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Differential Changes in Expression of Gap Junction Proteins Connexin 26 and 32

during Hepatocarcinogenesis in Rats

Hirofumi Sakamoto, Masahito Oyamada,1 Katsuhiko Enomoto and Michio Mori
Department of Pathology, Sapporec Medical College, S1 W17, Chuo-ku, Sapporo 060

We examined expressions of the gap junction proteins, connexin 26 (Cx26) and 32 (Cx32), in
preneoplastic and neoplastic lesions during rat hepatocarcinogenesis. A marked reduction in the
number of Cx32-positive gap junctions was observed in 17% of the glutathione S-transferase placental
form-positive foci, whereas 44% of the foci showed increased expression of Cx26. Most hyperplastic
nodules exhibited decreased expression of Cx32, whereas 169 of the nodules showed increased
expression of Cx26. In hepatocellular carcinomas, expressions of both Cx32 and Cx26 were signifi-
cantly reduced. These results suggest that the expressions of Cx32 and 26 are differentially regulated
during hepatocarcinogenesis, and that the decrease in Cx32 expression occurs earlier, whereas reduc-
tion in Cx26 expression occurs later in association with promotion and progression of carcinogenesis.
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Gap junctions are composed of a family of structural
proteins called connexins,” which oligomerize into inter-
cellular channels, and mediate transfer of low-molecular-
weight metabolites and ions between the cells in contact.
Gap-junctional intercellular communication (GJIC?) is
suggested to be involved in metabolic cooperation, cell
differentiation and growth control? So far, approxi-
mately ten different homologous connexin sequences
have been cloned and characterized in the mouse or rat
genome.” Among them, connexins 32 (Cx32)* and 26
(Cx26)*9 are expressed by hepatocytes. It has been
reported that the ratio of Cx32 to Cx26 is ~10:1 in iso-
lated rat liver gap junction plagues and ~2:1 in isolated
mouse liver gap junction plaques.*”

There is increasing evidence that GJIC plays an impor-
tant role in carcinogenesis.*'” In rat chemical hepato-
carcinogenesis, several laboratories have reported a sig-
nificant decrease in the amount of Cx32 in persistent
nodules and hepatocellular carcinomas (HCC).'"'®
Krutovskikh er al'® recently described a significant
decrease in Cx32 expression in glutathione S-transferase
placental form (GST-P)-positive foci at early stages of
hepatocarcinogenesis using the Solt-Farber protocol.
Although the expression of Cx26 has been shown to
decrease after partial hepatectomy,” little information is
currently available on the changes of Cx26 expression
during hepatocarcinogenesis in rats.

We report here evidence that the expression of Cx26
and Cx32 is differentially regulated during chemical
hepatocarcinogenesis in rats.

' To whom correspondence should be addressed.

% Abbreviations: GJIC, gap-junctional intercellular communi-
cation; Cx connexin; HCC, hepatocellular carcinoma; GST-P,
glutathione S-transferase placental form; AAF; acetylamino-
fluorene; PH, partial hepatectomy.
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MATERIALS AND METHODS

Animals and treatment The Solt-Farber protocol'® was
used to induce liver lesions in male Fischer 344 rats
(body weight, 150 g). This protocol was initiated by an
i.p. injection of diethylnitrosamine (Sigma Chemical Co.,
St. Louis, MO) in 0.99% NaCl at the dose of 200 mg/kg.
Two weeks later, the rats were fed a diet (Oriental Yeast
Co., Ltd,, Tokyo) containing 0.02% 2-acetylamino-
fluorene (AAF) for a 2-week period; in the middle of
the AAF selection period, a 70% partial hepatectomy
(PH) was performed. The animals were killed at 4 weeks,
5 months and 1 year after the beginning of the experi-
ment and the livers were frozen in liquid nitrogen.

Immunofluorescence Frozen serial sections (6 £m) were
fixed with acetone for 5 min at —20°C and dried. The
sections were incubated with one of the following anti-
bodies for 2 h at room temperature: a rabbit polyclonal
antibody against a Cx26-specific peptide (amino acid
residues 101-119), a rabbit anti-J-peptide antiserum
against connexin 32'” (1/80 dilution), or anti-rat GST-P
antibody'® (1/2500 dilution). After washing in PBS, the
sections were reacted with swine fluorescein-conjugated
anti-rabbit immunoglobulins (1/100; DAKO, Copen-
hagen, Denmark) for 1 h and examined under a fluores-
cence microscope. Some sections were double-stained for
Cx26 and Cx32, by utilizing mouse monoclonal antibody
against Cx32' and swine rhodamine-conjugated anti-
mouse immunoglobulins (1/100; DAKOQ). Some sections
were stained with hematoxylin and eosin (H&E) for
histopathological examination, After immunostaining,
randomly selected areas of the liver lesions including
GST-P-positive foci, nodules and HCCs were photo-
graphed at the magnification of X40. The number of
fluorescent spots on hepatocyte plasma membranes was



counted using an image analysis system (LA-553, Pias,
Inc., Osaka).

Northern blot analysis Total RNA was isolated from
normal rat livers, hyperplastic nodules and HCCs using
a single-step thiccyanate-phenol-chloroform extraction
method.”” The concentration of RNA was determined by
measuring absorption at 260 nm and by the intensity of
RNA-ethidium bromide staining on the gel. Northern
analysis was conducted using 7-**P-labeled cDNA probes
for Cx26% and Cx32." After exposure to film, northern
blots were reprobed with a cDNA S-actin probe to con-
firm that we had loaded similar amounts of RNA from
each sample.

RESULTS

The rabbit polyclonal antibody against Cx26-specific
peptide and anti-J-peptide antisera against Cx32 revealed
regular macular staining on membranes between adja-
cent hepatocytes of a non-treated rat (Fig. 1). While
Cx32 was uniformly distributed in hepatocytes within
the liver lobules, Cx26 was prominent in the peripheral
zones and almost absent in hepatocytes located near the
central vein, in accordance with the findings reported by
Traub et al.”

Figure 2 shows sequential changes in the number of
Cx26- and Cx32-immuncreactive spots observed in
hepatocytes located in the areas free from preneoplastic
or neoplastic lesions. A significant decrease in the num-
ber of Cx32-positive spots was observed in the hepato-
cytes which composed the area free from preneoplastic
lesions at the 4th week of the experiment, in agreement
with the report of Krutovskikh et al'¥ On the other
hand, the average number of Cx26-positive spots in the
areas free from liver lesions did not show any signifi-

Fig. 1. Double immunofluorescent staining of Cx26 (A} and C

4,

%32 (B) in the same field of a normal rat
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cant change, though the uneven distribution of Cx26 in
the liver lobules became less prominent, presumably due to
the reorganization of liver lobules after AAF-treatment
and PH.

Figure 3 demonstrates the relative distributions of
GST-P-positive foci at 4 weeks, hyperplastic nodules at 5
months and HCCs at 1 year. The numbers of Cx26- or
Cx32-positive gap junctional spots are shown as percent-
ages of those in surrounding hepatocytes. The numbers
of Cx32- and Cx26-positive spots varied substantially
among foci at the 4th week. No foci had fewer Cx26-
positive spots than the surrounding hepatocytes. Con-
versely, 44% of the foci had more ( >>50%} Cx26-positive
spots than the surrounding hepatocytes (Fig. 4B). In con-
trast, 129 of the foci exhibited a marked decrease in
the number of Cx32-positive spots to less than half of
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Fig. 2. Sequential changes in the numbers of Cx26- (M) and
Cx32-immunoreactive spots () in rat liver parenchyma free
from focal lesions (GST-P-negative area). W, weeks; M,
months.

liver. Cx26-positive spots

are most prominent around the portal area (P) and decrease in number towards the central vein (C), whereas Cx32-positive spots

are localized uniformly within the lobule.
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Fig. 3. Relative distributions of GST-P-positive foci at 4

weeks (A), hyperplastic -nodules at 5 months (B) and HCCs at
1 year (C} in terms of the number of Cx26- (solid bars) or
Cx32-positive spots (open bars).

that seen in the surrounding hepatocytes (Fig. 4D),
while only 25% of the foci showed a significant increase
(>50%) in the number of Cx32-positive spots.
Hyperplastic nodules at 5 months demonstrated sub-
stantial variations in the number of Cx26-positive spots.
Unlike the foci at 4 weeks, 25% of the nodules showed a
significant decrease (>>509%) in the number of Cx26-
positive spots (Fig. 5B), although 169 of the nodules
still had an increased number (>>50%). No nodules ex-
hibited a marked increase in the number of Cx32-positive
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spots. In fact, a large decrease was observed in 58%% of
the nodtles (Fig. 5C).

Most HCCs at 1 year (8/8 for Cx26 and 7/8 for Cx32)
demonstrated a striking reduction (>>50%) in the num-
bers of both Cx26- and Cx32-positive spots (Fig. 6).

Northern blot analysis revealed that there was no clear
reduction in Cx26 mRNA in HCCs, whereas a noticeable
decrease in the Cx32 mRNA was found in HCCs (Fig. 7).

DISCUSSION

A limited amount of information exists on the changes
in expression of various kinds of connexins in hepato-
cytes under physiological and pathological conditions.
Traub et al.” observed that the amounts of Cx26 and
Cx32 decreased and increased similarly with time in
mouse embryonic hepatocytes in culture and suggested
that the appearance of both proteins in hepatic plasma
membranes is similarly regulated. They indicated that the
expression of both proteins is also similarly regulated in
mouse hepatocytes after partial hepatectomy. In con-
trast, the present study has demonstrated that expression
of Cx26 and Cx32 was differentially regulated during rat
chemical hepatocarcinogenesis. A decrease in the number
of Cx32-positive spots occurred in preneoplastic foci at
an early stage, at which time no decrease in the number
of Cx26-positive spots was observed. At later stages the
number of Cx26-positive spots was reduced in some
hyperplastic nodules. Finally, all HCCs examined had a
significant reduction in both Cx26 and Cx32 protein ex-
pression, Northern blot analysis revealed that there was
a significant decrease in the steady-state level of Cx32
mRNA in HCCs, as earlier studies had reported,'> '
but no clear reduction in that of Cx26 mRNA. Therefore,
it appears that a post-transcriptional mechanism may
be important for the reduction of the number of Cx26-
positive spots in HCC while a transcriptional decrease
in the Cx32 gene may be responsible for the observed
decrease in the number of Cx32-positive gap junctions.

Transformed cells in vifro and in vivo have a decreased
GIJIC capacity among themselves” or with surrounding
normal cells,*” Tt has been discovered that some tumor-
promoting agents can block GIIC*?) and it was pro-
posed that inhibition of GJIC may be involved in the
clonal expansion of initiated cells by releasing them from
suppressive control exerted by surrounding normal cells
via GJIC.**® Our present results suggested that, in mul-
tistage carcinogenesis of rat livers, a decrease in Cx32
expression is an early event related to initiation or early
promotion and that reduction in Cx26 expression may be
a later phenomenon associated with promotion and pro-
gression of preneoplastic lesions to malignant tumors.
Our findings described above are in good agreement with
the previous report by Krutovskikh et al.'” showing that
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Fig. 4. Double immunofluorescent staining of GST-P (A, C) and, Cx26 (B) or Cx32 (D) in the livers at 4 weeks. A and B are
taken from the same field as are C and D. The number of Cx26-positive spots (B) is increased in the GST-P-positive focus (A),
whereas that of Cx32 (D) is decreased in the other focus (C).
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Fig. 5.
sections.
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Fig. 6. Total absence of Cx26- (B) and Cx32-positive spots (C) in hepatocellular carcinoma at 1 year. (A) H&E.
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Fig. 7. Northern blot analysis of transcripts of Cx26, Cx32
and S-actin in a rat liver control, in hepatocellular carcinomas
and in a hyperplastic nodule using the same filter. Lane 1: liver
of untreated rat. Lanes 2-9 except for lane 5: hepatocellular
carcinomas. Lane 5: hyperplastic nodule.

1214

GST-P-positive foci had lower GJIC than surrounding
hepatocytes and that HCCs showed a further reduction
of GJIC as demonstrated by microinjection/dye transfer
assay. We suppose that, among hyperplastic nodules,
those with lower expression of Cx26 may preferentially
advance to HCCs.

Recent studies on cloning and characterization of new
connexin genes suggested that coexpression of more than
one connexin occurs in most, if not all, cell types." ¥ For
example, hepatocytes express both Cx26 and Cx32,
which co-localize to the same junctional plaques.®™”
However, it remains unclear whether different connexin
genes encode gap junction proteins with different func-
tions. Barrio et al.* recently studied properties of coupl-
ing from expression of Cx complementary RNAs in
Xenopus oocyte pairs. They indicated that Cx26 and
Cx32 can form homotypic and heterotypic junctions and
that properties of the hemichannels contributed by the
two connexins in the heterotypic case were different from
those in homotypic junctions. They further demonstrated
that when one oocyte was injected with Cx32 ¢cRNA and
the other with a varying ratio of Cx32 and Cx26 cRNAs,
the properties of channels were modulated. In the present
study, some prencoplastic lesions showed an increase in
the number of Cx26-positive spots and a decrease in that
of Cx32-positive spots, but other lesions exhibited de-
creases in both proteins. Therefore, it seems plausible
that during hepatocarcinogenesis, GJIC may be modified
not only by the loss of both Cxs, but also by differential
expression of Cx26 and Cx32.
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