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Fig. 3. Photomicrographs of immunaohistochemical staining for g, -globulin in the kidneys of male (A-D) and female (E) gpr delta rats given DW (A), KBrO, (B), KBrO; and
a-TP(C), KBrO; and SAA (D), or KBrO; (E). Western blot analysis of az.-globulin (F) from kidneys of male (lanes 1-4) and female (lanes 5 and 6) gpt delta rats given DW (lane

1), KBrO, (Lane 2), KBr0; and o-TF (lane 3), KBrOy and SAA (lane 4). DW (lane 5), and KBr(y (lane 6). ay,-globulin acc Lation is more promi

in KBrOy-treated male

rats (B) as compared to the controls (A), and is not affected by a-TP (C) or SAA (D) treatment. Note the lack of accumulation in KBrOy-treated females (E). in line with the

Western blot analysis (F).

dose-dependent manner from 30 ppm, the protein levels being sta-
tistically significant at 125 ppm and above (Umemura et al., 2004).
Therefore, it is very likely that this protein accumulation is involved
in the cell proliferation observed in the males. In the present study,
immunohistochemical and Western blot analysis of agy-globulin
clearly demonstrated accumulation due to KBrO; exposure, which
was not affected by either of antioxidants. This might account for
the finding that simultaneous administration of SAA failed to block
the rise in BrdU-Lls in males exposed to KBrOs. In general, non-
covalently binding of chemicals to the ay,-globulin binding site, a
highly aromatic region of the «y,-globulin binding pocket (Huwe
et al., 1996) seems to be an initial step, followed by accumulation
of the protein in lysosomes of PCT because of resultant resistance
to proteolysis. Alternatively, since activities of cystein proteases in
lysosomes are prerequisite for degradation of az,-globulin (Saito et
al., 1992), there might be the possibility of primary decrease of pro-

tease activity in lysosomes due to interaction of KBrO; with their
thiols acting as a trigger for accumulation (Read, 1991). Although
it remains uncertain whether KBrO3 has affinity for the pocket
or detrimental effects on lysomal functions, our data imply that
induction of cell proliferation following accumulation of the pro-
tein in males occurs independently of oxidative stress. On the other
hand, in the females lacking az,-globulin, the BrdU-LI elevation in
PCT of rats given KBrOy was alleviated by SAA. Since mRNA lev-
els of oxidative stress-related genes such as ¢-fos, c-jun and NF-xB
were not elevated in kidneys of KBrO4-treated female rats (data not
shown), further studies appear warranted to determine links at the
molecular level between oxidation and cell proliferation.
Exposure of female gpt delta rats with a genetic background of
F344 to KBr0O; at 500 ppm for 9 weeks induced significant elevation
of gpt MFs along with Spi~ MFs. However, the antioxidants were
unable to prevent any type of mutation. 8-OHdG is not only a
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Tabie 2
Effects of antioxidants on gpt mutant frequencies in the kidneys of female gpt delta rats given KBrGy.
Treatment Animal no. Cm* colondes ( = 10°) &TG" and Cm* colontes Mutant frequency {«10~%) Mean 5D
‘Water Diet
s1 a9 3 030
ow BD 52 6.0 1 a1 034 + 007
53 1ns 3 025
56 1.0 7 0.64
KBrOy B 57 96 4 042 053 = 011"
58 14 6 053
61 BE 1] 070
KBriy a-TP 62 95 4 042 048 £ 020
[ ] 130 4 oan
66 638 2 029
KBrOs SAA 67 10.2 2 020 044 + 034
68 B4 7 083
DW: Distilled water. BD: basal diet.
° p<0.01 vi. DW/BD.
Table 3
Mutation spectra of gpt mutant colonies.
Sex Male Female
Treatment (water/diet) DwW/BD KBr0y /BD KBrOyja-TP KBrOy [SAA DW/EBD KBrOy/BD KBrO; ja-TP KBrO: [SAA
Base substitution
Transversions
GC:TA o0 1(0.04) 4(047) o) 2(007) 1(0.03) 0 2{0.08)
GG ] 0 o 1(0.04) 0 1(0.03) 1{0.03) 1{0.04)
AT:TA 0 2(0.08) 4(07) ijon) 0 3(0.09) 4(0.,13) 2{0.08)
AT:CG 1] 1(0.04) 2(0.08) 1] o 3{0.09) o a
Transitions
GC:AT 2{0.09) 1(0.04) B(034) 2(0.07) 2(0.07) 4(0a3) 6(0.19) 3[{0az)
AT:GC L] 1{0.04) 3(013) 1(0.04) 0 1(0.03) 1{0.03) 0
Deletion
Single bp 0 1(0.04) 3(0.13) 1(0.04) 2(0.07) 6(0.19) 2(0.06) 1(0.04)
Over 2bp 0 1(0.04) 2(0,08) 20007} 1(0.04) 1{0.03) 0 1{0.04)
Insertion (1] 1(0.04) 0 o 0 ] 1{0.03) 1{0.04)
Complex 1(0.04) 1(0.04) o 1] (1] 0 1(0.03) o
Total 3{013) 10{0.39) 26(1.09) 14(0.51) 7(0.25) 20 (0,63 14(0.51) 11{0.63)
DW: Distilled water, BD: basal diet. Values app ginp hesis indi mutation freq y, x 1075, p < 0.01 vs. DW/BD,

“ The number of colonies with independent mutations,

representative marker for oxidative stress but also a primary cause
of GC:TA transversions due to mispairing with A (Cheng et al.
1992; Shibutani et al, 1991). Nevertheless, spectrum analysis of
the gpt mutants induced by KBrO; did not indicate a majority of
GC:TA transversions. Instead, deletions were most common in
concord with the results of Spi~ mutation assays. In our previous

study using male gpt delta rats with a Sprague-Dawley genetic
background, significant elevation of Spi~ MFs was rather apparent
(Umemura et al., 2006). Furthermore, in an in vitro genotoxicity
assay for KBrO; using human lymphoblastoid TK6 cells (Luan et al.,
2007) or mouse lymphoma cells (Harrington-Brock et al., 2003),
KBrO; induced large deletions, including loss of heterozygosity at

Table 4
Effects of antiaxidants on red/gom mutant frequencies in the kidneys of male gpt delta rats given KBrO,.
Treatment Animalno.  Plaques within XL-1 Blue MRA [»10%)  Plaques within XL-1 Blue MRA (P2)(Spi=)  Mutant frequency (#1073} Mean 45D
Water  Diet
| 19.2 8 042
bw BD 2 203 13 0864 082 4+ 052
k| 178 25 1.40
] 153 36 236
KBrdy;  BD 7 21.8 # 037 104 & 115
8 15.7 6 03s
1 234 9 039
KBrOy  a-TP 12 260 n 0.42 043 + 0.05
13 143 7 049
16 1.3 9 ast
KBrD;  SAA 17 145 ] 055 0.57 £+ 0.08
18 19.5 13 067

DW: Distilled water, BD: basal diet.
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Table 5

Effects of | on red/gam mutant ies in the kid of female gpr delta rats given KBrOy

Treatment Animal no Plaques within XL-1 Blue MRA (= 10%)  Plaques within XL-1 Blue MRA (P2) (Spi~)  Mutant frequency (»10-%)  Mean£SD

Water  [het
51 152 2 013

oW BD 52 68 5 073 0,45 + 030
53 105 5 048
56 52 6 116

KBOrOs BD 57 49 2 04 0.89 + 042
58 64 T .09
61 56 7 124

KBrOy  a-TP 62 84 8 096 102 + 0207
63 5 3 0s8s
66 52 8 155

KBrOy SAA 67 7.0 5 iy | 097 + 051
68 78 5 0.64

Dw: Disnilled water, BD: basal diet.

" p<0.05 vi. DW[BD.

TK locus, but not GC:TA transversions. On the other hand, in the
present study, 5pi- MFs in males were not increased, in contrast to
the previous study demonstrating significant increment. Although
certain differences between genetic backgrounds should not be
ignored, seemingly inconsistent results might reflect smaller
increase of MFs following KBrO; exposure (2-3 fold) as com-
pared to the case (10-30 fold) with potent genotoxic carcinogens
(Kanki et al., 2005). In other words, as shown in microbial and
the Hprt mutation assays in mammalian cells (Speit et al., 1999),
the potential of KBrOs to induce mutations may be very weak
(Harrington-Brock et al., 2003). Actually, we obtained negative data
for transgene mutations at 250 ppm for 13 weeks (Umemura et al,
2006) and another group similarly reported negative findings with
125 ppm for 16 weeks (Yamaguchi et al, 2008). The hypothesis of
weak mutagenicity is strongly supported by a bioassay showing
KBrOj at 500 ppm for 13 weeks to be incapable of effecting tumor
development with appropriate promotion, despite preneoplastic
lesions being enhanced (Umemura et al., 2006).

In conclusion, oxidative stress generated by KBrO, might take
part in induction of cell proliferation in PCT of female rats, leading
to tumor promoting potential. In males, in contrast, ag,-globulin
accumulation independent of oxidative stress plays a major role in
cell proliferation, which implies that the tumor promotion observed
in males is not directly comparable to the human situation. Like-
wise, induction of reporter gene mutations by KBrO; is unlikely to
be due to oxidative stress, the extent of which being much lower as
compared to that of potent genotoxic carcinogens, The data overall
allow us to speculate that the predominant contributing factor for
KBrO;-induced renal carcinogenesis is tumor promoting potential,
which is only to a limited extent associated with oxidative stress.
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Thep study i igated the invol of signaling of pho-
sphatase and tensin homolog deleted on chromosome 10 (PTEN)/
protein kinase B (Akt) and transforming growth factor-fi (TGFf) as
well as ptor tyrosine ki in the tumor promotion processes in
a two-stage hep reii i jel using male F344 rats. The
llular localization of related molecules was examined in liver cell
foci expressing glutathione S-transferase placental form (GST-P) at
the early stage of tumor promotion by fenbendazole (F8), piperony!
le, or thioac ide. Distribution in the liver cell foci and
neoplastic lesions positive for GST-P was also examined at the later
stage of FB promotion. In contrast to the initiation-alone cases,
subpopulations of GST-P-positive foci induced by promotion for 6 weeks,
regardless of the promoting chemicals used, enhanced down-regulation
of PTEN and up-regulation of phosphorylated (active) Akt2 and
ated substrate(s) of Akt-kinase activity. Also, up-regulation
of TGFfi receptor | and down-regulation of epidermal growth factor
receptor (EGFR) were enhanced in the subpopulation of GST-P-positive
foci in all promoted cases. A similar pattern of cellular distribution of
these molecules was also observed in the neoplastic lesions at the
late stage. These results suggest a crosstalk between Akt2 and
TGFp signaling that involves a mechanism requiring EGFR down-
regulation during the entire tumor promotion process starting from
ﬂ'le early stage. In particular, a shift in subcellular localization of
phorylated substrate(s) of Akt from the cell membrane in liver
oellfodtothec, pl. in carci was observed, suggesting an
alteration of the function or activity of the corresponding molecule(s).
(Cancer Sci 2009)

In a rat two-stage hepatocarcinogenesis model, altered liver cell
foci immunoreactive for glutathivone S-transferase placental
form (GST-P) have been shown to increase in number and area
because of tumor promotion with ens, in accordance
with the hepatocarcinogenic potential; therefore, these foci
have been confirmed as preneoplastic lesions of liver cells."
However, only a few studies have examined the roles of cellular
signaling and molecular linkage in the growth and development of
the liver cell foci.®®

Akt is a serinefthreonine kinase that is a central regulator of
widely divergent cellular processes, including proliferation,
differentiation, migration, survival, and metabolism.” Akt is
activated by a variety of stimuli, through growth factor receptors,
in & phosphatidylinositol 3-kinase (PI3K)-dependent manner,
and 1t is also negatively regulated by the tumor suppressor
phosphatase and tensin homolog deleted on chromosome 10
(PTEN).™ A disruption of normal Akt/PTEN signaling frequently
oocursmmauy human cancers, and thus these molecules play an
important role in cancer development, progression, and therapeutic
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resistance.™® To date, three members of the Akt family have
been identified in mammals: Aktl, Ake2, and Akt3."" All three
are ubiquitously expressed in all cell types and tissues, although
Akt3 has a more restricted expression pattern. In rat hepatocar-
cinogenesis, there is a subpopulation of GST-P-positive liver cell
foci exhibiting increased expression of PTEN and decreased
expression of the lated (activated) form of Akt (phospho-
Akt), as well as high levels of ceramide species that are sensitive
to sphingomyelin as a chemopreventive target."¥ On the other
hand, in a two-stage hepatocarcinogenesis model, we recently
obtained a i resalt showing a lack of PTEN expression
in a majority of GST-P-positive foci induced by promotion with
phenob-arbito (PB) or fenben-dazole (FB), in contrast to the
constitutive expression of PTEN in surounding hepatocytes."”
This result suggests a decrease in the tumor suppressor function
of PTEN by down-regulation even during the early stage of
hepatocarcinogenesis.

In the above-mentioned study, we also found that transforming
growth factor-f receptor 1 (TGFBRI) was coexpressed with GST-P
in liver cell foci induced by promotion with PB or FB."" Growth
factor signaling through the activation of ine kinase
(RTK) is crucial for regulation of PI3K/Akt signaling."* Inter-
estingly, TGFB is able to activate PI3K/AKkt in fetal hepatocytes
by a mechanism dependent on activities of the erbB family RTK,
epidermal growth factor receptor (EGFR), and c-Src.!®

Here, to clarify the mvolvement of AKUPTEN signaling during
the early stage of hepatocarcinogenesis, we further examined the
cellular distribution of molecules related to PTEN/Akt signaling
in preneoplastic lesions induced by 6 weeks of tumor promotion.
For this purpose, three non-genotoxic hepatocarcinogens, i.e. FB,
piperonyl butoxide (PBO), and thioacetamide (TAA), were used as
tumor-promoting chemicals. We also examined immunolocalization
of TGFPRI, as well as RTKs such as erbB family proteins, in
these preneoplastic lesions. Moreover, immunolocalization of
representative molecules were further examined in proliferative
lesions developed after 57 weeks of promotion with FB to pursue
involvement during the later stage of tumor promotion.
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Materials and Methods

Chemicals. FB (CAS no. 43210-67-9) and N-diethylnitrosamine
(DEN) (CAS no. 55-18-5) were purchased from Sigma-Aldrich
Japan (Tokyo, Japan). PBO (CAS no. 51-03-6) was obtained from
Nagase & Co. (Osaka, Japan), and TAA (CAS no. 62-55-5) was
obtained from Wako Pure Chemicals Industries (Osaka, Japan),

Animal experiments. For analys ysis during the early stage of tumor
promotion, 30 5-week-old male F344/NS lc rats were purchased
from Japan SLC (Hamamatsu, Japan) and acclimatized on pow-
dered basal diet (Oriental Yeast Co., Tokyo, Japan) and tap water
ad libitum for 1 week. They were housed in stainless-steel cages
in a barrier-maintained animal room on a 12-h light-dark cycle and
conditioned at 23 = 2°C with a relative humidity of 55 + 15%.

mﬁweelcsofage.mml:wmmhgemdwmo-mgehepmo-
carcinogenesis using a medium-term liver bioassay."® All animals
were initiated with a single intraperitoneal injection of DEN
(200 mg/kg, dissolved in saline). Two weeks later, animals were
divided into four groups and were fed basal diet (DEN-alone) or
diet containing either FB at 3600 p.p.m. (DEN + FB), PBO at
20 000 p.p.m. (DEN + PBO), or TAA at 400 p.p.m. (DEN + TAA).
The animals were subjected to two-thirds partial hepatectomy at
week 3. At week 8, the animals were killed under deep ether anes-
thesia by exsanguinations from the abdominal aorta, and their
livers were immediately removed and weighed. The liver slices
were fixed in phosphate-buffered 4% paraformaldehyde solution
(pH 7.4) for 2 days and processed for histopathological examina-
tions. Small portions of liver tissues, approximately 100 mg, were
excised, quickly frozen in liquid nitrogen, and stored at -80°C.
The selected doses of FB, PBO, and TAA have been reported
to show tumor-promoting activity or carcinogenic activity.'*'"

To investigate the cellular distribution of molecules in neoplas-
tic lesions during the late stage of tumor promotion, 35 F344/
DuCrj rats (Charles River Japan, Yokohama, Japan) were promoted
with FB at 3600 p.p.m. in the diet for 57 weeks."” The livers of
surviving animals were removed, and the liver slices containing
gross neoplastic lesions were processed for histopathological
examination as described previously.

The animal protocols were reviewed and approved by the
Animal Care and Use Committee of the Tokyo University of Agri-
culture and Technology (short-term study of 6-week promotion)
and the National Institute of Health Sciences, Japan (long-term
study of 57-week promotion).

Immunohistochemistry. Paraffin-embedded liver sections were
subjected to immunohistochemistry using the horseradish peroxi-
dase avidin-biotin complex method utilizing a VECTASTAIN Elite
ABC Kit (Vector Laboratories, Burlingame, CA, USA) with 3,3
diaminobenzidine/H,0, as the chromogen. Rabbit polyclonal Ab
against GST-P (1:1000; MBL, Nagoya, Japan) was used for all cases
obtained at both 6 and 57 weeks of umor promotion. In the livers
after 6 weeks of promotion, serial sections were subjected to
immunohistochemistry for EGFR (mouse monoclonal Ab, clone
6F1, 1:10; MBL), c-erbB2 (mouse monoclonal Ab, clone SPM495,
1: 50 Thermo Fisher Scientific, Fremont, CA, USA), TGFBR]
(rabbit polyclonal Ab, 1:50; Santa Cruz Biotechnology, Santa
CA, USA), insulin-like growth factor-1 receptor B (IGF-IR) {rabbrl
polyclonal Ab, 1:150; Cell Signaling Technology, Danvers, MA,
USA), PTEN (rabbit monoclonal Ab, clone 138G6, 1:100; Cell
Signaling Technology), phosphorylated form of PTEN (phospho-
PTEN; rabbit polyclonal Ab, 1:100; Cell Signaling Technology),
Aktl (mouse monoclonal Ab, clone 2H10, 1:50, Cell Signaling
Technology), Akt2 (rabbit monoclonal Ab, clone 54G8, 1:150,
Cell Signaling Technology), Akt3 (rabbit polyclonal Ab, 1:25,
Cell Signaling Technology), phospho-Akt at the position of
Ser473 (rabbit monoclonal Ab, clone 193H12, 1:50; Cell Signaling
Technology), phospho-Ake2 (rabbit polyclonal Ab, 1:100; Abcam,
Cambridge, UK). phospho-(Ser/Thr) Akt substrate detecting
phosphorylated Akt substrate peptides (rabbit polyclonal Ab,

1:250; Cell Signaling Technology), 14-3-3 (rabbit polyclonal Ab,
1:40; Abcam), factor bound protein 10 (Grbl0)
(mbbit polyclonal Ab, A-18, 1:20; Santa Cruz Biotechnology),
Raf-1 (rabbit polyclonal Ab, I: 50; Abcam) or Synip (rabbit
monoclonal Ab, clone EP302Y, 1:250; Epitomics, CA,
USA). Phospho-PTEN is an inactive form of PTEN, and phospho-
Akt and phospho-Akt2 are the active forms of Akt and Ake2,
respectively. Because of the immunoreactivity of phospho-Akt
substrate(s) on the cell surface of GST-P-positive liver cell foci,
14-3-3, Grbl0, Raf-1, and Synip were selected as candidate substrates
for Akt-kinase activity that can localize to cellular membrane."**"

For cases after 57 weeks of tumor promotion with FB, 10 slices that
included tumor nodules were selected (one slice/animal), and serial
sections were subjected to immunohistochemistry for Aktl, Ak2,
Ak13, phospho-Akt, phospho-Ake2, phospho-Akt substrate, 14-3-3,
Grb10, TGFBRI, EGFR, c-erbB2, and IGF-IRB.

For antigen retrieval, the sections were heated to 120°C in
10 mM citrate buffer (pH 6.0) by antoclaving for 10 min before
incubation with each antibody.

Analysis of immunolocalization. The number and areas of GST-
P-positive foci larger than 0.2 mm in diameter and the total
areas of liver sections at week 6 of tumor promotion were mea-
sured using the WinROOF image analysis software package
(version 5.7; Mitani Corp., Fukui, Japan), and then the number
and areas of foci per unit area (cm?) of liver section were calcu-
lated. For evaluation of the ion of EGFR, , PTEN,
phospho-PTEN, phospho-Akt2, 14-3-3, and Grb10, immunorea-
ctivity was classified as increased, unchanged, or decreased in
the GST-P-positive foci as compared with the expression levels
of surrounding liver cells, For this evaluation, up to 50 GST-P-
positive foci were randomly selected per animal. For the study
of proliferative lesions generated after promotion with FB for 57
weeks, liver cell foci, adenomas and carcinomas in 10 animals
showing immunoreactivity with GST-P were examined by evalua-
tion of immunoreactivity similarly to that of GST-P-positive foci
at week 6 of promotion.

Expression analysis of polypeptide signals. Western blotting was
performed with liver tissues at 6 weeks of tumor promotion (N =2/
group). With the same antibody used for immunohistochemistry,
polypeptide signal levels of GST-P, phospho-Akt2, prmph&Alu
substrate, or TGFRI were examined utilizing chemiluminescent
reaction with ECL Plus Western Blotting Detection Reagents (GE
Healtheare UK, Little Chalfont, UK). Tissue extraction and estima-
tion of protein concentration were performed according to the
methods described previously,”™ and 10 pg of tissue extract
was applied to 10% sodium dodecy! sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE). Resolved polypeptides were then trans-
ferred to a polyvinylidine difluoride membrane (Millipore, Billerica,
MA, USA). Dilutions of applied Ab were 1:1000 for GST-P,
phospho-Akt2, and phospho-Akt substrate, and 1:200 for TGFBRI.
Goat antirabbit IgG-HRP (1:5000; Santa Cruz Biotechnology) was
used as a secondary antibody. After signal detection of each
molecule, membranes were reprobed with actin (1:200; Sigma, St
Louis, MO, USA) as a control for loading. Because GST-P
is known to be expressed, cell lysate from a rat hepatoma cell
line, H-4-1I-E, was also included in the expression analysis.”™”
Signal level was estimated by measuring band intensity with the
WinROOF image analysis software package.

Statistical Variance in data for the numbers and areas
of GST-P-positive foci were checked for homogeneity using Bart-
lett’s procedure. If the variance was the data were
assessed by one-way ANOVA. If not, the Kruskal-Wallis test was
applied. When statistically significant differences were indicated,
Dunnett’s multiple comparison test was employed for comparison
with the DEN-alone group. Concordance ratios of the immuno-
reactive or immunonegative foci for molecules of interest with
GST-P-positive foci were analyzed by y*-test for comparison
between the DEN-alone group and each treatment group.
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(a) PTEN
GST-P

Fig. 1. Immunchistochemical localization of pho-
sphatase and tensin homolog deleted on chromo-
some 10 (PTEN) and phospho-PTEN in assodation
with glutathione S-transferase placental form (GST-
P)-positive liver cell focl after promotion for 6
weeks. (a) Lack of PTEN expression (right) in a G5T-
P-positive focus (left) in the liver of arat

with 3600 p.p.m. fenbendazole (FB) after N-
diethylnitrosamine (DEN) initiation. Bar = 500 um.
The graph shows concordance ratios (%) of PTEN
negativity with G5T-P-positive foci generated after
promotion with FB, piperonyl butoxide (PBO), or
thicacetamide (TAA). *, **: P<0.05, 0.01 versus
DEN-alone group (y*-test). (b) Lack of phospho-
PTEN expression (right) in a GST-P-positive focus
(left) in the liver of a rat promoted with 3600 p.p.m.
FB after DEN initiation. Bar = 500 pm. The graph
shows concordance ratios (%) of phospho-PTEN
negativity with G5T-P-positive fod generated after
promotion with FB, PBO, or TAA. *, **: P <0.05,
0.01 versus DEN-alone group (y*-test).

Table 1. Quantitative data for GST-P-positive liver cell fod after promo-
tion with FB, PEO, or TAA for 6 weeks

A

Group animals Number Area

examined (NoJem?) (mmifem®)
DEN-alone 4 3.17 £ 1.051 0.38+0.14
DEN + FB 3600 p.p.m. i 2B354943*  B.41+4.45*
DEN + PBO 20 000 p.p.m 9 1360+£7.11 230+183
DEN + TAA 400 p.p.m. 9 58.34£9.57** 22.96%539*
tMean = 5D,
*, ** P < (.05 P<0.01 versus DEN-alone (Dunnett’s test or Dunnett-
type rank-sum test).

DEN, N-diethyinitrosamine; F8, fenbendazole; GST-F, giutathione
S-transferase placental form; PBO, piperonyl butoxide; TAA,
thicacetamide.

Results

Immunolocalization during the early stage of tumor promotion.
At week 6 of tumor promotion with FB or TAA, both the number
and area of GST-P-positive liver cell foci were significantly
increased compared with those in the DEN-alone group (Table 1).
Although statistically non-significant, the number and area of GST-
P-positive foci were also increased by promotion with PBO.

Liver cells without GST-P-positive foci were diffusely immu-
noreactive with PTEN and its phosphorylated form in all groups,
including the DEN-alone group. With regard to immunolocaliza-
tion in association with GST-P-positive foci, a small population
of GST-P-positive foci showed decreased PTEN expression, form-
ing PTEN-negative foci, in the DEN-alone group. On the other
hand, GST-P-positive foci induced by promotion with FB, PBO, or
TAA also formed PTEN-negative foci with a significantly increased
concordance ratio in GST-P-positive foci compared with the DEN-
alone group; FB promotion attained the highest ratio (Fig. la).
Similarly, phosphorylated PTEN also showed significantly
decreased expression in GST-P-positive foci in proportion with the

Taniai et al.

(b) Phospho-PTEN

Phospho-PTEN

magnitude of the promotion by each chemical compared with
the DEN-alone group (Fig. 1b).

Aktl, Aki2, and Akt3, as well as phospho-Akt (Ser473), did
not show specific immunolocalization in the liver in any group.
On the other hand, as with weak and diffuse immunoreactivity
in the liver cells not forming cellular foci, enhanced expression
of phospho-Akt2, forming phospho-Akt2-positive foci, was
observed in a subpopulation of GST-P-positive foci in the livers
of rats treated with DEN-alone (Fig. 2a). Co-expression with GST-
P-positive foci was increased by promotion with FB, PBO, and
TAA, with a statistically significant concordance ratio in GST-
P-positive foci compared with the DEN-alone group; FB promotion
attained the highest ratio (Fig. 2a).

Most foci positive for phospho-Akt2 were negative for
PTEN. Figure 3 shows concordance ratios of phospho-Akt2-
immunoreactivity in PTEN-negative foci in each group. All of the
tumor-promoted groups showed approximately 50% of concord-
ance ratios. While DEN-alone group showed slightly low con-
cordance ratio (33%), there was no statistical significance between
the DEN-alone and tumor-promoted groups.

Molecule(s) immunoreacted with mhospho-(SﬂfThr) Akt
substrate antibody showed specific localization to the cellular
membrane in accordance with GST-P-positive foci (Fig. 2b).
The concordance ratio for GST-P-positive foci was significantly
increased by promotion with FB, PBO, or TAA compared with
that in the unpromoted cases (DEN-alone), showing a similar
magnitude among chemicals (Fig. 2b). Most foci positive for
phospho-Akt substrate were negative for PTEN. Nuclear immu-
noreactivity was also diffusely observed in liver cells without
relation to GST-P-positive foci.

Among known Akt substrates, Rafl and Synip did not show any
specific immunolocalization in association with GST-P-positive
foci. On the other hand, 14-3-3 was weakly positive in liver cells
not forming altered foci, and enhanced expression was observed
in the small population of GST-P-positive foci in the DEN-alone
and PBO-promoted groups, showing a diffuse cytoplasmic expres-
sion pattern with scattered nuclear immunoreactivity. The concord-
ance ratio with GST-P-positive foci between the two groups did
not differ statistically (Fig. 2¢). Grb10 also coexpressed in a small
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Fig. 2. Immunochistochemical localization of
phospho-protein kinase B 2 (Akt2), phospho-Akt
substrate, 14-3-3, and Griv10 (growth factor receptor
bound protein 10) in glutathione S-transferase
placental form (GST-P)-positive liver cell fod after
for 6 weeks. (a) Phospho-Akt2 expression
(middle and right) in a GST-P-positive focus (left)
in the liver of a rat promoted with 3600 p.p.m.
fenbendazole (FB) after N-diethyinitrosamine (DEN)
initiation. Nm the moﬂiy cytoplasmic expression
with sc ctivity of
Akt2. Bar=500um (left and middle), 100 um
{right). The graph shows concordance ratios (%) of

= - bmo:uk (PBO), or thivacetamide {TAN . .

= PcOOS,DmmsDEN-aluugrwp(x’th (b]
Immunoreactivity against antiphospho-Akt sub-
strate antibody (middle and right) in a GST-p-
positive focus (left) in the liver of a rat promoted
with 400 p.p.m. TAA after DEN initiation. Note
the predominant membrane immunoreactivity of
phospho-Akt substrate. Bar=100pum (left and
middle), 50 um (right). The graph shows concor-
dance ratios (%) of phospho-Akt substrate immu-
noreactivity with GST-P-positive focdl generated
after promotion with FB, PBO, or TAA. *, **:
P<0.05, 0.01 versus DEN-alone group (x*-test).
(c) 14-3-3 expression (middie and right) in a G5T-
P-positive focus (left) in the liver of a rat promoted
with 20 000 p.p.m. PBO after DEN initiation. Margin
of the focus expressing 14-3-3 is marked with
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mmlhhwmiddl:). 100 um (right). The graph
shows concordance ratios (%) of 14-3-3 immuno-
reactivity with GST-P-positive fod generated after
promaotion with FB, PBO, or TAA. (d) Grb10 expres-
sion (middle and right) in a GST-P-pasitive focus
(left) in the liver of a rat promoted with
20 000 p.p.m. PEO after DEN Iinitiation, The same
focus expressing 14-3-3 as shown in panel (c} is
presented. Note both of the nuclear and cyto-
plasmic immunoreactivities of Grb10. Bar = 500 pum
(left and middie), 100 jum (right). The graph shows
immunoreactivity
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Fig.3. Concordance ratios of phospho-protein kinase B 2 (Akt2) immuno-
reactivity with liver cell foci negative for phosphatase and tensin homolog
deleted on chromosome 10 (PTEN) after promotion for & weelks with fen-
bendazole (FB), piperonyl butoxide (PBO), or thioacetamide (TAA).

population of GST-P-pasitive foci only in the PBO-promoted grou

with a mainly cytoplasmic expression pattern and a smllsucnlly

significant difference from the DEN-alone group (Fig. 2d).
TGFBRI showed diffuse but weak immunoreactivity in the

liver cells not forming cellular foci in all groups, including the

«ff‘“"

concordance ratios (%) of Grb10

with GST-P-positive foc generated after

with FB, PBO, or TAA. *: P < 0.05 versus DEN-alone
group (x*-test)

DEN-alone group, Populations of GST-P-positive foci in r.he ln.r-
ers of rats treated with DEN-alone did not form TG

foci (Fig. 4a). In contrast, coexpression of TGFBRI in GST-P-posi-
tive foci was apparent after promotion with FB, PBO, and TAA,
with a statistically significant increase in the concordance ratio as
compared with the DEN-alone group. The highest concordance
ratio was attained with FB promotion (Fig. 4a).

Liver cells other than those consisting of GST-P-positive foci
were diffusely immunoreactive with EGFR in all groups, including
the DEN-alone group. With regard to the immunoreactivity in
GST-P-positive foci, a small population showed decreased EGFR
expression, forming EGFR-negative foci, in the DEN-alone group.
On the other hand, EGFR-negative foci induced by ion with
FB, PBO, or TAA significantly increased the concordance ratio
in GST-P-positive foci as compared with the DEN-alone group;
TAA promotion showed the highest concordance ratio (Fig. 4b).
The receptor molecules c-erbB2 and IGF-IRB did not show any
specific expression pattern in association with GST-P-positive foci
in any group.

Liver polypeptide signal levels during the early stage of tumor
promation. Although numbers of animals examined were two
in each group, increased band intensity of polypeptide of
GST-P, phospho-Akt2, and TGFBRI was observed in the liver
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(a) TGFRRI

Fig. 4. Immunohistochemical localization of trans-
forming growth factor-) receptor | (TGFPRI) and
epidermal growth factor receptor (EGFR) in gluta-
thione S-transferase placental form (G5T-F)-positive
liver cell foci after promotion for 6 weeks. (a)
TGFBRI expression (middle and right) In a G5T-P-
positive focus (left) in the liver of a rat promoted
with 3600 p.p.m. fenbendazole (FB) after M-
diethyinitrosamine (DEN) Initiation. Note the
mostly cytoplasmic expression of TGFERI Bar =
500 um (left and middie), 50 um (right). The graph
shows the concordance ratios (%J of TGFRRI immu-
noreactivity with G5T-P-positive foci generated
after promation with FB, piperonyl butoxide (PBO),
or thioacetamide (TAA), **: P<0.01 versus DEN-
alone group (y'-test). (b) Lack of EGFR expression
(middle and rtghu ina Gs'l'-P-posiM focus (left)
in the liver of a rat promoted with 3600 p.p.m. FB
after DEN initiation. Bar = 500 um (left and middle),
50 um (right). The graph shows the concordance
ratios (%) of EGFR negativity with GST-P-positive
foci generated after promotion with FB, PBO, or
TAA. **: P < 0.01 versus DEN-alone group (z-test).
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Fig. 5. signal levels of glutathione Stransferase placental form
(GST-P), phospho-pratein kinase B 2 (Akt2), phospho-Akt substrate, and
transforming growth factor-p receptor | (TGFBRI) in the liver tissues after
promaotion for 6 weeks (N- ‘.'lgroup) Blotted membranes were prepared
for signal detection of each antigen and with actin as a control
for sample loading. Cell lysate of a rat hepatoma cell line that is known
to uprm GST-P. H-4-1I-E, was also included in the analysis. As compared
with M.diethylnitresamine (DEN)-alone oroun. mean relative values of band
intensity of GST-P are 1.7 by pr d. (FB), 5.8 with
piperonyl butoxide (PBO), and 133%“&%(&&%@9&\’
to phospho-Akt2, 1 ive values as ¢ 1 with DEN-alone group are
!lbyprammi-nnwithfs zomhm and 1.7 with TAA. With regard
to phospho-Akt substrate, a single band migrating approximately 32 kDa
could be detected in all groups, and relative values to DEN-alone group
are 1.3 by promation with FB, 1.5 with PBO, and 1,2 with TAA. Relative
levels of TGFRI signal as compared to DEN-alone group are 1.5 by
with FB, 22%”0.“02%1’&&&2% levels of actin
signal to the DEN-alone group as repr 1 by the les examined
for TGFBRI exprenionsl-mnherearaﬂﬁbyprommlonmhﬂl 1.1 with
PBO, and 0.7 with TAA.

TGFpBRI

Actin

after promotion with FB, PBO, or TAA, ex for the reduction
of TGFBRI signal with TAA-promotion (Fig. 5). With regard
to phospho-Akt substrate, a single band migrating approximately
32 kDa could be detected in all groups including DEN-alone group,
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and increase of this signal was evident in the liver by promotion
with FB, PBO, or TAA.

Immunolocalization during the late stage of tumor promotion.
Many adenomas and carcinomas were obtained after promotion
by FB for 57 weeks."” The adenomas often exhibited eosinophilic

m and solid growth, and the carcinomas frequently showed
island and solid growth patterns. Foci observed at the late stage
were mostly eosinophilic, but rarely, basophilic cell types were
found.

All adenomas and carcinomas were positive for GST-P, although
a small subset of foci, such as the basophilic type, appeared nega-
tive. The numbers of liver cell foci, adenomas, and carcinomas
showing GST-P-immunoreactivity and subjected to further immuno-
histochemical analyses were 61, 24, and 9, respectively.

Aktl, Aki2, and Akt3, as well as phospho-Akt (Serd73), did
not show specific immunolocalization in association with GST-
P-positive lesions. On the other hand, localized expression of
phospho-Akt2 was observed in the liver cell foci and neoplastic
lesions, and the concordance ratio of this immunolocalization
with GST-P immunoreactivity was increased in association
with lesion development from foci to carcinomas (Figs 6ab
and 7). All of the nine carcinomas examined showed positive
immunolocalization of phospho-Aki2.

With regard to the distribution of molecule(s) immunoreacted
with antiphospho-(Ser/Thr) Akt substrate antibody, lesion-specific
immunoreactivity was increased in association with lesion develop-
ment from foci to carcinomas, reflecting the concordance ratio
with GST-P immunoreactivity (Figs 6¢,d and 7). Regarding sub-
cellular localization, liver cell foci showed immunolocalization
either at the cell surface membrane or in the cytoplasm, Adenomas
showed three types of localization, i.e. cell membrane alone,
cytoplasm alone, and both membrane and cytoplasm. The ratio
of adenomas showing only cytoplasmic expression was increased
compared with hepatocellular foci. All carcinomas examined
showed a cytoplasmic immunolocalization pattern. Weak nuclear
immunoreactivity was also observed in the liver cells without
showing specific immunolocalization to foci or neoplastic
lesions.

With regard to TGFiRI immunoexpression, the concordance
ratio with GST-P immunoreactivity was rather high in all types of
lesions (Figs 6e and 7). Decreased EGFR expression was observed
in almost all of the GST-P-positive proliferative lesions from foci
to carcinomas (Figs 6f and 7), Other RTKs, c-erbB2, and IGF-IRp,
as well as 14-3~3de1'b10 did not show any specific expression
pattern in association with proliferative lesions,
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lizati in kinase B 2 (Akt2), phospho-
Akt substrate, transforming growth factor-fi receptor | (TGFERI), and epi-
dermal growth factor receptor (EGFR) in the glutathione 5-transferase
placental form-pasitive proliferative lesions generated after promotion by
fenbendazole for 57 weeks, (a,b) Selective expression of phospho-Akt2 in
an adenoma (a) and in a carcinoma (b) in contrast to surrounding non-
tumor tissue. (c,d) An adenoma showing both cytoplasmic and membrane

of phespho-p

immunoreactivities (<), and a carcinoma showing predominantly cytoplasmic
Immunoreactivity (d) with the antibody against phospho-Akt substrate.
(e,f) Positive imrnunoreactwhy of TGFﬂH.I (e) and negative reactivity of
EGFR (f) in an adenoma. Immunoreactivit y in the same portion of the
identical adenoma is presented in panels (@), (<), (e), and (£). (a), (b}, (<),
(e), (f) Bar = 100 um (d) Bar = 50 um. Ad, adenoma; Ca, carcinoma.

Discussion

Our previous study demonstrated down-regulation of PTEN expres-
sion, including its inactive phosphorylated form, in a majority of
altered liver cell foci generated by tumor promotion in the early
stage."” Here, we investigated the cellular localization of
molecules involved in Akt signaling that are negatively regulated
by PTEN in GST-P-positive preneoplastic lesions at the early stage
of promotion. As a result, we found an increase in the ratios of
GST-P-positive foci coexpressing phospho-Akt2 and the undeter-
mined downstream substrate molecule(s) of Akt-kinase activity
in the promoted cases. Further, most of phospho-Akt2-positive foci
and phospho-Akt substrate-positive foci were found in subpopu-
lations of PTEN-negative foci. On the other hand, total phosphory-
lated and non-phosphorylated forms of Aktl, Akt2, and Akt3, as
well as phospho-Akt did not show any specific localization in
association with liver cell foci. These results suggest an enhanced
activation of Akt2 in response to promotion stimuli in subpopu-
lations of GST-P-positive foci to show lack of PTEN-expression.
GST-P-positive foci also showed up-regulation of TGFBRI and
down-regulation of EGFR in response to tumor promotion with
hepatocarcinogens. Although the possibility of chemical-dependent
response remains to be addressed, these results suggest a crosstalk
between the TGF[ and PTEN/Akt2 signaling cascades, involving
a mechanism to cause EGFR down-regulation by promotion at
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Fig. 7. The concordance ratios (%) of the i tive proliferati

lesions for phospho-protein kinase 8 2 (Akt2), phospho-Akt substrate, and
transtorming growth factor-fi receptor | (TGFBRI), and negative foci for
epldermalgrmmhfmurmwt!ﬁmjlnﬁngiumsnuwm
placental form (G5T-P)-positive proliferative lesions produced after promo-
WWMHWMMMC&MW
cytoplasm; memb, brane.

the early stage, A similar pattern of cellular distribution of these
molecules was observed in the neoplastic lesions at the late stage,
suggesting these are essential molecular events in the entire process
of tumor promotion,

The AKT2 gene product is strongly correlated wrlhthcregu-
lation of glucose homoeostasis and is the pre redominant Akt iso-

form expressed in insulin-responsive tissues.”® Aki2 has also been
implicated in human , and recently, Akt2 has been
shown to regulate cancer cell sunmm.l migration, and invasion,
acting as a transcriptional mgulmo%mgctofdnbamlnhx loop-
helix transcriptional factor Twist.*" In the present study, among
Akt isoforms, we could only detect increased coexpression of the
activated form, phospho-Akt2, in subpopulations of GST-P-positive
foci induced by tumor promotion. Increase in the polypeptide
level of phospho-Akt2 was also observed in the liver of tumor-
promoted cases. The following phenomena may underlie the mech-
anisms for clonal expansion of GST- P-posll:nrc cells: lack of a p53
response to DNA damage because of transactivation of Mdm2
oncogene,** down- regulnuon of apoptosis,®*" and up-regulation
of cell proliferation.”! Although the direct evidence for the
functional relevance of active Akt2 in GST-P-positive foci needs
wbeclanﬁed.Ah.mphosphmylmdandmmd.mlmownm
relocalize to several subcellular locations where it phosphorylates
proteins, such as Forkhead transcription factors, glycogen synthesis
kinase-3, Bcl2-antagonist of cell death, and Mdm?2 ~ some of which
contribute to antiapoptotic signaling.®?

In this study, we also found membrane localization of molecule(s)
immunoreactive with antiphospho-(Ser/Thr) Akt substrate antibody
in the GST-P-positive preneoplastic lesions at 6 weeks of tumor
promotion. To idenngre the corresponding molecule, we first
examined the cellular localization o?oourcmu’hdm of Akt sub-
strates that were selected because of reported cell surface mem-
brane localization."**" As a result, 14-3-3 and Grb10 showed
increased cytoplasmic expression in a subpopulation of GST-P-
positive foci induced only by promotion with PBO. We next
examined polypeptide signal levels immunoreacted with the
antiphospho-(Ser/Thr) Akt substrate antibody in the liver of tumor
promoted cases. As a result, a single pnlyp:pnde signal, migrating
approximately at 32 kDa, was detected in all and enhanced
expression was observed after tumor promoumngly.
pattern of immunolocalization changed from the membrane to
the cytoplasm in relation with lesion devel All carcinomas
showed cytoplasmic localization, suggesting an alteration of the
function or activity of the corresponding molecule(s).
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TGFp exerts a growth-inhibitory effect on epithelial cells, which
explains its role as a tumor suppressor that cancer cells must elude
for malignant evolution.”” Yet, paradoxically, TGFP also modulates
processes such as cell invasion, immune regulation, and micro-
environment modification that cancer cells may exploit to their
advantage.”™ In our previous study, we found that TGFPRI was
selectively expressed in proliferative lesions from early preneo-
plastic liver cell foci induced by promotion with PB or FB,
whereas TGFBRII showed less selective expression in relation
with proliferative lesions.”” In the present study, we also found
TGFRI expression in subpopulations of GST-P-positive foci
generated after promotion with PBO or TAA as well as FB,
whereas no apparent immunoreactivity was found with GST-P-
positive foci induced without any promotion. In parallel with
the imm results, polypeptide signal of TGFBRI
was increased in the liver after promotion with FB or PBO. TAA-
promoted cases, on the other hand, decreased the polypeptide
signal, in contrast to the increased expression in the preneoplastic
liver cell foci. In the immunohistochemical analysis of focal
strong expression as in the present study, weak constitutive
expression is usually excluded from the evaluation of immuno-
histochemical results. However, constitutive expression could be
detected by immunoblot analysis. Therefore, although the reason
for the discrepancy in the result between the immunohistochemistry
and immunoblotting was not clear, difference in the constitutively
expressed level of TGFPRI in liver cells not forming preneo-
plastic foci between groups including DEN-alone group might
be involved.

Considering the similarity of the immunolocalization pattern
of TGFPRI with the above-examined PTEN/Akt signaling mole-
cules, some signal crosstalk may occur between TGFB and PTEN/
Akt signaling for formation of preneoplastic lesions under tumor-
promoting stimuli. TGFJ has been shown to induce transcriptional
down-regulation of PTEN in neoplastic nel]s. suggnsung a role
for TGF| s:gualmg in their growth O3 1t has also been
reported that activation of Akt is required forTGFB-medmled cell
survival, epithelial-to-mesenchymal transition, and cell migra-
tion.***" This activation can result from TGFB-induced TGF-o
expression and consequent EGF-receptor activation.®” According
to our previous study results, populations of PTEN-negative pro-
liferative lesion were slightly but consistently larger than TGF-
BRI-positive ones at both early and late stages of tumor promotion
by FB and PB " suggesting an acquisition of TGFj3 signaling in
a subpopulation of PTEN-negative lesions. On the other hand, in
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selective down-regulation of EGFR in a majority of GST-P-positive
foci was ohserved at 6 weeks of promotion in the present study,
while c-erbB2 did not show any specific expression pattern.
Moreover, most of the GST-P-positive proliferative lesions, including
carcinomas presented here, also down-regulated EGFR at the later
stage. It is well known that EGFR can be down-regulated in a
ligand-dependent manner because of internalization and the
following efficient degradation, resulting in a dramatic decrease in
the half-life of the EGFR protein,”® and long-term g:l&on
of receptor activity can occur through this mechanism.
type of EGFR down-regulation can occur via ¢
or independent mechanisms; acuwtyof?ﬁl(uwellas!hm::f
EGFR kinase and dynamin would be required for the latter.®
Another possibility for the mechanism underlying selective down-
regulation of EGFR is transcriptional gene silencing by CpG
island hypermethylation.*" Although further studies are needed
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signals such as Akt, and EGFR is required for its activation.“” A
subpopulation of GST-P- xosmve liver cell foci expresses TGFa,
acting as a c-erbB ligand. ™

In summary, we found an enhanced activation of PTEN/Akt2
signaling in preneoplastic and neoplastic lesions in response to
tumor promotion from the early stages of hepatocarcinogenesis.
Considering the up-regulation of TGFBRI and down-regulation
of EGFR in relation with PTEN/AKI2 in these lesions, there is
likely crosstalk between Akt2 and TGFp signaling, involving a
mechanism requiring EGFR down- tion during the entire
process of tumor promotion starting from the early stage.
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To identify differentially regulated molecules related to early and late

ges of tumor p tion in a rat stage thyroid carcinogenesis
maodel by an antithyroid agent. sulfadimethoxine, microarray-based
microdissected lesion-specific gene expression profiling was carried
out. Proliferative lesions for profiling were divided into two categories:
(i) focal follicular cell hyperplasias (FFCH) and adenomas (Ad) as
early | and (i) carci (Ca) as more advanced. In both
cases, gene expression was compared with that in surrounding
non-tumor follicular cells. Characteristically, upregulation of cell cycle-
related genes in FFCH + Ad, downregulation of genes related to
tumor suppression and transcription inhibitors of inhibitor of DNA
binding (Id) family p in Ca, and upregulation of genes related
to cell proliferation and tumor progression in common in FFCH + Ad
and Ca, were detected. The i nistochemical distributions of
molecules included in the altered expression profiles were further
examined. In parallel with microarray data, increased localization of
ceruloplasmin, cyclin B1, and cell division cycle 2 homolog A, and
decreased localization of poliovirus receptor-related 3 and Id3 were
observed in all lypu of lesion. Although inconsistent with the
mic y data, th lobulin immunoreactivity appeared to reduce
in Ca. 'I'he results ﬂ!us suggest cell cycling facilitation by induction
of M-phase-promoting factor consisting of cyclin B1 and cell division
cycle 2 homolog A and generation of oxidative responses as
evidenced by ceruloplasmin accumulation from an early stage, as
well as suppression of cell adhesion immhring poliovirus receptor-
related 3 and inhibition of cellular diff lated by id3.
Decrease of thyroglobulin in Ca may reflect dedifferentiation with
progression. (Cancer Sci 2009; 100: 617-625)

Ithough clinically recognized thyroid Ca constitute less than
1% of all human malignant tumors, it is the most common
endocrine cancer (90% of cases) and is responsible for more deaths
than all other endocrine cancers combined.'” Ca of the thyroid is
usually of follicular cell origin, but the medullary carcinoma
arises from parafollicular or C cells. In humans, causative factors
for thyroid Ca are not well understood except for secondary
occurrence after radiotherapy.® In rats, on the other hand, thyroid
follicular cell tumors can be by administration of
antithyroid agents, such as by pmpylrhlomml 2 methimazole,™
and 3-amino-1,2.4-triazole,” in an initiation- ~promotion model.
Many chemicals that can induce thyroid tumors in rodents
cause disruption of the thyroid—pituitary axis through induction
of hypothyroidism.“ The putative mechanism for this carcino-
genesis is believed to be non-genotoxic, decrease in the serum
levels of triiodothyronine and thyroxine causing suppression of
negative feedback through the pituitary and an increase in serum
TSH. TSH then stimulates thyroid functions, including growth
and proliferation of follicular cells.”* However, detailed molecular
mechanisms remain to be resolved.®
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SDM is a broad-spectrum antimicrobial sulfonamide that has
been shown to effectively induce thyroid follicular cell tumors
in @ rat two-stage thyroid carcinogenesis model after initiation
with DHPN.™ The anti-thyroidal effects of this drug are mediared
through inhibition of iodination reactions catalyzed by thyroid
peroxidase, resulting in reduction of thyroid hormone synthesis
and increased levels of TSH in the bloodstream."”

Histological lesion-specific gene expression profiling provides
vialuable information on the mechanisms underlying lesion
development. We have established molecular analysis methods
for DNA, RNA, and proteins in paraffin-embedded small-tissue
specimens utilizing an organic solvent-based fixative, meth-
acam,”''"" and applied them for analyses of microdissected
lesions.""*' With regard to mRNA expr analysis, ex S
fidelity in the methacam-fixed paraffin-embedded tissues was
found to be very close to that in the unfixed frozen tissues in
both the real-ime RT-PCR and oligonucleotide microarray
systems, suggesting a great advantage of methacamn in analyses
of microdissected lesions after paraffin embedding."'*'*

In the study, to identify di i molecules
related to thyroid carcinogenesis through hypothyroidism, we
carried out global gene expression profiling of early and late-stage
proliferative lesions obtained after promotion with SDM in a rat
two-stage carcinogenesis model. Localization of representative
molecules showing altered expression was further analyzed
immunohistochemically.

Materials and Methods

Chemicals and animals. DHPN (CAS no. 53609-64-6) and SDM
(CAS no. 122-11-2) were purchased from Nacalai Tesque
(Kyoto, Japan) and Sigma (St Louis, MO, USA), respectively. Male
5-week-old F344 rats were from Japan SLC (Hamamatsu,
Japan) and housed four to five rats per polycarbonate cage with
sterilized softwood chips as bedding in a barrier-sustained
animal room conditioned at 24 + 1°C and 55 + 5% humidity, with
a 12:12h L : D cycle. They received CRF-| (Oriental Yeast Co.,
Tokyo, Japan) as a basal diet and water ad libitum throughout
the experimental period, including the 1 week of acclimation.

Experimental design. At 6 weeks of age, 30 rats were injected
subcutaneously with 2800 mg/kg body weight DHPN. Another
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group of nine animals was injected with the vehicle saline as non-
treated controls. One week later, 25 DHPN-initiated animals
were administered SDM at 1000 p.p.m. in the drinking water
ad libitum for up to 15 weeks. The other five DHPN-initiated
animals were maintained on tap water for 10 weeks as a DHPN-
alone group. At week 10 after SDM treatment, 10 animals were
killed for microdissection of FFCH + Ad as well as NTF in each
animal. The other SDM-promoted animals were further maintained
until week 15, when 12 rats were killed for microdissection of
Ca. Five untreated controls and the DHPN-alone group were
killed at week 10 of SDM promotion, and the four remaining
untreated controls at week 15. All animals were killed by
exsanguination from the abdominal aora under deep anesthesia
with ether. The animal protocol was reviewed and approved by
the Animal Care and Use Committee of the National Institute of
Health Sciences, Japan,

Preparation of tissue specimens and microdissection. Caudal halves
of the bilateral thyroid tissues of SDM-promoted animals were
immersed in methacarn solution for 2h at 4°C.'" Tissue
samples were then dehydrated, immersed in xylene, and embedded
in paraffin as described previously.”’ Embedded tissue blocks
were stored at 4°C until microdissection."*

For microarray analysis, 4 pm-thick sections between 10 16 pm-
thick serial sections were prepared. The 16 pm-thick sections
were mounted onto PEN-foil film (Leica Microsystems, Welzlar,
Germany) overlaid on glass slides, dried in an incubator
overnight at 37°C, and then stained using an LCM staining kit
(Ambion, Austin, TX, USA). All microdissections were carried
out within 2 h of tissue staining. The histopathological identity
of each FFCH, Ad, and Ca, as well as NTF, was determined under
microscopic observation of the adjacent 4 pum-thick sections
stained with hematoxylin-eosin according to published criteria
(Fig. 1).'7 In the present carcinogenesis model with SDM pro-
motion, capsular invasive carcinomas are generated in addition
to less-frequent parenchymal Ca."® In the present study, paren-
chymal proliferative lesions including the latter were subjected to
laser microbeam microdissection (Leica Microsystems). Approxi-
mately 20 sections of bilateral thyroids were subjected to
microdissection in one animal, and the microdissected samples
(NTF, FFCH + Ad, and Ca) were collected and stored in separate
1.5-mL sample tubes at ~80°C until extraction of total RNA.

RNA isolation, amplification, and microarray analysis. Total RNA
extraction from each histological sample and quantitation of the
RNA yield were carried out according 1o methods described
previously,"¥

For microarray analysis, equal amounts of extracted total
RNA samples from two animals were mixed (100 ng/sample)
and subjected to amplification, consisting of RT and subsequent
two-step in vitro transcription, using a MessageAmp Il aRNA
Kit (Ambion).

Second-round-amplified biotin-labeled antisense RNA was
subjected to hybidization with a GeneChip Rat Genome 230 2.0
Amay (Affymetrix Inc., Santa Clara, CA, USA). RNA samples
collected from two animals were subjected to analysis with indi-
vidual microarrays (n = S/histological preparation).

Selection of genes and normalization of expression data were
carried out using GeneSpring software (ver7.2; Silicon Genetics,
Redwood City, CA, USA). To normalize chip-wide variation in
intensity, per chip normalization was performed by dividing
the signal strength for each gene with the level of the 50th
percentile of the measurement in the chip, and dividing the
value by the average intensity in the samples of NTE. Genes
showing signals judged to be “absent’ in all 10 samples of NTF
and each proliferative lesion group (FFCH + Ad or Ca) for com-
parison were excluded. Then, genes showing expression change
with differences at least 2-fold in magnitude in the proliferative
lesion groups from the NTF, as well as the ‘presence’ signal in more
than four of five samples in the histological lesion group (NTF

g 4 Y

Fig. 1. P pr ive lesi ping after pr ion
with sulfadimethoxine (SDM) for (a) 10 or (b) 15 weeks in a rat two-
stage thyroid carcinogenesis model. (a) Adenoma with follicular
features, showing expansive growth with minor atypia. (b) Carcinoma
showing obvious cellular atypia, consisting of follicular and solid
growth elements with structural irregularity. Note focal necrosis and
fibrosis. Hematoxylin-eosin staining, Scale bars = 50 um.

or each proliferative lesion group) showing higher expression values
in comparison, were selected. Genes showing altered expression
in common in both FFCH + Ad and Ca were also selected.
Real-time RT-PCR. Quantitative real-time RT-PCR was carried out
for confirmation of expression values obtained with microarrays
using an ABI Prism 7900HT (Applied Biosystems, Foster City,
CA, USA). The following 11 genes (eight upregulated and
three downregulated in proliferative lesions) were selected as
targets: chitinase 3-like |, ceruloplasmin, solute carrier family 2
(facilitated glucose transporter) member 3, solute carrier family
16 (monocarboxylic acid transporters) member 6, glucagon,
prolactin receptor, phosphatidylinositol 4-kinase type 2o, and
actinin ol as upregulated examples; and Pvrl3, retinoic acid
induced 3, and glucosaminyl (N-acetyl) transferase 1 core 2 as
downregulated examples. RT was carried out using first-round
antisense RNA prepared for microarray analysis. Real-time PCR
analysis of ceruloplasmin, glucagon, and glucosaminyl (N-
acetyl) transferase 1 core 2 was carmed out using ABI Assays-on-
Demand TagMan probe and primer sets from Applied Biosystems
(available at https://products.appliedbiosystems.com/ab/en/US/

doi: 10.1111/.1345-7006.2009.01094.x
© 2009 Japanese Cancer Association




Table 1. Sequences of primers used for real-time

transcription-poly chain reaction with the SYBR Green detection system

Gene Accession no, Sense/Antisense Sequence

Chi3n AAS45643 Sense 5-TCGTTAACAGGGATGACCTGTATCT-3
Antisense 5-GGGTAGGACGGTGGGATTGT-3'

Slc2a3 AASD1341 Sense 5-AAGCTGGCCATTGGCAAAT-3
Antisense 5" -CTAGCCTCTTGTGCTCCTCCAT-3'

Slc16a6 AABS9652 Sense 5-AAAGGTGTTTCGACTGCATTCTC-3
Antisense 5-CCCCATGTACCAAGCACTGTT-3"

Prir AW142962 Sense 5" TGTCGCATAAGGTCCCCTCTT-3"
Antisense 5"-GCTTGGCAATTTGTAGGGAAAG-3"

PidKIl BEDS7981 Sense 5-CCCCTTTCTCTTTCCTTCTGGTA-3"
Antisense 5-ACAGCAAGTTCCAGGACAGTCA-3

Actnl BE119221 Sense 5-AAGAAGGCGGTGTTTGTAAGCT-3
Antisense 5 -CCGTCCCTTGGCTTTGAA-Y

Pvrl3 AWS525315 Sense 5-GGCAAGACACTGGTTCTACACAAT-I
Antisense 5-AAGGCCCGAAGAATGTTTTTC-Y

Rai3 BI276110 Sense 5 -GGAGCAAGTGCCAGGAATTTAT-3
Antivense S-CAGTTTTTTCCAGCCAGGAGAA-T

Actnl, actinin al; Chi3l1, chitinase 3-like 1; PidKIl, phosphati

dylinositol 4-kinase type 2 Prir, prolactin receptor; Pvri3, poliovirus receptor-related

3; Rai3, retinoic acid induced 3; Sic2a3, solute carrier family 2 (facilitated glucose transporter) member 3; Slc16a6, solute carrier family 16

(monocarboxylic acid transporters) member 6.

adirect/ab?cmd=catNavigate2&catlD=601267) (n = SMistological
ion). For measurement of transcript levels of chitinase
3-like 1, solute camer family 2 (facilitated glucose transporter)
member 3, solute carrier family 16 (monocarboxylic acid
transporters) member 6, prolactin receptor, phosphatidylinositol
4-kinase type 2a, actinin o1, Pvrl3, and retinoic acid induced 3,
primer sets were designed using Primer Express software (Version
2.0; Applied Biosystems), and the corresponding primer sequences
are shown in Table 1. Amplified transcript levels were measured
with the SYBR Green detection system (n = S/histological
preparation). For quantification of expression data, a standard
curve method was applied using the first-round antisense RNA
prepared for microarray analysis from NTF as a standard sample.
Expression values were normalized to two housekeeping genes,
glyceraldehyde 3-phosphate dehydrogenase and hypoxanthine-
guanine phosphoribosyltransferase, as described previously.'*
Immunohistochemistry. The cranial halvesofdthlamxld:yrmds
of SDM-promoted animals were subjected to fixation in 10%
phosphate-buffered formalin (pH 7.4) solution for 2 days at room
temperature, and prepared for histopathological examination. In
untreated controls and DHPN-alone cases, whole thyroid tissue
was fixed in buffered formalin and prepared similarly.
Immunohistochemistry was carried out with antibodies against
ceruloplasmin (clone 8, mouse IgG,, 1:50; BD Transduction
Laboratories, San Jose, CA, USA), Ccnbl (clone V152, mouse
1gG,, 1:100; Thermo Fisher Scientific Inc., Fremont, CA, USA),
Cdc2 (clone A17, mouse IgG,,, 1:200; GeneTex, San Antonio, TX,
USA), thyroglobulin (clone SPM221, mouse IgG,, 1:250; Spring
Bioscience, Fremont, CA, USA), Pvrl3 (goat IgG, 1:100; R&D
Systems, Minneapolis, MN, USA), and Id3 (rabbit IgG, 1:100;
ProteinTech Group, Chicago, IL, USA). For confirmation of
positive immunoreactivity of antigens examined, normal rat
tissues, such as the liver for ceruloplasmin,"® duodenal mucosa
for Cenbl and Cde2, and thyroid for thyroglobulin,™ Pvrl3, and
Id3, were used. For each antigen, subcellular or extracellular
localization was examined and compared to the cases previously
reported.*'** Optimal conditions for antigen retrieval were also
determined using positive control tissues. For antigen retrieval,
deparaffinized sections were heated in 10 mM citrate buffer
(pH 6.0) by autoclaving for 10 min before incubation with the
Cenbl and Pvrl3 antibodies, or for 20 min before incubation for
ceruloplasmin, Cde2, and Id3. No antigen retrieval treatment was
carried out for thyroglobulin. Immunodetection was carmed out

Woo et al

utlhzmg a Vectastain Elite ABC kit (Vector Laboratories, Burl-
ingame, CA, USA), with 33-d1nnm0bumdnnﬂl,02udwcm
mogen, as described previously."” As negative controls for
immunoreactivity, normal serum from mouse, goat, or rabbit was
applied to rat positive control tissues with appropriate dilutions
instead of the primary antibodies. Sections were counter-
stained with hematoxylin.

Analysis of immunoreactivity. For all antigens examined in the
present study, immunoreactivity was essentially unaltered in the
thyroids between the groups of untreated controls and DHPN
alone, and these animals did not develop any proliferative
lesion. Therefore, immunoreactivity scores in these were
counted together and represented as ‘normal follicular cells'
with three randomly selected microscopic areas at 200-fold
magnification in one animal. Animals examined for ‘normal
follicular cells’ were nine untreated controls and five treated with
DHPN. In the SDM-promoted cases, :mmeacuwly scores
were counted in the histological categories of NTF, FFCH + Ad,
and Ca. With regard to NTF, three randomly selected microscopic
areas at 200-fold magnification were subjected to evaluation for
each animal, With Ca, both capsular invasive and parenchymal
Ca were analyzed. Immunoreactivity in each histological type
was not essentially different between the cases after 10 and
15 weeks of promotion, and therefore immunolocalization
scores were counted together for these two time points. The
numbers of animals examined for proliferative lesions and
surrounding NTF were 10 and 11 after 10 and 15 weeks of
promotion, respectively.

For ceruloplasmin, Cenbl, Cdc2, 1d3, and thyroglobulin,
immunolocalization was scored as O (negative), 1 (slight), 2
(moderate), or 3 (prominent). In the case of Pvrl3, scores were
0 (negative), | (partially positive), or 2 (positive). Detailed criteria
for the immunoreactivity for each molecule given in Table 2
were determined after due consultation of two independent
pathologists. Immunoreactivity score in each lesion was double-
checked by one pathologist and then cross-checked by another
pathologist.

Data analysis. Expression values from the real-time RT-PCR
were analyzed by Student’s or Welch’s r-test following a test for
equal variance. Scores for immunoreactivity were assessed with
Mann—-Whitney's U-test, comparing NTF and normal follicles,
FFCH + Ad or Ca. For the microarray data, the statistical analysis
was carried out with GeneSpring software, and the significance
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Table 2. Scoring criteria for POy Ly —

Immunolocalization

Score of immunoreactivity

Molecule for evaluation 0 E 1 2 3
Ceruloplasmin Luminal cellular surface - Weakly positive, Strongly positive, focal Strongly positive,

a few follicles follicular populations majority of follicles
Cenb1 Cytoplasm - Weakly positive, Weakly positive, Strongly positive,

a few cells majority of cells majority of cells
Cde2 Cytoplasm and nucleus - 1-10 cells/400x field 10-30 cells/a00x field > 30 cells/d00x field
Thyroglobulin Cytoplasm — < 20% cells 20-70% cells > 70% cells
Purl3 Intercellular membrane — Focally positive Entirely positive Not applied
1d3 Nucleus _ Weakly positive, Weakly positive, Strongly positive,

a few cells majority of cells majority of cells

Cenb, Cyclin B1; Cde2, cell division cycle 2; 1d3, inhibitor of DNA binding 3; Pvri3, poliovirus receptor-related 3.

of gene expression changes was analyzed by Student’s t-test or
ANOVA between NTF and normal follicles, FFCH + Ad or Ca.

Results

Microarray analysis. As genes showing altered expression
specifically in FFCH + Ad, 40 examples were upregulated and 20
examples were downregulated, as compared with surrounding
NTEF (Table 3; Supporting Tables S1, S2). In the Ca cases, the
numbers of genes specifically upregulated and downregulated
were 69 and 142, respectively. Representative genes with known
annotations associated with carcinogenesis are listed in Table 3.
Interestingly, a cluster of cell cycle-related genes were found to
be upregulated specifically in FFCH + Ad, such as ubiquitin-like
with PHD and RING finger domains 1, kinesin family member
23, cyclin A2, M-phase phosphoprotein, topoisomerase (DNA)
2a, Cde2 homolog A, Cenbl, and cyclin-dependent kinase
inhibitor 3. Extracellular matrix proteins, laminin Y2, and
fibronectin 1 also showed upregulation in FFCH+ Ad. No
particular functional cluster was observed for downregulated
genes in FFCH + Ad cases. Among the upregulated genes in
Ca, examples with functions in transport (ceruloplasmin) and
biosynthesis (thyroglobulin) were found, whereas
genes typically involved functions in tumor suppression, such as:
decorin, reversion-inducing-cysteine-rich protein with kazal motifs,
creatine kinase mitochondrial 1 ubiquitous, retinoblastoma 1,
lysyl oxidase, and NAD(P)H dehydrogenase quinine 1. Transcript
levels for genes encoding signal transduction molecules and
transcription factors were also downregulated in Ca. All isoforms
of Id were found to be reduced.

With regard to genes showing altered expression in common
in FFCH + Ad and Ca, totals of 93 and 53 were upregulated and
downregulated, respectively (Table 4; Supporting Table S3).
Upregulated genes included examples linked to transport, cell
proliferation, and tumor progression. In particular, multiple gene
probes in the array showed increased signals for ceruloplasmin
and solute carmer family 16 (monocarboxylic acid transporters)
member 6. Among the genes that showed downregulation, no

functional clusters were apparent. Two gene probes
for Pvrl3 in the array demonstrated downregulation. Real-time
RT-PCR for validation of microarray data was carried out for 11
genes showing commonly altered expression with FFCH + Ad
and Ca, eight upregulated and three downregulated. the results
being summarized in Table 5. In both FFCH + Ad and Ca, many
expression changes were similar with the two analysis systems,
despite a lower magnitude of alteration observed with PCR data
for the upregulated genes when the values were normalized to
hypoxanthine-guanine phosphoribosyltransferase levels, With regard
to downregulated genes, variability of PCR data in the NTF after
normalization to the hypoxanthine-guanine phosphoribosyl-
transferase level was slightly higher than with glyceraldehyde

3-phosphate dehydrogenase (data not shown), and therefore
statistical significance was not attained for FFCH + Ad.

Immunolocalization in the thyroid in relation to proliferative
lesions. Ceruloplasmin was immunolocalized mainly at the luminal
surfaces of cell membranes of follicular cells, almost specific to
the proliferative lesions (Fig. 2a). Diffuse or Immunoreactivity
was also observed in the follicular lumina of lesions showing
cell surface immunoreactivity. In parallel with the upregulation
of transcript levels both in microarray and real-time RT-PCR
analyses, immunolocalization of ceruloplasmin was specifically
observed in all types of proliferative lesions, with statistical
significance in the scores as with NTE. Although the
intensity was weak, increased cytoplasmic staining was also
observed in some Ca.

Cenbl was immunolocalized in the cytoplasm of follicular
cells with fine granular immunoreactivity (Fig. 2b), In the
normal follicles and NTF, weak and sparse immunolocalization
was typical. In the proliferative lesions, the expression pattern of
this molecule was either sparse or diffuse, and staining was weak
with the former and either weak or strong with the latter. In parallel
with upregulation of transcript levels in microarray analysis,
a significant increase in the immunolocalization scores was
observed in FFCH + Ad as compared with surrounding NTF.
Although statistically significant elevation was still evident,
immunoreactivity was less intense in Ca than in FFCH + Ad.

Immunoreactivity of Cdc2 was strong and localized both to
the cytoplasm and nucleus of tumor follicular cells (Fig. 2¢). In
the normal follicles and NTF, immunoreactive cells were rather
few. Although microarray dats showed upregulation only in
FFCH + Ad, both FFCH + Ad and Ca showed statistically
significant increases in the immunolocalization scores as
with NTF. Ca demonstrated the highest scores.

Thyroglobulin showed strong and granular immunolocaliza-
tion in the cytoplasm of normal and non-tumor follicular cells as
well as diffuse immunoreactivity in the follicular lumina (Fig. 2d).
Although microarray data showed lation of the transcript
lzvehnn&fnlhmhrpuhfmwlmsbowedlugewwbdny
in the immunoreactivity, and Ca showed a significant decrease
in immunolocalization scores as compared with NTF.

Pvrl3 showed intercellular membrane immunolocalization in
the normal and non-tumor follicular cells (Fig. 2¢). With both
FFCH + Ad and Ca, in parallel with the downregulation of the
transcript levels common to microarray and real-time RT-PCR
analyses, statistically significant decreased immunolocalization
scores were observed as compared with NTF, However, the
magnitude of the decrease in FFCH + Ad was stronger than in
the Ca case, contrasting with the transcript data.

Inhibitor of DNA binding 3 showed nuclear immunoexpres-
sion in normal and non-rumor follicular cells (Fig. 2f). Allhwgh
microarray analysis showed statistically significant
of transcript levels only in Ca, statistically significant decreases
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Table 3. mammmmwmmww i35 sh d specifically
in thyroid prolif lesions of each gory ind mmmamwwmummr
Gene function Accession no. Gene title Symbol FFCH + Ad Ca
FFCH + Ad
Upregulated genes (of 40 genes in total)
Cell cydle BED98732 Ubiquitin-like, containing PHD and RING finger domaing, 1 Uhrf1 243 1.8
Cell cycle BE113443 Kinesin family member 23 Kif23 220 1.09
Cell cyde AASIB516 Cyclin A2 Cena2 213 129
Cell cycle BM3B85445 Topoisomerase (DNA) 2a Topla 212 137
Cell cycle BE110723 M-phase phosphoprotein 1* Mphosph1 2.09 1.35
Cell cycle NM_019296 Cell division cycle 2 h g A (5. pombe) Cdc2a 204 1.45
Cell cycle X64589 Cydlin B1 Cenb 20 1.40
Cell cycle BE113362 Cydin-dependent kinase inhibitor 3* Cdkn3 197 1.18
Metastasis BM385282 Laminin, y2 Lamec2 290 125
Metastasis AABI3484 Fibronectin 1 L) 216 1.40
Downregulated genes (of 20 genes in total)
Metastasis BE117767 Immunoglobulin superfamily, member 4A" Igstda 0.46 073
Cell differentiation BGEE6709 N-mye downstream regulated 4 Nelrd 050 051
Ca
Upregulated genes (of 69 genes in total)
Biosynthesis AI500952 Thyroglobulin Tg 172 2.65
Transport AF202115 Ceruloplasmin Cp 1.99 2.45
Transport BE106526 Solute carrier family 6 (neurotransmitter Slc6all 1.44 1.98
transporter, GABA), member 11
Cell growth M57668 Prolactin receptor Prir 1.78 242
Cell cycle NM_133578 Dual specificity phosphatase 5 Dusp5 174 2.02
Proto-oncogene NM_012874 v-ros UR2 sarwﬂa vlms onr.ogcne homolog 1 (avian) Ros1 1.59 1.98
Metastatic regulator Al175048 Sine oculis t g 1D phil, Six1 1.62 1.96
Glycolysis BI294137 Hexokinase 2 Hi2 120 1.87
Downregulated genes (of 142 genes in total)
Tumor suppressor BM330253 Decorin Den 0.76 0.27
Tumor suppressor AWS523759 Reversion-inducing-cysteine-rich protein with kazal motifs® Reck 0.65 032
Tumor suppressor B1301453 Creatine kinase, mitochondrial 1, ubiquitous Ckmt1 0.49 0.35
Tumar suppressor AlN78012 Retinoblastoma 1 Rb1 075 038
Tumor suppressor NM_017061 Lysyl oxidase Lox 0.81 0.39
(B1304009) (0.91) (0.49)
Tumaor suppressor 02679 NAD(P)H dehydrogenase, quinone 1 Ngo1 0.57 0.42
Signal transduction uras1? cAMP-requlated guanine nucdleotide exchange factor Il Rapgefd 065 0.32
Signal transduction AAS45708 Calcitonin receptor-like Calerd 0.59 0.34
Signal transduction Bi295477 G protein-coupled receptor 116 Gpr116 061 0.45
Signal transduction NM_030829 G protein-coupled receptor kinase 5 GprkS 0.66 0.48
Cell adhesion NM_031050 Lumican Lum 0.99 033
Transcription AF000942 Inhibitor of DNA binding 3, dominant id3 0.57 033
negative helix-loop-helix protein
Transcription BE116009 Inhibitor of DNA binding 4 Idb4 0.56 0.40
Transcription NM_053713 Kruppel-like factor 4 (gut) Kif4 0.67 0.40
Transcription MB6708 Inhibitor of DNA binding 1, helix-loop-helix id1 064 0.aa
protein (splice variation)
Transcription AlD08792 Inhibitor of DNA binding 2, dominant negative id2 0.68 0.48
helix-loop-helix protein
Metastasis suppressor AlS78087 transmembrane 4 superfamily member 1* Tmast1 064 0.36
(AW435343) (0.74) (0.48)
Apoptosis AABI2T70 Glutamate-cysteine ligase, catalytic subunit Gele 0.61 0.41
Tumor metastasis NM_133526 Transmembrane 4 superfamily member 3 Tmasf3 070 0.41

Ad, adenoma; Ca, carcinoma; FFCH, focal follicular cell hyperplasias.

'Proliferative lesions were divided into two categories, i.e, FFCH + Ad and Ca.

‘Predicted gene identity.
in the nuclear immunolocalization scores were also observed in
FFCH + Ad.

Discussion

With the present microdissected lesion-specific gene expression
profiling, alteration was found for 60 genes specifically in

Woo et al.

FFCH + Ad, 211 genes specifically in Ca, and 146 genes
in common in both, as compared with surrounding NTE. On
selection of these with known annotations associated with
carcinogenesis, we found upregulation of cell cycle-related
genes specifically in the early proliferative lesions, represented
by FFCH and Ad. In the advanced Ca lesions, downregulation
of genes related to tumor suppression and those encoding
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Table 4. List of representative genes with known functional annotations iated with carci is showing altered lon i
with all types of thyroid proliferative lesi wmdhmwhqnmwwmmmms&m

Gene function Accession no. Gene title Symbol  FFCH + Ad C
Upregulated genes (of 93 genes in total)
Adhesion AAS45643 Chitinase 3-like 1 Chi3in 7.46 8.55
Adhesion Al69104 Platelet factor 4 Pfa 252 an
Angiogenesis NM_021751 Prominin 1 Prom1 4.26 5.53
Transport NM_012532 Ceruloplasmin Cp ix 4.12
(AF202115) (2.43) (2.79)
Transport AAS01341 Solute carrier family 2 (facilitated glucose trargporter), member 3 Sic2a3 268 253
Transport ANB59652 Solute carrier family 16 (monocarboxylic acid transporters), member 6 Sic16a6 228 233
(BG372184) (2.25) (2.24)
Cell profiferation AF411318 Metaliothionein Mtla wm 3.7
Cell proliferation AAB19913 Carbohydrate (keratan sulfate Gal-6) sulfotransferase 1* Chst1 amn 375
Cell proliferation NM_022278 Glutaredoxin 1 (thioltransferase) Girx1 363 3.70
Cell proliferation NM_013122 Insuhn like growth factor hindinq protein 2 Igfop2 .5 .78
Cell proliferation Al101583 T receptor p | cation ch |, subfamily V, ber & Trpvé .01 2.25
Cell proliferation Bi290527 T-box 2* Thx2 1.66 2.19
Biosynthesis BEQ97981 Phosphatidylinositol 4-kinase type 2a PiaKI .66 336
Signal transduction  NM_012707 Glucagon Geg 3.07 2.719
Cell growth AW142962 Prolactin receptor Prir .22 2.46
Tumor progression  BE102969 Ets variant gene 4 (E1A enhancer binding protein, E1AF) Etva 162 2.25
Tumor progression  BG379319 Transforming growth fu:tm', beta induced Tgfbi R 241
Tumor progression  BE120425 Calcdlum/calmodulin-dep 1t protein kinase Il g Camk2g 217 1.90
Cell cycle NM_133309 Calpain 8 Capng 2.06 2.55
Cytoskeleton BE119221 Actinin, a1 Actn1 m 2.09
Downregulated genes (of 53 genes in total)
Adhesion AWS25315 Poliovirus receptor-related 3* Pvri3 0.46 0.28
(AI103913) (0.44) (0.31)
Transcription NM_013060 Inhibitor of DNA binding 2, dominant negative helix-loop-helix protein  id2 0.47 0.28
Biosynthesis NM_022276 Glucosaminyl (N-acetyl) transferase 1, core 2 Gent1 044 0.30
Signal transduction  BI276110 Retinoic acid induced 3 Rai3 0.48 0.33
Apoptosis Al227742 Bcl-2-related ovarian killer protein Bok 0.44 0.36

Ad, adenomas; Ca, carcinomas; FFCH, focal follicular cell hyperplasias.
'Proliferative lesions were divided into two categories, L.e. FFCH + Ad and Ca.
'Predicted gene identity.

Table 5. Validation of microarray data by real-time reverse transcription-polymerase chain reaction (PCR)

FFCH + Ad Ca
Gene Real-time PCR normalized by Real-time PCR normalized by
Microarray Microarray

Hprt Gapdh Hprt Gapdh
Chill 7.40 £ 1.06* 7.35+ 2.85%** 10.73 £ 4.13 8.67 £ 2.67* B.14 £ 3,494~ 14.09 £ 4.61***
Cp 3292027 3.18 £ 0.89**** 4691 1,194 4.12+£0.62** 350 0.4+ 6.151 0.83****
Slc2a3 266 +0.25** 247 £ 0.66**** 3551093 252+0.31* 241 £0.47%=> 415+ 0.28***
Sci16ab 2.29+053* 2.20 £ 0.73*** 326% 1,120 2.23 £0.26** 2.1910.63*** 388+ 089"
Geg 3.07 + 0.60* 2.37 £ 0.72%** 3.46 + 0.88 296+ 1.21* 2551 1.17%** 4.40 + 1.69***
Prir 2.22 £ 0.61* 1.53:0.36 221 2 051+ 2.51 £ 0.80** 1.87 £ 0.36*** 3.2310.43****
PidKll 2.67 £ 0.89* 201:074 296+ 1.12%%** 3.30 £0.95* 2.1720.59** 3841083
Actnl 2134047 1.61 +0.48 235 £ 0734 2.17 £ 0.82* 1524038 2.67 £ 0.56*"*"
Pvrl3 0.44 £ 0.07* 0.40 +0.08 0.59 £ 0.10%** 0.31 £ 0.05* 0.35+0.05*** 0.62£0.12%%**
Rai3 0.48 £ 0.06* 0.42 £0.06 0.63 £ 0.09**** 0.34 £ 0.08* 0.32 £0.06*** 0.58£0.17%%**
Gentl 0.44 1 0.08* 063+0.14 0.95+0.17 0.31+0.09* 0.37 £ 0.05*** 0.67 £ 0,08%***
Gapdh, glyceraldehyde 3-phosphate dehydrog e; Hprt, | hi ine phosphoribosyltransferase.

Values are mean + 5D (n = 5) when the upreﬂlon ievel in non-tumor follicles was calculated as 1. A single RNA sample for measurement was an
equal mixture of total RNA from the same category tissue preparations from two animals.

*+*: Significantly different from non-tumor follicles at P < 0.05 and P < 0.01, respectively (Student’s t-test calculated by GeneSpring).

we% weve; Significantly different from non-tumor follicles at P < 0.05 and P < 0.01, respectively (Student’s f-test).

transcriptional inhibitors of Id family proteins appeared specific.  efficient replication in response to TSH-stimulation, and loss
These genes may play stage-dependent roles dmmgmmgmcsm of tumor-suppressor functions may be necessary for acquisition
In particular, selective activation of cell-cycle molecules in the ofa ma.hgnam phmype during the progression stage, As genes
early stages is considered to be essential for lesions to undergo  upregulated in common in all types of proliferative lesions, we
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Fig. 2. Immunohistochemical distributions of ceruloplasmin, cyclin B1 {Conb1), cell division cyde 2 (Cdc2), thyroglobulin, poliovirus receptor-
related 3 (Pvrl3), and inhibitor of DNA binding 3 (id3) in normal follicular cells of untreated or N-bis(2-hydroxypropyl)nitrosamine (DHPN)-treated
animals and in proliferative lesions (focal follicular cell hyperplasia [FFCH], adenoma [Ad), carcdinoma [Ca)) or surrounding non-tumor follicles (NTF)
after pi ion with sulfadimethoxine (SDM) for 10 or 15 wee-ks (a) Ceruloplasmin in the NTF, Ad, and Ca. Left: NTF nearly lacking ceruloplasmin
e:prr.slon Middle and right: Ad and Ca showing cerulopl ctivity in the luminal surfaces of cellular membranes of follicular cells,
Diffuse or granular immunoreactivity is also evident in the l'o!llculat lumina. (b) Cenbl in normal follicles, Ad, and Ca. Note fine granular
immunoreactivity of Cenb1 in the cytoplasm of follicular cells. Left: Weak and sparse Ccnb localization in normal follicular cells. Middle: Strong
and diffuse immunoreactivity in an Ad. Right: Ca demonstrating Cenb1 immunoreactivity with variable intensity, (c) Cde2 in normal follicles, Ad,
and Ca. Strong Cdc2 immunoreactivity both in the cytoplasm and nucleus of follicular cells. Left: Rather few immunoreactive cells in normal
follicles. Middle: An Ad showing sparse Cdc2 immunoreactivity. Right: Note increased numbers of immunoreactive cells in a Ca. (d) Thyroglobulin
in normal follicles, Ad, and Ca. Left: Strong and granular thyroglobulin immunoreactivity in the cytoplasm of normal follicular cells as well as
diffuse immunoreactivity in the follicular lumina. Middle: Ad showing strong and diffuse thyroglobulin immunoreactivity. Right: A Ca lacking
thyroglobulin immunaoreactivity in the neoplastic cells. (e) Puri3 in the NTF, Ad, and Ca. Left: Diffuse intercellular membrane localization of Pwri3
in cells comprising NTF. Middle: Ad entirely lacking Pvrl3 expression. Right: Ca showing an irregular and weak intercellular expression pattern,
(f) 1d3 in NTF, FFCH, and Ad. Left: Diffuse nuclear immunoexpression of Id3 in NTE. Middle: FFCH showing sparse nuclear Id3 expression. Right: Ad
showing immunoreactivity in moderate numbers of neoplastic cells, The graphs show scores (mean + SD) for immunohistochemical findings.
2P < 0,01 versus NTF (Mann-Whitney's U-test), (a-f) Scale bar= 50 um.
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also found examples related to cell proliferation, suggesting
roles for these molecules consistently throughout carcinogenic

Ceruloplamn a copper-containing plasma protein mainly
synthesized in the liver, is known to act as a ferroxidase preventing
production of toxic Fe and controlling membrane lipid oxidation,
while also functioning in angiogenesis and blood coagulation.
High levels of antioxidant production likely result from high
amounts of reactive oxygen species, which have been implicated
in mitogenic signaling and angiogenesis.”’*¥ As with high

n levels in the sera of cancer patients, overexpression
ofcuuhplmnhnumnponedlnmyhmnmhm
such as those in the lungs, kidneys, and ovaries.”*" With regard
to ceruloplasmin in thyroid tumors, it has been demonstrated in
follicular cell carcinomas as well as upapil[my carcinomas, but
follicular Ad lack expression.”** In the present study,
cerujoplasmin could be immunohistochemically demonstrated
in all types of proliferative lesion, in line with transcriptional
upregulation. In contrast to the generally benign nature of
human Ad, FFCH and Ad in SDM-promoted cases show high
cell-proliferation activity similarly to Ca,™ and this biological
behavior may be linked to the increased ceruloplasmin immuno-
reactivity found in our early proliferative lesions. As discussed
by Kondi-Pafiti ef al., strong cytoplasmic localization of cerulo-
plasmin is mainly in Ca of human cases, and immuno-
localization in luminal secretions (as present in our rat cases) is
rare, suggesting a defective catabolism of ceruloplasmin in
human Ca.®

Cdc2 exents protein kinase activity by forming complexes
with cyclin A2, Cenbl, and pl3sucl and acts as an active subu-
nit of the M-phase Kmmutmg factor and the M-phase-specific
histone H1 Innm 9% In the present study, increased expression
of Cenbl and Cde2, as with other cyclin-related molecules such
as cyclin A2, was detected specifically in early proliferative
lesions by microarray analysis. Immunohistochemically, we also
observed increased expression of Cenbl and Cde2 in both
FFCH+ Ad and Ca. Chen etal. reported coordinated and
increased expression of Cdc2 and Cenbl in parallel with the
pathological grade of human gliomas.®® They also showed that
increased expression of Cdc2 and Cenbl contributes to chromo-
somal instability in tumor cells through alteration of the spindle
checkpoint. Thus, the coordinated upregulation of Cde2 and
Cenbl observed in the present study might be important as a
driving force for both promotion and progression. In another
thyroid carcinogenesis study we recently carried out using pro-
pylthiouracil as a promoter, a concordant increase of Cdc2 and
a cell proliferation marker Ki-67 was found in the proliferative
lesions (K. Ago and M. Shibutani, 2008, unpublished data),

Thyroglobulin, a scaffold pmmn for lhyru;d hormonogenesis
and a storage element for thyroid hormones and iodide, is
expressed in the thyroid in response to TSH stimulation.”” In
human malignancies, the presence of thyroglobulin in cancer
cells indicates a thyroidal origin.®” In the present study, although
the reason remains unclear, some discrepancy was evident
between the mRNA and immunolocalization levels in Ca, the
increase in expression on microarray analysis contrasting with
the decrease in protein finding. In human thyroid Ca, an inverse
relationship between loss of differentiation and thyroglobulin
immunoreactivity has been observed, posmve cases being less
anaplastic,”” suggesting that the decrease in thyroglobulin in
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our Ca might have been linked with dedifferentiation, leading to
loss of TSH control with malignancy.

Cell adhesion molecules contribute cell-to-cell or cell-to-
substratum interactions by homophilic or heterophilic processes.™
Pvrl molecules, also known as nectins, are ld]mmn receplors
belonging to the IGSF that are involved in cell-to-cell spreading
of viruses.” Although Pvrl3 protein has not been extensively
investigated, it may be a new adhesion molecule expressed on
lymphatic endothelial cells.” Recent studies have revealed that
nectins and nectin-like molecules, in cooperation with integrin
and the platelet-derived growth factor receptor, are crucial for
Mwmmymgcammmmofceummmm
proliferation.“"’ Reduced Pvri3 expression in all types of pro-
liferative lesions in the present study may reflect acquisition of
growth advantage. Interestingly, Pvrl has been shown to be the
heterophilic binding partner of another IGSF-type adhesion
molecule, umor suppressor in lung cancer | fl'SLF]ﬂGSH. a
recently identified tumor-suppressor gene. 49

Inhibitor of DNA binding proteins, composed of four members
of the helix-loop-helix transcription factors, are known to act as
dominant-negative regulators of basic helix-loop-helix transcrip-
tion factors, and function to inhibit differentiation and enhance
cell prollfmnon (449 In many human malignancies, upregula-
tion of Id has been reported.” However, in the present study, all
1d isoforms showed downregulation in Ca by microarray analy-
sis, and immunohistochemically, ld3-immunoreactive cells were
reduced in all types of proliferative lesions. Similar findings
have been reported for human ovarian tumors, in which down-
regulation of Id3 was noted in 70% of 38 cases.” Also, the
expression of Id1, 1d3, and Id4 was downregulated in microdissected
human thyroid Ca with tissues by microarray
analysis in one recent study.“” Although the reason for the
inconsistency in the expression alterations between tumor types
is not clear, it is possible that gene control mechanisms of Id
proteins may differ with the cell type of origin.

In conclusion, we here found differentially regulated genes that
may play key roles in early and late stages of thyroid carcino-
genesis by microarray analysis of microdissected ]m)]lferm\fe
lesions developing after pmumnnn with SDM in a two-stage model
Immunohistochemical analysis of representative proliferative lesions
indicated facilitation of the cell cycle in early lesions by forming
an M-phase promoting factor, as evidenced by the synchronized
localization of Cenbl and Cde2, and generation of oxidative stress
responses by ceruloplasmin accumulation, as well as reduction of
cellular adhesion involving Pvri3 and cellular differentiation related
1o transcriptional control by Id3. Decreased expression of thyroglob-
ulin in Ca may reflect dedifferentiation. Although further studies
should address particular roles in the processes of thyroid
carcinogenesis, the molecules identified in the present study pro-
vide pointers to understanding the mechanism of non-genotoxic
carcinogenesis and should help in efforts to secure human health.
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