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measured by the Akaike Information Criterion (AIC) = Deviance + 2 × no. of 
model parameters. Regression analysis was performed with the statistical 
software package R (R Development Core Team 2011, www.r-project.org).

Interpretation of logistic regression results
The calculation of AIC value includes the deviance, which is a measure for 
the accuracy of the model to describe the data and a penalty for the com-
plexity of the model (i.e. the number of parameters). It is intended to find 
a model with the minimum AIC. Adding parameters to a model usually 
increases the goodness-of-fit but also can lead to a so-called ‘over-fitting’, 
i.e. by adding a parameter for each observation it is possible to construct 

a (rather useless) model with perfect fit. Hence, in a given set of models 
the model with the minimum AIC optimizes the trade-off between the 
goodness-of-fit and the model complexity.

The minimum model, which consists of the intercept only, provides 
the general probability (independent of any predictive parameter) of the 
binary dependent variable (CLIP2 marker status) to have one certain state 
(in our case: CLIP2 positive).

Gene expression microarray data processing
Gene expression microarray data were generated on Agilent 44k arrays 
and published by Abend et al. (16). They were used to investigate the CLIP2 

Figure 1. Scatter plots of PTC cases with CLIP2 typing (positive: red triangles, negative: black open circles) with co-variables age at operation and thyroid dose for 141 

cases which include 24 non-exposed cases with a nominal background dose of 1 mGy/year (93 CLIP2 positive, 48 CLIP2 negative), 14 cases with positive BRAF mutation 

marked by green open circles (upper panel); and with co-variables age at exposure and thyroid dose for 117 exposed cases (87 CLIP2 positive, 30 CLIP2 negative) (lower 

panel).
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mRNA expression levels in tumor and normal tissue. Data quality assess-
ment, pre-processing, normalization and data analyses were carried out 
using functions from the ‘limma’ package of the R software available from 
Bioconductor (29,30). Log2 expressions of the CLIP2 mRNA levels were cal-
culated and compared between tumor samples and corresponding nor-
mal samples and the association of CLIP2 expression levels with dose was 
investigated in normal tissues.

Results
Scatter plots of binary CLIP2 data and their dependence on 
thyroid dose and either AaO or AaE are shown in Figure 1. AIC 
values of the tested models are listed in Tables 2 and 3 for the 
data sets that contained 141 PTCs and 117 PTCs, respectively. 
Our main results are derived from the larger data set since 
inclusion of non-exposed controls provides additional infor-
mation on the age-dependence of sporadic PTC incidence. For 
this data set a model with four independent variables, which 
includes a multiplicative interaction of the continuous variables 
dose and AaO provides the fit with the lowest AIC (Table 2). The 
dose-response exhibits an inflexion point at an AaO of 23 years 
that separates a response with a positive slope at young AaO 
from a response with a negative slope at elder AaO. With this 
model the sensitivity of goodness-of-fit with respect to a vari-
ation of the categorical boundary was tested. The goodness-of-
fit of the preferred model 1 using a categorical boundary at an 
AaO of 20 years, which was fixed a priori for biological reasons, 
decreased only slightly by 3.7 points. Parameter estimates of the 
preferred model 1 are given in Table 4, dose-response relations 
for the two categories of AaO are shown in the upper panels of 
Figure 2. For the reduced data set (n = 117) AaE could be addi-
tionally included as a covariable since all patients were exposed. 
Generally, improvements in quality of fit after introduction of 
additional model parameters were less pronounced in contrast 
to the results for the larger data set (Table  3). Using AaE as a 
covariable yielded a better description of the smaller data set 
compared to using covariable AaO. However, applying the pre-
ferred model 1 with two AaO categories to the smaller data set 
produced the same parameter estimates of Table 4 (left panel) 
in view of their uncertainties. The preferred model 2 with the 
lowest AIC used two categories of AaE < 5 years and ≥5 years 
together with thyroid dose as a continuous variable. Table 4 con-
tains the parameter estimates and the dose-responses, which 
are depicted in the lower panels of Figure 2. Replacing the two 
categories for AaE with a continuous variation in AaE yielded 
a model that described the data almost equally well. For the 
model with continuous AaE the dose-response had a positive 

slope below an AaE of 6  years, whilst above AaE 6  years the 
slope was negative. Again, with the latter model the sensitiv-
ity of goodness-of-fit with respect to a variation of the categori-
cal boundary was tested. All findings were consistent between 
UkrAm and Genrisk-T cohorts (results not shown). Figure  3 
shows the thyroid doses for CLIP2 positive and negative cases 
in box plot representation for the larger data set (141 PTCs) with 
two categories AaO < 20 years and ≥20 years in the upper pan-
els and for the reduced data set (117 PTCs) with two categories 
AaE < 5 years and ≥5 years in the lower panels. The hypothesis 
that the two arithmetic means of log-transformed dose esti-
mates for PTCs with a positive and negative CLIP2 marker status 
assumed equal values has been tested with two-sample t-tests. 
On a 95% confidence level the hypothesis was rejected only in 
the larger data set for AaO < 20. The comparison of CLIP2 mRNA 
expression levels of 32 tumor and corresponding normal sam-
ples showed a significantly increased expression in the tumor 
samples (P  <  0.001). An association of the dose estimates and 
the expression levels in normal tissues was not observed. In a 
group of 14 PTCs, BRAF V600E mutations were detected whilst 
the mean AaO was 22  years and the geometric/arithmetic 
dose means were 0.20/0.66 Gy. The level of CLIP2 protein abun-
dance using the immunohistochemistry visual scoring level 
(Supplementary Table 1, available at Carcinogenesis Online) was 
analyzed. According to staining intensity, tumors were classified 
as having negative staining (score 0), weak staining (score 1), 
intermediate staining (score 2), or strong staining (score 3). The 
results, based on a comparison of dose distribution in tumors 
with intermediate and strong staining relative to tumors with 
negative/weak staining, were consistent with those based on a 
binary scale and there was a clear trend towards higher doses 
with higher CLIP2 protein expression for AaE < 5 years and AaO 
< 20 years. This trend was not visible for AaE ≥ 5 years and AaO 
≥ 20  years (Supplementary Figure  2, available at Carcinogenesis 
Online).

Discussion
In previous studies a copy number gain and an overexpression 
of the CLIP2 gene on chromosomal band 7q11.23 has been iden-
tified as a radiation-specific marker in post-Chernobyl PTC. In 
the present study, we have analyzed the quantitative associa-
tion between individual estimates of the post-Chernobyl thyroid 
dose from I-131 uptake and the occurrence of CLIP2-positive PTC 
patients of the UkrAm and Genrisk-T cohorts. Logistic regres-
sion analysis of the recently published CLIP2 expression data 

Table 4. Parameter estimates, standard errors and P-values of the logistic regression models; using log-transformed thyroid dose as a continu-
ous covariable and either two categories for AaO in Model 1 fitted to 141 exposed and non-exposed PTC cases; or two categories for AaE in Model 
2 fitted to 117 exposed PTC cases

Model 1 including 34 non-exposed cases Model 2

With two AaO categories: 1 (<20) 2 (≥20) With two AaE categories: 1 (<5) 2 (≥5)

n 76 65 n 63 54

Coefficient Std. error P-value Coefficient Std. error P-value

Category 1 (<20) Category 1 (<5)
 Intercept 1.46 0.39 <0.001  Intercept 1.74 0.49 <0.001
 Log(Dose [Gy]) 0.36 0.09 <0.001  Log(Dose [Gy]) 0.43 0.29 0.14
Category 2 (≥20) Category 2 (≥5)
 Intercept 0.84 0.33 0.011  Intercept 0.53 0.35 0.12

−0.19 0.18 0.28  Log(Dose [Gy]) −0.33 0.19 0.09
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on these cohorts (20) revealed a dose-dependent increase in 
occurrence of a positive CLIP2 biomarker in patients with young 
AaO (<20 years) and young AaE (<5 years). An accumulation of 
CLIP2 negative cases among non-exposed patients and patients 
exposed to zero/low doses and an accumulation of CLIP2 posi-
tive cases at moderate/high doses points to different molecu-
lar mechanisms of tumor induction or development in the two 
dose categories (Figures 1 and 2). This is in line with results from 
epidemiologic studies on the radiation risk of post-Chernobyl 
thyroid cancer. A  large case—control study of childhood cases 

from Belarus and Russia revealed a strong dose-response rela-
tionship with a linear increase of risk with doses up to 1.5 to 
2 Gy but no significant risk increase below 0.2 Gy (31). More 
recent studies from a Belarussian cohort and a Ukrainian cohort 
reported no statistically significant increase of the risk below 
0.1 Gy (4,7). A  comprehensive review of more than 200 stud-
ies in the field of low-dose radiation conducted by Dauer et al. 
(32) discusses partly controversal results from studies with a 
focus on exposure to low doses and the subsequent cancer risk. 
A strong influence of AaE on the dose-dependent relationship 

Figure 2. Probability of occurrence for a positive CLIP2 marker as a continuous function of thyroid dose among 141 PTCs for categorical model 1 using AaO ≥ 20, <20 

(upper panel), and among 117 PTCs for categorical model 2 using AaE ≥ 5, <5 (lower panel); 95% confidence intervals from parameter estimates pertaining to log(Dose).
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of the CLIP2 marker reflects the much higher risk for radiation-
induced carcinogenesis at young AaE as it was demonstrated in 
an epidemiological study (5). Models with a continuous varia-
tion of age-related covariables yielded inflexion points of the 
slope for the dose-response at AaO 23 years and AaE 6 years and 
described the data as good as a model with categorical covari-
ables. These results emphasize that the a priori definition of cat-
egorical boundaries for biological reasons at AaO 20 years and at 
AaE 5 years in the preferred models is justified. Furthermore, the 
age values at the inflexion points for AaO and AaE are consist-
ent with the observed median latency of PTCs of about 17 years 
indicating that radiation-induced tumors developed preferably 
in young patients. Among Japanese atomic bomb survivors the 

risk of radiation-induced thyroid cancer decreased sharply with 
increasing AaE and there was little evidence of increased thyroid 
cancer rates for those exposed after the age 20 (33).

It is interesting to note that the statistical evidence for a 
positive dose response of the CLIP2 marker in young patients 
is much stronger than for a negative response in adults (see e.g. 
P-values of Model 1 in Table 4). Nevertheless, the observation of 
a negative dose-relationship for patients with AaO ≥ 20  years 
and AaE ≥ 5 years is an interesting and surprising finding. For 
PTCs in UkrAm patients (23) and in atomic bomb survivors (22) 
an inverse association with dose for BRAF V600E mutation posi-
tive tumors was reported. In line with these observations the 
present study reveals that a majority of cases harboring BRAF 

Figure 3. Thyroid doses in different groups. Thyroid doses for CLIP2 negative and positive groups in box plot representation for 141 exposed and non-exposed PTC cases 

(AaO < 20, left upper panel; AaO ≥ 20, right upper panel) and for 117 exposed cases (AaE < 5, left lower panel; AaE ≥ 5, right lower panel); P-values for t-tests indicate 

the probability that CLIP2 cases with opposite biomarker typing assume equal geometric mean values of dose estimates (or equivalently arithmetic mean values of 

log-transformed dose estimates).
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V600E mutations were detected at doses below 0.2 Gy and 
were operated at AaO ≥ 20  years (Figure  1, upper panel). This 
is in agreement with the general assumption that BRAF muta-
tions are mainly present in sporadic PTCs and indicate a multi-
step process to cancer. Converging negative dose responses of 
BRAF and CLIP2 in adults suggest that for older patients (AaO ≥ 
20 years) different molecular mechanisms increasingly related 
to sporadic cancer and with decreased CLIP2 involvement are in 
place compared to younger patients (AaO < 20 years) (22,23) or 
that radiation-related changes at older attained ages (or older 
exposure ages) involve different, yet to be identified events. This 
might explain the observed negative dose-relationship of the 
CLIP2 marker for patients with AaO ≥ 20 years.

Radio-epidemiologic studies have difficulties to elucidate 
the dose-response relationship for the cancer risk at low doses 
mainly because the number of expected cancer cases is too low 
to provide statistical evidence for a radiation effect. Therefore, 
it is repeatedly mentioned that an in-depth understanding of 
the mechanisms of radiation carcinogenesis is essential (34). In 
this context, it appears sensible to include the reported CLIP2 
neighborhood genes BAG2, CHST3, KIF3C, NEURL1, RGS4 and 
PPIL3 (20) into a separate analysis of a dose dependent expres-
sion of these genes in order to clarify potential dose-dependent 
molecular mechanisms in radiation carcinogenesis of the thy-
roid gland. However, this would require additional tissue sam-
ples especially from cases with individual dose estimates.

I-131 dose-dependent gene expression has already been 
reported for the UkrAm cases by Abend et al. (15,16) for tumor 
and normal tissues and for a subset of the Genrisk-T cases 
in normal tissues by Dom et  al. (14). In an initial global gene 
expression analysis of the UkrAm cases a set of 11 genes with 
dose-dependent expression has been observed (15) which was 
further specified in a second study revealing eight genes in 
normal tissues and six genes in tumor tissues that were signifi-
cantly associated with I-131 dose (16). In a subset of the herein 
investigated Genrisk-T cohort, a study by Dom et al. (14) com-
pared global gene expression profiles in PTCs and correspond-
ing normal tissue from patients exposed and non-exposed to 
I-131. In this study a gene expression signature of 403 genes 
was identified in PTC corresponding normal tissue that was able 
to discriminate between exposed and non-exposed patients. 
Common findings between the two studies by Abend et al. (16) 
and Dom et al. (14) could not be observed. However, the gene 
LMO3, which was shown to be associated with radiation dose in 
the study by Abend et al. (15), is part of the second neighborhood 
CLIP2 gene regulatory network (20). The major limitation of the 
previous studies by Abend et al. (15,16) and Dom et al. (14) might 
be the small sample size, which is likely to have hampered a 
quantitative determination of the shape for the dose response. 
Following the previous studies on dose-dependent gene expres-
sion we also have investigated the CLIP2 expression at the 
mRNA level in PTC and corresponding normal tissues of the 
UkrAm cohort which revealed very low expression levels that 
were not radiation-associated indicating that CLIP2 changes are 
not long-lasting late effects of radiation in normal tissues. It 
would also be interesting to investigate additional genes of the 
7q11.23 band identified in the study by Hess et al. (19) that show 
comparable differential expression between exposed and non-
exposed cases in the same manner (e.g. LIMk1, STAG3L3 and 
family of PMS2-related genes). Nevertheless, PTC post-Cherno-
byl tissue collected and provided by the Chernobyl Tissue Bank 
is very limited and therefore it is not feasible to conduct such 
studies within a reasonable time frame.

The present study on a dose-relationship of the CLIP2 
marker is based on carefully assessed molecular data of CLIP2 
typing according to Selmansberger et al. (20) and has used very 
reliable individual dose estimates (6,35). Yet the number of 
cases is still limited and the tissues analyzed were taken from 
two heterogeneous cohorts with different mean AaE and AaO, 
which necessitates additional validation in another independ-
ent cohort that could be composed e.g. of Belarussian cases. 
For the Genrisk-T cohort CLIP2 data for only a small number of 
non-exposed patients were available. An increase in the num-
ber of non-exposed controls should facilitate the generation of 
molecular data without the radiation effect, which would sub-
stantiate the role of CLIP2 as a hallmark of radiation-induced 
PTC at young age.

Conclusion
In conclusion, the present study showed a clear dose-response 
relationship for the recently reported CLIP2 radiation marker 
in two Ukrainian post-Chernobyl PTC cohorts (UkrAm and 
Genrisk-T) for young patients with AaO less than 20 years and 
AaE less than 5  years. The results hint to different molecular 
mechanisms in tumors induced at low doses compared to mod-
erate and high doses with a preferential occurrence of CLIP2 
expression.
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