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Genes that fulfilled the criteria of P < 0.05 and > 2-fold difference between spontaneous and radiation-induced rat mam-

Gene symbol Gene name P value * Log fold change (vs. normal)”
Spontaneous Radiation
Plg Plasminogen 0.02 4.0 0.8
RTI-Ba RT1 class II, locus Ba 0.02 2.0 0.6
Igfals Insulin-like growth factor binding protein, acid labile subunit 0.02 6.8 44
Rn.160502 © EST <0.01 1.6 0.4
Pgr Progesterone receptor 0.04 3.6 | &
Scampl Secretory carrier membrane protein 1 <0.01 3.8 2
LOC363320 Similar to Discs large homolog 5 (Placenta and prostate DLG) 0.03 22 0.5
Rn.42977 ¢ EST <0.01 32 1.5
LOC306096 Similar to Dachshund homolog 1 (Dachl1) <0.01 2.5 09
LOC685462 Similar to EMI domain containing 1 0.04 33 1.8
Rn.173547 ¢ EST 0.02 1.1 0.4
Spon2 Spondin 2, extracellular matrix protein 0.02 L7 0.3
Eiih Hepatic protein EITH 0.03 24 1
Sytl2_predicted  Synaptotagmin-like 2 (predicted) <0.01 3.2 1.8
Gpr37 G protein-coupled receptor 37 <0.01 5.4 4
Rn.39113° EST 0.02 43 3.1
Cd200 Cd200 antigen <0.01 23 1.6
Scnnla Sodium channel, nonvoltage-gated 1 alpha 0.01 2.1 1
RGDI308221 Similar to TBC1 domain family, member 8 (with GRAM domain); 0.02 2.1 0.9
predicted vascular Rab-GAP/TBC-containing (predicted)
Wntd Wingless-related MMTYV integration site 4 0.02 4.3 3.1
Rn.40510° EST 0.04 29 1.8
RGDI562168 Similar to retinoid binding protein 7 (predicted) 0.01 -1.7 -3.1
predicted
Sipi Secretory leukocyte peptidase inhibitor 0.03 0.1 -1.2
Piges Prostaglandin E synthase 0.03 -1.0 -2.2
Scnnlg Sodium channel, nonvoltage-gated 1 gamma <0.01 -0.3 -1.3
Rn.20273 ¢ EST 0.03 -3.1 -09
€3 Complement component 3 <0.01 -3.1 -1.0
RTI-Aw2* RT1 class Ib, locus Aw2 0.05 -1.7 0.3
Hba-al * Hemoglobin alpha, adult chain | 0.05 -1.3 0.3
RTI-CES RT1 class I, CES 0.03 -1.1 0
Rn.33382 ¢ EST 0.05 -0.8 0.3
Kir v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog 0.05 -1.1 -0.1
RTI-CE16 RT1 class I, CE16 0.02 -1.0 k.1

“ Intensity values of spontaneous and radiation-induced carcinomas were subjected to Welch's r-test.
" Base-2 logarithm for the ratio of the average intensity value of carcinomas to that of normal tissues.

“ The Unigene ID is indicated for unidentified expressed sequence tags (ESTs) and genes without gene symbols.
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Table 3. Genes that showed P 2 0.05 but > 4-fold higher expression in radiation-induced rat mammary carcinomas than spontaneous
carcinomas in the microarray analysis

Gene symbol Gene name P value * Log fold change (vs. normal) ”
Spontaneous Radiation
Rn.133430°¢ EST 0.27 -2.4 33
Tnfsfll Tumor necrosis factor (ligand) superfamily, member 11 0.28 0.1 5.7
Rn.177404 ¢ Transcribed locus, moderately similar to NP_620608.1 0.20 -09 2.7
protein LOC207121
Rn.47673 EST 0.38 0.5 4
Fgflo Fibroblast growth factor 10 0.31 -1.3 1.9
Agtria Angiotensin II receptor, type 1 (AT1A) 0.08 0.1 3.1
Cyp26b] Cytochrome P450, family 26, subfamily b, polypeptide 1 0.43 0.2 3.1
Lpo_predicted Lactoperoxidase (predicted) 0.35 -3.8 -0.9
Pou3f3 POU domain, class 3, transcription factor 3 0.21 -0.4 2.5
LOC689064 Beta-globin 0.18 -1.1 1.4
RTI-Aw2 RT1 class Ib, locus Aw2 0.05 -2.0 0.1
RTI-Bb RT1 class II, locus Bb 0.11 -1.1 I
RT1-Ba RT1 class II, locus Ba 0.06 -16 0.5
8$100a9 S100 calcium binding protein A9 (calgranulin B) 0.27 -0.8 1.2
RGD1305645 Similar to RIKEN ¢cDNA 1500015010 (predicted) 0.18 0.0 2.1
predicted
Rn.54456 © Polymeric immunoglobulin receptor AATTAA-containing 0.26 -4.7 2.7
3"UTR Group 1 mRNA sequence
Tmem2_predicted Transmembrane protein 2 (predicted) 0.14 02 22
Nhnl or Flt4 Conserved nuclear protein Nhnl or Fms-related tyrosine kinase 4 0.11 &2 42

“ Intensity values of spontaneous and radiation-induced carcinomas were subjected to Welch’s r-test.
" Base-2 logarithm for the ratio of the average intensity value of carcinomas to that of normal tissues.
 The Unigene ID is indicated for unidentified expressed sequence tags (ESTs) and genes without gene symbols.

of those most down-regulated, respectively (Table 4).

Validation of microarray results by gPCR

From genes listed in Tables 2 and 3, which were specific
to either spontaneous or radiation-induced carcinomas, we
chose 10 probe sets for known genes of importance in regard
to their biological functions. We also randomly selected 3
probe sets for unidentified expressed sequence tags (EST).
Furthermore, 5 additional genes were selected from Table 4
that exhibited altered expression in all carcinomas as com-
pared to normal tissue. Their expression was analyzed by
gPCR for validation of microarray results. Microarray and
gPCR results for the same set of tumors showed significant
correlation for 16 of 18 genes (Table 5). To exclude the pos-
sibility that the above results held true only for this parti-
cular set of tumors, we analyzed additional tissue samples
including one spontaneous and five radiation-induced mam-
mary carcinomas and one normal tissue that were available

from the same experiment but not previously examined by
microarrays. Together with these additional data, we
observed that three spontaneous cancer-specific up-regulated
genes (Plg, Pgr and Wnr4) still maintained their statistical
significance, whereas the differences turned out to be non-
significant for three other genes (EST Rn.160502, Prges and
EST Rn.20273; Table 5, rightmost column). Likewise,
regarding five radiation-associated genes (Tnfsfll, Fgfl0,
Agtrla, Pou3f3 and $100a9), some radiation-induced carci-
nomas showed a larger value than the mean value of four
spontaneous carcinomas (Fig. 2), in which the difference
was more than three times larger than the standard deviation
of four values of spontaneous carcinomas. Moreover, statis-
tically significant difference was observed in the expression
of Tnfsfl] and Agrrla between radiogenic and spontaneous
carcinomas (P < 0.05, Table 5, rightmost column). Thus,
qPCR analysis confirmed that eight genes were specifically
up-regulated in either spontaneous or radiation-induced
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Table 4. The top 15 genes, cither up-regulated or down-regulated, in rat mammary carcinomas compared to normal mammary
glands in the microarray analysis

Gene symbol Gene name P value @ Log fold change ©

i) High expression in carcinomas
Mup5 Major urinary protein 5 0.04 8.0
Mcptl0 Mast cell protease 10 0.02 6.2
Igfals Insulin-like growth factor binding protein, acid labile subunit 0.03 59
Gp2 Glycoprotein 2 (zymogen granule membrane) <0.01 54
Cdkn2a Cyclin-dependent kinase inhibitor 2A 0.03 54
Cited] Chp/p300-interacting transactivator with Glu/Asp-rich <0.01 49

carboxy-terminal domain 1

Gpr37 G protein-coupled receptor 37 <0.01 48
Pgf Placental growth factor <0.01 4.7
Areg Amphiregulin <0.01 4.6
Tcfap2b_predicted Transcription factor AP-2 beta (predicted) <0.01 4.0
Rn.81000 ¢ EST <0.01 39
Mmp3 Matrix metallopeptidase 3 0.02 39
Col2al Procollagen, type 11, alpha 1 0.02 39
Igf2 Insulin-like growth factor 2 0.01 38
1d4 Inhibitor of DNA binding 4 <0.01 38

ii) Low expression in carcinomas
Ca3 Carbonic anhydrase 3 0.02 -5.1
Cd36 Cd36 antigen <0.01 —4.0
Acsll] Acyl-CoA synthetase long-chain family member I 0.01 -3.6
Angptld Angiopoietin-like 4 <0.01 -3.6
Thrsp Thyroid hormone responsive protein 0.02 -3.6
Rn.54456 ¢ Polymeric immunoglobulin receptor AATTAA-containing 3'UTR Group 1 <0.01 -3.2

mRNA sequence

IgG-2a Gamma-2a immunoglobulin heavy chain <0.01 -3.1
LOC316122 CGI-58-like protein 0.02 -3.1
Slc34a2 Solute carrier family 34 (sodium phosphate), member 2 0.03 -3.0
Rn.17804 ¢ EST <0.01 =27
LOC287004 Mgl 0.03 2.6
Igha_mapped Immunoglobulin heavy chain (alpha polypeptide) (mapped) 0.03 -24
Tf Transferrin 0.04 -24
Ndrg! N-myc downstream regulated gene | 0.02 -24
Rn.19106 EST 0.02 -2.4

2 Intensity values of carcinoma and normal tissue were subjected to Welch's i-test.

" Base-2 logarithm for the ratio of the average intensity value of carcinomas to that of normal tissues.
¢ The Unigene ID is indicated for unidentified expressed sequence tags (ESTs) and genes without gene symbols.

J. Radiat. Res., Vol. 49, No. 4 (2008); http:/jrr.jstage.jst.go.jp



356 T. Imaoka er al.

Table 5. Quantitative PCR (gPCR) validation of differential gene expression identified by microarray analysis

Gene symbol Gene name Correlation Log fold * Difference
P value * Array gqPCR P value ©
i) P < 0.05 between spontaneous and radiation in microarrays (Table 2)
Plg Plasminogen <0.01 32 4.1 <0.01
Rn.160502 4 EST <0.01 2.0 3.1 0.08
Pgr Progesterone receptor i <0.01 137 15 <0.01
Wnid Wingless-related MMTYV integration site 4 <0.01 1:1 0.7 0.03
Piges Prostaglandin E synthase <0.01 1.2 1.3 0.42
Rn.20273 ¢ EST <0.01 -2.3 =27 0.09
Kii v-kit oncogene homolog 0.08 -1.0 -12 0.25
ii) P = 0.05 between spontaneous and radiation in microarrays (Table 3)
Tnfsfll Tumor necrosis factor superfamily member 11 <0.01 4.1 -6.9 0.03
Fgfl10 Fibroblast growth factor 10 0.01 -3.2 -8.8 0.08
Agtrla Angiotensin II receptor type 1 <0.01 -2.8 4.1 0.01
Pou3f3 POU domain class 3 transcription factor 3 <0.01 -2.9 4.0 0.07
5100a9 $100 calcium binding protein A9 <0.01 -2.1 =20 0.15
Rn.177404¢  EST 0.07 -3.7 -1.1 0.07
iti) Common to all carcinomas (Table 4)
Gp2 Glycoprotein 2 0.01 54 4.3 <0.01
Areg Amphiregulin <0.01 46 39 0.02
Igf2 Insulin-like growth factor 2 <0.01 3.8 58 0.02
Ca3 Carbonic anhydrase 3 0.02 5.1 -8.2 <0.01
RGD:727910 Mgl <0.01 -2.6 -4.2 <0.01

“ Expression values of each carcinoma, relative to the average expression in normal tissues, were transformed into base-2 loga-

rithms and then compared between microarrays and gPCR.

* Base-2 logarithm for the ratio of average expression in spontaneous carcinomas to that in radiation-induced ones for the top two
categories (i and ii) or the ratio of average expression in carcinomas to that in normal mammary glands for the last category (iii).
© gPCR values, relative to the average expression in normal tissues, were transformed into base-2 logarithms and compared

between spontaneous and radiation-induced carcinomas (i and ii) or between carcinomas and normal mammary glands (iii) by
Welch's i-test. The gPCR analysis incorporated additional samples that were not analyzed with microarrays.
# The Unigene ID is indicated for unidentified expressed sequence tags (ESTs).

mammary carcinomas. The analysis also confirmed that the
three genes (Gp2, Areg and Igf2) showed increased expres-
sion in both spontaneous and radiogenic carcinomas,
whereas two genes (Ca3 and RGD:727910) exhibited
decreased expression (Table 5).

The expression of five possibly radiation-associated genes
(Tnfsfll, Fgfl0, Agtrla, Pou3f3 and S100a9) varied widely
between nine radiation-induced carcinomas examined.
Therefore, we searched for correlation of these gene expres-
sions with some of parameters such as tumor weight and
latency. The expression of §/00a9 showed a significant (P

< 0.05) inverse correlation with the latent period of
radiation-induced tumors, whereas those of other genes did
not (Fig. 3). No correlation was found between either of
these five gene expressions and tumor weight (data not
shown). Moreover, significant correlation existed between
expression levels (log-transformed value relative to the aver-
age of those for normal tissues) of Agtrla and Tafsfl] (P <
0.01) and between those of Agrrla and Fgfl0 (P < 0.002)
and the levels of Tnfsfll and Fgfl0 were indicative of cor-
relation (P = 0.06); no correlation existed for other combi-
nations (data not shown).
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Fig. 2. Expression levels of five genes in each carcinoma as determined by quantitative PCR (qPCR). Four spontaneous (Spont) and nine
radiation-induced (Radiat) carcinomas were analyzed for expression of Tnfsf11, Fgfl0, Agtrla, Pou3f3 and 5100a9 (panels A-E, respec-
tively), and data are indicated as relative expression values compared to the average of four normal mammary glands. Circles indicate
tumors that were used for the microarray analysis and diamonds indicate additional samples examined only by qPCR. Gray symbols repre-
sent tumors whose expression levels were within + 3 standard deviations of spontaneous tumor levels; other tumors are represented by whife

symbols.

DISCUSSION

The present study was undertaken to clarify whether
tumor gene expression correlates with tumor etiology (spon-
taneous development versus induction by ionizing radiation)
in a rat mammary cancer model. We showed that three spon-
taneous mammary cancers could be distinguished from four
radiation-induced cancers based on their global gene expres-
sion profiles. We then focused on 18 differentially expressed
genes and confirmed by qPCR that eight of them were dif-
ferentially expressed even after new tissue samples were
added into the analysis. Thus, we show for the first time that
radiation-induced rat mammary cancer is distinguishable
from spontaneous one according to their gene expression.

It is not well understood why cancers of different etiolog-
ical origin can be distinguished using gene expression pro-
files. In accordance with our data, rat mammary cancers
induced by different chemical carcinogens have been suc-
cessfully classified by their causative agents based on their
gene expression profiles'*'®; however, the rationale for such
classification has not been provided. In our study. gene
expression profiles of spontaneous cancers were homoge-
nous, whereas radiation-induced cancers comprised a heter-
ogeneous population. The following hypothesis, although
speculative, might account for this observation: During the
initiation step of spontaneous mammary tumor development,
rare mutations must accumulate over time, which should
only occur in long-lived, stem-like cells. Given that the
target cell type is thus limited, the resulting cancers would
resemble one another. In contrast, acute exposure to ionizing
radiation may produce a large number of mutations in a cell
in a short period; therefore, relatively short-lived partially
differentiated cells could also be the origin of radiation-

induced mammary carcinoma. The various states of differ-
entiation among these cells might reflect the heterogeneity
of the resulting cancers. Actually, genes such as Pgr, Wni4
and Plg are involved in ductal branching,”*” which is a rel-
atively early step of the mammary gland development, and
were specifically up-regulated in spontaneous cancers. In
contrast, radiation-associated genes such as 7Tnfsfl/ and
Fgf10 encode secreted factors that are thought to direct alve-
olar morphogenesis,’"*® a rather later step of mammary
gland differentiation. Furthermore, though the function of
Agtrla in the mammary gland is unknown, the correlation
between the expression levels of Tnfsfll, Fgfl0 and Agtria
suggests the link in their role in radiation-induced develop-
ment of rat mammary carcinoma.

As gene expression profiles have previously been investi-
gated for chemically-induced rat mammary carcinomas, =%
comparison of our present result with these previous data
inform us whether above genes are specific to spontaneous
or radiation-induced tumors or are also expressed in
chemically-induced cancers. In one of these previous
studies,' although the number of genes on the microarrays
were small therein, two spontaneous tumor-specific (Plg and
Pgr) and three radiation-specific (Fgfl0, Pou3f3 and
S100a9) genes did not show high expression levels in
chemically-induced carcinomas. This ascertains that high
expressions of these genes are specific to spontaneous and
radiogenic mammary cancers, respectively. Agtrla were
upregulated in most of chemically-induced carcinomas, indi-
cating its possible relevance to exogenously (regardless of
radiation- or chemically) induced. but not spontaneous,
cancer development.

In addition, an inverse correlation existed between §/00a9
expression and tumor latency. This relationship suggests that
S100a9-overexpressing cancer develops more rapidly than
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Fig. 3. Scatter plots showing the relationship between the latent period and expression of various genes for radiation-induced rat
mammary carcinomas. The expression values of Tnfsfl/, Fgfl0, Agirla, Pou3f3 and 5100a9 (panels A-E, respectively) in each
tumor were determined by quantitative PCR and expressed as relative values compared to the average of four normal mammary
glands. Each dot indicates one tumor sample. The least square method was applied to give linear approximation to the relationship
between the latent period and logarithm-transformed expression values (lines). Pearson’s correlation coefficient (R) and the P value

for its significance are also indicated.

that without its overexpression, implying association
between its expression and accelerated tumor progression. In
fact, SI00A9 immunopositivity has been reported to be a
marker of poor differentiation in human breast cancers.’”
We also found many changes in gene expression that were
common to both types of carcinomas. Because rat mammary

cancers are mostly of ductal origin, the search for sponta-
neous or radiogenic cancer-specific gene expression may
have neglected important genes for ductal elongation, which
should be up-regulated in both spontaneous and radiogenic
mammary cancers. Some of these genes, for example Areg,
Cited] and Mmp3,**>® showed increased expression in all
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examined tumors. We also found several genes that showed
decreased expression in carcinomas. Most of these (e.g.,
Ca3, Cd36 and Acsll) were adipocyte-associated genes and
may merely reflect the adipocyte-rich composition of
normal mammary tissue. Nevertheless, a previous study has
shown that the non-coding RNA Mg/, which is encoded by
the RGD:727910 locus, is associated with hormone-induced
protection against mammary cancer development in rats.””
Our result is the first to show that this gene product is down-
regulated in mammary carcinomas and supports the possi-
bility that this non-coding RNA is a tumor suppressor.

In summary, our results indicate that spontaneous and
radiogenic rat mammary cancers are distinguishable based
on global and specific gene expression patterns, even though
most gene expression changes were common to both
cancers. The data indicate that spontaneous and radiogenic
mammary cancer development involves distinct molecular
and cellular mechanisms. When applied to human cancers,
the distinction between radiogenic and spontaneous cancers
will be helpful in assessing the risk of cancer from low doses
of radiation.
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(HZ=HRF) @ HIMAC |ZHBABA ) LET TO RBE 23RO LN TS (M1 BLUE1D 130
Brookhaven National Laboratory > AGS 75 D@4 A4 ## (VI LET, 155 keV/um) % fV =8O
BHREEE) bERE ST TS,

JRERFD HIMAC IZBWTRFRIZAV BTV S 290 MeVa REA AU ABRZOWT H, Hld
FHRIZBFT S8 RBE #EE X5, HIMAC % V=R AEBROIEIIN S DEET B 08
(7-10), FLABAAEET HIERIIZNE TR T

3. v FORMICLIHASAREEDER

WA IIAARS LT X0 AFRRE 4 RMEOMEZ ~ b (ACI, F344, Wistar 33 & X Sprague-Dawley)
AL, BENTRIC L DUAVPABROBMELR =, V<RI P'Cs H~ Rt
& (0.6 Gy/%), BRTHRICITHIERF HIMAC O 290 MeV/u [RFEA AU HRD 6 em IEKT 7 v 7'
—7Z (SOBP) B —A%#J1 Gy THER L, B Sem ORFIHEETDZ v MERXEL.,
BAROFLDS SOBP DHFLNI—ET D L 5 ICBHE T, ZD & ZDHEE LET 1% 40~90
keV/ium TH 5, 8 MlisOBW) 2R Li-t, & 1 B0 LT 50 HlE THE L, T
FELHIEB LV 50 BB 2 fiFH L, AIRR R S EBEOREEAZEE L T, IRiA L
YIE SN BB ARTICAV V=, 05,1 HBUNE2Gy D SOBP B — A% MRE L, FLASA SRR
ZIERSEEL L= =5 (K1), Sprague-Dawley 7 v FOAIBWTREIIKEFELI-AER
BAEROHEINDEEINIZ(11), ZOX 5 RBHEFEDOTHEIL, B MIBWTHLERLFHRIAHE
BDZIH Y AV NENEPTAET D RREEE L L TV 5,

4. HENREFRE RBE

RSB ESNRRAR & RBE AT 57-8, BBABEZMEDE D -7 Sprague-Dawley 7 h
ZRVT, 005 25 2 Gy DERFEA AL #R SOBP B —A4, 35N 05 25 2 Gy DA v ~#Ra iR
HLT, PAREFELIT Khi- Y ORBSASIC T 2 EZNRERE RO, FEFICE
LTCiE, Ho~ROBESNEEIRIIEREI TH o723, REA T RORBEDRERIT iz
BERRZHE 2 (K2A) (11), SENIBSEOBESEL BER L CEAREECOREIZ TV, A
AUARED (BT : Gy) DBE%kE LTRBE #RizL ZARBE=19XD ", §72bb1 Gy T
1.9£0.1, 005Gy T84+04 EEEDFHLAFTERE) LW IEL R-o72(11), £ 1EHD
DIEBASEIREL LI-55A1E, REA A 42005 Gy THERBENIGED B, 0.1 Gy TY
L. 02 Gy IEEBUNT 2 &\ 5 R 2 7z (R 2B) (11), ZHbDFERIZ, SOBP
B A BRI MENH D T L ENET A L L BT, (BREY A7 HEEITROTIIRR
B COBERER T BMRERERED T TMET 22 I3 ThoI LEZR LTS,

F - FARA R Clddh 525, mono B —ADAFEE T (LET#7 13keV/um) 127 v F&3E

=




LT 1 Gy 2R L=, FIUREDY L~ & FRREORAER UHE LT VRV GRIE
RT—F)e TOT Lb, SOBP & D AKERITEEABLIHEL LIEBE0RENBAY A7tk
BRYERVEE 2, EREMGET THA,

BB, RFBAATRERFINST v b T, FCHSADEBR L E 2 SN ARENH—F
T XEEEE SN, T ~REBREIIR Db 7z(11), LiedioT, HEEA A Ric
Lo THER SN AL, (B LET BETRIZ Lo TR NS A LD LEBEMEREFREMED &
2

5. EMFHREHRET v FELADHY
5-1. TR FASUZEE

FLOBADORBAEITITINR LV 3R EN ARV E DL D THDHT R b s nEEMER R
I3, DTy MABATHTA haFUZEE ER) BREEINTWAH12), £ZTH <
2 Gy HDOVNIRFEA AR 1 Gy 12X > THERINILABAAUTEIT 5 ER B2 S Emk LT
BNZRRAE L 7= & 25, W <=EEC OB 9 B, [RFEA F U HREET 18 I 14 44123 ER FAtEE R
L. MEHCERRO bR -T2(11), O DBERERIL, ELHDEEbT A b H
DADFEEBERERE T Z L 2mE LTV,

5-2. BIZFER

AR CHEIESND T v MDA Horas BT 12~13 = KL D3RI RV
BINDHZ L(13), BARERT o MNIlEE C p33 BETOERMBEIND Z L1406, Zh
O DB FERORE AT -T2, Hras BETFERITOVTIL 26 B, ps3 B FERIZOWTIX
13 BIDRFEA AU BEERILDBAER T2, BRIFBEI N »72(11), Li=i-T, Zhb
LIIRLRDEETFOREZRAE LUBERREL TWDH LEZ LN,

5-3. BIEFHBEIO 71—

o4 lZLIAT, BRBELET v MDA LT~ T v MIBE LB AZRANTA
707 LA L DIBRAEG T RS A E L, e L T A Y —finc T EARSEAESL
BADFR T 7 7 A VHEE— FAZ—ET D LFEND, BIRRBEILBADH - ~iiE
RHBAD ORI TRBUCIVERITE S Z LERLTVWA(15), £ Z THREROfETE T~
BRI L RBA T U RFRILBAERNBIA TN, EbbD7a 77 A VhE—0Dr 5 2
H—BERRT B Z Lidihofs (REERT—H).

6. HhHYIZ



VU EDFTT= 725 B0, HIER HIMAC 0 290 MeVh fRFEA A BRDFEBAAERIZ, SOBP A
TT v FOEFFBERS I LIZBSI0M< . FEERETOHERERLERE) R 7ITE
PEZRAUE L TOMET 2 Z LI3TERWATEEMERH D, BRAENRT v hORK (EEAAER
(BRI LIZZ Eh, B MEBOWTHERES AMRRE ~ORBRIIER & Z LAVRESh
Do BRINEEINEFRCL > TERINIEELUE LT, BETFER, BETFRERLE
ZL DRTHEEUL TR, [RFA AU ROFRT DIEEI B L~ L H 5,

EREWIDIEN AT T N VTR BRI TR OB AL, BREOIEF D22 BT
HY ., FEHIMEOFEIERIZOWT HERTAERET ML > THYRLR-TVWA(T, 9, 16), +57
IREHREER L, VDR DESICEBA) AT BEL 2B 0E RIED D Z LS, BRITHRIERC
VT DB (R - [ERRET A7-DITITEETH 5,

BitF

ARRAED DITHT- Y . BN FIRBHERRICET 2 TS 2\ el & F Lo idEER S
WIS DB BAERSA, EREW OB IR DR A2\ V- FIEREVWIBAS « FER0E
friz, DEVBILR L EFET, ABFRL. BEN (BRI ATRREBESILEFIFME ©
—&h (14B239, 17B239,20B239) & L CfThiLE L,
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#z1. WLET BE#RRIC L 5T v MRS ADEYEIFEE (RBE)

b7 TRLF— RBE HRE(Gy) SCER
Ne A A 6.6 GeV >5 * 0.02 3)
Fe A 7> 1 GeV <10 0.05~0.16 (4)
e e 430 keV 13 0.06 5
ks 0.5 MeV 9-14 0.05~0.2 (6)

* DA L FUIRBMRER A2 XIS, BEORAEFRE T FRA M & LI RBE,



