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Abstract. Extraccllular matrix mectalloprotcinasc inducer
(EMMPRIN) is a member of the immunoglobulin superfamily
of adhesion molecules and has a role in the activation of several
matrix mctalloproteinases (MMPs). We cvaluated whether
EMMPRIN expression is related to tumor progression and
patient outcome in human endometrial carcinoma. Paraffin-
embedded surgical tissue samples from 112 patients with
endometrial carcinoma were stained with anti-EMMPRIN
antibody (monoclonal antibody 12C3:MoAb 12C3) for
immunohistochemical analysis. EMMPRIN protein was
expressed in cancerous lesions with the incidence of 97.3%
(109 of 112 cases), but not in normal lesions. The scores
determined by the combination of intensity and pattern of
EMMPRIN staining in cancer cells correlated significantly
with various histopathological risk factors: advanced stage,
P=0.001; poorly differentiated carcinoma, P<0.001; lymph
node metastasis, P=0.002; and lymphatic vessel infiltration,
P=0.027. More importantly, recurrence-free survival was
shortened in patients with higher EMMPRIN scores (HR,
3.08; 95% CI, 1.32-7.19; P=0.01). These results suggest
that measurement of EMMPRIN expression with simple
immunohistochemical staining may enhance the understanding
of the pathophysiology of endometrial carcinoma.

Introduction

Matrix metalloproteinases (MMPs) are endopeptidases that
play critical roles in promoting tumor disease progression,

Correspondence to: Dr T. Tanaka, Department of Obstetrics and
Gynecology, Jikei University School of Medicine, 3-25-8 Nishi-
shinbashi, Minato-ku, Tokyo 105-8461, Japan

E-mail: tanaka3520@jikei.ac jp

Key words: EMMPRIN, endometrial carcinoma, monoclonal
antibody, recurrence-free survival

including tumor angiogencsis. In many solid tumors, MMP
expression could be attributed to tumor stromal cells and is
partially regulated by tumor-stroma interactions by means of
tumor cell-associated extraccllular matrix metalloproteinase
inducer (EMMPRIN) (1). The roles of EMMPRIN and MMPs
in tumor invasiveness have been confirmed immunohisto-
chemically in several types of cancer cells (2-4). Morcover,
research on EMMPRIN in malignant disease has recently
attracted attention, and the expression of EMMPRIN has
been reported to correlate with clinical prognosis of patients
with breast carcinoma (5,6), ovarian carcinoma (7) and other
types of cancer (8-11).

The prognosis for endometrial carcinoma patients with
early clinical stage and well-differentiated carcinoma is
generally satisfactory, but advanced stage and/or poorly
differentiated carcinoma is an aggressive tumor with a poor
prognosis (12-14). It would be beneficial to elucidate the
pathophysiology of endometrial carcinoma concerning tumor
invasiveness and differentiation.

We have established a murine monoclonal antibody
(MoAb) 12C3 (15) that specifically binds to EMMPRIN
protein (8). In the current study, EMMPRIN protein-expression
patterns in endometrial carcinoma were examined immuno-
histochemically using MoAb 12C3 to determine their relation
to clinicopathologic findings and recurrence-free survival.

Materials and methods

Tumor specimens. The Jikei University School of Medicine
Ethics Review Committee approved the study protocol. A
total of 112 endometrial carcinoma operative specimens were
retrospectively obtained at the Jikei University Hospital
(Tokyo, Japan) between January 1998 and March 2003.
Tumors were histologically classified according to the WHO
international system and the clinical cancer staging and the
histological grade were defined according to the International
Federation of Gynecology and Obstetrics (Table I). All of the
112 cases underwent hysterectomy, bilateral salpingo-
oophorectomy and lymphadenectomy (or pelvic lymph node
sampling). No cases received chemotherapy, radiotherapy or
hormone therapy before they underwent operation.
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Table 1. Patient characteristics.

n=112

Age (mean £ SD, years) 553117
FIGO stage®

[ 68

I1

1] 21

v 5
Histological type

Endometrioid 101

Serous 4

Mucinous |

Others 6

"The clinical cancer staging was defined uccording to the Intemational
Federation of Gynecology and Obsletrics.

Immunohistochemical analysis. For the immunohistochemical
study, formalin-fixed paraffin-embedded sections were used.
Immunostaining was performed using the labeled streptavidin-
biotin peroxidase complex method with the Ventana auto-
immunostaining system (Ventana Japan, Yokohama, Japan).
A murine MoAb 12C3 against EMMPRIN protein was
established as described (8). The antigen retrieval procedure
was performed with a microwave oven in Dako antigen
retrieval solution for 10 min at 95°C to efficiently stain the
sample. The sections (Dako Cytomation, Glostrup, Denmark)
were developed with 3 3'-diaminobenzidine with 0.3% H,0,
and counterstained with hematoxylin. As a negative control,
pre-immune mouse serum diluted 100-fold with 1% bovine
serum albumin (BSA; Sigma. St. Louis, MO) in 20 mM Tris-
HCI, pH 7.6,0.5 M NaCl (TBS) was used instcad of MoAb.

Results of staining for EMMPRIN in cancerous lesions
were evaluated using the following scoring system. The
intensity of staining was classified into negative (0), weak
(1), strong (2) or very strong (3). and the staining patterns
were classified into negative (0), sporadic (1), focal (2) or
diffuse (3), respectively and the total sum was evaluated.
The examiners were blinded to patient clinicopathologic
information when assigning staining intensity and patterns.
Four investigators (K.U., K.Y., H.T. and M.U.) evaluated
the staining results independently, after which discordant
evaluations were adjusted by connected microscopes and
scored finally.

* Statistical analvsis. ¥* tests were used to evaluate the relation-
ship between immunohistochemical scores and several clinico-
pathologic parameters. Survival curves of the patients were
compared using the Kaplan-Meier method and analyzed by
the log-rank test. Cox proportional hazard models were fitted
for univariate and multivariate analysis. All these analyses
were performed using STATA 8.0 (STATA Corp., College
Station, TX).

UEDA er af: EMMPRIN IN ENDOMETRIAL CARCINOMA

Figure 1. Immunohistachemical analysis and typical findings of EMMPRIN
staining (intensity and pattern) in endometrial carcinoma using MoAb 12C3.
EMMPRIN prowin was expressed in cancerous lesions but not in normal
lesions including the stromal cells and myometrium. (A) The intensity of
staining was classified into negative (a). weak (b). strong (c). or very strong
(d). respectively (magnification x200). (B) The staining patterns were
classified into negative (a). sporadic (b), focal (¢). or diffuse (d), respectively
(magnification x100).

Results

Protein expression of EMMPRIN. MAb 12C3 reacted in 109
of 112 cases (97.3%) of endometrial carcinoma. EMMPRIN
protein was expressed in cancerous lesions but not in normal
lesions including the stromal cells and myometrium. Typical
findings of EMMPRIN immunohistochemical staining
(intensity and pattern) of paraffin-embedded specimens are
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Figure 2. Immunohistochemical staining of endometrioid adenocarcinoma
(Stage b, well-differentiated udenocarcinoma). EMMPRIN staining inten-
sity was strong in deep cancer lesions with comparative examinations of
serial tissue sections (magnification x100).
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Figure 3. Kuplan-Meier survival curves by scores of EMMPRIN staining.
Patients were grouped into three categories on expression of EMMPRIN: i)
score 0-2: i} score 3-4: iii) score 5-6. Statistical differences were analyzed
with log-runk test (p=0.0153).

demonstrated in Fig. 1. In some cases, the staining intensity
tended to be strong in decp cancerous lesions compared to
shallow lesions (Fig. 2).

Association berween clinicopathogenesis and the scoring
system. The association between clinicopathogenesis and
immunohistochemical scores were evaluated (Table II). The
scores reflecting the intensity and the pattern of EMMPRIN
staining were significantly higher in advanced stage (P=0.001),
poorly differentiated carcinoma (P<0.001), lymph node
metastasis (P=0.002), lymphatic vessel infiltration (P=0.027),
the pathological high-risk group (P<0.001) and patients with
recurrence (P=0.03), respectively.

Survival analvses. Kaplan-Meier analysis on the subgroups
of the scores (0-2, 3-4, 5-6) confirmed the prognostic impact
in endometrial carcinoma (log-rank test, P=0.0153) (Fig. 3).

733

Table I1. Clinicopathological characteristics of patients by
scores of EMMPRIN staining.

Score 0-2 Score 3-4 Score 5-6 P-value
(%) (%) (%)
Stage 0001
| 15(22) 50 (74) 3 $

It 1 (6) 14 (78) Ian

11 1 (5) 12(57) 8 (38)

v 0 O 3 (60) 2 (40)

Grade <0.001

1 16 (24) 46 (70) 4 (6)

2 I (3) 258D 5(16)

3 0 O 6 (46) 7 (54)
pN® 0.002

0 14(17) 62(76) 6 (7)

] 1 (D 8 (53) 6 (40)
Lymphatic vessel 0.027
infiltration

-) 14(23) 43 (70 4 (N

(1+) 1 (4 17(68) 7(28)

(2+) 0 @ 8(73) 3@an

(G+) (1)) 4 (80) 1 (20)

Risk® <0.001

Low 16(24)  47(70) 4 (6)

High 1 (2 327D 12 (27)
Recurrence 003

) 16 (17) 68 (72) 10 (1)

) I (6) 11{61) 6 (33)

%0, no lymph node metastasis pathologically; 1, lvmph node meta-
stasis. "Low-risk patients: no deep myometrial invasion, no uterine
cervical invasion and well-differentiated adenocarcinoma: high-risk
paticnts. over stage Ic and/or poorly differentiated carcinoma.

Cox hazard regression analyses were applied to determine
the clinicopathological factors associated with recurrence-
free survival using a univariate and multivariate manner
(Table 1I1). Univariate Cox regression analyses revealed that
advanced stage. poorly differentiated carcinoma. lymph node
metastasis. lymphatic vessel infiltration. and a high score
group of immunohistochemical scoring were significant
predictors of recurrence-free survival. On the other hand.
multivariate Cox regression analysis showed advanced stage
{hazard ratio. 1.16 [95% confidence interval (CI). 1.08-1.25]}
and poorly differentiated carcinoma [hazard ratio, 2.35 (95%
Cl. 1.00-2)] were the only significant poor prognostic factors.

Discussion

In this study, we determined protein expression of EMMPRIN
in cancer cells with immunohistochemical staining, and
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Table II1. Univariable and multivariable analyses of factors associated with recurrence-free survival.

Univariable analysis

Multivariable analysis'

HR (95% CI) P-value HR (95% CI) P-value
Score 3.08 (1.32-7.19) 001 0.53 (0.06-4.45) 0.557
Stage 1.14 (1.08-1.19) <0.001 1.16 (1.08-1.25) <0.001
Grade 3.63 (1.98-6.66) <0.001 2.35(1.00-5.50) 0.049
Risk 14.67 (3.36-63.93) <0.001 0.03 (0.0001-6.54) 0.199
pN 15.26 (5.18-44.95) <0.001 0.19(0.01-5.28) 0.326
pM? 7.82(2.22-27) 0.001 0.08 (0.002-3.13) 0.175
Positive ascites® 5.53(2.14-14.32) <0.001 1.14 (0.22-5.83) 0.871
Lymphatic vessel infiltration 4.52 (2.66-7.69) <0.001 2.32(0.81-6.63) 0.117

sDistant metastasis. "Cancer cells in ascites or peritoneal washings.

investigated the association of this protein expression with
clinicopathologic findings and recurrence-free survival in
112 patients with endometrial carcinoma. EMMPRIN protein
was detected in cancerous lesions but not in normal lesions
including the stromal cells and myometrium. Generally, the
prognosis of low-risk patients with no deep myometrial
invasion, no uterine cervical invasion and well-differentiated
adenocarcinoma is satisfactory (16-18). EMMPRIN expression
was confirmed not only in high-risk patients with higher stage
(over stage Ic) and/or poorly differentiated carcinoma but
also in lower risk patients. However, the scores reflecting the
intensity and the pattern of EMMPRIN staining in cancer
cells were significantly higher in high-risk patients, especially
those with advanced stage, poorly differentiated carcinoma,
lymph node metastasis, and lymphatic vessel infiltration. The
staining scores were associated with recurrence-free survival
and seemed to parallel clinical stage. Among stage 1 cases,
although the staining scores were not associated with depth
of myometrial invasion statistically, it was notable that the
staining intensity was strong in deep cancerous lesions with
comparative examinations of serial tissue sections. These
results suggested that measurement of EMMPRIN expression
with simple immunohistochemical staining might further
cnhance the understanding of the pathophysiology of endo-
metrial carcinoma.

In clinical treatment, it is important to accurately diagnose
surgical staging of endometrial carcinoma by performing
systematic lymphadenectomy in addition to hystcrectomy,
and bilateral salpingo-oophorectomy for decisions concerning
adjuvant chemotherapy. However, it is still controversial
whether systematic lymphadenectomy can be omitted from
remedies for low-risk patients with no deep myometrial
invasion and well-differentiated adenocarcinoma. Usually
pre-operative cvaluation of endometrial carcinoma is mainly
performed by D&C (dilation and curettage) and imaging
including ultrasonography and MRI (magnetic resonance
imaging), but there is a limit to this procedure in terms of
identification of low-risk cases. We were able to validate the
clinical importance of EMMPRIN expression retrospectively
using 112 clinical paraffin-embedded specimens. In the current

study, while we have not evaluated EMMPRIN expression
using pre-operative endometrial materials, the measurement of
EMMPRIN may serve as an additional tool for endometrial
carcinoma diagnosis including pre-operative evaluation.

MMP expression has been demonstrated to be associated
with cancer infiltration and invasion into vessels, suggesting
that MMP inhibitors may prolong recurrence-free survival by
interfering with tumor infiltration and invasion. In endometrial
carcinoma, MMP-7, a member of the MMP family, has been
reported to be associated with invasiveness, metastatic spread
and poor prognosis (19). Recently, research of EMMPRIN
in malignant disease has increased and the expression of
EMMPRIN has been reported to correlate with clinical prog-
nosis of patients with several malignancies. It has been
reported that cxpression of EMMPRIN protects cancer cells
from anoikis through inhibition of Bim (20). However, the
molecular mechanisms underlying the actions of EMMPRIN
and relation to MMPs are not fully understood, and no report
has demonstrated blockade of EMMPRIN molecules in
malignant diseases.

As a future direction, MoAb 12C3 may also be useful as a
targeting agent for cancer imaging and/or chemotherapy.
Further investigations are necessary to elucidate EMMPRIN's
function including its relationship with MMP expression in
cndometrial carcinoma.
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Abstract Functional intact liver organoid can be recon-
structed in a radial-flow biorcactor when human hepato-
cellular  carcinoma (FLC-3), mouse immortalized
sinusoidal endothelial M1 (SEC) and A7 (HSC) hepatic
steHate cell lines are cocultured. The structural and func-
tional characteristics of the reconstructed organoid closely
resemble the in vivo liver situation. Previous liver organoid
studies indicated that cell-to-cell communications might be
an important factor for the functional and structural
integrity of the reconstructed organoid, including the
expression of fenestrae. Thercfore, we examined the pos-
siblc relationship between functional intact gap junctional
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intercellular communication (GJIC) and fenestrae dynam-
ics in M1-SEC cells. The fine morphology of liver organoid
was studied in the presence of (1) irsogladine malecate (IM),
(2) oleamide and (3) oleamidc followed by IM treatment.
Fine ultrastructural changes were studied by transmission
clectron microscopy (TEM) and scanning eclectron
microscopy (SEM) and compared with control liver orga-
noid data. TEM revealed that oleamide affected the
integrity of cell-to-ccll contacts predominantly in FL.C-5
hepatocytes. SEM observation showed the presence of
fenestrae on MI1-SEC cells; however, oleamide inhibited
fenestrac expression on the surface of endothelial cells.
Intcrestingly, fenestrae reappearced when IM was added
after initial oleamide exposure. GJIC mediates the number
of fenestrac in endothelial cells of the liver organoid.

Keywords Elcctron Microscopy - Defenestration -
Fenestra - Fenestrac formation - Liver sieve - Pore -
Porosity - Sinusoidal endothclial cell - Transendothelial
channcl - Transendothelial transport

Introduction

Previously, we reported that functional liver organoid was
able to reassemble when human hepatocellular carcinoma
cells (FLC-3), mouse immortalized sinusoidal endothelial
cells (MI-SEC) and mouse immortalized hepatic stellate
cells (A7 HSC) were cocultured in a radial-flow bioreactor
(RFB). The intricate structural arrangement of the recon-
structed liver organoid was proven to be successful as urca
production in function of time could be measured as a
biochemical functional marker in the supernatant. Fur-
thermore, fenestrae were clearly detected as a structural
indicator on the surface of MI-SEC cells (Saito et al.,,
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2006). We postulated at that time that cell-to-cell com-
munications werc an important factor in the successful
reconstruction of a functional liver organoid in the RFB.

Gap junctional intercellular communication (GJIC) is
onc of the family members of junctional complex systcms
that allow transport of low-molecular weight molecules
such as ions and sccond messengers. GJIC complexes also
have an important role in regulating ccll growth and tissuc
homeostasis (Evans & Martin, 2002). Scveral studies on
vascular cndothelial cclls have shown that gap junctions
between the cellular layers of arterics have important roles
for altering the phenotype of endothclial cells and regu-
lating the vascular diameter (de Wit, Hoepfl & Wolfle,
2006; Rummery & Hill, 2004; van Vecn, van Rijen &
Jongsma, 2006). However, to date, there is no evidence
available describing the relation between SEC fenestrae
and gap junctions.

Liver sinusoidal endothelial fenestrac have been shown
to be responsive under numerous physiological (Wisse
ct al.,, 1985) and pathophysiological (Frascr, Dobbs &
Rogers, 1995) conditions, including various pharmaceuti-
cal compounds (Bract & Wisse, 2002). The function of
these peculiar membrane-bound holes which lack any
diaphragm has been demonstrated in several relevant
medical conditions such as cirrhosis, lipid transport and
blood flow regulation (Oda, Han & Nakamura, 2000). In
brief, these open pores act as bidirectional guardians for
regulating the transcndothelial transport of solutes, parti-
cles and food substances between the liver sinusoidal blood
and the hepatocytes (Wisse, 1970).

In recent times, special attention has been paid to
learning more about the origin (fenestraec formation) and
loss (defencstration) of liver sinusoidal endothelial fenes-
trae (Braet, 2004). More recently, similar mechanisms in
the dynamics and formation of diaphragmed fenestrac have
been described in an endothelioma cell line (Ioannidou
et al., 2006); and in the liver sinusoidal field, it was dem-
onstrated that endothelial fenestrae could be induced in
M1-SEC cells (Saito et al., 2004) and primary cultured
SEC cells (Braet et al., 1998, 2007) using anti-actin agents.
At present, the majority of fenestral studies are focused on
finding ways to increase the liver sieve’s porosity by
pharmaceutical means (Bract et al., 2004; Yokomori et al.,
2004). By doing so, one may hope to restore the normal
liver sieving function in humans suffering from one or
another fenestrae-related disorder (Braet, 2004).

In the present study, we examined the effccts of the
pharmaceutical compounds irsogladine maleate (IM) and
oleamide on the ultrastructure and numerical dynamics of
endothelial fenestrae of M1-SEC cells cultured in the RFB.
IM and its antagonist oleamide have been reported to
influence gap junctional function in epithelial and endo-
thelial cells (Uchida et al., 2005; Nakashima et al., 2000;
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Inoguchi ct al., 1995). Furthcrmore, thcre is mounting
preliminary evidence illustrating the interrelation between
functional gap-junctional complexcs and various tran-
scndothelially mediated processes (Zahler ct al.,, 2003;
Feng ct al., 1997).

The aims of our study were thercfore to explore (1) the
possible functional relationship between GJIC and hepatic
fenestrac and (2) whether functional GJIC can inducc
fenestrac in endothcelial cells of the liver organoid.

Materials and Methods
Cell Culture

In this study, we used a functional human hepatocellular
carcinoma ccll line (FLC-5) known to express drug
metabolism enzymes (e.g., human-type carboxyl esterase
or cytochrome) and liver-specific proteins such as albumin.
In vitro, this ccll line retains its capability for three-
dimensional rcorganization and possesses distinct microv-
illi on the cell surface. As a nonparenchymal endothclial
ccll line we used the immortalized M1-SEC line (Matsuura
et al., 1998). The immortalized HSC line A7 (Matsuura
ct al., 1999) was established by isolating nonparenchymal
cells from an H-2Kb-tsAS58 transgenic mouse liver
transfected with the simian virus 40 large T antigen gene
(Jat et al.,, 1991). Cocultures of FLC-5, M1 and A7 cells
were grown in ASF104 medium enriched with 2% fetal
bovine serum.

Drug Compounds

IM [2,4-diamino-6-(2, 5-dichlorophenyl)-striazine male-
ate], an antiulcer drug which increases the activity of GJIC
complexes via the cyclic adenosine monophosphate
(cAMP) pathway, was obtained from Nippon Shinyaku
(Kyoto, Japan). Oleamide is a sleep-inducing drug for
animal purposes that inhibits GJIC function and was
purchascd from Sigma (St. Louis, MO).

Electron Microscopy

Fine structural changes were observed by means of trans-
mission electron microscopy (TEM) and scanning electron
microscopy (SEM).

For TEM, cultured cells were fixed with 2% glutaral-
dehyde in 0.1 M phosphate buffer (PB) for 1 h and post-
fixed with 1% OsO,4 in 0.1 M PB for 1 h at 4°C. Specimens
were dehydrated in ethanol and subsequently embedded in
a mixture of Epon-araldite. Thin sections (60 nm) were cut
with a diamond knife mounted on an LKB (Bromma,
Sweden) ultratome and stained with aqueous uranyl ace-
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tate. Specimens were examined with a JEOL (Tokyo, Ja-
pan) 1200EX electron microscope at 80 kV.

For SEM, cultured cells were fixed with 1.2% glutaral-
dehyde in 0.1 m PB at pH 7.4 and postfixed with 1% OsO,
in 0.1 m PB. The fixed cells were rinsed twice with phos-
phate-buffered saline, subsequently dehydrated in ascend-
ing concentrations of ethanol, critical point-dried using
carbon dioxide and coated by vacuum-evaporated carbon
and ion-sputtered gold. Specimens were observed using a
JSM-35 (JEOL) at an accelerated voltage of 10 kV.

Monolayer Culture Experiments of M1 Cells

Confluent dishes of M1 cells were cultured in ASF 104
medium with or without 10 um IM for 3 days. IM was
replaced every 24 h. Fine morphology of fenestrac of M1
cells was observed by SEM. For immunofluorescence
studies, a rabbit polyclonal antibody directed against a 23-
amino acid C-terminal peptide sequence within the cyto-
plasmic domain of mouse Cx43 (Chemicon, Temeccula,
CA; AB1728) was used at a 1:500 dilution in 0.1 M PB.
Alexa Fluor 488-conjugated goat anti-rabbit immunoglob-
ulin G (Molecular Probes, Eugene, OR; A-11008) was used
as secondary antibody and diluted 1:1,000 in 0.1 m PB
containing 1:200 goat serum. Next, dishes were washed
three times in PB for 5 min. Samples were examined with
an LSM 510 confocal laser scanning microscope (Carl
Zeiss, Oberkochen, Germany).

RFB Cocultures

FLC-5 cells (1 x 107) were seeded in the RFB. After 5
days, 1 x 107 A7 cells were added in a similar manner,
followed by another addition of 5 X 10% M1 cells 5 days
later. Next, the cell line cocultures were allowed to culture
for an additional 3 days to permit liver organoid recon-
struction in the RFB as described (Saito et al., 2006). The
RFB system used in this study is made of a 5-ml radial-
flow chamber, a mass flow controller and a closed circuit
reservoir (RA-5; ABLE, Tokyo, Japan). Culture medium
was changed manually to maintain optimal glucose, lactate
and pH levels (Saito et al., 2006).

IM and Oleamide Drug Treatment

The fine morphology of liver organoid was studied in the
presence of (1) IM, (2) oleamide and (3) oleamide followed
by IM treatment. More specifically, 10 um IM was added
every 24 h from day 14 until day 16. Oleamide (100 um)
was added every 24 h from day 13 until day 14. For the
combined treatment, oleamide was added in a similar
manner as outlined above, followed by another addition of
10 um IM for 2 days.

Subsequently, samples were prepared for electron
microscopy as outlined above, and fine ultrastructural
changes were studied by TEM and SEM. Treated samples
were compared with control monolayers and/or liver
organoid data.

Results

In monolayers of M1 cells, the presence of connexin 43
was confirmed by confocal microscopy. A distinct positive
staining for connexin 43 in the form of dots could be
observed at the cell-cell contact sites (Fig. 1). SEM
investigation of M]l-treated cells showed an increased
number of small pores resembling coated pits when treated
with IM (Fig. 2).

TEM observation of the reconstructed liver organoid
showed that cultured cells form multiple layers of cells
mimicking liver tissue organization. The cells are closely
interconnected with the neighboring cells in both control
(Fig. 3a) and IM (Fig. 3b) conditions. Intercellular junc-
tions are clearly present and keep the cells together as in
the liver tissue context.

When the liver organoid was exposed to oleamide, the
number of cell-to-cell contacts was overall significantly
reduced,but loss was more pronounced in the areas where
FLC-5 hepatocytes reside (Fig. 3c). Additionally, an
overall loss in tissue architecture of the liver organoid
could be observed and, instead, large clefts between the
individual cells became apparent.

Fig. 1 Confocal laser microscopic image of Ml monolayer cell
cultures stained for connexin 43. Arrows denote positive connexin 43
staining at the cell-to-cell border of cultured M1 cells. Scale bar = 10
pm
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Fig. 2 SEM images of M1 cells in monolayer cell culture conditions.
(a) Only a few small pores could be observed on the surface of control
M1 cells. (b) An increased number of small pores (arrows)
resembling coated pits could be observed under IM conditions. Scale
bar =1 um

Under the combined oleamide/IM trcatment conditions,
cell-to-cell contact recovered to a large extent (Fig. 3d) and
organoid organization was comparable to control condi-
tions (Fig. 3a).

SEM obscrvation of M1 control cells showed small
pores (<100 nm) on the surface (Fig. 4a). In IM conditions,
besides the presence of small pores, large membrane-bound
openings with a diameter size of 200 nm could be routinely
detected, indicative of fenestrae (Fig. 4b). On the contrary,
oleamide exposure resulted in an almost nonporous surface
in M1 cells (Fig. 4¢), whereas oleamide administration
followed by IM treatment restored the porous aspect of M1
cells as seen after IM trcatment alone, i.c., small pores and
fenestrac (Fig. 4d).

Discussion

Liver transendothelial transport seems to be a very
complex system regulated by numerous structural and
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molccular pathways which usc a variety of signaling
molecules, receptors and (cytoskeletal) proteins. Coated
pits, vesiculovacuolar organclles, caveolae, micropinocy-
totic vesicles and fenestrac arc all subcellular structural
components of the endothelium which play a key role in
handling, processing and delivering transcndothelial
transport cargo from the liver sinusoidal vascular bed to the
hepatocytes (Bract & Wisse, 2002). The model of how
transport across the liver sinusoidal endothelial barrier is
regulated becomes surprisingly even more complicated
from this study as we demonstrated that functional GJIC
from SEC and/or hepatocytes is able to upregulate or at
least to sustain the porosity (area of fenestrae/arca of
endothclial surface) of M1 SEC cells from a distance
(Fig. 4).

This study did not enlighten us about the exact mecha-
nisms by which GJIC regulates fenestral dynamics. How-
cver, we hypothesize the following pathway based on our
previous and present studics, including the existing litera-
ture. In the RFB system, culture medium flows continually,
and share stress might influence the structure and function
of cells. It is known that share stress changes the cylo-
skeleton and gene expression and induces cell stretching
via connexin 43-mediated autocrine vascular cndothclial
growth factor (VEGF) sccretion (Pimentel et al., 2002;
Yamada et al., 2005). Furthermore, it is reported that
cAMP levels arc increased by IM, which concomitantly
enhances GJIC function (Kawasaki et al., 2002). cAMP
also induces VEGF gene expression. In line with this,
based on the data prescnted here and preliminary studies,
we collected evidence that (1) FLC-5 cclls express mRNA
of connexins 26, 32 and 43 and connexin 26 is located in
the cytoplasm and connexin 32 at the cell rims and (2) M1
cells express mRNA for connexin 43 and are immuno-
identified at the cell boundaries. Furthermore, we con-
firmed the functional integrity of GJIC by the Lucifer
yellow assay (data not shown). We thercfore hypothesize
that VEGF secretion is enhanced in FLC-5 cells and acts
directly on M1 cells. In addition, it has been reported that
VEGF increases fenestral permeability in hepatic sinusoi-
dal endothelial cells (Yokomori et al., 2003; DeLeve et al.,
2004) and other sources of vascular endothelium (Roberts
& Palade, 1995; Feng et al., 1999; Chen ct al., 2002) via
paracrine and autocrine pathways. We propose therefore
the VEGF-mediated mechanism as ‘one of the plausible
mechanisms for the increased vascular permeability ob-
served in the reconstructed liver organoid (Fig. 5).

In conclusion, functional and structural intact GJIC of
SECs and/or hepatocytes is able to increase the number of
fenestrae in M1-SECs of the liver organoid grown in the
RFB coculture system. IM is a promising pharmaccutical
compound to be tested first for its beneficial effects on the
liver sicve’s porosity in vivo. This opens up an entirc ncw
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Fig. 3 Low-magnification
TEM images of RFB cocultures.
(a) TEM observation of control
liver organoid shows that cells
are organized in multiple layers
and interconnected with the
neighboring cells, closely
resembling liver tissue. Scale
bar = 6 pm. (b) IM-exposed
RFB cocultures show features
similar to those observed under
control conditions (see a for
comparison). Scale bar = 5 um.

(c¢) Oleamide exposure resulted
in a significant decrease in the
number of cell-to-cell contacts
and, instead, large clefis
between the individual cells can
be observed. Scale bar = 5 um.
(d) Oleamide followed by IM
treatment resulted in restoration
of the liver oganoid tissue
context. Scale bar = 3 um

Fig. 4 SEM images of the
surface of M1 cells culiured in
the RFB system. (a) Small pores
(arrows) can be observed on the
surface of control M1 cells. (b)
After IM exposure, small pores
(arrows) and large openings
with a diameter size of 200 nm
(fenestrae) and organized in
plates could be routinely
detected (arrowhead). (c)
Oleamide treatment resulted in a
nonporous appearance of M1
cells. Small pores (arrow) could

occasionally be observed on the
surface of M1 cells. (d)
Combined oleamide/IM
treatment resulted in the
reappearance of the porous
surface as observed afier IM
treatment only (for comparison,
see b). Scale bars = 1 um

field in fenestral rescarch in which gap junctions will be
targeted, modulated and manipulated in order to restore the
liver sieve’s porosity or its ability to sicve. The relevant
alcohol- or CCly-induced defenestration model of cirrhosis
in rats in combination with IM and/or olcamide drug
treatment might serve as a first step to bridge the gap

1

between the exciting in vitro RFB data presented here and
the potential future in vivo applications.
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Fig. 5 Schematic presentation of the postulated mechanism by which
GJIC might regulate fenestral number in M1 endothelial cells under
RFB coculture conditions. As outlined in detail in the Discussion
section, the molecules connexin, cAMP and VEGF play a central role
in this process. IP3 inositol 1,4,5-trisphosphate

References

Braet F (2004) How molecular microscopy revealed new insights into
the dynamics of hepatic endothelial fenestrae in the past decade.
Liver Int 24:532-539

Braet F, Spector 1, De Zanger R, Wisse E (1998) A novel structure
involved in the formation of liver endothelial cell fenestrae
revealed by using the actin inhibitor misakinolide. Proc Natl
Acad Sci USA 95:13635-13640

Braet F, Vekemans K, Morselt H, De Zanger R, Wisse E, Scherphof
G, Kamps J (2004) The effect of cytochalasin B-loaded
liposomes on the ultrastructure of the liver sieve. Comp Hepatol
3(Supp! 1):827

Braet F, Wisse E (2002) Structural and functional aspects of liver
sinusoidal endothelial cell fenestrae: a review. Comp Hepatol 1:1

Braet F, Wisse E, Bomans P, Frederik P, Geerts W, Koster A, Soon L,
Ringer S (2007) Contribution of high-resolution correlative
imaging techniques in the study of the liver sieve in three-
dimensions. Microsc Res Tech 70:230-242

Chen J, Braet F, Brodsky S, Weinstein T, Romanov V, Noiri E,
Goligorsky MS (2002) VEGF-induced mobilization of caveolae
and increase in permeability of endothelial cells. Am J Physiol
282:C1053-C1063

DeLeve LD, Wang X, Hu L, McCuskey MK, McCuskey RS (2004)
Rat liver sinusoidal endothelial cell phenotype is maintained by
paracrine and autocrine regulation. Am J Physiol 287:G757-
G763

de Wit C, Hoepfl B, Wolfle SE (2006) Endothelial mediators and
communication through vascular gap junctions. Biol Chem
387:3-9

Evans WH, Martin PE (2002) Gap junctions: structure and function.
Mol Membr Biol 19:121-136

Feng D, Nagy JA, Hipp J, Pyne K, Dvorak HF, Dvorak AM (1997)
Reinterpretation of endothelial cell gaps induced by vasoactive
mediators in guinea-pig, mouse and rat: many are transcellular
pores. J Physiol 504(Pt 3):747-761

Feng D, Nagy JA, Pyne K, Hammel I, Dvorak HF, Dvorak AM (1999)
Pathways of macromolecular extravasation across microvascular
endothelium in response to VPF/VEGF and other vasoactive
mediators. Microcirculation 6:23-44

@ Springer

Fraser R, Dobbs BR, Rogers GW (1995) Lipoproteins and the liver
sieve: the role of the fenestrated sinusoidal endothelium in
lipoprotein metabolism, atherosclerosis, and cirrhosis. Hepatol-
ogy 21:863-874

Inoguchi T, Ueda F, Umeda F, Yamashita T, Nawata H (1995)
Inhibition of intercellular communication via gap junction in
cultured aortic endothelial cells by elevated glucose and phorbol
ester. Biochem Biophys Res Commun 208:492-497

Ioannidou S, Deinhardt K, Miotla J, Bradley J, Cheung E, Samuelsson
S, Ng YS, Shima DT (2006) An in vitro assay reveals a role for
the diaphragm protein PV-1 in endothelial fenestra morphogen-
esis. Proc Natl Acad Sci USA 103:16770-16775

Jai PS, Noble MD, Ataliotis P, Tanaka Y, Yannoutsos N, Larsen L,
Kioussis D (1991) Direct derivation of conditionally immortal
cell lines from an H-2Kb-1sA58 transgenic mouse. Proc Natl
Acad Sci USA 88:5096-5100

Kawasaki Y, Tsuchida A, Sasaki T, Yamasaki S, Kuwada Y,
Murakami M, Chayama K (2002) Irsogladine malate up-
regulates gap junctional intercellular communication between
pancreatic cancer cells via PKA pathway. Pancreas 25:373-377

Matsuura T, Kawada M, Hasumura S, et al. (1998) High-density
culture of immortalized liver endothelial cells in the radial-flow
bioreactor in the development of an artificial liver. Int J Anif
Organs 21:229-234

Matsuura T, Kawada M, Sujino H, Hasumura S, Nagamori S, Shimizu
H (1999) Vitamin A metabolism of immortalized hepatic stellate
cell in the bioreactor. In: Cells of the Hepatic Sinusoid, vol 7.
The Kupffer Cell Foundation, Leiden The Netherlands, pp 88-89

Nakashima Y, Kohno H, El-Assal ON, Dhar DK, Ueda F, Nagasue N
(2000) Irsogladine upregulates expressions of connexin32 and
connexin26 in the rat liver. Hepato! Res 18:29-42

Oda M, Han JY, Nakamura M (2000) Endothelial cell dysfunction in
microvasculature: relevance to disease processes. Clin Hemo-
theol Microcire 23:199-211

Pimentel RC, Yamada KA, Kleber AG, Saffitz JE (2002) Autocrine
regulation of myocyte Cx43 expression by VEGF. Circ Res
90:671-677

Roberts WG, Palade GE (1995) Increased microvascular permeability
and endothelial fenestration induced by vascular endothelial
growth factor. J Cell Sci 108:2369-2379

Rummery NM, Hill CE (2004) Vascular gap junctions and implica-
tions for hypertension. Clin Exp Pharmacol Physiol 31:659-667

Saito M, Matsuura T, Masaki T, Machashi H, Braet F (2004) Study of
the reappearance of sieve plate-like pores in immortalized
sinusoidal endothelial cells - effect of actin inhibitor in mixed
perfusion cultures. Comp Hepatol 3(Suppl 1):528

Saito M, Matsuura T, Masaki T, Maehashi H, Shimizu K, Hataba Y,
Iwahori T, Suzuki T, Braet F (2006) Reconstruction of liver
organoid using a bioreactor. World J Gastroenterol 12:1881-
1888

Uchida Y, Shiba H, Komatsuzawa H, Hirono C, Ashikaga A, Fujita T,
Kawaguchi H, Sugai M, Shiba Y, Kurihara H (2005) Irsogladine
maleate influences the response of gap junctional intercellular
communication and IL-8 of human gingival epithelial cells
following periodontopathogenic bacterial challenge. Biochem
Biophys Res Commun 333:502-507

van Veen TA, van Rijen HV, Jongsma HJ (2006) Physiology of
cardiovascular gap junctions. Adv Cardiol 42:18-40

Wisse E (1970) An electron microscopic study of the fenestrated
endothelial lining of rat liver sinusoids. J Ultrastruct Res 3:125-
150

Wisse E, De Zanger RB, Charels K, Van Der Smissen P, McCuskey
RS (1985) The liver sieve: considerations concerning the
structure and function of endothelial fenestrae, the sinusoidal
wall and the space of Disse. Hepatology 5:683-692

(92



