stably transfected with claudin-1, -2, -3, -4 or -15 expression plasmid (Cldn-1, -2, -3, -4 or -15) and mock transfectant control cells (Mock) were cultured for 24 h

(A, B). MMP activity in the culture medium was measured as described in Materials and Methods

(A). The mRNA expression of MMP-2 and MMP-9 was estimated by real-time

RT-PCR as described in Materials and Methods. Values are mean+ $.A. (v=3). ** p<0.01 (B).

were absent from the cell surface on the wounded side, but
were present on the surface elsewhere. Distal to the wound,
however, each of the claudins was found at the cell surface
on all sides of the cell (Fig. 4C, lower panel). These results
Suggest that claudins generally translocate from the cell sur-
face to the intracellular compartments at the site where cell
Migration occurs. :

The results illustrated in Fig. 4A suggest that the higher
Invasive activity of cells expressing claudin-4 cannot be ex-

plained by its effect on cell migration. MMPs, especially
MMP-2 and MMP-9, play an important role in cell inva-
sion’”*® and some claudins have been reported to modulate
the activity of MMPs.?*?® We therefore examined the effect
of overexpression of each claudin on MMP-2 and MMP-9
activity using gelatin zymography. MMPs are proteolytically
activated from pro-MMPs and both pro-MMPs and mature
MMPs can be detected using this technique.’” The band in-
tensity of MMP-2, indicative of MMP-2 activity, was higher
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in cells expressing claudin-4 than in mock transfectant con-
trol cells (Fig. SA). Similar results were obtained for MMP-9
and pro-MMP-9 (Fig. 5A). In contrast, expression of the
other claudins (claudin-1, -2, -3, -15) did not affect so clearly
the intensity of these bands (Fig. 5A). These results suggest
that the expression of claudin-4 specifically increases MMP-
2 and MMP-9 activity, and that this may be responsible for
the claudin-4-mediated stimulation of cell invasion.

Finally, mRNA -expression of MMP-2 and MMP-9 in cells
expressing each claudin was examined by real-time RT-PCR.
As shown in Fig. 5B, the mRNA expression of both genes
was up-regulated in cells expressing claudin-4 but not in
those expressing the other claudins, suggesting that the
higher activity of MMP-2 and MMP-9 in claudm—4—express—
ing cells is at least partly due to their higher expression.

DISCUSSION

Although it is generally believed that an alteration in
claudin expression is involved in tumorigenesis, the role of
individual claudins in the regulation of cancer-related cell
functions, such as invasion and migration and regulating the
intercellular barrier function of TJs, has remained unclear.
This is because various types of cells, some of which lack the
ability to form functional TJs, have been used in different
studies. Therefore, in this study, we systematically examined
the effect of overexpression of various claudins on Caco-2
cell invasion and migration, as well as on the intercellular
barrier function of TJs, thereby allowing all these parameters
to be investigated in a single system.

Overexpression of claudin-4 or claudin-2 e1ther increased
or deceased, respectively, TER in Caco-2 cells, results that
are consistent with those obtained in other types of
cells.?#%4D Qverexpression of claudin-4 or claudin-2 also
decreased or increased, respectively, the paracellular perme-
ability. of FD4 in these cells, suggesting that these claudins
can exert an effect on cancer development by modulating the
accessibility of nutrients and growth factors. As each of these
claudins localizes at TJs under our experimental conditions,
their differing effects on TJ barrier function appear to be due
to their differing activities at these sites rather than differ-
ences in localization.

Overexpression of claudin-4, but not the other claudins,
stimulated the invasive activity of Caco-2 cells. A similar
effect has been observed in ovarian cancer cells (HOSE),
whereas the opposite effect was observed in pancreatic can-
cer cells (SUIT-2).!5%Y Despite stimulating cell invasion,
overexpression of claudin-4 inhibited the migration of Caco-
2 cells, although it specifically increased the expression and
activity of MMP-2 and MMP-9. Thus, MMP activity rather
than cell migration appears to represent the mode of action
by which claudin-4 stimulates cell invasion. It is known that
claudins affect cell physiology through recruiting signal trans-
duction-related molecules at TJs.*? Furthermore, claudin-1, -2,
-3 and -5 have been suggested to recruit and activate pro-
MMP-2.24) However, since overexpressed claudin-4 exists
ubiquitously in cells under our culture conditions, claudin-4
could be affecting the expression and activity of MMPs ei-
ther directly or by modulating signal transduction in the cyto-
plasm. Supporting this notion, the co-localization of claudins
with MMP-2 is not limited to TJs but is also observed in the
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cytoplasm.*)

Overexpression of claudin-2 or claudin-3 and -4 stimu-
lated or inhibited, respectively, the migration of Caco-2 cells.
We also observed actin stress fibers in Caco-2 cells express-
ing claudin-2, and found that each of these claudins delocal-
ized from the cell surface to intracellular compartments after
wound formation (activation of migration activity), an event
that has previously been reported only for claudin-3.“ Thus,
migration-stimulating signals induce delocalization of claudins
into intracellular compartments, with some of these claudins
having a positive effect on cell migration whereas some of
others exert the opposite effect. At present, the mechanism
by which the different claudins influence cell migration
remains unclear.

In summary, the results of this study suggest that overex-
pression of claudin-2 stimulates-cancer development by de-
creasing the intercellular barrier function of TJs and increas-
ing cell migration. On the other hand, the overall effect of
overexpression of claudin-4 on cancer development remains
unclear, as it increases both the intercellular barrier function
of TJs and cell invasion. Furthermore, we found that the sub-
cellular localization of TJs differs between cells cultured at
high density (cells contacting each other) and those grown at
low density (migrating and growing cells). Thus, it seems
that claudin expression affects the invasion and migration ac-
tivities and the intercellular barrier function of TJs independ-
ently, with both effects being important for cancer develop-
ment. .
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Purpose. Prostaglandin E; (PGE,) is an effective treatment for peripheral vascular diseases. The
encapsulation of PGE;, in nanoparticles for its sustained-release would improve its therapeutic effect and
quality of life (QOL) of patients.

Methods. In order to encapsulate PGE, in nanoparticles prepared with a poly(lactide) homopolymer
(PLA) and monomethoxy poly(ethyleneglycol)-PLA block copolymer (PEG-PLA), we synthesized a
series of PGE, phosphate derivatives and tested their efficacy.

Results. Among them, PGE, 2-(phosphonooxy)ethyl ester sodium salt (C2) showed the most efficient
hydrolysis to yield PGE, in human serum. An in vitro platelet aggregation assay showed that C2 inhibited
aggregation only after pre-incubation in serum, suggesting that C2 is a prodrug of PGE,. In vivo, intravenous
administration of C2 caused increase in cutaneous blood flow. In the presence of zinc ions, all of the
synthesized PGE, phosphate derivatives could be encapsulated in PLA-nanoparticles. Use of L-PLA instead
of bL-PLA, and high molecular weight PLA resulted in a slower release of C2 from the nanoparticles.
Conclusions. We consider that C2-encapsulated nanoparticles prepared with L-PLA and PEG-pL-PLA
have good sustained-release profile of PGE;, which is useful clinically.

KEY WORDS: biodegradable nanoparticles; encapsulation; prostaglandin E;; zinc.
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INTRODUCTION

The number of patients with peripheral obstructive
vascular diseases such as arteriosclerosis obliterans has
increased in line with aging of the population and increases
in the prevalence of diabetes and hyperlipidemia. The
condition can result in amputation of lower limbs or even
death in severely affected patients (1). Various clinical treat-
ments such as vascular bypass surgery have been developed
for these diseases; however, the prognosis is not still good.
Furthermore, a large number of patients (about 5-8% of
elderly) suffer from mild peripheral vascular diseases (such as
intermittent claudication) (2), for which effective drug treat-
ments have not been established.

Prostaglandin E; (PGE,), which has various physiolog-
ical actions such as vasodilation, angiogenesis and inhibition
of platelet aggregation, may thus serve as an effective
treatment for peripheral obstructive vascular diseases.
Results from a number of clinical and animal studies support
this notion (3-5). However, the range of activities of PGE;
are also related to adverse effects (such as hypotension and
diarrhea) due to its distribution throughout the body when
administered systemically (4,6). Furthermore, in addition to
its chemical instability (hydrolysis to PGA;), PGE; is easily
inactivated by 15-hydroxydehydrogenase during the passage
through the lung (7-9). Therefore, a drug delivery system that
enables the stabilization of PGE; and its targeting at the site
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of vascular injury is important. With these points in mind, we
developed lipo-PGE,, a preparation incorporating PGE; into
an oil-in-water lipid emulsion (lipid microspheres) consisting
of a soybean oil core and lecithin surfactant with a diameter
of approximately 200 nm (10-12). Incorporation of PGE; into
lipid microspheres protects PGE; from inactivation in the
lung and enables the selective delivery of PGE; to damaged
blood vessels, resulting in enhanced therapeutic effects and
reduced adverse effects (10,13,14). Lipo-PGE; is used clini-
cally in Japan, South Korea and China for systemic admin-
istration and exhibits a more potent therapeutic effect for
peripheral obstructive vascular diseases than does PGE,
clathrated in cyclodextrin which is used clinically worldwide
(12,15). We also synthesized a stable PGE; prodrug (A%-9-0-
butyryl prostaglandin F; butyl ester, AS-013) and lipo-AS-013
showed superior characteristics to lipo-PGE; in both animal
and clinical studies (6,16,17). However, lipid microspheres
cannot retain PGE, for a long period of time in vivo (16,18).
Therefore, daily intravenous drip infusion is necessary for
clinical treatment with lipo-PGE;, which in turn requires
patient hospitalization, resulting in a low quality of life
(QOL). Encapsulation of PGE; in more stable nanoparticles
that permit a longer-lasting therapeutic effect provided by the
sustained-release of PGE; would consequently be of
significant clinical benefit. Encapsulation of PGE; in
nanoparticles with size of approximately 50-200 nm would
enhance the selective delivery of PGE; to damaged blood
vessels due to the enhanced permeability and retention
(EPR) efféct (14).

The encapsulation of drugs in biodegradable and bio-
compatible polymeric solid particles, such as poly(lactide)
homopolymer (PLA)-particles is effective for achieving a
sustained-release formulation of drugs (19-21). For example,
encapsulation of luteinizing hormone-releasing hormone in
microparticles prepared from PLA achieved a long-term
therapeutic effect by enabling sustained-release of the
hormone concomitant with the degradation of PLA, as has
already been employed in clinical practice (22,23). Thus,
PLA-nanoparticles (diameter 50-200 nm for the EPR effect)
with sustained-release of PGE; ‘may prove beneficial for the
treatment of peripheral obstructive vascular diseases. One
obstacle to the use of solid nanoparticles in the treatment of
patients in clinical practice is the uptake of these particles by the
mononuclear phagocyte system (MPS), or in other words by the
reticuloendothelial system (21,24). Use of a monomethoxy poly
(ethyleneglycol)-PLA block copolymer (PEG-PLA) enables
the nanoparticles to escape from this uptake due to the steric
barrier by which the PEG chain prevents interaction of the
nanoparticles with opsonins and cells responsible for MPS, such
as Kupffer cells (stealth effect) (18,21,24). Another obstacle is
that relatively hydrophilic drugs, such as PGE; and betametha-
sone, are very hard to encapsulate.in PLA-nanoparticles
(25-27). Hydrophilic drugs can be encapsulated into nanoparticles
using a double emulsion (w/o/w) process, however, the size of this
type of particles is generally more than 400 nm diameter and may
have less EPR effect. For betamethasone, we recently overcame
this obstacle by using betamethasone phosphate. After insolubi-
lization in the presence of zinc, betamethasone phosphate could be
efficiently encapsulated in PLA-nanoparticles by the oil-in-water
solvent diffusion method. Betamethasone phosphate released
upon degradation of the nanoparticles could then be hydrolyzed
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to yield betamethasone both in vifro and in vivo; resulting in a
long-lasting therapeutic effect (28,29). '
In the present study, we synthesized a series of PGE,
phosphate derivatives with different spacer (alkyl chain)
length (PGE, x-(phosphonooxy)alkyl ester sodium salt (Cx;
x=2,3, 4,6, 12)) and evaluated their efficacy both in vitro and
in vivo. All of these derivatives can be encapsulated in PLA-
nanoparticles. Of the derivatives, C2 showed the most
efficient hydrolysis to yield PGE; in human ‘serum. C2
showed a potent inhibitory activity on platelet aggregation
in vitro and increased cutaneous blood flow in vivo. C2-
encapsulated nanoparticles prepared with L-PLA and PEG-D,
L-PLA showed a good sustained-release profile of C2.

MATERIALS AND METHODS
Materials and Animals

D,L-PLA, zinc chloride and 1,4-dioxane were purchased
from Wako Pure Chemicals Industries, Ltd. (Osaka, Japan).
L-PLA was from Taki Chemical Co., Ltd. (Kakogawa, Japan).
AS-013 was from our laboratory stock. PEG-D,L-PLA (aver-
age molecular weight of PEG and PLA are 5,600 and 9,400,
respectively) was synthesized and evaluated as described
previously (18,30). Porcine liver esterase (PLE) and human
placenta alkaline phosphatase (ALP) were purchased from
Sigma-Aldrich Co. (St. Louis, MO). Wistar rats (6 weeks old,
male) were from Kyudo Co., Ltd. (Kumamoto, Japan). The
experiments and procedures described here were carried out
in accordance with the Guide for the Care and Use of
Laboratory Animals as adopted and promulgated by the
National Institute of Health, and were approved by the
Animal Care Committee of Kumamoto University.

Analysis of Synthesized Molecules

Low-resolutioﬁ- and high-resolution-fast atom bombard-
ment (FAB) mass spectra (MS) were measured on a JMS-700
instrument (JEOL Ltd., Tokyo, Japan). Proton nuclear

_magnetic resonance ('H-NMR) spectra were recorded on a

JNM AL-300 instrument (300 MHz) (JEOL Ltd., Tokyo,
Japan), using tetramethylsilane as an internal standard.
Analytical thin-layer chromatography was performed using
silica gel glass plates (60 F»ss) (Merck Ltd., Tokyo, Japan).
Column chromatography was performed using Silica gel 60N
(Kanto Chemical Co., Tokyo, Japan). Compound 4 (PE1)

‘shown in Fig. 1 was obtained from Daiichi Fine Chemical Co.,

Ltd. (Takaoka, Japan)

Synthesis of PGE, Phosphate

The structures of PGE; phosphate derivatives and out-
lines of their synthesis are shown in Fig. 1. The recovery of
each compound and analysis of NMR data are provided in
the supplementary information.

Compounds (la-e) (1.7 mmol) were mixed with
1H-tetrazole (2.5 mmol) and dibenzyl N.N-diisopropyl phos-
phoramidite ((BnO),-PN(CH(CHj),),) (3.4 mmol) in
dichloromethane (10 ml). After stirring at room temperature
overnight, m-chloroperoxybenzoic acid (m-CPBA) (3.4 mmol)
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Fig. 1. Pathways for the synthesis of PGE, phosphate derivatives. Compounds: 1a-3a, 5a-7a (n=2); 1b-3b,
5b-7b (n=3); 1c-3c, 5¢c-7c (n=4); 1d-3d, 5d-7d (n=6); le-3e, 5e-7e (n=12). Reagents and solvents: (i)
(BnO),-PN(CH(CH3),);, 1H-tetrazole, m-CPBA, dichloromethane; (ii) pyridinium p-toluene sulfonate,
ethanol; (iii) EDC, DMAP, dichloromethane; (iv) acetic acid, tetrahydrofuran, MQW; (v) 1,4-cyclo-
hexadiene, 10% palladium-carbon, acetic acid, sodium acetate, ethanol.

was added and stirred at room temperature for 30 min. The
mixture was diluted with chloroform (30 ml), washed succes-
sively with saturated sodium hydrogen carbonate (10 mlx3)
and saturated sodium chloride (10 mlx3). The organic layer
was dried over sodium sulfate and concentrated in vacuo. The
resulting residue was purified by silica gel column chromatog-
raphy (from ethyl acetate' (EtOAc)/hexane=1:1 to 100%
EtOAC) to give compounds (2a-e) as a colourless oil.

Compounds (2a—e) (1.35 mmol) and pyridinium p-toluene
sulfonate (0.3 mmol) in ethanol (5 ml) were stirred at 55°C for
3 h. After evaporation, the residue was purified by silica gel
column chromatography (from EtOAc/hexane=3:2 to 100%
EtOAc) to give compounds (3a—e) as a colourless oil.

Compounds (3a—¢) (0.25 mmol), 1-ethyl-3-(3-dimethyla-
minopropyl) carbodiimide hydrochloride (EDC) (0.4 mmol),
4-dimethylaminopyridine (DMAP) (0.2 mmol) and compound
4 (PE1) (0.2 mmol) in dichloromethane (3 ml) were stirred at
room temperature for 10 min. The mixture was diluted with
chloroform (30 ml) and washed successively with saturated
sodium hydrogen carbonate (10 mlx3) and saturated sodium
chloride (10 mlx3). The organic layer was dried over sodium
sulfate and concentrated in vacuo. The residue was purified by
silica gel column chromatography (EtOAc/hexane=1:1) to
give compounds (5a—e) as a colourless oil.

Compounds (5a—¢) (0.052 mmol) in acetic acid (1.8 ml)/
tetrahydrofuran (0.45 ml)/Milli-Q water (MQW) (1.8 ml) were
stirred at 35°C for 4 h and mixed with saturated sodium
hydrogen carbonate (5 ml) at 0°C. The mixture was extracted
with EtOAc (50 mix3) and the combined organic layer was
washed with saturated sodium chloride (10 mlx3) and dried
over sodium sulfate and concentrated in vacuo. The residue was
purified by silica gel column chromatography (from EtOAc/
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hexane=1:1 to 100% EtOAc) to give compounds (6a—€) as a
colourless oil.

Compounds (6a—e) (0.026 mmol) were mixed with 10%
palladium-carbon (64 mg) in 1,4-cyclohexadiene (2.8 ml)/acetic

- acid (0.2 ml)/ethanol (5 ml). After stirring at room temperature

for 2 h, sodium acetate (0.052 mmol) was added and 10%
palladium-carbon was removed by filtration, followed by
washing with ethanol. The combined filtrate was concentrated
to give compounds (7a—¢) as a yellowish paste.

Determination of PGE; and Its Derivatives

A Waters Alliance system, running Empower software
(Milford, MA), was used for the high-performance liquid
chromatography (HPLC) analysis. Samples were separated
using a 4.6x100-mm TSKgel Super-ODS column (Tosoh Co.,
Tokyo, Japan).

For detection of PGE; phosphate derivatives, solvent A
(acetonitrile) and solvent B (5 mM ammonium acetate) were
used at a flow rate of 0.5 m/min. After injection of sample
(0 min), the mobile phase was changed as follows; 25%
solvent A (1 min), a linear gradient of 25-60% solvent A
(7 min), a linear gradient of 60-100% solvent A (5 min) and
100% solvent A (7 min). The detection was performed at
195 nm.

For detection of PGE,, solvent A (acetonitrile) and solvent
B (MQW) were used at a flow rate of 0.3 ml/min. Samples were
incubated with 9-anthryldiazomethane (ADAM) (Funakoshi
Co. Ltd., Tokyo, Japan) at 37°C for 8 h. After injection of the
sample (0 min), the mobile phase was changed as follows; 65%
solvent A (25 min), a linear gradient of 65-100% solvent A
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(10 min) and 100% solvent A (10 min). Fluorescence at 412 nm

(fluorescence peak wavelength of ADAM reagent) was

detected using a 2475 Multi X Fluorescence Detector.
Preparation and Characterization of Nanoparticles

Nanoparticles were prepared by the oil-in-water solvent
diffusion method as described previously (30). L-PLA in 14-
dioxane or D,L-PLA in acetone was mixed with PEG-D,L-PLA
and diethanolamine (DEA) in acetone and zinc chloride and

-each PGE,; phosphate derivative in MQW (the total amount
of block copolymers and homopolymer was fixed at 25 mg
and total volume was 0.8 ml). Samples were incubated for
10 min at room temperature. The mixture was added
dropwise (at a rate of 48 ml/h) to 25 ml of MQW stirred at
1,000 rpm. After addition of 0.5 ml of 0:5 M sodium citrate
(pH 7.0) and 12.5 pl of 200 mg/ml Tween80, nanoparticles
were purified and concentrated by ultrafiltration (Centriprep
YM-50, Millipore Co., Billerica, MA). .

For determination of the PGE, phosphate derivative
content in nanoparticles, the nanoparticle suspension was
mixed with 0.01 M sodium citrate (pH 7.0) and centrifuged at
50,000xg for 30 min. The pellet was washed and suspended
in MQW, freeze-dried and weighed. The PGE; phosphate
derivative content was determined using HPLC, as de-
scribed above. The drug content was defined as the ratio
of PGE, phosphate derivative weight to the total weight of
nanoparticles.

Particle size and distribution were determined by the
dynamic light scattering method (ZETASIZER Nano-ZS,
Malvern Instruments Ltd., Malvern, UK) and the average
diameter was calculated by Marquadt’s method.

Treatment of PGE; Phosphate Derivatives with Serum,
Plasma and Enzyme '

-This assay was performed as described in (16) with some
modifications. The PGE,; phosphate derivative (1 mM) was
incubated at 37°C in 0.1 m! of human serum, rat plasma, or
0.1 M tris(hydroxymethyl) aminomethane (Tris)/hydrochloric
acid (HCI) (pH 7.4) containing 2.5 U PLE or 25 mU ALP.
Samples were taken periodically and diluted with ice-cold
methanol. After incubation on ice for 30 min, the mixtures
were centrifuged at 16,100xg for 10 min. The supernatants
were evaporated to dryness and PGE; or its derivative
content was determined by HPLC as described above.

Assay of Inhibition of Platelet Aggregation

This assay was performed as described in (17) with some
modifications. Venous blood was collected from healthy
human volunteers using 3.8% sodium citrate as an anti-
coagulant. Samples were centrifuged for 15 min at 160xg to
obtain the upper phase (platelet-rich plasma (PRP)), and the
lower phase was further centrifuged for 10 min at 1,500xg to
obtain platelet-poor plasma (PPP). PRP was pre-incubated
with PGE; or its derivatives and then mixed with adenosine
5'-diphosphate (ADP) (2 uM at final concentration). Samples
were further incubated for 3 min and the extent of aggrega-
tion was measured using an NKK hematracer (PAC-8S, Niko
Bioscience Co., Ltd., Tokyo, Japan). PPP was used as control.
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Measurement of Cutaneous Blood Flow

This was performed as described in (17) with some
modifications. Wistar rats were anaesthetized and a blood
flow meter probe (ALF21, Advance Co., Osaka, Japan) was
attached to left planta pedis. PGE; or C2 was intravenously
administered via the tail vein at a dose of 10 nmol/kg.

RESULTS

The structures of PGE; phosphate derivatives and outlines
of their synthesis are shown in Fig. 1. Tetrahydropyran ethers
(1a-¢) (31) were reacted with (BnO),-PN(CH(CH) ), in the
presence of 1H-tetrazole to give dibenzyl phosphites, which
were then oxidized with m-CPBA to yield dibenzyl phosphates
(2a—e). The tetrahydropyran-protected group.of 2a—e was
deblocked by treatment with pyridinium p-toluene sulfonate in
ethanol to afford alcohols (3a—e). These alcohols were then
coupled to compound 4 (PE1), producing esters (5a-e).
Removal of the tetrahydropyran-protected groups in Sa—e with
aqueous acetic acid gave 6a—e. Catalytic hydrogenation with 1,4-
cyclohexadiene of 6a—e was followed by treatment with sodium
acetate to provide the desired sodium salts (7a—€).

We prepared Cn (n=2, 3, 4, 6, 12)-encapsulated nano-
particles with D,.L-PLA, PEG-D.L-PLA, zinc chloride and
DEA by the solvent diffusion method using the same
protocol ‘as that used for preparation of betamethasone
phosphate-encapsulated PLA-nanoparticles (30). The particle
size was similar for the different PGE, phosphate derivatives
(Fig. 2A). On the other hand, the efficiency of encapsulation
(drug content of nanoparticles) increased as a function of the
spacer (alkyl chain) length (Fig. 2B). As was the case for
betamethasone phosphate, very little of each PGE; phos-
phate derivative (less than 0.1%) could be encapsulated in
the nanoparticles prepared in the absence of zinc chloride,
and PGE; could not be encapsulated in the nanoparticles |
even in the presence of zinc chloride (data not shown),
suggesting that insolubilization due to the interaction between
zinc ion and phosphate group is important for efficient
encapsulation. These PEG-containing nanoparticles seem to
have a “core-corona” structure, because the zeta potential
value was much lower than that of PEG-non-containing
nanoparticles (deta not shown).

The efficiency of each PGE,; phosphate derivative for
hydrolysis by PLE or ALP was compared. As shown -in
Fig. 3A, in addition to AS-013, the compounds C6 and C12
were gradually hydrolyzed to yield PGE; in the presence of
PLE, while C2, C3 and C4 were not. On the other hand, all of
the PGE; phosphate derivatives tested were hydrolyzed by
ALP, although the efficiency was different for each one
(Fig. 3B). We also compared the production of PGE; from
each PGE, phosphate derivative in human serum. As shown
in Fig. 3C, a clear-cut production was observed only with AS-
013 and C2. Based on results in Fig. 3A-C, we hypothesized
that C2 can be hydrolyzed by esterase if the phosphate group
is removed by phosphatase. To test this notion, we examined
the production of PGE, from C2 in the presence of both PLE
and ALP. The efficient production of PGE; was observed in
the presence of both enzymes, but not with PLE or ALP
alone (Fig. 3A, D). We also examined the production of
PGE; from C2 in rat plasma and found that this took place
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