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Preleukemic clone hypothesis of leukemia
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It started In August 1945

We did not know much about health
effects of radiation exposure.
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No. of excess cases

Leukemiarisk started to increase
within a few years after the exposure

Solid cancer

leukemia

10 20 30 40

Years since exposure

Three types of leukemia
-ALL
-AML
-CML





And It has been found that

1. Dose response of leukemiarisk is
curvilinear (mainly by AML).

2. Leukemia often involves specific
translocations.

3. Radiation can induce translocations in vitro
and the dose response is curvilinear.

ALL; t(11;19) MLL/AML1
t(12;21) TEL/AML1

AML: t(8,21) AML1/ETO
t(15:17) PML/RAR«

CML; (9:22) BCR/ABL

Leukemia risk

Translocation

Dose Dose





Thus, it has long been thought that

« Radiation induces various kinds of
translocations randomly in bone marrow
cells.

« Some of the translocations happen to be
leukemia-specific.

« Subsequently, leukemiarisk had increased
In the survivors.

->When RT-PCR method became available,
we thought it would be possible to detect a

very rare but specific translocation (gene
fusion).





What is RT-PCR?

(Reverse Transcription-Polymerase Chain Reaction)
It can selectively amplify rare fusion mRNA.

Gene A Gene B Fused gene

> mRNA —

Reverse transcribe to produce cDNA

I

< C——
And PCR
- —
< - C— —_ -
— <

— « Gene-specific primers —





And Indeed

It was possible to detect fusion mRNAs If we
irradiate a large number of cells (107to 108
cells) with large doses (50 to 100 Gy) and
extracted mRNA within a few days (before
cells eventually die).

In addition to tumor-specific BCR/ABL fusion
MRNAS, unusual types of the hybrid mRNAs
were also detected as a result of random
DNA breaks and subsequent rejoining.





So far, so good...

However, at nearly the same time, human twin
studies and transgenic mouse studies
started to indicate that leukemia-specific
translocations are required but not
sufficient for the onset of the disease.

These facts made us feel that the direct
Induction theory of translocation is

probably wrong.





A decisive paper on childhood leukemia.

PNAS 99, 8242-8247 (2002)

Chromosome translocations and covert leukemic
clones are generated during normal

fetal development

Hiroshi Mori*, Susan M. Colman*, Zhijian Xiao*, Anthony M. Ford*, Lyn E. Healy*, Craig Donaldson?, Jill M. Hows',

Cristina Navarrete*, and Mel Greaves*$

*Leukaemia Research Fund Centre for Cell and Molecular Biology, Institute of Cancer Research, Chester Beatty Laboratories, London SW3 6JB,
United Kingdom; Division of Transplantation Sciences, Southmead Health Services, University of Bristol, Bristol BS10 SNB, United Kingdom;
and *North London Centre, National Blood Service, London NW9 5BD, United Kingdom

Communicated by Janet D. Rowley, University of Chicago Medical Center, Chicago, IL, April 11, 2002 (received for review January 24, 2002)

Studies on monozygotic twins with concordant leukemia and
retrospective scrutiny of neonatal blood spots of patients with
leukemia indicate that chromosomal translocations characteristic
of pediatric leukemia often arise prenatally, probably as initiating
events. The modest concordance rate for leukemia in identical
twins (=5%), protracted latency, and transgenic modeling all
suggest that additional postnatal exposure and/or genetic events
are required for clinically overt leukemia development. This notion
leads to the prediction that chromosome translocations, functional
fusion genes, and preleukemic clones should be present in the
blood of healthy newborns at a rate that is significantly greater
than the cumulative risk of the corresponding leukemia. Using
parallel reverse transcriptase-PCR and real-time PCR (Tagman)
screening, we find that the common leukemia fusion genes, TEL-
AML1 or AML1-ETO, are present in cord bloods at a frequency that
is 100-fold greater than the risk of the corresponding leukemia.
Single-cell analysis by cell enrichment and immunophenotype/

£1. conmen in citii b dneiolioasl lat 1 aml £ o al

for ALL with TEL-AMLI, and =1 in 80,000 for AML with
AMLI-ETO (calculated from reported frequencies for these
fusion genes in leukemia and the overall incidence rates of ALL
and AML in the United States and Europe).

We tested this prediction by screening a large series of
newborn cord blood samples by two independent assays: reverse
transcriptase (RT)-PCR using nested primers and Tagman
real-time quantitative PCR (15). By screening aliquots of the
c¢DNA product of small-sized samples (1 ml/~10°¢ cells) and
setting thresholds of positivity calculated (by Tagman) to be 103
or above, we reasoned that positive samples would have func-
tional, in-frame fusion genes with clonally expanded cells. At the
same time, this conservative approach should filter out any
low-frequency translocation products that were nonfunctional
because they were either out of frame or had not arisen in the
appropriate stem cell types to endow clonal advantage. We
assume that such “silent” events occur much more frequently
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The paper reported that 10

= 500 cord blood samples were screened for the
presence of t(12;21) TEL/AML1 fusion gene by
RT-PCR.

" 6 were positive (~1%).

* The frequency Is 100 times higher than the
frequency of pediatric ALL with the same
translocation.

Further, the translocation-bearing cells were
found in 1/1,000 pre-B or B cells, a sign of
clonal expansion (pre-leukemic clone).






lonizing radiation cannot induce the same
translocations in multiple cells of the same
individual, and hence cannot increase the
leukemia risk by inducing leukemia-specific
translocations.

Then, how?
Probably, the order should be reversed.

First, a spontaneous translocation, and
then radiation-induced mutation.

11





205 12
Radiation exposure may not affect people equally
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but could affect a small number of people who
already had acquired clonal expansion of
preleukemic cells prior to the exposure.

it T e
tiitt | diiit
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There would be predisposed individuals to leukemia.
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Epidemiologic findings of ALL

*The risk showed a clear temporal pattern
regardless of the age at exposure (had a peak
within 10 years after the exposure).

Magnitude of the risk was inversely related to
the age at exposure.

Age at exposure
. lOyears

25 years
- Total number of cases is 38
(fitted excess cases = 17).

During the first 5 years, risk
estimation was not possible }

40 years

EAR of ALL/10*PY Sv

due to lack of data. O 5 iO i5 26

Years since exposure
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It can easily be explained

Incidence rate (per million)

Explanations

50 - Background rate in Osaka
- (1993-1997)
u
40 H \.
300 4« Male
N Female .
20 |
I\I -0 /ﬂi
104 n o B O
\. - - :E n ;E - AT
E’D~D’HU !sg' -0
0 : . : . - . - .
0 20 40 60 80

Age (years)

1. Gender difference; male vs. female
2. Age difference; <20 years vs. >20 years
3. Decreasing trend of the risk > pre-B cells?
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Frequency of individuals at risk 16

1. TEL/AML1 (+) occurs in ~ 1% of newborns.

2. TEL/AML1 (+) comprises about 1/4 of total ALL.

3. Then, we expect ~4% of newborns would carry
expanded preleukemic cells of any ALL-specific
translocation.

4. The risk is >25 times higher in the predisposed
Individuals than the current estimate to a
population.

5. And for the majority of people, there would be
no risk for leukemia!
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When do the ALL-specific translocations occur?

Oxford Survey of Childhood Cancers (oscc)
Diagnostic low-dose exposure during fetal life
(~1 cGy) Iincreased the risk of pediatric
leukemia (50% were ALL) by 50% above the
background rate.

If we assume that the exposure is causal...
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Comparison of ALL risk by trimesters in OSCC

Relative risk (RR) Gilman et al. (1988)
Trimester 1 = 3.19

Trimester 2 =1.29

Trimester 3 =1.30

Trimester 1 fetuses do not seem to show
lower risk compared to fetuses of
trimester 2 or 3. This means that the
translocations had already occurred early
(at trimester 1).

But are there pre-B cells In trimester 17






Applications of the model

1. Chronic myelogenous leukemia (CML)

2. Acute myelogenous leukemia (AML)

19





1. CML

20

Observed risk (EAR) of CML (total 62 cases, 26 fitted excess cases).

EAR /10* PY Sv

15

10 [

" 4

Hiroshima
«~ males
Nagasaki
males

females

females

—

e —

Years since exposure

"4

Age dependency

Background rate

age





2. AML

There were 117 AML cases in

the LSS (30 fitted excess cases).
>40 years old ( )

|

20-39 years old

3 <20 years old

/

\

EAR of AML/10*PY Sv

5 10 15 20
Years since exposure
1. If exposed at < 20 years, the risk is like ALL.
2. If exposed at > 40 years, the risk increases with age,
which is like solid cancers.

3. If exposed at 20-39 years, the excess risk remains
nearly constant.





Background rate of AML differs by subtype! 22

1.

2.

3.

Incidence rate (per million)

= (o N N
ul o ul o Ul
| L | L | L | L J

@)

The total incidence rate increases exponentially

with age.

Three subtypes; normal karyotype, gain and/or loss,
and translocation types.
The first two increase with age; while the
translocation-type remains constant (i.e., predominant
among young patients).

» Normal karyotype/
~ Gain or loss

’
’
/‘
-
-

o Translocation type

e

20-29 30-39 40-49 50-59 60-69
Age (years) Moorman et al. Br. J. Cancer (2002)
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Some AML-specific translocations occur in fetuses

1(8;21) AML1/ETO transcripts are found in 1/500 cord blood
samples, 100 times higher than the frequency of pediatric
AML with t(8;21).

*The translocation-bearing cells were clonally expanded
among pan-myeloid cells. (Mori et al. 2002)

Assumptions;

1. Translocation-type AML is different from other AML.

2. There are 100 times more carriers of clonally expanded
pre-AML (translocation-bearing) cells than the number
of AML patients.

3. Translocation-type AML is predominant among young
Survivors.
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Explanations

1. If exposed <20 years; The excess risk is mainly
attributable to the carriers of preleukemic cells
with AML-specific translocations.

2. If exposed >40 years; Non-translocation type
predominates among middle-age survivors, and
hence the risk increases with the attained age as
In solid cancers.

— <20 years old >40 yfars old

B '/ 279 years old

5 10 15 20
Years since exposure

w

3. If exposed between 20 and 39
years; the risk behaves like
Intermediate between 1 and 2.

N

[

EAR of AML/10*PY Sv
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Conclusions

- It Is often thought that ionizing radiation affect
normal cells to malignancy.

- But at least for leukemia radiation mainly
Interacts with preexisting spontaneous events.

- A small fraction of people carrying the
preleukemic clonal cells are at much higher risk

than currently thought, e.g., >25 times higher

(ALL) than the risk to a population.
- Majority of people are risk-free (e.g., >95%).





It IS still unclear 28

Why ALL-specific translocations tend
to occur Iin fetuses?

-> Those genes that work closely may locate
spatially close (e.g., RET/PTC, TMPRSS2/ERG).

Why do such translocations occur only
INn humans?

Why the background rate of ALL
sharply declines with postnatal age?

- Many stem (progenitor) cells at risk may
differentiate into non-tumorigenic cells.











Hiroshima Report-2: Epidemiological Studies of the Late Health Effects of
Atomic-Bomb Radiation in Hiroshima and Nagasaki
(Lecture at the 18th ICDMFR, Hiroshima, May 27, 2011)

Kotaro Ozasa, MD, PhD, Chief, Department of Epidemiology, Radiation Effects Research Foundation,
Hiroshima, JAPAN

1. Introduction

Hiroshima and Nagasaki were the targets of the first two

atomic bombs in human history and most of each city was Slide 1. Effects of Atomic bombs
destroyed. The energy released by the bombs was equivalent * Energy . .
. . . —16 KT in Hiroshima, 21 kT in Nagasaki
to 16 kilotons (kT) of TNT powder in Hiroshima and 21 kT —Blast (50%), Heat (35%), Radiation (15%)
3 . . * Radiations

for Nagasaki (Slide 1). The energy of the atomic bombs was _ Initial radiation

. — Residual radiation
released as blast (phys1cal force, 50%)a heat (35%): and (Induced radioactivity, Radioactive fallout)
s ot o/ 1,2) ot + Radiation effects
ionizing radiations (15%).” Radiation from the bombs was " cute effocts (deterministic effects)
classified into two types: (a) initial radiation that was - Late effects (stochastic effects)

directly emitted from the bombs; and (b) residual radiation
that included radiations emitted from radioisotopes induced in soil and metals by the bomb’s neutrons
and radioactive fallout containing radioisotopes generated as products of the nuclear fission. There are
two kinds of radiation effects: deterministic effects whose severity of occurrence are dependent on the
radiation dose and include, for example, the acute symptoms and effects called ‘the radiation
syndrome’; and stochastic effects which have a chance or probability of occurrence and a risk
dependent on the radiation dose and include the risk of late health effects such as the induction of
cancer. For other examples, injuries by heat rays were so severe that persons who received direct
thermal exposures within 1.2 km of the hypocenter suffered skin-destroying burns and damage to their
internal tissues and organs, and most of them died immediately or within a few days.” Heat rays made
burns on the survivors’ skin more severe where dark patterns appeared on their clothes and etched
those patterns into their skin.” Acute effects of radiation also killed many people. Although some
persons appeared to recover from their physical and thermal injuries, those who received a lethal dose
of ionizing radiation began bleeding from their nose and other sites, lost their hair, developed purple
spots of subcutaneous bleeding, and vomited, and eventually would die within 30-60 days.3) In
Hiroshima, an estimated 90,000 to 166,000 deaths occurred within four months of the bombing in a
total population of 340,000 to 350,000. In Nagasaki, some 60,000 to 80,000 died in a population of
250,000 to 270,000.”

2. Methods of Epidemiological Evaluation of the Late Effects of Radiation

At the request of U.S. President Harry Truman, the National Academy of Sciences initiated the
Atomic Bomb Casualty Commission (ABCC) in 1947 to explore how to learn more about the medical
effects of the atomic bombs. Within a few years after the bombing, physicians had noticed an increase
in leukemia patients in Hiroshima and Nagasaki. Genetic effects of radiation were also feared. It
became evident that systematic and carefully designed epidemiological follow-up studies of the
survivors’ radiation health effects were required."” In 1975, the ABCC was reorganized into a
binational organization called the Radiation Effects Research Foundation (RERF), which continued all

1





studies by the ABCC to this day.

Design of epidemiological studies consists of three
components (Slide 2). First is the definition of the
population to be observed. Second is collection and
evaluation of exposure information to permit estimation of
individual radiation doses in the ABCC/REREF studies. Other
risk factors such as lifestyle factors have been collected to

+ Definition of the population to be observed
* Collection and evaluation of exposure

*» Collection and evaluation of outcomes

* Data analysis

Slide 2. Methods of Epidemiological
Evaluation

— Estimation of individual radiation doses

— Other risk factors such as lifestyle factors (use
mail surveys)

—Death, cause of death
— Cancer incidence

— Modeling of dose-response relationships, etc.

adjust for confounding factors and to evaluate interactions

between radiation and those factors. The third is collection and evaluation of outcomes, which are
death, cause of death, and cancer incidence in the subjects of the studies. Then the data have been
analyzed by modeling dose-response relationships and other statistical procedures in order to estimate
the radiation effects.

Definition of Study Populations"”
In the National Census of Japan, 1950, people were asked

Slide 3. Subjects to Be Followed Up

« Atomic-bomb survivors (Life Span Study: LSS)
— Stratified sampling by exposure status
— LSS 120,000 subjects (1950-)

« Biennial health examinations: 23,000 subjects (1958-) (Adult
Health Study: AHS)

« Children who were in utero when their mothers
were exposed to the bombing
— 3,600subjects (1945-)
« Biennial health examinations: 1,000 subjects (1976-)
« Offspring (filial one) of one or both parental
survivors
— Sampling by parents’ exposure status

— 77,000 subjects (1960-)
* Health examinations (F1 clinical Study): 12,000 subjects (2002-)

whether they were exposed to the atomic bomb in Hiroshima
or Nagasaki, and about 284,000 people gave a positive
response to the question. The ABCC selected about 195,000
people under the condition that they had residency in
Hiroshima or Nagasaki at the time of bombing. Further, the

actual subjects to be followed-up were selected, stratified by

distance from the hypocenter. Consequently about 94,000

subjects who were exposed within 10 km of the hypocenter and another 26,000 people who were not
in either city at the time of the bombing were selected for the Life Span Study (LSS) (Slide 3). Among
the two groups, 15,000 (added 3,000 in 1977) and 5,000 subjects from each group, respectively, were
invited to biennial health examinations at the ABCC laboratories in Hiroshima and Nagasaki. The LSS
cohort was constructed during the 1950s. The epidemiological follow-up started retrospectively in
1950 and the health examinations started in 1958.

In-utero survivors, who were exposed to the atomic bomb in utero when their mothers were
exposed, were identified during the 1940s and 1950s. About 3,600 subjects were retrospectively
selected for epidemiological studies and followed up since 1945. Among them, about 1,000 were
invited to the health examinations since 1976. Samples of the F; children who were born in 1946-84 to
one or both parents who were survivors were selected to form the F; cohort and about 77,000 subjects
have been followed up in epidemiological studies. Health examinations for the F; cohort started in
2002 because some had reached the ages for developing cancer and other diseases, and about 12,000
offspring are participating. The LSS, in-utero, and F, are RERF’s major cohorts. Among those cohorts,
selected people have been invited to the periodic health examinations to evaluate their health
conditions and the late health effects of radiation such as thyroid diseases and other non fatal diseases.
The subcohort of the LSS is called the Adult Health Study (AHS). Those subcohorts have been
involved in important clinical epidemiological studies at the RERF. At the end of 2006, about 40% of
LSS subjects, including 85% of those exposed before age 10, were alive, along with about 90% of the
in-utero and the F, cohorts.





Estimation of Individual Radiation Doses">*”

Individual radiation doses depended primarily on the
following factors (Slide 4). First, air dose (i.e., without
shielding) was determined by the physical properties of the
two bomb types (Hiroshima and Nagasaki bombs) and the

Slide 4. Factors Influencing Individual Doses

* Non-shielded dose (Free-in-air Kerma)
— Type of Atomic-bomb (Hiroshima/Nagasaki)
— Distance from the hypocenter

+ Shielding conditions (Shielded Kerma)
— House (Japanese wooden), factories, etc.
— Terrain

+ Personal condition
— Body size (adult, child, infant)
— Posture (standing, kneeling, prone)
— Direction (each 30 degree angle)

* Individual doses for 15 organs

distance of the survivor from the bomb’s hypocenter. There

was a small difference in the proportion of neutrons between

the uranium bomb in Hiroshima and plutonium bomb in

Nagasaki. Dosimetry systems were updated (T65D, DS86) and the latest system of DS02 is available®.
The risk of radiation is estimated using a total absorbed dose in gray (Gy) units, which consists of an

estimated neutron dose multiplied by ten plus the gamma-ray
dose (Slide 5).

Slide 5. Non-Shielded Dose (Free-in-Air Tissue
Kerma in Gy) for DS02 by Distance from the

Hypocenter4
The next step was evaluation of the shielding || Hiroshima Nagasaki
iel : : (m) eutron | S3MMa- - eutron | 3mmMa- v
conditions, between the subjects and the atomic bomb, e.g., N | ray | Gl [N ey |

. . . . . . 1000 | 0.260 | 4.22 | 6.82 | 0.125 | 8.62 | 9.87
outside with direct exposure line-of-sight to the explosion, |50

0.067 | 1.81 248 | 0034 | 349 | 3.83
hidden behind something, in a typical Japanese wooden || 1500 | 0009 0.527 0617 |0.0051] 0983  1.03
1800 | 0.0013 | 0.165 | 0.178 | 0.0008 | 0.299 | 0.307
house, in a concrete building, and other situations. Terrain || 2000 | 0.0004] 0.076 | 0.080 [ 0.0002 | 0.138 | 0.140
2500 | 0.0000 | 0.013 | 0.013 | 0.0000 | 0.023 | 0.023

was also considered. Final factors were personal conditions

such as body size (adult, child, and infant), posture (standing, kneeling, and prone), and direction to
the air-burst point (each 30 degrees). Then individual doses for 15 organs were estimated. Basic
shielding information was obtained through interviews conducted for nearly all LSS subjects by the
ABCC personnel in the 1940s-50s and more detailed shielding histories were obtained for proximal
survivors (<2 km of the hypocenter) in the 1950s-60s. In the latter interviews, the site of the survivors’
location at the time of the bombing was determined on a map, a layout of the house was drawn, and
the location and posture of the survivor in the house were determined. Individual doses for about
20,000 proximal survivors were estimated by the detailed information, and doses of others were

estimated using basic information and approximations such as the average transparency of a Japanese

wooden house and others. Finally individual doses were Slide 6. Estimated Individual Doses
: 0 : DS02 dose Hiroshima | N ki Total

estimated for around 95% of the subjects except for those Notin-City 202300 50| 26528

with complex or unknown shielding (e.g., those exposed in a <8 mGy 21713| 16812 35,509

5-99 22,744 7,232 29,976

basement or in concrete or stone buildings) (Slide 6). 100-499 10,115 2,226] 12,341

500-999 2,376 1,052 3,428

Other factors that may produce confounding or 1000-1999 1,151 614] 1,765

2000+ 436 189 625

interactions on evaluating radiation risk such as lifestyle Unknown 3449| 3621 7,070
A . . . . L. Total 82,214 38,107 | 120,321

habits (smoking, drinking, etc.), medical radiation exposure,

etc., have been surveyed using a mailed, self-administered questionnaire to the LSS subjects several
times during the follow-up.

Collection of Outcomes”

Primary outcomes of the major cohorts (LSS, In-utero, and offspring) are death and cause of death
from all of Japan (obtained through official permission from the Ministry of Health, Labour and
Welfare and the Ministry of Justice) and cancer incidence from Hiroshima and Nagasaki areas
(obtained through official permission of the authorities). Population-based tumor registries have been
active in Hiroshima since 1957 and in Nagasaki since 1958. The registries are based on on-site
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abstractions of medical records from major hospitals by the ABCC/RERF personnel and notifications
from hospitals and clinics. Tissue registries were established in Hiroshima in 1973 and in Nagasaki in
1974, in which sets of pathological reports and representative HE-stained slides have been collected
by the registry offices. The integrated data of the tumor and tissue registries have long been included
in ‘Cancer Incidence in Five Continents’,® a compilation of worldwide cancer incidence data, and are
given the highest rating by that consortium.
Statistical analyses™”""
Risks of radiation for mortality of various diseases and cancer incidence are usually evaluated by the
excess relative risk (ERR) model and the excess absolute risk (EAR) model. The ERR model is a
multiplicative model described as,

Aexposed = Ao (¢,8,0,a)[1+ERR(d,s,e,a)]
and the EAR model is an additive model described as,

Aexposed = Ao (¢,8,b,a) + EAR(d,s,e,a)
where Acxposed 1S the rate for the subjects who were exposed at a given dose of radiation and in a
specific situation, A is the baseline, or background rate at zero dose, depending on city (c), sex (s),
birth year (b), and attained age (a). ERR is equal to RR-1, where RR is the relative risk defined as the
ratio of the rate for exposed relative to the rate for non-exposed, and is the usual indicator of risk. EAR
shows an excess rate per unit population. ERR and EAR depend on radiation dose (d) and, if necessary,
effect modification by sex, age at exposure (e), which is equivalent to birth year (b), and attained age.
Then ERR and EAR functions are described as,

EAR, ERR = p(d) ¢(e,s,a)
in which p(d) describes the main effect of radiation with the shape of the dose-response function, e.g.,
p(d) = Bd (linear), yd* (quadratic), pd+yd” (linear-quadratic), etc., and &(s,e,a) describes the effect
modification by sex, age at exposure, and attained age (i.e., interaction between radiation and those
variables). g(e,s,a) is usually defined as,

g(e,s,a)=exp(te)-a’ - os
Those coefficients are estimated using a Poisson regression and other statistical methods. Usual risk

indicators such as relative risk are also used.

3. Major Results

1-2,7-9)

Risk of Cancer Mortality and Incidence Slide 7. Schematic Model of Trend of
The excess leukemias began appearing about two years | -eukemiaand SoéI:ng::::) due to Radiation

after the bombing and peaked at about 6-8 years after

Other cancers (thyroid,
breast, lung, large intestine,
stomach, etc.)

exposure. Increased risks of solid cancers have been obvious
since around 10 years after the bombing and continue even s
today (Slide 7)."?

The latest published report of cancer mortality risk ; 10 2 2 a0 50 ¥ears
in the LSS was based on the data during 1950-97 using sty RRonp o e

DS86,” updated analyses to 2003 are underway. The risk of cancer incidence using DS02 was

Number of leukemia
and cancer deaths due to
radiation exposure

published in 2007.Y The solid cancer dose-response was best fit by a linear function and no threshold
was indicated (Slide 8). The thick solid line is the fitted linear, gender-averaged ERR dose response at
age 70 after exposure at age 30 based on data in the 0- to 2-Gy dose range. The points are
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non-parametric estimates of the ERR in dose categories. The
thick dashed line is a nonparametric smoothing of the
category-specific estimates and the thin dashed lines are one
standard error above and below the smoothed fit. The
sex-averaged ERR for all solid cancer at age 70 after
exposure to 1 Gy at age 30 was 0.47 (i.e., a 47% increase)
with effect modification by sex (female/male= 1.6), age at
exposure (percentage change per decade increase= —17%),

1.54

excess relative risk

Slide 8. LSS, Solid Cancers Dose Response?

1 2
weighted colon dose (Gy)

and attained age (power= -1.65). The EAR was 52 excess cases per 10,000 person-years Gy with

effect modification by sex (female/male= 1.4), age at exposure (percentage change per decade

increase= —24%)), and attained age (power= 2.38). Effect modification by age at exposure and attained

age shows that both ERR and EAR were higher in the young
compared to the older ages at the time of the bombings
(Slide 9),”  which implies higher radiosensitivity or
vulnerability to radiation in the younger ages. The ERR
decreased with increasing attained age while the EAR
increased, which seems to be due to an increase in
background incidence rates of cancer with ageing.

The estimates of site-specific, sex-averaged solid

ERR

4

)
®
H
°
H
8
H

Slide 9. Modification of ERR and EAR of
All Solid Cancer by Age at Exposure and

/
/
/
/
/
!

Attained Age?®

age atexposure

excess cases per!0,000 PY-Gy

cancer incidence risk after radiation exposure among the atomic bomb survivors are plotted with 90%

confidence intervals in Slide 10.* Estimates are for those exposed at age 30 and having an attained age

of 70 years. The dotted vertical line at zero ERR indicates no
excess risk. There is some variation in the ERR among
cancer sites though the reasons or mechanisms for this have
not been clearly understood.

Excess deaths from solid cancer due to
atomic-bomb radiation was estimated as 479 among a total
of 10,127 solid-cancer deaths in the LSS cohort during the
follow-up of 1950-2000, and the number for leukemia was
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Slide 10. Estimates of site-specific solid
cancer incidence risk®
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93 among 296 deaths.” The number was extrapolated to about 1100 radiation-related solid cancer

deaths among the several hundred thousand people considered as atomic bomb survivors during those

fifty years.”

Among the patients who once Slide 11. Risk of Second Primary Cancer'?

Solid tumors

had a cancer and were cured, the risk of |5, Fosnyears Nooffst  RRUE%C)

first cancer

primary cases

Person years No. of second RR* (95% CI)
for time to primary cases
second cancer

deVelOping a SeCOHd primary cancer was <0.005 943,630 5,580 1.00 (reference) 25227 401 1.00 (reference)
0.005-0.49 1,056,910 6,424 1.03 (0.99-1.07) 30,045 475 1.01 (0.88-1.15)
similar to the risk of their first primary |55 &% JirR g & ves(sesdt
. . . . 22 0(? X 13,923 188 2.53 (2.19-2 93)' 1,078 38 2.47 (1.77-3. 46)'
cancer risk per radiation dose (Slide |="® 065 Q570747 057 36-082f
10) . Leukemias
1 1) Cancer Of eaCh SIte SuCh as Marrow Person years No. of first RR* (95% CI) Person years  No. of second RR* (95% CI)
dose (Gy) for time to  primary cases for time to primary cases
stomach, lung, colon, female breast, first cancer second cancer
. . . <0.005 917,052 95 1.00 (reference) 24,482 7 1.00 (reference)
thyroid, and bladder showed similar |omeoe oo wo memns om0 eomee
. 1.00-1.99 48913 21 4.07 (2. 53—6.53)f 2,644 4 6.33 (1.83*21.90)r
results' The effects Were not modlfied by >2.00 19,550 23 12.57 (7. 947‘19.88)7 1,424 2 6.09 (1.2#29.88):
( )

ERR/Gy"

2.65 (1.78-3.78)"

3.70 (0.99-10.80)

radiotherapy or Chemotherapy that was *RR and ERR/Gy are adjusted for sex, city, attained age, age at time of bombing, and age at first cancer diagnosis (second primary

cancer risk estimates only).
P < 0.05.

used to treat the first primary cancers.






Risk of Noncancer Mortality'>""V

Associations between radiation exposure and increases in | gjide 12. Risk of Stroke (upper)

noncancer diseases, especially cardiovascular diseases, have and Heart Disease (lower)')

0.5

= Linear-quadratic

been observed.” Risks of both stroke and heart disease were

=== Linear

shown to be elevated by radiation exposure (Slide 12).'"" For

Excess relative risk
IS)
W

both risks, a linear function was thought to be the most plausible

for dose-response. For stroke, there was no statistical difference 01 % Lo i

between linear and linear-quadratic models, but a pure-quadratic o es 10 15 200 25 30
Weighted colon dose (Gy)

model nominally provided a slightly better fit than did the linear
model. In the slide, the shaded area is the 95% confidence region

—— Linear-quadratic

=== Linear

for the fitted linear line. Vertical lines are 95% confidence

Excess relative risk

intervals for specific-category risks. Point estimates of risk for

each dose category are indicated by solid circles. Detailed

o 0.5 1.0 1.5 2.0 2.5 3.0

analyses of risks of other noncancer diseases are underway.

Weighted colon dose (Gy)

Effects on In-Utero Survivors'>"?

The risk of solid cancer incidence among 2,452 in-utero survivors was compared to the risk among
15,388 LSS survivors who were 6 years old or younger at the time of bombing (Slide 13)."” The

number of solid cancer incidence during 12 to 55 years of attained age was 94 in in-utero survivors

and 649 in the LSS. Risk of cancer incidence for in-utero Slide 13. Risk of Solid Cancer in In-utero and

Young-at-bombing Survivors (1958-1998)'2

survivors did not reach the level of the young-at-bombing

ERR/Gy at age of 50 years Effect by
survivors, though the observed ages were still young (< 55 Male  Female Sexaveraged *CTNCH*
f In-utero ( 0.31 \ ( 0.53 ) ( 0.42 \ . -2.8 )
0.0, 2.0 0.0, 2.4 0.0, 2.0 9.3, 2.8,
years o age)' Young-at- 13 2.2 17 1.4
bombing 0.6,2.2)  (1.3,3.4) (1.1, 2.5) (-2.3,0.2)

(): 95%Confidence interval

Effects on Survivors’ Children'"

The risk of mortality of cancer and noncancer diseases

Slide 14. Parental Dose and Children’ s Risk

(1946-99)1)
among the survivors’ children was not associated with their B ek

. . Cancer diseases

father’s or mother’s radiation dose though the observed ages Radiationdose 149 230 149 220
years years years years

. . 13 L < K i K .

were still young (Slide 14)."” There has been no statistically O ;:2 SRR
. . . . . . 2150 mGy ) 0.90 0.92 0.99
significant evidence for genetic effects in the survivors’ <smGy 100 100 100 100
5 Mother  5-149 mGy 079 1.43 1.04 1.01
children. ) 2150 mGy : 094 1.00 1.09

4. Future Directions

Importance of the Survivors’ Studies

The RERF LSS risk data have been used as the basis for; 1) international standards for radiation
workers and the general public, i.e., radiation protection standards defined by the International
Commission on Radiological Protection (ICRP), 2) assessing the risk to the public of environmental
exposures and the impact of accidental exposures, and 3) supporting causal inference in a wide variety
of circumstances in radiation exposure. Recently, studies on people who were exposed to nuclear
experiments, nuclear pollution, and the Chernobyl accident, as well as studies of nuclear/radiation

workers and medical exposures have provided additional evidence.





Association Needs to Be Confirmed

RERF’s major goals are to; 1) clarify the risk of malignant diseases, including the issues on the
variability in risks between cancer sites, risks of rare cancers, persistent risks of hematopoietic
malignancies, and the association of chromosome aberrations and development of malignancies; 2)
clarify the radiation-associated risks of cardiovascular diseases and other nonmalignant diseases, and
to 3) clarify the responsible mechanisms, including a potential role for certain changes in immunity

such as radiation-induced immunosenescence and persistent chronic inflammation.

Issues to Be Considered

There are several limitations, criticisms, and problems that pose challenges for future research. For
example, it has been said that some potential LSS subjects died just after the bombings and during the
5 years until 1950, and they may have been more sensitive to radiation. Poor hygiene and other
unhealthy conditions in war-torn Japan might have introduced some additional selection biases. We do
not think such biases are likely to modify significantly the associations between radiation exposure
and stochastic late health effects such as cancer development during the long follow-up, but this needs
to be confirmed. Another issue is that the secular trends in background diseases and the use of
developing medical technologies in Japan have changed considerably during the follow-up period. The
subjects who were exposed at an old age developed cancers and serious diseases in the early follow-up
period, whereas those exposed at a young age developed them more recently or will develop them in
the future. We should consider those differences carefully when we compare the effect modification
by age at exposure.

Evaluation of radiation effects among the atomic-bomb survivors was based on a single,
external, whole-body exposure of gamma-rays and neutrons at a wide range of exposures from very
low doses to 2Gy or higher. Those characteristics have been advantageous for analyses of
dose-response and effect modification by age at exposure and other factors, whereas they have been
inadequate for studying effects of fractionated or protracted doses or effects from very low doses or to
the effects of low-dose-rate, chronic exposures. The influences of exposures to radioactive fallout or
residual radiation, including internal exposures due to ingestion or inhalation, are currently being
examined, although the information regarding such exposures is relatively scarce and exposure levels
appear to be low compared to the doses to survivors from direct radiations from the atomic bombs.
While those factors might modify the effects at low-dose levels, recent results from other
epidemiologic studies, including populations exposed to low-dose-rate exposures and internal
exposures, seem to be consistent with the findings from atomic-bomb survivors’ studies. Evaluation of
low-dose effects in the LSS is a complicated and challenging effort because there are no indicators
(biomarkers or such imprints) that can distinguish a radiation-induced cancer from a spontaneous one.
There may be some bias and confounding of baseline health effects among the subjects such as from
different lifestyles and socioeconomic factors, e.g., proximal survivors with high-dose exposures were
residents in urban areas whereas distal survivors with low-dose exposures were in rural areas. In order
to investigate whether factors such as changes in lifestyle and medical exposures are causing bias and
confounding, mail surveys have been used to collect relevant information. We will continue to conduct
some comprehensive analyses of low-dose health effects on the survivors.

Finally, the cohort studies are still important to clarify the late health effects of radiation,
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especially for evaluation of the survivors who were exposed at a young age, in-utero survivors, and
children of the survivors. Since those subjects are entering their ages of developing chronic diseases,
those studies will require an additional 20-30 years of follow-up observations in the future.

Acknowledgement

The Radiation Effects Research Foundation (RERF), Hiroshima and Nagasaki, Japan is a private,
non-profit foundation funded by the Japanese Ministry of Health, Labour and Welfare (MHLW) and
the U.S. Department of Energy (DOE), the latter in part through the National Academy of Sciences.
This publication was supported by RERF Research Protocols (RPs 1-75, 2-61, 4-75, and 18-61).
Recent reviews'*'> have been helpful to understand the research activities of the ABCC/RERF.

References

1) Radiation Effects Research Foundation (RERF). Introduction to the RERF. Hiroshima: RERF;
2005. http://www.rerf.jp/shared/introd/introRERFe.pdf

2) RERF. A Brief Description. Hiroshima: RERF; 2008. http://www.rerf.jp/shared/briefdescript/
briefdescript.pdf

3) Hasai H, Ubuki S, Ide M, edited. The Sprit of Hiroshima. Hiroshima: Hiroshima Peace Memorial
Museum; 1999.

4) Young RW, Kerr GD, eds.: Reassessment of the Atomic Bomb Radiation Dosimetry for
Hiroshima and Nagasaki—Dosimetry System 2002. Hiroshima: RERF; 2005.

5) Cullings HM, Fujita S, et al.: Dose estimation for atomic bomb survivor studies: Its evolution and
present status. Radiat Res 166:219-54, 2006.

6) International Agency for Research on Cancer (IARC)/International Association of Cancer
Registries. Cancer Incidence in Five Continents. JARC Scientific Publication. No. 160. Lyon:
IARC; 2009.

7) Preston DL, Shimizu Y, et al. Studies of mortality of atomic bomb survivors. Report 13: Solid
cancer and noncancer disease mortality: 1950-1997. Radiat Res 160:381-407, 2003.

8) Preston DL, Ron E, et al. Solid cancer incidence in atomic bomb survivors: 1958-98. Radiat Res
168:1-64, 2007.

9) Preston DL, Pierce DA, et al. Effect of recent changes in atomic bomb survivor dosimetry on
cancer mortality risk estimates. Radiat Res 162:377-389, 2004.

10) Li CI, Nishi N, et al. Relationship between radiation exposure and risk of second primary cancers
among atomic bomb survivors. Cancer Res 70:7187-98, 2010.

11) Shimizu Y, Kodama K, et al. Radiation exposure and circulatory disease risk: Hiroshima and
Nagasaki atomic bomb survivor data, 1950-2003. Br Med J 340:b5349:1-8, 2010.

12) Preston DL, Cullings HM, et al. Solid cancer incidence in atomic bomb survivors exposed in utero
or as young children. J Nat! Cancer Inst 100:428-36, 2008.

13) Izumi S, Suyama A, et al. Radiation-related mortality among offspring of atomic bomb survivors:
A half-century of follow-up. Int J Cancer 107:292-7,2003.

14) Mabuchi K, Fujiwara S, et al. Atomic-Bomb Survivors: Long-term Health Effects of Radiation.
In: Human Radiation Injury (Shrieve DC, Loeffler J, eds) Chicago: Lippincott Williams &
Wilkins; 2010.

15) Douple EB, Mabuchi K, et al. Long-term radiation-related health effects in a unique human
population: Lessons learned from the atomic bomb survivors of Hiroshima and Nagasaki Disaster
Med Public Health Preparedness 5:S122-33,2011.






Why don’t chromosome aberrations persist in
lymphocytes following fetal exposure?

Nakamura N, Nakano M, Ohtaki K, Kodama Y
(Radiation Effects Research Foundation, Hiroshima)
Niwa O, Toyoshima M
(Kyoto University, Radiation Biology Center, Kyoto)

Shimada Y
(National Institute of Radiological Sciences, Chiba)

18th ICDMFR
52nd Japanese Society for OMR
May 25-29, 2011, Hiroshima, Japan





Introduction

It has generally been believed that fetuses are
hypersensitive to radiation.

And it Is a clinical standard to avoid irradiating
fetuses (pelvimetric X rays to ultrasound
procedures).

But where did this practice come from?
...Story dates back to the 1950s.





There was an increasing trend of childhood leukaemia
(R. Doll, J R Statist Soc A 1989; 152: 341-351)

Rate of Leukaemia Mortality among Children 0-14 Years of Age in England and
Wales, 1911-1960.
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Oxford Survey of Childhood Cancers

Conducted by Alice Stewart and colleagues (1956).

Study plan: A case-control study.

Findings: Diagnostic low-dose exposure (e.g., 1cGy)
was found to be related to the increased risk of
childhood leukemia and cancer by 30~50% above the
background (similar results were obtained later In
similar studies by other investigators).

Impact of the results: If a linear dose response is
assumed, the estimated relative risk is about 50/Gy.
Is the effect causal?

Are there any other data which support such an extremely
large risk?





Yes, there is one

In A-bomb survivors exposed as children (<10 years old),
RRicy of leukemia was about 50 shortly after the exposure.
Thus, RR of 50 is not unprecedented.
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Figure 3 Excess relative risk for all types of leukemia, 1950-1987






So it was expected that fetuses are
hypersensitive for induction of...

1945 A-bomb, WWII ended

1950s Human chromosome no. = 46 (Giemsa staining)
1960s In vitro culture of blood lymphocytes
1970s Chromosome banding techniques
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Results of G-banding analysis

Contrary to our expectation, survivors exposed in utero
showed no indication of radiation effect (examined at
about 40 years old, n = 330).

Translocation frequency (%)

25 A

0 250 500 750 1000 1250 1500 1750
Radiation dose (mSv)
Ohtaki et al. Radiat. Res. 161, 373-379 (2004).





A possible pitfall

Fetal exposure caused mental retardation.

A possibility of sampling bias (preferential
sampling of people with lower true doses than
the calculated doses).

U

Either examine the mothers or conduct mouse
experiments.





We could obtain blood samples
from 13 mothers

254 7]

\
Mean response of
survivors

Translocation frequency (%)

0O 200 400 600 800 1000120014001600

Radiation dose (mSV)

Thus, it seemed certain that the fetuses had received
a fairly large amount of radiation doses.






Plots of 13 sets of mother-child paired data

Translocation frequency in children (%)
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The lack of the dose response is not attributable to
dose errors.

If the sensitivity were equal between
fetuses|and mothers

u
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

0 5 10 15 20 25

Translocation frequency in mothers (%)

- The lack of radiation effect is biological.
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What are the underlying mechanisms?

We Iinitiated mouse experiments;

* |rradiation of fetuses, neonates, and young
adults.

!

Cytogenetic examinations at
20 weeks of age with FISH.

Chromosome analysis

with FISH (chr. 1+3)
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Irradiation of fetuses did not increase the

Translocation ($0)

o

o

o

frequency of translocations at 20w

Blood T cells Spleen T cells Bone marrow cells
mother 20. = 20
10 / 10/
/' fetuses D/. :
pe—" 0 opt—mo—"  olg——rt -
0 1 2 0 1 2 0 1 2

X-ray dose (Gy)

The mouse experiments confirmed
the survivor data.
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The lack of dose effect was not due to elimination of

damaged cells via p53-dependent apoptosis

A pregnant p53(-/-) female mouse was irradiated with 2 Gy
and the progeny was examined; either p53 (-/-) or (+/-).

But the translocation frequencies were low for both groups
and not different depending on the genotype.

Translocation %

Mother p53(-/-) 37%
progeny p53(-/-) 9% (+5%)
053(+/-) 5% (£5%)
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@ Neonates were like fetuses
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Nakano et al., Radiat. Res. 167, 693-702 (2007).
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What is going on during the few weeks after birth?

Niche for HSCs

\\\|l/,
< P
_( )/

Hematopoietic stem cells (HSCs) are actively
cycling until 3 weeks after birth but
suddenly stop cycling within 1 week.

(shift from cycling = G1 arrested)

CXCL12

I
C} Cycling (S/G2/M)

. Non-cycling (G1)

*Bowie et al. J Clin Invest 116, 2808 (2006)
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" And during this period,

ATM gene expression level increased by about
100 fold (low in fetal HSCs and high in
juvenile HSCs; that is, 24w-old mice)*.

In other words, fetal HSCs are functionally ATM
deficient.

*Bowie et al. PNAS 104, 5878 (2007)
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It Is possible that

fetal HSCs are unique as the niche is not yet
available (to be established after birth).

Therefore, other organs probably would not
behave like HSCs.

organogenesis

Embryonic stem cells > Tissue stem cells
Equal division Unequal division
Q < Q dlﬁerentlatlon Q
renewal
_/
YT YT

DNA repair “-" DNA repair “+”
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As an example, we examined rat breast cells

and found that mammary epithelial cells
had recorded the effect of fetal exposure (2Gy, day 17).
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Conclusion

Hemato-lymphoid cells are unigue in fetuses
because the stem cells are vigorously
dividing while the niche is not yet
established in bone marrow and DNA
repair system is not yet operating.

It is probably for this reason that damaged
hemato-lymphoid cells in fetuses are not
kept.
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Thank you very much for your attention
... but
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Still a question

If fetal HSCs did not record radiation-induced damage
(chromosome damage), why did the risk of childhood
leukemiaincreased in the OSCC?

1) Radiation-induced chromosome damage may not be
relevant to leukemogenesis.

2) In utero exposure may not be causal.

3) The dose response may not be linear/LQ but humped.
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Possibility 1)
Radiation-induced chromosome
damage may not be relevant

A large fraction of translocations specific to
childhood leukemia (ALL) are already present
at birth (occur during fetal life).

Thus, it is probably not the induction of leukemia-
specific translocations that is relevant to the
Increased risk of childhood cancer.

If this were the case, it Is expected that gene
mutations may be induced Iin fetal HSCs and
persist (this is testable).





Possibility 2)
In utero exposure may not be causal.

May not be causal?; a possiblility of bias

1) Human twin studies did not indicate an
elevated risk of childhood leukemia even they
received more frequent X-ray exposures
(pelvimetric).

- Insufficient number?

2) Mouse fetuses are not hypersensitive to
radiation for induction of leukemia.

23





Possibility 2)
In utero exposure may not be causal.
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Upton et al, Proc Soc Exp Biol Med 104, 769 (1960)
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Possibility 2)
In utero exposure may not be causal.

May not be causal; namely, a possibility of bias

1) Human twin studies did not indicate an
elevated risk of childhood leukemia even they
received more frequent X-ray exposures
(pelvimetric).

- Insufficient number?

2) Mouse fetuses are not hypersensitive to
radiation for induction of leukemia.

- Only early onset cases may be relevant?

Important: OSCC does not indicate anything about the risk
of cancer and leukemia in a whole life (case-control study).






Translocation frequency (%)

Possibility 3)
An unusual humped dose response?

: Dose-dependent induction
In utero survivor data:

translocation yield (%) = ¢ + aDxePP+ yD
AN

Dose-dependent killing
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The initial slope o is non significant but
decreasing slope B is significant.
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Another humped response in mice

X-rays

| ‘ 3 months
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Tumor incidence (%)

Fission neutrons
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Di Majo et al. Radiat. Res. 124, 227-234 (1990)

If the specific dose points (arrows) were not included (such as 2 Gy or 3Gy
only), the mean dose-response slope could be much smaller.

But it should also be cautioned that a humped curve may be a chance

observation.






Are we seeing different parts of a fact?

Cancer risk

26

/ Diagnostic x-ray
exposure

Animal experiments

| !

Radiation dose to fetuses



http://upload.wikimedia.org/wikipedia/commons/e/e1/Blind.JPG
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Conclusion 2

“...although it is established that prenatal
X-rradiation Is associated with an increased risk
of childhood cancer, the magnitude of the
hazard, and even the causal nature of the
association, remain uncertain.”

JD Boice and RW Miller (1999)
Teratology 59: 227-233.

Since radiation exposure to fetuses is avoided now, the argument
has no value in clinic. However, with regard to the low dose risk

of radiation, this is still an important issue.
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