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INTRODUCTION: 

The thyroid like most epithelial-based glandular systems is a common site of tumor 
development and sensitive to ionizing radiation induced carcinogenic changes. From 
“Radiation Hazards to Crews of Interplanetary Missions” a major question raised was “Are 
there studies that can be conducted to increase the confidence of extrapolation from rodents to 
humans in terms of radiation-induced genetic alterations that can in turn enhance similar 
extrapolations for cancer?”  We have established thyroid tissue analogs that we believe will 
increase the certainty of this type of extrapolation.  The thyroid tissue analogs produced under 
reduced gravitational forces dramatically affects differentiation and growth patterns facilitating 
three-dimensional assembly of the thyrocytes into thyroid tissue analogs. Thus growth in the 
low-shear stress rotating-wall vessels allows us to evaluate various aspects of complex tissue 
interactions that are not possible using traditional culture techniques.  For example, bioreactor 
technology allows for monitoring of assembled tissue analogs exposed to chronic radiation 
with continuous sampling of the tissue.  

 
This well characterized model (Green et al. 2001a; 2001b & 2002a, 2002b, 2005) 

provides us the opportunity to investigate how a relatively normal tissue responds to ionizing 
radiation at multiple levels, including: cell-cell exchanges (bystander), signal transduction, 
functional changes and modulation of gene expression.  We have significant preliminary data 
on structural, functional, signal transduction and gene expression from acute exposures at high 
doses and rates (50-100 cGy, at 1 Gy/minute) of gamma, protons and iron.  The goal of this 
funded grant was to characterize the pattern of radiation modulated gene expression in thyroid 
tissue functional units (FTU’s) using low-dose/low-dose rate ionizing radiation.  We 
hypothesize that a low-dose/low-dose rate “priming” exposure to radiation would invoke a suite 
of cell and tissue level homeostatic mechanisms that are reflected by their gene expression 
profiles and complementary structural and functional changes in component cells and their 
functional tissue units (FTU’s, i.e. follicles).  Once the thyrocytes have completed the 
“transition” to the “primed” state, the thyroid FTU’s should exhibit an altered response to an 
acute challenge exposure to radiation that will take the form of increased resistance to 
cytopathological changes relative to “unprimed” cells.  The principal regulatory elements in the 
priming transition will be transforming growth factor-beta (TGF-β) and protein kinase C 
isoforms (pKC).   These will steer other respondent genes that will be identified by microarray 
expression profiling.  It is expected that the transcription factor AP-1 and accessory oncogenes 
and cell coordinating gene products will exhibit the most significant alterations.  The tissue 
analogs will be subjected to various dose and delivery schedules to obtain a gene profile that 
will be reflective of critical changes in structure and functional aspects of thyroid homeostasis. 

 
Aim 1.  Irradiate thyroid tissue analogs with 0, 10, 20, and 50 rads of gamma rays delivered as 
an acute single dose or protracted exposures of 10 or 50 cGy over 2 or 7 days.  Tissue will be 
harvested for RNA (gene array profiling) and for cyropreservation at 2, 4, 6 and 8 days post-
irradiation.   
Aim 2.  Low dose irradiated tissue will be challenged by a subsequent exposure, equal to the 
priming dose or with 200rads of 250MeV protons, a dose typically used in the clinic, or 
estimated solar particle event.  Tissue will be harvested for RNA (gene array profiling) and for 
cyropreservation at 2 and 8 days post-irradiation.   
Aim 3.  Determine out of field effects (bystander) utilizing a microcollimated 40-70MeV proton 
beam of defined field uniformity and beam morphology, to irradiate single follicles or sub-
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follicles through various apertures and measure the extent to which low dose-induced signals, 
identified in Aims 1 and 2, are transferred to or expressed in neighboring cells within the 
contiguous follicle and or adjacent follicular thyrocytes.  Controlled microbeam delivery of 
focused soft X-rays (Al-K) will target individual thyrocytes within follicles.   

We have completed all of the microarrays for gene expression as described in the 
specific aims above; for gamma and protons with the exception of the microcollimated 
exposures.  We modified the aims in that the harvest times had a 3hour time added, with the 4 
and 6 days removed, the 8 days was changed to 7 days post-irradiation.  To obtain the 
required amount of pure RNA we also reduced our acquisition of protein.   We had several set 
backs in our attempts to complete the studies.  The original problem was that the Clontech 
products were substandard.  We spent ~9 months and tens of thousands of dollars on their 
products finding that there was no quality control or follow through.  After having lost nearly a 
year we switched to the Affymetrix system which produced high quality, reproducible 
microarray results.  A major drawback of the Affymetrix system was that each array cost twice 
as much and we could not read the arrays so we had to pay to have the hybridizations 
conducted and the raw data sent to us.  An additional problem with Affymetrix is that the 
software they supply to conduct basic assessments of the data has changed three times since 
we started our studies.  With each change the data obtained prior to the change was in a 
different format and could not be viewed with their newest version of the software, in fact each 
version was incompatible with the previous so that they could not even be operating on the 
same computer.  When the first change occurred we paid to have all of our data converted to 
the new format so that we could analyze the sets simultaneously.   We received all of our data 
to that point in the new format, however within months they changed the format and software 
yet again.  This time we had nearly all of our data complete and had two different formats.  
Having already spent more than projected we did not pay to convert all of our data to the 
newest version we opted to use more sophisticated third party software (GeneSpring) it 
however cost $3,000 dollars a year per copy to have in the laboratory.  This software utilizes 
text files that we had for all of our data and so could use them in GeneSpring. 

 
There was a slight delay in using GeneSpring in that the software is not intuitive, and 

our last sets of data were held up at the microarray facility we had processing them as they 
had down time for equipment replacement and staff issues.  We received the lasts set of data 
(proton challenge and repeated flask sets) in August of 2005.  In attempt to catch-up we asked 
and received a 6 month no cost extension, but unfortunately we are still somewhat behind our 
projected timetable. 

 
We have now learned enough to operate and generate meaningful data and are quickly 

conducting our analysis.  There are four direct manuscripts supported by the funding of this 
grant and three additional manuscripts that are co-supported by a NASA grant to study high 
LET radiation at high dose rates.  Two manuscript has been submitted, with one returned for 
revision.  We have not completed the revision as other grant and internal deadlines have 
prevents us from having time to complete the additional work required.   We are concentrating 
our efforts on completing the analysis and have several manuscripts nearly ready to submit.  
However because most studies in the literature were/are conducted with flask grown cultures 
there are no systems available to directly compare with our results using tissue analogs.  To 
rectify this we decided before we could submit the main manuscripts detailing the results of our 
tissue analogs exposed to γ-rays and protons we needed to complete a comparison between 
our relatively normal cells grown in flasks as two-dimensional cultures with those grown as 
three-dimensional tissue analogs in the bioreactors.  This manuscript has now been completed 
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and submitted.  This manuscript, although not originally anticipated, establishes the basic 
differences between typical flasks and higher order assembly found in the tissue analogs.   

 
METHODS:   
Bioreactors/Culture Conditions 

FRTL-5 cells were purchased from the American Type Culture Collection (ATCC, Manassas, 
VA).  A description of the culture conditions are found in Green et al. 2001a & 2002a.  Bioreactor 
vessels (Synthecon, Houston TX) were pre-conditioned with growth medium for 24 hours prior to 
seeding with passage 5-8 FRTL-5 cells.  Tissue culture flasks and bioreactor vessels were seeded with 
FRTL-5 cells at a concentration of 1x105/ml (10mls/ T75cm2 flask and 50mls/bioreactor vessel) Green 
et al. 2002b.   The bioreactor rotational speed was initially set at 15rpm with a gradual increase to 
18rpm on day 7 and remained at 18rpm through out the experiments (maximum 18 days).  The cultures 
were allowed to establish for 11 days, with partial medium replacement every 2 days.  Prior to every 
media change samples of suspended cells and spent medium were withdrawn for photography, viability 
measurements and archiving.  The viability of cells was determined using trypan blue exclusion and 
reduction of 3-(4,5-dimethylthiazol-2-yl-5-(3-carboxymethoxyphenyl)-2H-tetrazolium, inner salt (MTS).  
Cultures were irradiated on day 11 and samples harvested at appropriate times post-irradiation.   
Sources of Radiation 

An upgraded El Dorado cobalt-60 unit was used as the source of acute high dose rate gamma 
radiation.  The beam was directed horizontally (for bioreactors) or vertically (for flasks) to project a 30-
x 30 cm field 80 cm from the source.   The radiation calibration was performed using a PTW Freiburg 
parallel plate ion chamber (Markus chamber model N23343) placed at the target surface (80 cm from 
the source) and covered with a 0.925 cm thick piece of polystyrene build-up for electron equilibrium.  
Kodak XV-omat film was exposed under identical conditions and scanned (VXR-16 film scanner).  The 
scan was analyzed (RIT-113 Image analysis software) and field uniformity determined to be 97.3%, 
and 100% within the 20x20 cm field used for typical exposure of tissue culture/bioreactor vessels.   
The dose was delivered as acute single fractions at a dose rate of approximately 50 cGy/minute 
(Green et al., 2002a & 2002b).   

The source for the low-dose rate chronic exposures is a uniform source of Cobalt-57 (Direct 
Scientific, Canton, MA).  These 5-10 mCi plates are ideal for placement in the incubators that house 
the bioreactor motors.  We used this source and for the lowest dose rate protracted exposures, and 
used a 60Co pogo source for all other protracted exposures.   

The simulated solar particle event was tried twice and mechanical failures resulted in a sub-
optimal run.  Although, the problems have been fixed we had invested too much time and materials to 
wait for the optimization, and as such decided to use a 40 MeV proton beam to achieve a higher LET 
(estimated at an LET of ~2).   
RNA Isolation  
 Total RNA from duplicate samples for each condition was isolated using TRIzol Reagent (Gibco 
BRL Life Technologies, Rockville, MD.) Total RNAs were quantified with a portion of the recovered total 
RNA adjusted to a final concentration of 1 µg/µl. All starting total RNA samples were assessed for 
quality prior to beginning target preparation/processing steps by running out a small amount of each 
sample (typically 25-250 ng/well) onto a RNA Lab-On-A-Chip (Caliper Technologies Corp., Mountain 
View, CA) that was evaluated on an Agilent Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA).  
Microarrays Processing 

An RT-PCR procedure was performed on the isolated total RNA (10 µg), to synthesize double-
stranded (ds) cDNA from each sample, using the SuperScript Double-Stranded cDNA Synthesis Kit 
(Invitrogen Corp., Carlsbad, CA).  T7 polymerase promoter sequence, linked to poly-dT 
deoxyoligonucleotides were used as primers.  A portion of the resulting ds cDNA was transcribed in 
vitro by use of T7 mRNA polymerase, in the presence of biotin-conjugated ribonucleotides (BioArray 
High-Yield RNA Transcript Labeling Kit (T7) (Enzo Diagnostics, Inc., Farmingdale, NY), to produce 
multiple copies of biotin-labeled cRNA.  Fifteen µg of the biotin-labeled cRNA was fragmented by 
heating, to strands of 35-200 bases in length following prescribed protocols (Affymetrix GeneChip 
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Expression Analysis Technical Manual). Subsequently, 10 µg of this fragmented target cRNA was 
hybridized at 45°C with rotation for 16 hours (Affymetrix GeneChip Hybridization Oven 320) to probe 
sets present on an Affymetrix 230A array. The GeneChip arrays were washed and then stained (SAPE, 
streptavidin-phycoerythrin) on an Affymetrix Fluidics Station 400, followed by scanning on a Hewlett-
Packard GeneArray scanner. The results were quantified and analyzed for general attributes using 
Affymetrics MAS5.5, and more stringently using GeneSpring (Silicon Genetics, Inc.) 
Statistical Analysis 

The microarray data was analyzed using MicroArray Suite (MAS) 5.5 software (Affymetrix, Inc.) 
using default values (Scaling, Target Signal = 500; Normalization, All Probe Set Parameters set at 
default values). A discrimination score was determined for each gene using the equations R=(PM-
MM)/(PM+MM)  where PM is the signal intensity of a perfectly match probe set and MM is the signal 
intensity of the Mismatched probe for each gene.   Responses were considered significant for p values 
less than 0.05 and assigned a P (present), M (marginal), or A (absent) based on the p value.    

The text files with the raw values were imported into GeneSpring 7.2.  To control for chip wide 
variation in signal intensity the data was normalized Per-Chip using normalize to 50th percentile 
normalization step.  The data was further normalized Per-Gene using a specific sample normalization 
step.  Initial gene lists were generated for each new comparison based on the original assignment of P, 
M, or A.  This list was then used to generate a list of all genes that were modulated by 1.5-fold over the 
level of the control samples.  These analyses were performed for all the parameters.  The Venn 
diagram function in GeneSpring generated lists of unique and common gene sequences for the 
experimental conditions.   Additionally lists of modulated genes ≥1.5-fold for each experimental set 
were imported individually into the Gene Ontology (GO) function in GeneSpring.  Genes in the lists that 
have known biological properties that are contained in the GO data base were distributed to various 
pathways.  The assignments were displayed as pie- charts with proportional segments color-coded to 
indicate the various pathways.    
Immunocytochemical, Protein Analysis 

These procedures are/were performed according to standard methods (Green et al., 1995, 
1997, 2001a, 2001b, 2002b). The bioreactor grown tissue was removed, covered with cryoprotectant 
and stored frozen.  The frozen tissue was cryosectioned and the slices used for H&E and fluorescent 
labeling.  Cells and tissue sections were ethanol fixed and labeled with fluorescently-labeled probes 
specific for various proteins and counterstained with various nuclear dyes, typically 3µg/ml propidium 
iodide (PI) (Molecular Probes, Eugene, OR). Visualization obtained by microscopy.  

Quantification of the immunolabeled proteins was/is performed using the laser scanning 
cytometer (LSC).  The LSC has an Olympus BX50 base and is configured with argon ion, helium-neon 
and violet-diode lasers for multi-color analysis (Green et al., 2001a). Cells are contoured by their 
nuclear fluorescence and gated by parameters set for signal intensity (labeled proteins).  An average of 
5000+/-300 cells is typically scanned per sample using optimized protocol and display settings.   
Western Blot Analysis for Assessing Protein Levels 

To protein samples an equal volume of 2X sample buffer (125mM Tris, 4% SDS, 10% Glycerol, 
0.06% Bromophenol Blue, 2% BME) was added and 30µl of protein loaded, heated and loaded onto 
10% Tris-Glycine gels (Novex, San Diego, CA).  Proteins were electrophoresed for 1 hour at 130Volts 
at room temperature.  Pre-stained molecular weight markers (Bio-Rad) were denatured at 65°C for 5 
minutes and electrophoresed in parallel on each gel.  Electrophoretic blotting to Nitrocellulose 
membrane (Bio-Rad) is done at 22Volts for 100 minutes in 25 mM Tris-HCl, pH 8.3, 192 mM glycine 
and 20% methanol. Immunodetection is performed by blocking non-specific binding sites with blocking 
buffer (5% dry milk, 0.1% Tween-20 in Tris-buffered saline) for 1 hour at room temperature.  The 
membranes are usually hybridized with 3µg/ml primary antibody in blocking buffer overnight at 4°C, 
washed in washing buffer (10mM Tris, 100mM NaCl, 0.1% Tween-20), then incubated with secondary 
antibody, Cy-5 fluorescein-conjugated donkey anti-mouse IgG (5µg/ml in blocking buffer), for 4 hours at 
room temperature.  Finally, the blots are washed in wash buffer and scanned by Molecular Dynamic 
Fluorescence Analysis System, STORM– model 860, (Molecular Dynamic, Sunnyvale, CA) for 
visualization.  Analysis of the resulting bands is performed using ImageQuant software, and data stored 
(TIFF format). 
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RESULTS: 
 The results section is divided into three sections; 1) Flask versus bioreactors exposed to 
gamma-radiation; 2) global analysis of gene expression indicating unique and common 
expression in tissue analogs exposed to radiation; and 3) results of gene expression analysis 
for protracted (low dose rate) exposures followed by challenge exposures. 
  
PART 1- Comparative Assessment of Radiation-Induced Gene Expression in Two-
dimensional versus Three-dimensional Thyroid Cultures 
  

The production of FTU’s in the bioreactors yielded the expected highly organized thyroid 
tissues.  The periodic sampling of thyroid follicles during the 11 day pre-radiation growth and 
assembly phase showed that multifollicular structures are formed; this level of organization is 
never seen in 2-dimensional flask grown cultures.  An example of flask and bioreactor 
generated tissue analogs are shown for comparison in Figure 1. 

 

 
 

Figure 1.   Images of Fischer Rat Thyroid Cells Grown in Flasks and Bioreactors.  This two-panel 
composite depicts FRTL-5 cells after eleven days in culture.  Panel a is an image of flask-grown thyroid 
follicles and panel b is a sample of bioreactor-generated thyroid tissue analogs.  There is a striking 
difference in the level of organization between the two culture conditions.  The flasks contain two-
dimensional cultures consisting of essentially individual follicles; whereas, the bioreactor cultures are 
three-dimensional assemblies of multiple follicles.  The images were taken at a magnification of 10x.   
 

In this sub-study we assessed whether ionizing radiation elicited a differing responses in 
cells grown in two-dimensions (flasks) versus those grown in three-dimensions (bioreactors) at 
the level of gene expression.  This was assessed by analyzing total RNA isolated from cells 
grown under both conditions following exposure to 50 and 200 cGy of Co-60 gamma radiation 
harvested 48 hours post irradiation.  The RNA was amplified, labeled and used for 
microarrays.  The cDNA hybridization signals were analyzed to identify general differences in 
gene expression patterns induced by ionizing radiation under these experimental constraints.      

 
The major focus of this study was to assess the contribution of higher order cellular 

organization to radioresponsiveness. The differences between two-dimensional and three-
dimensional thyroid cultures can be seen in the images included as Figure 1.  This figure 
shows typical flask-grown thyroid follicles (panel a) contrasted with a sample taken from a 
bioreactor at 11 days in culture (panel b).   The 10 fold magnified image shows that the flask-
grown cells are essentially individual follicles whereas, the organized cells retrieved from a 
bioreactor show multiple follicles associated together.  The samples retrieved from the 
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bioreactors are small multi follicular assemblies that are easily pulled off with medium during 
replacement.  The major pieces of tissue in the bioreactors are assemblies tens of times larger 
than shown in the figure.  Cultures like those shown in Figure 1 were used in this study to 
compare radiation-induced modulation of gene expression as a function of cellular 
organization.     

 
FRTL-5 cells were cultured in flasks and bioreactors and exposed to either 50 cGy or 

200 cGy of gamma radiation.  Then the cells were grown for an additional 48 hours prior to 
isolating total RNA for microarray analysis.   The array data was analyzed for changes in gene 
expression generally using the Affymetrix Microarray software, and specifically using 
GeneSpring.  The four treatment groups analyzed were: Bioreactor-gamma 50 cGy versus 
control samples; Bioreactor-gamma 200 cGy versus control samples; Flask-gamma 50 cGy 
versus control samples; and Flask-gamma 200 cGy versus control samples.   

General attributes of the gene expression profiles for the four experimental groups are 
compiled in Table 1.  This level of analysis used only basic fluorescent intensity and 
normalization of the replicate samples to internal standards to control for variation   
     

Table 1 
General Gene Expression Data from Flask-Grown Cells versus Bioreactor-Generated Thyroid 

Tissue Analogs  
 
 

   Dose #Rat Sequencesa No Changeb    Decreasedc          Increasedd 
Condition            Expressed                                       
 
Flasks   0 cGy 7339       N/A           N/A                N/A 
             50 cGy                             6326          586                        427 
           200 cGy        6807          385                 147 
 
BioRx     0 cGy  8229       N/A             N/A       N/A 
  50 cGy           7631           375       223 
            200 cGy       7667               314             248 
     
a) Number of genes present out of 15,923 using Affymetrix software.    
b) No change, genes not significantly different from the control level. 
c) Genes decreased relative to the level expressed in the control samples. 
d) Genes increased relative to the level expressed in the control samples. 
N/A = not applicable  
 
between chips as the main corrections.  In the Affymetrix software the replicate samples were 
retrieved together and lined up by signal and change relative to control samples.  This allows 
present/absent assignments to be registered as well as “no change”, “increased” or 
“decreased” gene sequences to be identified.  There are no standard deviations or errors to 
report as the replicates values were chosen by the fact they agreed in terms of their no change 
“NC” increased “I” or decreased “D” designation.  The results of this basic analysis revealed 
that the bioreactor unirradiated controls expressed on average 8,229 present gene sequences 
compared to the flask controls with an average of 7,339.   These sequences reflected thyroid 
specific expression which was more complex in the organized tissue analogs.  When the 
numbers of radiation-modulated gene sequences were considered, the flask-grown cultures 
exhibited a greater number of modulated genes relative to those measured for the tissue 
analogs (Table 1).   
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To better refine the comparative gene sequences representing the flask-grown cultures 
and tissue analogs we used GeneSpring software.  For this program text files of the original 
Affymetrix data were imported and the lists screened by replicate quality and significance.   
The resulting lists were filtered to include only genes whose signal was modulated greater or 
lesser than control levels by a factor of 1.5-fold.  This level was selected because of the muted 
response in the tissue analogs; higher levels would have excluded nearly all the genes.  The 
results of the GeneSpring analysis are reported below.     
 
Comparative Up-Regulation in Gene Expression 

Gene lists from the four groups generated in GeneSpring were compared for genes in 
common between the different groups.  Genes whose expression was up-regulated relative to 
control levels for each of the four treatment groups were subjected to further analysis.  A 
summary of the analysis performed for genes whose expression was up-regulated by 
irradiation ≥ 1.5-fold relative to control levels is compiled in Table 2.   

 
 

Table 2 
Number of genes ≥1.5-fold up-regulated by gamma radiation  

386 unique genes are represented 
 

Categoriesa  Tissue Analogsb                Flask Grown Culturesc 
           50 cGy          200 cGy              50 cGy           200 cGy 
 
Total up-  26        146       224   181 
regulated 
 
 Shared     6           6       137   137 
per group 
 
Shared genes    4          N/A         4   N/A 
at 50 cGy dose 
 
Shared genes   N/A  44        N/A   44 
at 200 cGy dose 
 
Shared genes in     2    2          2      2 
all groups 
 
a)   Categories used to compare experimental groups. 
b)   FRTL-5 cells grown in bioreactors as three-dimensional tissue analogs. 
c)   FRTL-5 cells grown in tissue culture flasks as two-dimensional cultures. 
N/A = not applicable 

 
Considering the up-regulated gene lists for the four treatment groups, it was found that 386 
unique genes were represented. They were distributed among the different parameters 
analyzed including: total number of genes ≥ 1.5- fold for each growth condition by dose, 
shared genes within a group, shared genes at equivalent doses across groups, and genes 
sequences in common to all groups.   The greatest number of specifically up-regulated genes 
was in the flask-grown cells exposed to 50 cGy (which expressed 224 genes), followed by 
flask-grown cells at 200 cGy (181 genes), then bioreactor-generated tissue analogs at 200 cGy 
(146 genes), and the tissue analogs at 50 cGy expressed the fewest up-regulated genes (26 
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genes) (row 1, Table 2).  The second row of Table 2 shows the number of genes, in 
bioreactors or flasks, which covaried by increasing at 50 and 200 cGy.  The flask-grown cells 
expressed a higher number of radiation-induced individual genes (137 genes) than the 
bioreactor-generated tissue analogs (6 genes).  Because this study also implied the possibility 
that the effect of radiation on FRTL-5 could be independent of whether the cells were grown in 
bioreactors or flasks, the number of genes whose expression was up-regulated by an equal 
radiation dose in both the bioreactors and flasks was also determined.   It was found that the 
expression of four genes were similarly up-regulated in tissue analogs as well as flask-grown 
cultures by exposure to 50 cGy γ-rays (third row, Table 2); at 200 cGy, 44 genes were similarly 
up-regulated in both tissue analogs and in flask-grown cells (fourth row, Table 2).  Lastly, there 
were only 2 genes with levels up-regulated ≥ 1.5-fold relative to control levels expressed in all 
four treatment groups (fifth row, Table 2).   These two identifiable sequences were found to be 
“transcribed sequences” with no known protein products.  

 
To further characterize the differences in the flask and bioreactor cultures, as well as to 

indicate the magnitude of the differences between the flask and bioreactor cultures with 
respect to up-regulated gene sequences we included the Venn diagrams labeled Figure 2.   At 
50 cGy the flasks had 220 unique genes up-regulated which were 10 times that measured in 
the bioreactor cultures with 22 unique genes.   Similarly, at 200 cGy the flask cultures were 
more complex with 137 unique genes up-regulated compared to 102 in the bioreactor cultures 

 

 
 
 
 
Figure 2.   Venn Diagrams of Up-Regulated Genes from Flask and Bioreactor Thyroid Cultures.   
Two Venn diagrams representing genes up-regulated 48 hours post exposure to 50 and 200 cGy 
gamma rays in the two culture conditions investigated in this report are shown.  The diagrams are 
labeled with the number of unique genes increased ≥1.5 fold compared to control levels for the 
respective conditions with common genes indicated in the shaded overlap.   
 
Comparative Down-Regulation in Gene Expression 

Genes whose expression was down-regulated relative to control levels in the four 
treatment groups were subjected to further analysis as described below.  Table 3 is a 
summary of the analysis of genes whose expression was down-regulated ≥ 1.5-fold that of  
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Table 3 
Number of genes ≥1.5-fold down-regulated by gamma radiation 

253 unique genes are represented. 
 
Categoriesa  Tissue Analogsb         Flask Grown Culturesc 
50 cGy            200 cGy              50 cGy           200 cGy 
 
Total down-  23  73       126   100 
regulated 
 
Shared   4    4          55    55 
per group 
 
Shared genes  2   N/A           2     N/A 
at 50 cGy dose 
 
Shared genes N/A      8         N/A         8 
at 200 cGy dose 
 
Shared genes in   0       0            0        0 
all groups 
 
a)   Categories used to compare experimental groups. 
b)   FRTL-5 cells grown in bioreactors as three-dimensional tissue analogs. 
c)   FRTL-5 cells grown in tissue culture flasks as two-dimensional cultures. 
N/A = not applicable 
 
control levels following irradiation.   The same approach was employed as discussed for Table 
2 above.  In total, 253 unique genes were found to be down-regulated by gamma radiation.  
The first row of Table 3 shows that the flask-grown cells exposed to 50 cGy were again the 
most affected, expressing the greatest number of down-regulated genes (126 genes).  This 
was followed by the flasks exposed to 200 cGy (100 genes), which was more complex than the 
tissue analogs exposed to 200 cGy (73 genes); and lastly, the tissue analogs at 50 cGy (23 
genes).  With respect to dose response, flask-grown cells were more responsive than the 
bioreactor-grown cells with 55 genes versus 4 genes exhibiting a dose-dependent down-
regulated pattern, respectively (row 2, Table 3).  When considering genes similarly regulated 
by dose independent of growth conditions, it was found that there were only two genes in 
common at 50 cGy (row 3- Table 3) and eight genes in common at 200 cGy (row 4- Table 3).  
Lastly, there were no genes down-regulated in common to all four treatment conditions (row 5- 
Table 3). 

 
To further characterize the differences in the flask and bioreactor cultures, as well as to 

indicate the magnitude of the differences between the flask and bioreactor cultures with 
respect to down-regulated gene sequences we included the Venn diagrams labeled Figure 3.   
At 50 cGy the flasks expressed 124 unique down-regulated genes which were 6 times that 
measured for bioreactor cultures (21 unique genes).   Similarly, at 200 cGy the flask cultures 
were again more complex with 92 unique genes down-regulated compared to 65 in the 
bioreactor cultures.  
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Figure 3.   Venn Diagrams of Down-Regulated Genes from Flask and Bioreactor Thyroid 
Cultures. Two Venn diagrams representing genes down-regulated 48 hours post exposure to 50 and 
200 cGy gamma rays in the two culture conditions investigated in this report are shown.  The diagrams 
are labeled with the number of unique genes down-regulated ≥1.5 fold compared to control levels for 
the respective conditions with common genes indicated in the shaded overlap.   
 
Assignment of Modulated Genes to Biological Pathways 
 In order to assign properties to the different patterns of genes obtain from the four 
treatment conditions we employed GO to distribute genes with known biological properties to 
appropriate pathways.   The resulting distributions are shown as pie-charts in Figure 4.    
  

 
 
Figure 4.  Assignment of Modulated Genes to Biological Pathways 
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 Four pie-charts are shown to represent the four experimental groups in this study.  Lists of 
genes ≥1.5-fold modulated were imported into GO with the sub-set defined as members of the various 
pathways distributed as indicated by color.  The total number of imported genes are indicated on each 
pie-chart.  The 50 cGy bioreactor chart is the most unique with only three pathways represented; 
whereas the other three groups are more similar.  With seven pathways correspond to genes in the 200 
cGy bioreactor group and eight pathways in both of the flask-grown gene sets.   
 
The GO graphs include the sub-set of both up- and down-regulated genes that have been 
assigned to known biological pathways in the GO data base.  The pie-charts depict the 
different biological pathways by differing color and size of the sectors to indicate the number of 
genes in that sector relative to the starting list.  The pie-charts are not proportional to the total 
number of genes displayed; therefore we indicated the number of genes that are represented 
in the graph for that experimental condition within each chart.   
  
 The most obvious difference between the four pie-charts of Figure 4 is between the 50 
cGy bioreactor set (panel B) and all of the other three categories (50 cGy flasks, 200 cGy flask 
and 200 cGy bioreactor).  The 50 cGy bioreactor genes distributed to only three biological 
pathways [Cellular Processes (8 genes), Physiological Processes (7 genes) and Development 
(1 gene)]; whereas, the other samples distributed to multiple pathways and contained 
significantly more genes (panels A, C and D).   The only difference between the 200 cGy 
bioreactor pie-chart and those of the flask samples at 50 and 200 cGy is the addition of the 
category “Reproduction” in the flask-grown gene lists.  The flask cultures have 1 gene in the 
reproductive pathway at 50 cGy and 2 genes in this category at 200 cGy.  The striking feature 
of the pie-charts is that the major categories (Cellular and Physiological Processes) are the 
same for all four treatment conditions, irrespective of the fact that the majority of the genes 
differed between the groups.      
 
 
Part 2- Global Gene Expression in Thyroid Tissue Analogs Following Acute Exposure to 
Gamma-Rays and Protons. 

 
As part of our study to characterize radiation modulation of gene expression in thyroid 

tissue analogs we compared the responses to low-dose radiation delivered as an acute single 
fraction (high dose rate) and separately as a protracted low dose rate.  Bioreactor tissue 
analogs were harvested at three times post exposure; 3 hour, 2 and 7 days.   Duplicate 
microarrays consisting of 15, 900 rat genes were analyzed.   The results for global gene 
expression assessment are presented.  The results of gene expression analysis revealed that 
proton affected a greater number of genes than gamma-rays.  Collectively, the results indicate 
that under the conditions employed, there were unique signatures for gamma-rays and protons 
with sets of genes in common between the types of radiation differing temporally (3hr, 2 and 7 
days post-irradiation) and as a function of dose.   

 
The general results of genes modulated ≥ 1.5-fold over control levels for gamma-rays 

and proton radiation are shown in Table 4, below. 
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The lists in Table 4 indicate the total number of genes modulated by the time post-irradiation 
for gamma and proton radiation used in this study.   In reviewing the lists it was found that 
approximately 30% of the genes fall into categories that are “transcribed sequences”, those 
that have hypothetical protein products, have only weak homology and/or are repeated 
sequences.  The most notable feature of the table is that the number of genes modulated by 
10 cGy radiation 3 hours, 2 and 7 days post-exposure was greatest for protons.  
 
 
 We had originally wanted to use a simulated solar particle event for our proton 
exposure, however, due to unforeseen mechanical difficulties the first attempts failed to 
complete the 36 hour exposure.  We did participate in those early runs but chose in the interest 
of time to select a different energy for acute proton exposures that would provide an 
intermediate LET to complement our NASA related studies using carbon and iron ions.  For 
this reason we selected 40MeV/n to give an LET of ~ 2. 
 
 
 As an additional way to display the data for the acute exposures with the different forms 
of radiation we created Venn diagrams.   These diagrams allow for the genes in common and 
those unique to each form of radiation to be readily indicated.  The Venn diagrams for the 10 
cGy set of acute exposures are shown in Figure 5.  
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Figure 5.  Venn Diagrams Indicating the Genes in Common Between the Different Types of 
Radiation Used to Expose Thyroid Tissue Analogs.  To represent the different interactions between 
the four types of radiation used in this study required three Venn diagrams per time point for the 10 cGy 
exposure set shown in this figure.  The number of genes shared by each comparison is indicated with 
the genes common to all forms of radiation indicated in the center overlap shaded in grey.   The three 
rows represent the different times of harvest post-irradiation. 
 
There are 9 genes found in common to γ-rays, protons, carbon and iron at 3 hours, 2 genes in 
common at 2 days and 7 genes in common at 7 days post-exposure as indicated in Figure 5.  
The identities of these genes in common are compiled in Table 6.  
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The levels of gene expression are indicative of what is happening to the cells as a result 
of exposure to radiation, however, the levels of the mRNA measured on microarrays may not 
correspond to the levels of protein change triggered by radiation.  Therefore, it is necessary to 
confirm gene expression data by an additional means.   The preferred confirmation is at the 
protein level.  We have conducted many such experiments to confirm the levels of genes 
indicated by the microarrays, an example is shown below in Figure 6.  
 

 
Figure 6.  Confirmation of c-Fos Protein levels in Thyroid Tissue Analogs Following Acute 
Exposure to Gamma-Rays and Protons.  In panel A the gene expression levels for the two genes 
common to all four forms of radiation at 2 days post-exposure are shown.  Panel B is a Western blot 
showing the level of protein corresponding to c-fos in gamma and proton irradiated cell lysates 
harvested 2 days post acute exposure.   As indicated in panel A, the level of gene expression for c-fos 
in gamma irradiated cultures is low as compared to the level in proton irradiated tissue analogs.  The 
protein levels vary in the same way, with the gamma levels not appreciably different form control levels, 
whereas, the proton, protein levels are dramatically increased.    
 
 We are conducting all of the gamma and proton confirmations before we use the more 
precious carbon and iron protein lysates.  There are numerous ways the data can be analyzed, 
with only a few examples shown here.  In attempt to standardize the reporting of gene 
expression from microarray data websites have been generated where gene lists and 
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experimental conditions are reported and can then be viewed by interested scientists.  We are 
in the process of linking our data sets to such a site the raw data and experimental conditions 
will be accessible by an accession number that we will provide.   
 
 The last set of results to report are those wherein thyroid tissue analogs primed by 
protracted exposure to gamma-rays were challenged with an equivalent acute dose of gamma-
rays, protons (DOE), carbon or iron ions (NASA).  These experiments are detailed in part 3. 
 
Part 3-Low-Dose Rate Primed Tissue Analogs Challenged with Acute Low Dose 
Exposures of Gamma-Rays, Protons, Carbon and Iron Ions. 

 
We exposed tissue analogs to low dose rate γ-rays delivering 10 or 50 cGy over 2 or 7 

days at dose rates as low as 0.06 cGy/hour.   The final phase of the study was to expose the 
primed (low dose rate) tissues with acute challenge exposure of γ-rays or protons.  An example 
of the results of the γ-ray challenge is shown in Figure 7. 

 
 
Figure 7.  Gene Expression Tracking Five genes Following Acute, Protracted and Protracted 
Plus an Acute Challenge Exposure.  This three panel composite tracks five genes that displayed 
different patterns of response to an acute exposure to 10 or 50 cGy gamma radiations.  The values are 
graphed relative to control levels with a value of one being equivalent to no change.  The genes are 
DNA ligase (black bar); Cyclin B (red bar); PCNA (green bar); SOD-3 (yellow bar) and TIMP-3 (blue 
bar).  Panel A represents the acute values for the five genes harvested at 3hrs, 2 and 7 days post-
irradiation.  Panel B shows the same gene products following a protracted exposure of 10 and 50 cGy 
delivered over 2 or 7 days, with the samples harvested at completion of the total dose.  In panel C the 
thyroid tissue analogs were treated with the combined exposures, first primed with the low dose rate for 
a total of 10 or 50 cGy followed by an acute challenge with the equivalent dose, after which the 
samples were harvested 3 hours or 2 days post challenge. 

 
The muted effects in gene expression detected when the low dose rate primed tissue 

was exposed to low LET radiation supports our original contention that priming would be 
protective in terms of reducing the subsequent response to acute challenge.  An additional 
example with high and low LET types of challenge exposures are shown in Figure 8. 
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Figure 8.  Gene Expression Following Acute and Protracted plus Acute Challenge Exposures of 
γ-rays, Proton, Carbon and Iron Ions.   This 3-panel composite shows the expressed levels of the 
only two genes (connective tissue growth factor and c-fos) that were ≥ to 1.5 fold modulated by a 10 
cGy acute exposure to all 4 types of radiation 2 days post irradiation (panel A).  These same genes 
were tracked in the low dose rate exposure sets that received an acute challenge with the 4-types of 
radiation.  Panel B shows the 0.2 cGy/hr for 48 hours (total 10 cGy/2 day set) γ-radiation primed tissue 
analogs challenged and gene expression assessed 2 days post acute challenge.  Panel C is from the 
0.06 cGy/hr for 168 hours (total 10 cGy/7 day set) γ-radiation primed tissue analogs challenged and 
gene expression assessed 2 days post challenge.  In the challenged sets the genes were either not 
changed relative to control levels or expressed at very low levels as shown.   

 
 The results of the experiments detailed in Figures 7 and 8 are that the low dose rate 
exposure potentiated the secondary challenge exposure in that the responses were muted 
relative to either of the exposures alone.  The conclusion from this is that the priming low dose 
rate exposure resulted in a buffering of the response and tended to reduce the fluctuations in 
gene expression from the high dose rate challenge exposures at this point including radiation 
with relatively low LET’s.    
 
 The list of low dose rate primed tissue analogs plus challenge exposures with γ-rays 
and protons are shown in Table 7. 
 

 
 
 The results shown in Table 7 indicate that all of the challenge sets resulted in fewer 
genes being expressed after the acute challenge exposure than were expressed in the LDR 
primed tissue at 2 days post-exposure.  However, at 3 hours post-exposure only the gamma-
ray challenge set resulted in fewer genes being expressed post acute challenge.  Surprisingly, 
the proton challenge resulted in a higher number of modulated genes, even when compared to 
carbon and iron ions (data not shown).  There is considerably more analysis to be conducted 
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in the months ahead before a conclusion can be made.  In our original hypothesis were 
predicted that priming would be protective, which we originally thought would be manifested as 
fewer genes expressed. In this line of reasoning we assumed that less fluctuation would 
indicate less responsiveness and therefore indicative of protection.  Clearly, it is not that simple 
and further investigation is necessary to make a definitive statement in this regard.  
   
DISCUSSION:  
 

The long-term objective of our work is to investigate the potential effects of low dose 
ionizing radiation on normal tissue relevant to radiation workers and astronauts, and determine 
if these effects can cause abnormal regulation of genes resulting in increased risk of disease.   
In the studies that comprise this grant we utilized bioreactor-generated thyroid tissue analogs.  
Epithelial-based glands like the thyroid and breast are somewhat different in their organization 
but both depend on an intricate microenvironment and higher-order assembly to support their 
function. Most epithelial cells grown in flasks quickly lose normal properties such as 
polarization, secondary structure and the ability to release soluble products.  The loss of 
normal properties prevents the majority of in vitro culture systems from providing relevant 
information on disease processes.  Thus, the inability of flask-gown cultures to appreciably 
mimic in vivo functioning facilitated the need for improved culture techniques.  In the thyroid, 
the follicle is the smallest unit of the gland that retains thyroid function (Green et al., 2001b) 
whereas in the breast, the luminal epithelial cells form acini that secret to ducts (Nelson & 
Bissell, 2005).  The use of three-dimensional models, whether generated on collagen 
substrates or in bioreactors, has highlighted our appreciation of how the environmental context 
and its disruption contribute to disease processes.    
 

Our three-dimensional model represents an intermediate state between the isolated 
follicles found in flask-grown cultures and the highly organized multifollicular assembly of the 
intact thyroid gland.  The identification of differences in gene expression found in bioreactors- 
generated tissues compared to flask-grown cultures supports the biological differences 
measured previously using these culture conditions (Green et al., 2002b).  The results indicate 
that the level of cellular organization resulted in substantially dissimilar responses to radiation 
stress delivered as acute single fractions.  It is likely that the different microenvironments are 
controlled by different regulatory factors, and in turn affect the response to ionizing radiation.   
From this perspective, it will still be necessary to determine which of these gene expression 
patterns represent the best approximation of the radiation response in vivo.  However, 
previous reports on normal tissue-like properties of engineered organoids suggests that our 
bioreactor-generated thyroid tissue will exhibit radiation-induced changes in gene expression 
that more closely approximates the in vivo condition than the in vitro profile exhibited by flask-
grown cultures. 

 
We have conducted many radiobiologic experiments using the flask-grown, relatively 

normal thyroid cultures (Green et al., 2001a; 2001b; 2002a; 2002b; 2005).   In those in vitro 
studies the lowest doses were ≥100 cGy and the results for various endpoints (micronuclei 
frequency, apoptosis and DNA damage) were linear.  In this study when the responses of 
flask-grown cultures exposed to 50 cGy compared with 200 cGy and the results, in terms of 
gene expression, were non-linear.  The hyper-responsiveness of the 50 cGy gene expression 
patterns were evident in all of the comparative analysis conducted; including up-regulated 
genes (Table 2), down-regulated genes (Table 3), and in the number of unique genes 
expressed (Figures 2 and 3).   Thus, at the level of gene expression the linear no-threshold 
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model does not explain the findings presented here for the two-dimensional cultures with a 
significantly greater response from 50 cGy then measured for 200 cGy.  Suggesting that the 
response to radiation for doses < 100 cGy do not behave as predicted from responses at 
doses > 100 cGy. 

 
The tissue analogs gene expression patterns were opposite of those described for the 

flask-grown cultures.  The tissue analogs response at 50 cGy was significantly less than the 
response of tissue analogs exposed to 200 cGy (49 total genes to 219 genes, respectively).  
These differences were consistent for the tissue analogs, in that, at every level of modulated 
gene expression the 50 cGy response was lower than the response at 200 cGy (Tables 1-3 
and Figures 2 and 3).  The dramatically muted response of the 50 cGy tissue analogs 
suggests that the level of organization was protective.  In that the tissue-like structures 
generated in the bioreactors have enhanced physical contacts which provides a sort of 
buffering capacity that reduces fluctuation in gene expression; similar to what would be 
expected for tissues irradiated in vivo.  The more robust response of the 200 cGy irradiated 
tissue analogs suggest that at higher doses (> 100 cGy) the sparing effect provided by 
physical contacts were somewhat diminished.     

 
Collectively, the results of the acute exposures support that at low doses of low LET 

radiation the gene expression response of tissues was significantly less than would be 
predicted from cells grown in vitro.  As such risk assessment based on responses from in vitro 
cultures will overestimate the risk of exposure to low dose (< 1Gy) radiation in vivo.  This 
exaggeration will be even greater if the in vitro cultures are from transformed cell lines.  
Secondly, in vitro responses to relatively high doses of radiation resulted in gene expression 
patterns not significantly different whether the cells were grown in flasks as two-dimensional or 
in bioreactors as three-dimensional cultures. Suggesting that at relatively high doses any 
buffering capacity provided by the microenvironmental context is overwhelmed.  A further 
implication is that, in normal cellular systems, extrapolation of this (> 100 cGy) type of data 
probably provides a reasonable estimate of the in vivo response.   These results support the 
current paradigm shift in thinking as described in Brooks, 2005. 

 
The acute versus protracted exposure and the protracted plus an acute challenge 

experiments were conducted using only the tissue analogs.  Considering acute versus 
protracted, when these two conditions were compared globally, there were more genes 
modulated following a protracted exposure than for acute exposures (on the order of 10-15 
fold).   The increased number of modulated genes may indicate that the basal state has been 
elevated to some new level that may be beneficial in terms of a heightened state of readiness.  
This conjecture needs to be verified and these analyses are currently underway.   When the 
protracted or “primed” tissues were challenged with an acute exposure, the results of the 10 
cGy challenge were vastly different than the 50 cGy challenge.  When specific genes were 
considered, like that shown in the results section of this document (Figures 7 & 8), the 
response to challenge was muted.  This was also generally true for the responses of the 10 
cGy challenge which were reduced in magnitude relative to a protracted 10 cGy exposure.  
However, the 50 cGy challenge sets were elevated relative to the protracted 50 cGy sets.  In 
all of these experiments with relatively low doses of low LET radiation the modulated genes 
were either equivalently distributed to up- and down- regulated categories or there were more 
up-regulated genes.  Our laboratory is currently further investigating the contributions of higher 
order tissue organization and the influence of dose and dose rate to radioresponsiveness. 
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