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with that of the RP specimen in 66 cases
(64%). The under-grading rate was 28% (29
cases) and the over-grading rate was 8%
{eight cases) for CGS. IGS yielded an under-
grading rate of 27% (28 cases), similar to the
CGS results. The concordance rate for IGS was
slightly higher (70%) than that for CGS, while
the over-grading rate was significantly lower
with IGS (3%, three cases) than with CGS (8%,
eight cases; P=0.026).

Next, we compared the CGS and IGS of NB
and RP specimens (Table 4). Although the
concordance rates for NB and RP specimens
by CGS and IGS were similar, at 67% and 70%,
the 1GS were higher, by 16% in NB and by
20% in RP specimens, than CGS. However,
there were no significant differences between
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FIG. 1. Associations of BRFS according to GS from
NB specimens graded by CGS and IGS. {a) In three
groups, i.e. CGS <6, 7 and =8, BFRS was evaluated
after RP. (b} In three groups, i.e. IGS <6, 7 and >8,
BFRS was evaluated after RP,
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CGS and IGS {P=0.469 for NB and P=0.329
for RP, Mann-Whitney U-test). Over-grading
rates for NB and RP specimens were 13% and
10% by CGS and IGS, respectively,

gical staging of RP

Table 5 shows the results grouped by the risk
categories of D'Amico et al. [9]; 10 (29%) of
the 34 categorized as low-risk, based on IGS,
were intermediate-risk according to CGS
results. Five (14%) and four (11%) of the 37
intermediate-risk, based on CGS, patients
were low- and high- risk, respectively, by
IGS. However, there were no statistically
significant differences in risk classification
between CGS and 1GS (P=0.678, Mann-
Whitney U-test).

Clinical staging showed that T1c and T2 each
accounted for half the patients; we compared
the components of RP pathological staging by
CGS and IGS of NB specimens, divided into
two groups, GS <6 and 27. As shown in
Table 6, pathological staging by CGS showed
predominantly pT2 and pT3a lesions. Among
the patients with CGS <6 for NB specimens,
37% (pT2) had organ-confined lesions, while
26% of those with CGS 27 had organ-
confined {esions. However, by contrast with
the CGS results, IGS showed an increase in
GS 27 cases {33%) among those with pT2
tumours, and similar results were obtained for
pT3 cases, ie. 20% in pT3a and 7% in pT3b.
However, none of the differences in
pathological staging between CGS and IGS
were statistically significant (P=0.198,
chi-square test).

As shown in Fig. 1A, BRFS in patients with NB
specimens classified by CGS did not differ
significantly among the three GS groups (<8,
7 and 28). However, when |GS was applied to
re-evaluate NB specimens, there was a
significant difference in BRFS among these
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three groups (P= 0.022; Fig. 1B). Likewise, the
BRFS in RP specimens, classified by CGS or
IGS, were analysed. There were no significant
differences in BRFS among the three groups
when RP specimens were classified by CGS.
However, as when 1GS was used to classify NB
specimens, the BRFS differed significantly
among the three groups (P= 0.045; data not
shown).

DISCUSSION

The present study showed that nearly a
quarter of NB specimens were under-graded
in comparison with RP specimens, according
to both CGS and IGS evaluations. The GS
concordance rates between NB and RP
specimens in this study were 64% and 70% by
CGS and IGS, respectively, rates similar to
those of previous reports (30-74%) [10].
Although we anticipated increased GS up-
grading with IGS in both NB and RP
specimens, the up-grading rates were only
16% and 200%, respectively. Interestingly, the
GS classification of NB by IGS reflected BRFS
after RP, although that by CGS did not. Thus,
IGS is more reliable for treatment decision-
making, especially for early-stage prostate
cancer managed with RP, brachytherapy,
external bearn radiotherapy, hormonal
therapy or active surveillance [11].

it was previously reported that the NB
pathological findings of focal prostate
cancers are not a reliable surrogate indicator,
and thus should not influence treatment
decisions. One explanation is that prostate
cancer is a multifocal disease with satellite
tumours [12]. Horinger et al. [13] reported
that 52 RP specimens had multifocality,
showing altogether 196 foci of prostate
cancer (the mean number of cancer foci per
specimen was 3.76). Other earlier reports also
showed that most prostate cancers with high
or low tumour volumes were multifocal
[14,15]. In these reports, more intriguing
results were documented, ie. very small
prostate cancer foci had high G5 [13,15]. This
might explain why the CGS of NB fails to
predict the CGS of RP specimens. CGS does
not indicate tertiary cancer lesions or small
cancer foci in NB specimens with relatively
high Gleason grades, while IGS indicates the
primary pattern and the highest grade even in
cancer lesions which have small volumes in
NB specimens. The present observation that
IGS of NB specimens showed significant
differences in BRFS after RP suggests the
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importance of documenting the highest GS
in NB.

Khoddami et al. [16] reported that primary
Gleason pattern 4 had predictive value in
patients with Gleason score 7 tumours after
RP, meaning that a higher Gleason pattern is
important for the prognosis of localized
tumours after RP or radiotherapy. From the
current results we conclude that the influence
of IGS on clinical outcome reflects the grading
of NBs based even on minimal findings of
high-grade tumour cells. We speculate that
Gleason himself might not have recognized
the importance of small areas of a third
pattern, especially those with the highest
grade pattern [17]. However, unlike in the
Gleason era, many thin cores from different
sites in the prostate can currently be obtained
by sextant needle biopsies in patients with
early-stage disease, e.g. T1c tumours.
Recently, to determine optimum treatments
for localized prostate cancer, use of the Partin
table, which predicts tumour extension by
combining PSA level, clinical stage and GS,
has become widespread {18]. Hence, the
Partin table might be influenced by IGS, and
accumulation of more pathological data on
RP specimens will be needed to obtain a new
'Partin table! Although urologists should
prospectively consider differences in NB
pathology between CGS or IGS, in practice it
would be better to use IGS to obtain of the
newest and most reliable nomogram for
predicting the outcome of this disease. it is
well understood that taking more biopsy
cores improves the accuracy of the GS
obtained by biopsy in predicting the final GS
at RP [9,19]. Furthermore, Antunes et af. [20]
reported that the percentage of positive
biopsy cores reflected the biochemical
outcome after RP. In addition, the present
results show pathological grading by IGS to
reconfirm the accuracy of the biopsy GS
before applying treatments for localized
prostate cancer.

We showed that 27% more NB than RP
specimens were under-graded by IGS, while
28% of NB specimens were under-graded by
CGS. The under-grading rate with IGS in our
data is consistent with those of earlier reports
using CGS [10,21,22]. Previously, GS under-
grading of NB specimens was the most
prevalent error in comparison with GS
grading of RP specimens, Even when the same
pathologist assessed both samples, a third of
them were still under-graded {22]. Although
in the present study the same pathologist
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evaluated both NB and RP specimens by IGS,
the under-grading rate was no less than that
by CGS (Table 2). The study of King [23]
documented that biases in pathological
interpretation and sampling effects
contribute to grading discordance. A bias
problem in pathological interpretation might
be resolved by the widespread use of 1GS,
especially introducing an assessment of NB
specimens.

Fukagai etal. [24] indicated that grading
errors were most frequent in well-
differentiated carcinoma, and that most
involved under-grading with poorer NB-RP
correlations. They suggested that pathologists
tend to under-grade biopsies of moderately
differentiated carcinoma as well-
differentiated carcinoma. Furthermore, a
recent study, examining trends in GS over a
period of 15 years, showed that tumours
reported as GS <6 in NB specimens are prone
to be under-graded, while those reported as
GS 8-10 are prone to be over-graded [5]. In
the light of the change in the GS reporting
trend between 1992 and 2006, a progressive
increase in Gleason grade 3 and a decrease
in Gleason grade 2 were confirmed [25],
showing a tendency for an increase in the
incidence of moderately differentiated
tumours and a decrease in that of well-
differentiated tumours, Based on those
analyses, the reduction in GS discrepancy
between NB and RP specimens would be
expected from the redefinition of the Gleason
grading system for NB specimens [26,27]. In
this respect, the IGS system provides a new
definition, described above. The Consensus
Conference on Gleason Grading of Prostatic
Carcinoma recommended that the GS be the
sum of the most common and the highest
grade patterns, and that cribriform patterns
be diagnosed as Gleason pattern 4 with
only rare cribriform lesions satisfying the
diagnostic criteria for cribriform pattern 3 [8).
According to the IGS system, unider-grading
of NB, i.e. GS <6, would decrease markedly,
while over-grading, i.e. GS >6, would increase.

In conclusion, although the GS under-grading
rates in NB and RP specimens did not differ
between the CGS and IGS systems, the GS
of NB specimens determined by 1GS were
associated with a significant difference in
BRFS after RP, with GS scores similar to those
determined using RP specimens. Given

that an extended NB scheme andfor the
development of a more suitable ultrasound
device is expected, the IGS system would
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enhance the accuracy of histological
assessments of prostate cancer. This will atlow
physicians caring for patients with prostate
cancer to optimize therapies such as RP,
brachytherapy, external beam radiotherapy
and active surveillance.
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Understanding the mechanism by which hormone refractory pros-
tate cancer (HRPC) develops remains a major issue. Alterations in
HRPC include androgen receptor (AR) changes. In addition, the AR
is activated by cytokines such as interleukin-6 (IL-6). Atypical
protein kinase C (aPKC /) has been implicated in the progression
of several cancers. Herein, we provide evidence that aPKC /

expression correlates with prostate cancer recurrence. Experiments
in vitro and in vivo revealed aPKC / to be involved in prostate
cancer cell growth through secretion of IL-6. Further, aPKC /

activates transcription of the IL-6 gene through NF B and AP-1. We
conclude that aPKC / promotes the growth of hormone indepen-
dent prostate cancer cells by stimulating IL-6 production in an
autocrine manner. Our findings not only explain the link between
aPKC / and IL-6, implicated in the progression a variety of cancers,
but also establish a molecular change involved in the development
of HRPC. Further, aPKC / expression might be a biomarker for
prostate cancer progression.

IL-6  PSA  recurrence

D espite earlier detection and recent advances in surgery and
radiation, prostate cancer is the second leading cause of
cancer deaths in men in western countries (1), Hormone therapy
in the form of medical or surgical castration remains the
mainstay of systemic prostate cancer treatment. However, de-
spite initial favorable responses to hormone therapy, hormone
refractory tumors develop for which there is as yet no effective
treatment (2). The androgen receptor (AR) and its signaling
remain intact, as demonstrated by the expression of prostate
specific antigen (PSA), in androgen-independent cancer cells.
Alterations in these cells include AR amplification, AR point
mutations, and changes in the expressions of AR co-regulatory
proteins (3). In addition, AR can be activated in a ligand-
independent fashion by compounds including growth factors and
cytokines, such as interleukin-6 (IL-6) (4-6). Understanding the
mechanism of androgen-independent prostate cancer develop-
ment is essential not only for diagnosis but also more effective
therapy.

Atypical protein kinase C (aPKC / and aPKC ) is a protein
kinase C isozyme distinct from other classes of this enzyme,
structurally and functionally (7, 8). It plays multifunctional roles
in cellular maintenance and growth of epithelial cells, for
example, signal transduction and cell polarity (9-15). Studies on
fung, ovary, colon, and breast cancers have demonstrated a
relationship between aPKC / expression and cancer progres-
sion and suggest that aPKC / expression might predict poor
survival (16-22). There are several reports showing enhanced
aPKC expression in human prostate cancer tissues, but the
relationship between aPKC / and prostate cancer progression
remains unclear (23, 24). Furthermore, the mechanism by which

www,pnas.org <gi doi 10.1073 pnas.0907044106

aPKC promotes the progression of a variety of cancers remains
uncertain. Then, we focus on aPKC / expression and its roles in
prostate cancer.

I1-6, a cytokine involved in immune and hematopoietic
activities, has been implicated in the progression of a variety of
human cancers (25). In prostate cancer, IL-6 has been suggested
to play a role in cancer progression, especially that of hormone
refractory cancer (26-30). Serum IL-6 is elevated in palients
with prostate cancer (28). The IL-6 receptor is expressed in
prostate cancer cell lines and I1.-6 is secreted only by androgen
independent prostate cancer cell lines (27, 29, 30). Although
these observations suggest the importance of IL-6 in prostate
cancer progression, the mechanism by which 11-6 expression is
regulated in prostate cancer cells is not fully understood.

Herein, we investigated aPKC / expression in 29 clinical
prostate cancer tissue specimens and found a correlation be-
tween aPKC / expression and PSA failure, a clinical hallmark
of recurrence. Bxperiments, both in vitro and in vivo, on
androgen-independent cancer cells, employing siRNA-mediated
depletion of aPKC /, revealed this isozyme to be involved in the
proliferation of prostate cancer cells. The in vitro experiments
further showed aPKC / involvement in the secretion of IL-6
into the culture medium, suggesting cancer cell growth to occur
via an autocrine mechanism. This finding demonstrates the link
between aPKC / and IL-6, both of which have been implicated
in cancer progression. We also demonstrated that aPKC / is
involved in transcription of the 1L-6 gene promoter through
activation of NF B and AP-1, both of which have been impli-
cated in transcription of the 11.-6 gene in prostate cancer cells.
We conclude that aPKC / promotes prostate cancer cell growth
in an autocrine manner via stimulation of I1-6 production and
secretion.

Results

Correlation Between aPKC / Expression and PSA Failure, a Clinical
Marker of Prostate Cancer Recurrence. To clarify the relationship
between aPKC / expression and prostate cancer, we first eval-
uated aPKC / expression at the mRNA levels in 29 specimens
of human prostate cancer tissues. Clinicopathological features
are listed at Table SI. Real-time quantitative PCR (qgPCR)
analyses revealed that aPKC / mRNA was more highly ex-
pressed in cancer tissue samples than in paired normal controls
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Fig.1. Relationships between aPKC / expression in prostate cancer tissues.
{A) aPKC / expression was compared between paired prostate cancer and
normal (BPH) prostate tissues obtained from same patients {n 29 pairs).
x, P 0.001 by paired t test. arbU: arbitrary units. Values indicate medians

SD. (B) Kaplan-Meier and log rank analysis of aPKC / and PSA failure time.
aPKC / expressions in prostate cancer tissues (0 29) were divided into two
groups according to the median vaiue (High:n 11, 056 andLow:n 18,

0.56), and analyzed (P 0.032 by log rank test).

from same patients (Fig. 14, P 0.001). There were no
associations between aPKC / mRNA expression and certain
clinical features (Fig. S1). On the other hand, when the samples
were divided into two groups by setting a cut-off at the median
aPKC / value (high: 0.56,r 1landlow: 056,7 18),we
recognized a statistically significant correlation between
aPKC / mRNA expression and PSA failure (Fig. 1B,P  0.032).
There was no correlation between other clinical features and
PSA failure (Fig. S2). Serum PSA was measured every 2-3
months after radical prostatectomy. PSA failure was defined as
a continuous elevation with a PSA level greater than 0.2 ng/mL.
PSA failure has been suggested to be associated with cancer
specific death (31). Thus, aPKC may be a prognostic biomarker
for prostate cancer. In univariate and multivariate analyses, only
aPKC / mRNA expression showed statistical significance (Ta-
ble 1, P 0.039 in univariate and P 0.033 in multivariate
analysis). Subsequent immunohistochemical analysis of aPKC /
in 43 prostate specimens (cancer tissues; # 40, and normal
tissues;n  3) confirmed aPKC / expression at the protein level
in normal and tumor tissues, with a variety of intensities (Fig. 2
and Table S2). Immunohistochemical analysis also revealed
enhanced staining of aPKC / to be localized to the cytoplasm
in epithelial cells of the prostate, but not in stromal cells,
suggesting the importance of the specific expression of aPKC /
protein in epithelial cells of the prostate.

Notmal
prostate

Gleason
score 8

Gleason
score 6

Gleason
score 7

aPKCAA intensity

Fig. 2. Representative examples of immunohistochemistry of aPKC / ex-
pression. Expression intensities of aPKC / were divided in two groups (posi-
tive; 2 andnegative; 0and 1). Gleason scores are indicated in the figures
and aPKC / expression in normal prostate tissue is also shown in the figure.

Suppression of aPKC / Expression Reduces Prostate Cancer Cell
Growth In Vitro and In Vive. The correlation of aPKC / expression
in prostate cancer tissue samples with PSA failure prompted us
to clarify the role of aPKC / in prostate cancer cell lines.
Western blot clearly showed aPKC / expression to be higher in
prostate cancer cell lines, LNCaP, PC-3 and DU145 cells, than
in normal prostate cells, PrEC, as expected (Fig. 34). To
evaluate the role of aPKC / in cell growth, we introduced
siRNA for aPKC / into the DU145, an androgen-independent
cell line, and established a mixture of cell lines expressing siRNA
for aPKC / (DU-P), as well as vector control (DU-C) cells. As
shown in Fig. 3B, we confirmed the reduced expression of
aPKC / in the pooled transfectant (DU-P), as compared to
control cells (DU-C). We found that DU-P cells grew more
slowly than control cells (Fig. 3C, P 0.05 at days 3 and 4, and
P 0.01 atdays5 and 6). We next transplanted the cell lines into
nude mice and monitored the tumor volume in vivo. As shown
in Fig. 3D, the xenografts of aPKC / -depleted DU-P cells
showed slower growth than those of control DU-Cecells (P 0.04
at S weeks, P 0.012 at 6 weeks). The suppression of aPKC /
expression in xenografts was confirmed by RT-PCR analysis
(Fig. 3£, P 0.001). Thus, the suppression of aPKC / expres-
sion leads to the inhibition of prostate cancer growth in vitro and
invivo, clearly indicating a positive role of aPKC / in the growth
of prostate cancer cells.

aPKC / Mediates the Growth of Prostate Cancer Cells in an Autocrine
Manner Through IL-6 Secretion. To explore the mechanism in-
volved in aPKC / -dependent growth of prostate cancer cells, we

Table 1. Relative hazard of recurrence free survival in univariate and multivariate analysis

Univariate Multivariate
HR 95% ClI P HR 95% (i P
aPKC / expression 0.56 (n 18)
0.56 (¢ 11) 3.914 1.071-14.305 0.039 6.768 1.161-39.443 0.033
Stage pT2(n 16)
pT3(n 13) 2.866 0.747-10.992 0.125 3.928 0.781-19.748 0.097
Histology Well(n 5)
Modlerately (n 13) 1.129 0.218--5.848 0.885 1.12 0.173-7.275 0.905
poorly (0 11) 0.892 0.161-4.932 0.895 0.887 0.081-9.669 0922
Gleason score 6(n 11)
7(n 10) 1.087 0.291-4.060 0.901 1.562 0.275-8.876 0615
8and9(n 8) 0.842 0.184-3.866 0.825 4.346 0.346-54.581 0.255
Age 68 (n 16)
68(n 13) 1.362 0.393-4.718 0.626 1.946 0.488-7.761 0.346
PSA 10 (n 15)
10(n 14) 1.168 0.375-3.639 0.789 0.931 0.233-3.721 0.920
Cl, confidence interval; HR, hazard ratio.
16370 www.pnas.org <gi doi 10.1073 pnas.0907044106 Ishiguro et al.



!
d
N

A * % B {foid)

(fold) _11.22:4. 238+158 £
B-actin -

*
12222 39+09 1.0
O aPKCAML. i

B-actin *

DUC DU-P PrEC

LNCaP PG

DU145 PIEC D
Cangcer Normal
_ 20001 ,puc
* ok kR kK “ = PU- & Ak
C 2 E1s00 pu-p
< e
=15 E1000
x 3
5 2 500
210 g
=] = oL
E = 01 2 3 4 5 &6
b5 Time (Week)
(&)
—_
(fold) "10 0.5%0.
o= aPch)Jl 7.0 0.5+01
Time (Day) ractin NESENE
DU-C DU-P

Fig.3. aPKC / expression in prostate cancer cell lines and growth inhibition
of aPKC / siRNA transfected DU145 cells in vitro and in vivo. (4) aPKC /
expression in prostate cell lines was analyzed by Western blot. -actin
was used as an internal control. Values indicate means  SD at least three
independent experiments (set as 1.0 in PrEQ). *, P 0.017, %%, P 0.032 and
*#x, P 0,031 by unpaired ¢ test. (8) DU145 cells transfected with siRNA for
aPKC / expression vector (DU-P cells) and empty vector (DU-C cells) were
confirmed by Western blot. -actin was used as an internal control. Values
indicate means  SD from at least three independent experiments (set as 1.0
in PrEC). *, P 0.004 by unpaired t test. (C) The inhibition of cell growth of
siRNAtransfected cellsinvitro. DU-C (filled circles) and DU-P (openccircles) cells
were seeded onto 12-well plates at4 107 cells and counted until day 6 (n

4 in each group). Points and bars indicate means  SD from at least three
independent experiments. *, P 0.05*+, P 0.01 by unpaired t test, (D) The
inhibition of cell growth of siRNA transfected cells in vivo. DU-C (filled circles)
and DU-P (open circles) cells were implanted s.c. into the right and left flanks
of male nude mice (n 7 in each group) and tumor growth was calculated at
6 weeks (The day of injection was taken as week 0). Points and bars indicate
means SD. %, P 0.04; **, P 0.012 by unpaired t test. (£) aPKC / mRNA
expression extracted from xenografts. Total RNA was extracted from the same
tumor specimens and aPKC / mRNA expression was examined. Values indi-
cate means  SD from at least three independent experiments {set as 1.0 in
DU-C derived tumors) 5, £ 0.001 by unpaired ¢ test.

focused on cytokines which have been implicated in the growth
of a variety of cancer cells. Comparison of the conditioned
medium between DU-C and DU-P cell lines by cytokine
membrane array revealed IL-6 (o be a candidate cytokine, that
is, that its regulation might be under the control of aPKC /
(Fig. 44). The ELISA results confirmed that IL-6 is secreted
into conditioned medium of control DU-C cells and decreased
in aPKC / -depleted DU-P cells (Fig. 4B, P 0.002). Simi-
larly, qPCR revealed IL-6 mRNA expression to also be
suppressed in aPKC-depleted DU-P cells (Fig. 4C, P 0.001).
These results show that aPKC / regulates 11.-6 secretion in
prostate cancer cells.

-6 is the cytokine reportedly expressed in androgen-
independent prostate cancer cell lines including parental DU145
(26, 30). We next examined the effect of aPKC / depletion on
phosphorylation of STAT3, one of the downstream mediators of
the possible I1.-6 involvement in prostate cancer cells (25, 29, 32,
33). As shown in Fig. 4D, STAT3 phosphorylation was down-
regulated in DU-P cells as compared to DU-C cells, indjcating
that 11.-6 signaling is altered in aPKC / -depleted cells. Given
that aPKC / depletion results in the decreased production of
1L-6, these results raise another question as to whether aPKC /
depletion also affects I1.-6 signaling, versus only IL-6 production.
To clarify this issue, we next evaluated the response of cells to
ectopic I1.-6. When both cell types were {reated with recombi-
nant IL-6 (10 ng/ml) for 3 days, 11.-6 increased cell growth, as we
expected (Fig. 4E, P 0.001 and P 0.016). Moreover, DU-P
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Fig. 4.  IL-6 expression was suppressed in siRNA transfected prostate cancer
cells. (4) Conditioned media from DU-C and DU-P cells were analyzed using a
membrane array. Arrows show IL-6 spots. Since this representative data are
screening test only, itis performed once. This data had confirmed using ELISA
and gPCR. (B) Expressions of IL-6 protein in DU-C and DU-P cells were con-
firmed using ELISA. Conditioned media from DU-C and DU-P {n 2 in each
group) were analyzed using an iL-6 ELISA kit from R&D Systems. Bars represent
means  SD from at least three independent experiments. *, P 0.002 by
unpaired ttest, (C) Expressions of IL-6 mRNA in DU-C and DU-P celis. IL-6 mRNA
expression was investigated by qPCR (7 3 in each group). Bars represent
means  SD from at least three independent experiments. *, P 0.001 by
unpaired t test. arbU: arbitrary units. {D) STAT3 phosphorylations in DU-C and
DU-P cells were analyzed by Western blot. After phospho-STAT3 protein had
been detected, membranes were re-probed for STAT-3, and then used as
controls. Values indicate means  SD at least three independent experiments
(set as 1.0 in DU-C). %, P 0.002 by unpaired t test. (F) Recombinant IL-6
stimulated growth of DU-C and DU-P cells. DU-C and DU-P cells were stimu-
lated with iL-6 (10 ng/ml). At day 3 after stimulation, cells were treated with
trypsin and counted {0 4in each group). Bars represent means  SD from at
least three independent experiments. =, P 0.001, »*, P 0.001 and #3%, P
0.293 (vs. DU-C without IL-6 stimulation) , P 0.016 {vs. DU-P without iL-6
stimulation) by ANOVA followed by Bonferroni test.

(10 ngim) ET

cells treated with 11.-6 showed growth similar to that of DU-C
cells not treated with 11.-6 (Fig. 4, P 0.393). Thus, aPKC /
depletion does not affect the growth response of cells to [L-6.
Taking these observations together, we conclude that secretion
of 11.-6 enhanced by aPKC / expression plays a role in promot-
ing growth of the prostate cancer cell line DUI145. Our results
suggest that this growth promotion is mediated i an autocrine
manner.

aPKC / Mediates IL-6 Gene Transcription Through NF B and AP-1 in
Prostate Cancer Cells. To. analyze the mechanism by which
aPKC / enhances IL-6 secretion, we next examined the effect of
aPKC / on transcription of the I1.-6 gene by luciferase reporter
assay and EMSA. The luciferase reporter gene, pGIL.4-11.6p,
contains a 1.2-kb 5 -flanking region of genomic DNA isolated
from DU 145 cells. This region contains the regulatory sequences
recognized by AP-1, NF B, MRE and other factors (30). As
shown in Fig. 54, overexpression of aPKC / in DU145 cells
enhanced activation of the I1-6 promoter (Fig. 54, P 0.016).
On the other hand, depletion of aPKC / (DU-P cells) resulted
in decreased reporter gene expression (Fig. 5B, P 0.001).
These results strongly support the notion that aPKC / is in-
volved in transcription of the IL.-6 gene. Transcription of this
gene is regulated by two major transcription factors, AP-1 and
NI' B, in prostate cancer cells (30). To examine the involvement
of these transcription factors in aPKC /-mediated 11-6 gene
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and 1L-6. Overexpression of aPKC / in prostate cancer cells leads to up-regulation of iL-6 transcription through NF B and AP-1 activation. Secreted IL-6 stimulates

cell growth through STAT3 activation in an autocrine manner.

transcription, we used EMSA. The results showed both NI B
and AP-1 to be reduced upon aPKC / depletion (Fig. 5 C and
D, P 0001 and P 0.020). These results support the notion
that both AP-1 and NF B are involved in aPKC / -mediated
transcriptional activation of the I1.-6 gene.

Discussion
aPKC / overexpression has been implicated in the progression
and invasiveness of several tumor types including non-small cell
lung cancer, ovarian cancer, breast cancer and glioma (1622, 34,
35). Gene amplification of aPKC / is also observed in some
cases (16, 18). In this study, we obtained evidence supporting a
statistically significant correlation between aPKC / overexpres-
sion and a clinical marker of prostate cancer recurrence, PSA
failure. A very recent study demonstrated aPKC / expression is
required for cell survival (36). Thus, the aPKC / expression
level and its activity might be prognostic factors {or PSA failure.
IL-6, as noted above, has been implicated in the progression
of a variely of tumors including prostate cancer (25-27, 29). Its
overexpression has been detected in tissues (37, 38) and serum
(28) from cancer patients. Preoperative plasma IL-6 level is
related to PSA failure after radical prostatectomy (39). In vivo
study indicates an important role of IL-6 in prostate cancer cells.
Inhibition of TL.-6 by anti-JL-6 antibody decreases the growth of
PC-3 cells, which is one of an androgen-independent prostate
cancer cells, in vivo (40). Therefore, IL-6 may play a role in
androgen-independent growth of prostate cancer. Our findings
on the molecular link between aPKC / and IL-6 raise an
intriguing question as to the correlation between aPKC /
expression and I1-6 expression in prostate cancer patients. We
evaluated our tissue samples for 11-6 expression by qPCR.
FHowever, there was no statistically significant correlation be-

16372 www.pnas.org cgi doi 10.1073 pnas.0907044106

tween aPKC / expression and I11L-6 expression (Fig. S3). One
explanation is that the examined tissues contained not only
cancer cells but also stromal cells. In support of this possibility,
most prostate cancer tissues that express high levels of aPKC /
protein (30/43, 70%) show a specific overexpression in epithelial
cells but not in the surrounding stromal cells. However, IL-6 is
reportedly expressed not only in prostate cancer epithelial cells,
but also in stromal cells (37, 38). Thus, the use of laser capture
microdissection (LCM) might be required to clarify this point.
Unfortunately, we did not have sufficient sample quantities for
LCM. We are currently conducting more extensive clinical
studies aimed at clarifying the correlation between aPKC /
expression and IL-6 expression.

Experiments using the prostate cancer cell line DU145 re-
vealed that aPKC / is involved in prostate cancer growth both
in vivo and in vitro. Furthermore, depletion of aPKC / in
DU145 cells suppressed NF B and AP-1 activities, transcription
and secretion of IL-6, as well as suppressing cell growth, but not
IL-6 signaling. We conclude that enhanced aPKC / expression
in prostate cancer cells results in overproduction and secretion
of a prostate growth factor, IL-6, at the transcriptional level. This
forms an autocrine loop contributing to the growth of prostate
cancer (Fig. 5E). The aPKC-dependent expression of IL-6
mRNA is also observed for another androgen-independent
prostate cell line, PC-3, suggesting the generality of this regu-
lation (Fig. S4). The specific overexpression of aPKC / in
epithelial cells but not in stromal cells of the prostate further
supports such an autocrine mechanism. It is known that most of
androgen-independent prostate cancer tissues overexpress or/
and express mutated AR that is still activated by lower concen-
tration androgen, estrogen and anti-androgen drug (3). Taken
together, the pathway might cooperate with the deregulated AR
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system to regulate proliferation of hormone-independent pros-
tate cancer cells (Fig. 5E).

The following reports strongly support our conclusion. Com-
bined constitutive activation of NF B and AP-1 has been
reported to mediate deregulated expression of 11.-6 in DU145
cells (30). Ectopic expression of IL-6 in 11-6-negative LNCaP
prostate cancer cells results in stimulation of the STAT3 signal-
ing pathway as well as cell growth (29). However, the mechanism
by which IL-6 expression is deregulated is not yet fully under-
stood. As for aPKC /, several studies have shown that aPKC /
activates NF B and AP-1 (9, 10, [3-15, 41-44). Furthermore,
aPKC activates NF B in prostate cells (45). aPKC deregulates
the growth of mouse prostate cancer cells (46). While the
mechanism by which aPKC affects the growth of cancer cells
remains obscure, the involvement of Rho B suppression in
aPKC-dependent invasive properties in glioblastoma (35) and
that of activation of the Racl/Erk pathway in aPKC-dependent
growth and tumorigenicity have been reported (17, 22). Our
present results may explain the link between aPKC / and I1.-6,
two molecules implicated in the progression of a variety of
malignancies, and establish a molecular mechanism underlying
prostate cancer development and/or progression, thereby pro-
viding insights into the prognosis and treatment of prostate
cancer.

How aPKC / expression was regulated in prostate cancer
cells? Amplification of aPKC / gene is reported in lung and
ovarian cancer (16, 18, 19) and amplification of chromosome 3q
including aPKC / gene in prostate cancer cell lines (47).
Another possibility is that aPKC / expression is up-regulated
through the transcriptional activation of aPKC / promoter
during hormone refractory process. Gustafson et al. reported
aPKC / promoter analysis using luciferase (48). They show
Ber-Abl regulates aPKC /  expression through the MEK-
dependent activation of an Elkl element within aPKC / pro-
moter in leukemia cell line. We are ongoing the investigation of
the mechanism of aPKC / overexpression involving in hormone
refractory process. Further, other molecules expression, such as
PAR-4, might be affected the alteration of aPKC / activity
during hormone refractory process (49).

One of the most important clinical aspects of prostate cancer
is dramatically decreased androgen-dependent cell growth, a
typical indicator of prostate cancer progression. Possible
mechanisms include androgen receptor overexpression and
other mutations that result in hypersensitivity to androgens
and/or other growth factors (3-6). IL-6 is overexpressed in
hormone refractory prostate cancer patients and is one of the
factors implicated in this process (26-28, 37). Importantly,
11.-6 can stimulate androgen receptor activation independently
of androgens with the induction of androgen receptor expres-
sion (4, 5). A recent study on LNCaP cells, which are sensitive
to androgens and do not usually express IL-6, suggested 1L-6
to be involved in the progression of prostate cancer cells from
androgen dependence to androgen independence (50). It has
been reported androgen-dependent prostate cancer cells ob-
tained from xenografts treated with the anti-IL-6 antibody
retained in androgen-dependence. In contrast, cancer cells
obtained from xenografts untreated with the anti-IL-6 anti-
body are converted to androgen-independence in vitro and in
vivo experiments, which means that IL-6 contributes to the
development of androgen independence in prostate cancer
(51). Taking these observations and our results together, we
speculate that the molecular link between aPKC / and 11.-6
revealed in the present study supports the notion that aPKC /
is involved in this transition from androgen dependent to
androgen independent growth of prostate cancer. As for the
relationship between androgens and aPKC, there is an inter-
esting report suggesting that aPKC | another aPKC isotype, is
involved in the growth of androgen dependent LNCaP cells

Ishiguro et al.

(52). In LNCaP cells, androgen stimulates aPKC  through an
unknown mechanism, and AILNCaP, a LNCaP subline estab-
lished after androgen depletion, showed constitutive activation
of aPKC . Another study on a breast cancer cell line, MCF7,
showed the involvement of aPKC  in estradiol-dependent cell
growth (53). These reports further suggest a close relationship
between aPKC and hormone-dependent cell growth. Our
present findings provide additional evidence clarifying this
point and are anticipated -to facilitate understanding the
progression of hormone-related malignancies including pros-
tate cancer. Furthermore, aPKC / expression might be a
biomarker for prostate cancer progression.

Materials and Methods

Cell Lines, Patients, and Tissues Sample. LNCaP, PC-3, and DU145 cells were
obtained fromthe American Type Culture Collection. PrEC cells were obtained
from Clonetics. All cell lines were maintained with suitable medium (F-12
supplemented with 10% FCS (FCS) for LNCaP and PC-3, MEM supplemented
with 10% FCS for DU145, PrEGM for PreEC) under 5% CO;.

Paired human untreated primary prostate cancer tissues and normal (or
benign prostatic hypertrophy (BPH)) {1 29) tissues from same patients were
obtained during radical prostatectomy at Yokohama City University Hospital
and its affiliates. The sampling and usage of all prostate tissues in this study
were approved by the ethical committee of Yokohama City University Grad-
uate School of Medicine and performed only after obtaining informed con-
sent from each patient. For details, see §f Text and Table $1.

Reagents, Human recombinant iL-6 was purchased from R&D Systems. G418
was purchased from Invitrogen Corp. Anti-aPKC antibody was purchased
from BD Biosciences. Anti-lamin-B antibody (¢-19) was purchased from Santa
Cruz Biotechnology Inc. Anti-actin antibody (AC-15) was purchased from
Sigma-Aldrich. Anti-phospho-STAT3 and anti-STAT3 (#9131 and #9132, re-
spectively) antibodies were purchased from Cell Signaling Technology Inc.
Anti-rabbit and anti-mouse horseradish peroxidase conjugates were pur-
chased from GE Healthcare UK. Ltd.

Generation of Stable Transfectant-Induced siRNA for aPKC /. To investigate
the role of aPKC / in prostate cancer, we generated aPKC / knock-down cells
using $iRNA for aPKC /. The pEB6&-Super vector (54) encoding the shRNA
sequence for aPKC / RNAI with the target sequence 5 -CAA GTG TTC TGA
AGA GTT T-3 (DU-P cells) or empty vector (DU-C cells) was transfected into
DU145 ceils using Nucleofactor electroporation methods (Amaxa AG). Then,
transfected cells were selected by G418 (800 g/mL) over a 3-week period.
After the specificdown-regulation of aPKC / had been confirmed by Western
blot, the cells were used for further experiments.

RNA Extraction and Real-Time Quantitative PCR (qPCR), Total RNA from cell
lines, prostate tissues and xenografts were extracted using ISOGEN (Nippon-
Gene) according to the manufacturer’s instructions. After cDNA had been
synthesized with random hexomers and MMLV (Moloney Murine Leukemia
Virus), qPCR was performed with an iCycler and SYBR Green Supermix (Bio-
Rad). For details, see S/ Text.

immunohistochemistry. Immunohistochemistry was performed for aPKC / pro-
tein expression according to the previous report (20). For details, see S/ Text.

Cell Growth Analysis. DU-C or DU-P cells (4 109 were incubated in 12-well
plates (day 0). Incubated cells were harvested with trypsin and counted till 6
days (from day 1 to day 6) using a hematocytometer (Beckman Coulter, Inc.).
For the IL-6 stimulation experiment, 4  10% DU-C or DU-P cells were seeded
onto 12-well plates and incubated for 24 h. The medium was then changed to
phenol red-free RPMI1640 with 0.1% BSA (BSA), IL-6 (10 ng/mL) was added
and incubation was continued for another 3 days. Then, cells were harvested
with trypsin and counted.

In Vivo Tumor Growth,5 105 cells (DU-C and DU-P cells) were injectedinto the
flank regions of athymic nude mice (4-6 weeks old, n 7). Tumors were
measured weekly with a caliper (for comparison with the week 0 value). The
tumor volume was calculated using the formula: tumor volume (mm3) 0.5
length (width)2 After 6 weeks, tumorswereisolated and aPKC / expression
was confirmed by RT-PCR.
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Cytokine Membrane Array. Cytokines in the conditioned medium were de-
tected using Human Cytokine Array Il (Ray Biotech) according to the manu-
facturer's instructions. For details, see SI Text.

ELISA (ELISA) for IL-6 Secretion. IL-6 secretion in the collected medium was
measured using a human 1L-6 ELISA kit according to the manufacturer's
instructions (R&D Systems). For details, see SI Text.

Western Blot. Cell lysates were prepared and subjected to Western blot. For
details, see SI Text.

Ludferase Assay. Approximately 1.2 kb of the IL-6 5 -flanking region was
generated using PCR from genomic DNA extracted from DU145 cells, and
cloned into the pGL4.0 [Juc2] vector (pGL4-IL6p) (Promega). Wild type aPKC /

was obtained as described in previous reports (9, 10). phRL-SV40 was used as
the internal control for the luciferase assay (Promega). After cells transfected
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each plasmid vector were incubated and lysed, luciferase activity was mea-
sured using the dual-luciferase reporter assay system (Promega) and a lumi-
hometer, TD-20/20 (Turner Design). For details, see S/ Text.

Electrophoretic Mobility Shift Assay (EMSA). Nuclear proteins of DU-C or DU-P
were extracted using NE-PER (Pierce Biotechnology Inc.) and subjected to
EMSA using gel shift assay systems (Promega). For details, see S/ Text.

Statistical Analysis. All statistical analyses were performed using SPSS for
windows (SPSS Inc.). For details, see S/ Text.
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INTERESTING IMAGE

Avid F-18 FDG Uptake in Prostatic Sarcoma
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Abstract: We report the F-18 FDG PET appearance of an adult prostatic
sarcoma. A 76-year-old man with a history of prostate cancer treated by
hormone therapy, a lobulated heterogeneous mass in the prostate gland was
found on a follow-up pelvic computed tomography. Although the prostate-
specific antigen level was within the normal range, transperineal core needle
biopsy was performed because recurrent prostatic carcinoma was suspected.
The tumor was pathologically diagnosed as a prostatic sarcoma with no
-evidence of existing prostatic carcinoma. F-18 FDG-PET revealed avid-FDG
uptake (maximum SUV of 7.1) and no evidence of distant metastasis.

Key Words: prostatic sarcoma, [F-18]fluorodeoxyglucose, positron
emission tomography
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F-18 FDG Uptake in Prostatic Sarcoma

=

FIGURE 1. A 76-year-old man with a history of prostate can-
cer found to have a lobulated heterogeneous mass in the
prostate gland on a follow-up pelvic computed tomography
(CT). In this case, the primary prostate cancer had been
treated with hormone therapy alone. Although the prostate-
specific antigen (PSA) level, a marker of prostate cancer re-
currence, was “undetectable” (0.3 ng/mL), the possibility of
prostate cancer relapse could not be ruled out because re-
current prostate cancer has been observed in patients with
low PSA levels.'? The tumor was pathologically diagnosed
as a prostatic sarcoma. Following this, F-18 fluorodeoxyglu-
cose (FDG) positron emission tomography (PET) scan was
performed for survey. A, The computed tomography scan
showed a lobulated heterogeneous mass arising from the
prostate gland. B, The transverse view of an F-18 FDG-PET
scan at 60 minutes after FDG injection revealed avid-FDG
uptake (maximum SUV of 7.1) corresponding to this mass.
C, A whole body F-18 FDG-PET scan showed high FDG up-
take in the prostate grand and no evidence of distant metas-
tasis. D, A pathologic specimen of the prostate tumor, ob-
tained by transperineal core needle biopsy and stained with
hematoxylin and eosin, is shown. The pathologic image
demonstrated overgrowth of spindie-shaped cells with hy-
perchromatic nuclei and frequent atypical mitosis sur-
rounded by myxoid stroma. The tumor was immunoreactive
for vimentin, P53, and ki-67, and negative for PSA. The tu:
mor was pathologically diagnosed as a prostatic sarcoma
with no evidence of existing prostatic carcinoma.

Prostatic sarcoma is extremely rare, representing only
0.1% of all prostatic neoplasms.? In this case, the prostatic sar-
coma showed avid-FDG uptake; this has also been reported in
sarcomas arising in other parts of the human body.*> On the
other hand, it has been reported that F-18 FDG-PET has limited
value in the evaluation of prostate cancer.5”

A sarcoma should be considered in the differential di-
agnosis, along with prostatitis and urothelial carcinoma, in
cases with avid-FDG uptake on an F-18 FDG PET scan of the
prostate gland.®® Moreover, an F-18 FDG PET scan can be
advantageous in cases of prostatic sarcoma for identifying
distant metastasis, which commonly occurs and is associated
with reduced survival.'® As this case had no evidence of me-
tastasis, intensity-modulated radiation therapy was selected
for treatment.

© 2009 Lippincott Williams & Wilkins
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HIGH RELATIVE BIOLOGIC EFFECTIVENESS OF CARBON ION RADIATION
ON INDUCTION OF RAT MAMMARY CARCINOMA AND ITS
LACK OF H-RAS AND TP53 MUTATIONS

TATsUHIKO IMAOKA, Pr.D.,* MaYUMI NISHIMURA,* SHIZUKO KAKINUMA, Pa.D.,* Yukiko HaTaNoO,*
Y asusar Ormacar, D.V.M., Pa.D.,* SHmi Yosamaca, Pu.D.,! Axmro Kawano, D.V.M.,}
AKHKO MAEKAWA, M.D., Pu.D.,!l aND Yosurva Sumapa, Pr.D.*

* Experimental Radiobiology for Children’s Health Research Group, Chiba, Japan; tRegulatory Sciences Research Group, and
iDepartment of Technical Support and Development, National Institute of Radiological Sciences, Chiba, Japan; and I Chemical
Management Center, National Institute of Technology and Evaluation, Tokyo, Japan ’

Purpose: The high relative biologic effectiveness (RBE) of high-linear energy transfer (LET) heavy-ion radiation
has enabled powerful radiotherapy. The potential risk of later onset of secondary cancers, however, has not been
adequately studied. We undertook the present study to clarify the RBE of therapeutic carbon ion radiation and
molecular changes that occur in the rat mammary cancer model.

Methods and Materials: We observed 7-8-week-old rats (ACI, F344, Wistar, and Sprague-Dawley) until 1 year of
age after irradiation (0.05-2 Gy) with either 290 MeV/u carbon ions with a spread out Bragg peak (LET 40-90
keV/um) generated from the Heavy-Ion Medical Accelerator in Chiba or 137Cs y-rays.

Results: Carbon ions significantly induced mammary carcinomas in Sprague-Dawley rats but less so in other
strains. The dose—effect relationship for carcinoma incidence in the Sprague-Dawley rats was concave downward,
providing an RBE of 2 at a typical therapeutic dose per fraction, In contrast, ~10 should be considered for radi-
ation protection at low doses. Inmunohistochemically, 14 of 18 carcinomas were positive for estrogen receptor o.
All carcinomas examined were free of common H-ras and 7p53 mutations, Importantly, lung metastasis (7%) was
characteristic of carbon ion-irradiated rats.

Conclusions: We found clear genetic variability in the susceptibility to carbon ion-induced mammary carcinomas.
The high RBE for carbon ion radiation further supports the importance of precise dose localization in radiother-
apy. Common point mutations in H-ras and Tp53 were not involved in carbon ion induction of rat mammary
carcinomas, © 2007 Elsevier Inc.

Heavy-ion radiotherapy, High linear energy transfer radiation, Rat mammary carcinogenesis, Relative biologic
effectiveness, 7p53 and H-ras mutations.

INTRODUCTION

Heavy-ion radiotherapy is expected to improve cancer treat-
ment results by achieving accurate dose localization and
a high relative biologic effectiveness (RBE) because of the

the radiation. The Lawrence Berkeley National Laboratory
in the United States, the Gesellschaft fiir Schwerionenfor-
schung in Germany, and the National Institute of Radiologi-
cal Sciences (NIRS) in Japan have performed clinical trials
for heavy-ion cancer therapy. Since 1994, clinical studies at

sharp Bragg peak and high linear energy transfer (LET) of

NIRS have been conducted using carbon ion radiation from
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the Heavy-Ton Medical Accelerator in Chiba (HIMAC) (1).
Because of the primarily narrow Bragg peak, spread out
Bragg peaks (SOBPs) have been devised to obtain broad
and uniform dose distributions (2). The carbon ion radiation
of 290 MeV/u with 6-cm SOBPs has been successfully used
to treat several cancer types (3). Using this particular treat-
ment lends itself to more accurate control of cancer and
longer patient survival compared with conventional radio-
therapy regimens. As a result, however, the potential risk
of developing secondary cancers is now becoming a matter
of concern, and it is important to determine the RBE value
of therapeutic heavy ions for inducing late occurring cancers.

Epidemiologic studies of atomic bomb survivors and irra-
diated patients have suggested that the mammary glands are
among the most susceptible organs to radiation-induced can-
cers (4-6). Substantial amounts of experimental animal data,
especially with rat models, also complement these epidemio-
logic studies. Previous animal studies have shown that
mammary tissues have extremely high RBE values for carci-
nogenesis, ranging from 10 to >100, when using high-LET
neutrons (7-9). Thus, it is predicted that therapeutic carbon
ions could also have a high RBE because of the high LET,
although little evidence exists for potential carcinogenicity
of heavy ions on this particular type of cancer (10, 11).

It is well established that the genetic makeup influences
cancer susceptibility. Genetic factors play an important role
in determining the susceptibility to rat mammary tumor for-

mation, whether by radiation or chemical carcinogens (9, -

12-15). These data suggest that exposure to carbon ions is
an important risk factor for breast cancer, the susceptibility
to which largely depends on the genetic background of the
exposed subject. To date, however, no study has examined

. the importance of genetic background on heavy-ion-induced

mammary carcinogenesis.

In the present study, we aimed at providing two RBE
values, one for risk estimation of therapies and the other
for consideration in radiation protection. We first used four
rat strains to investigate the effect on mammary carcinogenic-
ity of carbon ions of 290 MeV/u with 6-cm SOBPs from the
HIMAC. On identification of the Sprague-Dawley rat as sus-
ceptible, we then studied the dose—effect relationship and cal-
culated the RBE. The carcinomas were then further analyzed
for their molecular features such as estrogen receptor (ER)x
status and mutations in the genes H-ras and Tp53. We found
that carbon ions induced rat mammary carcinomas in a strain-
dependent manner, An RBE value of 2 was appropriate for
risk estimation of therapeutic doses, and a value of ~10
should be considered in protection against low doses. We
also found that most carcinomas were positive for ER« and
that all tumors examined lacked H-ras and Tp53 mutations.

METHODS AND MATERIALS

Heavy-ion and vy-ray irradiation

The carbon jon irradiation experiments were conducted at the HI-
MAC in NIRS, using a 290-MeV/u carbon ion beam with 6-cm
SOBPs (1). Each rat was placed in a 5-cm-wide polymethyimetha-

crylate chamber such that the center of the chamber was positioned
in the middle of the SOBP (LET, 40-90 keV/um) (2). The duration
ofirradiation ranged from 1 to 2 min, resulting in an average dose rate
of 0.1-1.0 Gy/min. y-Irradiation was performed as described previ-
ously using a '*’Cs y-irradiator at a dose rate of 0.6 Gy/min (16).

Animal experiments

All animals were treated in accordance with the Safety and Health
Regulations for Handling Experimental Animals compiled by the
Safety and Ethical Handling Regulations Committee for Laboratory
Animal Experiments, NIRS. For the strain-dependent experiments,
5-week-old female rats of inbred ACI (ACI/N Jcl) and F344
(F344/Jcl) strains and outbred Sprague-Dawley (Jcl:SD) and Wistar
(Jcl:Wistar) strains were purchased from Clea Japan (Tokyo, Japan).
They were housed in autoclaved cages and maintained in rooms
with a controlled temperature (23° + 1°C) and humidity (45% +
5%) under aregular 12-hlight, 12-h dark cycle. They were fed a stan-
dard laboratory animal diet (MB-1, Oriental Yeast, Tokyo, Japan)
and sterilized water ad libitum. At 8 weeks of age, the rats underwent
whole-body irradiation with carbon ions of 0, 0.5, 1, and 2 Gy. The
treated rats were observed daily, and periodic palpation was started
at 10 weeks after irradiation. The animals that became moribund
during the observation period were killed and the mammary tumors
were collected from them, as well as from those that had died, After
1 year, the observation period was complete, and the surviving an-

. imals were killed using ether anesthesia followed by sample collec-

tion for experimentation (16). For the dose-effect experiments,
5-week-old Sprague-Dawley rats were purchased and housed as
described above and fed a standard laboratory animal diet (CE-2,
Clea Japan). At 7 weeks of age, they underwent whole-body irradi-
ation with either carbon ions of 0.05, 0.1, 0.2, 0.5, 1, and 2 Gy or
137Cs y-rays of 0.5, 1, and 2 Gy (n = 20-29), as described above.
A control group (n = 45) remained unirradiated. A portion of the re-
sults on the control (n = 36) and y-ray (2 Gy, n =20) groups has been
published previously (16). The treated rats were fed a high corn oil
(23.5%) AIN-76A diet (Clea Japan) from 9 weeks of age and pal-
pated weekly. At 1 year of age, the rats with palpable tumors were
killed using ether anesthesia. The excised tumors were fixed in
10% neutral-buffered formalin, and 2-gm-thick paraffin-embedded
sections were toutinely prepared and stained with hematoxylin
and eosin for histologic evaluation. Mammary tumors were diag-
nosed as either adenocarcinomas or benign tumors, including fibroa-
denomas and adenomas (17). Portions of the mammary tumors were
snap frozen in liquid nitrogen and stored at —80°C for genomic
DNA analyses.

ERc immunohistochemistry

Immunohistochemistry was performed using an antibody against
ERa (MC-20, Santa Cruz Biotechnology, Santa Cruz, CA) as fol-
lows. Rehydrated specimens were subjected to antigen retrieval
by autoclaving at 120°C for 20 min in 10 mM sodium citrate buffer
(pH 6.0). Endogenous peroxidase was quenched in 0.3% hydrogen
peroxide/methanol for 15 min, Nonspecific binding was blocked
with a mixture of 10% normal goat serum (Cedarlane Laboratories,
Ontario, Canada) and 4% skim milk (Block Ace, Dainippon Phar-
maceutical, Osaka, Japan). The specimens were incubated at 4°C
ovemif;ht with anti-ER« (diluted 1:25), washed, and then incubated
with a peroxidase-conjugated secondary antibody [Histofine Simple
Stain MAX PO(R) kit, Nichirei Biosciences, Tokyo, Japan]. Perox-
idase activity was visualized with diaminobenzidine staining
(Simple Stain DAB Solution; Nichirei Biosciences). After counter-
staining with hematoxylin, the specimens were dehydrated,
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mounted, and analyzed. As a negative control, the specimens were
also incubated without anti-ER«. The proportion of ERa-positive
cells was calculated by dividing the number of stained epithelial
cells by the number of total epithelial cells in the same field
(~1,600 cells on average). An ERa-positive proportion =10%
was defined as ERa positive, as has generally been accepted for
human and rat mammary cancers (18, 19).

H-ras mutation analysis by restriction fragment
length polymorphism

Restriction fragment length polymorphism was used to detect H-
ras mutations in carcinomas, as previously described (20). H-ras
mutations protect the Mnll restriction enzyme site that spans the
codon 12/13 junction, In brief, genomic DNA was isolated by
phenol-chloroform extraction and purified by ethanol precipitation.
A partial sequence of H-ras in the purified DNA was amplified by
polymerase chain reaction (PCR) and subsequently digested with
Mnll, The resulting fragments were separated by agarose gel electro-
phoresis and visualized by ethidium bromide staining.

TpS3 mutation analysis

The presence of Tp53 mutations in carcinomas was determined by
PCR, followed by direct sequencing. PCR primers were designed to
amplify genomic regions containing exons 5-7. The PCR program
consisted of an initial denaturation at 94°C (5 min) followed by 35
- cycles of amplification at 94°C (10 s) for denaturation, the annealing -
temperature as indicated below (30 s), and extension at 72°C (30 s),
with a final extension step at 72°C (5 min). The primer sequences
and their respective annealing temperatures were as follows:
5-GTTGGCTTGTCCGCTGACCT-3' (forward) and 5'-TA
AAGAGGGCTGGGCCTGTG-3 (reverse) at 68°C for a 631-base
pair region encompassing exons 5 and 6, and §'-CTTATCTG
TGGCATCTTGGGTTCC-3' (forward) and 5-TTGCTGGGGA
GAGGAGCTTG-3' (reverse) at 55°C for a 400-base pair region en-

compassing exon 7. After agarose gel electrophoresis, amplified .
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fragments were excised, eluted from gels using the Freeze-
N-Squeeze Spin Column (Bio-Rad Laboratories, Hercules, CA),
and purified by ethanol precipitation. Subsequently, sequencing
was performed using the BigDye Terminator Cycle Sequencing
FS Ready Reaction kit (Applied Biosystems, Foster City, CA) and
analyzed on an ABI 310 Genetic Analyzer (Applied Biosystems).

Statistical analysis

The crude tumor incidence data were analyzed with Fisher’s exact
probability test. The incidence data were corrected with the Kaplan-
Meier method for differences in observation periods resulting from
death before 1 year of age. These data were then analyzed with the
log-rank test using StatMate IIT statistics software (Atms, Tokyo,
Japan), Tumor multiplicity data, before and after adjustment
for the survival period (i.e., division by relative periods under obser-
vation), and tumor latency data were analyzed using the Kruskal-
Wallis test followed by the Mann-Whitney U test. The excess
relative risk (ERR) ascribed to irradiation was defined as the cor-
rected tumor incidence in the irradiated group divided by that in
the control minus unity. The ERR data were fitted using the maxi-
mum likelihood method to a dose-square (aD%), linear (aD), or
linear-quadratic (aD + BD?) relationship, where D is the dose in
Gray and « and £ are constants. The goodness of fit of these data
was assessed by the chi-square test. The RBE of carbon ions at
a dose Do was defined as the ratio Dy/Dc, where y-rays at the
dose Dy and carbon ions at the dose D gave the same ERR values.
The standard errors of the ratio parameters were calculated by the
6 method. The measure for statistical significance was p <0.05.

RESULTS

Carbon ions induce rat mammary carcinomas in a
strain-dependent manner

To evaluate the effects of heavy-ion therapy on mammary
tumor formation, we conducted a carcinogenesis experiment

Table 1. Incidence and multiplicity of mammary carcinomas and benign tumors in ACI, F344, Sprague-Dawley,
and Wistar rat strains after exposure to carbon ion radiation

Incidence (n) Multiplicity (mean =+ SE)
Strain Dose (Gy) n Carcinoma Benign Carcinoma Benign
ACI . 0 8 1(13) 0© 0.13 £0.13 0
0.5 8 00 0O 0 0
1 8 1(13) 0O 0.13 +0.13 0
2 8 1(13) 0 ©) 0.13 +0.13 0
F344 0 8 0©) 0 0 : 0
0.5 9 0 () 00 0 0
1 9 0 0 0 0
2 8 0 1(13) 0 0.13 +£0.13
Sprague-Dawley 0 8 0©) 1(13) 0 0.13 £0.13
0.5 9 4 (44) 5 (56) 0.44 + 0.18* 0.78 4- 0.28*
1 9 6 671 7 (78) 0.89 + 0.31° 1.11 & 0.26
2 9 4 (44) 6 67) 0.78 + 0.36* 2.22 + 0.68¢
Wistar 0 8 00 0© 0 0
0.5 9 1(11) 2(22) 0.11 £ 0.11 033 £0.24
1 9 1(11) 4 (44) 0.11 +0.11 0.67 + 0.29*
2 9 2(22) 6 (67) 0.22 +0.15 0.89 =+ 0.26°

Data in parentheses are percentages.

* p < 0.05, Mann-Whitney U test.

1 p <0.01, Fisher’s exact probability test.
} p < 0.05, Fisher’s exact probability test.
§ p <0.01, Mann-Whitney U test.
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in which four rat strains (Wistar, ACI, F344, and Sprague-
Dawley) were irradiated with carbon ions and observed until
1 year of age. The pathologic analysis of the mammary tu-
mors revealed that the treatment induced predominantly ma-
lignant papillary and tubular types of adenocarcinomas, in
addition to benign fibroadenomas and adenomas (Table 1).
More specifically, the Sprague-Dawley rats showed signifi-
cant development of carcinomas compared with unirradiated
rats in a dose-dependent manner at 0.5, 1, and 2 Gy, although
induction at 2 Gy was somewhat attenuated. The Wistar and
ACI rats sporadically developed mammary carcinomas, and
no carcinomas were observed in the F344 rats. Both the
Sprague-Dawley and Wistar strains developed benign tumors
that were not evident in the ACI or F344 strains. For the
Sprague-Dawley rats, the mean duration =+ standard devia-
tion between irradiation and palpation of the first carcinomas
and benign tumors was 28.7 & 9.6 and 34.8 + 5.0 weeks,
respectively.

The presence of ER« is usually indicative of tumor hor-
mone dependence (21). Mammary carcinomas (15 from
Sprague-Dawley and 3 from Wistar) were analyzed immu-
nohistochemically for ERa expression. Of these 18 tu-
mors, 14 (78%) were positive for ERa (Fig. 1), with the
percentage of ERa-immunoreactive cells at 10-36%.
Some ERa-immunoreactive cells contacted the basement
membrane (Fig. 1A), and others were separated from it
by a layer of non—ERa-expressing cells (Fig. 1B), as re-
ported previously for 1-methyl-1-nitrosourea-induced rat
mammary carcinoma (18). Four carcinomas showed ERa
immunoreactivity in <10% of tumor cells and were hence
defined as ER« negative (Fig. 1C). No correlation was
found between positive ERa expression and radiation

. dose.

Dose-effect relationship and RBE of carbon ion—induced
mammary carcinogenesis

On identifying the Sprague-Dawley rat as susceptible to
carbon ions, we then analyzed the dose-effect relationship
in this strain to determine the RBE of carbon ions for mam-
mary cancer induction. We analyzed the incidence and mul-
tiplicity of rat mammary carcinomas in response to 0-2 Gy of
carbon ions (Table 2 and Fig. 2A,B) and, in addition, the re-
sults for benign tumors (Table 3 and Fig. 2C,D). All the data
indicated that the dose—effect relationships for both benign
and malignant tumors are concave downward for carbon
ions, but they are linear for y-rays. Notably, low doses of car-
bon ions (0.05 and 0.1 Gy) significantly increased (p < 0.05)
the carcinoma and benign tumor multiplicities, respectively.
Carcinoma multiplicity showed a local peak at 0.05 Gy
(Fig. 2B). Kaplan-Meier plots of tumor-free survival for car-
cinoma (Fig. 3A,B) and benign tumors (Fig. 3C,D) showed
that carcinoma development also had a tendency toward ear-
lier onset in the 0.05-Gy group than either the 0- or 0.1-Gy
group (Fig. 3A), although the development of benign tumors

did not (Fig. 3C). The mean duration between irradiation and .

first palpation was 23.8 = 12.0 and 29.2 =+ 7.3 weeks for car-
cinomas (Fig. 3A) and benign tumors (Fig. 3C), respectively.

Fig. 1. Immunohistochemistry for estrogen receptor (ER)w in car-
bon ion-induced rat mammary carcinomas, Tumors were immuno-
stained with anti-ERe (brown staining) and counterstained with
hematoxylin. (A,B) Carcinomas with =10% of ERa-immunoreac-
tive cells. (A) Some immunoreactive cells (arrowhead) remained in
contact with basement membrane (bm), and (B) others were sepa-
rated from it by layer of nonimmunoreactive cells (arrowhead). (C)
Carcinoma with a <10% of ER-immunoreactive cells. Bar =25 um.

We found no significant difference in this duration between
the examined dose groups; however, we did observe a signif-
icant difference (p < 0.01) between malignant and benign
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Table 2. Incidence, multiplicity, and period between irradiation and first palpation of mammary adenocarcinoma in Sprague-Dawley

rats after exposure to carbon

ion radiation and vy-rays

Incidence Multiplicity
Dose (Gy) n Crude (n) % Corrected Crude Corrected First palpation (wk)
Control
0 45 3 744 7+4 0.07 £ 0.04 0.07 + 0.04 323+ 6.8
Carbon ions :
0.05 20 4 20+ 9 2049 045 + 0.27* 047 + 0.27* 258 +12.5
0.1 20 4 2049 2149 0.25 +0.12 025 +0.12 36.0 + 4.2
02 20 6 30 10 30 & 107 0.35 +0.131 040 £ 0.17! 2354138
0.5 29 12 41+9t . 42x9 0.59 + 0.17* 0.62 + 0.17° 224 +12.6
1 20 12 60 + 118 61 + 118 1.05 + 0.23} 1.36 & 0.35% 18.8 + 104
2 .20 13 65+ 118 69 + 118 1.40 £ 0.39% 1.60 + 0.43% 20,5 + 125
-Rays
0.5 20 4 20+9 20+9 0.20 + 0.09 021 £ 0.10 26.5 + 10.1
1 20 6 30 -+ 10% 30 + 10t 045 + 0,17 0.51 + 0,19 243 4+ 137
2 20 11 55+ 118 57 + 128 0.90 + 0,248 1.07 + 0,308 264 + 12.5
Data presented as mean = standard error for incidence and multiplicity and as mean -+ standard deviation for first palpation, unless otherwise
noted.
* p < 0.05.
p <0.01.
p < 0.001.
§ p <0.0001.

tumors. Pathologically, lung metastases were observed in 9
(7%) of 129 rats in the carbon ion groups irrespective of
the dose irradiated, but not in any of the 60 rats in vy-ray
groups (p < 0.05; Table 4).

100
A e Carbon ions
80 - o Y-rays

60 4

40 +

Carcinoma incidence (%)

Dose (Gy)

. C ~ 1007

Benign tumor incidence (%)

Dose (Gy)

We adopted the incidence data for calculating RBE
because of its consistent increase with dose. Taking into
account the microdosimetric feature of high-LET radiation,
Kellerer and Rossi (22) made a theoretical explanation for

B 2.5 4

2.0

1.5

Carcinoma multiplicity

Dose (Gy)

Benign tumor multiplicity

Dose (Gy)

Fig. 2. Dose—effect relationships for rat mammary tumor induction by carbon ions and vy-rays in Sprague-Dawley rats.
(A) Incidence of carcinomas adjusted for survival periods with Kaplan-Meier method and comparisons made using the
log-rank test. (B) Multiplicity of carcinomas adjusted for survival periods and analyzed with Mann-Whitney U test.
(C,D) Benign tumor mmdence and multi ghcity analyzed as Fig. A and B, respectively. *p < 0.05, *¥p < 0.01,

*¥#¥p < 0,001, p < 107% and Mp < 107> vs. 0 Gy. Black
y-rays. Bars indicate standard error (n = 20-45).

circles indicate carbon ions and white circles indicate
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Table 3. Incidence, multiplicity, and period between irradiation and first palpation of mammary fibroadenomas/adenomas
in Sprague-Dawley rats after exposure to carbon ion radiation and y-rays
Incidence Multiplicity
Dose (Gy) n Crude % Corrected Crude Correcfed First palpation (wk)
Control
0 45 5 11+5 11+5 0.11 + 0.05 0.11 £0.05 320+59
Carbon ions
0.05 20 5 25410 26 + 10 0.35 +0.17 0.35 +0.17 30.8 +6.2
0.1 20 6 304+ 10 31+11 0.35 £ 0.13* 0.35 £ 0.13* 338+ 6.3
0.2 20 8 40 + 11f 42 + 11t 0.55 + 0.211 0.55 + 0.211 321451
0.5 29 15 52 + 9 53 + 10° 0.93 + 0.24° 0.94 + 0.24¢ 285+ 8.2
1 20 12 60 £ 11 74 + 12} 0.90 + 0.1 0.93 +0.19¢ 268 + 5.4
2 20 16 80 £ 98 92 + 88 1.30 + 0.238 1.40 + 0.26° 263 + 8.4
v-Rays
0.5 20 6 30+ 10 31 £ 11% 0.30 £ 0.11* 0.30 £ 0.11* 285159
1 20 7 35 + 11% 36 & 11* 045 + 0,15 0.49 £ 0.17¢ 20.6 + 11.2
2 20 11 55 + 11# 62 + 128 0.90 =+ 0.24% 0.94 + 0.25¢ 303 + 6.5
Data presented as mean =+ standard error for incidence and multiplicity and as mean - standard deviation for first palpation, unless otherwise
noted.
* p < 0,05,
tp<0.01.
ip <0.001.
§ p <0.0001.

the repeated observation that RBE is inversely proportional -
to the square root of the dose. Because the dose—effect rela-
tionship is linear for mammary cancer induction by low-
LET radiation (7, 23, 24), the curve for high-LET radiation
can be fitted to a square-root function of dose. This relation-

Carcinoma-free survival (%)

Benign tumor-free survival (%)
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ship adequately describes the curves of neutron-induced
mammary carcinogenesis (7, 8, 23). In the present study, lin-
earity was rejected (p < 0.001) for carbon ion-related ERR
(ERR () of carcinomas and benign tumors within a dose range
of 0-2 Gy. Although the linear (0-0.2 Gy, p = 0.562) and the
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Fig. 3. Time course of rat mammary tumor development after either carbon ion or y-ray irradiation. Rate of carcinoma-free
survival indicated using Kaplan-Meier method for rats irradiated with (A) carbon ions and (B) y-rays for dose range of -2
Gy. Rate of benign tumor-free survival indicated similarly for rats irradiated with (C) carbon ions and (D) «-rays. Dose in
Gray indicated to right of each line.
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Table 4. Incidence of lung metastases from mammary
carcinoma in Sprague-Dawley rats after exposure to carbon
ion radiation and vy-rays

Incidence
Within carcinoma-
Variable Dose (Gy) Crude bearing rats*
Control 0 0/45 (0) 0/3 (0)
Carbon ions 0.05 1/20 (5) 1/4 (25)
0.1 0/20 (0) 0/4 (0)
0.2 1/20 (5) 1/9 (11)
0.5 3/29 (10) 3/15 (20)
1 3/20 (15) 3/13 (23)
2 1120 (5) 1/16 (6)
Total 9/129 (7) 9/61' (15)
y-Rays 0.5 0/20 (0) 0/4 (0)
1 0/20 (0) 0/8 (0)
2 0/20 (0) 0/12 (0)
Total 0/60 (0) 0/24 (0)

* Included rats with nonpalpable mammary carcinoma; hence,
numbers do not necessarily coincide with those in Table 2.
¥ p <0.05 vs. y-1ays.

linear-quadratic (0-2 Gy, p = 0.559) relationships were not
rejected, the carcinoma data were best described (0-2 Gy,
p = 0.997) by .a square-root function of

ERRc = acDc% 1)

where o =7.193 1 0.284 (mean = standard error) and D¢ is
the carbon ion dose in Gray (Fig. 4A). The y-ray-related
ERR (ERR,) of carcinomas was adequately described by
a linear (0-2 Gy, p = 0.987) relationship of ‘

ERR, = a,D, @

where o, = 3.726 & 0.068 and D, is the y-ray dose in Gray
(Fig. 4A). Using these relationships, the RBE for carbon
ion—induced carcinomas was

RBE = (ac/a,)Dc ™ 3)

where ac/o, =1.931 & 0.084 (Fig. 4C). This formula gives
an RBE value of 1.9 £ 0.1if Dc =1 and 8.6 £ 0.4 if D¢ =
0.05.

Similarly, the ERR for benign tumors could be fitted to
both linear (0-0.2 Gy, p = 0.784) and linear-quadratic (0—2
Gy, p = 0.636) equations; however, it was best described by
the dose-square (0-2 Gy, p = 1.000) relationship of Eq. 1,
where ac =5.327 4 0.123 (Fig. 4B). The ERR,, for benign tu-
mors was fitted to the linear (02 Gy, p = 0.859) relationship
of Eq. 2, where «, = 2.330 & 0.152 (Fig. 4B). The carbon
ion RBE of benign tumor induction was expressed using
Eq. 3, where a¢/e, = 2.286 + 0.159 (Fig. 4C). This gives
an RBE value of 2.3 &+ 0.2 for D¢ = 1 and 10.2 & 0.7 for
D¢ =0.05.

Heavy-ion—induced mammary carcinomas negative for
H-ras and Tp53 mutations

To date, the molecular characteristics for heavy-ion—
induced mammary carcinomas remain to be reported, The
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Fig. 4. Relative biologic effectiveness (RBE) for rat mammary tu-
mor induction by carbon ions. Maximum likelihood method used
to evaluate excess relative risk (ERR) for incidence of (A) carci-
noma and (B) benign tumors. Carbon ion (black circles) data fitted
using dose—square relationships and y-ray (white circles) data fitted
using linear relationships. (C) RBE for induction of carcinoma (solid
line) and benign tumors (dashed line) expressed as functions of
carbon ion dose,

H-ras codon 12 is a mutational hotspot in 1-methyl-1-nitro-
sourea-induced rat mammary carcinomas (16, 25). Hence,
we examined 26 carcinomas (3 from ACI, 19 from



;
|
|
]
|
i
]
|
|
|
]
i
|
]
]
i

Heavy-ion RBE on mammary carcinogenesis @ T. IMaoka er al. 201
Table 5. Summary of results on relative biologic effectiveness of mammary carcinoma induction by high-LET
radiation in rats of various strains
Strain Radiation Energy Dose (Gy) RBE Reference
Present study ;
Sprague-Dawley Cion 290 MeV 0.05 8.6 + 0.4*
1 1.9 £+ 0.1*
Published data
Sprague-Dawley ‘ Ne ion 6.6 GeV 0.02 >5 10
Sprague-Dawley Fe ion 1 GeV 0.05-0.16 <10 11
Sprague-Dawley Fast neutron 430 keV 0.064 13 7
ACI Fast neutron 430 keV 0.045-0.36 10-15 8
Wistar WAG/R{j Fast neutron 0.5 MeV 0.05-0.2 9-14 15
Brown Norway Fast neutron 0.5 MeV 0.05-0.2 7-12 15
Sprague-Dawley (Dutch colony) Fast neutron 0.5 MeV 0.05-0.2 5 15

Abbreviations: LET = linear energy transfer; RBE = relative biologic effectiveness.

* Data presented as mean + standard error.

Sprague-Dawley, and 4 from Wistar rats) for this particular
H-ras mutation using restriction fragment length polymor-
phism. These carcinomas completely lacked the mutation
(data not shown). We also analyzed 13 Sprague-Dawley rat
mammary carcinomas for common mutations in the tumor
suppressor gene Tp53. We did not detect any new or com-
monly observed Tp53 mutations by PCR or direct sequencing
of genomic DNA sequences corresponding to exons 5-7
(data not shown).

DISCUSSION

The present therapeutic carbon ion study found that the
Sprague-Dawley rat is susceptible to mammary carcinogene-
sis in contrast to the Wistar, F344, and ACI rats. The dose—ef-

-fect relationship for the Sprague-Dawley rats was concave

downward, with a significant increase in the carcinoma mul-
tiplicity at 0.05 Gy. The RBE for carcinoma incidence was
inversely proportional to the square root of the dose. These
carcinomas were mostly positive for ERa but negative for
common H-ras and Tp53 mutations. Lung metastasis of mam-
mary carcinoma was unique to carbon ion—irradiated rats.

The aim of our study was to determine the RBE values (1)
for risk estimation of therapeutic doses and (2) for the pur-
pose of radiation protection against low-dose exposure. It is
difficult to determine a single RBE value when the dose
response of either the radiation under study or the reference
radiation is nonlinear. An RBE value of 2, given by a typical
dose per fraction (i.e., ~1 Gy) (3), could be adopted for risk
estimation of therapeutic doses. The maximal RBE (a limit-
ing value of RBE at dose 0) can be the choice for use in radi-
ation protection; however, the RBE approached infinity at
dose 0 in the present study. Because the RBE value was
8.6 + 0.4 at the smallest dose examined (0.05 Gy), we con-
cluded that an RBE of ~10 should be considered in radiation
protection. Strictly speaking, the characteristic occurrence of
lung metastasis in our carbon ion—irradiated groups makes
the application of RBE difficult because the idea of RBE is
valid only if the effects of two radiations are qualitatively
equal (26).

Several studies have focused on the carcinogenicity of
heavy ions. In a series of studies on the mouse Harderian
gland tumor, the RBE increased with LET, reaching a maxi-
mum of 3045 at 100-200 keV/um and did not decrease sub-
stantially thereafter =650 keV/um (27, 28). Together with
the present results, these data indicate that heavy ions have
a strong effect on solid tumor induction. Shellabarger and co-
workers (7, 10) conducted experiments on rat mammary car-
cinogenesis and showed that the RBE is >5 for 6.6-GeV neon
ions at ~0.02 Gy (LET = 33 keV/um) and 13 for 430-keV
fast neutrons at 0.064 Gy (LET = ~70 keV/um). Dicello
et al. (11) reported that the RBE is <10 for 1-GeV iron
ions at 0.05-0.16 Gy (LET = 155 keV/um). As summarized
in Table 5, previous studies on mammary carcinoma RBE
have revealed that the fluctuation between strains is small.
For safety, the RBE of susceptible strains should be adopted

‘because the RBE is relatively low in resistant strains (15).

Given the dose dependence found in our study, our estima-
tion of the carbon ion RBE (LET = 40-90 keV/um) is consis-
tent with that of these reports.

In our carbon ion results, we noted a couple of character-
istics in the shape of the dose-effect relationship such as
downward concavity and a small peak at 0.05 Gy. In accor-
dance with these findings, a concave downward relationship
between dose and tumor incidence has been reported for
high-LET radiation exposure in both humans and laboratory
animals (7, 28, 29). Similar small peaks have also been ob-
served in neutron-induced lung and mammary carcinogene-
sis (BALB/c mice) (30), as well as in heavy-ion-induced
Harderian gland (B6CF1 mice), mammary and skin
(Sprague-Dawley rats) tumorigenesis (10, 27, 31). The subli-
nearity and irregularity of the dose-effect relationship sug-
gest a need to reconsider the validity of linear extrapolation
for estimating the cancer risk at lower radiation doses, espe-
cially when considering the use in radiotherapy. As such, the
recent development of precise heavy-ion irradiation devices
such as a respiration-gated system (32) might contribute to
reducing the risk of secondary cancers,

In the present study, the specific genetic status (rat strains)
influenced the carbon ion effect on cancer induction.
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Typically, the cell killing effect of heavy ions is not largely
influenced by the genetic status of DNA repair machineries
(such as Tp53 mutations and non-homologous end joining
defects) of the cells compared with the effects of low-LET ra-
diation (33, 34). Thus, the different susceptibility to carcino-
mas among the different strains in the present study might not
be attributable to differences in their DNA repair capabilities.
This theory is further supported in that a variety of carcino-
gens (genotoxic chemicals and low- and high-LET radiation)
exhibit identical strain dependence but produce a wide range
of DNA damage (8-10, 12-14, 35-37). These include most
DNA damage repaired by damage-specific mechanisms, as
well as the damage produced by high-LET radiation, known
as clustered damage, which is considered irreparable (38).
Similarly, cellular radiosensitivity has correlated well be-
tween low- and high-LET radiation results, unless related
to repair machinery defects (39). Although the exact nature
of the particular strain difference exhibited in our study
remains unclear, we did find a clear preference for tumor
formation in Sprague-Dawley rats.

Ionizing radiation, especially with high LET, can induce
genetic instability, which often results in selection of point
mutations in cancer-related genes (40). Indeed, Tp53 point
mutations in «-emitter (Thorotrast}-induced human liver
tumors are considered a secondary outcome of radiation-
induced genetic instability (40). Tp53 mutations are also
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found in many other radiation-associated human sarcomas
(41, 42). Conversely, Tp53 mutations have not been de-
scribed in any cancers examined in the rat model system
(43—48). Similarly, we did not find common Tp53 mutations
within exons 5-7 in the rat mammary carcinomas examined
in this study. In addition to Tp53, H-ras mutations might be
another marker for genetic instability. The H-ras gene often
has point mutations in rat mammary carcinomas induced by
chemical carcinogens (20, 25, 49). In contrast, we have pre-
viously revealed that radiation-induced rat mammary cancers
have an intact H-ras gene (16). In agreement with this, we did
not find mutations in the H-ras codon 12 in rat mammary car-
cinomas. Thus, heavy-ion—induced carcinogenesis does not
appear to involve Tp53 or H-ras mutations.

CONCLUSION

Therapeutic carbon ion radiation induced rat mammary car-
cinomas in a strain- and dose-dependent manner. An RBE
value of 2 is appropriate for the risk estimation of therapeutic
doses, and avalue ~10 should be considered for radiation pro-
tection of low doses. Examination of the carcinomas revealed
that neither Tp53 nor H-ras had mutated. These results have
potential implications for ongoing thoracic heavy-ion radio-
therapy, suggesting that genetically susceptible patients could
be at greater risk of developing secondary breast cancers.
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