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We examined the association of gene expression with
noncancer chronic disease outcomes in Mayak nuclear
weapons plant workers who were exposed to radiation due
to their occupation. We conducted a cross-sectional study
with selection based on radiation exposure status of Mayak
plant workers living in Ozyorsk who were alive in 2011 and
either exposed to: combined incorporated Plutonium-239
(*’Pu) and external gamma-ray exposure (n = 82); external
gamma-ray exposure alone (n = 18); or were unexposed (n =
50) of Ozyorsk residents who provided community-based
professional support for plant personnel and who were alive
in 2011. Peripheral blood was taken and RNA was isolated
and then converted into cDNA and stored at —20°C. In a
previous analysis we screened the whole genome for
radiation-associated candidate genes, and validated 15
mRNAs and 15 microRNAs using qRT-PCR. In the current
analysis we examined the association of these genes with 15
different chronic diseases on 92 samples (47 males, 45
females). We examined the radiation-to-gene and gene-to-
disease associations in statistical models stratified by gender
and separately for each disease and exposure. We modeled
radiation exposure as gamma or *’Pu on both the continuous
and categorical scales. Unconditional logistic regression was
used to calculate odds ratios (OR), 95% confidence intervals
(CI), and the concordance for genes that were significantly
associated with radiation exposure and a specific disease
outcome were identified. Altogether 12 mRNAs and 9
microRNAs appeared to be significantly associated with 6
diseases, including thyroid diseases (3 genes, OR: 1.2-5.1,
concordance: 71-78 %), atherosclerotic diseases (4 genes, OR:
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2.5-10, concordance: 70-75%), kidney diseases (6 genes, OR:
1.3-8.6, concordance: 69-85%), cholelithiasis (3 genes, OR:
0.2-0.3, concordance: 74-75%), benign tumors [1 gene
(AGAP4), OR: 3.7, concordance: 81%] and chronic radiation
syndrome (4 genes, OR: 2.5-4.3, concordance: 70-99%).
Further associations were found for systolic blood pressure (6
genes, OR: 3.7-10.6, concordance: 81-88%) and body mass
index [1 gene (miR-484), OR: 3.7, concordance: 81%]. All
associations were gender and exposure dependent. These
findings suggest that gene expression changes observed after
occupational prolonged radiation exposures may increase the
risk for certain noncancer chronic diseases. © 2015 by Radiation

Research Society

INTRODUCTION

For many years there has been ongoing debate about
whether past exposure to ionizing radiation leaves a unique
permanent signature in the genome (/). Discovery of such a
signature would have a strong impact on epidemiological and
radiobiological studies since it would have the potential to
discriminate between radiation-related diseases and sporadic
diseases in humans or animal models and subsequently, the
process of radiation carcinogenesis might be better under-
stood (2). Recent studies by Hande et al. and Mitchell et al.,
using the sophisticated chromosome labeling technique
(mBand and mFISH), suggested that interchromosomal
aberrations (3, 4) and complex chromosome aberrations (2)
in lymphocytes persist in individuals many years after
occupational exposure to densely ionizing radiation. These
techniques were applied to healthy former nuclear weapons
workers who were occupationally exposed from 1949
onward at the Mayak Production Association (PA) near
Ozyorsk, Russia (5, 6). The radiation workers were employed
either in plutonium manufacturing/processing facilities or in a
nuclear reactor facility. The plutonium workers but not the
reactor workers were exposed to densely ionizing alpha
particles as a consequence of plutonium inhalation.
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In our recently published work, we performed a gene
expression study of a group of Mayak workers who were
exposed either to combined internal alpha particles due to
incorporated Plutonium-239 (***Pu) and external gamma rays,
or to external gamma rays only. Peripheral blood was taken
from workers older than 70 years of age, suffering from 29
different chronic diseases such as atherosclerotic diseases or
diabetes. For that study, we screened the whole genome for
radiation-associated candidate genes from this cohort and
validated 25 mRNAs and 20 miRNAs (7, 8). Within this
validation step we employed another methodology (quanti-
tative real time PCR, qRT-PCR), used 92 different blood
samples and adjusted each of our radiation-to-gene models
for 26 potential confounders. These confounders were: age at
exposure, age at biosampling, demographic data (education,
ethnicity, birth date, gender), social habits (smoking and
alcohol), data related to health status [diastolic/systolic blood
pressure, body mass index (BMI, defined as weight in Kg
divided by height in meters squared)], diagnosis of benign
(mostly skin) tumors as well as noncancer chronic diseases
(chronic radiation syndrome, atherosclerosis, fibroadenoma
of breast, cholelithiasis and others). We then examined
whether significant dose-to-gene relationships remained after
considering all potential confounders. We added these 26
confounders separately to all models and for each exposure
type (analytically we discriminated between external gamma
or internal ***Pu even in the individuals exposed to combined
external gamma and **Pu) and analyzed whether the dose-to-
gene associations remained. When adding each of these
confounding factors to our ‘‘basic’” models we found that: 1.
Confounders, such as age at blood sampling, smoking,
alcohol and BMI, were not significantly associated with the
models and, therefore, not included; 2. Confounders were
significantly associated with the models and significant
exposure-to-gene associations became insignificant. In the
latter case the gene was excluded from further analysis, thus
reducing the number of candidate mRNAs and miRNAs after
controlling for potential confounder. Ultimately, 15 mRNA
and 15 miRNAs still showed statistically significant dose-to-
gene relationship even after adjustments for all 26 confound-
ers (7, 8).

In this current study, we sought to determine the clinical
significance of altered gene expression after chronic
radiation exposure in our validated 15 mRNAs and 15
miRNAs. Specifically, we tested the association between
altered gene expression intensity and risk of chronic
diseases other than cancer. We then examined the
association of our pre-identified radiation-associated genes
with the 29 different chronic diseases from which the
Mayak workers and Ozyorsk residents study were suffering.

MATERIALS AND METHODS
Study Population

The Mayak Production Association, which is located near the city
of Ozyorsk in the Southern Urals in the Russian Federation, began

operations in 1948 as the first and largest nuclear weapons facility in
the former Soviet Union. The study cohort included all workers first
employed in one of the main plants of the Mayak PA (i.e., the reactor,
radiochemical and plutonium plants) from the start of operations up
until the end of 1958, independent of gender, age, nationality,
occupation and other characteristics [see ref. (6)]. Workers who were
involved in incidents/accidents and developed acute radiation
syndrome, as well as workers exposed to radionuclides other than
*¥Pu, such as tritium, were excluded from the study cohort. Doses
from other potential sources of exposure, including neutron exposures
to workers of reactors and the plutonium plant and diagnostic medical
X-ray examinations of workers (/6), were negligible compared with
the occupational photon and plutonium doses received by cohort study
members (6). The cohort included 12,210 individuals (and 9,387
living in Ozyorsk), of whom 3,552 (29.1%) were women. More than
half of these workers (68.2%) were employed during the first 6 years
of operation at Mayak PA [1948-1953 (6)]. The mean age of the
workers at the start of their employment at Mayak PA (*=SD) was 25.1
* 7.4 years for men and 24.6 = 6.0 years for women. The mean
duration of work (*SD) at the reactors, and the radiochemical and
plutonium plants was 14.4 = 13.3, 11.5 = 12.96 and 13.9 = 12.6
years, respectively (6). Workers at the reactors were potentially
exposed to external gamma rays, whereas workers at the radiochem-
ical and plutonium plants, in addition to radiation from external
sources, could be exposed to alpha-particle radiation from internally
deposited **Pu. Of 9,387 members of Mayak PA worker cohort living
in Ozyorsk, 2,093 individuals exposed solely to external gamma rays
absorbed a total whole-body dose >0.5 Gy. This gamma dose
represented the inclusion criteria for individuals who were eligible for
the current study. For individuals who experienced combined
occupational exposures, total whole-body doses from external gamma
rays had to exceed 1.01 Gy and the plutonium body burden had to be
>0.7 kBq to be eligible for the current study (Fig. 1). The unexposed
group comprised Ozyorsk residents who worked in the community in
supportive vocations (e.g., teachers and doctors) but were not
employees of Mayak PA. They were never exposed occupationally,
never involved in any cleanup operations following radiation accidents
and never resided in contaminated areas. Biophysical examinations of
unexposed individuals (comparison subjects) revealed no plutonium in
their bodies. Only Ozyorsk residents with known vital status (May—
June 2011, n=2,048), who were living in Ozyorsk and were alive as of
2011 (n = 454), were included in our study to better control for
undesired local differences. From these 454 Mayak PA workers, we
requested blood samples during their follow-up in 2011. Based on
availability of blood samples in 2011 and our inclusion/exclusion
criteria we selected 18 Mayak workers exposed to external gamma
rays only, 82 exposed to alpha particles due to plutonium
incorporation and external gamma rays and 50 unexposed Ozyorsk
residents serving as comparison subjects (Fig. 1). Blood samples were
sent from Russia to the Bundeswehr Institute of Radiobiology and
processed. Eighteen samples were lost during the RNA isolation
process and 40 samples were used for screening purposes to identify
candidate genes in phase I, leaving 92 blood samples (obtained from
47 males and 45 females) eligible for validation in phase II (Fig. 1)
(8). Using these samples during this study we examined the
association of validated candidate genes with the frequency of
altogether 29 chronic diseases and parameters related to their health
status (systolic/diastolic blood pressure, BMI) in phase III. Every
cohort member underwent medical follow-up and disease diagnostics
were conducted on a regular basis according to a specially developed
standard program (6). All workers, including the unexposed
individuals, were examined uniformly irrespective of their exposures.
Diseases and subgroups were coded by clinicians according to the
International Classification of Diseases, Ninth Revision (ICD-9). In
our gender stratified groups (comprising up to 47 males and 45
females), there were occasions where less than 10 individuals suffered
from a subgroup of 14 out of the 29 total diseases, i.e., cancer,
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Inclusion/exclusion criteria External y ray

[Mayak Production Association (PA) cohort] External y ray only and internal Pu N
« No. of Ozyorsk residents who worked at Mayak PA 3,803 5,584 9,387
- Total dose >0.5 Gy/>1.01 Gy + >0.7 kBq' 1,514 579 2,093 (100%)
« Known vital status (May—June 2011) 1,469 579 2,048 (97.8%)
« Alive and living in Ozyorsk during the study 301 153 454 (21.7%)
« No. of exposed resident blood samples in 2011 18 82 100 (4.8%)
« No. of unexposed resident blood samples in 2011 + 50

150

Phase | (whole genome screening for radiation-associated genes) (7)
1. Random split sample set: phase |, 407/ phase II, 110
2. Screening set with 4 x 10 RNA samples comprising one unexposed (control) and three exposed groups3
3. Examining
« transcriptional changes (whole genome | microarray, 19,596 genes)
- ~500 mRNA (335 genes)*
— gene enrichment analysis (PANTHER)
— 95 mRNA for phase Il
« post-transcriptional changes (QRT-PCR, ~667 microRNA)
— 45 microRNA® for phase Il

Phase Il (validation of radiation-associated genes on remaining samples) (8)

1. Independent validation set with 92 samples®

2. Employ six statistical models separately for each exposure type and gene7

3. Adjust significantly associated candidates (25 mRNA, 20 microRNA) with 26 confounders — 15 mRNA and 15 microRNA survived
4. Perform nonparametric Kruskal Wallis test (3 df) on the surviving candidate genes

5. Examine mRNA-microRNA relationship

6. Analytically determine association of final mMRNA/microRNA candidates with blood cell counts

7. Laboratory technique validation on 40 samples used for the whole genome microarray (phase |) with qRT-PCR data from 92 samples
(phase II)

Phase lll (examining phase Il genes and their association with chronic di )
1. Selection of chronic diseases and clinical parameters used for analys,is8 — 15 chronic diseases and 3 clinical parameters

2. Employing two statistical models, examine radiation dose—gene effect (chronic diseases/clinical parameters) association for 15
mRNA, 15 microRNA and 18 chronic diseases/clinical parameters

3. Adjust models for co-linearity among diseases where needed’
4. Calculate odds ratio for models with persistent significant radiation-gene and effect-gene relationships '
5. Examine disease-dependent mRNA-microRNA relationships

"Total doses were >0.5 Gy for individuals solely exposed to external gamma ray. For individuals with combined occupational
exposures total doses for external gamma ray exceeded 1.01 Gy and internal Pu body burden was >0.7 kBq.

2Samples for phase | were matched with age at exposure, age of biosampling and gender. Selected individuals received no
radiotherapy and the gap between biosampling and death was >6 month. RIN of RNA was >7.5 and RNA quantity >7.5 ug.

3Controls served as reference (group 1). Exposed individuals were characterized by low gamma-ray exposure (mean: 0.7 Gy) and
high Pu burden (mean: 0.09 kBq, group 2), high gamma-ray exposure (mean: 1.1 Gy) and low Pu burden (mean: 0.03 kBq, group 3)
and high gamma-ray exposure (mean: 1.3 Gy) and no Pu burden (group 4).

“Search criteria: significant Kruskal Wallis P values among group comparisons and >twofold gene expression difference. Additionally
we performed bioinformatic analysis for further reduction of the number of gene candidates.

*Normalized gene expression (normal distributed) served as outcome variable in generalized linear models containing four
independent groups (control and three exposure groups). The reference was either the unexposed group or group 4 without Pu burden.
We also employed separate linear models for the external gamma-ray exposure and the internal Pu burden.

SFrom the remaining 110 samples for phase Il, 18 samples were lost due to malfunctioning consumable material leaving 92 samples
eligible for phase Il analysis.

"Normalized gene expression (normal distributed) served as outcome variable in generalized linear models. External gamma-ray
exposure and internal Pu burden were categorized and separately used as explanatory variables in linear and categorical models. In
addition, these models were adjusted for age at exposure and stratified by gender.

®Per disease at least 10 unexposed and 10 exposed (separately for both exposure types) male or female cases were required, thus
15 from 29 available chronic diseases eligible for further analysis were selected.

°In our first generalized linear model we employed normalized gene expression of our 15 mRNA and 15 microRNA candidates from
phase Il as outcome variable. Both external gamma-ray exposure and internal Pu burden were used as explanatory variables. Disease-
dose associations were modeled by introducing an interaction term. In our second generalized linear model adjusted for both exposure
types we examined the association of each of the 15 selected diseases with gene expression in separate models. Possible gene-dose
associations interfering with the disease-gene association were controlled by adding an appropriate interaction term. Co-linearity of
diseases was adjusted if required. Both models were stratified by gender.

10Logistic regression models were employed with the disease as the outcome variable and gene expression and exposures used as
explanatory variable corresponding to those variables which contributed significantly in our second generalized linear model.

FIG. 1. Flow diagram depicting included samples, split study design, gene expression measurements and
bioinformatics, with focus of current study on phase III. The top section on inclusion/exclusion criteria, Phase I/
II refers to previous and recently published results on the same group (7, §).
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hypertension, ischemic heart disease, acute respiratory disease,
blood diseases, infectious diseases, rheumatic diseases, skin
diseases, tuberculosis, viral hepatitis, cerebrovascular disease,
gastric ulcer, liver cirrhosis and connective tissue diseases. Due
to the low frequencies of these 14 diseases we excluded them from
analysis, leaving 15 diseases eligible for analysis, i.e., chronic
radiation syndrome, benign tumors, diabetes mellitus, thyroid
diseases, endocrine diseases, Parkinson’s disease, atherosclerotic
diseases, venous diseases, chronic pulmonary diseases, chronic
gastritis, cholelithiasis, pancreas disease, kidney diseases, prostate

hyperplasia and breast hyperplasia. These diseases partly comprise
subgroups such as goiter, hypothyroidism and thyroiditis, which are
classified as thyroid diseases following ICD-9 coding. Details are
provided in Table 1 along with the corresponding ICD-9 codes.
The study was approved by the Observation Council of the
Southern Urals Biophysics Institute (Institutional Review Board,
SUBI), which is responsible for implementation of ethical
regulations. An informed consent to participate in the study was
signed by each subject and approved by the Bundeswehr Institute
of Radiobiology and SUBI
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TABLE 1
Disease Subgroup Summary
ICD-9 Disease subgroup Unexposed” Exposed” ICD-9 Disease subgroup Unexposed” Exposed*
Benign tumors 15 57 Atherosclerotic diseases 14 54
210 Benign neoplasm of lip, oral cavity 1 1 440 Atherosclerosis 12 42
and pharynx
211 Benign neoplasm of other parts of 2 24 441 Aortic aneurysm 1 5
digestive system
212 Benign neoplasm of respiratory and 0 3 443 Other peripheral vascular disease 2 22
intrathoracic organs
213 Benign neoplasm of bone and 1 1 Venous diseases 19 63
articular cartilage
214 Lipoma 3 16 444  Arterial embolism and thrombosis 0 2
215 Other benign neoplasm of 0 5 451 Phlebitis and thrombophlebitis 3 13
connective and other soft tissue
216 Benign neoplasm of skin 5 17 453 Other venous embolism and 0 1
thrombosis
218 Uterine leiomyoma 6 8 454 Varicose veins of lower extremities 15 48
219 Other benign neoplasm of uterus 0 0 455 Hemorrhoids 7 29
222 Benign neoplasm of male genital 0 2 456 Varicose veins of other sites 1 2
organs
223 Benign neoplasm of kidney and 0 2 Chronic pulmonary diseases (491-494) 16 36
other urinary organs
224  Benign neoplasm of eye 0 1 Chronic gastritis (535) 36 83
227 Benign neoplasm of other 0 1 Cholelithiasis (574, 575) 27 76
endocrine glands and related
structures
228 Hemangioma and lymphangioma, 3 6 Pancreas disease (577) 14 16
any site
229 Benign neoplasm of other and 0 1 Kidney diseases 29 61
unspecified sites
238 Neoplasm of uncertain behavior of 0 1 580 Acute glomerulonephritis 0 1
other and unspecified sites and
tissues
Thyroid diseases 12 61 582 Chronic glomerulonephritis 0
240 Simple and unspecified goiter 8 18 583 Nephritis and nephropathy, not 0 1
specified as acute or chronic
241 Nontoxic nodular goiter 10 48 584 Acute renal failure 1 0
242 Thyrotoxicosis with or without 0 5 585 Chronic renal failure 0 5
goiter
244 Acquired hypothyroidism 6 16 587 Renal sclerosis, unspecified 1 0
245 Thyroiditis 5 12 590 Infections of kidney 16 30
246 Other disorders of thyroid 0 2 591 Hydronephrosis 1 0
Diabetes mellitus (250) 7 20 592 Calculus of kidney and ureter 12 23
Endocrine diseases 30 59 593 Other disorders of kidney and ureter 14 40
251 Other disorders of pancreatic 0 1 Prostatic hyperplasia (600) 8 47
internal secretion
253 Disorders of the pituitary gland and 0 3 Breast hyperplasia (610) 5 12
its hypothalamic control
256 Ovarian dysfunction 0 1 Chronic radiation syndrome (CRS) 0 36
272 Disorders of lipoid metabolism 19 11 Body mass index (BMI) (<26 vs. >26)" 30 71
274 Gout 2 10 Systolic blood pressure (<140 vs. >140)" 18 46
277 Other and unspecified disorders of 0 1 Diastolic blood pressure (<80 vs. >80)" 16 27
metabolism
278 Obesity and other 20 49 Smoking (yes/no)” 6 45
hyperalimentation
Parkinson’s disease (332) 5 25 Alcohol consumption (yes/no)” 18 76

Note. Disease subgroups (coded according to the ICD-9 nomenclature) were summarized to diseases and are depicted herein.

“ Shown are only the cases for the unexposed and exposed (both exposure types are summarized) individuals. Each disease and the total number
of individuals with that disease are reflected in boldface. Disease subgroups and their frequency numbers are provided either in plain text (low
frequency numbers) or boldface, italicized text (higher frequency numbers). The total numbers for the diseases and disease subgroups can differ
since individuals may have one or a combination of subgroup diseases.

» Likewise, only the numbers of individuals with a more severe category disease (e.g., systolic blood pressure >140) are shown.
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15 mRNAs
Exposure

Biomarker of exposure

Effect

(disease)

Exposure > Gene

7

Model 1

Exposure*effect

15 microRNAs

Effect

Gene ;
(disease)

Bioindicator of effect

Gene
Exposure > Effect
(disease)

Exposure*gene
Model 2

FIG. 2. In previous analysis we already identified significant exposure-to-gene relationships for 15 mRNAs
and 15 microRNAs (biomarker of exposure, upper part). Following this causal pathway we wondered whether
these genes might be also associated with a health effect, namely noncancerous chronic diseases (bioindicator of
effect). To elucidate that we developed two models considering the relationships among the three components of
our causal pathway as outlined in the lower part of the figure.

Dosimetry

Individual cumulative absorbed doses from external gamma rays
and cumulative absorbed doses from external and internal radiation to
red bone marrow (RBM) and other organs were estimated for every
worker participating in the study. In particular, individual absorbed
dose to the RBM were used for exposure analysis in this current study
due to its significance as an appropriate exposure surrogate for the
development of certain diseases. Estimates of plutonium exposure
were based on the average of approximately nine urine sample
measurements (9-/3) and organ doses were calculated based on
biokinetic models (/4-17). Data on gamma-ray exposure from
external sources were based primarily on film badge measurements
(I8). Further details can be found in ref. (7).

RNA Extraction and Quality Control

Whole blood samples (2.5 ml) were taken using the PAXgene™
Blood RNA system (PreAnalytiX GmbH; BD Diagnostics, Hom-
brechtikon, Switzerland) and processed accordingly [for details see
ref. (7)].

Phase I Screening: Whole Genome Microarray and MicroRNA
Experiments

Whole genome screening of 4 X 10 RNA samples was performed
for differentially expressed genes (protein coding mRNAs) using the
Agilent oligo microarray GE 8 X 60K (Agilent Technologies,
Waldbronn, Germany). Four groups were constructed consisting of
one unexposed group and 3 exposed groups, with the latter reflecting
the strongest contrast of both occupational exposure types to the
unexposed comparison subjects (Fig. 1). Exposed groups consisted
of: 1. low gamma ray (mean, 0.7 Gy) and high plutonium exposure
(mean, 0.09 Gy); 2. high gamma ray (mean, 1.1 Gy) and low
plutonium exposure (mean, 0.03 Gy); and 3. high gamma ray (mean,
1.3 Gy) and negligible plutonium exposure (mean, 0.004 Gy). We
used the nonparametric Kruskal-Wallis test (KW P value) to
compare gene expression across three dose groups and the

unexposed comparison subjects, and finally identified 95 gene
candidates for validation by qRT-PCR in phase II [for details see ref.
(?)] (Fig. 1).

We evaluated microRNA gene expression by qRT-PCR (TagMan®
primer probe assays) in the same 4 X 10 RNA samples using a low-
density array (LDA) (type A&B; Life Technologies, Darmstadt,
Germany). Altogether 667 microRNA could be analyzed simulta-
neously employing two 384-well LDAs, as described earlier [for
details see ref. (7)] (Fig. 1). Altogether 45 microRNA candidates were
identified for validation by qRT-PCR in phase II [for details see ref.
(7)1 (Fig. 1).

Phase 1I: Validation of Phase I Candidate Genes

For validation of the 95 candidate genes (mRNA) we employed a
custom-made LDA and for validation of our 45 microRNA we used
the same microRNA LDA (type A&B) as employed earlier in phase I,
except that we restricted our analysis to the 45 microRNAs which
appeared to be significantly associated with dose and we did not
analyze the other 621 microRNA species. Hence, all data were
generated employing different LDA qRT-PCR platforms. Altogether
15 mRNA and 15 microRNA species appeared to be significantly
associated with the exposure types and were gender dependent (Fig. 1)
while using linear models.

Phase 1l1: Association of Radiation-Induced Genes with Diseases/
Health Status

Our purpose was to examine altered gene expression after radiation
exposure as an intermediate along the causal pathway starting with
two exposure types and leading to the occurrence of a chronic disease
(Fig. 2, upper section). Exposure-to-gene, gene-to-disease as well as
disease-exposure associations needed to be considered (Fig. 2, lower
section). This required reconfirmation of the previously demonstrated
exposure-to-gene association of our 15 mRNA and 15 microRNA
species, while considering disease-exposure interactions as well.
Therefore, after the first approach (examining exposure-to-gene
associations), linear models were fitted to normalized gene expression
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(GE, normally distributed) and its association with disease and the
unexposed group as well as the three dose categories for internal
plutonium (0-0.055 Gy; >0.055-0.085 Gy; >0.085) and external
gamma-ray exposures (0-0.5 Gy; >0.5-1 Gy; >1 Gy) with cutoff
points corresponding approximately to tertiles of dose distribution
among the 92 cases from phase II. In addition, an interaction term of
both disease and exposure was included to correct for potential
synergistic influences on gene expression. The equation for the model
can be written as:

GE ~ exposure + disease + exposureydisease.

All models were run separately for each disease, each exposure type
and gene and were stratified by gender. If both exposure types
contributed significantly to the model, we added them into one model.
We calculated an exposure-to-gene 3 df P value (3 degrees of freedom
P value, F test) over all four groups (3 exposed and 1 unexposed
group), a 1 df P value for disease and a 1 df P value for
disease*exposure interaction. If the interaction term did not contribute
significantly to our models it was removed during further analysis.
This was the case in almost all models.

After the second approach (examining gene-to-disease associa-
tions), logistic models were fitted to the probability of prevalent
disease and its association with gene expression and exposure. Of
note, for logistic regression analysis we regrouped exposed and
unexposed individuals based on the occurrence (prevalent cases) or
the absence of a disease outcome (non-cases). Again, an interaction
term for potential synergistic influences of GE and exposure on
disease was included. The equation for the model can be written as

Logit(Pgis) ~ GE + exposure + GEexposure.

where Py, is the probability of disease and Logit(P) = log[P/(1-P)].

All models were stratified by gender and adjusted for the radiation
exposure type of interest on a continuous or categorical scale, and the
second exposure type was used on a continuous scale. We calculated
Wald test P values for GE, exposure and the interaction term
GE*exposure. Again, if the interaction term did not contribute
significantly (which was observed in the vast majority of the models) it
was removed during further analysis. Odd ratios (OR) reflecting increased
risk for prevalent chronic diseases after altered gene expression were
calculated for genes showing a significant exposure-to-gene association
in the model 1, and a significant gene-to-disease association in model 2.
We also calculated the concordance to quantify the discrimination ability
among cases and non-cases based on gene expression measurements and
radiation dose in these logistic regression models. All data analyses were
done using SAS 9.2 (SAS Institute, Inc., Cary, NC).

Bioinformatic Analysis

Genes known to be associated with atherosclerosis (Unified
Medical Language System®; http://www.nlm.nih.gov/research/umls/)
were downloaded from the DisGeNET database (http://ibi.imim.es/
web/DisGeNET/v01). Among them, HNRNPAI1, RAPGEF1 and
SERPINBY were found to be associated with the gene-to-disease
model, and were combined into a single list for uploading into the
Reactome Pathway Database (http://www.reactome.org/). This list
was mapped to the human interactome, as annotated in the Reactome
Pathway Database using the Reactome functional interaction (FI)
cytoscape plugin. Mapping was conducted allowing inclusion of so-
called linker genes, i.e., genes from the interactome enabling indirect
connections between genes from the input list.

RESULTS
Cohort Characteristics

As previously reported (7), unexposed and exposed
groups (with the latter combined into one group due to

low frequency of Mayak workers exposed to external
gamma rays only) showed considerable differences regard-
ing gender (unexposed: 70% females; exposed: 39%
females). Several differences such as social behavior
(unexposed group members smoke and drank less often),
frequency differences in noncancer chronic diseases such as
thyroid diseases (19% vs. 69% unexposed/exposed),
atherosclerosis (26% vs. 62% unexposed/exposed) or
diabetes (7% vs. 20%, unexposed/exposed) were caused
by the female predominance in the group of unexposed
individuals.

Mean cumulative red bone marrow dose from occupa-
tional external gamma-ray exposure (over all exposed
groups) was 1.4 Gy (SD = 0.51), ranging between 0.39
to 3.1 Gy. Mean cumulative absorbed red bone marrow
dose from internal alpha-particle radiation due to plutonium
uptake was 0.11 Gy (SD *= 0.13), ranging between 0.004 to
1.01 Gy. For calculating the equivalent dose these values
have to be multiplied with an RBE of, for example, 5-20 to
adjust for the end point-dependent radiobiological efficien-
cy of alpha particles (/9). Among Mayak PA workers we
observed comparable ages of first exposure to either
external gamma rays (median: 21; range: 17-31 years) or
internal alpha particles of plutonium [median: 22; range:
17-35 years (7)].

Exposure-To-Gene (Model 1) and Gene-To-Disease (Model
2) Relationships

We examined the exposure-to-gene and the gene-to-
disease relationships in 92 samples (47 males and 45
females) using the 15 mRNA and 15 microRNAs, which
had already shown a significant and gender-dependent
association with one or both exposure types (7). These
examinations were performed in relationship to 15 chronic
diseases and 3 clinical parameters of health status. For six
different diseases, systolic blood pressure and BMI, we
found up to 6 genes per disease that were significantly
associated with both model 1 (exposure) and model 2
(disease) (Table 3). We expected significant gene-to-disease
relationships in both models to be true for all genes (Table
3). However, gene-to-disease relationships in model 1, in
particular for atherosclerosis-associated genes appeared to
be insignificant due to the strong exposure-to-gene
associations, but they became significant when employing
exposure on a linear scale or removing the exposure
variable (Table 3). Odds ratios typically ranged between 2.7
and 4.9 (interquartile range) and corresponding 95% CI
appeared to be large (covering one log-scale) although
significant. Concordance ranged between 71 and 81%
(interquartile range, Table 3).

With an additional sensitivity analysis, we excluded the
unexposed individuals from the models 1 and 2 analyses,
leaving only exposed individuals eligible for the analysis.
Corresponding results (*P values) are marked with an
asterisk (Table 3). The 2 df exposure* P values related to
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TABLE 2
Disease Frequency and Clinical Parameters
Unexposed Exposed
Disease/clinical parameter Categories n (50) % n (100) % X

Benign tumors (210-238) never 35 70 43 43

ever 15 30 57 57 0.002
Thyroid diseases (240-246) never 38 76 39 39

ever 12 24 61 61 <0.0001
Diabetes mellitus (250) never 43 86 80 80

ever 7 14 20 20 0.4
Endocrine diseases (251-278) never 20 40 41 41

ever 30 60 59 59 0.9
Parkinson’s disease (332) never 45 90 75 75

ever 5 10 25 25 0.03
Atherosclerotic diseases (440-443) never 36 72 46 46

ever 14 28 54 54 0.003
Venous diseases (444-456) never 31 62 37 37

ever 19 38 63 63 0.004
Chronic pulmonary diseases (491-494) never 34 68 64 64

ever 16 32 36 36 0.6
Chronic gastritis (535) never 14 28 17 17

ever 36 72 83 83 0.1
Cholelithiasis (574, 575) never 23 46 24 24

ever 27 54 76 76 0.006
Pancreas disease (577) never 36 72 84 84

ever 14 28 16 16 0.08
Kidney diseases (580-593) never 21 42 39 39

ever 29 58 61 61 0.7
Prostatic hyperplasia (600) never 42 84 53 53

ever 8 16 47 47 0.0002
Breast hyperplasia (610) never 45 90 88 88

ever 5 10 12 12 0.7
Chronic radiation syndrome never 50 100 64 64

ever 0 0 36 36 <0.0001
Body mass index <26 20 40 29 29

>26 30 60 71 71 0.2
Systolic blood pressure <140 32 64 54 54

>140 18 36 46 46 0.2
Diastolic blood pressure <80 34 68 73 73

>80 16 32 27 27 0.5
Smoking never 41 82 55 55

ever 6 12 45 45 0.0001

missing 3
Alcohol consumption never 29 58 24 24

ever 18 36 76 76 <0.0001

missing 3

Notes. Frequency of diseases and clinical parameters are shown for unexposed (comparison subjects) and exposed (both exposure types
combined) individuals of the whole group examined. Diseases and their subgroups are ordered according to their ICD-9 code (given in

parentheses).

the exposure-to-gene and the 1 df disease* P values
related to the exposure-to-diseases association among the
exposed individuals in model 1 are shown on the left side
of Table 3. For 34 exposure-to-gene associations, 10
became insignificant and 4 became borderline significant
when excluding the unexposed individuals from the
analysis (2 df exposure*); only 3 of 34 associations
related to diseases appeared to be insignificant and 3
became borderline significant using model 1 (1 df
disease*; Table 3). Likewise, 2 of 34 gene-to-disease
associations (1 df gene*) in model 2 became insignificant
and 4 became borderline significant after exclusion of
unexposed individuals (Table 3, right side) leaving most

of our associations for the exposed individuals signifi-
cant.

Association of Identified Genes with the Atherosclerosis
Interactome

Three of the radiation-associated genes (HNRNPAT,
RAPGEF1 and SERPINBY) appeared to be related with
atherosclerosis (Table 3), and were also on the list of genes
known to be associated with atherosclerosis (DisGeNET
database). We combined known genes from this database
with the above-mentioned atherosclerosis-associated
genes, and mapped this combination on the human
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TABLE 3
Exposure-to-Gene and Gene-to-Disease Associations

Exposure-to-gene association (first model)

Exposure categories

Total 0 I II I 3df 2 df 1df 1df
Gene ID Exposure Gender n n n n n Exposure  Exposure* Disease Disease*
Chronic radiation syndrome
miR339-3p External y ray = Male 47 7 8 14 18 0.003 0.005 0.03 0.03
MCF2L External y ray  Male 45 7 7 14 17 0.03 0.06 0.04 0.05
miR151-3p Internal Pu Female 43 18 4 11 10 <0.0001 <0.0001 <0.0001 <0.0001
RAPGEF1 Internal Pu Male 45 10 7 13 15 0.006 0.02 0.04° 0.04**
Thyroid
ATF6B Internal Pu Male 45 10 7 13 15 0.0002 0.2 0.0006 0.001
MGATS Internal Pu Male 40 5 7 11 17 0.001 0.02 0.001 0.02
miR151-3p External y ray  Male 46 7 8 13 18 0.006 0.1 0.03 0.04
Systolic blood pressure (<140 vs. >140 mmHg)
LOC731275 Internal Pu Male 46 10 7 14 15 0.002 0.5 0.01 0.02
SGSM2 Internal Pu Male 46 10 7 14 15 0.0007 0.1 0.002 0.007
SLC39A7 Internal Pu Male 46 10 7 14 15 0.0007 0.06 0.0009 0.001
ZC3H7B Internal Pu Female 28 9 3 10 6 0.007 0.009 <0.0001 0.002
HNRNPA1 Internal Pu Male 46 10 7 14 15 0.0009 0.02 0.006 0.006
HNRNPAL1 External y ray = Male 46 7 7 14 18 0.01 0.1 0.006 0.009
miR151-3p Internal Pu Female 43 18 4 11 10 0.03 0.05 0.02 0.002
Atherosclerosis (yes/no)
AGAP4,6,8 Internal Pu Male 45 10 7 13 15 0.04 0.01 0.004%** 0.04
RAPGEF1 Internal Pu Male 45 10 7 13 15 0.006 0.02 0.01%* 0.01
SERPINB9 Internal Pu Male 45 10 7 13 15 0.0009 0.009 0.03%** 0.03%**
HNRNPAL1 Internal Pu Male 46 10 7 14 15 0.003 0.05 0.02%* 0.02%*
Kidney diseases (yes/no)
RNF166 Internal Pu Male 45 10 7 13 15 0.05 04 0.05 0.07
miR484 Internal Pu Female 44 19 4 11 10 0.0005 0.06 0.03 0.02
miR92a Internal Pu Female 44 19 4 11 10 0.004 0.03 0.05 0.09
miR151-3p External y ray = Male 46 7 8 13 18 0.05 0.4 0.01 0.02
miR501-5p Internal Pu Female 44 19 4 11 10 0.02 0.007 0.03 0.02
RNU48 Internal Pu Female 44 19 4 11 10 0.007 0.02 <0.0001 0.01
Cholelithiasis (yes/no)
RNF166 Internal Pu Male 45 10 7 13 15 0.003 0.2 0.02 0.02
SGSM2 Internal Pu Male 46 10 7 14 15 0.0009 04 0.009 0.01
HNRNPAL1 Internal Pu Male 46 10 7 14 15 0.007 0.02 0.02 0.003
Endocrine diseases (yes/no)
miR92a Internal Pu Female 44 19 4 11 10 0.0002 0.003 0.03 0.03
miR451 Internal Pu Female 44 19 4 11 10 0.003 0.06 0.03 0.4
miR19b Internal Pu Female 44 19 4 11 10 0.01 0.04 0.05 0.06
miR342-5p Internal Pu Female 42 18 4 11 9 0.03 0.1 0.003 0.7
RNU48 Internal Pu Female 44 19 4 11 10 0.001 0.02 0.02 0.3
Benign tumors (yes/no)
AGAP4,6,8 Internal Pu Male 45 10 7 13 15 0.03 0.04 0.02 0.01
BMI (<26 vs. >26)
miR484 Internal Pu Female 44 19 4 11 10 <0.0001 0.02 0.01 0.05

Notes. In a first linear model we compared normalized gene expression across the unexposed group and three dose categories for internal
plutonium (Pu) (>0-0.055 Gy I, >0.055-0.085 Gy II, >0.085 Gy III) and external gamma-ray exposure (>0-0.5 Gy I, >0.5-1 Gy II, >1 Gy
). In addition, an interaction term disease-exposure was included to correct for potentially synergistic influences. If the interaction term did not
contribute significantly to the models it was deleted during further analysis. All of these models were run separately for each disease and gene and
stratified by gender. We calculated an exposure-to-gene 3 df F test P value over all four groups (three exposed groups and one unexposed group), a
disease 1 df P value (**P values indicate models employing exposure on a linear scale or removing the exposure variable) and a 1 df P value for
the disease-exposure interaction term (not shown). In a second logistic model we employed disease as outcome variable, examined the relationship
with normalized gene expression exposure and included an interaction term gene-exposure as well. It is important to note that for the logistic
regression analysis we regrouped our exposed and unexposed individuals based on the occurrence (cases) or the absence of a disease (non-cases),
which takes place in the exposed as well as the unexposed individuals. All models were stratified by gender and adjusted by the exposure type of
interest on a linear scale. We calculated Wald test P values for gene, exposure and gene-exposure interaction term (not shown). With an additional
sensitivity analysis we excluded the unexposed individuals from our model 1 and model 2 analyses leaving only exposed individuals eligible for
analysis. Results (*P values) are marked with an asterisk. The table includes the 2 df exposure* P values related to exposure and the 1 df disease*
P values related to the diseases in the model 1 (left side of the table) and corresponding additional 1 df gene* P values restricted to exposed
individuals only in model 2 (right side of the table). Significant associations are shown in boldface.
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TABLE 3
Extended.

Gene-to-disease association (second model)

Number Of Number Of 1df 1df 1df
non-cases cases Exposure Gene Gene* OR 95% CI P P* Concordance

33 14 0.02 0.02 0.04 4.2 1.1 15.9 0.03 0.05 717.3
31 14 0.01 0.04 0.06 0.4 0.1 1.01 0.05 0.08 78.8
27 16 0.2 <0.0001 <0.0001 3.1 1.5 6.3 0.002 nd 99.3
31 14 0.8 0.05 0.05 0.2 0.04 1.1 0.06 0.3 69.8
24 21 0.06 0.02 0.0005 5.1 1.039 24.9 0.04 0.01 71.0
22 18 0.005 0.06 0.009 35 0.898 13.6 0.07 0.03 78.0
24 22 0.0009 0.04 0.04 1.2 0.99 1.6 0.06 0.05 75.2
26 20 0.1 0.02 0.02 4.3 1.2 16.1 0.03 0.04 69.6
26 20 0.2 0.009 0.008 4.2 1.3 13.4 0.02 0.02 75

26 20 0.1 0.003 0.003 11.0 1.7 69.9 0.01 0.02 85.4
12 16 0.5 0.001 0.003 0.04 0.004 04 0.007 0.06 87.5
26 20 0.3 0.02 0.02 35 1.095 11.1 0.03 0.05 72.1
26 20 0.2 0.01 0.02 38 1.172 12.2 0.03 0.04 71.7
22 21 0.7 0.01 0.002 0.7 0.5 0.98 0.04 0.07 88.0
18 27 0.07 0.005 0.04 0.2 0.03 0.7 0.01 0.07 75.3
18 27 0.1 0.02 0.1 0.1 0.02 0.8 0.03 0.04%** 72.2
18 27 0.1 0.02 0.05%* 04 0.14 0.9 0.04 0.06%** 70.4
18 28 0.1 0.02 0.037** 0.3 0.093 0.9 0.04 0.05%%* 73.8
17 28 0.9 0.03 0.02%* 0.2 0.1 1.0 0.04 0.04%** 69.3
13 31 nd 0.0009 0.008 34 14 8.5 0.007 0.04 76.9
13 31 nd 0.004 0.04 4.6 1.3 15.9 0.02 0.02 75.4
19 27 nd 0.007 0.01 0.7 0.6 1.0 0.02 0.03 68.8
13 31 nd 0.001 0.003 7.2 1.6 31.9 0.009 0.03 78.9
13 31 nd <0.0001 0.03 8.6 2.1 34.1 0.002 0.08 85.4
17 28 0.09 0.02 0.02 0.2 0.04 0.9 0.04 0.05 75.0
17 29 0.2 0.03 0.02 0.3 0.1 0.97 0.04 0.04 74.2
17 29 0.3 0.005 0.005 0.2 0.057 0.7 0.01 0.02 74.2
15 29 0.04 0.05 0.06 2.5 0.9 7.2 0.08 0.2 67.4
15 29 0.02 0.008 0.09 2.7 1.1 6.4 0.03 0.2 75.9
15 29 0.05 0.04 0.05 2.0 0.9 4.3 0.07 0.1 69.7
15 27 0.06 0.002 0.3 4.9 1.5 15.5 0.007 0.01%* 79.3
15 29 0.03 0.03 0.9 2.6 1.04 6.5 0.04 0.9 70.6
21 24 0.02 0.006 0.01 0.16 0.04 0.7 0.02 0.03 78.6
10 34 0.02 0.006 0.07 37 1.2 11.3 0.02 0.1 80.6

interactome from the Reactome Pathway Database. From
452 genes uploaded, 231 genes including HNRNPAI,
RAPGEF1 and SERPINBY could be mapped to the
interactome. The resulting partly directed network con-
sisted of 272 nodes (231 atherosclerosis genes plus 41
linker genes) and 1,276 edges (interactions). We investi-
gated the potential influence of each of the three
atherosclerosis-associated genes separately as well as
combined, by determining the first and second neighbors
of these genes and subsequently calculated the percentage
of their edges in the whole network. The first/second
neighbors of HNRNPA1, RAPGEF1 and SERPINBY alone

covered 22-29% of the nodes and 70—77% of the edges of
the atherosclerosis-associated interactome, respectively.
All three genes combined covered 48% of all nodes and
93% of all edges of the atherosclerosis interactome. The
first neighbors for HNRNPA1 were EP300 (E1A binding
protein p300), ELAVL1 (ELAV like RNA binding protein
1), PARP1 [poly (ADP-ribose) polymerase 1] and NFIC
[nuclear factor I/C (CCAAT-binding transcription factor)].
First neighbors for RAPGEF1 comprised PDGFB (plate-
let-derived growth factor beta), CDHI1 (cadherin 1),
PIK3R1 [phosphoinositide-3-kinase, regulatory subunit 1
(alpha)] and SRC [v-src avian sarcoma (Schmidt-Ruppin



258 ABEND ET AL.

A-2) viral oncogene homolog], while EGR1 (early growth
response 1) and ESR1 (estrogen receptor 1) represented the
first neighbors of SERPINBY.

DISCUSSION

In previous work we screened the whole genome and large
parts of the miRNA transcriptome to search for exposure-to-
gene relationships in 40 samples and then we validated those
candidate genes by analyzing the remaining 92 samples with
gRT-PCR (7). We found significant dose-to-gene associations
in 15 mRNA and 15 microRNAs (8). We then considered
whether these gene expressions, altered after radiation
exposure, might be associated with increased risks of chronic
diseases other than cancer and used two different models to
analyze the exposure-to-gene (model 1) and the gene-to-
disease associations (model 2), while considering all three
components of this causal pathway in both models. These
models were stratified by gender to allow for separate analysis
of males and females, due to the gender dependency of gene
expression values as already shown in previous analysis (8).
We found significant exposure-to-gene and gene-to-exposure
associations in both models for thyroid disease, endocrine
diseases, benign tumors, BMI, chronic radiation syndrome,
kidney diseases, cholelithiasis and systolic blood pressure.
Odds ratios ranging between 2.7 and 4.9 (interquartile range)
appeared to be high, which was certainly influenced by the
low number of cases and non-cases, but might be also caused
by the closer proximity of altered gene expression towards the
effect (disease) along the causal pathway. For thyroid diseases
and chronic radiation syndrome we would have expected
exposure-to-gene associations, due to the known effect of
radiation exposures on these diseases (/, 20). It is worth
noting that gene expression changes of ATF6B are in
agreement with previous work on another radiation exposed
cohort, namely Chernobyl thyroid cancer patients after
Iodine-131 exposure (27, 22) (Supplementary Table S1;
http://dx.doi.org/10.1667/RR13758.1.S1). We also confirmed
associations previously reported by others between SER-
PINB9, miR-342-5p and atherosclerosis, as well as between
miR-151-3p and kidney disease (Supplementary Table S1).

Interestingly, incidence and mortality of cerebrovascular
diseases (CeVD), mainly caused by atherosclerosis, appeared
to be increased after prolonged exposure to low levels of
radiation according to previous radio-epidemiological studies
of the same cohort (23, 24). Similar findings were reported for
the Life Span Study of Japanese A-bomb survivors (25, 26)
after single-dose exposures as well as after fractionated
radiotherapy with much higher doses (27). Recently, the
National Council on Radiation Protection and Measurements
(NCRP) emphasized the need for investigating genetic
contributions of radiotherapy-associated CeVD (27). Genes
such as PDGF (26) and certain cytokines and growth factors
such as TGF-beta-1 and IL-2beta (29) may be involved. This
is very much in line with our bioinformatic examinations,
since PDGF represents one of the first neighbors of the

radiation-associated candidate gene RAPGEF1. Other first
neighbors of the three candidate genes reported here are also
heavily involved in atherosclerosis, for example, through
formation and destabilization of atherosclerotic plaques
mediated by PARP1 (30), LDL retention in vascular walls
involving the ROS — PKC, Src — caveolar or SNARE
pathway (37), impact on the LDL cholesterol level in women
(32) or by mediating endothelial cell inflammation through
phosphorylation of transcriptional co-activator p300 (33).
Another recent publication observed an insulin-like growth
factor binding protein 5 (IGFBPS5) mediated premature
senescence in endothelial cells (HUVEC) after chronic
(lasting several weeks) low-dose-gamma irradiation with 1.4
and 4.1 mGy/h (34). Radiation-induced premature senescence
of endothelial cells is suggestive of a radiation-related
increased risk of CeVD (34). Interestingly, a close member
of the insulin-like growth factor family, IGFBP3, represents
another second neighbor of our radiation-associated genes. In
addition, our analysis identifies three radiation-associated
genes (SERPINB9, HNRNPA1, RAPGEF1), and indicates
that up to 93% of the whole atherosclerosis Reactome
becomes altered through these three genes, an effect taking
place even after chronic exposure to low levels of radiation.

To our knowledge, this is the first and largest study
combining molecular biology with epidemiological data.
We systematically screened the whole mRNA genome and
large parts of the microRNA transcriptome for radiation-
associated genes, and examined whether these altered genes
might be associated with a health risk related to noncancer
chronic diseases. Based on our preliminary data, chronic
low-level radiation exposure seems to alter gene expression,
which in turn causes increased health risk of noncancer
chronic diseases. However, this study will need to be
validated prospectively utilizing a larger group, and if
possible, another exposed cohort.

There are several limitations to keep in mind when
interpreting the results of this study. Since this analysis is
exploratory, there are limitations due to low sample size and
reduced power. Although with 92 individuals examined, this
represents one of the largest and most complete in vivo gene
expression studies of radiation-exposed persons, it remains
problematic since the numbers were initially small and
decreased further after stratification by gender, thus reducing
the power of our analyses. This is also reflected by the large
95% CI sometimes covering one log-scale. Likewise, the
satisfying concordances (0.71-0.81) should be interpreted
cautiously, due to the small frequency of cases and non-cases.

Gene-to-disease relationships were examined based on
exposure-to-gene associations using dose estimates to the
RBM. Most associations were related to internal plutonium
contamination. Given the close anatomical proximity of the
cardiovascular system to the RBM or the immunological
component of the chronic radiation sickness (CRS), dose
estimates to the RBM appear to represent a reasonable
exposure surrogate for effects observed in the vascular
system and the CRS of our cohort. Dose estimates of
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FIG. 3. Genes known to be associated with atherosclerosis (DisGeNET database) including our three
atherosclerosis-associated genes (HNRNPA1, RAPGEF1, SERPINBY) were mapped on the human interactome
from the Reactome Pathway Database. The resulting network consists of 272 nodes (genes, represented as
circles) and 1,276 edges (interactions, represented as lines). We investigated the potential influence of each of
the three atherosclerosis-associated genes on the atherosclerosis interactome separately and combined.

internal plutonium to liver, kidney and gastrointestinal tract
were highly correlated with RBM dose estimates (Pearson
correlation coefficient >0.99, P < 0.0001 and explained
variance with r? > 0.99, P < 0.0001 examined in univariate
linear-regression models), indicating that the RBM dose
estimate represents a meaningful exposure surrogate for
diseases such as cholelithiasis, kidney and gastrointestinal-
related endocrine diseases (Table 3).

Furthermore, our gene expression was measured in blood
samples of individuals already diagnosed with noncancer
chronic diseases. This presents questions about the causal
gene-to-disease relationship, since altered gene expression
should technically be detected before onset of the disease.
Based on the study design and in particular the time of
blood draw we cannot differentiate whether the gene
expression changes measured are modulated by the disease.
However, analytically, we revealed significant dose-to-gene

associations in model 1, which were adjusted for the impact
of the disease-to-gene association as well (Fig. 2). The dose-
to-gene associations remained significant even after these
adjustments (Table 3). Following the bioinformatic ap-
proach, we demonstrated the impact of three radiation-
responsive genes on the atherosclerotom (Reactome Path-
way Database; Fig. 3). Finally, our further analysis using
model 2 showed significant gene-to-disease relationships
with most of the diseases related to the atherosclerotom. We
interpret this as two independent indications for the impact
of certain radiation-responsive genes on the atherosclerotom
and associated diseases. Furthermore, our studies of Mayak
PA workers as well as Chernobyl cohorts indicate that
radiation exposure induces persistent gene expression
changes through, for example, epigenetic modifications,
interchromosomal aberrations or complex chromosome
aberrations, as discussed above. Nevertheless, examinations
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of biosamples collected before the occurrence of noncancer
chronic diseases would be preferable, and this approach will
be included in future plans to study another cohort.

One potential concern is whether our findings reflect
surveillance bias. However, this would only be more likely
if greater effort were put towards detecting diseases among
workers with the highest radiation exposures. In this current
study medical follow-up for every member of the cohort
(including unexposed individuals) was conducted on a
regular basis according to a specially developed standard-
ized procedure, ensuring that all workers were examined
uniformly irrespective of their exposures.

Another potential concern is related to the unexposed
individuals in our analysis who worked as administrative
workers in close proximity to the Mayak production side,
and who underwent the same medical surveillance in the
same hospital of the restricted area. Since they differed from
the exposed individuals this added an uncontrolled aspect to
our study design, and therefore there was concern that this
might bias our results. With an additional sensitivity
analysis, we excluded the unexposed individuals from
models 1 and 2. This left only exposed individuals, who
either did or did not report prevalent disease at the time of
blood collection, as eligible for inclusion. Most of our
associations remained significant even after restriction to the
exposed individuals only (Table 3). This is consistent with a
previous analysis of the Mayak cohort where we had
already examined exposure-to-gene associations of our 15
mRNA and 15 microRNAs, and where unexposed individ-
uals were excluded [2df P values at Table 2; see (8)].

In summary, radiation exposure appears to alter the
expression of certain genes, which might increase the risk
for the occurrence of noncancer chronic diseases, and
particularly those related to atherosclerotic processes.

SUPPLEMENTARY INFORMATION

Table S1. Annotation of genes (12 mRNAs and 9
microRNASs) with noncancer chronic diseases and radiation
exposure.
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