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Introduction 
 

The year 2009 has been very successful for the Center, 
both from the scientific and the grants perspective. Scientifi-
cally, the content of this Report suggests that progress has 
been good, both at the basic science level and in our applied 
and translational projects. This scientific progress is in 
considerable part reflected through the three large NIH 
grants that primarily support the Center, which have all been 
renewed within the last 18 months.  These are:  
 Our U19 grant, Center for High-Throughput Minimally-

Invasive Radiation Biodosimetry      
(www.cmcr.columbia.edu),  

 Our Program Project grant, Radiation Bystander Ef-
fects: Mechanisms  
(www.radiation-bystander.columbia.edu), 

 Our P41 grant, Radiological Research Accelerator Fa-
cility (www.raraf.org). 

 
Apart from these three large grants, among our new 

initiatives we are delighted to have competed successfully 
for ARRA (American Recovery and Reinvestment Act) 
funding, to have received an NIH shared instrumentation 
grant for the purchase of a new research X-ray machine to 
replace our aging Siemens unit, and to have been awarded 
two new contracts through BARDA (Biomedical Advance 
Research and Development Authority). In addition we 
have continued to compete successfully for basic-science 
grants at NIH, at NASA, and at DTRA (Defense Threat 
Reduction Agency).   

The research and collaborative activities between our 
Center and other Departments at Columbia University 
Medical Center has increased in the past year, particularly 
in terms of translational projects with the Department of 
Radiation Oncology, but also with other departments such as 
Radiology, Biochemistry, and Mechanical Engineering. In 

addition, our long-time interactions continue to grow with 
the Department of Environmental Health Sciences at the 
Mailman School of Public Health.  New research interac-
tions have also been established this year with our local col-
leagues at NYU and at Memorial Sloane-Kettering Cancer 
Center.  Strong international collaborations have also been 
developed.  For example, joint research efforts have begun 
with the National Institute of Radiological Sciences in 
Chiba, Japan. 

One of the most pleasing developments is that three of 
our graduate students (Sarah Huang, Igor Shuryak, and Yun-
fei Chai) all successfully defended their PhD theses, with 
both Sarah and Igor receiving a rare Distinction award.  We 
congratulate all three and are delighted that Igor has chosen 
to stay on at the Center as a postdoctoral fellow. ■  

Our three graduate students successfully defended their 
Ph.D. theses. Our three new Doctors (L-r): Dr. Yunfei Chai, 
Dr. Sarah Huang and Dr. Igor Shuryak. 

 
 
 
 

Staff News 
 

Dr David Brenner has continued his work on the benefit / 
risk balance associated with radiological imaging and on 
second cancer risks associated with radiotherapy. His 2007 
New England Journal Paper paper, with Eric Hall, on CT 
usage ranks in the top 20 cited papers of all science papers in 
the past 3 years.  He co-organised the 8th Annual Gilbert W. 
Beebe Symposium at the US National Academies of Sci-
ences: “Radiation Exposures from Imaging and Image 
Guided Interventions”. Dr. Brenner gave a presentation on 
Capitol Hill to the the Congressional Science Research Cau-
cus on whole-body imaging at airports. He continues to 
Chair all three of the Columbia University Radiation Safety 
Committees. 

 

Dr. Tom Hei has been appointed Co-editor of Life Sciences 
of the journal Advances in Space Research. As the Distin-
guished Visiting Scientist of the National Institute of Radio-
logical Sciences, Dr. Hei co-organized an international 
workshop in February 2009 entitled “Challenges in the New 
Frontier in Space Travel: Physics and Biology of Radiation 
Risk”. Dr. Hei was also a panel member of the Institute of 
Medicine in reviewing the NIOSH Roadmap for Research 
on Asbestos Fibers and Other Elongate Mineral Fibers. A 
final report of the findings was published in December 2009. 
Dr. Hei’s review article on “Mechanism of Bystander Ef-
fects: A Unifying Mechanism” was one of 25 top papers 
published Pharmaceutical Press, for which he was sent a box 
of chocolates.  
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Dr. Eric Hall received the P&S Distinguished Service 
Award for 2009 from the Dean of the Medical School in 
recognition of his 40 years as a faculty member and 25 years 
as Director of the Center for Radiological Research. 

 
Dr. Howard Lieberman continues to be Associate Editor of 
the journal Radiation Research and the Journal of Cellular 
Physiology. He has also continued as an Ad Hoc reviewer 
for the NIH RTB Study Section. 
 
Dr. Charles Geard is now the chairman of the Scientific 
Advisory Committee on Radiobiology Research (SACRR) 
of the Brookhaven National Laboratory on Long Island, 
New York. He has been a member of this Committee for 
nine years. 

 
Dr. Sally Amundson was appointed to the Scientific Coun-

cil of the Radiation Effects Research Foundation (RERF), 
the joint US-Japanese funded foundation dedicated to study-
ing health effects in the survivors of the atomic bombings. 
The Council meets in Hiroshima each spring to review the 
scientific activities of RERF. Dr. Amundson was also ap-
pointed to the Program Area Committee 1 (PAC-1) of the 
National Council for Radiation Protection and Measure-
ments. 

 
We will miss the staff members who have left the Center 

in the past year, for new adventures in new places, and we 
wish them all the very best in their future endeavors: 

Dr. Yuxin Yin left the Center for a position in the De-
partment of Radiation Oncology at Weill Cornell Medical 
College, New York. 

Dr. Mei Hong, Post-Doctoral Research Scientist in Dr. 
Hei’s lab, accepted a Professorship at the South China Agri-
cultural University in Guangzhou, China. The other two 
Post-Doctoral Research Scientists, Dr. Burong Hu and Dr. 
Alexander Kofman in Dr. Geard’s lab left the Center for new 
positions elsewhere. Dr. Bo Shen returned to the Institute of 
Radiation Medicine at Fudan University as a Staff Scientist 
after one year visiting work in Dr. Hei’s lab. Ms. Suping 
Zhang who spent a year working on her thesis in Dr. Hei’s 
laboratory returned to SuZhou University to continue her 
Ph.D study. Benjamin Yaghoubian left the Amundson lab in 
order to return to California and pursue a law degree. Also 
leaving in 2009 was Research Worker Xiaojian Wang who 
was a member of Dr. Lieberman’s group. 

Dr. Eric Hall was honored by receiving the P&S Distin-
guished Service Award at P&S commencement ceremonies on 
May 20, 2009.

The Center is delighted to welcome several new mem-
bers: Two new Post-Doctoral Research Scientists joined us 
in 2009. They are: Dr. Barbara Szolc in Dr. David Brenner’s 
group, and Dr. Erik Young in Dr. Smilenov’s lab. In addi-
tion, Lihua Ming joined Dr. Amundson’s lab as a Technician 
B, and Joshua Bernstock joined Dr. Lieberman’s lab as part-
time Research Worker during 2009. ■ 

 
 
 
 

Columbia Colloquium and Laboratory Seminars
 

At regular intervals during the year the Center for Radio-
logical Research is pleased to welcome accomplished spe-
cialists from around the world to present formal seminars 
and/or spend time discussing ongoing research.  

The seminars are attended by Center and RARAF pro-
fessional staff, senior technical staff and graduate students, 
as well as doctors and scientists from other departments of 
the College of Physicians & Surgeons interested in collabo-
rative research. Attention has focused on recent findings and 
future plans, with special emphasis on the interdisciplinary 
nature of our research effort.  

 
The 2009 sessions included the following guest speakers 

(listed alphabetically):  
 Dr. David J. Chen, Ph.D., Department of Radiation On-

cology, Southwestern Medical School, Dallas: (1) 

“DNA-PKcs Phosphorylation in DNA Repair and in He-
matopoietic Stem Cell Maintenance.” (2) “Repair of Low 
Dose Radiation-Induced DNA Double-Strand Breaks in 
Mammalian Cells.” 

 Mr. Hansen Chen, M.S., Director of Technology Devel-
opment, Department of Radiation Oncology, New York 
Presbyterian Hospital: “Extensive Image Applications on 
SBRT Lung Treatment.” 

 Dr. Ernest J. Feleppa, Ph.D., Research Director, Lizzi 
Center for Biomedical Engineering, Riverside Research 
Institute: “Ultrasonic Spectrum Analysis for Typing Tis-
sue: Basic Concepts and Applications to the Prostate and 
Lymph Nodes.” 

 Dr. Robyn Gershon, Professor of Clinical Sociomedical 
Sciences, Associate Dean for Research Resources, De-
partment of Sociomedical Sciences: “Human Factors in 
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Emergency Response.” 
 Dr. David Issadore, Ph.D., School of Engineering and 

Applied Sciences, Harvard University: “Hybrid Elec-
tronic/Microfluidic Lab on a Chip Device.” 

 Dr. Dalong Pang, Ph.D., Chief, Division of Radiation 
Physics, Department of Radiation Medicine, Georgetown 
University Hospital: “Short DNA Fragments Are Critical 
Lesions of Ionizing Radiation-Induced DNA Damage.” 

 Dr. Jaime S. Rubin, Director of Research Development, 
Department of Medicine, Columbia University: “Fund-
ing and Grantsmanship for Biomedical Investigators.” 

 Dr. Ren-Dih Sheu, Ph.D., Assistant Professor of Radia-
tion Oncology, Mount Sinai Medical Center: “Accurate 
and Efficient Monte Carlo Dose Calculation for Electron 
and Photon Beams.” 

 Dr. Bhadrasain Vikram, M.D., Chief, Clinical Radiation 
Oncology Branch, Radiation Research Program, Division 
of Cancer Treatment and Diagnosis, National Cancer In-
stitute, National Institutes of Health: “Q&As Session Fo-
cusing on the Challenges and Opportunities in NCI under 
New Administration: Everything You Wanted to Know 
about NCI Grants but Were Afraid to Ask.” 

 Dr. Tuan Vo-Dinh, Ph.D. Director, Fitzpatrick Institute 
for Photonics, Duke University: “Nanoprobes and Nano-
biosensors for Monitoring and Imaging Individual Living 
Cells.” 

 Dr. Debra Wolgemuth, Professor of Department of Ge-
netics and Development, Columbia University: “From 
Meiotic Arrest to Myeloid Leukemia: New Insights into 

the Function of the Mammalian A- and E-type Cyclins.” 
 Dr. Ping Yan, Ph.D., Postdoctoral Associate, Department 

of Diagnostic Radiology, Yale University: “Estimation 
of 3D Cardiac Deformation from Medical Images.”  
 
Seminars were also conducted by professionals from our 

own Center staff:  
 Dr. David J. Brenner: “The Continuing Story of CT Scan 

Risks: Are They Real? Can Anything Be Done?” 
 Dr. Shanaz Ghandhi: “Global Gene Expression Analysis 

of Bystander and Alpha Particle Irradiated Normal Hu-
man Lung Fibroblasts.” 

 Dr. Tom K. Hei: “Genomic Instability and the Non-
targeted Effect: Implications in Radiation Risk Assess-
ment and Clinical Practice.” 

 Ms. Sarah Huang: “The Roles of Mitochondria and Re-
active Radical Species in Asbestos-induced Mutagene-
sis.” 

 Dr. Jarah Meador: “Analysis of DNA Damage Induction 
and Repair in Human Multipotent Adult Stem Cells and 
Differentiated Cell Types.” 

 Dr. Sunirmal Paul: “Gene Expression Signatures for Ra-
diation Biodosimetry: in vivo and exvivo.” 

 Dr. Brian Ponnaiya: “Gene Expression Profiling in Indi-
vidual Cells.” 

 Dr. Yuxin Yin: “p53 and PTEN: Two Guardians of the 
Genome.” 

 Dr. Hongning Zhou: “The Signaling Pathways Involved 
in Radiation-Induced Bystander Effect.” ■ 

Seminar speaker Dr. Rodney Nairn (left) from Department 
of Carcinogenesis, University of Texas at Smithville pictured 
with Dr. Tom Hei. 

(L-r): Dr. David Brenner, Dr. Charles Geard, Mrs. Marga-
ret Geard and Dr. Tom Hei on the occasion of Dr. Geard’s 35th 
year in the Center for Radiological Research.  
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Faculty and Staff 
 

Faculty: 
 

 DAVID J. BRENNER, Ph.D., D.Sc. 
                Director 
                RARAF Director 

Higgins Professor of Radiation Biophysics 
Professor of Radiation Oncology 
Professor of Environmental Health Science 
Chairman, Joint Radiation Safety Committee 
Chairman, Radioactive Drug Research Committee 
 

 TOM K. HEI, Ph.D. 
               Vice-Chairman, Dept. of Radiation Oncology                
               Associate Director 
  Professor of Radiation Oncology 
  Professor of Environmental Health Sciences 
 

ERIC J. HALL, D.Phil., D.Sc., FACR, FRCR, FASTRO 
  Higgins Professor Emeritus, 

Special Lecturer in Radiation Oncology, 
Special Research Scientist 

 

       CHARLES R. GEARD, Ph.D. 
  Professor of Clinical Radiation Oncology  
 

HOWARD B. LIEBERMAN, Ph.D. 
  Professor of Radiation Oncology  
               Professor of Environmental Health Sciences 
 

 SALLY A. AMUNDSON, Sc.D. 
  Associate Professor of Radiation Oncology 
 

       YUXIN YIN, M.D., Ph.D. 
  Associate Professor of Radiation Oncology  
 

 LUBOMIR SMILENOV, Ph.D. 
  Assistant Professor of Radiation Oncology 
 

 YONGLIANG ZHAO, Ph.D. 
  Assistant Professor of Radiation Oncology 
 
Research Staff: 
 

 GERHARD RANDERS-PEHRSON, Ph.D. 
  Senior Research Scientist  
        ADAYABALAM BALAJEE, Ph.D. 
  Research Scientist  
 GUY GARTY, Ph.D.  
         Research Scientist 

VLADIMIR IVANOV, Ph.D. 
  Research Scientist 
 HONGNING ZHOU, M.D. 
  Research Scientist 
 ALAN BIGELOW, Ph.D.  
  Associate Research Scientist  
 GLORIA CALAF, Ph.D. 
  Adj. Associate Research Scientist 

SHANAZ GHANDHI, Ph.D. 
               Associate Research Scientist 

PETER GRABHAM, Ph.D. 
  Associate Research Scientist  
       CORINNE LELOUP, Ph.D. 
  Associate Research Scientist  
       ALEXANDRE MEZENTSEV, Ph.D. 
         Associate Research Scientist  
       SUNIRMAL PAUL, Ph.D.  

        Associate Research Scientist  

BRIAN PONNAIYA, Ph.D. 
  Associate Research Scientist 

HELEN TURNER, Ph.D. 
  Associate Research Scientist 

CARL ELLISTON, M.S.  
Senior Staff Associate 

KEVIN M. HOPKINS, M.S.  
Senior Staff Associate  

 STEPHEN A. MARINO, M.S. 
Senior Staff Associate 

 AIPING ZHU, M.D.  
Senior Staff Associate 

JINSHUANG LU, M.S. 
Junior Programmer 

 

Post-Doctoral Research Scientists: 
ANTONELLA BERTUCCI, Ph.D.   
ANDREW HARKEN, Ph.D. 
MEI HONG, Ph.D. 
BURONG HU, Ph.D. 
SARAH HUANG, Ph.D 
ALEXANDER KOFMAN, Ph.D. 
PING LU, Ph.D. 
JARAH MEADOR, Ph.D. 
WENHONG SHEN, Ph.D.  
IGOR SHURYAK, M.D. 
BARBARA SZOLC, Ph.D. 
THOMAS TEMPLIN, Ph.D. 
GENYUN WEN, Ph.D. 
YANPING XU, Ph.D. 
ERIC YOUNG, PH.D. 

 

Visiting Research Scientists: 
 

BO SHEN, Ph.D.  
 

Design & Instrument Shop: 
 

       GARY W. JOHNSON, A.A.S., Senior Staff Associate 
   Design & Instrument Shop Director 

DAVID CUNIBERTI, B.A., Instrument Maker 
DENNIS KEAVENEY, Instrument Maker 
ROBERT C. MORTON, Instrument Maker  

 

Technical Staff: 
 

XIAOJIAN WANG, M.S., Research Worker 
JOSHUA BERNSTOCK, M.S., Research Worker 
JANICE DAVID, B.S., Senior Technician 
LIHUA MING, B.S., Technician B 
BENJAMIN YAGHOUBIAN, B.S., Technician B 
CUI-XIA KUAN, Technical Assistant 

 

Administrative & Secretarial Staff: 
 

MONIQUE REY, B.A., Center Administrator  
LILIAN OLING, M.A., Project Manager  
MARGARET ZHU, M.A., Business Manager  
YVETTE ACEVEDO, Administrative Assistant 
ANGELA LUGO, Junior Accountant 
ANNERYS RODRIGUEZ, Bookkeeper
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Front row (l-r): Ms. Monique Rey, Dr. Sally Amundson, Dr. Tom Hei, Dr. David Brenner, Dr. Howard 
Lieberman, Dr. Charles Geard, Dr. Gerhard Randers-Pehrson.  
 
2nd row: Ms. Angela Lugo, Ms. Margaret Zhu, Mrs. Cui-Xia Kuan, Dr. Congju Chen, Ms. Lilian Oling, 

Dr. Corinne Leloup, Ms. Sasha Lyulko, Dr. Jarah Meador, Ms. Maria Taveras, Dr. Antonella Ber-
tucci, Ms. Janice David.  

 
3rd row: Mr. Gary Johnson, Dr. Barbara Szolc, Ms. Annerys Rodriguez, Ms. Yvette Acevedo, Dr. Aip-

ing Zhu, Ms. Jinshuang Lu, Dr. Helen Turner, Dr. Preety Sharma, Dr. Sarah Huang, Dr. Peter Grab-
ham, Dr. Shanaz Ghandhi, Dr. Vladmir Ivanov, Dr. Erik Young.  

 
4th row: Dr. Yongliang Zhao, Dr. Sunirmal Paul, Mr. Joshua Bernstock, Dr. Hongning Zhou, Mr. David 

Cuniberti, Dr. Guy Garty, Dr. Alan Bigelow, Dr. Ping Lu, Mr. Lihua Ming, Mr. Yunfei Chai.  
 
Back row: Dr. Igor Shuryak, Dr. Adayabalam Balajee, Dr. Thomas Templin, Mr. Kevin Hopkins, Mr. 

Carl Elliston, Dr. Lubomir Smilenov, Dr. Andrew Harken, Dr. Brian Ponnaiya, Mr. Robert Morton, 
Dr. Yanping Xu, Dr. Gengyun Wen. 

 
Not pictured: Dr. Eric Hall, Dr. Alexandre Mezentsev, Dr. Gloria Calaf, Mr. Stephen Marino and Mr. 

Dennis Keaveney. 
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Microbeam Writing on a Cell at RARAF 
 

Alan W. Bigelow, Helen C. Turner, Yanping Xu, Gerhard Randers-Pehrson and David J. Brenner 
 

 
To demonstrate the resolution of the microbeam II 

irradiator at RARAF, the letters “NIH” were irradiated onto 
a live single cell nucleus. The cells for this demonstration 
were HT1080 human Fibro Sarcoma cell nuclei containing 
GFP-tagged XRCC1 (single-strand DNA repair protein). 
These cells were provided by David Chen, UT 
Southwestern, Dallas, Texas; they were plated on 
microbeam dishes and kept under physiological conditions 
during the irradiation and imaging phases. A single cell 
nucleus was irradiated in a “NIH” dot-matrix stage-motion 
pattern with ~200 6-MeV alpha particles per spot (Fig. 1). 
The pattern was produced via precision stage motions to 

irradiation locations. Typical spacing between points was     
1 µm. 

"NIH" 42 POINTS
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) Fig. 2. “NIH” written on a single cell nucleus with the 

RARAF microbeam. A tribute to our primary funding agency 
and a demonstration of our microbeam resolution.

As DNA damage occurred in the cell nucleus, XRCC1 
repair protein formed foci at the damage sites. Immediately 
after the irradiation, a Z-stack of 21 wide-field fluorescent 
images was acquired using a water-dipping objective (60X 
1.0NA), and a step size of ΔZ = 0.5 µm, to reveal GFP 
oncentrations in the nucleus exposed with the “NIH” pattern 
and in the neighboring cell nuclei. Autoquant software was 
used to deblur the images in a post-processing step.  ■ 

Fig. 1. Dot-matrix pattern for microbeam writing on a cell 
nucleus. The size of each dot approximately matches the 0.6 
micron diameter of the RARAF microbeam. 

 
 
 
 

 

Formation of DNA Repair Foci using 
RARAF’s UV Microspot Irradiator  

 
 Alan W. Bigelow, Charles R. Geard, Gerhard Randers-Pehrson and David J. Brenner 

 
 
Fulfilling requests from our facility users, we are 

integrating a UV microspot irradiator into our microbeam 
system. With our combination of a UV microspot and a 
charged-particle microbeam, RARAF is emerging as a 
unique facility for work that requires both photon and 
particle irradiations on the same platform. Our users have 
expressed needs to use an integrated UV microspot facility 
in two modes: 1) as a stand-alone UV microspot irradiator, 

and 2) as a probe to work in concert with ion-beam 
irradiation experiments. 
 
Principles of operation 

The traditional UV laser microbeam design involves an 
elongated laser path of exposure. Our system is an 
improvement over the conventional design because it utilizes 
multiphoton excitation to produce a micro-volume of 
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effective UV radiation - the defining characteristic behind 
our term UV microspot. What makes our UV microspot 
unique is that it is integrated within the Microbeam II 
charged-particle cell-irradiation platform to provide a 
cocktail of photon and particle irradiations within one 
system. 

Leveraging off of existing equipment, the tunable 
titanium-sapphire (Ti:S) laser from our multiphoton 
microscope1 has the ability (through the multiphoton 
process) to produce a microspot of UV radiation at the focal 
point of the laser beam. In the two-photon process, two 
photons with a corresponding wavelength of 720 nm, for 
instance, can have a superposition of energy and act as one 
photon with a corresponding wavelength of 360 nm. This 
process is optimized at the focal point of a laser where the 
incident photons have a high probability of temporal and 
spatial coincidence. 

Fig. 1. Multiphoton microscope time-lapse images showing 
a single cell nucleus before and after exposure to UV 
microspot.

The Ti:S laser for our multiphoton microscope covers a 
wavelength range of 680-1080 nm. These long wavelengths 
are minimally damaging to a tissue sample and, at the laser’s 
focal point, the two-photon and the three-photon processes 
effectively provide (340-540 nm) and (227-360 nm), 
respectively. These wavelengths and their energies are 
shown in Table 1. With this tool, we can implant a microspot 
of UV radiation into a tissue sample with 0.65 x 2.8 µm full 
width half maximum resolution and to depths of up to 
several hundred microns. 

 
Inducing DNA damage 

HT1080 Fibro-Sarcoma cells that contain GFP-tagged 
XRCC1 protein (developed by our user Dr. David Chen, UT 
Southwestern, Dallas, Texas) offer a convenient model for 
imaging repair foci at DNA damage sites. We targeted 
TH1080 Fibro-Sarcoma cell nuclei with the UV microspot 
irradiator to induce single strand DNA breaks. For the 
irradiation, the laser was tuned to 976 nm wavelength, 
corresponding to excitation modes: 1.27 eV (single photon), 
2.54 eV (two photon) and 3.81 eV (three photon). 
Multiphoton image stacks were taken before the irradiation 
and afterwards in time-lapse mode (Fig. 1). 

The target position was at the center of the images shown 
in the time series. Irradiation time was 5 seconds and the 
power was 16 mW. The time series depicts the onset of the 
DNA repair focus of XRCC1 and its subsequent decay in 
intensity. Additional observations include: 1) rapid large-
scale relocation of XRCC1 protein occurs within the nucleus 
following UV microspot irradiation, and 2) photobleaching 

during multiphoton imaging is minimal, confirmed by the 
consistency in brightness in the non-irradiated control cell 
nucleus. The nucleus with a large amount of XRCC1 protein 
(bright nucleus) in Figure 1 was targeted for UV microspot 
irradiation in order to clearly demonstrate the rapid large-
scale protein relocation phenomenon, which occurred for all 
irradiated nuclei. 

Inspection of the individual images within a z-stack 
reveals structural detail in the repair focus. Fig. 2 displays 
individual images (in 1 micron z-increments) from the “+1 

Table 1. Photon availability from Chameleon-Ultra II 
 

Multiphoton 
Mode 

Wavelength 
Range 

Energy 
Range 

Classification 

Single-photon 680-1080 nm 1.15-1.82 eV Visible / IR 

Two-photon 340-540 nm 2.30-3.65 eV UVA / Visible 

Three-photon 227-360 nm 3.45-5.47 eV 
UVA / UVB / 

UVC 

Fig. 2. Optical sections of cell nucleus in Figure 1 at +1 
min following UV microspot irradiation. 
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min” z-stack image from Figure 1. This series of optical 
sections carries the viewer through the cell nucleus and 
portrays structure in the focus, for instance at the onset of 
the focus in the “Z = 8 µm” plane. In addition, there are dark 
regions surrounding the bright focus in each pane. A 
plausible explanation of these image features is that they 
differentiate between two-photon and three-photon effects. 
Given that the two-photon effect and the three-photon effect 
have quadratic and cubic dependences on the input light 
power density respectively, there is a difference in the 

spatial confinement for each effect. It is possible that the 
DNA damage site (focus location) is primarily due to three 
photon effects and that the dark region (halo around the 
focus) is from an alternate form of laser-induced damage. 
 

References 
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UV Microspot Resolution: 
Columbia University Crown Logo  

 
Alan W. Bigelow, Helen C. Turner, Guy Y. Garty, Yanping Xu, Gerhard Randers-Pehrson and David J. Brenner 

 
 

To demonstrate the resolution of RARAF’s new UV 
microspot irradiator, the Columbia University crown logo 
was irradiated onto a live single cell nucleus (see Fig. 
below). The cells for this demonstration were HT1080 

human Fibro Sarcoma cell nuclei containing GFP-tagged 
XRCC1 (single-strand DNA repair protein). These cells 
were provided by David Chen, UT Southwestern, Dallas, 
Texas; they were plated on Petri dishes and kept under 
physiological conditions during the irradiation and imaging 
phases. Of the two cell nuclei visible in the multiphoton 
microscopy image below, the lower cell nucleus was 
irradiated using a Titanium Sapphire laser tuned to 976 nm, 
which acts as 488 nm and 325 nm in the two- and three-
photon modes, respectively. The crown pattern was 
produced via precision stage motions to 59 irradiation 
locations. Each location received 16mW of laser power for 1 
second to an elliptical volume 0.65 µm radial by 2.8 µm 
axial full width half maximum (FWHM). Typical spacing 
between points was 1 µm.  

As DNA damage occurred in the cell nucleus, XRCC1 
repair protein formed foci at the damage sites. Following 
irradiation, multiphoton microscope z-stack imaging (ΔZ = 1 
µm, Z range = 15 µm, λ = 976 nm, ~1sec/frame, 10X 
averaging) revealed GFP concentration in the nucleus 
exposed to the crown pattern and in the neighboring cell 
nucleus. With a 60X water-dipping objective, the image size 
is 58.1 µm wide by 55.8 µm high. To improve image 
quality, AutoQuant, an image debluring program, was used 
to surpass point-spread-function limitations. ■
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Proton Induced Soft X-ray Microbeam at RARAF 
 

 Andrew Harken, Gerhard Randers-Pehrson and David J. Brenner 
 

 
Introduction 

A soft x-ray microbeam for low-LET ionization of single 
cells and sub-cellular organelles has been developed. In 
2009, the soft x-ray microbeam endstation has been installed 
and is undergoing testing to bring it on-line for irradiation 
experiments. 

 
Endstation development 

The endstation of the x-ray microbeam has been installed 
on the horizontal beam line at the RARAF facility. Fig. 1 
shows a schematic diagram of the endstation assembly. An 
electrostatic quadrupole quadruplet is used to focus a proton 
beam (1.8 MeV) onto a titanium slug (Kα, 4.5 keV 
characteristic x-rays) embedded in a positional-adjustable 
copper rod at the end of the beam line. The titanium is cut at 
a 70-degree proton incidence angle so the resultant x-rays 
are emitted partially in the vertical direction. The vertical 
component of the generated x-rays pass out of the beam line 
vacuum system through a beryllium window into a helium-
filled chamber housing a Fresnel zone plate (Zoneplates, 
Inc., London, UK). The zone plate, a diffractive focusing 
optic, focuses the x-rays into a micron sized beam at the 
sample location. 

A fluorescence microscope (Nikon FN1 Eclipse, Nikon 
USA, Melville, NY) has been modified to sit above the 
vertical beam line with its focal plane and optical axis 
aligned with the focal point of the zone plate. A 
micropositioning stage (MicroStage with a Nano-Z200, Mad 
City Labs, Madison, WI) has been incorporated to allow for 

accurate measurements of the microbeam and placements of 
the irradiation samples. The implementation of the 
fluorescence microscope and micropositioning stage above a 
vertical beam provides our users with the same specimen 
preparation parameters as the charged-particle microbeam. 

 
Beam Testing 

We have performed knife-edge beam occlusion tests to 
determine the focused beam size at the sample irradiation 
location. Fig. 2 shows the current measurement for the beam 
of 8 μm x 3 μm in orthogonal directions. These 
measurements are performed with a gold knife-edge that 
fully absorbs the portion of the x-ray beam that is occluded. 
The background, the slope outside the green beam area, is 
due to the use of a larger than normal order selecting 
aperture not limiting the undefracted beam passing through 
the zone plate. This portion of the beam will be eliminated in 
the final operational assembly. The transitions shown in 
Figure 2 correspond to an absorbed dose rate of ~30 
cGy/min. 

While slightly larger than the proposed 2 μm x 2 μm, the 
measured beam size is expected for the current arrangement 
of the x-ray microbeam endstation – electrostatic lens 
voltage and aperture settings in particular. Reduction of the 
x-ray spot size is expected as we continue the proton beam 
improvements. However, the reported dose rate is at the 
predicted value and the tuning of the x-ray spot size will be 
moderated by maintaining this delivery rate. 
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Fig. 1. Schematic layout diagram of the x-ray microbeam 
endstation. 

Fig. 2. Knife-edge occlusion measurements of the x-ray 
microbeam. The green transition areas denote the beam 
diameter.

 
Conclusion 

We are completing the testing and establishment of the 
x-ray microbeam. We are looking forward to offering this 
new tool to RARAF users. ■ 
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Preliminary Studies of Flow-And-Shoot Technology 
(FAST) for the Microbeam 

 
 Guy Garty, Michael Grad,a Brian K. Jones,a Yanping Xu, Jie Xu,a 

Gerhard Randers-Pehrson, Daniel Attingera and David J. Brenner 
 

 
Introduction 

The RARAF microbeam system irradiates cells adhered 
to a thin membrane. The cells are mechanically moved to the 
location of the microbeam where they are individually 
targeted, either by a precision mechanical stage or by 
deflecting the beam slightly to hit individual cells (Point & 
Shoot).1 There are two drawbacks to this procedure. First, it 
only allows irradiation of cells, which can be made to adhere 
to the membrane. Second, the positioning of the cells limits 
irradiation throughputs to at most 10,000 cells/hour,2, 3 
limiting the possibility to probe rare endpoints such as 
mutagenesis and oncogenesis.  

To expand our throughput capabilities we propose to 
build a novel microbeam using Flow-And-ShooT (FAST) 
technology. In this system, cells will undergo controlled 
flow along a microfluidic channel intersecting the 
microbeam path. They will be imaged and tracked in real 
time using a high-speed camera, and targeted for irradiation 
using the existing Point-and-Shoot system. With the 
proposed FAST system, we expect to reach a throughput of 
100,000 cells per hour, which will allow experiments with 
much higher statistical power. 

The implementation of FAST will also allow irradiation 
of non-adherent cells (e.g. cells of hematopoietic origin), 
which are of great interest to many of our users. Current 
irradiation of lymphocytes is extremely difficult due to the 
low yield of cells that can be attached to a surface.4 

 
Design of the FAST Microbeam 

The following three design criteria are important for 
designing a microfluidic channel for use with microbeams. 
First, a laminar flow pattern is sought so the position of cells 
can easily be predicted. Second, the flow rate of the cells 
past the irradiation chamber must match the available beam 
flux. For example, given the 60 µm wide “field of fire” of 
the point & shoot system installed at RARAF1 and a typical 
beam flux of 100 particles/sec, the required cell velocity to 
deliver a dose of 1 particle per cell is 6 mm/s. A 
proportionally slower velocity is required if multiple cells 
are present in the field of fire. Finally, the height of the 
channel and surrounding material must be limited so it does 
not induce excessive beam scattering or prevent the beam 
from reaching the cells and the detector above the channels. 
This is not a problem for 2.6 MeV protons (120 µm range in 
water) but is a significant limitation for 5.2 MeV helium 
nuclei (40 µm range in water)  

Manufacturing of Channels 
For preliminary testing of cell flow and targeting, we 

have manufactured a PDMS microfluidic chip (Fig. 1), using 
soft lithography.5 The cross-section of the channel has 
respective width and height of 200 μm and 20 μm, so that 
the cells, when targeted by the microbeam, flow in the 
immediate vicinity of the exit window. The flow rate is 
controlled by a syringe pump. 

Fig. 1. Photo of flow-through chip used for testing cell 
tracking. 

Cell Tracking 
To perform single-cell-single-particle irradiation through 

the microfluidic channel, we need first to image and track 

10 µm
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Fig. 2. Fluorescent image of two beads flowing through 
microfluidic channel. The beads are denoted by arrows, and the 
measured trajectories are overlayed. The dashed lines denote 
the boudaries of the channel.

a Department of Mechanical Engineering, Columbia Unive-
rsity, New York, NY 
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the cells, then shoot particle(s) at them. In our preliminary 
studies, we used a 25 frame-per-second image-intensified 
camera3 to take pictures of a fluorescent bead, then analyzed 
the images and located its position at different times. Fig. 2 
shows an image of 5 μm diameter fluorescent beads flowing 
through the channel. Because of the laminar flow, the bead 
motion is fairly smooth and linear,6 so that we can accurately 
predict the cell position at subsequent time points.  

To determine the error in tracking, we: 
1. Located all beads in each image (In), typically 2-3 beads. 
2. For each bead located the corresponding (closest) bead in 

the previous image (In-1). 
3. By linear extrapolation, predicted the position of that 

bead in the next image (In+1). 
4. Compared the position of the prediction with the actual 

position in the image In+1. 

Fig. 3 shows the distribution of predicted errors based on 
tracking 10 beads over 270 frames. More than 90% of the 
errors are smaller than 1 μm and 98% are smaller than the 
2.5 μm beam radius available in the Permanent Magnet 
Microbeam. 

These experiments simulated an irradiation throughput of 
about 3000 cells/hour. To further increase the throughput, 
we are in the process of incorporating a 40-times faster 
imaging system (1000 frames per second) and 
implementation of a hardware-accelerated tracking 
algorithm. This will allow both increasing of cell-flow 
speeds and flowing of a larger number of cells in parallel, 
with the aim of reaching an irradiation throughput of 
100,000 cells per hour. 
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Neutron Microbeam 
 

 Yanping Xu, Gerhard Randers-Pehrson, Stephen A. Marino and David J. Brenner 
 

 
Introduction 

In August 2009, a new NIBIB-funded microbeam project 
- neutron microbeam system was started at RARAF. The 
development of the neutron microbeam for single cell 
irradiation is moving forward. The principle of the neutron 
microbeam was described in a previous Annual Report.1 
Near threshold the 7Li(p,n)7Be reaction provides a very 
narrow forward angular distribution for neutron emission 
because the velocity of the center of mass is greater than the 
relative outgoing velocity of the neutrons. This “kinematic 
collimation” enables us to produce a neutron microbeam of 
diameter 8 to 20 µm using an initial proton microbeam with 
a diameter of 5 µm. Since this neutron microbeam system 
requires a relatively higher proton beam current, it’s planned 
to setup the experiment station on the horizontal T2 beam 
line. The detailed beam line design has been carried out 
following with Monte Carlo particle transport simulation. 
The beam spot size test is carefully designed and the 
experiment station is under construction now. The first 
concept test was conducted using a 1 mm diameter 
collimated beam. The result is shown in this report. Fig. 2. Experiment Station Setup. 

 
Beam line design 

To make the beam line geometry and lens voltage 
suitable for producing a 5 µm diameter proton beam, a 
Monte Carlo particle transport simulation was conducted to 
study proton beam transport in the T2 beam line. An 
electrostatic quadruplet lens with an ABBA configuration 
was designed to hold a relatively low voltage (5KV) to avoid 
lens element sparking. Considering the higher proton beam 

current required, beam acceptance needs to be larger than 
other RARAF microbeams. A 500 µm diameter object 
aperture and a 400 µm limiting aperture were selected, 
which result in a calculated demagnification of 22. The 
beam spot at the focal point is about 5 µm (Fig. 1). The 
distance from the object aperture to the limiting aperture is 
3.5 m and the focal distance is 0.5 m.  

The experiment station design is shown in Fig. 2. The 
electrostatic lens is used to focus the proton beam. The long 
focusing length allows us to use low voltage on the lens. The 
proton beam size resolution scan is conducted vertically. The 
dish with knife edges is moved by an x-y-z stage with 
minimum step size 0.1 µm. A solid state semiconductor 
detector is positioned behind the dish to detect protons 
during the scan. Once we have the proton beam size and 
beam location, the regular microbeam window is replaced by 
a neutron target. The neutron beam size will be measured 
with an FNTD (Florence Nuclear Track Detector) chip using 
a confocal laser scanning microscope.2 For irradiations, the 
cells are imaged by a horizontal imaging system which 
includes a CCD camera, an x-y stage, a lens tube and both 
low magnification and high magnification microscope lens. 

 
First concept test 

The first neutron microbeam principle test was 
conducted at RARAF using a collimator system. The proton 
beam was collimated by a copper disc with a 1 mm diameter 
aperture in the middle. The target system included a target 
holder with 1 mm diameter hole, a thin LiF foil target on a 
40 µm Au/Al foil back plate. The initial proton beam was Fig. 1. Ion Beam Transport Simulation Result (unit - µm). 
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Fig. 3. The Schematic of Neutron Microbeam Beam Size 
Measurement. 

stopped at the back plate but the neutron beam with more 
penetration ability passed through. The beam size 
measurement was made using a 0.9 mm thick TLD 600 and 
a FNTD (fluorescent nuclear track detector) chip. The 
neutrons passed through the target system and TLD 600. At 
the back side of the TLD 600, through the 6Li(n,a) reaction, 
the alpha particles left tracks on the surface of the FNTD. 
Using confocal laser scanning microscope, the alpha tracks 
were counted and the profile of beam is shown in Fig. 4. 
Based on the geometry of this system, the 2 mm diameter of 
the beam size is about what we predicted. 

Fig. 4. FNTD Result. 
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Simultaneous Immersion Mirau Interferometry 
 

 Oleksandra V. Lyulko, Gerhard Randers-Pehrson and David J. Brenner 
 

 
Simultaneous Immersion Mirau Interferometry (SIMI) is 

an epi-illumination label-free imaging technique developed 
at Columbia University Radiological Research Accelerator 
Facility. SIMI is a modification of Immersion Mirau 
Interferometry (IMI) that can be used in the presence of 
vibrations. IMI is based on the principles of phase-shifting 
interferometry (PSI) and represents a novel approach for 
interferometric imaging of living cells in medium. As an 
interferometric technique, IMI does not require fluorescent 
staining of the cells, which eliminates potential damage 
induced by fluorescent stains. 

To accommodate the use of medium, a custom 
immersion Mirau interferometric attachment was designed 
and built in-house. The space between the reference mirror 
and the beam splitter is filled with liquid to ensure identical 
optical paths in the test and reference arms. The 
interferometer is mountable onto a microscope objective 
(Fig. 1). 

Fig. 1. Mirau interferometric attachment is positioned on a 
microscope objective at the microbeam endstation.
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Fig. 2 shows an example of an image produced by IMI 
using our custom-built immersion Mirau interferometric 
attachment. The unstained live fibroblast cells were 
submerged in PBS (Phosphate Buffered Saline). The 
experiment was done on a vibration-isolated table. The 
outlines of the cytoplasm and nuclei are distinguishable. 

The greatest limitation of standard PSI is the sensitivity 
to environmental vibrations, because it requires consecutive 
acquisition of several interferograms as the sample is 
positioned at different heights with nanometer precision. We 
are developing SIMI, which facilitates simultaneous 
acquisition of all interferograms and eliminates the effects of 
vibration. A λ/8 waveplate is introduced between the 
beamsplitter of the interferometric attachment and the 
sample (Fig. 3). The waveplate creates a 90° phase 
difference between the x and y components of the test beam. 

Therefore, the output of the interferometer contains two 
interferograms with a relative phase shift of 90° (Fig. 4). The 
interferograms are spatially separated by a polarization beam 
displacer and are recorded by a single CMOS sensor. The 
interferograms are combined with the background image to 
reconstruct the intensity map of the specimen. 

Fig. 4. Layout of the Simultaneous Mirau imaging system. 
The light beam is separated into two parallel beams by a 
polarization beam displacer (BD) and can be sent onto the 
sensor of a single camera (C). Note: the paired interferograms 
are the results of an actual experiment with fixed fibroblast 
cells - notice the quarter-wavelength phase shift. 

Fig. 2. Unstained live fibroblast cells imaged with IMI. 

Fig. 5. Live 3T3 cell in medium imaged with SIMI. 

Fig. 3. Schematics of the simultaneous Mirau interfero-
meter: a) A λ/8 waveplate with its fast axis at 45° to the light 
polarization placed in the test arm introduces a π/2 delay 
between the x and y components of the test beam; b) a second 
waveplate oriented at 0° equalizes the test and reference path 
lengths. 

Fig. 5 demonstrates a result of imaging of 3T3 cells in 
medium with an experimental SIMI arrangement. Our 
results show that this system produces images of a quality 
that is sufficient to perform targeted cellular irradiation 
experiments. ■ 
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Microbeam Induced Stress Response 
In the C. elegans Nematode 

 
 Antonella Bertucci, Roger D. J. Pocock,a Guy Garty and David J. Brenner  

 
 

Introduction 
Proposed mechanisms to explain the biological effects of 

ionizing radiation in un-exposed neighboring cells to an 
irradiated cell or group of cells are centered on the 
importance of intercellular communication. Therefore, the 
use of advanced tools to study inter- and intra-cellular 
mechanisms of damage signal transduction is of critical 
importance. Such inter-cellular studies have often been 
undertaken using microbeam irradiation of individual cells 
plated in 2-D monolayers1-4 and 3-D tissue-like construct5,6 
with extensive and complex cell-to-cell communication. 
Studies using whole organisms, targeting specific cells, cell 
groups or organs are needed to elucidate mechanisms of 
radiation-induced long-distance effects in a realistic model. 
C. elegans shares cellular and molecular structures and 
control pathways with higher organisms, thus, biological 
information learned from C. elegans may be directly 
applicable to more complex organisms. Previously7, we have 
reported the use of a nematode C. elegans transgenic strain 
as an in vivo model for microbeam radiation studies.  

Here we present the generation of a new C. elegans 
transgenic strain that has both a Green Fluorescent Protein 
(GFP) transcriptional gene reporter for the heat shock 
protein-4 (HSP-4) and a Red Fluorescent Protein (RFP) gene 
reporter for the dopaminergic neurons. The goal of these 
studies is to characterize the stress response after microbeam 
irradiation of sub-cellular worm areas, specifically single 
neuron, in distant regions to the targeted area. 

Results 
We crossed two C. elegans strains, which have a GFP 

reporter for the hsp-4 heat-shock gene hsp-4::gfp, a RFP 
reporter for the dopaminergic neurons (dat-1::RFP) (Fig. 1). 

The baseline expression of the GFP in normal/non 
stressed conditions is most prominently localized in 
spermathecae and to a lesser degree, in the tail (posterior 
intestine) and pharynx (anterior intestine) regions. The RFP 
expression is localized in the anterior deirid neurons of the 
head (ADEL and ADER) and, in the hermaphrodites in the 
posterior deirid neurons (PDEs) (Fig. 1). 

Worms were cultured on growth medium (NGM) agar on 
Petri plates supplemented with E. coli (OP50) as food 
source. Worms were continuously fed for many generations 
and maintained at 20°C in a temperature-controlled 
incubator.  

Young adult C. elegans hermaphrodites were exposed 
individually to 3 MeV protons microbeams using the 
Columbia University RARAF charged-particle accelerator. 
The maximum penetration of the protons used was ~140 µm 
with an entrance LET of 12.5 keV/µm and a beam diameter 
of 1 µm. For microbeam irradiations, worms were 
anesthetized with 10 mM sodium azide (NaN3) in M9 buffer 
and placed in a customized microbeam dish with a micro 
cover-slip for individual exposure. Before exposure, worms 
were individually imaged using an epifluorescent 
microscope. Worms were irradiated at the PDEL or PDER 
neuron delivering 75 protons. Control worms were mock-
irradiated, by targeting the microbeam just outside the worm 
(~200 μm), keeping the same set-up time for anesthetic 
exposure and concentrations. After exposure, worms were 
washed in a buffer solution and cultured for further GFP 
expression evaluation. Worms were then imaged 24 hours 

a Department of Biochemistry and Molecular Biophysics, 
Howard Hughes Medical Institute, Columbia University 
Medical Center, New York, NY 

Fig. 1. The figures show the crossing of C. elegans strains hsp-4::GFP and dat-1::RFP. 
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post irradiation. 
Quantification of the GFP expression, before and after 

microbeam irradiation, was performed using the software 
QuantWorm developed in our laboratory. 

Our results show that sub-cellular proton microbeam can 
induce distal stress response in un-irradiated areas (Fig. 2). 
We have demonstrated that microbeam irradiation of 
specific neurons is capable of inducing both local and distal 
GFP over expression in the C. elegans posterior intestine. 
Quantification of stress response showed a threefold increase 
in worms irradiated with 75 protons compared to control 
worms. 

No stress response was seen in other regions of the body 
of exposed worms and only basal levels of GFP expression 
were detected at the pharynx and spermathecae regions. 

We have shown the suitability of using C. elegans as a 

model for microbeam in vivo studies to investigate potential 
bystander effects in whole organisms. 
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Radiation-induced Bystander Signaling Pathways 

In Human Skin Fibroblasts: A Role for ATM and 

IL-33 in the Signal Transmission 
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Ever since the discovery of X-rays, it has always been 

accepted that the deleterious effects of ionizing radiation are 

due to direct damage of DNA. However, radiation-induced 

bystander response, which is defined as the induction of bio-

logical effects in cells that are not directly exposed to ioniz-

ing radiation, but in close proximity to cells that are irra-

diated, represents a paradigm shift in our understanding of 

radiobiological effects of ionizing radiation.
1-3 

The most di-

rect approach to bystander studies, precise α-irradiation of 

cells using a focused microbeam, has been successfully ap-

plied in numerous studies performed with the Columbia 

University charged particle microbeam, as well as with fo-

cused microbeams in other laboratories.  

Although bystander effects have been described over the 

past decade, the precise mechanisms of these processes re-

main unclear. There are at least five aspects of the initiation 

and development of bystander response: i) radiation-induced 

stress reactions of exposed cells, which could be accompa-
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Fig. 1. The ATM signaling pathway induced NF-κB activation in directly irradiated and bystander human skin fibroblasts. A. Ex-

pression levels of total and phosphorylated ATM and p53 from the control, bystander and α-irradiated human skin fibroblasts were 

determined 4 h after treatment by Western blot analysis. KU55933 (10 µM), a pharmacological inhibitor of ATM activity, was added 

30 min before α-irradiation (0.5 Gy). EMSA was performed for determination of DNA-binding activity of nuclear NF-κB and NF-Y. B. 

Cell cycle-apoptosis analysis of control non-irradiated, directly irradiated and bystander cells 48 h after treatment using PI staining of 

DNA and FACS analysis. KU55933 was added 30 min before α-irradiation. C. Clonogenic survival assay of human skin fibroblasts 

(control, α-irradiated and bystander) 12 days after treatment in the presence or absence of KU55933. 
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nied by release of pre-existing signal transmitters with nuc-

lear localization, such as Interleukin-1α (IL-1α) and High-

mobility group box-1 (HMGB1) protein, followed by initia-

tion of autocrine and paracrine stimulation of cells by these 

ligands via the corresponding receptors;
4
 ii) DNA-damage 

induced activation of ATM-p53 and ATM-NF-κB signaling 

pathways followed by the stimulation of NF-κB-dependent 

gene expression, including IL8, TNF, COX2, iNOS, and pro-

duction of prostaglandin E2 (PGE2), reactive oxygen species 

(ROS) and nitric oxide (NO);
5-7

 iii) the activation and stimu-

lation of bystander cells via a paracrine mechanism using 

cytokine or growth factor interactions with the correspon-

dent receptors and an induction of cell signaling pathways 

and specific gene expression in bystander cells;
7, 8

 iv) trans-

location of ROS and NO from directly irradiated to bystand-

er cells through gap junction channels with the secondary 

damaging effects on the mitochondria and DNA in bystander 

cells;
7
 v) induction of cell survival mechanisms or balancing 

between survival and apoptotic signaling at the late stages of 

bystander response.
1
 

In our previous publications, we discovered a role for the 

transcription factor NF-B, after direct exposure of human 

fibroblasts to -particle irradiation, in the activation of 

COX2 and iNOS gene expression followed by production 

and translocation of ROS and NO into bystander cells.
7, 8

 A 

recent investigation of global gene expression in directly 

irradiated and bystander cells further revealed transcription 

factor NF-B as the dominant signaling hub in bystander 

response,
9, 10

 and introduced additional players, which have 

been investigated in the present study. These include NF-

B-dependent cytokines, IL-6 and IL-8,
11

 and cytokines that 

induce the NF-B signaling pathway via paracrine or auto-

crine mechanisms (IL-1 TNF and IL-33)
6,12

 in concert 

with receptor tyrosine kinase activities that control the PI3K-

AKT and the MAPK pathways. The main aim of the present 

study was to elucidate IL33 (Interleukin-33) gene expression 

in human skin fibroblasts and the role of the IL-33--IL-

33R/ST2--NF-B and IGF-1R--PI3K--AKT--IL-33 signal-

ing pathways in mediating bystander responses, including 

effects on cell survival and apoptosis.  

Ionizing radiation induces and upregulates numerous 

signaling pathways, some of which are initiated in the nu-
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Fig. 2. Relative gene expression in α-irradiated and bystander HSF 0.5-24 h after treatment. A. Heatmap of gene expression levels 

across the time course of 0.5, 1, 4 and 24 h in directly irradiated and bystander cells as measured by low density qPCR array. B. Ex-

pression of IL8, MMP3 and IL6 in HSF in directly irradiated (red triangles) and bystander cells (blue triangles) at 0.5, 1, 4, and 24 h 

after irradiation, relative to time-matched controls and normalized to UBC. Gene expression was determined by quantitative real time 

PCR. C. Relative gene expression changes in IL33, FGF2 and IGF-R1 were determined by quantitative real time PCR. 



CENTER FOR RADIOLOGICAL RESEARCH  ANNUAL REPORT 2009  

cleus due to DNA damage, including two master signaling 
pathways, ATM-p53 and ATM-NF-B.5, 13, 14 Other signal-
ing pathways are started at the cell surface by a ligand-
receptor interaction, such as IGF-1/IGF-1R or FGF2/FGF-R, 
followed by activation of growth factor receptor tyrosine 
kinases. Sixteen hours after -particle irradiation, ATM ac-
tivation via autophosphorylation was observed in both di-
rectly irradiated and bystander fibroblasts (ig. 1A). Using the 
specific pharmacological inhibitor of ATM autophosphory-
lation and activation, KU55933 (10 M), we demonstrated 
effects of ATM inhibition on both p53- and NF-B-
signaling pathways: i) suppression or down-regulation of 
ATM-dependent Ser15 and Ser20 phosphorylation of p53 
(Fig. 1A and data not shown) and ii) down-regulation of the 
nuclear NF-B DNA binding activity in both directly irradi-
ated and bystander HSF (Fig. 1A). Since the p53 down-
stream pathway was not essential for induction of bystander 
response, our cell model allowed us to focus on other crucial 
genes controlling the development of bystander response, 
especially, on gene expression regulated by transcription 
factor NF-B. These data established a dependence of NF-
B activation on ATM in HSF. Since ATM was involved in 
the regulation of the cell cycle and radiation-induced apop-
tosis, suppression of its activity by KU55933 drastically 
changed cell cycle profiles by up-regulating apoptotic levels 
in directly irradiated HSF and increasing levels of G2/M 
arrest for bystander cells (Fig. 1B). Furthermore, clonogenic 
survival assay revealed a dramatic decrease in general cell 
survival of directly irradiated HSF and notable decrease in 
survival of bystander fibroblasts in the presence of KU55933 
(Fig. 1C). Taken together, results obtained confirmed a gen-
eral regulatory function of ATM for both radioprotection 
and radiation-induced bystander response of HSF. 
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Within 0.5-1 h of irradiation, mRNA levels of the known 
NF-B transcriptional targets PTGS2/COX2 and IL8, started 
to increase (Fig. 2A and 2B) in directly hit and bystander 
cells. A substantial up-regulation of IL-8 (Fig. 3A) and 
COX-2 7 protein expression also occurred in bystander cells 
4 h after treatment highlighting the generation of bystander 
response. The increase in IL8 mRNA levels preceded the 
corresponding change in protein levels in irradiated and by-
stander cells (Fig. 2B, and 3A).  

Additional NF-B gene targets and some other genes 
identified in a prior global analysis of gene expression in 
directly irradiated and bystander IMR-90 fibroblasts10 were 
screened for radiation and bystander response in HSF cells 
(Fig. 2A). Besides IL8, the NF-B targets IL1A (interleukin-
1A), IL1B and MMP3 (matrix metallopeptidase 3) also ex-
hibited early increases in gene expression, while SOD2 (su-
peroxide dismutase 2) was up-regulated 4 h and IL6 - 24 h 
after irradiation (Fig. 2A, B). Although IL33, a recently dis-
covered member of the IL-1 cytokine family and a potential 
NF-B target,15,16 was transcribed at relatively low levels in 
HSF, its expression increased in both directly irradiated and 
bystander cells, modestly at 1-4 h after irradiation and pro-
nouncedly by 24 h (Fig. 2A and 2C). Western blot analysis 
revealed increased protein levels of IL-33 (MW 31 kD) in 
bystander HSF 4 h after irradiation (Fig. 3A). On the other 
hand, endogenous TNF protein (precursor form of 26 kD) 

was present at relatively high levels in both irradiated and 
bystander cells 1-4 h after treatment (Fig. 3A). A role for 
TNF in the generation of ROS and regulation of bystander 
response was previously described.7, 8 Skin fibroblasts are 
known to express receptors for IL-1, IL-6, IL-8 and IL-33, as 
well as TNF-R1.17, 18 Hence, our observations allowed us to 
consider cytokines IL-1, IL-1, IL-6, IL-8 and IL-33, in 
concert with TNF, as potential intercellular signal transmit-
ters following -particle irradiation.  

Fig. 3. Protein expression levels of human skin fibroblasts 
following α-irradiation. A. Western blot analysis of intracellu-
lar levels of indicated cytokines 1-4 h after α-irradiation. Ratios 
of IL8/Actin and IL33/Actin are indicated. B. EMSA for de-
termination of nuclear NF-κB DNA-binding activity. Nonspe-
cific IgG or anti-IL33 mAb (2 µg/ml) were introduced into the 
cell media 1 h before α-irradiation. Nuclear and cytoplasmic 
proteins were isolated from HSF 2 h after treatment. Nuclear 
protein was used for EMSA while cytoplasmic protein was 
used for detection of COX-2 and Actin by Western blot analy-
sis. C. Western blot analysis of indicated proteins from human 
skin fibroblasts 16 h after treatment.

IL-33 is a known activator of the NF-B signaling path-
way upon its interaction with the specific IL-33-
Receptor/ST2.12 To confirm IL-33-dependent NF-B activa-
tion in HSF, we added the inhibitory anti-IL-33 mAb (2 

 23



BYSTANDER STUDIES 

g/ml) to the cell culture media 1 h before irradiation. This 
notably decreased the nuclear basal and inducible NF-B 
DNA-binding activities determined by EMSA in both di-
rectly exposed and bystander cells 2 h after treatment (Fig. 
3B). Simultaneously, protein levels of COX-2, a classical 
NF-B target, were also decreased in the cytoplasmic frac-
tion of cells (Fig. 3B) indicating a dependence of COX-2 
expression levels on the IL-33--NF-B pathway in HSF. We 
previously observed regulation of COX-2 expression via the 
TNF--NF-B pathway.7 Taken together, our data demon-
strated that both cytokines IL-33 and TNF are involved in 
activation of the NF-B signaling pathway in HSF, which is 
also under general control of the nuclear ATM activity (see 
Fig. 1). 

The main cell model used in the present investigation is 
human skin fibroblasts (HSF) immortalized by SV40 T-
antigen with suppressed p53-dependent functions. This cell 
model is characterized by features, such as blocked senes-
cence and p53-mediated apoptosis that are common in both 

transformed cells and embryonic stem cells, as well as in 
induced pluripotent stem (iPS) cells.19 Simultaneously, this 
cell model was suitable for studying bystander effects, due 
to independence of bystander response from p53 activa-
tion.1,10,20 Our previous investigations, which were per-
formed using these cells, demonstrated an important role of 
mitochondria in radiation-induced bystander effects through 
mitochondria-dependent regulation of the NF-B--COX-2 
and the NF-B--iNOS pathways.7 Suppression of NF-B 
activation drastically decreased bystander response in HSF. 
Our next task was determining effects of the -irradiation-
induced gene expression (with special attention to NF-B-
mediated transcription) on the synthesis and secretion of 
signal transmitters that could initiate the secondary by-
stander signaling pathways in human fibroblasts.  

Fig. 4 summarizes our experimental data and demon-
strates a unified current model of the bystander signaling 
pathways determined in our studies for factors transmitted 
through cell media. Technically, we could not detect gap 
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junction translocation from directly irradiated to bystander 
cells in this type of experimental model. Since activation of 
the ATM-p53 and ATM-NF-B pathways with the subse-
quent up-regulation of expression of the p53- and NF-B-
regulated genes is hallmark of the cell radiation response,5, 13 
we determined expression levels and activation of signaling 
proteins from these cascades in directly -irradiated and 
bystander human skin fibroblasts (HSF) at early and late 
time points after irradiation and monitored the development 
of bystander effects. We confirmed previously reported data 
on the general significance of ATM in bystander response21 
using our cell system. Since the downstream p53 signaling 
pathways were suppressed in the SV40 T-antigen immortal-
ized HSF, the NF-B-dependent pathway appears to be the 
main regulator of radiation-induced gene expression. An 
additional possibility for “immediate early” activation of this 
pathway might be linked with pre-existing IL-33 that to-
gether with IL-1 and HMGB1 play a role as “alarmins”, 
signaling proteins that are released by cells upon stress con-
ditions or cell damage and may initiate both cell survival 
(using the IL-33-R/ST2–NF-B loop) or cell death signal-
ing.4,15 Hence, IL-33--IL-33R/ST2 via activation of the NF-
B pathway may control IL8, COX2, iNOS and, probably, its 
own expression, which is also dependent on AKT activation. 
Besides IL-33, several cytokines, such as TNF and IL-
1are known, to be inducers of the NF-B signaling path-
way.22 A pronounced inhibition of NF-B signaling and NF-
B-dependent proteins (such as COX-2) by the inhibitory 
anti-IL-33 mAb added to the cell media (Fig. 3B) demon-
strated a role for IL-33 in the paracrine/autocrine NF-B 
stimulation after irradiation of human skin fibroblasts. Taken 
together, our results indicated that the primary ATM-NF-B 
signaling pathway was tightly linked with gene expression 
and secretion of pro-inflammatory cytokines, IL-1 IL-6 
and IL-8, a characteristic feature of persistent DNA damage 
signaling,23 as well as with IL-33, a recently discovered 
member of the IL-1 family (see also Fig. 4 with general sig-
naling pathways). These cytokines may initiate the secon-
dary activation of cell signaling pathways, including the NF-
B pathway, via autocrine/paracrine mechanisms. To our 
knowledge, this is the first dem nstration of the role of IL-
33 in bystander response. 
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Mutations in Succinate Dehydrogenase Subunit C 
Increase Radiosensitivity and Bystander Responses 

 
Hongning Zhou nd Tom K. Hei  a

 
 

ty of 
Iow

ed the background mutant level by more than 4 fold. 
In 

y irradiated cells and in neigh-
boring bystander cells, an rial function plays an 
essential role in the process.  

Although radiation-induced bystander effect is well stud-
ied in the past decade, the precise mechanisms are still un-
clear. It is likely that a combination of pathways involving 
both primary and secondary signaling processes is involved 
in producing a bystander effect.1, 2 There is recent evidence 
that mitochondria play a critical role in bystander re-
sponses.3, 4 Recently studies found that a mutation in succi-
nate dehydrogenese subunit C (SDHC), an integral mem-
brane protein in complex II of the electron transport chain, 
resulted in increased superoxide, oxidative stress, apoptosis, 
tumorigenesis, and genomic instability, indicating that 
SDHC plays a critical role in maintaining mitochondrial 
function.5, 6 To determine the role of SDHC in radiation in-
duced bystander effect, previously well characterized paren-
tal Chinese hamster fibroblasts (B1 cells) and mutants (B9 
cells) containing a single base substitution that produced a 
premature stop codon resulting in a 33-amino acid COOH-
terminal truncation of the SDHC protein obtained as a gen-
erous gift from Dr. Douglas R. Spitz (The Universi

a, Iowa City, Iowa) were used in the present study. 
A series of experiments were conducted to characterize 

the differences between B1 cells and B9 cells. Both types of 
cells are growing very well in culture condition. However, 
compared with B1 cells, B9 cells showed a decrease in satu-
ration density as the culture approached confluency, that is 
mainly due to different morphologies between B1 and B9 
cells. B9 cells are quite larger than B1 cells. The B9 cells 
grow slowly compared with B1 cells, the doubling time of 
B1 and B9 cells were 14 hour and 30 hours, respectively. In 
the presence of uridine, the essential component for cultur-
ing mitochondrial deficient fibroblasts as we reported previ-
ously,4 B9 cells do not show any improvement in cell 
growth. When the cells were stained with the mitochondrial 
membrane potential probe, DiOC6, B9 cells showed an in-
crease in fluorescence intensity (mean intensity 98.8 arbi-
trary units, A.U.) relative to B1 cells (mean intensity 18.6 
A.U.). Likewise, B9 cells showed an increase in intracellular 

superoxide content and nitric oxide species when compared 
with wild type cells. After irradiated by gamma rays with a 
gradation of doses, B9 cells show increased radiosensitivity, 
especially at high doses. The HPRT- mutant yield after 
gamma-ray irradiation of B9 cells was significantly higher 
than that of B1 cells. A single, 3 Gy dose of gamma-rays 
increas

contrast, the mutant induction was less than 2 fold in B1 
cells.  

Since the B9 cells show higher radiosensitivity and mu-
tagenesis after gamma ray irradiation, we wanted to know if 
there is a greater bystander response in B9 cells. To perform 
the experiment, we used the specially designed strip mylar 
dishes and track segment irradiation as described previously 
.3, 4 Since cells that were seeded on the thicker mylar (38 
µm) would not be traversed by alpha particles but would be 
in the vicinity of those seeded on thinner mylar (6 µm) that 
would, we had, effectively, a pure population of bystander 
cells. Exposure of B1 cells to a dose of 0.5 Gy alpha 
particles increased the bystander HPRT- mutant yield to a 
level 1.4 times higher than the background. However, under 
similar irradiation conditions, B9 cells showed a 3.8 fold 
increase in bystander mutagenesis (p< 0.05). To determine if 
reactive oxygen species and/or nitric oxide is linked to mito-
chondrial function in mediating the bystander response, we 
treated cells with 20 µM c-PTIO, a nitric oxide scavenger, or 
1% DMSO, a ROS scavenger, 2 hours before- and main-
tained overnight after irradiation. Treatment with c-PTIO 
significantly reduced bystander mutagenesis in B9 cells 
(p<0.05). However, the effect of DMSO on the bystander 
response in B9 cells was less pronounced than that of c-
PTIO. These results indicated that nitric oxide might play a 
critical role in modulating bystander effects in B9 cells. Our 
findings demonstrate that a mutation in SDHC increases 
radiosensitivity in both directl

d mitochond
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Role of Bystander Cells after Irradiation 
With a Low a Dose of Alpha Particles 

 
Alexandre V. Mezentsev and Sally A. Amundson 

 
 

Interaction of bystander and directly irradiated cells is a 
complex multistep process that includes emission of external 
signals and modification of the intracellular and extracellular 
environment. During this improvised conversation the irra-
diated cells are sending signals of the damage sustained, 
while the bystander cells appear to mount a largely protec-
tive response. While bystander and direct responses have 
several common end points including apoptosis, micronucle-
ation, chromatin remodeling and altered levels or activities 
of regulatory proteins, there are also quantitative and qualita-
tive differences. 

A

The majority of studies of radiation bystander effects 
have utilized 2-dimensional in vitro systems, but we have 
recently demonstrated such effects in EPI-200 (Mat-Tek, 
Ashland, MA), a 3-dimensional tissue model that precisely 
imitates the structure and function of human epidermis. In 
that study we found a 1.7-fold increase for micronuclei and 
2.8-fold for apoptosis, which persisted up to 1 mm from the 
irradiated area with significant enhancement over back-
ground.1 In the present study, we employed a global gene 
expression approach, which is a powerful tool for uncover-
ing both fundamental signaling processes and the mechanis-
tic basis of cellular or physiological effects. By exposing 
only a thin strip across the center of the EPI-200 tissue, we 
have been able to measure global gene expression responses 
in directly irradiated and bystander cells located at 0, 0.25, 
0.5, 0.75 and 1mm from the irradiation line. Analysis of the 
microarray data with BRB-Array Tools2 revealed 38 differ-
entially expressed genes. Significantly responding genes 
were identified at all distances and some were common to 
both direct and bystander responses. For instance, CYP1B1, 
a major component of the drug metabolism pathway, and 
SOD2, enzyme with a key role in oxidative stress response 
were upregulated, while MMP1, an enzyme involved in 
degradation of extracellular matrix was downregulated. 
Thus, we have demonstrated stable changes in expression of 
the selected genes, which could contribute to initiation, de-
velopment and progression of the bystander response, and 
could contribute to the intracellular signaling between irradi-
ated and non-irradiated cells. In future studies, we plan to 
evaluate whether differential expression of the identified 
genes persists at the protein level and to identify possible 
differences between responses in undifferentiated keratino-
cytes (HaCaT cells) and three-dimensional tissue culture. 

B

C

Fig. 1. Irradiation of tissues and preparation of samples. 
A. Installation of sample on "the carousel" prior to irradiation. 
In the illustration, sample 1 was non-irradiated control and 
sample 2 was irradiated. B. Tissue holder used to produce the 
bystander area. C. Tissue chopper with built-in micrometer for 
accurate cutting of tissue samples and generation of 250 µm 
tissue slices. 

Tissue samples were irradiated with alpha-particles (50 
cGy) at RARAF with the help of RARAF personnel and 
personal assistance of Dr. G. Randers-Pehrson and Mr. S. 
Marino (Fig. 1A). To generate the bystander effects we used 
"masks", custom-made filters with a narrow open slot in the 
middle (Fig. 1B). At 4h after exposure, tissues were har-
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vested and chopped in 250 µm fragments with the tissue 
chopper (Fig. 1C). The masks and the tissue chopper were 
developed by Mr. Gary Johnson and his team at the Instru-
ment Shop.3 Then, samples were subjected to the isolation of 
total RNA. Isolated RNA was subjected to spectral analysis 
with a NanoDrop spectrophotometer (Thermo Fisher) and 
electrophoresis with a Bioanalyser 2100 (Agilent). Then, 
RNA was labeled with a fluorescent dye, Cy3, hybridized to 
4x44K slides (Agilent) and scanned. After scanning, the 
generated microarray images were converted to text format 
with Feature Extraction Software (Agilent). Differentially 
expressed genes were identified with BRB-Array Tools,2 
annotated with the Onto Express online tool, and analyzed 
for the presence of potential common regulatory factors by 
network analysis using Ingenuity Pathway Analysis (IPA) 
(www.ingenuity.com). The results were validated by qPCR. 

 
Results 

Microarray analysis was performed according to the Agi-
lent protocol for labeled total RNA isolated from 250 um 
tissue strips starting from the line of irradiation. The statisti-
cal analysis performed with BRB-Array Tools identified 38 
differentially expressed genes in the bystander tissues. Three 
genes (MMP1, MMP9 and MMP10) were metallopro-
teinases. These genes were previously implicated in the re-
sponse to ionizing radiation. Moreover, expression of about 
a half of the discovered genes (14 of 38) was previously 
confirmed in the skin. Validation of Microarray results by 
qPCR (Table 1) suggested that the identified genes are likely 
to participate in the bystander response. Of the 38 genes 
differentially expressed in bystander tissue, 27 were eligible 
for participation in network analysis using IPA. The program 
organized these genes in 2 overlapping networks (Fig. 2) 
with a potential role in post-translational modifications, con-
nective tissue disorders and Genetic disorders (Network #1) 
and cancer, protein synthesis and hepatic system disease 
(Network #2). Presence of common genes and interactions 
between the networks suggests coordinated response in by-
stander tissue to irradiation with alpha-particles. More de-
tailed analysis revealed three groups of genes united by a 
common role in cell signaling and metabolism: group #1 was 
involved in maintenance of the extracellular matrix (3 
genes); group #2 combined genes participating in defensive 

mechanisms (6 genes) and the last group of genes (9 genes) 
had an influence on the terminal differentiation program. 
Downregulation of the first group clearly suggested a protec-
tive role of bystander effects in protection of the extracellu-
lar matrix from damage. Influence of irradiation on two 
other groups was more diverse as groups 2 and 3 contained 
both up- and downregulated genes. Analysis of recent publi-
cations suggests a role for these genes in wound healing and 
protection of structural integrity. 

 
Discussion 

Irradiation with low energy alpha-particles produced by-
stander effects in cells located in proximity to the irradiation 
line. Particularly, the bystander cells changed expression of 
genes responsible for maintenance of the extracellular ma-
trix, interaction with the innate immune system, and regula-
tion of the terminal differentiation program, suggesting three 
groups with different functional roles. Genes belonging to 
group #1 were responsible for maintenance of the extracellu-
lar matrix. This group consisted of three downregulated met-
alloproteinases. Downregulation of metalloproteinases may 
help tissues to protect the basal membrane from degradation 
due to a proposed decline in the proteolytic activity.4 Genes 
belonging to group #2 were previously implicated in the 
interaction with the innate immune system. This group con-
sisted of 6 genes: PGLYRP2, GBP3, CYP1A1, CYP1B1, 
SAA1 and SAA2. Upregulation of these genes may help the 
bystander cells to fight a potential infection by microbial and 
viral pathogens.5, 6 Specifically, upregulation of cytochrome 
P450 isoforms 1A1 and 1B1 protects cells from toxins and 
xenobiotics,7 while upregulation of SAA1 and SAA2 may 
promote a flow of the acute phase of the inflammatory proc-
ess and prepares tissue for the invasion of immune cells.8, 9 
Genes belonging to group #3 were presumably involved in 
the regulation of the terminal differentiation program. Bal-
ance between terminal differentiation and proliferation is 
crucial for tissue maintenance and its structural integrity. 
Shifting the balance in favor of proliferation may result in 
development of cancer while a shift in the opposite direction 
may cause depletion of stem cells and necrosis. Interest-
ingly, while group #3 contains both up- and down-regulated 
genes, changes in their expression looked well-coordinated. 
Downregulation of LAMA3 and LAMC2 is supposed to 

Table 1. Validation of Microarray analysis by qPCR 
 

Gene expression in the tissue fragments at different distances from the 
irradiation line, μm Gene Method 

0-250 250-500 500-750 750-1000 

qPCR 9.53±0.61 0.22±0.02 10.44±3.08 0.09±0.03 
PGL4RP2 

Microarray 8.17 0.28 19.06 0.15 

qPCR 4.90±0.53 0.14±0.04 13.49±3.07 0.24±0.03 
MMP1 

Microarray N.S. 0.26 15.49 0.34 

qPCR 5.20±0.26 0.26±0.04 5.95±2.22 0.09±0.02 
CYP1B1 

Microarray 5.76 0.31 17.54 N.S. 

qPCR 2.62±0.61 0.72±0.02 6.95±2.97 0.50±0.03 
CEACAM6 

Microarray 3.80 N.S. 2.19 N.S. 
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accelerate maturation of the basal keratinocytes.10 Protein 
products of these genes are components of the ternary com-
plex, laminin 5 (kalinin). In the epidermis, laminin 5 is re-
sponsible for anchoring skin stem cells in the basal mem-
brane. Downregulation of CEACAM6 and ANTXR2 is 
supposed to abolish the adhesion of cells to each other, forc-
ing them to start terminal differentiation.11, 12 Downregula-
tion of LGALS1 is supposed to abolish both “cell-to-cell” 
and “cell-to-matrix” contacts, promoting cells to leave the 

basal layer.13, 14 Downregulation of INHBA, a common sub-
unit of inhibin and activin, presumably also worked to shift 
the balance in favor of differentiation. According to pub-
lished data the INHBA homodimer is a positive regulator of 
cell proliferation, while the effect of heterodimers may vary 
since it depends on their composition.15 Thus, downregula-
tion of INHBA might contribute to the decline in the prolif-
eration rate. Downregulation of SPINK6, an inhibitor of 
serine proteases class S1 (e.g. elastin & trypsin), was in a 

A 

B 

Fig. 2. Network analysis of the tissues that were bystanders to a low dose of alpha-particles (50 cGy): A. Network #1 with a 
potential role in post-translational modifications, connective tissue disorders and genetic disorders; B. Network #2 with a potential role 
in cancer, protein synthesis and hepatic system disease. 
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good accordance with the terminal differentiation scenario 
since terminal differentiation of keratinocytes is accompa-
nied by a balance shift between proteases and their inhibitors 
in favor of the former.16 Moreover, elastin is known as a 
potent proinflammatory factor in some epithelial tissues. 
Upregulation of LRG1 that binds the basal membrane and 
presumably substitutes for laminin 5 is supposed to promote 
cell differentiation by stimulating cell migration.17 Upregula-
tion of NINJ1 (nerve injury induced protein) also known as 
ninjurin 1, is also supposed to accelerate cell differentiation 
by abolishing cell adhesion.18 Moreover, NINJ1 has been 
found in a wide variety of epithelial tissues including the 
skin epithelium where its role is under investigation.19 

In conclusion, our preliminary work has identified 38 
differentially expressed genes as potential participants of 
bystander response in a 3-D tissue model. In the human epi-
dermis, these genes are responsible for the maintenance of 
the extracellular matrix, interaction with the innate immune 
system and regulation of the terminal differentiation pro-
gram. Changes in their expression suggest that partial irra-
diation of the Epi-200 3D-tissue model with a low dose of 
alpha particles was likely to shift the balance between prolif-
eration and terminal differentiation in favor of terminal dif-
ferentiation, facilitating damage repair and tissue remodel-
ing, and suggesting a healing role for the bystander cells. 
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Cell Communication Is a Significant Component of the 
Early Gene Expression Response in Bystanders 

 
Shanaz A. Ghandhi and Sally A. Amundson 

 
 

Our work is on genomics of the radiation induced by-
stander effect in normal fibroblast cells. We have, previ-
ously, characterized global changes in gene expression at 4 
hours after alpha-particle irradiation and in bystander cells 1. 
The transcriptional landscape in irradiated cells at that time 
reflects the response to DNA damage and repair and all 
cells, including bystanders, show a global inflammatory re-
sponse. An important observation was made, that many of 
the genes that were affected at this time belonged to the NF-
κB signaling network. We reasoned that the genes belonging 
to this network could be activated even earlier than 4 hours 
and showed that a number of genes such as interleukin 8 
(IL8), cyclooxygenase 2 (PTGS2) and BCL2 related protein 
A1 (BCL2A1) had a biphasic response with the earliest 
measured response at 30 minutes after treatment.1 

 
Differential gene expression at 30 minutes after irradia-
tion 

We further characterized the global genomic response at 
30 minutes and found that both irradiated and bystander cells 
show a burst in gene expression very early after exposure. In 
irradiated cells there were 709 genes differentially expressed 

(FDR<0.10) and in bystanders there were 407 genes 
(FDR<0.10). 293 genes were common between the two con-
ditions (Fig. 1). There were more up-regulated genes in both 
conditions than down-regulated. Further analysis of these 
gene groups by gene ontology using PANTHER online tool 
(www.pantherdb.org/), suggested that the major functions 
affected by gene expression in irradiated and bystander cells 
were in processes related to cell-cell communication and 
signaling (Fig. 2). Ontology analysis using the molecular 
function category, suggested that the top molecular functions 
(Bonferroni p-value cutoff 0.05) in both irradiated cells and 
bystanders were non-receptor kinases and actin binding cy-
to-skeletal proteins. Other functions of proteins encoded by 
genes differentially expressed in irradiated cells were fami-
lies of cyto-skeletal proteins related to microtubules and 
non-motor actin binding. Interestingly there was a large 
group of transcription factor genes, the KRAB box transcrip-
tion factors that were up-regulated in irradiated cells at the 
early time point. 

 
Pathway analysis of cell-to-cell signaling between irradi-
ated and bystander cells 

Fig. 1. Differentially expressed genes in irradiated and bystander cells at 30 minutes post-treatment. Number of up-regulated 
genes (red) and down-regulated genes (green), in each condition: irradiated (IRR) and bystander (BYS) are shown. At the intersection 
of the two conditions are 293 genes. These are displayed by number of genes up- or down-regulated in the irradiated condition.

 32



CENTER FOR RADIOLOGICAL RESEARCH  ANNUAL REPORT 2009 

Further analysis was done using the Ingenuity Pathway 
analysis (IPA) tool.2 The gene lists and fold change in ex-
pression level were imported into IPA for analysis. A dataset 
containing gene (and/or chemical) identifiers such as plat-
form specific probe identifiers and corresponding expression 
values was uploaded into the application. Each identifier in 
the gene lists was mapped to its corresponding gene or pro-
tein in the Ingenuity knowledge base. The genes were ana-
lyzed as networks and pathways and scored using the Fisher 
exact test to calculate p-values for likelihood of belonging to 

a particular network and not being due to chance alone. 
Top networks built via IPA in two treatments were com-

pared for biological functions and assigned a score (p-value) 
for inclusion. We used this tool in IPA and compared irradi-
ated and bystander genes, for the most significant biological 
functions and diseases (Fig. 2). Disease and broad biological 
processes such as cancer, regulation of cell proliferation, cell 
death, inflammatory disease and hematological systems were 
processes that were implicated in both cell populations early 
after treatment. A more detailed analysis of the group of 

 

Fig. 2. Comparison of pathway analysis in irradiated and bystander cells IPA compared two gene sets and displays a score -log 
(p-value), for inclusion of a subset of genes in a biological category. We expanded the Cell-To-Cell signaling interactions gene subset 
and connected 70 genes changed in bystanders into a network. Arrows indicate direction of the relationship between proteins (nodes) 
and colors represent up-regulation (red) and down-regulation (green) of mRNA. 
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genes under the cell-to-cell signaling category (highlighted 
in green in Fig. 2), suggested that stimulation of cell-cell 
signaling and adhesion were affected at the mRNA level, 
very rapidly after irradiation. We constructed a network of 
these genes as seen in Fig. 2. The genes are connected in a 
network based on various types of connections between 
molecules from transcription factor binding to inhibition of 
protein function. The network clearly displays a group of 
highly up-regulated genes, comprising chemokine ligands, 
interleukins, matrix metalloproteinases, etc. Down-regulated 
genes are also present in the same network, which points to 
rapid adjustment of mRNA levels within connecting path-
ways, ultimately leading to changes in the cell-to-cell com-
munication. An interesting observation is that this occurs as 
early as 30 minutes after the bystander signal transmits from 
irradiated cells, as seen in overlay of expression values by 
color (Fig. 2). These genes are potentially under control of a 
rapidly responding transcription module such as the NF-κB 
signaling pathway. There may also be other regulators of 
gene expression which are subject to rapid protein level 
modifications and further analysis of the biological functions 
implied, may help shed light on these players. One signifi-
cant effect on gene expression is the observed down-

regulation of SOCS1, the mRNA of which encodes a protein 
that can directly regulate cytokine signaling3. The overall 
picture of signaling in irradiated and bystander cells is, 
therefore, one of intense and rapid changes in inter-cellular 
and intra-cellular molecules that carry the signal from irradi-
ated cells and a rapid gene expression response in bystand-
ers. 
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Induction of Bystander Responses by Si490 Ions 
 

Brian Ponnaiya, Masao Suzuki,a Chirzuru Tsuruoka,a Yukio Uchihoria and Tom K. Hei 
 

 
There is increasing evidence that biological responses to 

ionizing radiation are not confined to those cells that are 
directly hit, but may be seen in the progeny at subsequent 
generations (genomic instability) and in non-irradiated 
neighbors of irradiated cells (bystander responses). These so 
called non-targeted phenomena may have significant contri-
butions to radiation-induced carcinogenesis especially at low 
doses where only a limited number of cells in a population 
are directly hit. Therefore, accurate risk assessments for ex-
posures likely to be encountered in space (low dose/low dose 
rate exposures to high energy particles) must take into ac-
count these phenomena. 

To determine the ability of space associated radiations to 
induce bystander responses confluent htert immortalized 
human bronchial epithelial cells (HBEC-3kt) in T25 flasks 
were irradiated with 119 keV/µm silicon ions (490 
MeV/nucleon), accelerated by the HIMAC at NIRS. Flasks 
were irradiated with low fluences (0.073 Gy, such that only 
50% of the cells were irradiated) intermediate fluences (1.2 
Gy, such that all the cells were hit with 1 particle) or high 
fluences (2 Gy, such that all cells were hit with multiple par-
ticles). One hour post irradiation media from control and 
irradiated flasks were transferred to non-irradiated flasks and 

1 hour after that cells from all flasks were seeded at low 
density in 10 cm2 dishes (for isolation of single cell colo-
nies) and at high density in T25 flasks (for analyses of 
chromosomal aberrations 24 hours post irradiation and at 
later times). To assay for the induction of bystander re-
sponses at early times chromosome preparations were made 
at 24 hours post irradiation, stained with Giemsa and ana-
lyzed for chromatid and chromosome type aberrations.  

 

Fig. 1. Cell survival following exposure to 490 
MeV/nucleon Silicon ions (119 KeV/µm). 

a National Institute of Radiological Sciences, Chiba, Japan 
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While these experiments were not designed to study cell 
survival following irradiation, staining of the 10cm2 dishes 
after the single cell colonies had been isolated gives a sense 
of what was the fraction of cells that survived (Fig. 1). Data 
of fibroblasts irradiated with 490 MeV/nucleon Si ions at 
113 KeV/µm at HIMAC1 have been plotted as well to serve 
as comparisons. As can be seen from the figure, the data for 
epithelial cells at 119 KeV/µm are somewhat similar to that 
for fibroblasts at 113 KeV/µm. Interestingly, at the lowest 
dose (0.073 Gy) where it was calculated that only 50% of 
the cells will be hit with an ion, there is significantly lower 
survival. This is similar to previous reports of low dose hy-
persensitivity2-4 and may represent a bystander killing effect. 

Results of chromosomal analyses of irradiated and by-
stander populations at 24 hours post-irradiation are presented 
in Fig. 2 and 3. As expected there was an increase in the 
percent of cells with chromosomal aberrations with increas-
ing dose (Fig. 2). Interestingly, at the lowest dose (0.073 Gy) 
where only 50% of the cells are expected to be traversed by 
a particle, there was a slightly higher than expected number 
of cells with chromosomal aberrations. This observation 
may be related to the hypersensitivity at this dose and might 
indicate a bystander response similar to that described ear-
lier.5 

In addition, there was an elevation in the percent of cells 
with aberrations in the bystander populations that received 
media from irradiated populations (Fig. 3). As can be seen, 
transferring media from control flasks had no effect but me-
dia from irradiated flasks resulted in a higher frequency of 

cells with chromosomal aberrations. This induction appeared 
to be quickly saturated, with an increase between 0.073 Gy 
and 1.2 Gy but no difference thereafter. 

These results suggest that heavy ion irradiation could in-
duce chromosomal aberrations in bystander cells at early 
times post irradiation. In addition, survival data following 
exposure to low doses of Si ions suggest a hypersensitivity 
that might be related to a bystander response. 
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Fig. 3. Chromosomal aberrations in bystander populations 
(recipients of media from control and irradiated flasks) 24 
hours post irradiation (Error bars represent standard error of the 
mean).

Fig. 2. Chromosomal aberrations in irradiated populations 
24 hours post Si490 irradiation (Error bars represent standard 
error of the mean). 
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Genomic Instability in Single Cell Derived Clones 

Following Exposure to Si490 Ions 
 

Brian Ponnaiya, Tom K. Hei and Charles R. Geard 

 

 

There are a few studies in which it has been demonstrat-

ed that bystander cells can also be genomically unstable. Re-

examination of initial data of chromosomal instability in 

hematopoietic stem cells
1
 has suggested that the instability 

could be derived from non-irradiated cells. Experiments us-

ing a shielding grid to alter the ratio of irradiated to non-

irradiated cells demonstrated that changing the ratio of hit to 

non-hit cells altered the cell survival but not the number of 

clones expressing instability, which indicates that a bystand-

er effect may be responsible, in part at least, for the expres-

sion of instability. Subsequent data have shown that chromo-

somal instability can be induced in bystander cells in vivo.
2-4

 

More recently, microbeam experiments of lymphocytes have 

demonstrated a significant bystander component to instabili-

ty following α-irradiation.
5
 

To study the link between bystander responses and ge-

nomic instability, single cell clones were isolated from popu-

lations that were irradiated with 0.73 Gy Si490 (119 

KeV/µm). At this dose it was calculated that only half of the 

cells in the population would be traversed by a single par-

ticle. Therefore, by definition half the population would be 

bystanders. Chromosomal analyses by Giemsa staining were 

conducted at ~50 population doublings and yields of chro-

matid-type aberrations in individual clones are presented in 

Fig. 1. The red band in the middle of the graph represents 

the % of cells with chromatid aberrations in 5 different con-

trol clones. By definition chromatid aberrations occur in 

only one arm of a replicated chromosome, therefore they 

occur only after DNA synthesis and have had to occur in the 

cell cycle that they are detected. Therefore these aberrations 

observed ~50 doublings post-irradiation could not have re-

sulted from the radiation itself and indicate that the genome 

of these cells are unsable i.e. genomic instability. From the 

graph it is clear that all clones had higher than control levels 

of cells with aberrations. Interestingly, it appears that chang-

ing media 1 hour post-irradiation seems to increase the level 

of damage observed in the clone. 

The percent of cells with chromosome type aberrations 

in single cell clones as assayed by Giemsa staining are pre-

sented in Fig. 2. As in Fig. 1, the red band in the middle of 

the graph represents the % of cells with chromosome-type 

aberrations in 5 different control clones. Chromatid aberra-

tions are converted into chromosome type aberrations in the 

next cell generation and elevations in chromatid type aberra-

tions should be accompanied by increases in chromosome 

type aberrations. This appears to be the case, as seen in this 

 

Fig. 1. Chromatid-type aberrations in single cell clones following irradiation with 0.073 Gy Si490. The red bar represents the range 

of yields of chromatid aberrations in 5 control clones derived from single cells. 
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graph. Again, changing the media 1 hour post-irradiation 

appears to result in an increase in the level of damage ob-

served in the individual clones. 

Following the detection of genomic instability in indi-

vidual clones by Giemsa analyses, chromosomal spreads of 

clones were analyzed by mFISH which allows the visualiza-

tion and identification of individual chromosomes and more 

subtle chromosomal aberrations such as translocations that 

are not routinely detected by Giemsa staining. A clone was 

considered to be chromosomally unstable if at least 5% of 

the cells had a chromosomal aberration and the clone had at 

least 3 distinct sub-populations (based on chromosomal ana-

 

Fig. 2. Chromosome-type aberrations in single cell clones following irradiation with 0.073 Gy Si490. The red bar represents the 

range of yields of chromosome aberrations in 5 control clones derived from single cells. 

A B C 

D E 

Fig. 3. Various distinct karyotypes 

detected in clone Si4-A1 by mFISH. 



BYSTANDER STUDIES 

38 

lyses). All control clones were chromosomally stable, with 

all metaphases containing a single stable 16;5 translocation 

and an extra copy of chromosome 21. It was observed that 

all clones that were chromosomally unstable by Giemsa 

staining were also determined to be unstable by mFISH. A 

more detailed analysis of mFISH results for clone Si4-A1 

are presented in Fig. 3 and Table 1. 

As can be seen in Fig. 3, there were more that 3 distinct 

karyotypes within the clone. By our definition, this clone is 

chromosomally unstable. 65% of the metaphases analysed 

contained a translocation between chromosomes 15 and 14 

(Table 1). This particular aberration was frequently observed 

in conjunction with either an X;5 translocation (seen in 24% 

of the metaphases) or some other translocation between oth-

er chromosomes. Additionally, fragments of chromosome 5 

were observed in 12% of the cells; either with or without the 

15;14 translocation. Significantly, 6% of the metaphases had 

a normal karyotype. This would suggest that at the first cell 

division following irradiation, the cell that this clone arose 

from was karyotypically normal, and that the development 

of the various translocations and fragments occurred during 

subsequent cell generations. Given the energy of an Si490 

ion and the low fluences used, it is highly likely that this 

clone arose from a bystander cell and was not tranversed by 

a particle. Further, based on the frequencies of the various 

aberrations, it is reasonable to assume that the 15;14 translo-

cation occurred earlier in the clone and the X;5 and other 

translocations followed at later cell generations. This is a 

good example of the development of genomic instability. 

The absence of the 15;14 translocation in cells that contained 

other aberrations (eg. Fig. 3E) may be as a result of the loss 

of that particular chromosome. 

In conclusion, the data presented here demonstrate the 

ability of high energy particles to induce genomic instability 

in bystander cells. Further, the use of mFISH to study single 

cell clones provides us with the ability to study the devel-

opment of this instability as a function of time post-

irradiation. 
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Table 1. Distribution of chromosomal aberrations in 

clone Si4-A1 as detected by mFISH. 
 

Aberration % Cells 

     t(15;14) 65% 

+  t(X;5) 24% 

                + other aberrations 22% 

    frag(5) 12% 

    Other translocations 35% 

    Normal karyotype 6% 
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DNMT1 Knockdown in Prostate Cancer Cells Reduces 
HRAD9 Expression and Tumor Formation in Nude Mice 

 
Aiping Zhu, Xiangyuan Wanga and Howard B. Lieberman 

 
 

DNA methylation, catalyzed by DNA methyltransferases 
(DNMT1, DNMT1b, DNMT3a, DNMT3b), plays a critical 
role in regulating gene expression during tumorgenesis.1 We 
found that prostate cancer cells produce high levels of 
HRAD9 protein, which is a cell cycle checkpoint protein and 
has many functions related to genomic stability and carcino-
genesis.2, 3 The HRAD9 3’–end region of intron 2 is hyper-
methylated at CpG islands in human prostate cancer DU145 
cells and some human prostate cancer tissues.2 We also 
demonstrated by chromatin immunoprecipitation (ChIP) that 
DNMTs can physically interact with these HRAD9 CpG is-
lands. Prostate cancer cells are less tumorigenic when 
HRAD9 expression is reduced. To test the significance of 
these findings with respect to tumorigenesis, we knocked 
down expression of DNMT1 (DNMT1 is considered to be 
the key to maintaining genomic DNA methylation in mam-
mals) to address whether, as predicted, HRAD9 level and 
tumor size would both be reduced in nude mice. 

Fig. 1. Western blot analyses indicate that DNMT1 siRNA 
can reduce protein levels of DNMT1 (upper panel) and 
HRAD9 (lower panel). The beta-actin loading control is also 
shown (lower panel). DNMT1 siRNA18 and DNMT1 
siRNA17 are two independent siRNA containing cell popula-
tions. DU145 cells with insertless vector and untransfected are 
indicated. 

 
Making DNMT1 siRNA construct and inducing recom-
binant virus 

DNMT1 siRNA target sequences (CTGACACCCTGCATGCGGG 

and GCAGTTCAACACCCTCATC) were designed and synthesized 
by Oligoengine Inc. The target oligos were made with flank-
ing BglII/XHOI restriction endonuclease sites. A pSU-
PER.ret.puro DNMT1 siRNA plasmid was constructed and 
transfected into the retrovirus packaging phi-NX cell line 
using lipofectamine (Invitrogen Inc.). After 24 hours, cells 
were selected by challenge with puromycine (2 µg/ml) in 
complete growth medium, and incubated at 37º C for 5 days. 
Then cells were split into dishes for another 2 days of incu-
bation with the drug. Cells were then placed in 5% FBS-
containing fresh growth medium and incubated at 30º C for 
24 hours. The culture medium was collected after centrifug-
ing for 5 minutes at 2000 rpm and filtering through a 0.45 
µm filter, then saved at -80º as a recombinant virus stock for 
subsequent infection. 

 
Using Recombinant DNMT1 siRNA and insertless vector 
alone virus to infect prostate cancer cells 

Prostate cancer DU145 and PC-3 cells were plated at 
1x106 cells per 100 mm plate in 10 mls of complete medium. 
Twenty-four hours later, the growth medium was removed. 
Two ml of the viral stock were added to cells in the presence 
of 10 µg polybrene per ml (Chemicon International, a Sero-
logical Company) and incubated for 6 hours at 37º C. Then, 
8 ml of complete medium were added to the cells. Three 

days post-infection, the cells were split (1 to 5-20 dilution) 
into puromycine (1µg/ml) selection medium, which was 
changed every 3 to 4 days until the clones were big enough 
to be picked. Cloned cells were cultured for amplification. 
Western-blotting was used to identify positive cell popula-
tions (Fig. 1). 

 
Sodium bisulfite modification and sequence 

The methylation status of the HRAD9 CpG islands was 
determined by the sodium bisulfite sequencing method. Ge-
nomic DNA (2 µg) was subjected to bisulfite modification 
using the EZ DNA Methylation Kit (ZYMO RESEARCH), 
according to the manufacturer’s instructions. Two µl of bi-
sulfite-treated DNA were amplified in a 25 µl reaction vol-
ume containing 1X reaction buffer, 3 mM MgCl2, 0.2 mM 
each dNTP,1.5 units Expand high fidelity Taq DNA poly-
merase (Roche) and 0.3 µM each forward and reverse 
primer. According to published reports,2, 4 HRAD9 CpG is-
lands span over 900 bp from the promoter region to intron 2, 
and that was amplified. PCR products were cloned into 
pCR2.1 T-A vector (Invitrogen Inc.), which were subse-
quently transformed into one shot INV2F’competent cells 
(Invitrogen Inc.). Plasmid DNA from each clone was iso-
lated using the Miniprep Kit (Qiagen) and sent to the Co-
lumbia DNA facility for sequence determination using M13 

a  Department of Obstetrics and Gynecology, College of Physi-
cians & Surgeons, Columbia University, NY 
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(R-24) primer. Cytosine methylation of each CpG island 
dinucleotide was determined by checking the cytosine signal 
in putative CpG island positions. Twelve clones for each cell 
line were examined by sequencing.  

The results of bisulfite sequencing of the entire HRAD9 
CpG island region showed that all 47 CpG dinucleotides in 
the promoter region and all nine CpG dinucleotides in the 
first two exons were unmethylated in DU145 prostate cancer 
cells containing insertless vector alone or with DNMT1 
siRNA. Methylation of CpG islands in the HRAD9 3’-end 
region of intron 2 (site of the transcription suppressor) was 
reduced in DNMT1 siRNA containing cells relative to those 
with insertless vector. There is no significant difference in 
HRAD9 CpG island methylation in PC-3 cells that contain 
either DNMT1 siRNA or the insertless vector (Fig. 2). 
 
Induced tumor formation in nude mice 

DNMT1 siRNA positive cloned DU145 cells (1) were in-
jected subcutaneously into the backs of nude mice (2 x 106 
cells in 0.2 ml of PBS/mouse). Four weeks later, most mice 
injected with cells containing insertless vector formed de-

tectable tumors, which increased in size over time. Most 
mice injected with DU145 cells containing DNMT1 siRNA 
did not form any detectable tumors at four weeks. Some 
formed tumors later, but tumor size was significantly smaller 
than in controls (Figs. 3A and B). 

In summary, small interfering RNA (siRNA) was used to 
knockdown DNA methyltransferase 1 (DNMT1) expression 
in prostate cancer DU145 cells. The experiment showed that 
DNMT1 expression in DU145 cells was reduced. HRAD9 
expression and the methylation of CpG islands in the 
HRAD9 3’ end of intron 2 in the DU145 cells were de-
creased. These cells were also less tumorigenic in the nude 
mouse model system. These results indicate that high levels 
of HRAD9 cause tumorigenesis, and aberrant DNMT1 activ-
ity is responsible at least in part for the high expression of 
HRAD9 observed in DU145 cells. 

Fig. 2. Bisulfite sequencing shows methylation patterns in 
HRAD9 CpG islands within prostate cancer cells DU145 and 
PC-3, untransfected or containing vector with or without a 
DNMT1 siRNA insert. 
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Fig. 3. A. Tumor formation in nude mice after injection of 
DU145 cells bearing an insertless vector or one with DNMT1
siRNA. B. Tumor volume after injection of DU145 cells with 
insertless vector or one bearing DNMT1 siRNA. Bars indicate 
average tumor volume at 12 injection sites, +/- SEM. 
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DNMT3B siRNA Downregulates HRAD9 
Expression in Prostate Cancer Cells 

 
Corinne Leloup, Aiping Zhu and Howard B. Lieberman 

 
 
Background 

Tumor cells often harbor alterations in methylation pat-
tern; genomic DNA presents global hypo-methylation and 
localized hyper-methylation. There is some evidence indicat-
ing that overexpression of DNA methyltransferases 
(DNMTs) is a cause for genomic hyper-methylation, at least 
at some loci. DNMT1, DNMT3A and DNMT3B are overex-
pressed in cancer tissues and cell lines.1, 2, 3 In several can-
cers, induced DNMT1 overexpression in cells induces CpG 
island hyper-methylation and cellular transformation.4 Hy-
per-methylation sometimes occurs in the promoters of tumor 
suppressors, and that can lead to their inactivation.4 

Hyper-methylation can also lead to increased gene ex-
pression in cancers. It has been reported that HRAD9 is up 
regulated in breast tumors, and that this is linked in some of 
the tumors to hyper-methylation in the first or second in-
trons of HRAD9. Methylation in the second intron reduces 
binding of the transcription inhibitor Sp1/3 and is thus 

probably responsible for HRAD9 overexpression.5 The 
HRAD9 gene is up regulated in prostate cancer cell lines 
(CWR22, DU145, LNCaP, and PC-3) and tissues as 
well.HRAD9 protein was detected in 45% of primary pros-
tate cancer tissues examined while it was detected in only 
4% of non-cancerous tissues, and at very low levels. Fur-
thermore, there was a strong positive correlation between 
HRAD9 protein abundance and cancer stage. Intron 2 of 
HRAD9 is hyper-methylated at CpG islands in DU145 pros-
tate cancer cells.6 Down regulation of DNMT1 with siRNA 
in DU145 cells leads to reduction of intron 2 methylation, 
and reduced HRAD9 expression. Furthermore, cells express-
ing lower levels of HRAD9 and DNMT1 are less tumorigenic 
than the parental DU145 cells when injected into nude mice, 
indicating that DNMT1 overexpression, followed by HRAD9 
intron 2 hyper-methylation and HRAD9 overexpression are 
functionally related to prostate cancer.7  

DNMT3B’s expression is also increased in prostate can-
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Fig. 1. Western blot analysis of DU145 cells stably infected or not with viruses containing DNMT3B siRNA (A, B) or insertless 
vector (C). Expression of both DNMT3B (A) and HRAD9 (B) was reduced after infection compared to uninfected controls. In C where 
DU145 cells were infected with insertless vector, levels of DNMT3B and HRAD9 are similar to those observed in uninfected cells. 
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cer lines.3 We plan to determine whether DNMT3B also con-
tributes to the aberrant methylation HRAD9 intron 2 in pros-
tate cancer. In this report we demonstrate that downregula-
tion of DNMT3B by siRNA is correlated with HRAD9 down-
regulation. 

 
Making DNMT3B SiRNA (small interfering RNA) con-
structs 

DNMT3B SiRNA target sequences 
(AACAAGACTCGAAGACGCA, AGGCTGAAAGATGACGGAT and 
ATCGACCTCACAGACGACA) were designed in exons 2, 11 and 
19 by Oligoengine, Inc. Those exons are present in all of the 
main DNMT3B isoforms and every SiRNA is therefore pre-
dicted to lower gene expression of all main isoforms. Oligos 
containing the target sequences were inserted in the BglII 
and XhoI restriction sites of pSUPER.retro.puro plasmid. 
Viral stocks containing the SiRNA constructs were produced 
according to Zhu et al.7 

 
DNMT3B siRNA downregulates DNMT3B and HRAD9 
expression in DU145 prostate cells 

DU145 prostate cancer cell lines were stably infected 
with viral stocks containing DNMT3B siRNA constructs 
according to Zhu et al.7 Infected clones were selected with 1 
g/ml puromycine, and expression of DNMT3B and HRAD9 
was monitored by Western blotting. Fig. 1 shows correlated 
downregulation of DNMT3B and HRAD9 in one representa-
tive clone compared to the parental uninfected DU145 cells. 
In this clone, levels of DNMT3B and HRAD9 were respec-
tively 20% and 5% of amounts in uninfected cells, all rela-
tive to Beta-actin. In comparison, levels of DNMT3B and 
HRAD9 proteins in DU145 cells infected with the vector 

alone were 80% of the levels in uninfected cells. CpG island 
methylation will be determined in clones with reduced ex-
pression to confirm that HRAD9 downregulation is indeed 
due to aberrant gene methylation. 
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Radiosensitivity to High Energy Iron Ions is Influenced 
By Heterozygosity for ATM, RAD9 and BRCA1 

 
Lubomir B. Smilenov, Guangming Zhou, Howard B. Lieberman, Thomas Ludwiga and Eric J. Hall 

 
 
INTRODUCTION 

There are a number of areas of human endeavor where 
the implicit assumption is made that the human population is 
uniform in terms of radiosensitivity, except for a few indi-
viduals such as AT homozygotes who are exquisitely sensi-
tive to radiation, but readily recognized by their clinical 
symptoms.1 This is important for radiation protection stan-
dards in general, but in particular for space flight. In the con-
text of Space Radiation Risk Assessment, the existence of an 
unidentified radiosensitive sub-population would have two 
consequences. First, it might be considered unethical to put a 

radiosensitive individual into a situation where they are 
likely to receive a substantial dose of radiation because of 
the possibility of a severe response. This assumes greater 
importance with the developing plans to return to the moon, 
or even to plan a trip to Mars, which would inevitably in-
volve exposure to even larger doses of radiation, including 
high energy heavy ions, than those received on short dura-
tion shuttle missions. Second, the existence of a radiosensi-
tive sub-population in an epidemiological study would tend 
to distort the shape of the dose-response relationship, 
thereby rendering a linear extrapolation from high to low 
doses invalid. 

There are a number of hints from human studies that the 
assumption of uniform radiosensitivity is incorrect, includ-
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ing the fact that only a few percent of radiotherapy patients 
suffer late effects.2 The problem is to discover and identify 
the genetic basis for this radiosensitivity, which in the end 
would allow those individuals to be spared from the delete-
rious health effects that could ensue after exposure. 

There are data from mouse models and human studies 
suggesting that heterozygosity for genes involved in DNA 
repair may play a central role in genomic instability and car-
cinogenesis.3-8 In addition, several examples from mouse 
models indicate that double heterozygosity for functionally 
related genes might have an additive effect on tumor devel-
opment.9-11 The number of ATM heterozygous humans is 
accepted to be 1.7-3% of the general population,12 which is 
high enough to be recognized as an important societal issue. 
More difficult is to establish the number of individuals het-
erozygous for more than one gene. An example is a study of 
BRCA1 and BRCA2 heterozygous individuals in a diagnostic 
setting,13 where double heterozygosity occurs in 0.09-0.36% 
of the indexed cases. This corresponds to 0.22–0.87% of 
proven BRCA mutation carriers, which rises to 1.8% in Ash-
kenazi Jews. 

These considerations lead us to investigate the role of 
several genes in controlling radiosensitivity. We have shown 
that cells heterozygous for Atm and Rad9, singly or in pairs, 
exhibit a higher incidence of x-ray induced oncogenic trans-
formation and a lower level of x-ray induced apoptotic death 
when compared to wild type control cells.14, 15 In addition, 
we have also demonstrated that x-ray induced ocular cata-
racts appear earlier in mice heterozygous for Atm or Atm and 
Rad9, relative to controls.16,17 We report herein the effects of 
these same genes on the response to high energy 56Fe 
(1GeV/n ions), since it is predicted that the efficiency of 
DNA repair gene activity might be less biologically signifi-
cant when much more intense DNA damage characteristic of 
exposure to very high LET radiation is induced. Our results 
indicate that, with respect to transformation, Atm, Rad9 and 
Brca1 function is still important after cells are irradiated 
with 56Fe ions. 

 
MATERIALS AND METHODS 
Mice: Atm, Mrad9 and Brca1 heterozygous mice, as well as 
the preparation of mouse embryo fibroblasts (MEF) were 
described previously.18-20 Genotypes were determined by 
PCR. Mice were housed and maintained in compliance with 
the U.S. Department of Health and Human Services Guide 
for the “Care and Use of Laboratory Animals” and 
institutional IACUCs.  

 
Irradiation: Cells and animals were exposed respectively to 
the indicated doses of 1GeV/n 56Fe ions in the experimental 
beam line of the NASA Space Radiation Laboratory (NSRL) 
facility at Brookhaven National Laboratory (Upton, NY). 
This is an accelerator-based facility that provides charged 
particles for space radiation research.21  

 
Oncogenic transformation: MEFs were irradiated with a 
dose of 0.5Gy 1GeV/n 56Fe ions. Twenty-four hours later 
they were replated in 100-mm dishes at a density of 6,000 
cells/dish over a feeder layer of 70,000 cells prepared from 

the same embryo but irradiated with a supralethal dose. Af-
ter 2 weeks of growth, cells were fixed, stained, and yields 
of transformed clones were scored. The scoring criteria were 
developed and examined by preliminary experiments, where 
embryo cells were irradiated and plated with the same den-
sity. Clones that appeared dense and had stellate-shaped 
piled-up cells were isolated with cloning cylinders. These 
clones were expanded and injected into nude mice. Those 
that caused the development of tumors were designated 
“transformed”. Clones that matched their shape and dimen-
sions were scored as transformed in subsequent experiments.  

 
Statistical analysis: Data are shown as means +/-SEM. Sta-
tistical analysis was performed using the Student’s t-test for 
unpaired samples. 

 
RESULTS 
Role of single and double heterozygosity for Atm and 
Rad9 in cell transformation  

To establish the impact of heterozygosity for ATM and 
Rad9 on cell transformation, we estimated the transforma-
tion frequency for cells derived from wild-type animals 
compared with those heterozygous for Atm, Rad9 or both. A 
total of 24 embryos were used (6 for each genotype). Yields 

Table 1. Transformation frequencies of cells with different 
ATM/Rad9 genotypes after exposure to 0.5 Gy of 1GeV 56Fe. 

 

Genotype 
Dose (Gy) 

56Fe 1GeV/n 

Number of 
clones 
scored 

Number of 
transformed 

clones 

0 15342 3 
Atmwt/Rad9wt 

0.5 12876 15 

0 16524 4 
Atmwt/Rad9hz 

0.5 11823 11 

0 15761 5 
Atmhz/Rad9wt 

0.5 13798 27 

0 11567 6 
Atmhz/Rad9hz 

0.5 9164 34 

Table 2 

 

 Atmhz/Rad9wt Atmwt/Rad9hz Atmhz/Rad9hz

Relative trans-
formation 

(0.5Gy 56Fe) 
1.680 1.252 3.185 

p-values 0.034 0.571 0.005 
 

Note: Comparisons of radiation-induced transformation be-
tween MEFs with different genotypes versus wild-type MEF 
controls. Relative transformation is defined as the ratio of the 
number of transformed clones per surviving heterozygous cells 
relative to the number of transformed clones per surviving 
wild-type cells. The statistical significance of differences in 
transformation frequency between the various cells with het-
erozygous genotypes and wild-type cells was analyzed by the 
Student's t-test. 
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of transformed clones were measured for unexposed controls 
and after exposure to a dose of 0.5Gy 56Fe ions 1GeV/n. The 
results shown in Table 1 and Table 2 indicate a statistically 
significant higher transformation frequency for the 
Atmhz/Rad9wt cells and for the Atmhz/Rad9hz cells relative 
to the wild-type controls. Transformation frequency for the 
double heterozygous cells was almost twice that for the 
Atmhz/Rad9wt cells, while Atmhz/Rad9wt cells showed a 
slight increase in comparison to the Atmwt/Rad9wt cells. 
The Rad9 heterozygous Atmwt/Rad9hz cells showed no dif-
ference in transformation relative to the wild type population.  
 
Role of single heterozygosity and double heterozygosity 
for Atm and Brca1 in cell transformation 

The same experimental scheme used for Atm/Rad9 mice 
was applied to examine the role of Atm and Brca1 heterozy-
gosity in cell transformation. Table 3 and Table 4 show the 
data for radiation-induced oncogenic transformation of 
MEFs from mice heterozygous for Atm and Brca1. The 
transformation frequency of the heterozygous cells was 
compared with the wild type control. The incidence of onco-
genic transformation increased significantly in 

Atmhz/Brca1wt, Atmwt/Brca1hz and Atmhz/Brca1hz cells in 
comparison to the wild type. There was no statistically sig-
nificant difference between the transformation efficiency of 
Atmhz/Brca1wt and Atmhz/Brca1hz cells.  
 
DISCUSSION 

The main goal of this study was to show the degree het-
erozygosity for Atm, Rad9 and Brca1 influences cell trans-
formation. These three proteins are key DNA damage re-
sponse elements and interact as part of DNA repair com-
plexes. ATM can phosphorylate Rad9, which is part of the 
Rad9-Hus1-Rad1 (9-1-1) protein complex.22 Rad9 plays an 
important role in prostate cancer development.23 ATM and 
BRCA1 are involved in both NHEJ and HR where ATM 
phosphorylates BRCA1. Both BRCA1 and ATM mutations 
confer a high risk for developing breast cancer.24 Regarding 
the endpoints we used in this study, cell transformation was 
shown in MEFs after γ-ray irradiation. We demonstrated 
previously that transformation frequency depends on the 
abundance of Atm and Rad9 proteins.15 Cell survival after 
radiation was studied in CD4+/CD8+ thymocytes where ex-
pression of ATM was shown to be very important for this 
process.25,26 Logically we expected that the roles of Rad9 
and BRCA1 in transformation could be tested in these same 
cell systems since ATM is functionally related to both of 
these proteins and does impact on the transformation proc-
ess.  

Our results demonstrate that the heterozygous gene status 
corresponding to any of these proteins was not of great bio-
logical significance when cells are not challenged with ra-
diation. The frequency of cell transformation was the same 
for MEFs of all genotypes tested, and the same was true for 
the relative numbers of CD4+/CD8+ thymocytes. However, 
both processes develop very differently after irradiation. 
Transformation frequency was higher for MEFs with het-
erozygous genotypes when compared to wild type cells, with 
the exception of those that were Atmwt/Rad9hz. Transforma-
tion frequency was also noticeably higher for the double 
heterozygous Atm/Rad9 MEFs when compared to cells with 
all the other genotypes examined. This demonstrates an ad-
ditive effect of compound heterozygosity relative to single 
gene heterozygote status. Similar damage results in different 
levels of cell transformation, indicating that DNA damage 
detection and processing depend on genotype. These results 
imply that under stress, the repair capacity for the heterozy-
gous cells is less than that of the wild type. The lower capac-
ity might lead DNA misrepair or mutation, manifested in our 
test systems as increased cell transformation 

Our findings support the conclusion that the cellular 
stress response depends on genotype and that combined het-
erozygosity can have an additive, negative impact. The re-
sults reported herein show that there might be at least three 
low frequency high penetrance genes, mutations within 
which confer cellular sensitivity to high energy heavy ions. 
It is likely that the few percent of individuals in the human 
population that carry similar mutations in comparable genes 
might constitute a radiosensitive subpopulation. Such a 
population would be important for two reasons. First, it 
could distort the shape of the dose-response relationship for 

Table 4 

 

 Atmhz/BRCA1wt Atmwt/BRCA1hz Atmhz/BRCA1hz

Relative trans-
formation 

(0.5Gy 56Fe) 
2.703 1.953 3.509 

p-values 0.003 0.054 0.000083 
 

Note: Comparisons of radiation-induced transformation be-
tween MEFs bearing different genotypes versus wild-type MEF 
controls. Relative transformation is defined as the ratio of the 
number of transformed clones per surviving heterozygous cells 
relative to the number of transformed clones per surviving 
wild-type cells. The statistical significance of differences in 
transformation frequency between the various cells with het-
erozygous genotypes and wild-type cells was analyzed by the 
Student's t-test. 

Table 3 

 

Genotype 
Dose (Gy)      

0.5Gy of 56Fe 
1GeV/n 

Total num-
ber of clones 

scored 

Number of 
transformed 

clones 

0 14645 5 
Atmwt/BRCA1wt 

0.5 13897 12 

0 15098 7 
Atmwt/BRCA1hz 

0.5 14235 24 

0 15761 6 
Atmhz/BRCA1wt 

0.5 11567 27 

0 14765 11 
Atmhz/BRCA1hz 

0.5 10231 31 
 

Note: Transformation frequencies of cells with different 
ATM/BRCA1 genotypes after exposure to 0.5 Gy of 1GeV 56Fe. 
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radiation induced carcinogenesis. Second, it would thus be 
unethical to deploy radiosensitive individuals to a situation 
where they are at a higher than normal risk of being exposed 
to substantial doses of radiation, including heavy ions, and 
would have an increased chance of developing deleterious 
health issues. While the data presented here all involve cells 
cultured in vitro, it has been shown that heterozygosity for 
the same genes also results in sensitivity to ocular cataract 
formation following exposure to low LET radiation.16, 17 

Overall, based on the results shown above, the following 
concept emerges: cells have DNA repair capacity that de-
pends on the levels of DNA repair proteins. Lower abun-
dance of some DNA repair proteins reduces the DNA repair 
capacity of the corresponding cells and individuals. Addi-
tionally, heterozygosity for two key repair proteins has addi-
tive negative effects, lowering this capacity even further. In 
a normal environment, basic DNA repair capacity is suffi-
cient to maintain the status of the genome. However, low 
levels of some DNA repair proteins result in excessive re-
sidual DNA damage, especially when exogenous genotoxic 
agents are applied, with consequences that could foster tu-
mor development.  
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Transforming Growth Factor-β Induced Protein (TGFBI) 
Suppresses Mesothelioma Progression 

Through the Akt/mTOR Pathway 
 

Gengyun Wen, Mei Hong, Bingyan Li, Michael A. Partridge, Burong Hu, Gloria M. Calaf and Tom K. Hei 
 

 
Although not a common kind of cancer, mesothelioma is 

very hard to treat and has a low average survival rate. The 
link between asbestos exposure and the development of 
mesothelioma in human is unequivocal. The expression of 
TGFBI, a secreted protein that is induced by transforming 
growth factor- in various human cell types, has been shown 
to be associated with tumorigenesis. It was demonstrated 
that TGFBI expression was markedly suppressed in asbes-
tos-induced tumorigenic cells, and its ectopic expression 
significantly suppressed tumorigenicity and progression in 
human bronchial epithelial cells. In this study, we generated 
a TGFBI knockdown mesothelium cell line and compared it 
with the parental cell line that carries the gene (Fig. 1). Sev-
eral cell cycle regulatory factors, including c-myc, cyclin D1 
and phospho-Rb, were down-regulated in TGFBI-positive 
cells lines. A more activated PI3K/Akt/mTOR pathway was 
also observed in the knockdown cells (Fig. 2), indicating 
TGFBI has a regulatory role within this pathway. We also 
compared a previously generated mesothelioma cell line that 
ectopically expresses TGFBI to its parental cancer cell line 
in which TGFBI is absent, and observed a similar effect of 

this protein on the activation of Akt and its downstream sig-
naling (Fig. 1 and 2), further confirming the regulatory role 
of TGFBI in the PI3K/Akt/mTOR pathway of mesothelium 
as well as progression of mesothelioma cells. ■ 

Fig. 1. A. TGFBI expression in knocked-down Met-5A 
cells. TGFBI in human mesothelial cell line Met-5A cells was 
targeted and knocked down by SMARTvector shRNA Lentivi-
ral Particles: 5ATN-- without transfection; 5ATE-- with non-
specific targeting sequence; 5AT1, 5AT2 and 5AT3--clones 
with TGFBI specific targeting, with different residual TGFBI 
levels. B. Human mesothelioma cell line H28 ectopically ex-
pressed TGFBI with plasmid pRc/CMV2 containing human 
TGFBI cDNA. H28V-- empty pRc/CMV2, no ectopic TGFBI 
expression; H28T4, H28T6 and H28T7—clones ectopically 
expressed TGFBI. Expression of TGFBI in cell supernatant 
was determined by Western-blotting. 

Fig. 2. Effects of TGFBI on the Akt/mTOR pathway under 
random growth condition. To detect the effects on AKT, 
mTOR, p70S6 and 4EBP1 in random growing pairs of 
5ATE/5AT1 (A) and H28-V/H28-T7 (B), cell lysates were 
resolved on 10% SDS-PAGE. Membranes from Western-blots 
were probed with antibodies to phospho-AKT, phosphor-
mTOR, p70S6 and 4EBP1, respectively. Antibodies against 
pan-AKT, mTOR, p70S6, 4EBP1 and -actin were used to 
examine the equal protein loading. 
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TGFBI Deficiency Leads to Aberrant CREB and Cyclin 
D1 Activations by Enhanced Protein Kinase an Activity 

 
Ping Lu, Ye Zhang, Tom K. Hei and Yongliang Zhao 

 
 

TGFBI, a secreted protein induced by TGF-,1 has been 
implicated in cell adhesion, proliferation, apoptosis, and 
tumorigenesis by in vitro studies. Our previous data show 
that mice lacking TGFBI demonstrate retarded growth, and 
are prone to spontaneous and carcinogen-induced tumors.2 
Compared to wild type MEFs, TGFBI−/− MEFs exhibit an 
enhanced proliferation and early S-phase entry.2 In an effort 
to search the signaling pathway(s) responsible for enhanced 
G1-S entry in TGFBI-Ko MEFs, we have examined the ex-
pression patterns of a number of proteins related to G1-S 
progression. The data demonstrated that CREB and cyclin 
D1 are aberrantly activated in TGFBI-null MEFs, which are 
causally linked to enhanced PKA activity, suggesting that 
TGFBI serves as an essential adhesion protein in controlling 
PKA activity. This aberrant activity due to the loss of 
TGFBI protein contributes to the tumorigenic process 
through regulating CREB and cyclin D1 activations. 

  
Aberrant growth of TGFBI−/− MEFs and cyclin D1 
upregulation 

After examining the expression patterns of a number of 
proteins related to G1-S progression, we have identified that 

cyclin D1 was significantly upregulated in TGFBI−/− MEFs 
(Fig. 1A). It is well documented that cyclin D1 plays a major 
role in controlling G1-S progression, and is consistently 
upregulated in most human cancers. Deregulated cell prolif-
eration and increased frequency of spontaneous tumors has 
been found in transgenic mice with overexpression of cyclin 
D1, whereas deletion of cyclin D1 protects mice from tumor 
induction. Collectively, these observations together with our 
findings suggest a critical role for cyclin D1 upregulation in 
enhanced cell proliferation and tumor formation in TGFBI−/− 
mice. 

 
Aberrant activation of CREB is responsible for cyclin D1 
upregulation in TGFBI−/− cells 

A transcriptional mechanism appears to be involved in 
cyclin D1 upregulation since TGFBI−/− MEFs showed a 5.6-
fold higher level of cyclin D1 mRNA and an over 10-fold 
higher level of cyclin D1 promoter activity than wild type 
cells (Fig. 1B). The Cyclin D1 promoter region contains 
several established or potential binding sites for transcription 
factors including CREB. To determine whether CREB is 
aberrantly activated in TGFBI−/− cells, a luciferase assay was 

 
A B

C 

Fig. 1. A. Western blot results of cyclin D1 level in exponentially-grown MEFs with TGFBI-null and wild type backgrounds. B. 
Relative cyclin D1 promoter activity in TGFBI–/– and wild type MEFs. C. Relative pCRE-luc and cyclin D1 promoter activities in 
TGFBI–/– and wild type MEFs after co-transfection of pCRE-luc or p-CCND1-luc with WT-CREB or DN-CREB vectors. 
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used to compare the pCRE promoter activity between 
knock-out and wild type cells, and results showed that rela-
tive pCRE promoter activity in TGFBI−/− cells was over 15-
fold higher than in wild type cells; however, it can be sup-
pressed significantly by a dominant negative CREB (DN-
CREB) vector (Fig. 1C). Similarly, cyclin D1 promoter ac-
tivity in TGFBI−/− cells was also suppressed significantly 
after co-transfection of cyclin D1 promoter with DN-CREB 
vectors (Fig. 1D). The CRE element has been shown to play 
a key role in transcriptional activation of the cyclin D1 
gene.3 Therefore, CREB was aberrantly activated due to 
TGFBI deficiency, which in turn contributes to the cyclin D1 
upregulation in TGFBI−/− MEFs. 

 
PKA (Protein kinase A) activity is enhanced in TGFBI–/– 
cells 

Integrin-mediated adhesion has been shown to regulate 
all of the mitogenic signal transduction cascades including 
Ras/MAPK (mitogen-activated protein kinase), RHO family 
small GTPases and PI-3K/AKT.4 To define the pathway(s) 
responsible for CREB and cyclin D1 activations in TGFBI−/− 
cells, integrin-elicited signaling were extensively examined. 
PKA was found to be dysregulated in TGFBI−/− cells. Rela-
tive to wild type MEFs, PKA activity was 2.5-fold higher in 
quiescent TGFBI−/− MEFs at 5 mins post serum stimulation 
(Fig. 2A). We then used a luciferase reporter assay to deter-
mine the role of PKA in cyclin D1 upregulation in TGFBI−/− 

cells. The result demonstrated that cyclin D1 promoter activ-
ity in TGFBI−/− cells can be suppressed significantly in the 
presence of specific PKA inhibitor-H89 (Fig. 2B), suggest-
ing a critical role of the enhanced PKA activity in cyclin D1 
upregulation. 

 
Enhanced PKA activity correlates with TGFBI loss and 
leads to CREB/cyclin D1 activation in TGFBI/ cells 

TGFBI−/− cells were transiently supplemented with re-
combinant mouse TGFBI protein in the culture medium to 
determine whether suppression of TGFBI downstream sig-
naling is observed. The results demonstrated that PKA activ-
ity can be suppressed to a level of wild type MEFs by 
TGFBI protein reconstitution (Fig. 3A). Furthermore, a 
higher induction of p-CREB and cyclin D1 expression in 
serum-stimulated quiescent TGFBI−/− MEFs could be sup-
pressed to the level of wild type cells by PKA inhibitor-H89 
(Fig. 3B). Thus, TGFBI loss is causally linked to enhanced 
PKA activity and further CREB/cyclin D1 activation in 
TGFBI−/− cells. It has been shown previously that CREB acts 
as a target of multiple signaling pathways including that 
regulated by PKA and can be directly activated by phos-
phorylation.5 PKA activity has been demonstrated to be con-
trolled by cell adhesion and further regulated by the RGD 
motif.6 Since TGFBI is a secreted protein with a RGD motif 
and mediates cell adhesion,1 our data strongly suggest that 
TGFBI is a critical adhesion protein in controlling PKA ac-

 A B

Fig. 2. A. PKA activity in serum-stimulated quiescent TGFBI–/– and wild type MEFs. B. Suppression of cyclin D1 promoter activ-
ity in TGFBI–/– cells. 
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Fig. 3. A. Suppression of both PKA activity in TGFBI/ cells after incubation with recombinant TGFBI protein at 0.5 g/ml for 24 
h determined by a kinase assay. B. Suppression of CREB and cyclin D1 activations in serum-stimulated quiescent TGFBI–/– cells in the 
presence of H89. 
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 A 

B 

Fig. 4. A. Western blot results of cyclin D1 protein level in tumor tissues arising from TGFBI–/– mice. Wt: wild type tissues isolated 
from wild type littermates; T: tumors; LP: lymphoma. B. Level of p-CREB in tumor samples with cyclin D1 overexpression. 

tivity in the attached cells, loss of which will result in in-
creased PKA activity, CREB activation, and cyclin D1 
upregulation. 

 
Levels of p-CREB and cyclin D1 expression were mark-
edly increased in tumors arising from TGFBI−/− mice 

To define the potential significance of CREB and cyclin 
D1 activations in the process of in vivo tumor development, 
levels of p-CREB and cyclin D1 expression were examined 
by Western blotting in tumor tissues arising from TGFBI−/− 
mice. As shown in Figure 4A, an increased cyclin D1 pro-
tein level was demonstrated in most (10/13) tumor samples 
examined. Accordingly, level of p-CREB was markedly 
increased in all ten tumor samples with cyclin D1 upregula-
tion (Fig. 4B). CREB has been shown to act as an oncogene 
and implicated in the development of human endocrine tu-
mors and acute myeloid leukemia.7 Meanwhile, cyclin D1 
upregulation has been associated with tumor development in 
both human and transgenic mouse models.8 Our data demon-
strated that CREB and cyclin D1 were aberrantly activated in 
tumors arising from TGFBI/ mice, which is consistent with 
the findings generated from TGFBI/ cells and imply a criti-
cal role for their activation in in vivo tumor development in 
mice with TGFBI disruption. 

 
Concluding remarks 

Cell cycle progression through the G1 phase requires 
dual signaling from soluble growth factors and adhesion to 
the ECM.9 Under mitogenic conditions, adhesion promotes 
G1 phase progression primarily via upregulation of cyclin 
D1.10 In the presence of TGFBI protein, intact cell adhesion 
suppresses PKA activity and provides an appropriate envi-
ronment for the attached cells to respond to growth factors. 
Consequently, both sustained activation of ERK/MAPK and 
induction of cyclin D1 could be observed; however, the 
basal PKA activity will control the efficiency of growth-
factor-elicited signaling by inactivation of adhesion-related 
proteins.11 In contrast, TGFBI deficiency will affect cell-

ECM interaction and lose the inhibitory effect on PKA activ-
ity, which results in an elevated level of PKA activity in 
TGFBI/ cells. This leads to cyclin D1 upregulation through 
increased CREB phosphorylation. Our data identified 
TGFBI as an essential adhesion protein in the inhibition of 
PKA activity in the attached cells, and further linked TGFBI 
deficiency to tumor formation through activation of 
CREB/cyclin D1 signaling. 
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Alterations in Gene Expression Levels in Individual 
Cells in Response to Ionizing Radiation 

 
Brian Ponnaiya, Sally A. Amundson, Shanaz A. Ghandhi, Lubomir B. Smilenov, Charles R. Geard and David J. Brenner 

 
 

Much of what is known of the alterations in gene expres-
sion profiles has come from data that measures expression in 
RNA pools from thousands, if not millions, of cells. How-
ever, there is an awareness of the cell-to-cell variations 
within a population and the power of single cell analyses to 
study this heterogeneity and to focus on effects in rare cells 
of interest, such as stem cells. 

We have previously reported on expression levels of 
highly expressed housekeeping genes at the single cell level. 
Here we present subsequent studies designed to determine 
the expression of radiation response genes in 100, 10 and 
individual control and irradiated cells. Five reference genes 
were included on the custom arrays, and their average ex-
pression stability was similar to those observed previously, 
in which expression of 18S is most variable while other 
genes are more uniformly expressed in 100, 10 and single 

cells. For the single cell data set, geNorm determined that 
UBC and GAPDH were sufficient for normalization of the 
single cell data, while GAPDH and PPIA were most stably 
expressed in the 10 and 100 cell data and therefore the best 
reference genes for normalization of these samples.  

Using these endogenous controls, the relative expression 
levels of 7 radiation-response genes were analyzed in sam-
ples of single, 10 and 100 cells (Fig. 1). As can be seen, for 
6 of the 7 genes (except GJA1), there was good general 
agreement between the expression profiles observed in indi-
vidual cells and those seen in 10 and 100 cells samples. 
When taken together as a group, the expression levels of 
individual control (non-irradiated) cells were not signifi-
cantly different from the levels in larger groups of cells with 
the exception of GJA1. Further, similar to patterns seen in 10 
and 100 cells irradiated samples, irradiated single cells on 

 

Fig. 1. Comparisons of mean relative quantities (±SD) of 7 gene products between non-irradiated (stippled bars) and irradiated 
(filled bars) samples of single cells ( ), 10 cells (  ) and 100 cells ( ). All groups were normalized to the most stable pair of endoge-
nous controls within that group: single cells – GAPDH and UBC, 10 and 100 cells – GAPDH and PPIA. 
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average showed higher levels of expression when compared 
to controls. 

Interestingly, for GJA1 while there was a difference in 
expression levels between single and 10 and 100 cell sam-
ples, there was no induction following exposure to radiation 
in any of the irradiated populations when compared to the 
matched controls. Also, as expected, increasing the number 
of cells per sample, going from 1 to 10 to 100 cells, resulted 
in smaller variation within the samples (as seen by reduced 
standard deviations).  

While comparing the means of the control group and ir-
radiated group of individual cells demonstrates that the irra-
diated group had elevated levels of expression of almost all 
genes, a more detailed examination of the response of indi-
vidual cells reveals a more complex picture (Fig. 2). Look-
ing at the expression profiles in the individual control cells, 
it is clear that there is some variability in the basal expres-
sion levels of all the genes studied. While some of them, e.g. 
FGF2 and MDM2 had relatively small degrees of variability, 
others such as GJA1 and FAS had larger ranges of expres-
sion. Irradiated individual cells also demonstrated a range of 
expression levels over all the genes. 

Additionally, not all irradiated cells had the same expres-
sion profiles. For example, while irradiated cell #1 had ele-
vated expression levels for all genes except GJA1, irradiated 

cell #8 had gene product levels similar to the mean of all 
control cells. Further, irradiated cell #7 had some of the 
highest levels of ATF3, CDKN1A and MDM2, but control 
levels of DDB2 and FGF2. On the other hand, irradiated cell 
#3 had some of the highest levels of ATF3, GADD45 and 
GJA1 but not for the other genes. Taking the data of 10 irra-
diated cells for this limited number of genes, it appears that 
almost all cells respond to ionizing radiation but the pattern 
of the individual responses is markedly different. Addition-
ally, there is no situation where the expression profile of 
multiple cells is exactly the same and the response of the 
population is more heterogeneous at the single cell level.  

The data from single cells analyses are consistent with 
previous studies,1-6 indicating changes in gene expression in 
individual cells within the range of changes previously re-
ported in studies that employed similar cell types, similar 
types and doses of radiation and the same assay method 
within the same time frame post-irradiation. In addition, the 
data speaks to the sensitivity of qRT-PCR to detect small 
changes in gene expression profiles and together with single 
cell analyses provides a powerful approach to investigate the 
complexity of cellular responses to ionizing radiation, and 
many other applications where gene expression patterns in 
individual cells may be of interest. 

 

 ATF3 CDKN1A DDB2 FAS FGF2 GADD45 GJA1 MDM2 

Control #1 0.365697 0.179085 0.361162 0.380171 0.13819 0.217595 0.69242 0.025308 

Control #2 0.288315 0.187989 0.066464 0.306662 0.11556 0.231763 0.33326 0.072681 

Control #3 0.445075 0.019332 0.121592 0.654343 0.117369 0.100073 0.204776 0.045598 

Control #4 0.12471 0.74828 0.111619 0.124797 0.216532 0.152159 0.118065 0.110311 

Control #5 0.149981 0.085073 0.311402 0.189839 0.109869 0.41261 1.018785 0.241459 

Control #6 0.165135 0.059901 0.201761 0.059035 0.046608 0.109251 0.119885 0.016456 

Control #7 0.713219 0.094432 0.129805 0.185748 0.067893 0.106684 0.293904 0.403158 

Control #8 0.243117 0.291329 0.105165 0.753521 0.086014 0.161177 0.246169 0.237948 

Control #9 0.166468 0.016012 0.136155 0.053117 0.019281 0.050707 0.089953 0.024236 

Control #10 0.147157 0.247659 0.042084 0.336908 0.100525 0.093585 0.108776 0.298422 

Mean Control 0.280887 0.192909 0.158721 0.304414 0.101784 0.16356 0.322599 0.147558 

Irradiated #1 0.759357 0.9585 1.030147 0.837319 1.030147 0.542934 0.0736 0.635009 

Irradiated #2 0.556576 0.403782 0.371298 1.040048 0.30117 0.517148 0.198698 0.358899 

Irradiated #3 0.868531 0.125143 0.268064 0.252727 0.065455 1.25758 0.670194 0.239426 

Irradiated #4 0.268101 0.378103 0.075564 0.785591 0.162313 0.255758 0.228118 0.678702 

Irradiated #5 0.493363 0.383346 0.02529 0.390317 0.289718 0.604461 0.112478 0.493363 

Irradiated #6 0.483108 0.176094 0.103911 0.059146 0.276896 0.156954 0.439647 0.263965 

Irradiated #7 2.009338 0.854244 0.104583 0.671621 0.124976 0.751956 0.910493 0.847168 

Irradiated #8 0.178169 0.084807 0.105063 0.180031 0.214095 0.150969 0.16158 0.192686 

Irradiated #9 0.231072 0.303846 0.23446 0.140478 0.155978 0.217549 0.062909 0.209121 

Irradiated #10 0.756799 0.679705 0.191575 0.249305 0.066939 0.679705 0.062413 0.458496 

Mean Irradi-
ated 

0.660441 0.434757 0.250995 0.460658 0.268769 0.292013 0.437683 0.513501 

 

 Fig. 2. Heatmap depicting relative expression levels of the 7 genes described in Figure 1 (columns) in 10 individual control and 10 
irradiated cells (rows). Colors represent relative levels of expression with yellow being low and red being high. 
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Histone Gene Expression in Irradiated Cells 
 

Jarah A. Meador and Sally A. Amundson 
 
 
Introduction 

The main functional unit of chromatin is the nucleosome 
which consists of 9 histone proteins and 146 base-pairs of 
DNA. The mammalian histone H2A, H2B, H3 and H4 pairs 
come together to form the octamer core of the nucleosome 
and the linker histone H1 is found between nucleosomes. 
The histone proteins are encoded by a family of replication 
dependent histone genes that are heterogeneously organized 
in two distinct clusters located on chromosomes 6p21 and 
1q21.1 The balance of histone gene expression is closely 
regulated during S phase of the cell cycle through activation 
by cyclin E-cdk2 and histone mRNA degradation is facili-
tated through the stem loop binding protein (SLBP).2, 3  

Normally functioning mammalian cells respond to radia-
tion induced DNA damage by inducing cell cycle check-
points at either the G1/S or G2/M phases of the cell cycle. It 
has been shown that p53 is a transcription factor responsible 
for initiation of the signaling cascade that causes induction 
of the G1/S checkpoint following radiation exposure by me-
diating p21 activation leading to cyclin E-cdk2 inhibition.4 
This checkpoint is essential for maintaining genome integ-
rity as it allows damaged DNA bases to be repaired before 
proceeding to replication. Alternatively, if the damage is 
deemed too extensive the cell may enter apoptosis.5 

It has been reported that functional p53 is responsible for 
ionizing radiation induced down-regulation of histone gene 
expression and that p53 or p21 mutation or deficiency alle-
viates this down-regulation.6 Mutations in p53 occur in over 
50% of human cancers leading to possible deregulation of 
cell cycle checkpoints and allowing cells to enter S phase 
with a damaged DNA template leading to potential malig-

nancy. Functional redundancy and signal transduction cross-
talk occur among many genes involved in cell cycle signal-
ing and checkpoint initiation. In this study we compared 
radiation induced cell cycle effects and histone gene and 
protein expression in the HCT116 colon carcinoma cell line.  

 
p53 mediated cell cycle effects following ionizing radia-
tion exposure 

HCT116 and HCT116 p53-/- isogenic cell lines were ex-
posed to 2.5 or 8 Gy 137Cs radiation and cell cycle was ana-
lyzed by flow cytometry following 24 hours by labeling 
DNA content with propidium iodide and % S-phase with 
bromodeoxyuridine (BrdU) staining. The cell cycle profile 
in the HCT116 p53 WT cells showed decreased % S phase 
with increasing radiation dose (Fig. 1A, C). Incubation with 
BrdU specifically stains cells undergoing S phase and the 
staining pattern for p53 WT cells revealed that, 24 hours 
following radiation, cells exposed to 2.5 Gy showed a simi-
lar cell cycle pattern compared to control with a slight de-
crease in S phase. Exposure to 8 Gy led to prolonged G1/S 
phase arrest. HCT116 p53-/- cells, however, showed no ob-
servable change in % S phase following 2.5 Gy compared to 
control but showed a significant decrease after 8 Gy radia-
tion (Fig. 1B, C). Taken together, the results indicate that 
p53 is involved in the G1/S checkpoint and that p53 medi-
ated regulation of cell cycle checkpoints may be dose de-
pendent. The results also suggest that, in the absence of p53, 
a strong G2/M checkpoint is present.  

 
Radiation induces decreased histone expression 

Total RNA was extracted from HCT116 WT and 
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HCT116 p53
-/-

 cells 24 hours after exposure to ionizing radi-

ation. Following cDNA synthesis, expression of histones 

H2A and H2B were measured using qRT-PCR. Among the 

75 different histone genes, we chose subtypes H2AI and 

H2BM for this analysis. H2A and H2B dimers are important 

for nucleosomal template compaction and transcription regu-

lation.
7
 A dose dependent decrease in H2A and H2B gene 

expression was observed for HCT116 WT and HCT116 p53
-/-

 

cells (Fig. 2). Although the pattern in gene expression was 

the same for WT and p53
-/-

 cells, a more pronounced de-

crease was observed for histone H2A at both doses. H2B 

expression was similarly decreased in both cell lines after 

2.5 Gy but was slightly lower following 8 Gy radiation ex-

posure in p53
-/-

 cells. Overall, the pattern of gene expression 

of both H2A and H2B was similar in p53
-/-

 cells whereas 

H2A expression was lower than H2B levels at both doses in 

WT cells. 

To determine if the effect of radiation on histone gene 

expression had translational effects, we measured H2A and 

H2B protein levels. Protein was isolated from WT and p53
-/-

 

cells 24 hours after exposure to 2.5 or 8 Gy of radiation. 

Western blot analysis was performed on the chromatin frac-

tion of each protein sample. This allowed us to make obser-

vations of nucleosome incorporated histone proteins rather 

than free histones. Consistent with the gene expression data, 

H2A and H2B protein expression decreased with increasing 

radiation dose in WT and p53
-/-

 cells (Fig. 3). Strikingly, the 

pattern of protein expression closely mirrored gene expres-

sion in both cell lines at each dose and underscores the sig-

nificant effect of radiation exposure on overall histone ex-

pression. 

 

Discussion 

The intricate coordination of histone gene up-regulation 

and degradation during the cell cycle has been well studied 

and established in normal mammalian cells. Regulation of 

cellular histone availability through signaling pathways is 

critical to replication fidelity. Abrogation of cell cycle 

checkpoints in cancer cells is common and has the potential 
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Fig. 1. Cell cycle analysis in HCT116 (Panel A) 

and HCT116 p53-/- (Panel B) cells 24 hr after ionizing 

radiation treatment. Panel A, B: DNA content (top 

figures) and S-phase (bottom figures) were analyzed 

using flow cytometry. Panel C: The % S phase was 

calculated by comparing BrdU intensity in irradiated 

samples to un-irradiated. 
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Fig. 2. Gene expression of histones H2A and H2B in 

HCT116 and HCT116 p53-/- cells 24 hr after exposure to 2.5 

Gy and 8 Gy ionizing radiation. Gene expression was measured 

using qRT-PCR. Experiments were performed in triplicate and 

assayed in duplicate. Error bars represent standard deviation. 
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of deregulating the balance of histone gene expression and 

causing genetic instability. The effect of DNA damage on 

histone gene regulatory pathways is not fully understood. 

Through understanding how cancer cells respond to DNA 

damage we can better design effective strategies for cell 

sensitization through radiation or chemotherapeutics. 

In this study we have shown that radiation induces cell 

cycle perturbations in a p53 dependent manner. Cell cycle 

changes following ionizing radiation exposure are not a nov-

el result, rather the experiments were necessary to show a 

correlation between cell cycle arrest and histone gene ex-
pression patterns. Indeed, at the 2.5 Gy dose the greatest 

decrease in H2A expression was observed in HCT116 WT 

cells which also showed a greater reduced % S phase after 

2.5 Gy. The % S phase and histone expression levels in p53-/- 

cells were similar to control levels after 2.5 Gy radiation 

exposure. Following 8 Gy radiation, histone expression le-

vels were similarly decreased regardless of p53 status and 

indicate that regulation of histone expression involving p53 

is dose dependent. Our results therefore are contradictory to 

those of Su et al.,6 which claimed that p53 is responsible for 

transcriptional downregulation of histone gene expression 

following DNA damage induced by ionizing radiation.  
Out of survival necessity, a high level of redundancy ex-

ists among signal transduction cascades. Several different 

transcription factors are involved in G1/S cell cycle check-

point regulation. Different cell processes such as cell cycle, 

cell-cell signaling and homoeostosis are affected at low le-

vels of radiation exposure whereas apoptosis and cellular 

proliferation processes are induced at higher doses. Recent-

ly, Lu et al.8 reported up-regulation of the NF-kappaB path-

way in p53 deficient cells compared to WT cells after 10 Gy 

radiation. E2F4 was found to be activated, regardless of p53 

status, at lower, iso-survival doses. This group also hypothe-

sized that E2F1 may play an important role in cell cycle reg-

ulation via ATM activation in p53 deficient cells following 

radiation exposure. E2F1 has been shown to negatively regu-

late histone gene expression through repression of histone 

nuclear factor P which directly binds to and activates histone 

gene expression.9 Although p53 appears to play a role in 

histone gene expression after radiation exposure, we believe 
other factors are involved in histone regulation. 
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Fig. 3. Histone H2A and H2B protein expression measured 
in HCT116 and HCT116 p53-/- cells 24 hr after exposure to 2.5 
and 8 Gy ionizing radiation. TATA binding protein (TBP) was 

used as a loading control. 
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Fig. 3.  Histone H2A and H2B protein 
expression measured in HCT116 and HCT116 
p53-/- cells 24 hr after exposure to 2.5 and 8 
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DNA Repair in Human Adipose Tissue-derived Stem Cells 
 

Jarah A. Meador and Adayabalam S. Balajee 

 

 

INTRODUCTION 

To maintain genomic integrity, cells comprising each tis-

sue must adhere to a balance of proliferation and apoptosis. 

Adult stem cells serve as a reservoir of undifferentiated cells 

that maintain tissue homeostasis. An essential balance exists 

between DNA replication, DNA repair, quiescence and cel-

lular proliferation in adult stem cells. Most adult stem cells 

have been described as slow cycling or quiescent which rais-

es concerns about DNA damage accumulation in stem cell 

pools over time, with age. Although DNA repair mechan-

isms have been extensively studied in differentiated cells, 

DNA repair capacity in stem cells remains largely unknown.  

Because of the critical role of adult stem cells in main-

taining tissue homeostasis, it has been hypothesized that 

stem cells should possess stringent DNA repair, compared to 

differentiated cells. Human embryonic stem cells have been 

reported to be more resistant to oxidative stress and ionizing 

radiation induced DNA damage due to elevated expression 

of DNA repair genes compared to differentiated cell types.
1
 

A decrease in hematopoietic stem cells (HSCs) following 

total body ionizing radiation exposure has been reported in 

humans and mice.
2
 Human bone marrow contains both 

HSCs and multi-potent adult mesenchymal stem cells 

(MSCs). MSCs are also present in adipose tissue and cord 

blood and can be differentiated into adipocytes, chondro-

cytes, myoblasts, osteoblasts, and neurons under appropriate 

culture conditions in vitro.
3-5

 Although HSCs are known to 

be very radiosensitive, MSCs have been reported to be rela-

tively resistant to both oxidative stress and ionizing radia-

tion.
6
 Radiation resistance in MSCs was attributed to the 

rapid activation of the ataxia-telangiectasia mutated (ATM) 

protein. The ATM protein, encoded by the Atm gene, is acti-

vated following induction of DNA double strand breaks and 

functions in cell cycle checkpoint regulation and DNA re-

pair. In HSCs Atm was found to be a critical mediator of 

oxidative stress and self-renewal.
7
 Additionally, a recent 

study using Atm
-/-

 mice showed increased oxidative DNA 

damage and decreased differentiation among neuronal stem 

cells.
8
 Although a role for ATM mediated DNA damage 

recognition and repair in stem cells has been established, it 

was important to fully explore the effect of compromised 

ATM function on DNA repair kinetics in MSCs.  

 

RESULTS 

The role of ATM in DSB recognition in MSCs 

For these studies, we used human adipose derived stem 

cells (hADSCs) because of availability and ease of in vitro 

culturing. All experiments were performed using early pas-

sage (2-4) hADSCs cultured on 2-chamber glass slides at a 

density of approximately 70%. Approximately 2 hours be-

fore irradiation ATM was inhibited using a specific small 

molecule inhibitor (KU-55933) that functionally inhibits 

1Gy, 30min

No inhibitor

ATM inhibitor

ATM Ser1981 DAPI (merged)

1Gy, 30min 1Gy, 30min

No inhibitor

ATM inhibitor

ATM Ser1981 DAPI (merged)

1Gy, 30min

Fig. 1. Treatment of hADSCs with the ATM inhibitor KU-

55933 effectively inhibits ATM activation. ATM activation 

was detected in the 1Gy -rays irradiated cells in the presence 

or absence of ATM inhibitor using an antibody specific for 

ATM autophosphorylation at ser1981. The top panel shows a 

cell treated with DMSO only and the bottom panel shows a cell 

treated with KU-55933. The cells were counterstained with 

DAPI which specifically stains the cell nucleus. 

Fig. 2. Induction of DSBs in hADSCs is dose dependent. 

Experiments were performed in triplicate and 500 cells per 

slide were scored at each radiation dose and post-recovery 

time. Error bars represent the standard error of the mean. 
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ATM kinase through competitive binding at the ATP bind-

ing site.
9
 Because KU-55933 is dissolved in DMSO, cells 

treated with the same volume of DMSO served as control. 

Incubation with 5M KU-55933 effectively decreased ATM 

activation in hADSCs (Fig. 1). As the ATM kinase has dem-

onstrated roles in both DSB recognition and repair 

processes, 53BP1 foci formation reflective of DSB induction 

was measured by indirect immunofluorescence at 30 min 

after exposure to 0.1, 1.0 or 2.5 Gy 
137

Cs gamma radiation. 

At 30 min post exposure, the medium was removed and the 

cells were fixed in a 1:1 acetone to methanol mixture. ATM-

related kinases have been shown to be involved in the phos-

phorylation of 53BP1 in a DNA damage dependent man-

ner.
10

 We observed a radiation dose response in hADSCs 30 

minutes after exposure to 0.1, 1.0 and 2.5 Gy of -rays radia-

tion (Fig. 2). Although a clear dose response in 53BP1 foci 

number was also observed in ATM inhibited hADSCs, the 

level of DSB induction was lower for all the radiation doses.  

 

Effect of ATM suppression on DSB repair kinetics in 

hADSCs 

hADSCs were irradiated with doses of 0.1, 1.0 or 2.5 Gy 
137

Cs gamma radiation, as described above, and were ana-

lyzed for the removal of DSBs at 30 min, 6 hr and 24 hr after 

radiation exposure. In the absence of ATM inhibition, 

hADSCs displayed efficient DNA repair, as evidenced by 

reduced 53BP1 foci/cell, that was both time and dose depen-

dent (Fig. 3A, B). Further, DSBs were reduced to the level 

similar to that observed for un-irradiated (DMSO) treated 

cells by 24 hr after radiation exposure. In contrast, ATM 

inhibited hADSCs showed the persistence of residual foci 

possibly due to inefficient removal of DSB. We calculated 

the percentage of persistent 53BP1 foci/cell as a function of 

radiation dose and post recovery time and found a significant 

delay in the disassembly of 53BP1 foci from the damaged 

sites in ATM inhibited cells at all radiation doses examined. 

Interestingly, although ATM inhibition significantly im-

paired the DSB removal as judged by the 53BP1 foci persis-

tence in 1.0 and 2.5 Gy exposed hADSCs, the overall kinet-

ics of 53BP1 foci removal reflective of DSB repair in the 

presence or absence of ATM inhibition were similar for both 

doses (Fig. 3C). The kinetics of DSB repair differed greatly 

between 0.1 Gy exposed hADSCs and the patterns observed 

for higher doses. Removal of DSBs after low dose exposure 

was reduced compared to higher doses after 6 and 24 hr of 

repair. No repair of DSBs was evident in ATM inhibited and 

Fig. 3. ATM modulates DNA repair kinetics in hADSCs. hADSCs were incubated with either DMSO (Panel A) or KU-55933 

(Panel B) and exposed to increasing doses of ionizing radiation. 53BP1 foci reflective of DSB induction and repair was calculated by 

comparing the 53BP1 foci number at each time point to that obtained at 30 min. (Panel C). Experiments were performed in triplicate 

and 500 cells per slide were scored for the experiment. Error bars represent the standard error of the mean. 
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0.1 Gy irradiated cells analyzed at 6 hr after radiation expo-

sure.  

 

DISCUSSION 

In this study we have shown that ATM is important for 

DNA DSB repair in hADSCs exposed to ionizing radiation. 

ATM inhibition led to attenuation of both DSB induction 

and repair at all doses and time points measured. It is impor-

tant to mention that even background 53BP1 foci levels were 

slightly reduced after ATM inhibition. It has been shown 

that ATM is less effective at DSB repair following exposure 

to low dose radiation.
11

 Although we see a marked differ-

ence in the percentage of persistent DSB induced by 0.1Gy 

of -rays at 6 hr between ATM-inhibited and non-inhibited 

hADSCs, this difference was hardly noticeable at the 24 hr 

time point. Our finding is consistent with the diminished role 

of ATM in repair of the few DSBs induced after low dose 

exposure. Overall, the data support the theory that ATM is 

an important mediator of DSB repair in hADSCs and that 

loss of ATM function in these cells could lead to deleterious 

effects on their self renewal and multi-lineage differentiation 

capabilities. 
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Hypoxia-Induced Radioresistance is Associated with 

53BP1 Upregulation and Facilitated Turnover 
 

Alexander V. Kofman, Jarah A. Meador and Charles R. Geard 

 

 

Tumors consist of distinct cell subpopulations that may 

be exposed to low oxygen for hours and then re-oxygenated 

(“cycling” hypoxia), or hours to days before undergoing cell 

death or re-oxygenation. Tumor hypoxia is associated with 

malignant progression, increased metastases, chemo- and 

radioresistance, and poor prognosis. The precise molecular 

mechanisms underlying hypoxic cancer therapy resistance 

are not fully understood and generally attributed to the lower 

levels of reactive oxygen species that increase DNA lesions. 

Recently it has been acknowledged that tissue hypoxia may 

significantly affect DNA-damage response, a complex 

network of signaling and effectors pathways that coordinate 

cell cycle progression, DNA repair and cell death 

mechanisms. Different severities and durations of hypoxia 

may have different effects on cell cycle checkpoint control 

and DNA repair. The current experimental models generate 

hardly comparable data and do not reflect the complex inter-

relationships between the acute hypoxia, cycling hypoxia 

and chronic hypoxia, and their effects on various factors 

involved in genetic stability and cell survival. 

We studied non-malignant 3T3/NIH cells and normal 

human lung fibroblasts (NHLF) that were subjected to -
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irradiation under the levels of oxygen resembling those in 

growing tumors, and related our data to the concentrations of 

dissolved oxygen (DO), which is a better indicator of the 

amounts of residual oxygen inside the cells cultured in the 

hypoxic or anoxic atmosphere. We found that at DO levels 

about 0.5 mg/L cells subjected to both short-term (17 hours) 

and prolonged (48-72 hours) hypoxia continued to 

proliferate (Fig. 1-4), and that apoptotic events were 

decreased at the early hours of hypoxic treatment (Fig. 5). 

We showed that the short-term hypoxia up-regulated p53-

binding protein 1 (53BP1) and resulted in facilitated 53BP1 

nuclear foci formation and disappearance (Fig. 6-7), thus 

indicating the higher efficiency of DNA double strand 

breaks repair processes. The latter was confirmed by the 
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Fig.1.  Cell proliferation under 
hypoxic vs. normoxic
conditions (Number of cells 
per Petri dish). Seeding 
densities of 3T3/NIH and NHLF 
are 100,000 cells / dish and 
30,000 cells / dish 
correspondingly. The 
analogous results for 3T3/NIH 
were obtained for seeding 
densities of 50,000 and 
200,000 cells per dish  (data 
not shown).

Fig. 1. Cell proliferation under hypoxic vs. normoxic 

conditions (Number of cells per Petri dish). Time points: 24, 

48 and 72 hours for 3T3/NIH cells, and 8, 17 and 48 hours for 

NHLF. Percentage indicates concentrations of oxygen in the 

atmosphere. Seeding densities of 3T3/NIH and NHLF are 

100,000 cells / dish and 30,000 cells / dish correspondingly. 

The analogous results for 3T3/NIH were obtained for seeding 

densities of 50,000 and 200,000 cells per dish (data not shown). 
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Fig.2. Incorporation 
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cells (8 hours).
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Fig.2. Incorporation 
of EdU into 3T3/NIH 
cells (8 hours).

Fig. 2. Incorporation of EdU into 3T3/NIH cells (8 hours of 

incubation). Percentage indicates concentrations of oxygen in 

the atmosphere. 
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Fig.3. Continued cell 
proliferation under 
hypoxic conditions 
(3T3/NIH, 0.1% 
oxygen, 24 hours). 
Green - PMDZ-protein 
adducts. 

Fig. 3. Continued cell proliferation under hypoxic condi-

tions (3T3/NIH, 0.1% oxygen, 24 hours). Hypoxia-induced 

formation of PMDZ-protein adducts (green) was detected with 

specific antibodies (Hypoxyprobe Inc, U.S.A.) and secondary 

Alexa-Fluor-488 antibodies. Nuclei (red) were counterstained 

with propidium iodide. Yellow indicates that green and red 

signals are co-localized. 

 

Fig. 4. Co-localization of EdU (green) and PCNA (red) in 

dividing 3T3/NIH cells (3T3/NIH, 0.1% oxygen, 48 hours). 

Yellow indicates that green and red signals are co-localized. 
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lower micronuclei incidence in irradiated hypoxic cells (Fig. 

8). The results suggest that the hypoxia-reoxygenation 

cycles may cause transient activation of cell division and up-

regulation of the non-homologous end joining DNA repair 

pathway. Therefore the fate of the subjected to chemo- or 

radiotherapy tumor cells may shift toward the facilitated 

error-prone DNA repair and survival, rather than toward the 

apoptosis. 
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Fig. 7. 53BP1 foci as the total area per nucleus (Sq.mkm),  

NIH/3T3 cells irradiated at 2 Gy: 1- and 2- correspondingly 

normoxic and hypoxic cells at 30 min, and 3- and 4- normoxic 

and hypoxic cells at 2 hours after IR. 

 

Fig. 5. Cleaved Poly (ADP-ribose) polymerase (PARP) in 

normoxic (1) vs. hypoxic (2) cells (17 hours). 
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Fig. 8. A. Mn incidence in normoxic 3T3/NIH cells; and B. 

Increased radioresistance upon incubation at different oxygen 

concentrations (Mn per bi-nucleated cell ratio) for 8 hours be-

fore and after IR. 

 

Fig. 6. 53BP1 expression in non-irradiated cells under 

normoxic and hypoxic conditions.   A. 53BP1 in normoxic, and 

B. hypoxic 3T3/NIH (17 hours); C. FACS analysis of 53BP1 

expression in 3T3/NIH (17 h). 
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Asbestos induced human cancers are still on the rise 

throughout the world. Considerable evidence suggests that 

reactive oxygen and nitrogen species (ROS and RNS) are 

important mediators of asbestos-associated cancers and other 

diseases.
1-7

 Our previous studies demonstrated that treatment 

of enucleated AL (human-hamster hybrid) cells with crocido-

lite asbestos followed by rescue fusion with karyoplasts 

from control cells resulted in a significant increase in nuclear 

DNA mutation in fused cells, and that co-treatment with 

radical scavengers reduced the mutation yield.
8
 These data 

indicate that cytoplasmic components were involved in in-

itiating oxidative stress and mediating asbestos mutagenesis 

in mammalian cells. Thus far, no direct link has been made 

between mitochondrial-originated reactive oxidants and as-

bestos-induced nuclear DNA mutagenic events. The current 

study investigates whether mitochondria are a potential cy-

toplasmic target of asbestos using a mitochondrial DNA 

(mtDNA) depleted (ρ
0
) human small airway epithelial (SAE) 

cell model. We examined and compared the ability of asbes-

tos to induce nuclear DNA damage and mutagenesis, intra-

cellular ROS and RNS production, and the expression of 186 

inflammation-related nuclear genes in both parental and ρ
0
 

SAE cells.  

 

a  Department of Neurology, College of Physicians & Surgeons, 

Columbia University, NY 
 

Fig. 1. Verification of ρ0 status. A. ρ0 SAE cells showed a loss of mitochondrial membrane potential as indicated by JC-1 staining. 

JC-1 formed orange aggregates in parental SAE cells but remained as green monomers in ρ0 SAE cells. B. ρ0 cells show a significant 

decrease in COX activity in comparison with parental cells. COX: an enzyme complex (IV) encoded jointly by mtDNA and nuclear 

DNA. SDH: an enzyme complex encoded entirely by nuclear DNA. C. ρ0 cells have significantly reduced oxygen consumption rate 

compared with parental cells. D. ρ0 cells (3) show decreased intracellular superoxide content (indicated by DHE fluorescence) com-

pared with parental SAE cells (4). Each of the experiments (A-D) was repeated three times. 
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Characterization of parental and ρ
0
 SAE cells and cellu-

lar toxicity of asbestos 

The ρ
0
 SAE cells were generated by treating parental 

SAE cells with 50ng/ml EtBr for 2 months to deplete 

mtDNA. The ρ
0
 status was indicated by the significantly 

decreased mtDNA content, which is 0.22 ± 0.08% of the 

parental cells. Since mtDNA-encoded proteins are important 

components of mitochondrial respiration, we further ex-

amined mitochondrial functional markers in ρ
0
 cells. The ρ

0
 

status was confirmed by a loss of mitochondrial membrane 

potential gradient (Fig. 1A), significantly decreased COX 

activity (Fig. 1B) and oxygen consumption rate (Fig. 1C), as 

well as a decrease in intracellular
 
superoxide content (Fig. 

1D). The morphologies of ρ
0
 SAE cells were not different 

from that of the parental cells, though ρ
0
 cells grow slower 

(data not shown). The mitochondria are punctuated in ρ
0
 

cells but elongated and filamentous in parental cells (data 

not shown). In general, ρ
0
 SAE cells are less sensitive to 

asbestos-induced toxicity than the parental cells (data not 

shown). Crocidolite fibers show a lower toxicity than chry-

sotile within the dose range tested in the current study.  

 

Asbestos fibers induced nuclear DNA oxidative damage 

Initially, we examined the role of mitochondria in asbes-

tos-induced oxidative damage of the nuclear genome. To do 

this, both parental and ρ
0
 SAE cells were subjected to vari-

ous doses of chrysotile and crocidolite exposure for 48 hr. 

The formation of 8-OHdG, a DNA lesion known to be 

formed upon oxidative damage, was measured by immunof-

luorescent staining using a specific monoclonal antibody 

1F7. A higher baseline 8-OHdG level was observed in un-

treated ρ
0
 SAE cells (20.96 ± 7.72, Fig. 2 B&D) compared 

with the parental SAE cells (7.45 ± 2.05, Fig. 2 A&C). 

However, despite this higher background in ρ
0
 SAE cells, 

the asbestos-induced increases in 8-OHdG were much lower 

in ρ
0
 cells than in parental cells (Fig. 2) (p<0.001, student’s t 

test). In addition, chrysotile induced a higher level of 8-

OHdG than crocidolite (Fig. 2). 

Fig. 2. Chrysotile and crocidolite asbestos induced a dose-dependent increase of 8-OHdG in parental but not ρ0 SAE cells. 
The oxidative nuclear DNA damage product, 8-OHdG, was detected by immunofluorescence and images were captured on a confocal 

microscope. A&C, representative images from untreated control and various treated samples. A. parental SAE cells; B. ρ0 SAE cells. 

Chrysotile and crocidolite asbestos treatments: 0.5 and 2 μg/cm2 for 48 hours. H2O2 treatment: 100 mM for 30 minutes. C&D, Images 

were quantified by image-pro-plus 6.0. The results are plotted with a horizontal jitter in C and D, respectively. Left, chrysotile treated 

samples; right, crocidolite treated samples. Each dot represents a single cell quantified. The average fluorescent intensity (mean ± SD) 

per cell shown on top of the figures was obtained from ~200 cells per sample. H2O2 treated group = 35.8 ± 6.52 (not plotted in the fig-

ures). *, P < 0.01; #, P < 0.001 Student's t test compared with untreated SAE cells. 
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Asbestos fibers induced chromosomal breaks  

Asbestos is a well-established chromosomal mutagen 

that induces micronuclei, which are chromosome fragments 

not incorporated into one of the daughter nucleus at cell di-

vision.
9
 In this study we determined the asbestos-induced 

MN yield in both ρ
0
 and parental SAE cells in order to con-

firm the role of mitochondria in asbestos-mediated mutage-

nicity. MN were scored on binucleated ρ
0
 or parental SAE 

cells after 48 hours of asbestos exposure as described.
10

 Sim-

ilar to the DNA oxidative damage results presented above, 

ρ
0
 cells had a statistically significantly increased background 

MN (9.1 ± 2.34%) compared with parental SAE cells (4.9 ± 

1.14%) (P<0.05, student's t test). Treatment with chrysotile 

and crocidolite fibers induced significant increases in MN 

yield in parental SAE cells (Fig. 3 A&B). The frequency of 

MN-positive SAE cells increased in a dose-dependent man-

ner from 6.7% after 0.5 μg/cm
2
 to 17.6% after 4 μg/cm

2
 

chrysotile exposure and from 1.7% after 0.5 μg/cm
2
 to 5% 

after 4 μg/cm
2
 crocidolite exposure. Though chrysotile in-

duced a slight dose-depend increase in MN yield among ρ
0
 

SAE cells (ranged 1.2~7.6%), crocidolite treatment did have 

any effect at all doses examined (Fig. 3 A&B). These results 

show that mitochondria dysfunctional ρ
0
 SAE cells were 

significantly less sensitive to chrysotile- and crocidolite-

induced micronucleus formation when compared with paren-

tal cells. Chrysotile fibers were generally more potent than 

crocidolite in inducing MN in both cell lines. 

 

Increase of intracellular oxidants in asbestos-treated 

SAE cells 

In order to verify the contribution of mitochondria-

derived ROS and RNS to asbestos-induced nuclear oxidative 

damage and lesions, we compared asbestos-induced intracel-

lular oxidant production in ρ
0 

versus parental SAE cells. The 

overall ROS and RNS level was determined using CM-

H2DCFDA, a cellular membrane permeable non-fluorescent 

Fig. 3. ρ0 cells were significantly less sensitive than parental SAE cells to asbestos-induced micronucleus formation. A&B, 

Columns, asbestos-induced MN-positive cells, background subtracted; bars, SD. Pooled data obtained from three independent experi-

ments. A. chrysotile induced MN in both parental and ρ0 cells in a dose-dependent manner. At all doses, chrysotile-induced MN yield 

in ρ0 SAE cells was significantly lower than that in parental cells (P<0.01, Student's t test). B. crocidolite induced a dose-dependent 

increase in the frequency of MN-positive cells in parental cells, but had no effect on ρ0 cells. C & D, pictures demonstrating the forma-

tion of MN. C. untreated SAE cells. D. 2 μg/cm2 chrysotile treated SAE cells. Arrows indicate MNs. * P<0.05 compared with untreated 

SAE cells; ** P<0.01 compared with untreated SAE cells; # P<0.05 compared with untreated ρ0 SAE cells. 
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probe that can be irreversibly oxidized by intracellular ROS 

or RNS into a green fluorescent product CM-DCF. Our re-

sults show that in SAE cells, 24-hr asbestos treatment caused 

an increase in CM-DCF fluorescence over the background 

level (P<0.01, student’s t test) (Fig. 4 A&C). Pre- and co-

treating the cells with the radical scavenger DMSO, success-

fully prevented the induction of oxyradicals by asbestos, as 

indicated by the decrease in average fluorescence/cell (Fig. 4 

A&C) (P <0.05, student’s t test). By contrast, in ρ
0 

SAE 

cells, although the baseline ROS and RNS level was higher 

compared with that in parental cells, treatment with asbestos 

induced little or no intracellular oxidants (Fig. 4 B&D). 

DMSO treatment reduced the fluorescence level in asbestos-

exposed ρ
0 

SAE cells to baseline level (Fig. 4 B&D). Nota-

bly, H2O2 induced an abundant increase of intracellular ROS 

and RNS in both parental and ρ
0 
SAE cells (Fig. 4).  

Gene clustering  

The above experiments proved that mitochondria-derived 

ROS and RNS were a major factor involved in mediating 

direct nuclear damage in asbestos-treated SAE cells. Then 

we determined whether mitochondria-derived ROS and RNS 

could also mediate relevant nuclear signaling pathways. We 

analyzed the expression of 186 genes involved in immune 

and inflammation pathways with TaqMan low density ar-

rays. The expression of these genes was examined at 12, 24 

and 48 hr in four experimental groups, 1) untreated SAE 

cells, 2) 1 µg/cm
2
 asbestos-treated SAE cells, 3) untreated ρ

0
 

SAE cells, 4) 1 µg/cm
2
 asbestos-treated ρ

0
 SAE cells. Gene 

clustering was performed on raw data from three indepen-

dent biological repeats using StatMiner to estimate the dif-

ferences in gene expression. The result for immune arrays at 

the 48-hr time point shows that SAE cells clustered by 

Fig. 4. Asbestos generated intracelluar ROS and RNS in parental but not ρ0 SAE cells. A&B, representative pictures for con-

trols and treated samples. A. parental cells. B. ρ0 cells. Green, CM-DCF fluorescence indicating intracellular ROS and RNS level; Red, 

Cell Tracker Red counter-staining. Control: no treatment; Asbestos: 0.5µg/cm2 chrysotile for 24 hr; Asbestos+DMSO: 0.1% DMSO for 

24 hr, followed by 0.5µg/cm2 chrysotile plus 0.1% DMSO for 24 hr; Hydrogen Peroxide: 0.2mM H2O2 for 30 min. C&D, relative 

quantification of CM-DCF fluorescene using image-pro-plus 6.0. C. parental cells. D. ρ0 cells. The green fluorescence was normalized 

toward the Cell Tracker staining to account for the difference in cell thickness between the parental and ρ0 cells. The average fluores-

cence (mean ± SD) per cell was obtained from three independent experiments. *, P < 0.01; Student's t test compared with untreated 

SAE cells; #, P < 0.05, Student's t test compared with asbestos-treated SAE cells. 
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treatment, an indication that asbestos had a significant effect 

on gene expression (Fig. 5, lanes 7-12). In contrast, asbestos 

treatment did not affect gene expression in ρ
0
 SAE cells to 

the same extent and samples are poorly clustered (Fig. 5, 

lanes 1-6). Similar clustering patterns were found with the 

12-hr and 24-hr treatment samples (data not shown).  

 

Differentially expressed genes in asbestos-treated groups 

versus controls  

The differentially expressed genes (P<0.05) in asbestos-

treated SAE cells vs. untreated controls, and in asbestos-

treated ρ
0
 SAE cells vs. untreated ρ

0
 controls were identified 

using StatMiner. The log10 (Relative Quantity) for each of 

the differentially expressed genes at 12, 24 and 48 hr is plot-

ted in Fig. 6. We also compared how the baseline gene ex-

pression levels in ρ
0
 and parental SAE cells vary from each 

other (data not shown). Fig. 6A shows that asbestos induced 

a time-dependent increase in the expression of a subset of 

immune- and inflammation- related genes in SAE cells. Al-

though 12-hr treatment affected the expression of only a few 

genes, with 24- and 48- hr treatments, the expression of 26 

and 32 genes, respectively, were significantly altered by 

asbestos. These genes were mostly up-regulated (20 out of 

Fig. 5. Gene clustering 

of asbestos-treated and 

control groups for paren-

tal and ρ0 SAE cells. As-

bestos concentration: 1 

µg/cm2, exposure time: 

48hr. The pooled data 

represent a total of 12 im-

mune gene expression array 

sets from three independent 

biological repeats. From left 

to right: asbestos-treated ρ0 

SAE cells (T02 and T03); 

control ρ0 SAE cells (C03 

and C02); asbestos-treated 

and control ρ0 SAE cells 

(T01 and C01); asbestos-

treated SAE cells (T2, T1 

and T3); untreated SAE 

cells (C3, C1 and C2). These 

results show that all the SAE 

cells clustered by treatment 

but the ρ0 SAE cells were 

poorly clustered (as indi-

cated by the dendritic trees 

on top of the Figure). 

 

 

Fig. 6. Asbestos induced time-dependent increase in the expression of immune- and inflammation-related genes in parental 

but not ρ0 SAE cells. Relative quantity (RQ) of each gene for each paired “asbestos-treated” versus “untreated control” group was 

calculated for both parental (A) and ρ0 (B) SAE cells. Columns represent the log10RQ of asbestos-induced differentially expressed 

genes (paired t-test, P<0.05) at 12, 24 and 48 hr, respectively. Genes consistently differentially expressed across time points appear in 

the same colors, columns appear in white (parental cells)/black (ρ0 cells) represent different individual genes. Asbestos concentration:  

1 µg/cm2. Data obtained from three biological repeats. 
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26 for 24-hr group, and 27 out of 32 for 48-hr group). About 

half the genes differentially expressed at 24 hours were con-

sistently up-regulated at 48 hours in asbestos-treated SAE 

cells (Fig. 6A). In contrast, asbestos had no significant effect 

on ρ
0
 SAE cells. Overall the expression of 183 genes ex-

amined in ρ
0
 SAE cells did not change after asbestos treat-

ment (Fig. 6B). Six up-regulated genes were identified at 48 

hours, but the fold changes were all less than two except for 

MC2R (Melanocortin 2 receptor, ratio 5.66) and CCR4 

(chemokine receptor 4, ratio 3.24) (Fig. 6B). 

 

Network analysis 

The results presented above showed significant induction 

of 27 genes and slight down-regulation of 5 genes in SAE 

cells 48 hr after asbestos treatment (Fig. 6A). The functional 

importance of these genes was evaluated by gene ontology 

related pathway analysis using Ingenuity pathway analysis 

(IPA) software. Ingenuity Toxicity List showed that these 

genes were associated with induction of oxidative stress, 

xenobiotic metabolic process, pro-apoptosis and others 

processes (data not shown). Furthermore, a group of highly 

interconnected networks of 32 asbestos-responsive genes 

were constructed by IPA, based on direct interactions stored 

in the Ingenuity Knowledge Base, which is a collection of 

experimentally confirmed relationships between molecules 

(Fig. 7). The networks demonstrate that the 32 asbestos-

mediated genes were directly related with activation of tran-

scription factors NF-κB and activator protein-1 (AP-1) sig-

naling pathways, as well as the downstream signaling in-

cluding various interleukins (ILs), tumor necrosis factor 

(TNF) and TNF receptor (TNFR), colony stimulating factors 

1-3 (CSFs), and other pro-inflammatory cytokines or growth 

factors (Fig. 7). These signaling pathways are known to be 

oxidative stress-responsive and have been consistently re-

ported by existing studies to be activated by asbestos expo-

sure.
11, 12

 Network analysis of significant genes from 24-hr 

group of SAE cells show similar results (data not shown). In 

contrast, IPA revealed that the genes differentially expressed 

in ρ
0
 SAE cells at 48 hr after asbestos treatment were asso-

ciated with an inhibition of mitogen-activated protein kinase 

Fig. 7. Network of genes whose expression is mediated by asbestos after 48 hours of treatment in SAE cells. A group of high-

ly interconnected networks of 32 asbestos-responsive genes (P<0.05)  were constructed by IPA, based on direct interactions stored in 

the Ingenuity Knowledge Base, which is a collection of experimentally confirmed relationships between molecules. Un-colored mole-

cules: the expression levels of which were not examined in the current study. 
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(MAPK), AP-1/JUN and pro-inflammatory TNF signaling 

cascades (data not shown).  

 

Conclusions 

Overall, the present findings indicate that mitochondria 

are a major cytoplasmic target of asbestos. Asbestos initiates 

the production of mitochondria-associated oxidants, which 

directly mediate asbestos-associated nuclear mutagenic 

events and redox-responsive signaling cascades in target 

cells. These data provide new insights into the molecular 

mechanisms of asbestos induced mutagenicity. Future stu-

dies elucidating the possible mechanisms by which asbestos 

induces mitochondria-derived oxidative stress may potential-

ly provide better ideas for preventive and therapeutic ap-

proaches of asbestos-associated cancers and other diseases. 

 

Acknowledgments 

This work was supported by R01-ES 05786, Superfund 

grant P42 ES 10349 and Environmental Center grant P30 ES 

09089. We thank Sally Amundson, Thomas Templin and 

Lubomir Smilenov for generously providing gene expression 

and analysis systems, Peter Grabham and Winsome Walker 

for expert technical assistance. 

 

References 

 

1. Kamp DW and Weitzman SA. The molecular basis of 

asbestos induced lung injury. Thorax 54:638-52, 1999. 

2. Kane AB. Mechanisms of mineral fibre carcinogenesis. 

IARC Sci Publ:11-34, 1996. 

3. Shukla A, Gulumian M, Hei TK, Kamp D, Rahman Q 

and Mossman BT. Multiple roles of oxidants in the pa-

thogenesis of asbestos-induced diseases. Free Radic Bi-

ol Med 34:1117-29, 2003. 

4. Toyokuni S. Mechanisms of asbestos-induced carcino-

genesis. Nagoya J Med Sci 71:1-10, 2009. 

5. Hei TK, He ZY and Suzuki K. Effects of antioxidants 

on fiber mutagenesis. Carcinogenesis 16:1573-8, 1995. 

6. Xu A, Wu LJ, Santella RM and Hei TK. Role of oxy-

radicals in mutagenicity and DNA damage induced by 

crocidolite asbestos in mammalian cells. Cancer Res 

59:5922-6, 1999. 

7. Xu A, Zhou H, Yu DZ and Hei TK. Mechanisms of the 

genotoxicity of crocidolite asbestos in mammalian cells: 

implication from mutation patterns induced by reactive 

oxygen species. Environ Health Perspect 110:1003-8, 

2002. 

8. Xu A, Huang X, Lien YC, Bao L, Yu Z and Hei TK. 

Genotoxic mechanisms of asbestos fibers: role of extra-

nuclear targets. Chem Res Toxicol 20:724-33, 2007. 

9. Jaurand MC. Mechanisms of fiber-induced genotoxici-

ty. Environ Health Perspect 105 Suppl 5:1073-84, 

1997. 

10. Fenech M. The in vitro micronucleus technique. Mutat 

Res 455:81-95, 2000. 

11. Manning CB, Vallyathan V and Mossman BT. Diseases 

caused by asbestos: mechanisms of injury and disease 

development. Int Immunopharmacol 2:191-200, 2002. 

12. Martindale JL and Holbrook NJ. Cellular response to 

oxidative stress: signaling for suicide and survival. J 

Cell Physiol 192:1-15, 2002. ■

 

 

 

 

 

Asbestos Induces Mitochondrial DNA Mutation and 

Functional Alteration: Potential Source of Intracellular 
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Mitochondria have been implicated in carcinogenesis by 

multiple mechanisms and one of which implicates mutations 

in mitochondrial DNA (mtDNA). Our recent study reveals 

that mitochondria play an essential role in mediating asbes-

tos-induced nuclear damage mainly through up-regulating 

the mitochondrial-derived reactive oxygen and nitrogen spe-

cies (ROS and RNS). It is important to study whether asbes-

tos fibers cause alterations of the mitochondrial genome that 

can promote mitochondrial oxidative stress and be directly 

involved as a transducer of asbestos-induced nuclear muta-

genesis. So far, one study reported a decrease in mtDNA 

copy number associated with induction of apoptosis in rat 

pleural mesothelial cells exposed to asbestos.
1
 The current 

study examined asbestos-induced mtDNA mutations and the 

consequent mitochondrial functional alterations in asbestos-

exposed human SAE cells. 

 

Asbestos induced decreases in mtDNA copy number in 

SAE cells 

mtDNA is much more prone than nuclear DNA to be 

permanently damaged by oxidative stress due to its close 

physical proximity to electron-transport chain, the less effi-

cient DNA repair systems and the lack of protective histones.
2
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We determined whether asbestos fibers could induce 

mtDNA copy number change in human SAE cells by real 

time PCR. There was a dose-dependent decrease in the 

mtDNA/nuclear DNA ratio in cells exposed to graded doses 

of chrysotile or crocidolite asbestos fibers for 3 days (Fig. 

1). The mtDNA content decreased to about 50% and 40% of 

the controls when the doses of fibers increased to 2 and 4 

µg/cm
2
, respectively (p< 0.05, student’s t test). Glass fibers 

were less potent than asbestos fibers at the same dosage in 

reducing mtDNA copy number in SAE cells. Similar dose-

response effects were also observed with 5 and 10 days of 

asbestos treatment, but not with one month of treatment, 

probably due to the increased toxicity to cells and the muta-

genicity of asbestos to the nuclear genome (data not shown). 

 

Asbestos fibers induced human mtDNA 4977-bp (~5kb) 

common deletion 

The heteroplasmic characteristic of mtDNA makes the 

detection of mtDNA mutation much more difficult than that 

of nuclear DNA. Perhaps because of this reason, to date very 

Fig. 1. The mtDNA copy number in SAE cells was de-

creased after chrysotile or crocidolite asbestos exposure for 

3 days. Mitochondrial DNA copy number was quantified by 

comparing mtDNA content relative to nuclear DNA content 

using quantitative real-time PCR. The resultant mtDNA/nuclear 

DNA ratios in treated samples were normalized to the ratio in 

untreated control. Data obtained from duplicate experiments 

with DNA extracted from two independent cell cultures; *, P < 

0.05, Student's t test compared with untreated controls. 

Fig. 2. Induction of the 5kb mtDNA common deletion by chrysotile asbestos. The incidence of the common deletion was calcu-

lated based on standards generated with the lymphocyte DNA from a patient homoplasmic for the 5kb common deletion. The results 

were reported as fold increase over the untreated controls. A. real-time PCR detection of a dose-dependent increase of heteroplasmic 

mtDNA common deletion (±SD) in SAE cells after chrysotile asbestos exposure. Data are from two experiments; *, P < 0.05, Student's 

t test compared with untreated controls. B. demonstration of the presence of the mitochondrial whole genome in SAE cells (lane 1, 

~16.3kb) and a patient homoplasmic for 5kb deletion (lane 2, ~11kb); both lanes were long-extension PCR products (see Materials and 

Methods for primers); the mtDNA amplified from the homoplasmic patient (lane 2) was 5kb shorter. C. detection of the 5kb deletion 

on lymphocyte DNA from the homoplasmic patient  by a two-round PCR with primers flanking the deletion junction, which allowed 

the preferential amplification of mtDNA containing the 5kb deletion using short extension time (30s); 5kb deletion DNA from the ho-

moplasmic patient was 10-fold serially diluted. Levels of 10-1%~10-4% common deletions were quantified by real-time PCR and used 

as standards. 
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few studies have investigated the mutagenic effects of asbes-

tos fibers on the mitochondrial genome. We examined the 

asbestos-induced heteroplasmic 5kb common deletion with a 

nested quantitative real-time PCR assay.  

The vast majority of mtDNA deletions identified in hu-

mans thus far occur between tandem repeats. The 4977-bp 

mtDNA (np 8469:13447) is one of the most common among 

these deletions; it has been reported by over 100 studies and 

demonstrated to accumulate with age.
3, 4

 We determined the 

incidence of this common deletion using a PCR-based tech-

nique with primers flanking the deletion junction. Mito-

chondrial DNA is a unique circular molecule and the ge-

nome re-circularizes after the loss of a large deleted frag-

ment. Hence, the primer annealing sites in wild type mtDNA 

are 5,000 base pairs apart while in mutant mtDNA the sites 

would be brought substantially closer.
5
 Using short PCR 

extension times (30 s) allows the selective amplification of 

even a relatively low frequency of mutant mtDNA over the 

majority of wild type mtDNA molecules.  

We observed increases in the incidence of the common 

deletion in SAE cells after short periods of exposure to as-

bestos (Fig.2A). There was a dose-dependent increase in the 

incidence of the common deletion in cells exposed to graded 

doses of chrysotile asbestos for 3 days. A 3-day treatment 

with 2 μg/cm
2
 glass fibers induced a lower level of the 

common deletion compared with asbestos fibers at the same 

dosage (P<0.05, student’s t test). In addition, two days of 

asbestos exposure also increased the incidence of the com-

mon deletion, although there was no significant dose-

response (Fig.2A). The common deletion level induced by 2 

μg/cm
2
 glass fiber after 2 days of treatment was similar to 

that induced by asbestos fiber at the same dosage. Asbestos 

also induced increases of mtDNA common deletion in cells 

exposed for 5 and 10 days (data not shown). No dose-

response effect was seen with 1 month of exposure to asbes-

tos fibers (data not shown).  

 

The mtDNA D-loop heteroplasmic point mutation levels 

were not changed in asbestos–exposed SAE cells. 

Finally, we determined mtDNA heteroplasmic point mu-

tation levels in the non-coding D-loop regulatory region of 

the genome. Consistently, both crocidolite and chrysotile 

asbestos failed to induce an increase in the incidence of D-

loop heteroplasmic point mutations at different dosages with 

either short (5 days) or relatively longer exposure time (10 

or 30 days) (data not shown). These results are consistent 

with our previous finding that asbestos, arsenic and other 

human carcinogens did not increase mtDNA D-loop point 

mutations in treated cells.
6
  

 

Asbestos induced mitochondrial functional changes in 

SAE cells 

Having demonstrated that asbestos caused mtDNA muta-

tions, we next wanted to determine whether mitochondrial 

function was altered as a result of mtDNA mutations. First, 

SAE cells were exposed to 0.5, 1, 2, and 4 μg/cm
2
 chrysotile 

or crocidolite asbestos for 48 hours and oxygen consumption 

was measured. Significantly, in a dose-dependent manner, 

chrysotile and crocidolite asbestos fibers induced decreases 

in oxygen consumption rates in SAE cells (Fig. 3). There 

were a 43% and 53% decrease in oxygen consumption rates 

in cells exposed to 4 μg/cm
2
 of crocidolite and chrysotile, 

respectively (p<0.005 and p<0.05, student’s t test). Further-

more, even with low doses of exposure (0.5 μg/cm
2
), mito-

chondrial oxygen consumption was already impaired, with 

decreases of 13% (chrysotile) and 33% (crocidolite) ob-

served in exposed cells, although the effects were not statis-

tically significant. Glass fibers at a dose of 2 μg/cm
2
 induced 

a 36% decrease in oxygen consumption rate, which was sim-

ilar to the levels of decreases in cells treated by asbestos 

fibers at the same dosages (chrysotile, 34%, and crocidolite, 

40%). 

In order to confirm that asbestos fiber exposure causes 

impaired mitochondrial function, we examined COX activity 

in asbestos-treated SAE cells. COX, also known as Complex 

IV of the mitochondrial respiratory chain, contains 13 sub-

units with COXI, COXII, and COXIII subunits encoded by 

mtDNA.
7
 The COX complex is located at the inner mem-

brane of mitochondria and COX
 
activity has been used as an 

indication of mitochondrial metabolic
 
function. Consistent 

with results from oxygen consumption measurement, our 

histochemical analysis revealed lower COX staining in chry-

sotile or crocidolite asbestos treated SAE cells when com-

pared with control cells (Fig. 4A), an indication of reduced 

mitochondrial respiration resulting from asbestos exposure. 

As expected, the COX staining in ρ
0 

SAE cells was not de-

tectable compared with the parental untreated SAE cells. 

The histochemical staining results were quantified by ana-

lyzing at least 40 randomly chosen cells for each sample. 

The average absorbance (± SD) per cell for the control group 

was 1.66 (± 0.13) times higher than for the chrysotile-treated 

and 1.54 (± 0.14) times higher than for the crocidolite-

treated cells (Fig. 4B).  

 

Conclusions 

These results indicate that the mitochondrial genome was 

altered and mitochondrial function was abnormal after as-

Fig. 3. Asbestos caused decreases of oxygen consump-

tion rates in SAE cells. Oxygen consumption was measured as 

femtomole/cell/min by an oxygen electrode unit after 48 hours 

of asbestos exposure. Percentage of untreated control was cal-

culated for each of the treated group. Data obtained from aver-

ages of three independent experiments. The oxygen consump-

tion rate of ρ0 SAE cells was measured in parallel as negative 

control for each experiment. *, P < 0.05; #, P< 0.005, Student's 

t test compared with untreated controls. 
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bestos exposure. These results together with our recent find-

ings strongly suggest that mtDNA mutations and the resul-

tant mitochondrial dysfunction may substantially contribute 

to asbestos-induced nuclear mutagenesis via the up-

regulation of mitochondria-derived ROS/RNS. 
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Fig. 4. Asbestos treatment decreased cytochrome C oxidase activity in SAE cells. A. Histochemical staining of COX activity in 

control as well as cells treated by 2 μg/cm2 chrysotile or crocidolite asbestos for 48 hours; ρ0 SAE cells were stained identically as neg-

ative control. Cells grown on glass cover slips were air-dried and stained for COX. Bar, 5 μm. B. images of control and treated cells 

were quantified with Image J (NIH) software. Absorbance of ~40 cells (randomly chosen) were analyzed for each sample; background 

was subtracted and the average absorbance (mean ± SD) per cell was calculated for both treated and control samples. 
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             Control                                 3.2Gy Travel into space will result in exposure to both low LET 
(proton) ionizing irradiation and high LET (eg. iron ion [Fe]) 
ionizing irradiation.1, 2 Very little is known about the effects 
of these types of radiation on the human body. In addition to 
the primary concern of the carcinogenic potential,3, 4 there is 
more recent concern of non-carcinogenic effects, which can 
be comparable to those seen for cancer. Among these risks 
are diseases of the vasculature such as heart disease and 
stroke. The human vasculature represents a prime target for 
ionizing radiation. There is an estimated 60,000 miles of 
vessels that network the entire body. The present study is 
aimed at understanding the non-cancer effects of space ion-
izing radiation on the formation and maintenance of blood 
vessels. To date, studies on the effects of irradiation on en-
dothelial cells in vitro have been in 2-dimensional monolay-
ers, although data on space radiations is scarce.  

Fig. 1. Morphology of mature vessel models exposed to 
Fe ions. Tissue models were exposed to doses of 3.2 Gy (1 
GeV) Fe ions. Each panel contains 10 slices 2 microns apart 
projected onto a single frame. Fe ion irradiated cultures contain 
less length of vessels with a discernable lumen. Bar represents 
100 µm. 

For non-cancerous effects of space radiation we wanted 
to assess the effects on more typical endothelial cells in the 
body, that is, post mitotic endothelial cells arranged in vessel 
like tubes. When the cells are exposed to growth factors such 
as VEGF and FGF and embedded in collagen gels, they be-
come post-mitotic and fully differentiate and assemble into 
capillary tubes. The cytoskeleton changes dramatically, cell 
to cell contacts are more developed and the cells express a 
different profile of genes. 
 
Effect of space radiation on mature and developing ves-
sels 

We have previously shown that human vessel models 
grown from human umbilical vein endothelial cells 

(HUVEC) are sensitive to space radiation according to the 
LET of the particle radiation and according to the develop-
mental stage of the tissue model. Figs. 1 and 2 show the ef-
fect of Fe ions (1 GeV) and protons (1GeV) on mature ves-
sels. The reduction of vessel structure after exposure to Fe 
ions was significant at a dose of 0.8 Gy (P < 0.0001, t-test). 
Even at the highest dose of 3.2 Gy most endothelial cells 
appeared to remain connected by cellular material, suggest-
ing that the existing tubular structure had collapsed and the 
effect of high LET (150) particles is not to cause cell death 
(see also below) but to alter the morphology of the structure. 

Fig. 2. Effects of Fe ions and protons on mature and developing human 3-D vessel models. Tissue models were exposed to 
doses (1 GeV) Fe ions and protons, fixed and imaged as in Figure 1. 24 hours after irradiation for mature vessels and 5 days after irra-
diation for developing vessels, and then each analyzed for micrometers of vessel per cell.  
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In contrast, the same doses of low LET (0.22) protons had 
no effect on the structure of mature vessels (Fig. 2); vessel 
structure remained intact up to 3.2 Gy and was indistin-
guishable from controls. 

Although Fe ions are more effective at breaking down 
the structure of vessels, the doses of HZE particles on a mars 
trip would be as low as 3 mGy per day per person,5 well 
below that which breaks down structure in our assay. Fur-
thermore, vessel tissue in vivo is likely to be more resilient 
than the 3D model tissue. We have also observed vessel re-
pair after a further 10-12 days further culture following irra-
diation. The physical structure of human vessels is, there-
fore, unlikely to be affected by high or low LET space radia-
tion. Surprisingly, we found a significant difference in the 
sensitivity to radiation in developing vessels (Figs. 2 and 3). 
As in the case for mature vessels, Fe ions broke down the 
vessel structure. A dose of 0.8 Gy reduced the vessel struc-
ture significantly (P<0.0001, t-test) by 50% from 60 µm 
length of vessel per cell to 30 µm vessel per cell. Higher 
doses reduced vessel structure further to only 15 µm per cell 
at 3.2 Gy (Fig. 2). In contrast to mature vessels, developing 
vessels were sensitive to low LET protons (Fig. 2 and 3). At 
a dose of 0.4 Gy, vessel development was significantly in-
hibited (P<0.0001, t-test). At 0.8 Gy, the length of vessels 
with lumens had decreased by 60% from 50 µm per cell to 
20 µm per cell (Fig. 2). 

Interestingly, the resulting morphology of endothelial 
cells exposed to low LET protons differed from those ex-
posed to high LET Fe ions even though the value for the 
length of vessels with lumens at doses of 1.6 Gy and 3.2 Gy 

was similar (Fig. 2). Cells exposed to protons failed to make 
connections with other cells, cellular processes without cen-
tral lumens extended short distances into the gel matrix and 
terminated in a dead end (Fig. 3D). Conversely, cells ex-
posed to Fe ions extended cellular processes and made con-
nections to other cells but did not develop a central lumen 
(Fig. 3B). Analysis of unconnected cellular processes shows 
that developing vessel models exposed to 3.2 Gy Fe ions had 
an average of 1.00 + 0.96, n=16 fields, dead ends per 400 
µm2 whereas vessel models -exposed to protons had an aver-
age of 5.62 + 1.50, n=16 fields, dead ends per 400 µm2 
(p<0.0001, t-test). 

This result indicates that sensitivity to protons is depend-
ant on the cell behavior. Cells in developing vessels have 
biological pathways activated that may make them more 
sensitive to ionizing radiation. The protons may be activat-
ing cell signaling pathways rather than physically destroying 
cell structure. Even so, at a daily dose of 250 mGy per day in 
space, protons would not be expected to affect vessel forma-
tion. This does not rule out other effects on vessels that may 
be accumulative or involve other cell types. 

 
Effects of Gamma irradiation on 3D-vessel models 

We compared the effects of particle radiation on both 
mature and developing human vessel models with that of 
gamma radiation. As with protons (1GeV) mature vessel 
structure was resistant to gamma rays up to a dose of 3.2 Gy 
(Fig. 4). A dose of 6.4 Gy was required to break down the 
vessel structure significantly (p<0.0001, t-test), vessels with 
lumens per cell decreased from 50 µm per cell to 35 µm per 
cell (Fig. 4). The morphology of mature vessels treated with 
these high doses was indistinguishable from mature vessels 
exposed to Fe ions. Vessels had collapsed leaving cytoplas-
mic projections without lumens.  

Fig. 3. Effects of Fe ions and protons on the morphology 
of mature and developing human 3-D vessel models. A and 
B, Fe ion experiment. Control cultures (A) and cultures ex-
posed to 3.2 Gy Fe ions (B). Vessel structure is broken down 
by this dose of Fe ions. Cellular projections without lumens 
still make connections to each other. C and D, Proton experi-
ment. Control cultures (C) and cultures exposed to 3.2 Gy pro-
tons (D). Vessel structure is inhibited by a dose of 3.2 Gy pro-
tons. In this case, cells fail to make connections and terminate 
as dead ends (arrowhead). Bar = 100 µm. 

Fig. 4. Effects of Gamma irradiation on 3D-vessel mod-
els. Developing (1 day old) cultures and mature (5 day old) 
cultures were irradiated and stained as in Figures 1 and 2. 
Measurements of vessel integrity (length of lumen per cell were 
made from images taken using a confocal microscope. Devel-
oping vessels are more sensitive than mature vessels although 
high doses of gamma rays were required to break down vessel 
structure in both cases. Note scale difference for dose com-
pared to Figs. 1 and 2.

 71



CELLULAR STUDIES  

 72

In the case of developing vessels, the formation of tube 
structure was, as for protons, more sensitive to the effects of 
radiation (Fig. 4), although gamma rays were less effective 
at inhibition than protons. A dose of 0.8 Gy gamma rays 
inhibited vessel formation significantly (p<0.01, t-test, 
n=10), although 1.6 Gy was required to inhibit vessel forma-
tion by 30%. At this dose however, tissue models still had 
more than 40 µm of vessel per lumen per cell and a dose of 

6.4 Gy was required to reduce this value to below 30 µm per 
cell. 
 
Effects of particle irradiation on apoptosis in cells of 3D-
vessel models 

We investigated the possibility that these effects of radia-
tion on vessel structure are due to individual cells entering 
into apoptosis. Terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL) assays were performed to detect 
DNA fragmentation that results from apoptotic signaling 
cascades. 

 
D 

C 

Either mature or developing vessel cultures were fixed 
and assayed for positive nuclei 48 hours after irradiation 
(Fig. 5). In both cases, Fe ions were more effective than pro-
tons at inducing apoptosis. In developing vessels, Fe ions at 
a dose of 1.6 Gy caused a significant increase in apoptotic 
cells from 8% to 14.4% (p<0.0001 t-test, n=660 cells). At a 
dose of 3.2 Gy the percentage of apoptotic cells reached 
24% (Fig. 5C).  

For protons, the percentage of apoptotic cells was not 
significantly higher than controls until a dose of 3.2 Gy 
where the percentage of apoptotic cells increased from 8.4% 
to 15.6%. In mature cells the induction of apoptosis by each 
particle was similar to that seen in developing vessels (Fig. 
5D). For Fe ions, apoptosis increased from a basal level of 
8.0% up to 25.3% at the highest dose of 3.2 Gy, and for pro-
tons, apoptosis only increased from a basal level of 7.8% up 
to 14.3% at the highest dose of 3.2 Gy.  

The percentage of cells in which apoptosis is induced 
over the control levels is relatively small compared to the 
level of tissue breakdown. Thus it is unlikely, even in the 
case of Fe ions that the effect of space radiation on human 
vessels is directly due to apoptosis of individual cells in the 
tissue. Furthermore, there was no difference between apop-
tosis in developing vessels and mature vessels even though 
only developing vessels were sensitive to protons. This 
strongly suggests that the effect of protons on developing 
vessels is not a result of cells entering end-stage apoptosis. 
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Catechol Estrogen as a Biomarker 
For Mammary Gland Cancer 

 
Gloria M. Calaf and Fernando Garridoa 

 
 

Estrogens are associated with carcinogenic events in both 
humans and animals1-3 and the exact effect of estrogens in 
breast cancer remains unclear at this time. Estrogens have 
generally been considered beneficial, however, in the past 
15–20 years, epidemiological studies have increasingly 
pointed to an increased breast risk associated with estrogens. 
Estrogen administration, a risk factor for humans increases 
with continuous doses of estrogen and with the length of 
treatment4 Slightly elevated levels of circulating estrogens 
are also a risk factor for breast cancer.5-7 This role of en-
dogenous estrogen in human breast carcinogenesis is sup-
ported by risk factors of breast cancer such as high serum or 
urine estrogen levels.7 Other studies have demonstrated 

strong relationships between endogenous estrogen levels and 
breast cancer risk. Estrogens seem to play a role in the in-
duction of cancer by either stimulating cell proliferation or 
by affecting receptor-mediated processes.5 The genotoxicity 
studies are focused on catechol estrogen (CE) metabolites, 
because are hydroquinones that may readily be oxidized to 
DNA-reactive quinones and semiquinones. These estrogens 
are mainly metabolized via two main pathways, hydroxyla-
tion of estradiol (E2) to 16 alpha hydroxyl estrone (16alpha-
OHE1) and CE formation as 2 and 4-hydroxylated estrogens 
(2-OHE2 and 4-OHE2) by the cytochrome P450 (CYP) en-
zyme.8 In general, the major CE metabolites of the estrogens 
are the 2 catechol-estrogen 2-OHE2 (2-CE) and 4 catechol-
estrogen 4-OHE2 (4-CE); however, the 4-CE metabolites are 
the minor ones. The pathway to give 4-CE is the one that 
leads to the endogenous carcinogenic CE 3, 4-quinones. The 
4-hydroxyestrone (4-OHE1) and 4-OHE2 are formed from 

a Instituto de Nutrición y Tecnología de Alimentos, Universidad 
de Chile, Santiago, Chile. 
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Fig. 1. Representative figures of concentration of CE present in blood of control (A), rat treated with malathion (B), estrogen (C-D).
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Fig. 2. Representative figure of concentration of CE present in blood of rat treated combination of malathion and estrogen. 

estrone (E1) and estradiol (E2), which are biochemically 
interconvertible by the enzyme 17b-estradiol dehydro-
genase.9 The most common pathway of conjugation of 4-
OHE1 in extra hepatic tissues occurs by O-methylation, 
which is catalyzed by the ubiquitous catechol-O-
methyltransferase (COMT). This inactivating pathway influ-
ences the activation of CE to semiquinones and quinines and 
these oxidations are catalyzed by peroxidases and cyto-
chrome P450. Authors10 have analyzed breast biopsy tissues 
from women without breast cancer and women with breast 
carcinoma by HPLC with electrochemical detection for 31 
estrogen metabolites and catechol estrogen quinone-
glutathione conjugates. They observed that 4-CE was higher 
than 2-CE in the breast cancer patients indicating that these 
CE metabolites could serve as biomarkers to predict risk of 
breast cancer. Thirty nine day-old virgin female Sprague 
Dawley rats were obtained from the Catholic University of 
Chile (Santiago, Chile) and injected subcutaneously for 5 
days twice a day with malathion (M) (Fyfanon TM, Chemi-
nova, Denmark), 22 mg/100g BW; 17β-estradiol (E2), 30 
µg/100gr BW and combination of M and E2. The 2-OH-E2 
and 4-OH-E2 were measured by using HPLC to determine 
whether CE was present in the blood of the animals after 
treatment. A modified method of HPLC was carried out with 
an electrochemical detector that was used to separate and 
quantify with high sensitivity the 2-OH-E2 and 4-OH-E2. 
The standard curves of 4-OH-E2 and 2-OH-E2 (Sigma-
Aldrich Chemical Co., Milwaukee) were initially prepared at 
a concentration of 0.1 mg/ml in acetic acid in ethanol. The 
detection limit was 2 ng/mL for 2-OH-E2 and 5 for 4-OH-E2. 
Fig 1A-D are representative figures of several experiments 
performed and correspond to the concentration of CE pre-
sent in blood of rat (A) control treated with malathion (B), 
estrogen (C-D). Those rats did not form mammary gland 
tumors. Fig 2A-B correspond to CE concentration present in 
the blood of rat by the effect of combination of malathion 
and estrogen. However those treated with malathion and 
estrogen formed tumors after 240 days after 5 day injection. 
It can be concluded that catechol estrogens can be used as a 
cancer biomarker in blood. 
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Center for Radiological Research Picnic 2009 

 (L-r): Ms. Lilian Oling, Dr. Thomas Templin, Dr. Lubomir 
Smilenov, Ms. Oleksandra Lyulko and Dr. Shanaz Ghandhi. 

Dr. Tom Hei participated in a game. 

Dr. Thomas Templin was the winner of the game.  Dr. David Brenner made special mixed wines and fruits.

 (L-r): Dr. Congju Chen, Dr. Thomas Templin, Dr. Mei 
Hong and Ms. Jinshuiang Lu. 

Dr. Alexandre Mezentsev (left) and Dr. Hongning Zhou 
(right). 
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Cancer Risks after Radiation Exposure in Middle Age: 
Mechanisms and Societal Implications 

 
Igor Shuryak, Rainer K. Sachsa and David J. Brenner 

 
 

Epidemiological data suggest that radiation exposure 
during childhood increases cancer risks compared to expo-
sure at older ages. However, the age-at-exposure dependen-
cies among adults have been less well studied. Recent analy-
ses of atomic bomb survivor data suggest that the excess 
relative risk for cancer incidence at a given attained age de-
creases with age at exposure only until around age 30, and 
then increases for exposure in middle age.1, 2 Many individ-
ual cancer sites also show this pattern, or at least show rela-
tive risks which do not decrease with age at exposure in 
middle age.1, 3 We analyze these observed risk patterns after 
adult radiation exposure in atomic bomb survivors with a 

recent biologically-motivated mathematical model of radia-
tion carcinogenesis.4, 5  

Model predictions are consistent with the data (Fig. 1) 
and suggest that radiation risks after exposure in childhood 
and early adulthood are dominated by initiation, which 
makes normal cells pre-malignant, but radiation risks after 
exposure at later ages are more influenced by promotion of 
already-existing pre-malignant cells, which has a different 
age-at-exposure dependency. The different pattern of cancer 
risks as a function of age at exposure, for children and young 
adults vs. middle age, reflect differing balances between 
different processes of radiation-induced cancer, and provides 
a window into their relative importance, both overall and for 
different cancer sites.  a Department of Mathematics and Physics, University of Cali-

fornia, Berkeley, CA Our results suggest that the radiogenic excess absolute 
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Fig. 1. The data points show gender-averaged estimated age-at-exposure-specific ERRs for cancer induction in Japanese atomic 
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lifetime risks per unit dose for older ages at exposure (e.g. 
30-70 years) may exceed the estimates from the NAS BEIR 
VII report,6 for all cancers combined and for some individ-
ual cancer sites such as lung and liver (Fig. 2). As well as 
providing mechanistic insights, this analysis of radiation risk 
patterns in middle age has significant societal implications, 
for example for occupational radiation exposure limits, and 
for new CT-based screening modalities of asymptomatic 
adults. 
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A Model of Interactions between Radiation-Induced 
Oxidative Stress, Protein and DNA 

Damage in Deinococcus Radiodurans 
 

Igor Shuryak and David J. Brenner 
 

 
Ionizing radiation triggers oxidative stress, which can 

have a variety of subtle and profound biological effects. For 
example, oxidative stress triggered by even quite low doses 
of radiation can produce an alteration of the cellular redox 
balance, which lasts for substantial time after exposure and 
may contribute to bystander effects, genomic instability, 
modified gene expression, elevated mutagenesis rates, 
changes in cell survival, proliferation, and differentiation.  

ROS DSB
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ROSC

ROS 
elimination

PR 
elimination

DSB 
elimination

PR

PR
TURNOVER

Here we focus on mathematical modeling of potential 
synergistic interactions between radiation damage to DNA 
and oxidative stress-induced damage to proteins involved in 
DNA repair/replication.1 When sensitive sites on these pro-
teins are oxidized by radiation-induced reactive oxygen and 
nitrogen species (ROS and RNS), the activity and fidelity of 
these proteins are altered, which may impede correct repair 
of DNA damage such as DSBs, enhancing cell death and 
mutagenesis.2-4 In contrast, if oxidation of important proteins 
is prevented by strong antioxidant defenses, DNA repair 
may function more efficiently.  

Fig. 1. Schematic representation of model assumptions: 
Radiation (lightning symbols) produces reactive oxygen spe-
cies (ROS) and DNA double strand breaks (DSB). ROS can 
react with antioxidants (A) to form a complex (ROSC), which 
then decays, resulting in elimination of ROS and regeneration 
of the antioxidants. DSBs are eliminated by repair involving 
specific proteins (PR), which are produced and degraded at a 
certain turnover rate. Importantly, ROS can damage these pro-
teins, resulting in elimination of their repair capacity. Conse-
quently, those ROS that are not removed by antioxidants dam-
age DNA repair machinery and hinder correct repair of DSBs. 

These processes probably occur to some extent even at 
low doses of radiation/oxidative stress, but they are easiest 
to investigate at high doses, where both DNA and protein 
damage are extensive. As an example, we use data on sur-
vival of the radioresistant bacterium Deinococcus radi-
odurans after high doses (thousands of Gy) of acute and 
chronic irradiation.5, 6  

Our model of radiogenic oxidative stress is consistent 
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Fig. 3. Panel A: The predicted fraction of active protein (PRdF), normalized relative to the background equilibrium value, just after 
radiation exposure at various doses (in kGy) and dose rates (R, in kGy/h). Panel B: The predicted colony-forming unit survival (Scfu) for 
D. radiodurans exposed to acute γ-radiation (on ice) in complete growth medium (curve), compared with observed data points from.5  

with the available data on this organism. The main model 
assumptions are shown in Fig. 1. Predictions for the behav-
iors of ROS, DNA DSBs, protein oxidation levels, and cell 
survival, as a function of gamma radiation dose and dose 
rate, are shown in Fig. 2 and 3. The parameter values needed 
to generate these predictions were estimated from the litera-
ture and from fits to cell survival data for D. radiodurans at 
high and low dose rates.  

Potentially, models such as the one presented here can 
enhance the understanding of interactions between DNA and 
protein damage under radiation-induced oxidative stress at 
lower radiation doses and in other organisms, because the 
main model concepts are simple and probably generalizable. 
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Radiation Dose Measurements in Phantom from 
Coronary CT Angiography Performed with 

First Generation Volume Scanner 
 

Carl D. Elliston, Andrew J. Einstein,a,d Andrew E. Arai,b Marcus Y. Chen,b Rich Mather,c Gregory D. Pearson,b 

Robert L. DeLaPaz,a Edward L. Nickoloff,d Ajoy Duttad and David J. Brenner 
 

 
In this collaboration we performed studies to characterize 

radiation dose to patients from coronary CT angiography 
(CCTA) using a state of the art, first generation, 320 detec-
tor-row volume CT scanner. In contrast to traditional mul-
tidetector-row CT scanners, the detector array of a volume 
scanner provides sufficient craniocaudal coverage such that 
the entire length of the heart can be imaged simultaneously, 
with the patient stationary. By imaging the entire heart in 
one piece, volume scanning eliminates stair-step artifacts 
due to motion of the coronary arteries between heartbeats as 
well as artifacts due to temporal changes in coronary opaci-
fication by iodinated contrast. In addition, due to the brief 
duration during which the x-ray tube needs to be left on (a 
full gantry rotation may be as little as 0.35 seconds), volume 
scanning offers the theoretical possibility of markedly 
decreasing radiation dose in comparison to traditional helical 
scanning. However, concerns have been raised about the 
ability of the first generation of volume scanners to achieve 
this potential dose reduction. The wider x-ray beam width 
raises the possibility of higher dose due to overbeaming or 
increased scattered radiation, as does the requirement that 
the beam remain on for a full gantry rotation during CCTA, 
rather than the half gantry rotation typical of traditional mul-
tidetector-row CT scanners. It thus remains uncertain how 
the technological advances of volume scanning affect radia-
tion dose. 

For these studies we used an ATOM phantom (CIRS, 
Norfolk, VA) modeling an adult male 173 cm tall and 
weighing 73 kg (model 701-D). The phantom includes head, 
torso, upper femur, and genitalia. The phantom is made of 
tissue-equivalent (TE) plastics that simulate soft tissue, spi-
nal cord, spinal disks, lung, brain, and bone. Medium sized 
tissue-equivalent breast phantoms, constructed based on CT 
data from an actual patient imaged supine, were attached to 
the anthropomorphic phantom to simulate a female patient. 
The phantom is sectional, consisting of a series of 25 mm-
thick contiguous slices. In each section 5 mm diameter 
through holes are located at positions optimized for do-
simetry of each organ with a significant tissue weighting 
factor in ICRP 2007 guidelines.1 Tissue equivalent holders 

are used for MOSFET detector placement within these holes. 
Up to 20 MOSFET dosimeters can be placed and read in a 
phantom simultaneously. 

A mobileMOSFET Dose Verification System (TN-RD-
70W, Best Medical Canada, Ottawa) reader was coupled 
with high-sensitivity MOSFETs (TN-1002RD). MOSFETs 
were calibrated, to relate voltage readout to absorbed dose of 
radiation, using an electrometer and ionization chamber 
combination (Model 1015, Radcal, Monrovia, CA). MOS-
FETs were positioned in locations corresponding to the 
heart, lungs, breast, esophagus, thyroid, thymus, colon, small 
intestine, stomach, ovary, testes, bladder, liver, uterus, pros-
tate, brain, spleen, pancreas, salivary glands, adrenal glands, 
extrathoracic airways, gall bladder, kidneys, oral mucosa, 
and bone/bone marrow of the phantom. Up to 20 MOSFETs 
were placed in the phantom for any individual scan. Each 
scan protocol was repeated separately with MOSFETs 
placed in one of three regions: the thorax, cranial to the tho-
rax, and caudal to the thorax, thus enabling MOSFETs in a 
total of 46 locations to be used to characterize the dosimetry 
of each scan mode. 

CT exams were performed on a Toshiba Aquilion ONE, 
320 detector-row scanner (Toshiba Medical Systems Corpo-
ration, Otawara, Japan). Patient heart rate of 60 beats per 
minute was simulated using a “chicken heart” electronic 
device incorporated into the scanner’s cardiac monitor. Scan 
protocols, typical of those used clinically at the National 
Heart Lung and Blood Institute, were determined prior to 
scanning by Drs. Einstein, Arai, and Chen.  

Six CCTA scan modes were considered, summarized in 
Table 1. For electrocardiographically-synchronized tube 
current modulation (ESTCM), tube current remained at its 
maximal value between 70 and 80% of the cardiac cycle, 
and dropped to 20% of maximum outside of this temporal 
window. Prospectively triggered helical scanning is similar 
to the “step-and-shoot” scan mode incorporated into other 
manufacturers’ scanners, in leaving the x-ray tube on only 
during a brief window during diastole, but differs in that the 
scanner operates in a helical rather than axial mode. Volume 
scanning modes attain 14 cm craniocaudal coverage, which 
is greater than the median scan length used in practice and 
usually sufficient for cardiac scanning. Two different 120 
kVp volume scanning modes, each using a different phase 
reconstruction algorithm, were considered. Optimized expo-
sure time volume scanning was also performed using a 100 
kVp protocol; this represents the lowest-dose volume scan-
ning mode which still enables multiple phase reconstruc-

a  Department of Medicine, Columbia University Medical Cen-
ter, Columbia University, NY 

b  National Heart Lung and Blood Institute, NIH 
c  Toshiba American Medical Systems 
d  Department of Radiology, Columbia University Medical Cen-

ter, Columbia University, NY 
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Table 1. CT parameters used for the various CCTA protocols in this study 

 

Mode 
Detector 

Rows 

Collimation 
per Row 

(mm) 

Total Scan 
Length 
(mm) 

Tube 
Voltage 
(kVp) 

Maximum 
Tube Cur-
rent (mA) 

Exposure 
Time (sec) 

Pitch 

Retrospectively gated helical 64 0.5 140 120 430 

tions. 
Separate scans were performed for male and female 

phantoms. Two to 10 repetitions of the scan protocol were 
performed for each combination of scan mode, gender, and 
set of MOSFET placements. The number of repetitions was 
selected for each combination such that dose to the MOS-
FETs was sufficient to ensure reproducibility, so as to mini-
mize this source of error in effective dose estimates. No 
scout or aortic localizer scans were performed; these gener-
ally contribute <5% of total dose. 

Organ doses were determined from MOSFET measure-
ments. Cumulative point doses were determined at 1 to 6 
locations for each organ, divided by the number of scans 

performed for each combination of scan mode and gender, 
and averaged to determine the absorbed dose to the organ. 
For lung, a weighted average was calculated, with the 
weighting of each MOSFET measurement determined by the 
percentage of the organ’s volume closest to that MOSFET. 
The percentage of bone and active marrow in different loca-
tions was approximated using weighting factors as specified 
by Eckerman.2 

Organ doses for the 6 scan modes are summarized in Ta-
ble 2. Organ doses to critical organs such as the female 
breasts, lungs, red bone marrow, stomach, and esophagus 
varied markedly between protocols, with doses to female 
breasts and to female and male lungs all decreased by 87% 

9.28 0.20 

Retrospective helical with 
ESTCM 

64 0.5 140 120 430 9.28 0.20 

Prospectively triggered helical 64 0.5 140 120 430 2.55-2.95 0.27 

Prospectively triggered volume        

Standard exposure time 280 0.5 140 120 430 0.55  

Optimized exposure time 280 0.5 140 120 430 0.40  

Low-voltage prospectively trig-
gered volume: optimized expo-

sure time 
280 0.5 140 100 550 0.40  

 

Note: ESCTM: Electrocardiographically synchronized tube current modulation. 

Table 2. Dose (mGy) to specific organs from six different CCTA protocols. 
           Organ dose varies considerably depending on the protocol used. 

 

Organ 
Helical 

 Female | Male 

Helical 
ESCTM 

 Female | Male 

Prospective 
Helical 

 Female | Male 

Volume with 
Standard Ex-
posure Time 

 Female | Male 

Volume with 
Optimized 

Exposure Time 
 Female | Male 

Volume 100 
kVp: Opti-

mized Expo-
sure Time 

 Female | Male 

Heart 96.1 113.2 58.2 71.3 25.6 30.5 22.3 27.8 17.2 19.5 13.5 15.8 

Lung 66.3 70.8 42.7 44.8 18.2 18.3 15.5 18.1 11.2 12.1 8.6 9.4 

Breast (female 
only) 

64.8 42.9 18.1 15.7 11.2 8.5 

Esophagus 43.9 46.9 28.6 31.1 12.5 13.0 9.3 9.8 6.7 7.0 5.0 5.3 

Liver 39.0 23.0 9.8 7.4 4.8 4.1 

Remainder 
organs (ICRP 

103) 
28.0 29.6 16.9 18.6 7.4 8.0 5.8 6.5 4.2 4.5 3.3 3.5 

Red bone mar-
row 

37.3 37.8 22.4 24.3 9.9 10.6 9.6 9.8 6.5 7.0 5.2 5.4 

Stomach 36.3 21.1 8.5 5.3 3.8 2.6 
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using 100 kVp optimized volume scanning, in comparison to 
64-row helical scanning. 

Effective dose and the conversion factor relating DLP to 
effective dose were calculated from organ absorbed doses 
using radiation and tissue weighting factors specified in 
ICRP Publication 1031 as well as the older ICRP Publication 
60.3 These results have been presented recently in Radiol-
ogy.4 
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The Columbia Center for High-Throughput 
Minimally-Invasive Radiation Biodosimetry 

 
 David J. Brenner 

 
 

High throughput biodosimetry is a central and necessary 
component of any effective response to a large scale radio-
logical event, and in the 4+ years that this program 
(www.cmcr.columbia.edu) has been in existence, we have 
increased the potential biodosimetry throughput that may be 
achieved after a large-scale event from <100 / day to >5,000 
per day.  

 
Why Biodosimetry? 

In terms of the need for medical intervention, the best es-
timate for the LD50/60 in humans is in the 3 to 4.5 Gy range, 
but this value can be roughly doubled by the use of antibiot-
ics, platelet and cytokine treatment, so it is crucial that indi-
viduals who actually received whole-body doses above, say, 
2 Gy are identified. It would be undesirable to give these 
treatments to “all comers” irrespective of radiation exposure, 
not least because there is some evidence of long-term toxic-
ity with cytokine treatments. Some individuals exposed in 
the 2 to 5 Gy dose range will be identifiable through early 
nausea, vomiting, and acute fatigue, but by no means all. For 
example, a worker at the 1999 radiation accident at Tokai-
mura received a whole-body equivalent dose of more than 3 
Gy, was initially almost entirely asymptomatic, yet devel-
oped acute bone marrow failure. Thus accurate biodosimetry 
is crucial in this dose range.  

At higher doses, there is only a quite narrow dose win-
dow (currently approximately 7-10 Gy in which bone-
marrow transplantation is a useful option (<7 Gy, survival 
rates are good solely with medication, >10 Gy patients will 
generally have lethal GI damage). Thus it is critical to ascer-
tain whether a patient’s dose is within this dose window, 
such that a bone-marrow transplant would be a useful op-
tion. 

 
Why High-Throughput Biodosimetry? 

The need for high throughput biodosimetry is well illus-
trated by the 1987 radiation incident in Goiânia, Brazil, a 
city with about the same population as Manhattan. In the 
first few days after the incident became known, about 
130,000 people (~10% of the population) came for screen-
ing, of whom 20 required treatment. Mass radiological triage 
will thus be critical after a large-scale event because of the 
need to identify, at an early stage, those individuals who will 
benefit from medical intervention, and those who will not. 

Eliminating and reassuring those patients who do not need 
medical intervention will be equally crucial in what will be a 
highly resource-limited scenario, as well as potentially to 
reduce the number of people unnecessarily fleeing a small 
dirty bomb (radioactive dispersal device) event. 

What emerges is the need for very high throughput bio-
dosimetry – analysis of tens or hundreds of thousands of 
samples / day. Using standard approaches, the highest 
throughput that can be achieved by a single lab is <500 sam-
ples / week, and even National and International laboratory 
networks are expected to have throughputs of <3,000 sam-
ples / week. 

 
Our Approaches to High-Throughput Biodosimetry 

The 3 areas we identified as having the highest potential 
for high-throughput biodosimetry are: 

Project 1: “Classical” endpoints (micronucleus and γ-
H2AX), 

Project 2: Functional genomics, 
Project 3: Metabolomics. 
There is no perfect biodosimeter in that there are a num-

ber of often contradictory properties that are desirable, such 
as throughput, processing time, sensitivity, specificity, signal 
stability, cost, and potential for alternate uses. Our three Pro-
ject areas were explicitly chosen to have different risk-
benefit balances. For example Project 1 (automating micro-
nucleus and -H2AX assays) was chosen because the biodo-
simetric endpoints were well established, and the issues were 
essentially “merely” automation. At the other end of the 
spectrum (Project 3, based at Georgetown University), we 
had only limited data that metabolomics could be used as a 
radiation biodosimeter, yet the advantages of a rapid urine-
based system were clearly great. Project 2 was intermediate 
between these, where we had some promising preliminary 
data, but broad-based verification was lacking, and the tech-
nological implementations were not yet developed. 
All three Projects have been quite successful, and some de-
tails follow. The Program as a whole has just been refunded 
by NIAID for a further five years. In addition, the advanced 
technological development aspects for both Project 1 and 
Project 2 have each now been transitioned to BARDA (Bio-
medical Advance Research and Development Authority) 
funding.  ■ 
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High-Throughput mBAND 
 

 Alan W. Bigelow, Guy Y. Garty, Antonella Bertucci, Charles R. Geard and David J. Brenner 

 

 

We are developing rapid, fully-automated mBAND anal-

ysis of samples for high-LET-specific (e.g. neutron and α-

particle) biodosimetry. This approach stems from mBAND 

assays of Plutonium radiation exposure of workers at the 

Mayak production association in Russia, where it was seen 

that chromosome 5 provided an excellent biodosimeter for 

exposure to densely-ionizing radiation but, due to low statis-

tics, not for sparsely-ionizing radiation.
1
 Our goal is to pro-

duce an integrated system that prepares and processes chro-

mosome 5 samples to obtain high-throughput mBAND re-

sults for intra chromosomal rearrangements, i.e., inversions, 

insertions and deletions. 

 

Existing technology – mBand 

The mBand assay is a well 

accepted clinical technique for 

scoring intra chromosomal 

rearrangements. It consists of 

painting a single chromosome 

using region-specific partial 

chromosome paints, as shown 

in Fig. 1. Analysis of the ratio 

of the dyes allows tagging re-

gions of the chromosome under 

study. Aberrations can be de-

tected by analyzing the se-

quence of chromosome bands. 

 

Imaging development 

The imaging module being developed will provide rapid 

imaging for subsequent mBAND image analysis. Designed 

with infinity optics, the imaging light path will be split to 

two EMCCD cameras. One camera view is through a 60x 

oil-immersion objective and will be used for finding meta-

phases using intricate object-analysis technology leveraged 

from the microbeam irradiator system at RARAF. For high-

resolution mBAND imaging, a 60x oil-immersion objective 

and 4x relay lens are used.  

We propose to automatically image the mBAND chro-

mosomes with an innovative high-throughput system in 

which the mBAND fluors are sequentially imaged using 

monochromatic wavelengths from a high-intensity ultra-fast 

monochromator-based light source (Oligochrome, TILL 

photonics, Pleasonton CA). This light source allows excep-

tionally fast wavelength switching (1 msec compared to 100 

msec using a fast cube changer). A schematic of the high-

speed imaging setup is shown in Fig. 2. While similar to a 

standard epifluorescence system, this system has no excita-

tion filter, but has a single multiband dichroic and a single 

tunable opto-electronic emission filter. 

With a tunable light source and sensitive EMCCD cam-

eras, this approach to mBAND imaging will require 1 

second per sample view. We expect to score over 75,000 

chromosomes per day compared to 100 per day with manual 

scoring. 

 

Initial results 

In designing an automated mBAND system, complete 

control of sample imaging and analysis is required. Hence, it 

is imperative to produce mBAND results independent from a 

commercial platform, such as that offered by MetaSystems. 

For initial results, lymphocytes were obtained through an 

anonymous blood donor and conventional protocol was used 

to manually process the cells to produce mBAND chromo-

some spreads on a slide. Images were acquired using: a tun-

able light source, filter cubes, and a combined 60x oil-

immersion objective with a 4x relay lens. 

The excitation and emission curves for the mBAND 

fluors are shown in Fig. 3, together with the transmittance 

characteristics for a triple-band dichroic. Based on these 

spectral curves we have found optimal wavelengths for ex-

citing mBAND probes through this dichroic. Despite cross-

talk, “pure” images of all five dyes can be easily obtained 

from the five measured images by linear algebra filtration. A 

separate filter cube was used to image Cy5 for our initial 

results. 

An image processing program was written in-house to 

produce a psuedocolor mBAND image through the follow-

ing steps: 1) crop the image about the chromosome, 2) 

Fig. 1. Partial Chromosomal 

Paints: DEAC (blue), FITC (green), 

Spectrum Orange (orange), Texas 

Red (purple) and Cy5 (yellow). 

Fig. 2. Schematic of the proposed imaging system. 
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remove background, 3) normalize the gray scale values, 4) 

apply linear-algebra filtration to remove cross-talk, 5) binar-

ize the images, and 6) solve the basic pseudocolor banding 

pattern using color-ratio analysis. Images of the various 

fluors (cross-talk removed) are shown for a typical chromo-

some-5 in Fig. 4. Fig. 5 shows several pseudocolor mBAND 

results. Bands in these pseudocolor images correspond to the 

regions of 11 probe combinations along the length of the 

chromosome (see Fig. 1). Gray areas indicate DAPI only. 

 

References 

 

1. Hande MP, Azizova TV, Geard CR, Burak LE, Mitchell 

CR, Khokhryakov VF, Vasilenko EK and Brenner DJ. 

Past exposure to densely ionizing radiation leaves a 

unique permanent signature in the genome. Am J Hum 

Genet 72:1162-70, 2003. ■ 

 

  
  

Excitation Curves

0

20

40

60

80

100

300 400 500 600 700 800
wavelength (nm)

DAPI
DEAC
FITC
Spectrum Orange
Texas Red
Cy5
Multiband Dichroic

Emission Curves

0

20

40

60

80

100

300 400 500 600 700 800
wavelength (nm)

DAPI
DEAC
FITC
Spectrum Orange
Texas Red
Cy5
Multiband Dichroic
Emission Filter

Fig. 3. Excitation (left) and emission (right) curves of DAPI, DEAC, FITC, Spectrum Orange, Texas red, and Cy5. The gray curves 

are the dichroic transmission (line) and emission filter (dotted) for a commercial triple-band microscope cube. 

Fig. 4. Preliminary images of mBAND probes (top row) and their binary counterparts (bottom row) from a chromosome-5 sample. 

Fig. 5. Pseudocolor renditions for five individual chromo-

some-5 mBAND samples. Sample (a) was produced from the 

images shown in Fig. 5. Samples (a & b) are a homologous pair 

from one cell. The others (c-e) are from individual cells. 
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Evaluation of Effect of Genotoxic Drugs on 
Peripheral Blood Gene Expression Profiling for 
Radiation Biodosimetry with Cancer Patients 

 
Sunirmal Paul and Sally A. Amundson 

 
 

In an effort to develop radiation biodosimetry using 
whole genome microarray analysis, we have identified gene 
expression signatures that predicted radiation dose exposure 
with high accuracy in human peripheral blood (PB) irradi-
ated ex vivo across a long window of time (6 to 24 hours).1 
The ex vivo studies are flexible and provide a convenient 
platform for gene discovery, however, it is important to vali-
date the findings in a human population exposed in vivo to 
the extent that is possible. The best workable source cur-
rently available to investigate in vivo radiation biodosimetry 
in humans is gene expression profiling with PB samples of 
total body irradiated (TBI) patients undergoing bone marrow 
transplant, and identify genes that respond to radiation expo-
sure in vivo. However, any consideration of applying gene 
expression profiles for radiation dose exposures with TBI 
patients requires a determination of the impacts of disease 
and treatment conditions on PB gene expression profiles. In 
a recent study, applying whole genome microarray analysis 
to blood samples from a heterogeneous population of TBI 
patients, we have identified a large set of genes that can pre-
dict radiation dose exposure status of the samples (0 Gy, 
1.25 Gy or 3.75 Gy) up to 98% accuracy.2 Patients recruited 
in the study were diagnosed with a variety of diseases and 
had undergone a combination of alkylator-based chemo-
therapies ending at various times before the start of radiation 
treatment. All patients were in remission state and no blast 
cells were detected in PB, indicating gene expression pro-
files obtained represented healthy cells of cancer patients. 
Previous studies have indicated that gene expression profiles 
in cancer patients substantially change diverse sets of genes 
following treatment with alkylator-based based genotoxic 
drugs.3, 4 It is currently unclear whether gene expression pro-
files associated with genotoxic drugs have any impact on the 
accuracy of radiation dose exposure measurement, and if so, 
it would be necessary to determine the stability of these sig-
natures in PB.  

In this study, we sought to evaluate the specificity of 
chemotherapy induced PB gene signatures, as well as to de-
termine the sustainability of these signatures in the PB fol-
lowing treatments with genotoxic drugs in cancer patients. A 
total of 25 patients, 15 males and 10 females between the 
ages of 6 and 54 years, were used in this study. These pa-
tients were diagnosed with a variety of diseases and under-
went a combination of alkylator-based genotoxic drugs that 
finished between 1 day and 6 months before collecting blood 
samples for RNA preparation. None of the patients had prior 
radiation treatment or blast cells detected in the PB, although 
differential WBC counts varied considerably. Blood from 10 

healthy control individuals (5 males and 5 females) was also 
collected for comparison. All experiments involving human 
subjects were approved by the MSKCC and Columbia Uni-
versity Medical Center Institutional Review Boards, and 
were conducted according to the principles expressed in the 
Declaration of Helsinki. 

 
Microarray data analysis using BRB Array Tools 

Whole genome measurements of gene expression were 
carried out using Agilent’s One-color Quick Amp labeling 
kit (Santa Clara, CA). Background corrected hybridized sig-
nal intensities were imported into BRB-Array Tools version 
3.8.0 log2 transformed and median normalized.5 Non-
uniform outliers or features not significantly above back-
ground intensities in 25% or more of the samples, and fea-
tures not changing at least 1.5-fold in at least 20% of the 
samples were filtered out. This yielded 21,116 features that 
were used in subsequent analysis. 

Fig. 1. Multidimensional scaling (MDS) visualized gene 
expression pattern of 4-group chemotherapy patient samples. 
Each point represents the relative gene expression of 207-gene 
signatures distinguishing status of 4-group samples. Points are 
colored according to group of samples: pink (chemo <1 week), 
green (chemo between 2-4 weeks), cyan (chemo between 5-8 
weeks), and blue (chemo >8 weeks). 
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The main goal of this study is to find out the durability of 
genetoxic drug signatures in PB cells that may confound the 
accuracy of radiation biodosimetry, and set up a time frame 
for post-chemotherapy samples that would be best represen-
tative for radiation biodosimetry study. We first looked at 
the chemotherapy induced differentially expressed genes in 
PB that occur as a function of time since the last treatment. 
On the basis of time since last chemotherapy, patients were 
categorized in 4 groups- those who received chemo within a 
week, between 2 to 4 weeks, between 5 to 8 weeks or over 8 
weeks before the first blood draw. BRB-class comparison 
identified 207 genes differentially expressed across four 
categories of samples at p <0.001 and FDR <10.2%. Intrigu-
ingly, of the 207 genes differentially expressed between 4-
group chemo-treated samples, only one gene (GDF15) over-
lapped with the 74-gene set previously reported to predict ex 
vivo dose response at 6 and 24 hours after irradiation.3  

We next used the microarray data to build and test classi-
fiers using three different algorithms, diagonal linear dis-
criminant analysis (DLDA), 1- and 3- nearest neighbors (1-
NN and 3-NN). The classifiers were tested using leave-one-
out cross validation to assess the sensitivity and specificity 
of individual sample prediction. All three classifiers pre-
dicted times status of 4-group patients with less than 75% 
accuracy. We next applied multidimensional scaling (MDS) 
in BRB-ArrayTools to create a low dimensional graphical 
representation of expression of the 207 differentially ex-
pressed genes. Interestingly, the MDS distinctly separates 
less than 1 week chemo-treated samples from the rest of the 
samples (Fig. 1), indicating patients who stopped receiving 
chemotherapy more than 2 weeks to 6 months before the 
blood draw might have a similar pattern of gene expression. 

To extend this analysis further, we narrowed chemo-
treated samples into two groups- ones who received their last 
chemo treatment within a week or less and those who re-
ceived it between 2 weeks to 6 months. The BRB-class 
comparison distinguished 595 genes differentially expressed 
between 2-group samples at p <0.001 and FDR <3.5%. No-
tably, of the 595 genes distinguishing 2-group chemotherapy 
samples, three of the genes (GADD45A, GDF15 and DCP1) 
overlapped with a 74-gene set that predicted ex vivo dose 
response at 6 and 24 hours.3 For this two-group classifica-
tion, we used BRB-class prediction tools to construct seven 
different prediction algorithms using the filtered set of 
21,116 genes. 595 genes were used by various classifiers and 
leave-one-out cross validation measured the sensitivity and 

specificity of individual sample prediction (Table 1). Of the 
seven methods tested, compound covariate predictor (CCP), 
nearest centroid (NC) and Bayesian compound covariate 
predicted status of the samples with 100% accuracy, while 
the diagonal linear discriminant analysis (DLDA), support 
vector machines (SVM), 1- and 3-nearest neighbors (1-NN 
and 3-NN) predicted status of 2-group samples 96% correct 
and identified one false positive of a <1-week chemo-treated 
sample. The BRB multidimensional scaling using the 595-
gene set distinguishing 2-group samples markedly separates 
<1-week chemo-treated samples from > 2-week chemo-
treated samples (Fig. 2). All healthy patient samples in the 
MDS plot present overall similarity with the > 2-week 
chemo-treated samples (Fig. 2), further illustrating that pa-
tients treated with genotoxic drugs more than 2 weeks ago 

Table 1.  

 

Class CCP DLDA 1-NN 3-NN NC SVM BCCP 

 Sp Sv Sp Sv Sp Sv Sp Sv Sp Sv Sp Sv Sp Sv 

<1 week 1 1 0.833 1 0.833 1 0.833 1 1 1 0.833 1 0.833 1 

>2 week 1 1 1 0.833 1 0.833 1 0.833 1 1 1 0.833 1 0.833 
 

Note: Performance of classifiers predicting status of 2-group chemotherapy samples, treated either within a week or over 2 weeks. 
Symbols: CCP= compound covariate predictor, DLDA= diagonal linear discirimant analysis, NN= nearest neighbor, NC= nearest cen-
troid, SVM= support vector machines, BCCP= Bayesian compound covariate predictor, Sp= specificity, Sv= sensitivity. 

Fig. 2. MDS separates 2-group chemo-treated samples, 
chemo received either less than a week or over 2 weeks. Each 
point represents relative gene expression of 595-signature dis-
tinguishing status of 2-group chemo-treated samples. Points are 
colored according to time of chemo-treatment: pink (chemo <1 
week), green (chemo between 2-4 weeks), cyan (chemo be-
tween 5-8 weeks), blue (chemo > 8weeks) and red (healthy 
individual without chemo). 
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do not detrimentally affect the base line expression of genes 
distinguishing 2-group chemo-treated samples. 

A potential concern in the use of chemo-treated patient 
samples to develop and test gene signatures for radiation 
biodosimetry would be that the base level gene expression 
might be expected to vary considerably from that of healthy 
individuals. To further test against such an outcome, we in-
cluded 10 samples from healthy volunteers in the 2-group 
sample analysis. Addition of these samples with > 2-week 
chemo-treated samples, BRB-class comparison identified 
1316 genes distinguishing 2-group samples at p <0.001 and 
FDR <1.6%. With this large set of genes distinguishing 2-
group chemotherapy samples, only 4 genes (GADD45A, 
GDF15, DCP1 and UROD) overlapped with the 74-gene set 
that predicted ex vivo dose response at 6 and 24 hours.3 We 
next built classifiers using this large gene set, to see if the 
accuracy of dose prediction would be maintained when these 
healthy control were added. The same algorithms performed 
reasonably well, providing 97% correct classification by 
four-classifiers (DLADA, 1-NN, SVM and BCCP) and 91% 
correct by 3-classifiers (CCP, 3-NN and NC). Moreover, 
MDS using the 1316 gene set separated healthy individuals 
and patients with > 2-weeks since chemo from <1-week 
since chemo samples (Fig. 3). 

 In an attempt to reduce the number of genes required to 
correctly predict status of 2-group samples, we investigated 
the effect of using 427 genes that distinguishing 2-group 
samples at p <0.00001 and FDR 0.5%. This set performed 
nearly as well as that of 2-group samples excluding healthy 

Fig. 3. Multi-dimensional scaling plot illustrating separa-
tion of <1 week chemo-treated samples from >2 week chemo-
treated samples using the 1316 genes distinguishing status of 2-
group samples after inclusion of healthy individuals. Each point 
represents an individual sample. Points are colored according to 
time of chemo-treatment: pink (chemo <1 week), green (chemo 
between 2-4 weeks), cyan (chemo between 5-8 weeks), blue 
(chemo > 8weeks) and red (healthy individual without chemo). 

Fig. 4. Average linkage clustering of 137 genes differen-
tially expressed (p <0.000001) between <1 week chemo-treated 
samples and >2 weeks chemo-treated plus healthy individuals. 
The figure is sorted by time since last chemotherapy received; 
healthy individual samples included as control of no-chemo. 
The high expression is depicted as red, and low expression is 
depicted as green. 
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controls. The CCP, DLDA and CCP predicted status of 2-
group samples with 100% accuracy, while NC, SVM, 1- and 
3-NN predicted the status of 97% of the samples correctly 
with one false positive identification of a <1-week chemo-
treated sample. In order to visualize the gene expression 
pattern between healthy individuals and chemo-treated sam-
ples, a heat map was generated with the 137 genes distin-
guishing 2-group samples at p <0.000001. The heat map 
image illustrating the expression of samples taken more than 
2 weeks since the last chemo treatment are significantly dif-
ferent from those who had chemo within a week or less (Fig. 
4). Interestingly, all patients who received chemotherapies 
ending between 2 weeks to 6 months prior to the assay pre-
sented a distinctly similar pattern of expression of the se-
lected genes. Moreover, the expression pattern of genes of > 
2-week since chemo-treated samples was very similar to the 
expression pattern of healthy individuals, although some 
difference was still evident. 

In summary, these analyses demonstrate that genotoxic 
drugs cause a robust alteration of expression of a large num-
ber of genes in humans and this alteration in gene expression 
is sustained in peripheral blood WBCs up to a week after the 
end of chemotherapy. Although a massive number of genes 
are differentially expressed due to genotoxic drug use in 
patients, hardly any of these genes overlapped with our core 
radiation signature. Thus gene expression profiling with the 

PB of cancer patients who stopped receiving alkylator-based 
chemotherapies at least two weeks before the start of radia-
tion treatment can provide informative gene-signatures for 
practical radiation biodosimetry. 
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Interest in radiation biodosimetry has increased greatly 

given the growing concern over possible radiological or nu-
clear terrorist attacks. Accurate methods for measuring the 
biological effect of irradiation are critical for estimating an 
individual’s health risk from radiation exposure. The direct 
measurement of radiation-induced DNA double-strand 
breaks (DSB) in peripheral lymphocytes is one approach that 
provides a useful endpoint for triage. The immunofluores-
cence detection of γ-H2AX foci formation is a reliable and 
sensitive method for quantitatively measuring DNA double 
strand breaks (DSBs) in irradiated samples. Since γ-H2AX 
focus formation is highly linear with radiation dose, this 
well-established biomarker is in current use in radiation bio-
dosimetry1, 2.  

At the Center for High-Throughput Minimally Invasive 
Radiation Biodosimetry, we have developed a Rapid Auto-

mated Biodosimetry Tool (RABIT) that has been designed 
as a completely automated, robotically-based biodosimetry 
workstation for use after a small or large scale radiological 
event to quickly determine individual dose estimates from 
fingerstick-derived samples of blood.3-5 The workstation 
consists of several linked automated modules: sample collec-
tion, lymphocyte separation, liquid handling, imaging, and 
data storage, with the purpose that once the blood samples 
are loaded into the RABIT system, there is no further human 
intervention. High throughput is achieved through the use of 
purpose built robotics, lymphocyte handling in 96-well fil-
ter-bottomed plates and high-speed imaging.3 During the 
past year, we have successfully automated the γ-H2AX im-
munocytochemical protocol in the RABIT system, from the 
isolation of human blood lymphocytes in heparin-coated 
PVC capillaries to the immunolabeling of γ-H2AX protein 
and image acquisition to determine fluorescence yield. 
Rather than counting foci, which requires high resolution 3D 
imaging6, 7 and can only be done at low doses, due to foci 
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Fig. 1. γ-H2AX expression in 

human lymphocytes. Representation 
of γ-H2AX staining in blood lympho-
cytes irradiated with a range of γ-ray 
doses 0 to 8 Gy. γ-H2AX yields are 
visualized with Alexa Fluor 555 using 
a 60x oil emersion objective. The 
green outlines denote the boundaries 
of the nuclei within which the γ-
H2AX fluorescence is integrated. 

overlap, we present here an equally accurate but faster ap-
proach of measuring the total fluorescence per nucleus of 
immunostained γ-H2AX. The advantage of this approach is 
that it allows a rapid quantitative result even at high doses, 
where individual foci cannot be distinguished.  

To evaluate the overall performance of the RABIT work-
station, γ-H2AX yields were measured in blood samples 
collected from 4 age- and gender-matched healthy donors, 
irradiated with a range of γ-ray doses between 0 and 8 Gy. 
Validation of the success of the platform is presented by the 
quantitative increase in total γ-H2AX fluorescence with in-
creasing radiation dose. 

 
Results  

In last year’s CRR report,8 we presented the optimization 
of the γ-H2AX immunocytochemical protocol for in situ 
analysis in multi-well plates using an anti-human γ-H2AX 
monoclonal antibody (Abcam Inc.) and the fluorescent goat 
anti-mouse Alexa Fluor 555 (AF555; Invitrogen) secondary 
antibody. One small change is that we now prefer to coun-
terstain the nuclei with Hoechst 33342 (Invitrogen) since it 
appears to label brighter in our system. To determine γ-
H2AX yields in the irradiated blood samples from the 4 age- 
and gender-matched healthy donors, fluorescent images of 
Hoechst labeled nuclei and AF555-labeled γ-H2AX were 
captured separately for each dose using an Olympus epi-
fluorescence microscope (BH2-RFCA) and stored using 
MicroSuite™ Five software (Lakewood, CO). For quantita-
tive analysis of γ-H2AX expression, all images were cap-
tured with a fixed exposure time of 250 ms which was ade-
quate to capture the total γ-H2AX fluorescence across the 
dose range tested. Fig. 1 shows a representation of the γ-
H2AX fluorescence images captured as 8-bit monochrome 
images in the range 0 to 8 Gy of γ-rays. The results show 
that the γ-H2AX yield increases with increasing γ-ray expo-
sure seen as an overall increase in total fluorescence per nu-
cleus. 

 
Quantitative -H2AX Analysis                                                                                                                                                                            

For quantitative analysis of the captured images, the im-
age of the nuclei is filtered and binarized and the boundaries 

of each cell nucleus identified using Matrox Imaging Li-
brary’s blob analysis routines (MIL 9.0, Matrox Imaging, 
QC). These routines identify connected regions of bright 
pixels within an image, and can identify the size, shape, 
boundaries and total intensity of a grayscale image within 
these boundaries. For each nucleus, the integrated AF555 
fluorescent intensity within each nuclear boundary is then 
scored. For our analysis, only convex nuclei with an area, Ai, 
larger than 20µm2 were analyzed. For each nucleus, the val-
ues of the corresponding pixels in the, 8-bit grayscale, γ-
H2AX image (pixels within the outline in Fig. 1) were inte-
grated to obtain a fluorescence value Fi. As can be seen from 
Fig. 2, the fluorescence values, Fi, vary linearly with the 
nuclear area Ai 0 Gy. This is due to a uniform background of 
about 4% of the maximal intensity in the γ-H2AX images. 
To eliminate this constant offset in the values, we have sub-
tracted a background equal to the slope of the graph in Fig. 
2. 

For each dose 50-100 nuclei were scored and the average 
and standard deviation of the fluorescence calculated. Fig. 3 
shows a dose-response curve averaged for each dose across 

Fig. 2. Fluorescence as a function of nuclear area at 0 Gy. 
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the 4 age- and gender-matched donors. Statistical analysis 
using a Student t-test showed a significant difference in the 
total fluorescent yields between 0 Gy and 2 Gy (p = < 
0.001), thus placing merit on our system to be able to accu-
rately detect γ-ray irradiations under 2 Gy. Although the 
mean total fluorescence shows a larger variability in γ-
H2AX fluorescence at higher doses, the standard errors lie 
within the same range. The presence of no γ-H2AX expres-
sion in the non-irradiated lymphocytes indicated that the UV 
laser, used to cut the capillaries at 18-20 mm below the lym-
phocyte band, did not induce further DNA damage in the 
isolated human lymphocytes. Furthermore, these results in-
dicate that there is no carry over or splashing of the lympho-
cyte samples between the micro-wells, highlighting the pre-
cision of the SCARA robot to reliably release the lympho-
cytes into the multi-well plate. 

In summary, we have successfully used our biodosimetry 
workstation to reproducibly quantify γ-H2AX yields in iso-
lated lymphocytes from small volumes of blood. Validation 
of our biodosimetry platform was achieved by the linear 
detection of a dose-dependent increase in γ-H2AX fluores-
cence in peripheral blood samples irradiated ex vivo with γ-
rays over the range 0 to 8 Gy. This study marks for the first 

time the automation of the γ-H2AX immunocytochemical 
protocol using our robotically-based high throughput biodo-
simetry workstation. 
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Introduction 
A Beowulf type computer cluster has been built at 

RARAF for bio-physics or bio-engineering parallel comput-
ing calculations. The system includes a dual CPU front node 

and four quad CPU computer nodes (Fig. 1). Each of them 
has 32 G memory. The operation system uses an open Linux 
system. For most complex bio-physics, bio-engineering cal-
culations or Monte Carlo simulations of nuclear physics, it 
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takes a very long computer running time to finish the calcu-
lation and to obtain a high statistic result even with modern 
powerful workstations. The PC cluster is a popular solution 
for large scale scientific computing nowadays. It greatly 
saves the computing time because the computer code can be 

divided into small pieces and be sent to computer nodes to 
conduct the calculation simultaneously. Also the PC cluster 
is based on regular PCs that are easily installed which reduce 
overall costs of the system. RARAF cluster (XRARAF) sys-
tem was initially funded to conduct calculations based on 
cell laser scattering project, but going forward, the system 
may also be used by any center or outside users who are 
interested in medium or large scale computing simulations. 
The user can access and submit jobs from anywhere with 
internet service using web browser (Firefox or IE). The cus-
tomized code of users can be uploaded through Ethernet. 
Currently, the system is used to measure laser light scatter-
ing, Monte Carlo nano particle coating calculations and 
Monte Carlo ion transport calculations. The cluster status 
can be checked at website: 129.236.254.22/ganglia/ 
 
Example for this system 

A cell laser scattering simulation was conducted using 
this cluster. The laser scattering from the cell vs angle curve 
is shown in Fig. 2. Because the light interaction calculation 

jobs were divided into many small parts, it made this calcu-
lation much faster than running code on a single PC.  

Fig. 1. XRARAF PCs cluster setup. 

Fig. 2. Single cell laser light scattering result. A. 3D view of a cell in a simulation box. B. Scatering intensity vs. angle from the 
cell light scattering. C. Grid computing configuration of the cell light scattering. D. 3D light scattering profile of the cell.  

A B

DC 

 
User Contact: Yanping Xu. Email: yx2132@columbia.edu ■ 

 91



CENTER FOR HIGH-THROUGHPUT MINIMALLY-INVASIVE RADIATION BIODOSIMETRY (U19)  

92 

 

Upgrades to Rapid Automated 

Biodosimetry Technology (RABIT) 
 

Youhua Chen,
a
 Jian Zhang,

a
 Hongliang Wang,

a
 Guy Garty, Gary W. Johnson, 

Nabil Simaan,
a
 Y. Lawrence Yao

a
 and David J. Brenner 

 

 

The Rapid Automated BIodosimetry Tool (RABIT) is 

designed to be a completely automated, ultra-high through-

put robotically-based biodosimetry workstation. It analyzes 

fingerstick-derived blood samples (30 µl, essentially a single 

drop of blood), either to estimate past radiation dose, or to 

identify individuals exposed above or below a cutoff dose. 

In 2009, we finalized and tested the Phase I system pro-

totype, with a throughput of up to 6000 samples/per day. 

After a successful demonstration in August, 2009, we shifted 

gears to the construction of a modified system that can 

achieve a much higher throughput. Besides the integration 

control and test, the major work was to develop the auto-

mated Transfer to Substrate Module (TTS) and design a 

faster lymphocyte harvest module, both described below. 

 

Development of a Rapid Lymphocyte Harvester 
 

One of the main challenges in rapid lymphocyte 

processing in the RABIT is the harvesting of lymphocytes 

from whole blood. Previously we have developed a protocol 

for separating blood in capillaries and developed a “slow” 

system for lymphocyte harvest (~6,000 samples per day or 

10 sec/sample).
1-3

 Our challenge this year was to develop a 

new scheme for harvesting lymphocytes in fewer than 2 sec 

per sample, corresponding to a throughput of 30,000 sam-

ples per day. This required optimization of the capillary cut-

ting itself as well as development of a new cutting station, 

making use of parallel processing methods, handling mul-

tiple samples at once. 

 

Improvement on laser cutting 

A twofold increase in laser cutting speed was achieved 

by upgrading the laser used for cutting the capillaries from 

1.1W to 2W. We also introduced a sweeping of the beam, as 

shown in Fig. 1, to account for small misalignments of the 

capillary. Once the laser receives the command of „cutting‟ 

from the central master computer, it will fire the beam and 

keep sweeping the beam with a constant linear speed from 

the initial point to the end point. At the same time, the capil-

lary gripper rotates with a constant speed along the opposite 

direction of the beam sweeping. 

Next we introduced a “Disposing gripper” (Fig. 2), 

which clamps the bottom part of the capillary at the end of 

the laser cutting such that a pull force is applied when the 

robot moves up. This pull force is required to reliably detach 

the lower part of the capillary, containing the red blood cell 

pellet from the upper part, containing the lymphocyte band. 

With the help of the higher laser power, sweeped beam, 

and the disposing gripper, we have reduced the cutting time 

from 3.5 sec to 1.7 sec. While improving the success rate to 

>99%. The optimized conditions are Power – 1.9 W, Capil-

lary rotation speed – 50 rpm, Beam sweeping speed – 1 

mm/s.  

 

Service robot for cell harvesting 

In the early prototype, all of the capillary manipulation 

jobs are handled by the SCARA robot in the Phase I system. 

The desired service robot of the Phase II is able to handle the 

a
 ARMA -Advanced Robotics & Mechanism Applications lab 
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Fig. 2. Loading/dispensing station. 
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manipulation jobs in the cell harvesting module. Thus the 

SCARA robot is free to handle other work while the tubes 

are processed in the cell harvesting module. The addition of 

parallel processing doubles the system throughput, in addi-

tion to any acceleration in the individual steps. 

The service robot is composed of two parts: X/Y/Z slide 

and phi-stage. The phi-stage with two rotating arms and four 

capillary grippers rotates 90 degree anticlockwise at each 

step to transfer capillaries to four work stations shown in 

Fig. 3: 

1) An X/Y/Z slide holding the centrifuge bucket, contain-

ing capillaries and micro-well plate and disposing grip-

per. In this station, lymphocytes are dispensed into a 

multiwell plate, the empty capillary is disposed of and 

a new capillary is loaded. 

2) A barcode reader, which reads the bar code on each ca-

pillary.  

3) A lymphocyte counting system, which includes a LED 

light, a customized collimator, and a CCD camera. This 

station is to estimate the lymphocyte number by mea-

suring light absorption.
4
  

4) The actual laser cutting. 

The total processing time for each capillary is limited to 

2.0 sec. Thus the throughput of the phase II system is in-

creased to 32,400 capillaries/day. A detailed timeline is 

shown in the Table 1. 

 
Development of a transfer to substrate system 
 

Sample processing in the RABIT is performed in filter 

bottom 96-well plates. Prior to the imaging procedures, in 

order to accommodate the short working distance of the im-

aging optics, as well as to generate compact, sealed archival 

specimens, the filter bottoms are detached from each multi-

well plate, transferred to an adhesive surface and sealed us-

ing a transparent adhesive film to keep them intact. 

Fig. 4 shows the complete assembly of the transfer-to-

substrate (TTS) system developed for this purpose. The TTS 

includes five DC motors to drive an active jaw to feed the 

plate from import stage, a peel clamp and its linear slide, an 

active tape roller, and an active barcode stamping roller. 

The procedure to achieve the sealed substrate is shown in 

Fig. 5. Four major tasks are completed in the TTS: remove 

the plate underdrain, transfer the filters to a flat adhesive 

substrate, stamp barcode, and seal. The underdrain removing 

mechanism includes a peel clamp and its moving slide – peel 

clamp slide. When the peel clamp holds the front edge of the 

Time since start 

of cycle (sec) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

Station 1

XYZ stage

Station 2 

Imaging

Station 3 

Barcode reading

Station 4 

cutting

Pivot head

Cuttting capillary i

Rotate 90°, adjust 

cutting height for 

capillary i

Dispense 

capilary i-1
Dispose capillary i-1 Index bucket and pick up capilary i+3 Index plate for capillary i

Imaging and edge detection of capillary i+1

Barcode reading on capillary i+2

Table 1. 
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underdrain tightly, the peel clamp slide moves downward 

and the plate is pushed forward with the same speed by the 

active jaw in the meanwhile (Fig. 5b). The key component 

of the filter transferring mechanism is a soft roller (Fig. 5c), 

which is hanged by two steel springs. When the plate passes 

the soft roller, the passive tape 1 (sticky side faces up, Fig. 

5e) is pushed up to the filters by the soft roller with large 

pressing force. Then the filters are able to be removed from 

the plate and transferred to the tape as long as the tape 1 is 

pulled downward by the active tape driving motor (Fig. 5d). 

The tape 2 carries a pre-printed barcode from the barcode 

stamping mechanism (Fig. 5d and 5e). Since the tape 1 and 

the tape 2 move in opposite directions, with the sticky sides 

facing each other (Fig. 5e), the top and bottom surfaces of 

the filters and barcode are sealed in the form of a substrate 

(Fig. 5f) when two tapes are attached each other. 

We have tested several commercially available adhesive 

and lamination films for clarity and low auto fluorescence. 

Clear view packing tape (Staples) or acetate plate sealing 

tape (Corning) were found to be optimal. Once the filter 

bottoms are attached and sealed, the continuous film con-

taining the filter bottoms is fed into the imaging system and, 

after imaging, collected on a roll for archiving. 
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Introduction 

A major rate-limiting step in high speed imaging is fo-

cusing. In order to get good image quality, typical micro-

scope objective lenses have a shallow depth of field and may 

therefore be sensitive to the roughness of the sample being 

imaged. This is noticeable when imaging cells on a micro-

scope slide which may be slightly tilted and becomes a se-

rious problem for imaging rough substrates, such as the filter 

bottoms of multiwell plates. The simple solution is to take 

several images at different object-lens distances (a Z-stack), 

quantify the quality of focus and search for the best setting.
1, 2

 

This method is inherently slow due to the necessity of grab-

bing multiple images. The RABIT incorporates an auto-

mated focusing system, based on the acquisition of a single 

image at a single Z position, using a cylindrical lens inserted 

into the light path.
3-5

 Using our technique, fluorescent beads 

are interspersed in the sample and imaged using a parallel 

light path, containing a weak cylindrical lens. 

The theory of this concept is demonstrated in Fig. 1. In 

order to select the best cylindrical lens for our application, 

we simulated and tested a wide range of focal lengths. Fig. 2 

shows images of 2.5 µm fluorescent beads imaged through 

different plano-convex cylindrical lenses (fcyl = 500 mm, fcyl 

= 700 mm and fcyl = 1000 mm). An image above focus, be-

low focus and approximately at focus is given. We also 

tested a plano-concave lens (fcyl = -500 mm), which provided 

similar images (rotated by 90°) to the fcyl = 500mm lens.   

Note that the stronger the lens (shorter focal length) the 

larger the bead appears. This is due to the larger perturbation 

this lens introduces into the optical path (the focal length of 
the tube lens is 200 mm). To overcome this, the tube lens 

would have to be made weaker so that the focal length of the 

combined lens is slightly more than 200 mm in X and 

slightly less in Y.  

 

Topography measurements 

The RABIT imaging system, for which this automated 

focus methodology has been developed, images cells plated 

on a 9 mm diameter filter that has been removed from the 

bottom of a filter bottomed multiwell plate. In order to dem-

onstrate the application of this technique and to quantify the 

flatness of the filters, we have imaged a large part of a filter 

onto which beads have been plated. For each 200 µm field of 

view, we captured a Z stack covering the full range of mo-

tion of the objective lens (100 µm). Fig. 3a shows the value 

of Z for a constant bead aspect ratio (corresponding to Z=50 

µm at the center) over the area of the filter. Fig. 3b shows a 

histogram representation, demonstrating that the height vari-

ation within the filter membrane is about 12 µm FWHM. 

 

 

 

a
 Physics Department, New York University, 4 Washington 

Place, New York, NY 10003 

Fig. 1. Theory of autofocus system: a) A regular lens, im-

age is sharp at I and fuzzy elsewhere. b) After adding a cylin-

drical lens at the same plane (I) we will now have an image 

which is sharp in X and fuzzy in Y. at plane (II) we will get an 

image that is slightly fuzzy but symmetric and at plane (III) we 

will get an image that is fuzzy in X and sharp in Y. 

Fig. 2. Images of 2.5 µm beads through a cylindrical lens. 

The left column was taken using fcyl = 500 mm, the center col-

umn using fcyl = 700 mm and the right column using fcyl = 1000 

mm. The top row is above focus, the middle row approximately 

at focus and the bottom row below focus. The Z values corres-

pond to the position of the objective lens, mounted on a piezo-

actuator with 100 µm range. 

75p

75p

g) Z=75 mm

d) Z=42 mm

a) Z= 1 mm b) Z=20 mm c) Z=10 mm

f) Z=35 mme) Z=45 mm

h) Z=65 mm i) Z=55 mm
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Automated Image Analysis for 

Micronuclei Assay in RABIT 
 

Oleksandra V. Lyulko, Guy Garty, Helen C. Turner, Gerhard Randers-Pehrson and David J. Brenner 

 

 

Image analysis module for RABIT 

At the Center for High-Throughput Minimally Invasive 

Radiation Biodosimetry we have developed the Rapid Au-

tomated Biodosimetry Tool (RABIT) – a completely auto-

mated robotic-based ultra-high-throughput biodosimetry 

workstation.
1-4

 In a case of a large-scale radiological event, 

hundreds of thousands of people may be screened using 

RABIT in a short period of time to estimate the doses re-

ceived by individuals. The estimation of the dose is based on 

the analysis of peripheral blood lymphocytes obtained from 

a single fingerstick. The lymphocytes undergo the cytokine-

sis-block micronucleus assay and the images of cytoplasm 

and nuclei of the cells are analyzed to estimate the frequency 

of micronuclei (MNi) in binucleated cells as a biomarker of 

DNA-damage events. We have developed software to auto-

matically localize binucleated cells, detect MNi and calcu-

late their frequency in the sample. 

The RABIT utilizes dual staining of the nuclei and cy-

toplasm and images them simultaneously with multiple cam-

eras, allowing for high throughput. The advantage of the 

dual staining approach for the automated image analysis is 

that it enables nuclei to be matched with their corresponding 

cells, allowing for more precise identification of binucleated 

cells. Since the nuclei and cell images are analyzed separate-

ly, the artifacts from the cytoplasm staining are not misinter-

preted as MNi. 

The image analysis software is written in C using Matrox 

Imaging Library (MIL). The scoring algorithm is based on 

the protocol for the CBMN assay developed by M. Fenech.
5, 6

 

 

Image processing 

The two images, corresponding to nuclei and cytoplasm, 

are first subject to background subtraction followed by ap-

plication of the median filter to remove “salt-and-pepper” 

noise. 

Segmentation of the nuclei from the cytoplasm. The next 

step is binarization. When standard thresholding procedure 

(based on image histogram) is applied, it may not detect 

some micronuclei, because they often appear dimmer than 

the main nuclei and because of the inter-individual variabili-

ty of staining intensity of MNi. 

To make the detection of MNi less dependent on varia-
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Fig. 3. a) height map of a section 

of the filter, measured by quantifying 

the aspect ratio for beads plated on 

its surface. Each square corresponds 

to a 200 µm x 200 µm region. The 

shading represents the height to 

which the objective lens needed to 

be adjusted to maintain a constant 

aspect ratio. Blue squares had no 

detected beads in them. The color 

bar gives the height in µm. b) a his-

togram of the height values for each 

pixel, the color bar also serves as an 

axis for the Z values (in microns). 
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tions of staining intensity, we developed a procedure, based 

on an iterative application of standard thresholding to the 

image. With each iteration, the areas that were just detected 

are masked, and areas with lower intensity appear on the 

binarized image. After binarization, touching nuclei are se-

parated using a watershed method. 

Segmentation of cytoplasm from the background. The 

ability of the standard binarization technique to differentiate 

whole cells from the background is limited when the nuclei 

have higher intensity than the surrounding cytoplasm and 

when there is residual staining of the background. 

To calculate the correct threshold intensity for cell seg-

mentation, we use the binarized image of the nuclei to local-

ize the cells. A mask image, allowing only the outside vi-

cinities of the nuclei to be visible, is overlaid on the cell im-

age (Fig.1). The intensities of the pixels of the cell image, 

corresponding to the areas around the nuclei, are averaged. 

The average value approximates the intensity of the cell 

boundaries and is used as a threshold for binarization of the 

cell image. 

Selecting viable cells. To include only viable cells into 

the analysis, we characterize the objects in the cell image by 

size and shape. Cells with intact cytoplasm should be ap-

proximately circular in shape. We use the compactness pa-

rameter, equal to p
2
/(4πA), where p is the perimeter and A is 

the area of the object, to describe circularity. In the images 

used for this study, the typical compactness value for healthy 

lymphocytes was 1.5. 

 

Identifying and scoring micronuclei 

After cells have been selected for analysis based on their 

size and compactness, they are analyzed one-by-one. The 

coordinates of the centers of gravity of the nuclei are deter-

mined and matched with the outlines of the cell. The nuclei 

which do not belong to the cell are excluded from the analy-

sis. 

The number of nuclei in a single cell and their areas are 

calculated and the nuclei are sorted by size and divided into 

two categories: the main nuclei and the MNi. The area of a 

micronucleus in binucleated human lymphocytes varies be-

tween 1/256 and 1/9 of the area of the main nuclei.
5
 Infor-

mation about the number of binucleated cells and number of 

MNi is accumulated while the analysis is carried on to the 

next image. The analysis of the sample terminates either 

when a preset number of binucleated cells are scored or 

when all available images are analyzed. 

 

Validation 

The performance of the developed automated module 

was validated by producing a dose-response curve (Fig. 2). 

A blood sample from a healthy donor was irradiated from 0 

to 6 Gy. A series of images from each dose were collected 

and analyzed automatically and manually. The manual scor-

ing was done by two independent researchers. 

Both the manually and automatically generated curves 

for MNi frequency (Fig. 2) demonstrate dose-dependence of 

the number of MNi in binucleated cells. The manual curve 

has greater slope and lower background MNi frequency than 

the automatic curve. This is due to the greater number of 

false negative and false positive MNi, respectively, detected 

by the automated system, which is typical for the automated 

routines for MNi scoring.
7
 

Future developments involve integration of the image 

analysis system into the RABIT station and analysis of sam-

Fig. 1. Automated thresholding procedure for segmentation of the cytoplasm. A: grayscale DAPI image; B: binarized image of nuc-

lei; C: vicinity of the nuclei is selected; D: grayscale image of cytoplasm; E: pixel intensities of the cytoplasm will be averaged to find 

the threshold; F: binarized image of the cytoplasm. 
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ples from many individuals. The analysis of the micronuc-

leus assay samples will be extended to the detection of nuc-

leoplasmic bridges and necrotic and apoptotic cells. 

 

References 

 

1. Salerno A, Zhang J, Bhatla A, Lyulko OV, Nie J, Dutta 

A, Garty G, Simaan N, Randers-Pehrson G, Yao YL 

and Brenner DJ. Design Considerations for a Minimally 

Invasive High-Throughput Automation System for Rad-

iation Biodosimetry. Proceedings of the 3rd Annual 

IEEE Conference on Automation Science and Engineer-

ing 846-52, 2007. 

2. Garty G, Chen Y, Salerno A, Turner H, Zhang J, Lyulko 

O, Bertucci A, Xu Y, Wang H, Simaan N, et al. The 

RABIT: a rapid automated biodosimetry tool for radio-

logical triage. Health Phys 98:209-17, 2010. 

3. Chen Y, Zhang J, Wang H, Simaan N, Yao Y, Garty G, 

Xu Y, Lyulko OV, Turner H, Randers-Pehrson G and 

Brenner DJ. Development of a Robotically-based Au-

tomated Biodosimetry Tool for High-throughput Radio-

logical Triage. International Journal of Biomechatron-

ics and Biomedical Robotics 1:115-25, 2010. 

4. Chen Y, Zhang J, Wang H, Garty G, Xu Y, Lyulko OV, 

Turner HC, Randers-Pehrson G, Simaan N, Yao YL and 

Brenner DJ. Design and preliminary validation of a rap-

id automated biosodimetry Tool for high througput ra-

diological triage. In Proc. ASME Int. Design Engineer-

ing Technical Conferences & Computers and Informa-

tion in Engineering Conference, paper number: 

DETC2009-86425, San Diego, 2009. 

5. Fenech M. Cytokinesis-block micronucleus cytome 

assay. Nat Protoc 2:1084-104, 2007. 

6. Fenech M, Chang WP, Kirsch-Volders M, Holland N, 

Bonassi S and Zeiger E. HUMN project: detailed de-

scription of the scoring criteria for the cytokinesis-block 

micronucleus assay using isolated human lymphocyte 

cultures. Mutat Res 534:65-75, 2003. 

7. Tates AD, van Welie MT and Ploem JS. The present 

state of the automated micronucleus test for lympho-

cytes. Int J Radiat Biol 58:813-25, 1990. ■ 

 

 

 

 

 

Development of a Button-Type Personal Dosimeter 
 

Stephen A. Marino, Gary W. Johnson and David J. Brenner 

 

 

Introduction 

In radiological emergency situations caused by a radio-

logical dispersive devise, an improvised nuclear device, or a 

nuclear reactor accident, large numbers of people might be 

exposed to radiation and to radioactive materials dispersed 

in the area, especially on their skin and clothing, which 

could result in significant whole body doses. It would be of 

great use in such situations if the external dose to those af-

fected or suspected of being affected could be determined 

quickly. If the general public wore inexpensive personal 

dosimeters, the doses received could be determined rapidly 

without using biological dosimetry. 

 

Materials and Methods 

A prototype personal thermoluminescent dosimeter 

(TLD) was designed in the form of a clothing button. Be-

cause of their lower cost and more widespread use, the ther-

moluminescent (TL) materials chosen for testing were 

LiF:Mg,Ti and LiF:Mg,Cu,P. Square rods 1 mm x 1mm x 6 

mm of each material were obtained from two different man-

ufacturers (Thermo Electron and Rexon TLD Systems, Inc.). 

The TL signal from the rods was measured using a Harshaw 

3500 TLD manual TLD reader with a personal computer for 

control of the reader and for data acquisition. 

The “buttons” were ~11 mm D and ~3.2 mm thick, about 

the size of a common man‟s shirt button. They were made in 

two pieces; the upper part (lid) was 1.1 mm thick; the bot-

tom part was 2.2 mm thick and had 3 recesses machined in it 

to hold the rod TLDs. The buttons were made of polymethyl 

methacrylate (PMMA) or polycarbonate and had two small 

holes near the center for attachment to shirts. A thin layer of 

epoxy was applied to the lid in order to seal the two parts 

together.  

The buttons were sewn onto shirts and subjected to three 

cycles of home laundering, commercial laundering, or dry 

cleaning. For the commercial laundering and dry cleaning, a 

different cleaning company was used for each cycle. After 

the laundering cycles, which included ironing or pressing, 
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Fig. 2. Average number of micronuclei in binucleated cells. 
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the buttons were removed from the shirts. 

After laundering, buttons were irradiated with 0.662 

MeV gamma rays using the Gammacell 40 
137

Cs irradiator at 

the Center for Radiological Research. To remove the TLD 

rods from the buttons for reading, a special fixture was made 

to separate the two parts of the button using a razor blade. 

Three laundering tests were made. 

In the first test, 18 LiF:Mg,Ti rods were put in six but-

tons, three of each material, and subjected to three cycles of 

dry cleaning. The rods were in the buttons for total of about 

one month by the end of the cleaning cycles. About one 

month after the last cleaning the buttons were given a dose 

of 1.5 Gy and read four days later. 

In the second test, the 18 rods that were in the buttons for 

the first test were put in six buttons, three of each type of 

plastic, and 12 LiF:Mg,Cu,P rods were put in four buttons, 

two of each type of plastic. The buttons were immediately 

subjected to three successive cycles of home laundering, 

machine drying and hand ironing. Five days after encapsula-

tion, the buttons were given four doses from 0.75 to 6.0 Gy 

and read the following day. 

The third test consisted of 36 buttons. Eighteen polycar-

bonate buttons contained LiF:Mg,Ti rods and eighteen 

PMMA buttons contained LiF:Mg,Cu,P rods. The buttons 

were commercially laundered three times over two weeks. 

The buttons were given six doses from 0 to 8.23 Gy on the 

last day of laundering and read two days later. 

 

Results 

The TLD rod light output normalized to the sensitivity of 

the reader as a function of gamma-ray dose is shown in Fig. 

1 for LiF:Mg,Ti. Compared to the response of the rods be-

fore cleaning and to a cohort of bare rods, the cleaning pro-

cedures had less than a 10% effect (+1% t0 -9%) on the re-

sponse of the LiF:MG,Ti rods. The slopes of the linear fits to 

the response curves differed by only 2-7%. The effect on the 

LiF:Mg,Cu,P rods (not shown) seemed to be more somewhat 

significant, averaging from -1% to -14% for individual dose 

comparisons and +2% to -26% for the slopes of the linear 

fits.  

 

Conclusion 

The main purpose of the button dosimeter would be to 

provide whole body gamma-ray dose estimation for the gen-

eral public in the event of a radiological emergency situa-

tion. TLDs made of LiF:Mg,Ti appear to be less affected by 

the cleaning procedures than those made of LiF:Mg,Cu,P. 

Two TLD chips could be incorporated into the button if a 

back-up measurement is desired since reading a TLD re-

moves almost all the signal. The system might be able to be 

extended to include the measurement of skin and neutron 

dose. ■ 

 

 

 

 
 

Fig. 1. Normalized light readings for LiF:Mg,Ti rods be-

fore and after two methods of cleaning and for rods not in but-

tons (cohort). Error bars are the standard deviations of the read-

ings. 

Center for Radiological Research 2009 Departmental Pic-

nic. Dr. Guy Garty tasted the delicious food. 

 

Center for Radiological Research 2009 Departmental Pic-

nic. (L-r): Dr. Shanaz Ghandhi and Dr. Lubomir Smilenov. 
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Research using RARAF 
The response of cells that are not directly irradiated when 

in close contact with or are even only in the presence of irra-
diated cells continues to be the main focus of the biological 
experiments at RARAF. For the past several years, the ma-
jority of biology studies, including those involving animals, 
has examined this “bystander” effect. The emphasis of many 
of the present experiments is to determine the mechanism(s) 
by which the effect is transmitted, primarily for direct gap 
junction communication through cell membrane contact. 
Experiments with tissue and animal systems are being per-
formed to observe the types and magnitudes of the responses 
in 3-D systems. Both the Microbeam and the Track Segment 
Facilities continue to be utilized in various investigations of 
this phenomenon. The single-particle Microbeam Facility 
provides precise control of the number and location of parti-
cles so that irradiated and bystander cells may be distin-
guished, but is somewhat limited in the number of cells that 
can be irradiated. The Track Segment Facility provides 
broad beam irradiation that has a random pattern of charged 
particles but allows large numbers of cells to be irradiated 
quickly. 

A special type of cell dish is used to investigate cell-to-
cell communication in the bystander effect using the Track 
Segment Facility. These “strip” dishes consist of a stainless 
steel ring with thin (6-m) Mylar foil glued to one side into 
which a second, slightly smaller dish is inserted. The Mylar 
foil glued to this inner dish has alternate strips of the Mylar 
removed. Cells are plated over the combined surface and are 
in contact. The Mylar on the inner dish is thick enough (38 
m) to stop the charged particles (4He ions) and the cells 
plated on it are not irradiated. 

Interest in irradiation of 3-D systems continued this past 
year. Cultured tissue samples were irradiated with either 
helium ions or protons using the Track Segment Facility. 
Two animal systems have been irradiated using the Mi-
crobeam Facility this year: C. elegans nematodes and Japa-
nese medaka embryos. A fixture has been designed and a 
prototype constructed that would allow microbeam irradia-
tion of the very thin ears of hairless mice. 

The experiments performed at RARAF from January 1 
through December 31, 2009 and the number of shifts each 
was run in this period are listed in Table 1. Fractional shifts 
are assigned when experimental time is shared among sev-
eral users (e.g., track segment experiments) or when experi-
ments run for more or less than an 8-hour shift. Use of the 
accelerator for experiments was 1/3 of the regularly sched-
uled time (40 hours per week), about 40% lower than last 
year, which was by far the highest use we have attained at 

Nevis Labs. Eleven different experiments were run during 
this period. Seven experiments were undertaken by members 
of the CRR, supported by grants from the National Institutes 
of Health (NIH), the National Aeronautics and Space Ad-
ministration (NASA), and the Department of Energy (DoE). 
Four experiments were performed by external users, sup-
ported by grants and awards from the Department of De-
fense (DoD), NASA, and DoE. Brief descriptions of these 
experiments follow. 

Burong Hu and Charles Geard of the CRR concluded 
their investigation into the role of protein kinase C epsilon in 
the bystander effect (Exp. 103). The Track Segment Facility 
was used for irradiation of normal human dermal fibroblasts 
(NHDF) using 4He ions with an LET of 125 keV/µm. The 
cells were plated on opposite sides of double-sided dishes 
with a 1 cm separation between the Mylar surfaces, so that 
bystander cells were not in contact with the irradiated cells. 
The gap between the two cell surfaces was filled with me-
dium, thereby stopping the 4He ions from irradiating one 
layer of cells. It was demonstrated that the PKC epsilon sig-
naling pathway is activated in bystander cells and that PKC 
epsilon may be a potential molecular target for suppressing 
the effects of radiation in healthy bystander cells during ra-
diotherapy. 

Hongning Zhou, Mei Hong, Bo Shen, and Tom Hei of 
the CRR continued their efforts to identify the cell-to-cell 
signaling transduction pathways involved in radiation-
induced bystander responses (Exp. 110). In some experi-
ments a fraction of the cells were irradiated either in the nu-
cleus or the cytoplasm using the Microbeam Facility focused 
6 MeV 4He beam. In other experiments, cells were plated on 
“strip” dishes and irradiated using 125 keV/m 4He ions 
from the Track Segment Facility. The aim is to identify the 
roles of 4-HNE (4-hydroxynonenal) and COX-2 in mediat-
ing cytoplasmic-irradiation induced mutagenesis, interleukin 
33 as an important signal transmitter in the radiation-induced 
bystander response, and the role of succinate dehydrogenase 
subunit C in the radiation-induced bystander effect. Prelimi-
nary data show that cytoplasmic irradiation can increase 
mitochondrial content after irradiation, and mitochondrial-
deficient cells produce less bystander mutations after cyto-
plasmic irradiation. 

Alexandra Miller of the Armed Forces Radiobiological 
Research Institute (AFFRI) continued studies using 125 
keV/m 4He ions from the Track Segment Facility to evalu-
ate depleted uranium radiation-induced carcinogenesis using 
in vitro and in vivo models and to test safe and efficacious 
medical countermeasures (Exp. 113). Other goals of this 
study are the identification of biomarkers for both exposure 
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Table 1. Experiments Run at RARAF, January 1 - December 31, 2009 
 

Exp. 
No. 

Experimenter Institution 
Exp. 
Type 

Experiment Title 
Shifts 
Run 

103 
B. Hu 
C. R. Geard 

CRR Biology
Damage induction and characterization in known hit 
versus non-hit human cells 

0.4 

110 
H. Zhou, M. Hong 
B. Shen, T. K. Hei 

CRR Biology
Identification of molecular signals of alpha 
particle-induced bystander mutagenesis 

43.2 

113 A. Miller AFRRI Biology
Role of alpha particle radiation in depleted 
uranium-induced cellular effects 

0.5 

133 
S. Ghandhi 
S. Amundson 

CRR Biology Bystander effects in primary cells 4.1 

136 
A. Mezentsev 
S. Amundson 

CRR Biology Bystander effects in 3D tissues 7.0 

139 S. Amundson CRR Biology Signal transduction in cytoplasmic irradiation 7.6 

141 
A. Asaithamby 
D. Chen 

Univ. of Texas 
Southwestern 

Medical Center 
Biology

Visualization of recruitment of DNA damage markers 
to the sites of DNA damage induced by microbeam 
irradiation 

1.0 

142 
W. Dynan 
W. Kuhne 
(A. Bertucci) 

Medical College 
of Georgia 

Biology
Proton irradiation of Japanese medaka embryos in 
vivo 

0.8 

144 A. Bertucci CRR Biology Microbeam irradiation of C. elegans 5.0 

145 P. Grabham CRR Biology
Effects of high-LET particles on human cell 
morphology and behavior 

3.0 

146 M. Bardash QEL Physics Development of a solid state microdosimeter 4.0 
 

 Note: Names in parentheses are members of the CRR who collaborated with external experimenters. 

and disease development and the mechanisms involved in 
these processes. These experiments included cell survival, 
neoplastic transformation, mutagenicity, genomic instability, 
genotoxicity and radiation-induced leukemia. 

Sally Amundson of the CRR is leading a group that con-
tinued three experiments investigating radiation-induced 
gene expression profiles in primary human fibroblast and 
epithelial cell lines using cDNA microarray hybridization 
and other methods. The first experiment (Exp. 133), by 
Shanaz Ghandhi and Lihua Ming, involved use of the Track 
Segment Facility for comparison of gene expression re-
sponses to direct and bystander irradiation. Human lung fi-
broblast cells (IMR90) and human skin fibroblasts were 
plated on “strip” dishes for direct-contact bystander irradia-
tions. The dishes were irradiated with 0.5 Gy of 125 keV/m 
4He ions and cells were assayed for micro-nucleus formation 
and gene expression and western blot analysis was per-
formed. A role for interleukin-33 in the signal transmission 
for the bystander effect was identified. 

The second experiment (Exp. 136), performed by Alex-
andre Mezentsev, involved irradiation of artificial human 
tissue samples using the Track Segment Facility. Tissue 
model Epi-200 (MatTek) is composed of ~20 layers of cells, 
which represent keratinocytes at different stages of differen-
tiation. The goal of this project is to reproduce tissue re-

sponse to ionizing radiation ex vivo and characterize the ef-
fects of low and high doses. The tissues were irradiated with 
protons having an initial LET of ~10 keV/m or 4He ions 
having an initial LET of ~73 keV/m, either over the entire 
tissue surface or in a narrow line (~25 m) across the diame-
ter using a thin slit-shaped collimator. Two types of proce-
dures were performed: isolation of total RNA and immuno-
histochemistry. The RNA provides quantification of gene 
expression by Microarray analysis and validation by quanti-
tative real-time PCR. Microarray results are analyzed by 
computer. The analysis includes gene ontology procedures 
and network analysis, which normally has a graphical output 
representing the specific responses to the ionizing radiation. 
Tissue samples are also fixed in formalin, embedded in par-
affin, and sectioned parallel to the line of irradiation for im-
munohistochemistry and counterstaining. This provides 
characterization of proteins of interest and describes their 
role in post-irradiation events, such as transcriptional regula-
tion, contribution to cell signaling mechanisms and gap junc-
tion signaling. 

In the third experiment, Sally Amundson continued using 
the Microbeam Facility to irradiate either the nuclei or the 
cytoplasm of primary human lung fibroblasts with 6 MeV 
4He ions and extracted RNA to perform global gene expres-
sion analysis in order to gain a better understanding of the 
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cell signaling that arises from radiation damage to the cyto-
plasm and which damage response pathways require direct 
damage to DNA (Exp. 139). She has completed survival 
experiments and has tested several methods for recovery and 
amplification of the small amounts of RNA obtained from 
small numbers of cells. Despite initial excitement, she has 
not obtained good results from the Cells to CT direct lysis 
qPCR approach. However, the amplification for microarray 
analysis appears to be working well, with good R-squared 
values for repeated amplifications of the same sample. Re-
sults of the experiments so far have been unexpected, and 
she is now performing repeated experiments and additional 
controls. This work was focused on half-hour and four-hour 
post-exposure time points. 

David Chen and Aroumougame Asaithamby from the 
University of Texas Southwestern Medical Center continued 
a study of the responses of cells after microbeam irradiation 
(Exp. 141). HT1080 human fibrosarcoma cells expressing 
different types of DNA damage sensing and repair factors 
were irradiated in the nucleus with 6 MeV 4He ions. The 
cells contain a red fluorescent protein (RFP) reporter at-
tached to the 53BP1 gene and a green fluorescent protein 
(GFP) attached to the XRCC1 gene. Cells were irradiated 
singly and observed for up to 2 hours to monitor the recruit-
ment of the DNA-damage sensing and repair factors to the 
sites of DNA damage. 

William Dynan and Wendy Kuhne of the Medical Col-
lege of Georgia continued using the RARAF Microbeam 
Facility (Exp. 142) to irradiate Japanese medaka fish em-
bryos. Medaka embryos were selected because of their small 
size (~1.2 mm D) and their optically clear chorion, which 
makes them easy to view on the microbeam endstation. Fer-
tilized embryos were collected from CAB wild-type breed-
ing adults. At the time of irradiation embryos were at Stage 
27-28 (representing the 24–30 somite stage). Fluences of 
10,000 or 20,000 4.5 MeV protons were delivered to areas of 
the brain using a beam diameter of 60 µm. The protons have 
a range of ~280 μm and stop in the embryos. After irradia-
tion, the embryos were subjected to a fluorescent in situ ter-
minal deoxynucleotidyl transferase-mediated dUTP nick-end 
labeling (TUNEL) assay to detect DNA fragmentation, 
which is characteristic of apoptotic cells. A confocal laser 
scanning microscope was used to collect images using a 3 
m step size. Three-dimensional renderings of the Z-stack 
images were created and analyzed for the presence of 
TUNEL-positive cells. 

Irradiations of C. elegans nematodes (144) using the Mi-
crobeam Facility were continued by Antonella Bertucci of 
the CRR. A new transgenic strain of C. elegans was used 
that has both a Green Fluorescent Protein (GFP) transcrip-
tional gene reporter for heat shock protein-4 (HSP-4) and a 
Red Fluorescent Protein (RFP) gene reporter for dopaminer-
gic neurons. Young adult C. elegans hermaphrodites were 
exposed to a 3 MeV proton microbeam with a 1µm diame-
ter. Each worm was exposed in the left or right posterior 
deirid neuron (PDE). Samples were collected after exposure 
and re-cultured for GFP expression evaluation 24 hours post 
irradiation. Analysis of the results indicates that microbeam 
irradiation of specific neurons is capable of inducing both 

local and distal GFP over-expression in the C. elegans poste-
rior intestine. Quantification of stress response using the 
software QuantWorm developed in our laboratory showed a 
threefold increase in worms irradiated with 75 protons com-
pared to control worms. 

Peter Grabham of the CRR initiated a study of high-LET 
particles on human cell morphology and behavior using the 
Microbeam Facility (Exp. 145). Neuron cells in culture were 
irradiated with 6 MeV 4He ions and observed in situ to 
monitor the movement of labeled mitochondria up and down 
the neuron axons, which is indicative of axonal transport. 
Unfortunately, the physiological conditions for the cells 
could not be maintained adequately for periods greater than 
1 hour. Modifications to the Microbeam end station are be-
ing designed to ensure that the cells will maintained at 37º C 
and the amount of cell medium is kept constant despite 
evaporation so that observation can continue for many hours. 

Tests of a solid state microdosimeter were made by Mi-
chael Bardash of QEL Inc. (Exp. 146). He has designed and 
constructed an electronic device with an active area of a few 
µm2 and a thickness of less than one µm, on the order of the 
dimensions of a cell nucleus. The Microbeam and Track 
segment Facilities were used to irradiate the device with 4He 
ions which, because of their high LET, would deposit 
enough energy in the very thin device to make a measurable 
signal. While he did not obtain proof of principle, he ob-
tained responses that were promising enough to submit a 
request for a Phase II Small Business Incentive Research 
(SBIR) grant. 

 
Development of Facilities 

Development continued on a number of extensions of 
our facilities: 

 Focused accelerator microbeams 
 Non-scattering particle detector 
 Advanced imaging systems 
 Targeting of cells 
 Focused X-ray microbeam 
 Neutron microbeam 

 
Development of focused accelerator microbeams 

In February, as scheduled, the lens assembly with the 
coils for the Point and Shoot system was installed in the Mi-
crobeam II beamline, in place of the original compound trip-
let lens. The new lens system was able to focus the particle 
beam to <1 µm D and the original system was kept in stor-
age as a spare. This new compound lens worked well until 
November, when a computer control problem tried to force 
the lens high voltage supplies to their maximum levels (+/- 
30 kV). On one section of the upper triplet, the gold plating 
on the surfaces that face the beam on each of two rods was 
removed in a area ~1 cm D, probably by a discharge from 
the nearby rods having the opposite polarity. There were 
smaller damage spots on all four rods. No evidence was ob-
served of any breakdown of the insulating sections between 
the high voltage and ground. The original compound triplet 
system was put back in the Microbeam II beamline. Shortly 
thereafter, the lens began experiencing voltage instabilities 
as evidenced by vacuum pressure spikes as well as spikes in 
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the charging current from the power supplies. A number of 
combinations of the three triplet lenses and permutations in 
their positions (upper, lower) were tried to address the spark-
ing problems. Strangely, the voltage stability seemed to be 
better just after the rods were under vacuum than when they 
had been there for a while and the vacuum pressure was 
lower. These efforts were ongoing at the end of 2009. New 
ceramic rods for triplet lenses will be machined, implanted 
with platinum ions and plated with gold. The rods will be 
used to replace damaged rods or assembled into new lenses. 

The permanent magnet microbeam (PMM) uses a com-
pound quadrupole triplet lens made from commercially 
available precision permanent magnets. Its design is similar 
to that for the lens system for the sub-micron microbeam, the 
major difference being that it uses magnetic rather than elec-
trostatic lenses. 

The quadrupole magnet strengths used to focus the beam 
have been adjusted to produce essentially the minimum 
beam spot diameter using micrometric screws to retract and 
extend the individual magnets of each quadrupole. Using a 
phase space “sweeper” and an object aperture 0.3mm in di-
ameter, a beam of 5.3 MeV 4He ions has been focused into a 
spot 5 µm in diameter. 

The adjusting knobs for the individual magnets in the 
system lack position indicators. Multi-turn dials will be in-
stalled on the knobs so that fine adjustments can be made for 
additional tuning of the beam spot size to its minimum di-
ameter. In addition, major changes in field strength will be 
able to be made relatively easily since the magnet positions 
can be set readily to specific locations very accurately. The 
lens system will be tuned to focus a 6.0 MeV 4He beam to 
match the beam most frequently used for the electrostatically 
focused microbeam. It will also be tuned for a 4.5 MeV pro-
ton beam for development tests of the Flow and Shoot sys-
tem. 

The end station for the PMM has been tested and is ready 
to be used. The PMM will be used primarily for cell irradia-
tions when the electrostatic system is unavailable because of 
development or repair and for the development of the Flow 
and Shoot system. 

 
Non-scattering particle detector 

Presently the RARAF microbeam endstation delivers a 
precise number of particles to thin samples by counting the 
particles traversing them using a gas proportional counter 
placed immediately above the cells. Because the 4He ions 
have a very short range (~50 µm), the medium over the cells 
must be removed to count the ions. To irradiate samples 
thicker than the range of the incident ions or to allow cell 
medium to remain in place during irradiations, a very thin 
particle detector is necessary upstream of the samples. 

The Lumped Delay Line Detector (LD2) was proposed as 
a novel non-scattering particle detector consisting of 250 
silver cylinders, each 3 mm long with a 2.2 mm inside di-
ameter, connected by inductors and capacitively coupled to 
ground. Theoretically, if the capacitance and inductance are 
set such that the propagation velocity of the pulse equals the 
charged particle velocity, the pulses capacitively induced in 
all segments by the passage of a single 4He ion would add 

coherently, resulting in a fast electron pulse at each end of 
the delay line. 

Calculations were made using the computer program 
AIMSPICE to simulate the electronic behavior of the LD2 to 
determine the best termination system for the signal from the 
detector in order to reduce “ringing” and signal loss. The 
simulation required the addition of electrons at each of the 
cylinders; it did not simulate the charge arising from induc-
tion by the passing charged particle. 

The detector was placed in a horizontal beam line for 
testing with a 4He ion beam, but after many trials no pulses 
were observed. Considerable effort was made to reduce 
noise to enable the detection of the small signals that were 
expected. One of the prototype detectors was taken to the 
Edwards Accelerator Laboratory in Athens, Ohio in March 
and tested with a pulsed particle beam. A single nanosecond 
pulse contained more than 1,000 protons and provided a 
signal at least 500 times larger than would be produced by a 
single He++ ion. Unfortunately no signal was observed from 
the detector. Development of this detector has been aban-
doned for the time being. 

Development resumed of another type of under-dish de-
tector design that was initially investigated several years 
ago. A thin silicon wafer has an aluminum electrode evapo-
rated on one side and three gold electrodes evaporated on the 
opposite side, with only a small gap between the ends of the 
electrodes (Fig. 1). The center gold electrode collects the 

charge in the diagonal re-
gion between it and the 
electrode on the opposite 
side. The other two gold 
electrodes are fguards to 
reduce noise. Because the 
gap between the electrodes 
is much larger than the 
thickness of the wafer, the 
capacitance, and therefore 
the noise, is much lower 
than it would be if the elec-
trodes overlapped. The 
initial energy of the ions 

used for irradiation will be raised to compensate for the en-
ergy loss in the silicon. Because of scattering in the detector, 
it cannot be used when sub-micron beam spots are required. 

Fig. 1. Photo of the thin 
silicon detector. 

 
Advanced imaging systems 

New imaging techniques to view cells without using 
stain and to obtain three-dimensional images of unstained 
cells are of great importance in order to maintain the physio-
logical conditions of the cells on the microbeam facilities. 

Immersion-based Mirau interferometry (IMI) was devel-
oped at RARAF. An objective was constructed to function 
as an immersion lens using standard interferometric tech-
niques by acquiring successive images at four positions with 
sub-wavelength separations using the vertical motion of the 
microbeam stage. It uses 540 nm (green) light for imaging 
and therefore does not induce UV damage in the cells. Inter-
ferometry is very sensitive to vibrations, even as small as a 
fraction of a wavelength. This system provides usable im-

104 



CENTER FOR RADIOLOGICAL RESEARCH  ANNUAL REPORT 2009 

ages in a vibration-free environment; however on the elec-
trostatic microbeam endstation vertical motions due to vibra-
tions in the building greatly reduce the image quality. Pas-
sive and active systems to reduce the vibrations were unsuc-
cessful. A Fourier technique was investigated to remove the 
effects of the vibrations, but did not improve the images 
sufficiently. 

In 2008, the feasibility of a new approach to overcome 
the vibration problem using Simultaneous Immersion Mirau 
Interferometry (SIMI) was demonstrated. Polarized light is 
split into equal components in the x and y planes, one of 
which undergoes a phase shift of 90º using a λ/8 waveplate. 
A polarization beam splitter is used to send the x and y com-
ponents to form iterferograms on two separate cameras. 
Since the images are taken simultaneously, there is no effect 
from the vibration, however even a slight misalignment or 
miscalibration between the two cameras creates a discrep-
ancy between the corresponding interferograms that reduces 
the quality of the final image. This year a further refinement 
of this system was developed in which both images are ob-
tained by a single camera using a calcite beam displacer in-
stead of a beam splitter. Such beam displacers separate the 
input beam into two orthogonally polarized beams, but the 
output beams are parallel and so it can be used in applica-
tions where a 90° phase shift is not possible. 

A multi-photon microscope was developed for and inte-
grated into the microscope of the single-particle Microbeam 
Facility in 2007 to detect and observe the short-term molecu-
lar kinetics of radiation response in living cells and to permit 
imaging in thick targets, such as tissue samples. Two pho-
tons delivered closely together in space and time can act as a 
single photon with half the wavelength (twice the energy). 
This method has the advantages that the longer wavelength 
of the light beam allows better penetration into the sample 
while still being able to excite the fluorophor at the focal 
volume and less damage is produced in the portion of the 
sample not in the focal volume.  

The laser was upgraded to a Chameleon Ultra II, which 
has a wide range of wavelengths (680 to 1080 nm), increas-
ing the available range of effective wavelengths for the two-
photon effect so that red fluorescent protein (RFP) can be 
imaged. The light available from the laser can penetrate to 
depths of about 100 microns in a biological sample by vary-
ing the Z-position of the specimen stage. Light emitted from 
the specimen is selectively deflected by a series of dichroic 
mirrors to a pair of photomultiplier tubes (PMTs). Three-
dimensional images can be obtained by making scans at sev-
eral depths in the sample using the Z-motion of the mi-
crobeam stage. The series of two-dimensional images can be 
assembled into a single 3-D image. The system was used to 
observe a GFP-tagged XRCC1 DNA single-strand break 
repair protein in real time for the experiments by David 
Chen (Exp.141). 

Another potential use for the multi-photon system is 
fluorescent recovery after photobleaching (FRAP), which 
was requested by the Chen group. Fluorescent foci that are 
formed in a cell nucleus can be “erased” by extended expo-
sure from the multiphoton laser, which bleaches the fluoro-
phors. The cells can then be observed to determine the time 

course of foci reforming. 
The multiphoton system can also be used as a laser “mi-

crospot” to induce UV damage in the focal volume of the 
laser spot, a capability that some users have requested. A 3-
D image of single-strand damage induced by the laser spot is 
shown on the home page of the RARAF web site (raraf.org). 
The Columbia crown logo shown there is the result of the 
fluorescence of tagged repair proteins at sites of damage 
caused by the microspot in a single cell nucleus and imaged 
by multiple laser scans of the cell at different depths. 

 
Targeting of cells 

The targeting capability of the electrostatic microbeam 
system was tested using HT1080 human Fibro Sarcoma cell 
nuclei containing GFP-tagged XRCC1. For each irradiation, 
the location of the beam spot was superimposed on the cell 
image and the location of the focus produced by the charged 
particle beam was observed as it formed and compared to 
the targeted location. As a demonstration of targeting con-
trol, the letters “NIH” were written as a series of foci in a 
single cell nucleus. 

During irradiation, cells to be irradiated are moved to the 
beam position using the microbeam stage. This was neces-
sary but relatively time-consuming when a collimated mi-
crobeam was being used. A focused microbeam is not re-
stricted to a single location on the beam exit window and 
therefore can be deflected magnetically or electrostatically to 
any position in the field of view of the microscope much 
more rapidly than moving the stage, thereby increasing 
throughput. 

We have developed a “Point and Shoot” targeting system 
for microbeam irradiation based on a wide-field magnetic 
split-coil deflector system from Technisches Büro Fischer 
(Ober Ramstadt, Germany). Two Kepco BOP power ampli-
fiers provide the currents used to drive the coils. A coil as-
sembly has been mounted around a short section of beam 
line just below the upper quadrupole triplet on the PMM. 
The deflection of the charged particle beam is linear with 
coil current and does not affect the beam spot size. A similar 
coil was mounted just below the second lens in the lens tube 
for a compound electrostatic quadrupole triplet, and was 
installed in the electrostatic microbeam beamline in Febru-
ary. The power supplies used to drive this coil were unsta-
ble, making the effective beam spot size increase, becoming 
larger as the deflection (and therefore current) increased. It 
is believed that the absence of the steel tube that is in the 
field of the PMM system is causing a change in the induc-
tance and capacitance of the coil, causing the oscillations. A 
steel tube will be inserted into the opening of the coil to 
eliminate the instability. 

A new targeting system based on microfluidics is being 
developed to increase the throughput of the microbeam. In 
the Flow And ShooT (FAST) system, cells moving through 
a narrow capillary are imaged by a high-speed camera to 
track their trajectory. The charged particle beam is deflected 
using the Point and Shoot coil to the position of the cell on 
the trajectory and the particle beam is enabled. The deflec-
tion coil currents will be changed continuously to follow the 
path of the cell until the requested number of particles is 
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delivered. The system will be capable of tracking several 
cells at a time. In addition to increasing the speed of the irra-
diations, this system will be able to irradiate non-adherent 
cells such as lymphocytes that do not plate on surfaces and 
therefore do not have stable positions. 

 
Focused X-ray microbeam 

We have developed an x-ray microbeam to provide char-
acteristic K x rays generated by proton-induced x-ray emis-
sion (PIXE) from Ti (4.5 keV). Charged particle beams can 
generate nearly monochromatic x rays because, unlike elec-
trons, they have a very low bremsstrahlung yield. Higher x-
ray energies are not feasible due to Compton scattering; we 
are limited to x-ray energies where the predominant mode of 
interaction is photoelectron absorption.  

A small x-ray source (~20 µm D) is produced by bom-
barding a Ti target with high-energy protons using the quad-
rupole quadruplet lens used for our first focused microbeam, 
reducing the requirements on the subsequent x-ray focusing 
system. The x rays used are emitted at 90° to the proton 
beam direction. This eliminated several problems inherent in 
the original transmission design in which the x-ray beam 
was obtained on axis with the proton beam. A zone plate is 
used to focus the x-ray source to a beam spot 2 µm in diame-
ter. The zone plate has a radius of only 120 m, an outmost 
zone width of 50 nm, and a demagnification factor of ~11. 
The system has been mounted on its own horizontal beam 
line on the 1st floor of RARAF and the x-ray beam is ori-
ented vertically, so that the geometry of the microscope and 
stage is the same as for our other microbeam systems. 

The endstation, consisting of the microscope, microposi-
tioning stage and EMCCD camera have all been assembled. 
These items have been designed so that they can be switched 
readily between the PIXE x-ray microbeam and the Ener-
getiq Technology Inc. low-energy (300-400 eV) x-ray mi-
crobeam that is based on a nitrogen plasma as the x-ray 
source. Since the two sytems are located very near each 
other, they can share the same endstation. 

 
Neutron microbeam 

Neutrons produced by the 7Li(p,n)7Be reaction are emit-
ted only in a forward conical volume when the proton en-
ergy is just above the reaction threshold (1.881 MeV). The 
half-angle of this cone is dependent on the proton energy 
and increases with increasing energy. Thin samples placed 
very close to the thin, neutron-producing target layer will be 
irradiated by neutrons in a restricted area. A focused proton 
microbeam 5 µm in diameter will be incident on a 1 µm 
thick lithium fluoride target. The backing material will be 
20-µm thick Au, selected for its high density and thermal 
conductivity. Using a 1.890 MeV proton beam, thin samples 
in contact with the target backing will be exposed to a beam 
of neutrons 10-12 µm in diameter having energies from 10-
60 keV. 

In collaboration with Mark Akselrond and Jeff Sykora of 
Landauer, Inc., initial measurements using fluorescent nu-
clear track detectors (FNTDs) have been made that demon-
strate the restricted nature of the neutron emission. A proton 
beam collimated to 1 mm D was used to produce neutrons 

restricted to a 2 mm diameter 2 mm from the target. 
A test system is being constructed on a horizontal beam-

line using a quadrupole quadruplet to focus the proton beam 
to ~10 µm D for further development of the system. This 
beam line eventually may be used for the neutron mi-
crobeam endstation. 

 
Singletron Utilization and Operation 

Table 2 summarizes accelerator usage for the past year. 
The Singletron is started between 7 and 7:30 a.m. on most 
days from September through June and between 8 and 9 am 
the rest of the year. The accelerator is often run well into the 
evening, frequently on weekends, and occasionally 24 hours 
a day for experiments, development and repair. The nominal 
accelerator availability is one 8-hour shift per weekday 
(~250 shifts per year). 

Accelerator use for radiobiology and associated do-
simetry was about 55% of that for last year - which was the 
highest level of use since RARAF has been at Nevis Labs. 
About 2/3 of the use for all experiments was for microbeam 
irradiations and 1/3 for track segment irradiations. 

Use of the Track Segment Facility was 1/3 of the ex-
periment time, about a 50% higher fraction than last year. 
Irradiation times for individual samples are usually 0.5-5 
minutes, so that multiple experimenters, as many as 5 or 
more, can be run in a single shift, sometimes using different 
LETs and even different types of ions in the same day. Be-
cause the facility is used so efficiently, cell irradiations typi-
cally are scheduled only one day every other week. Radio-
logical physics resumed with the testing on the Microbeam 
and Track Segment Facilities of a solid state microdosimeter 
designed by QEL, Inc. 

Radiological physics resumed with the testing on the Mi-
crobeam and Track Segment Facilities of a solid state mi-
crodosimeter designed by QEL, Inc. 

On-line facility development and testing was 40% of the 
available time, about the same as the average for the previ-
ous 5 years. This was primarily for development and testing 
of the electrostatically focused microbeam, the PMM, the x-
ray microbeam, and the neutron microbeam. 

Approximately 17% of the experiment time was used for 
experiments proposed by external users, about 2/3 of what 
was used last year and also about 2/3 the average for the last 
five years. 

There were 30 shifts of Singletron maintenance and re-
pair time this year. In addition to routine maintenance of the 

Table 2. Accelerator Use, January–December 2009 
         Usage of Normally Scheduled Days 

 

    Radiobiology and associated dosimetry 29% 

    Radiological physics and chemistry 2% 

    On-line facility development and testing 40% 

    Safety system 2% 

    Accelerator-related repairs/maintenance 12% 

    Other repairs and maintenance 3% 

    Off-line facility development 30% 

106 



CENTER FOR RADIOLOGICAL RESEARCH  ANNUAL REPORT 2009 

ion source there was a leak in a thermo-mechanical gas 
valve for the ion source and a leak in a seal in the ion source. 
The Singletron charging system continues to be very stable 
and reliable 

 
Training 

In collaboration with the Columbia University Physics 
Department, we again participated in the Research Experi-
ences for Undergraduates (REU) project this past summer. 
Students attended lectures by members of different research 
groups at Nevis Laboratories, worked on research projects, 
and presented oral reports on their progress at the end of the 
10-week program. Nina Bahar from New York University 
worked with Guy Garty on the development of a method to 
perform rapid focusing of a high-speed micro-photographic 
system. A fluorescent bead is viewed through a cylindrical 
lens. The direction and amount of elongation of the image 
indicates whether the lens focus must be increased or de-
creased and by what amount. This eliminates the need for 
multiple images to determine the correct focal distance, in-
creasing the speed of the system. 
 
Personnel 

The Director of RARAF is Dr. David Brenner, the Direc-
tor of the Center for Radiological Research (CRR). The ac-
celerator facility is operated by Mr. Stephen Marino, the 
manager, and Dr. Gerhard Randers-Pehrson, the Associate 
Director of RARAF. 

Dr. Charles Geard, the former Associate Director of the 
CRR, continues to spend most of each day at RARAF. 

Dr. Alan Bigelow, an Associate Research Scientist, con-
tinues the development of the multiphoton microscopy sys-
tem that uses a fast Ti-sapphire laser for three-dimensional 
imaging and as a “microspot” irradiation facility. 

Dr. Guy Garty, a Research Scientist, is developing the 
permanent magnet microbeam (PMM) and the Flow and 
Shoot system. He spends about half his time working on the 
National Institute of Allergy and Infectious Diseases 
(NIAID) project, for which he is the project manager. 

Sasha Lyulko, a graduate student in the Physics Depart-
ment at Columbia University, is involved in developing the 
Simultaneous Immersion Mirau Interferometry system and 
also spends about half her time working on imaging for the 
NIAID project. 

Dr. Andrew Harken, a Postdoctoral Fellow, is develop-
ing the x-ray microbeam and the Point and Shoot targeting 
system and is working with Guy Garty on the PMM. He is 
also working with Energetiq Technology Inc. on a soft x-ray 
microbeam that is based on a nitrogen plasma source. 

Dr. Yanping Xu, a Postdoctoral Fellow, has been work-
ing on the development of a neutron microbeam. He is also 
working on the NIAID project, developing a method for the 
determination of the number of lymphocytes in blood sam-
ples using light absorption and scattering. 

Dr. Stephane Lucas, a visiting professor, arrived in Sep-
tember, 2009 on a sabbatical leave from the University of 
Namur, Belgium. He is staying until May, 2010 and has 
been working with Andrew Harken on the soft x-ray mi-
crobeam project. 

Several biologists from the CRR have office space at the 
facility and use the RARAF biology laboratories to perform 
experiments: 
 Dr. Brian Ponnaiya, an Associate Research Scientist, 

has undertaken the role of biology advisor for RARAF 
that had been that of Charles Geard. He presently 
spends much of his time at the CRR. 

 Dr. Alexandre Mezentsev, an Associate Research Scien-
tist, is working with cultured tissue systems and spends 
some of his time at RARAF. 

 Dr. Helen Turner, an Associate Research Scientist, is 
working on the NIAID project and spends some of her 
time at RARAF. She is also working with Alan Bigelow 
on the development of FRAP and FRET capabilities for 
the Microbeam Facility. 

 Dr. Antonella Bertucci, a Postdotoral Fellow, spends 
part of her time at RARAF. She has been working with 
Helen Turner on the NIAID project and is performing 
microbeam experiments using C. elegans nematodes. 

 
Julia Schaefer, an undergraduate student from Berufsa-

kademie Karlsruhe (the University of Cooperative Education 
in Karlsruhe), Germany, arrived at the end of December, 
2008 for a three-month visit. She worked with Helen Turner 
on part of the NIAID high-throughput biodosimetry program 
and returned to Germany in March, 2009. 
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Seminar speaker, Dr. Douglas Spitz from the University of 
Iowa pictured with Dr. Charles Geard (left) and Dr. Tom Hei 
(right). 

Investigators from the University of Namur in Belgium vis-
ited the Radiological Research Accelerator Facility Nevis 
Laboratories. (L-r): Professor Stephané Lucas and graduate 
students Helene Riquier and Anne-Catherine Wera.  
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Mr. Kevin Hopkins, Senior Staff Associate, is a member of 
Dr. Lieberman’s laboratory. 

Dr. Brian Ponnaiya, Associate Research Scientist, is per-
forming an experiment. 
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