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Abstract Radiation-induced human papillary thyroid
cancer (PTC) is associated with chromosomal inversions
that involve the genetic loci H4 and RET on chromo-
some 10. Recently, experimental data has shown that
these loci lie in very close spatial proximity in a high
proportion of adult human thyroid cells. Applying the
generalized formulation of dual radiation action to this
H4-to-RET geometric distance data, we predict here the
radiation dose-response of H4-RET induction. The pre-
dicted H4-RET dose-response has a linear-to-quadratic
transition dose of ~7 Gy, suggesting the validity of
linear risk extrapolations to very low doses for H4-RET
mediated radiation-induced PTC. In conjunction with
A-bomb survivor data, the predicted H4-RET dose-
response yields estimates of the number of PTC target
cells that are of the order of ~100 to ~107 cells, i.e. con-
siderably less than the total number of follicular cells in
the thyroid gland.

Introduction

Recent data [1, 2] suggest that certain gene-pairs, whose
juxtaposition in chromosome aberrations may be carci-
nogenic, sometimes are closer together than would be
expected for two typical, uncorrelated locations in the
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genome. Previously we modeled the implications of such
proximity for a cancer that involves chromosome trans-
locations [3]. Here we model a case that involves chro-
mosome inversions.

Ionizing radiation is associated with thyroid cancer,
particularly when exposure occurs at young ages. This
claim is supported by a joint analysis of seven externally
exposed populations [4] and also by recent studies of in-
ternal exposures from the Chernobyl accident [5, 6]. As
with spontaneous thyroid cancers [7, 8], most radiation-
induced thyroid cancers are of the papillary type [9].
Thus, where thyroid cancer data is not decomposed into
its papillary, follicular, anaplastic, and medullary sub-
types, it can be assumed that the incidence of papillary
thyroid cancer (PTC) approximately equals the incidence
of all thyroid cancers combined.

There are associations between PTC and several
types of rearrangements of the RET proto-oncogene lo-
cated on chromosome 10q11.2. The two most common
types of rearrangement, RET/PTC1 and RET/PTC3, are
intrachromosomal inversions. RET/PTCI1 is formed by
fusion of RET with the H4 gene [10], and RET/PTC3 is
a product of RET fusion with the ELE] (RFG) gene [11,
12]. The prevalence of RET inversions in spontaneous
PTCs is less than 10% in Saudi Arabia and Germany
[13, 14] and about 30-40% in Japan and parts of the
U.S. [15, 16]. In populations exposed to radioactive io-
dine from the Chernobyl accident the prevalence is as
high as 60-80% [17, 18]. RET rearrangements have also
been detected in 84% of PTCs taken from individuals
with a history, in childhood, of external radiation expo-
sures [19, 20]. These numbers suggest that radiation-in-
duced PTC is perhaps due to radiation-induced RET re-
arrangements.

There is strong evidence in mice [21] and in humans
[22, 23] that ELEI-RET inversions are associated with a
solid variant of PTC (follicles filled with cells) that is
aggressive and likely to have a short latency time. Con-
sistent with this notion, RET rearrangements measured
most recently in the Chernobyl region now tend to in-
volve the H4 locus, rather than ELE] [24, 25], suggest-
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ing that perhaps the early induced ELEI-RET cases are
“washing-out” as late arriving H4-RET cases begin to
take over.

Transgenic mice studies support the notion that
H4-RET (RET/PTC1) is sufficient to initiate PTC [26,
27]. Expressing the H4-RET chimeric gene under
the control of a thyroid-specific promoter, these mice
develop bilateral PTCs that are similar to human PTCs
in that they are indolent, only locally invasive, and
characterized by diagnostic cytological features that in-
clude nuclear grooves, pseudo-inclusions, and ground
glass nuclei. In addition, H4-RET has been found in
many occult (<1 cm in size) PTCs [28]. These results
suggest that H4-RET may be an early event in thyroid
carcinogenesis.

Based on the recent change in relative prevalence
of ELEI-RET (RET/PTC3) and H4-RET (RET/PTCI)
in PTCs associated with of Chernobyl accident [24,
25], we assume that most radiation-induced PTCs
arriving 12-35 years after an exposure are mediated by
H4-RET. Granting this assumption, and assuming fur-
ther that the PTC incidence is well approximated by the
incidence of all thyroid cancers combined, the H4-RET
dose-response predicted by applying the theory of dual
radiation action (TDRA) to recent H4-to-RET distance
data is related here to the dose-response of thyroid can-
cer incidence in the Japanese atomic-bomb survivor life
span study (LSS) [29]. This relationship leads to esti-
mates of the number of target cells in H4-RET-mediated
PTC. The estimates suggest that the number of PTC tar-
get cells is less than the total number of follicular cells
in the thyroid gland.

Methods

The theory of dual radiation action

To quantify E(hrlD), the dose-response of the expected yield of
H4-RET inversions per cell exposed to dose D, we will use a loci-
specific adaptation [3] of the distance formulation of the theory of
dual radiation action (TDRA) [30]. This adaptation of TDRA (see
[3] for details) yields:
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where p=1 gm/cm? is the mass density, r is the initial distance be-
tween two DSBs, 7,(r)dr is the expected amount of energy depos-
ited in a spherical shell (volume 47mr2dr) centered at an arbitrary
energy-weighted ionization point, S,,(r) is the probability density
that H4 and RET are a distance r apart, g(r) is the conditional
probability that two DSBs misrejoin given that they are created r
units apart, the H4 target size Ty, is 70 kbp [31], the RET target
size Tpepis 2 kbp [10], the human genome size I" is 3200 Mb [32]
and G=35 DSBs per Gy per cell during G/G, [33, 34]. Here oy,
and f, are a rescaling of a,, and f,, that allows direct compari-
sons with literature values of ¢, and B, for total dicentrics. We
will estimate S;,(r) from recent H4-to-RET distances measured in
adult human thyroid cells [1] and we will assume g(r) and #,(r) as
in previous work [3].
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Fig. 1 The H4-to-RET 2D distance distribution in adult human
thyroid cells [1]. Distance measurements were grouped into 0.2 pm
intervals and the number of distances in each interval divided by
the total, 526. Error bars on the data points are 95% CI obtained as-
suming a Poisson distribution for the counts in each interval. The
curve shown (solid line; Eq. 5) was obtained by trial-and-error; the
parameter values 0,=0.1 um and p=0.28 were chosen such that the
probability mass between 0 and 0.2 pm, and 0.2 and 0.4 um,
matches the respective two data points, the parameter 6;=1 um was
chosen so that it roughly fits the remaining data points.

Estimation of S, (r)

The loci H4 and RET lie approximately 30 Mb apart on chromo-
some 10. Assuming a Gaussian polymer model of chromatin [35],
the 3D probability density S;,(r) becomes:
2,
S, (r)= r2e 202 (2)
LA

and the corresponding 2D projections have a Rayleigh distribu-
tion:
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where the scale parameter ¢ is common to both Egs. (2) and (3),
i.e. fitting 2D data to Eq. (3) is equivalent to fitting the underlying
3D distances to Eq. (2). The observed 2D H4-to-RET distance dis-
tribution (Fig. 1) does not conform to a Rayleigh distribution —
there are too many distances less than 0.4 um [1]. To model this
data, we will assume, much as in [3], that for some percentage of
time, or equivalently for our purposes, for some percentage of loci
pairs, a “bond” exists such that H4 and RET are tethered to lie
within very small distances. This leads to the distance distribution
model:
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A trial-and-error fit of this model to the 2D data in Fig. 1
(described in more detail in the figure legend) yields 0,=0.1 pm,
o=1 ym and p=0.28. These parameters applied to Eq. (4) give
S, (r) which, when applied to Eq. (1), provides a TDRA prediction
(below) of the H4-RET dose-response.

Fits to Japanese atomic bomb survivor data

In the following section we describe a simple empirical model,
given by Eq. (6) below, that is fitted to the Japanese atomic bomb
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Fig. 2 The excess absolute risk (EAR) of thyroid cancer among
A-bomb survivors, obtained by fitting Eq. (7). The error bars are
95% CI based on the likelihood profiles of exp(L(r)). The curves
shown correspond to Eq. (8) (the only contribution to EAR up to
35 years after exposure), to Eq. (9) (the subsidiary contribution to
EAR, but dominant beyond 35 years after exposure), and to their
sum, and are obtained by fitting Eq. (6) by maximum likelihood to
the LSS data.

survivor thyroid cancer incidence data. We assume that PTC inci-
dence (=thyroid cancer incidence) consists of a background com-
ponent (linear in age) and three independent radiation-induced
components: an immediately rising, and shortly thereafter falling
ELEI-RET component, which we do not model in Eq. (6) because
its relative contribution to LSS data is expected to be minor (see
[24, 25] and note that follow-up in the LSS study began 12.4 years
after the exposure); an H4-RET component (the focus of this
paper) that begins just after the exposure but is negligible
after 35 years (i.e. the more solid dashed curve in Fig. 2); and
a third component that begins only after 35 years (the more
weakly dashed curve in Fig. 2). The model with only the
second (H4-RET) component fits statistically significantly worse
(P<0.001) than the model with both second and third components
included, as one would expect from examination of Fig. 2. The
second and third components are modeled as a product of an initi-
ation term and a I'(3,k) waiting-time distribution, which for the
third component was translated by 35 years. (We assume a priori
that this distribution function should begin with zero slope, rise,
and then fall back to zero. Our specific choice used here is no
more than a simple representative of such functions.) This I'(3,k)
waiting-time distribution provided a good fit to both parts
(12.4-35 years after exposure, 35+ years after exposure) of the
Japanese data, as can be seen from Fig. 2. The resulting model is:

m; = [ecl+02'1.m:_f q +(Dyi + RBE - Dm,) ti2653+c4'lvex:f_krl[i"'llxi 6)
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where m; a;, x;, P, 1;, D,; and D,; denote the expected number of
PTC cases, the average age at diagnosis, the average age at expo-
sure, the (migration-adjusted) person-years, the average number of
years since exposure, and the average gamma and neutron adjust-
ed thyroid doses, respectively, for the ith grouped epidemiological
data cell. Here c;.... ¢, 4, Ay, k,; and k,, are model parameters to
be estimated from the LSS data and /; equals one if statement s is
true, zero otherwise. All atomic bomb survivors with shielded ker-
ma dose >4 Gy were excluded from our analysis because of possi-
ble errors in dose estimates at high doses, and because of possible
cell-sterilization effects. Consistent with previous analyses [29]
and a predicted H4-RET linear-to-quadratic transition dose of ~7
Gy for y-rays (see results below), our model assumes linearity in
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Table 1 PTC target cell number estimates for males (N,) and
females (Np

Qpy Neutron N,, (107 cells) N, (107 cells)
(Gy’)) RBE :

45 20 0.24 [0.048, 1.04]2 0.89 [0.33, 2.43]
21 20 0.50 [0.101, 2.21] 1.89 [0.71, 5.17]
45 5 0.27 [0.064, 1.09] 1.00 [0.39, 2.67]
45 80 0.16 [0.024, 0.78] 0.62 [0.22, 1.79]

295% CI are shown in square brackets.

dose. The data set was stratified by city, sex, time since exposure
and age at exposure; this stratification is identical to that em-
ployed in the original analyses of this data [29]. As a baseline for
our calculations, a neutron relative biological effectiveness (RBE)
of 20 was assumed, in accordance with the recommendations
of the International Commission on Radiological Protection
[36]. The model was fitted by maximum likelihood [37] using
MATLAB [38].

Time trends in excess absolute risk

In order to estimate excess absolute risk (EAR, Fig. 2) by intervals
of time since exposure we fitted the following model

m; = [eolﬂq.]gm:_/‘ a; + (Dyi + RBE - Dni) elv4lllu).(:/+L(1,-)+lx,‘] Pl (7)

to the LSS data. Here L(7) is a piecewise constant function of time
since exposure f. The resulting estimates of EAR, given by
exp(L(t;)), were obtained using AMFIT [39] and plotted in Fig. 2;
95% confidence intervals (error bars) in this plot were calculated
from the profile likelihood [37]. The first of the three curves shown
in Fig. 2 is the main component of EAR (per unit dose), and the
only component of the excess risk up to 35 years after exposure:

EAR_;5(t) = 12ecs (8)

This corresponds to the H4-RET component of PTC risk (we omit
terms adjusting for age at exposure and sex). Also shown in Fig. 2
is the subsidiary component of EAR, which largely dominates the
risk 35 or more years after exposure:

EAR. 35 (t) = 1 555 (1 = 35)2 5 %2 1739 )

and the sum of these two components. Implicit in the component
of EAR given by Eq. (8) is the H4-RET-to-PTC waiting time prob-
ability density:
342

w(,)zkﬂT’e—knr (10)
which is a I'(3,k,,) distribution; w(#) is simply a one parameter
summary of all events that occur subsequent to H4-RET induction
in a target cell.

Target cell estimates

In our model @,,[D,+RBE*D,] is the probability of forming
HA4-RET in a PTC target cell. Given an estimate of ¢, based on
TDRA, and given estimates of c3, ¢, and k,; obtained by fitting the
LSS data to Eq. (6) [note that these estimates depend on the neu-
tron RBE], we estimate the number of PTC target cells N (Table 1)
as:

k3 2Ty, T, k3 2%
e = Nay,,, L= N—HEREL oo L =5 N = €
Y2 r2 HRy 2 TH4TRETaHRykt3l
(11
for males, and by similar calculations:
N= | (12)

3
TyaTrer X prykii
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for females. It is assumed here that H4-RET formation rate-limits
the H4-RET component of radiation-induced PTC risk, i.e. that
once H4-RET is induced in a target cell, H4-RET-mediated PTC is
destined to follow within about 35 years (in the absence of com-
peting risks). This assumption is implicit in the use of a normal-
ized probability density for w(¢) in Eq. (10).

Results

The H4-RET vy-ray dose-response parameters O, and
Byr were predicted by Eq. (1) using 7,5(r) for ©Co j-rays
[40], S,,(r) defined by Eq. (4) with 6,=0.1 pm, ;=1 pm
and p=0.28 and, based on dicentric yields in lympho-
cytes, g(r)=pye-0"% with ry=0.24 ym and p,=0.13 (these
assume R=3.7 pm [2] for the radius of lymphocyte nu-
clei, see [3]), or ry=0.26 um and p,=0.06 (these assume
R=3 pm [41]). This gave op,=44.7 Gy! and fB,z=6.5
Gy (Oyye,/Bu=7 Gy) for R=5.7 um, which we take as
our baseline, and 0=21.0 Gy~! and Bye=3.1 Gy
(Otry/Bur=T Gy) for R=3.0 um. These Oy, and By val-
ues are much higher than @;,=0.26 Gy~! and B,=0.66
Gy~ 2 (OtHRy/BHR~04 Gy) obtained assuming no tether-
ing, i.e. assuming S,,(r) based on Eq. (2) with o=1 pm.
The intuitive reason ¢ and B both increase with tethering
is that two nearby loci are more likely to interact than are
two distant loci; the intuitive reason O increases even
more than f is that two nearby loci are more likely to get
DSBs from the same photon than are two distant loci.

Estimates of the number of PTC target cells were
formed by applying multivariate normal random samples
of ¢, ¢, and k,; to Egs. (11) and (12). The sampling dis-
tributions were obtained by fitting Eq. (6) to the LSS
data using likelihood-based methods. An overall total of
227 thyroid cancer cases contributed to this estimate.
Likelihood optimizations and subsequent simulations
were all done in MATLAB [38]. The net results are
shown in Table 1 and show that halving ¢, results in a
doubling in N, see Eqgs. (11) and (12), and that decreases
in the neutron RBE cause less relative change in N than
increases in the neutron RBE - this happens because,
at a neutron RBE of 20, the Sv dose received by the
A-bomb survivors is mostly due to y-rays.

Discussion

In thyroid cells and lymphocytes, H4-to-RET [1] and
BCR-to-ABL [2] distances, respectively, lie in the range
of 0 to 0.4 um too frequently to be attributable to chance
alone. This suggests the existence of chromosome
“bonds” that can tether breakpoint regions into close
proximity. The nature of these chromosome bonds, and
their significance in radiation-induced carcinogenesis in
general, is yet to be determined. If such bonds exist, they
would promote putatively carcinogenic misrejoining
events through two mechanisms: (1) they would increase
the probability that one photon creates double strand
breaks (DSBs) in both breakpoint regions, and (2), given
that the breakpoint regions each have DSBs, they would

increase the probability that such DSBs misrejoin. The
theory of dual radiation action (TDRA) represents both
of these mechanisms mathematically. It provides loci-
specific dose-response predictions (Eq. 1) from a combi-
nation of inter-loci distance data (Fig. 1) and microdosi-
metric exposure descriptions. Importantly, TDRA pre-
dicts (here and in [3]) that tethered states cause (and thus
explain) linear y-ray dose-response behavior (for doses
<4 Gy) such as that observed for thyroid cancer [29] and
chronic myeloid leukemia (CML) [42].

Suppose H4 and RET were on separate chromosomes
and that H4-to-RET distance data were not available. De-
fault assumptions for 04, and Sz might then have been
the literature values for dlcentrlcs @,;,~0.01-0.025 Gy-!
and B,~=0.05-0.06 Gy-2 [41, 43]. Knowing, however,
that J and RET are 30 Mb apart on chromosome 10, a
relationship between inter-loci geometric distances and
inter-loci genomic distances [35] suggests that S,,(r) be
given by Eq. (2) with o between 1.6 pym and 2.5 pm. Us-
ing 0=1.6 um, TDRA yields oy, and S each about
threefold higher than for dicentrics. Using ¢=2.5 pm, it
yields values about equal to those of dicentrics. Given
H4-t0-RET distance data without tethered states [i.e. Eq.
(2) with o=1 pm], TDRA yields ay, and By ~10-fold
higher than for dicentrics (0<1.6 um here is perhaps due
to different cell shapes, i.e. round thyroid cells versus
flat fibroblasts). Given H4-to-RET data with tethered
states [i.e. Eq. (4) with 0,=0.1 pm, 6;=1 pm and p=0.28],
TDRA yields oy, and ﬁHR about 1000-fold and 100-fold
higher, respectlvely, than o, and B,, for dicentrics. In
this case, Oyp,/Bygr=7 Gy is substantially higher than the
literature range for dicentrics, a,/f,~0.2-0.4 Gy. Thus,
whereas in the absence of the tethered state data, it may
have been plausible to postulate Qyg,/Byr=at,/B; in its
presence, such assumptions are clearly inappropriate.
The significance of this is that assuming &g,/ Byr=,/B,
would have led to substantially lower low-dose PTC risk
estimates than Oyg,/Byr=7 Gy.

Using LSS data and the H4-to-RET distance data, we
predict that the number of PTC target cells is of the order
of ~100 to ~107 cells (Table 1). Compared to estimates of
the total number of thyroid follicular cells, ~5x107 cells
in adults, estimated as the average number of thyroid fol-
licular cells obtained from 1 g of adult thyroid tissue
multiplied by the average weight of the adult thyroid
(Nikiforov et al., unpublished results), PTC target cells
comprise only a fraction of all follicular cells in the thy-
roid gland. Based on this, it is tempting to speculate that
PTC target cells might be thyroid stem cells, or, more
likely, a fraction of thyroid cells with certain growth or
functional characteristics. Although currently there is no
convincing evidence that thyroid stem cells exist, it is
well established that thyroid follicular cells are hetero-
geneous with respect to their functional and prolifera-
tive qualities, including thyroglobulin production, iodine
transport and organification, as well as spontaneous and
thyrotropin-stimulated growth [44].

For the LSS data set, excess absolute risk (EAR)
estimates of 4.3, 2.7 and 0.21 per 10* PY Sv were previ-



ously observed for ages at exposure of <10 y, 10-20 vy,
and >20 vy, respectively [29]. In our model, 4, did not
differ significantly from zero (P>0.5), and because of
its magnitude, —0.0044 y-!, it contributes essentially
trivally to the model fit; 4, did differ significantly from
(P<0.03). This finding suggests that the age-at-exposure
dependence previously observed for thyroid cancer [29]
is perhaps due to an H4-RET-independent PTC induction
pathway, i.e. a pathway corresponding to the delayed
dose-response component in Eq. (6).

Epidemiological models other than Eq. (6) are also
possible. For example, a two-stage clonal expansion
model was recently fitted to thyroid cancer incidence
following the Chernobyl accident [45]. Fitting the LSS
incidence data to two- and three-stage clonal expansion
models [46], we found target cell number estimates to be
unrealistic in childhood years (~1015 cells for males and
females for the two-mutation model, ~1024 cells for
males and females for the three-mutation model) but per-
haps plausible for adulthood (~10# cells).

High-dose RT-PCR data [47, 48, 49, 50] suggest that
radiation induction of BCR-ABL is about as frequent per
cell as induction of H4-RET. Assuming a marrow dose to
A-bomb survivors that is about 75% the thyroid dose,
one can approximately predict the number of PTC target
cells as being equal to the number of radiation-induced
PTCs divided by the number of radiation-induced chron-
ic myeloid leukemias (CML), multiplied by 0.75, multi-
plied by the number of CML target cells, which we as-
sume to be 107 [3]. Focusing just on Hiroshima males,
for reasons described elsewhere [51], and focusing
further on individuals exposed before the age of 20, we
find 4 cases of CML that are likely to be radiation-in-
duced since their times since exposure are less than
15 years, and we find 4 thyroid cancers (assumed to be
PTCs), at least 3 of which are likely to be radiation-in-
duced since, based on person-years, only 0.7 are expect-
ed. The number of PTC target cells in Hiroshima male
children can therefore be predicted to be approximately
(3/4)(0.75)(1x107)=0.5x107 cells, completely consistent
with the results in Table 1. In this calculation, we note
that follow-up of CML began 5.1 years after the expo-
sure, whereas follow-up of thyroid cancer began only
after 12.4 years. Although only the ratio of radiation-
induced cases matters here (and thus differences in end-
point time scales might provide some fortuitous compen-
sation for the differential delay in follow-up), the delay
could still adversely affect this calculation — experience
from Chernobyl-exposed groups [52, 53, 54] indicates
that substantial numbers of radiation-induced thyroid
cancers would be expected in the period between 5.1 and
12.4 years after exposure.

In the limit of low-doses of Jrays, and in the absence
of competing risks, the lifetime excess absolute risk of
H4-RET mediated PTC is R =a,,N. Thus, each estimate
of N in Table 1 can be assigned an associated estimate of
R, (not shown): the first two rows (RBE=20) have the
same R, (changes in ¢, are offset by changes in N), the
third row (RBE=5) has a slightly higher R,, and the
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fourth row (RBE=80) has an R, that is about 50% that of
the other rows (at this RBE neutrons account for a sizable
fraction of the PTC risk). In a previous paper [3], know-
ing the order of magnitude of N for CML (~107 based on
hematological considerations) was enough to favor some
of the R, estimates more so than others. Here, since we
have no biological estimates of N for PTC, we have no
external basis for judging our results (save the “parallelo-
gram” approach of the previous paragraph).

It is anticipated that further follow-up of the Japanese
atomic bomb survivors from 1987 onwards will help
to clarify whether or not the increase in EAR seen after
35 years of exposure (Fig. 2) is indeed real. If it is real,
and if the H4-RET (RET/PTC1) prevalence is excessive
in newly arriving PTC cases, then our modeling assump-
tions are incorrect and our predictions thus nullified. On
the other hand, if the EAR increase does not continue, or
if it does but the H4-RET (RET/PTC1) prevalence in
newly arriving PTC cases is no different from the back-
ground prevalence, then perhaps Eq. (6) is reasonable.

Target cells are defined here as follicular thyroid cells
that have the potential of forming H4-RET mediated ra-
diation-induced PTC. One can hypothesize, however,
that if the key feature of target cells is their potential to
proliferate, common target cells may exist for all path-
ways to PTC. To test this one could: (a) measure ELE]-
to-RET distances in thyroid cells to predict ¢,,, (b) using
data that includes immediate follow up (i.e. data de-
scribed in [1] or the Chernobyl data), resolve radiation-
induced thyroid cancers into a rapid component for
ELEI-RET (RET/PTC3)-mediated cases and a slower
component for H4-RET (RET/PTCI1)-mediated cases,
and (c) check to see if the resulting estimates of N and A
are approximately the same for both pathways.
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