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Collaborating Departments and Institutions 
 

 
Individuals from the following departments and institutions collaborated with the Center’s faculty and staff in the research 
reports included in this year’s publication (for individual attributions see specific reports): 

Collaborating Columbia University Departments: 
• Department of Dermatology and Medicine 
• Department of Environmental Health Sciences 
• Department of Radiation Oncology 
• Department of Surgery 
• Division of Infectious Diseases 
• High-throughput Screening Facility, Genome Center 
• Proteomics Shared Resource, Herbert Irving 

Comprehensive Cancer Center 

Collaborating Institutions: 
• Department of Biochemistry and Molecular and 

Cellular Biology, Georgetown University, 
Washington, DC  

• Department of Environmental and Radiological 
Health Sciences, Colorado State University, Fort 
Collins, CO 

 

• Department of Environmental Health and 
Occupational Medicine, Sichuan University, 
Chengdu, China 

• Department of Experimental Radiation Oncology, the 
University of Texas M.D. Anderson Cancer Center, 
Houston, TX 

• Department of Medicine, University of Texas Health 
Sciences Center, San Antonio, TX 

• Department of Radiation Oncology, Weill Cornell 
Medical Center, New York, NY 

• Instituto de Alta Investigación, Universidad de 
Tarapacá, Arica, Chile 

• Lovelace Biomedical and Environmental Research 
Institute, Albuquerque, NM 

• St. Edmund Hall, Oxford University, Oxford, UK    ■ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scenes from the CRR Centennial Celebration.  Top, from left: question 
session during the symposium.  Adrian Treverton, Cheng-Shie Wuu, 
Gerhard Randers-Pehrson.  Bottom from left: Terry Moore, Lynn 
Shostack, David Brenner. Tom Hei, Sylvia Formenti. Guests return to 
Low Library after a fire alarm disrupts the evening reception. 
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• Department of Defense 
o Defense Threat Reduction Agency 

• Department of Health and Human Services 
o Biomedical Advanced Research and 

Development Authority 
o National Institutes of Health: 

§ National Cancer Institute [Program 
Project (P01) and Individual Research 
Grants (R01s)] 
 
 

 
§ National Institute of Biomedical 

Imaging and Bio-engineering (P41) 
§ National Institute of Allergy and 

Infectious Disease (U19) 
§ National Institute of Environmental 

Health and Safety (R01s and R21) 

• National Aeronautics and Space Administration 
 

 
 

Center for Radiological Research…………………………………………….………….…http://www.cumc.columbia.edu/crr 
Radiological Research Accelerator Facility……………………………………………………………….http://www.raraf.org 
Center for High-Throughput Minimally-Invasive Radiation Biodosimetry……………………….....http://cmcr.columbia.edu 
Mechanisms of Bystander Effects…………………………………………........http://www.radiation-bystander.columbia.edu 
Department of Radiation Oncology…………………………….……..……http://www.cumc.columbia.edu/dept/radoncology 
CRR Annual Reports (1999-present)………………………………………….. http://crr.columbia.edu/events/annual-reports 
 

 

Acknowledgement of Support 
 

In 2016 the Center for Radiological Research was supported by competitively awarded grants from the following agencies: 

Websites 
  

Participants in the 2016 retreat of the Center for High-throughput Minimally-invasive Radiation Biodosimetry, held in Port Jefferson, NY. 
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So our Centennial year (2016) has been and gone and 
in 2017, we celebrate 50 years of our Radiological 
Research Accelerator Laboratory (RARAF). Steve 
Marino has just published a wonderful paper on 
RARAF’s history (Radiat Res. 2017 Apr; 187(4):413-
423).  RARAF began as a collaborative project between 
our then Director, Harald Rossi, and Vic Bond at 
Brookhaven National Laboratory.  

 
This collaboration reminds me that over the years our 

Center has thrived through its collaborations with outside 
scientists and outside institutions. To name just a few 
great radiation scientists, Elaine Ron at the NCI, Charles 
Waldren and Joel Bedford at Colorado State, Bob Ullrich 
now at RERF, Dick Setlow at Brookhaven, Ray Sachs at 
Berkeley, John Ward at UCSD, Howard Thames at MD 
Anderson, John Biaglow at Penn, Rod Withers at UCLA, 
Lester Peters in Australia, Kenshi Komatsu in Japan, Jack 
Fowler and Dudley Goodhead in the UK. It’s hard to 
imagine our Center without these and so many more great 
collaborators over the years.  

 
Today our Center is very much a collaborative 

operation. Our High Throughput Radiation Biodosimetry 
program is very much a team effort between the CRR and 
Al Fornace’s metabolomics group at Georgetown 
University, as well as groups at the University of Arizona 
and T-Gen.  In turn our biodosimetry program as a whole 
collaborates closely with the radiation countermeasures 
groups at Pitt, UCLA, and Duke.  

 

Likewise RARAF is now an NIH-funded Biomedical 
Technology Resource Center (BTRC), very much built 
around collaborative and service-based projects with 
outside users. At the latest count, there are currently 4 
external collaborators and 7 external service based users 
performing experiments at RARAF. In line with our 
history – Marie Curie believed that “radium will be a sure 
cure for all deep rooted cancers” – as we look to the next 
50 years, our current thinking is to add an additional 
emphasis at RARAF on the mechanisms underlying the 
very promising results coming out of the worldwide high-
LET carbon-ion trials, particularly for deadly metastatic 
cancers such as pancreatic cancer.  This effort will require 
an even broader base of collaborations, as we move 
forward into the future. 

  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Director’s Introduction 
 

-David Brenner     ■ 

Rossi Bond 

Gala dinner at the CRR Centennial celebration. 
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Staff News 
 

Dr. David Brenner continued as a member of the 
National Academy of Sciences Nuclear and Radiation 
Studies Board.  He is a member of the New York 
City Radiological Advisory Committee. Dr. Brenner also 
continues to serve as an Associate Editor of the journal 
Radiation and Environmental Biophysics.   

Dr. Tom Hei holds an Adjunct Professorship at the 
Chinese Academy of Sciences and a Chair Professorship 
at Soochow University. He serves as Editor in Chief of 
Life Sciences in Space Research, and as an Associate 
Editor of the Journal of Radiation Research and of 
Translational Cancer Research. He serves as a panel 
member of the National Academy of Sciences committee 
to review the NASA Evidence Reports on Human Health 
Risk. Dr. Hei was awarded the Distinguished Alumni 
Award by his alma mater, the University of Wisconsin-
Whitewater. He was the keynote speaker at the Chinese 
Academy of Sciences Conference on Space Research in 
China. Dr. Hei serves as a member of the NIH Cancer 
Etiology Study Section and a board member of the 
Radiation Research Foundation.  

Dr. Howard Lieberman was a member of the Israel 
Cancer Research Fund Scientific Advisory Board.  He 
continued to serve as Associate Editor for both Radiation 
Research and the Journal of Cellular Physiology. 

Dr. Sally Amundson was re-elected as a member of 
NCRP, and joined the Scientific Committee of MELODI, 
the Multidisciplinary European Low Dose Initiative.  She 
served as liaison between the Radiation Research Society 
(RRS) and the Conference on Radiation and Health 
(CRH).  Dr. Amundson also continued to serve on the 
EPA Science Advisory Board, and as an Associate Editor 
of Radiation Research. 

During the year, Dr. Guy Garty was named the 
Associate Director of RARAF.  Dr. Helen Turner was 
promoted to Associate Professor of Radiation Oncology 
at CUMC, Dr. Constantinos Broustas was promoted to 
Assistant Professor of Radiation Oncology at CUMC, and 
David Welch was promoted to Associate Research 
Scientist. Dr. Manuela Buonanno received the Jack 
Fowler Award from the Radiation Research Society at the 
annual meeting in Hawaii. 

Several new members also joined the Center in 2016; 
Research Associate Sanjay Mukherjee, postdocs Monica 
Pujol Canadell, Micaela Cunhe, Veljko Grilj, 
Younghyuan Lee, and Vivian Zhou, and technician 
Johanna Steinbrecher.  

Dr. Vladimir Ivanov retired from the CRR after 13 
years working with Dr. Hei. Dr. Yanping Xu left the CRR 
for a tenure track assistant professor position at East 
Carolina University.  Dr. Nils Rudqvist, Ms. Mashkura 
Chowdhury, Ms. Angela Lugo, and Ms. Aesis Luna also 
left the Center in 2016.  We wish them all well in the 
future.              ■      

Lieberman 
Amundson 

Ivanov 

Garty 

Broustas 

Hei 

Brenner 

Turner 

Buonanno 
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Approximately every four months, the Center 

organizes morning-long colloquium sessions featuring 
presentations of recent work by Center researchers and 
guest speakers.  These colloquia are attended by Center 
professional and technical staff and graduate students, 
as well as by physicians and scientists from other 
departments at CUMC.  They serve as a forum for 
discussions and forging future collaborations.  The 
2016 Colloquium Series was organized and coordinated 
by Dr. Lubomir Smilenov. 

 
January Colloquium:  
• Dr. David J. Brenner, CRR: “Low doses of 

Ionizing radiation: Estimating their Risks, 
Understanding their Significance.” 

• Dr. M. Prakash Hande, National University of 
Singapore: “Disruption of Telomere Equilibrium 
Sensitizes Human Cells to DNA Repair 
Inhibition and Radiation.” 

• Dr. Bridget Riley-Gillis, New York Genome 
Center: “Genomics at the New York Genome 
Center.” 

September Colloquium:  
• Dr. Terry Moore, Executive Director, Radius 

Foundation, Inc: “An Introduction to Mind 
Maps.” 

 
• Dr. Igor Shuryak, CRR: “Mechanistic Modeling 

of Low Dose RBE for Heavy Ion Intestinal 
Carcinogenesis using Targeted and Non-targeted 
Effects.” 

• Dr. Peter Grabham, CRR: “Low Dose Inhibition 
of Human Angiogenesis by Charged Particles.” 

 
At the end of April, we hosted a day-and-a-half long 

symposium celebrating the centennial of the founding of 
the Center.  Details can be found elsewhere in this issue. 
  

In addition to our colloquium series, we have also 
welcomed a number of distinguished guest speakers 
from around the country and around the world.  Guest 
speakers during 2016 included the following: 

• Dr. Christina K. Haston, McGill University, 
Montreal, Quebec: “Genetic susceptibility to 
radiotherapy side effects in the lung: murine 
investigations.” 

• Dr. Kevin M. Kramer, Applied Research 
Associates, Arlington, VA: “Estimating the 
Effects of Buildings on the Prompt Radiation 
from a Nuclear Detonation.”  

• Dr. Malek Haj Tahar, Brookhaven National 
Laboratory, Upton, NY: “Fixed Field Ring 
Accelerators.”              ■ 

 

Laboratory Colloquia and Seminars 
 

Registration desk at the CRR Centennial Symposium (l to r): Margaret German, 
Yen-Ruh Wuu, Margaret Zhu. 
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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 Sciences 

 TOM K. HEI, Ph.D. 
Associate Director 
Vice-Chairman, Dept. of Radiation Oncology 
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 Emeritus 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 

JINGSONG (JASON) YUAN, M.D., Ph.D. 
Assistant Professor of Radiation Oncology 

GUY GARTY, Ph.D. 
Associate Professor of Radiation Oncology (in the 
CRR) at the Columbia University Medical Center 

HELEN TURNER, Ph.D. 
Associate Professor of Radiation Oncology (in the 
CRR) at the Columbia University Medical Center 

CONSTANTINOS BROUSTAS, Ph.D. 
Assistant Professor of Radiation Oncology (in the 
CRR) at the Columbia University Medical Center 

PETER GRABHAM, Ph.D. 
Assistant Professor of Radiation Oncology (in the 
CRR) at the Columbia University Medical Center 

LUBOMIR SMILENOV, Ph.D. 
Assistant Professor of Radiation Oncology (in the 
CRR) at the Columbia University Medical Center 

YONGLIANG ZHAO, Ph.D. 
Adjunct Assistant Professor  

 

Research Staff: 
GERHARD RANDERS-PEHRSON, Ph.D. 

Senior Research Scientist 
VLADIMIR IVANOV, Ph.D. 

Research Scientist 
BRIAN PONNAIYA, Ph.D. 

Research Scientist 
MANUELA BUONANNO, Ph.D. 

Associate Research Scientist  
SHANAZ GHANDHI, Ph.D. 

Associate Research Scientist 
 
  

 
 

 
ANDREW HARKEN, Ph.D. 

Associate Research Scientist  
SANJAY MUKHERJEE, Ph.D. 

Associate Research Scientist  
MIKHAIL REPIN, Ph.D. 

Associate Research Scientist 
IGOR SHURYAK, M.D., Ph.D. 

Associate Research Scientist 
YANPING XU, Ph.D. 

Associate Research Scientist 
GLORIA CALAF, Ph.D. 

Adjunct Associate Research Scientist 
ENYUAN SHANG, Ph.D. 

Adjunct Associate Research Scientist  
LI WANG, Ph.D. 

Adjunct Associate Research Scientist 
KEVIN M. HOPKINS, M.S., Senior Staff Associate 
M. HASEEB DURRANI, M.S., Staff Associate 
DENNIS FARRELL, Staff Associate 
JAY PERRIER, Staff Associate 
MARIA TAVERAS, R.N., Research Nurse  
 

Post-Doctoral Research Scientists: 
MONICA PUJOL CANADELL, Ph.D. 
MICAELA CUNHA, Ph.D. 
VELJKO GRILJ, Ph.D. 
MIKE YUAN-CHO LEE, Ph.D. 
YOUNGHYUN LEE, Ph.D. 
STANLEY LUE, Ph.D. 
NILS RUDQVIST, Ph.D. 
GLICELLA SALAZAR-DE SIMONE, Ph.D. 
DAVID WELCH, Ph.D. 
DANNIS JINHUA WU, Ph.D. 
VIVIAN QING ZHOU, Ph.D. 

 

Graduate Student: 
MATTHEW ENGLAND 

 

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

Design & Instrument Shop Director 
DAVID CUNIBERTI, B.A., Instrument Maker 
ROBERT C. MORTON, Instrument Maker 

 

Technical Staff: 
CUI-XIA KUAN, Technical Assistant  
AESIS M. LUNA, Senior Technician 
MASHKURA CHOWDHURY, Technician B  
JOHANNA STEINBRECHER, Technician B 

 

Administrative & Secretarial Staff: 
MARGARET ZHU, M.A., Center Administrator 
LANCE REDFORD, B.A., Director of Development 
ANGELA LUGO, B.A., Business Manager 
ANNERYS RODRIGUEZ, Junior Accountant 
MARGARET GERMAN, B.A., Senior Clerk    ■  
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 Faculty and Staff Photo 
 

 

 
 
Front Row (l-r): Dr. Eric Hall, Dr. Sally Amundson, Dr. Gerhard Randers-Pehrson, Dr. David Brenner, Dr. Tom 
Hei, Dr. Howard Lieberman, Ms. Margaret Zhu. 
 
2nd Row:  Mr. Gary Johnson, Dr. Shanaz Ghandhi, Ms. Johanna Steinbrecher, Dr. Helen Turner, Ms. Sofia 
Barbieri, Dr. Monica Pujol Canadell, Dr. Micaela Cunha, Ms. Cui Xia Kuan, Qi Wang, Dr. Younghyun Lee, Ms. 
Maria Taveras, Dr. Manuela Buonanno, Ms. Annerys Rodriguez. 
 
3rd Row: Dr. Constantinos Broustas, Dr. Mikhail Repin, Dr. Christian Siebenwirth, Mr. Jay Perrier, Dr. Sanjay 
Mukherjee, Mr. Dennis Farrell, Dr. Guy Garty, Dr. David Welch. 
 
4th Row: Mr. David Cuniberti, Mr. Robert Morton, Dr. Malek Haj Tahar, Dr. Veljko Grilj, Dr. Brian Ponnaiya, 
Dr. Igor Shuryak, Dr. Andrew Harkin, Mr. Kevin Hopkins. 
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On April 28th and 29th 2016, the Center celebrated the 
centennial of its founding by Gioacchino Failla with a 
symposium and a gala dinner.  Friends, colleagues, and 
supporters from around the world joined us as we looked 
back at where we’ve come from, and forward to where we 
are going in our next century.   

The symposium (Figures 1 and 2) focused on the idea 
of radiation as a two-edged sword: Radiation therapy is 
used to cure cancer but, in other contexts, low doses of 
radiation can actually cause cancer.  Over the past 100 
years the Center for Radiological Research has been at the 

forefront of research in both of these contexts:  At high 
radiation doses, our goal has always been to produce 
better radiation therapy techniques in order to eliminate 
the cancer while minimizing any side effects.  At low 
radiation doses, there are multiple areas where radiation 
can really benefit society. However, we need to 
understand the associated radiation risks if we are to make 
informed decisions of when and where radiation should 
be used, and where it should not be used.   

The first day’s sessions were followed by a gala 
dinner (Figure 3), held in the Rotunda of Low Library.   ■ 

A Celebration of 100 Years of Radiation Research 
 

Figure 1.  Program of speakers and topics for the CRR Centennial Symposium. 

THE CRR AND THE TWO-EDGED SWORD 
Day 1 
Precision Radiotherapy: Tailoring the Radiation Treatment to the Individual Patient 

• Barry Rosenstein:  Radiogenomics: Radiation Biology Enters the Era of Big Data and Team Science 
• Howard Lieberman:  Rad9:  A Predictor of Radiotherapeutic Response? 
• Eileen Connolly:  Toward Individualized Optimization of Breast Cancer Radiotherapy 

 
New Approaches to improve Contemporary Radiotherapy 

• David Carlson:  Why is Stereotactic Radiotherapy so Successful? 
• Marco Durante:  New Approaches to Charged Particle Radiotherapy 
• Marco Zaider:  Radiotherapy: Do We Have any Idea What We Are Doing? 

 
ERIC J. HALL:  OUR HISTORY: 100 YEARS AT THE CENTER FOR RADIOLOGICAL RESEARCH 
 
How Do We Estimate Cancer Risks Associated with Very low Radiation Doses? 

• John Boice: The Million Worker Study 
• Jerome Puskin:  Epidemiological Studies of Domestic Exposure to Radon 
• Robert Ullrich:  Risks Associated with Space Radiation 

 
Low Radiation Doses in the Real World: How Best to Use CT Scans 

• David Brenner:  Estimated Risks from CT Scans 
• Hedvig Hricak:  Radiomics in Oncology: The Next Frontier in Clinical Decision-Making 
• Kimberly Applegate:  Safety Culture and the Image Gently Campaign in Radiology: A Paradigm Shift 

 
Day 2 
STEPHEN MARINO:  50 YEARS OF RARAF, OUR RADIOLOGICAL RESEARCH ACCELERATOR FACILITY  
 
New Mechanisms that Might Modify Radiation Risks   

• Silvia Formenti:  Convergence of Radiation and Immunogenic Signaling Pathways 
• Jonine Bernstein:  Does Family History or Genetic Status Affect Sensitivity to Radiation-Induced 

Cancer? 
• Tom Hei:  Radiation-induced Bystander Effects 

 
Radiation in Today’s World: Countermeasures to Radiological Terrorism  

• Guy Garty:  The RABiT and Cytogenetic Biodosimetry: Where We’ve Been and Where We’re Going 
• Albert Fornace:  Radiation Metabolomics – Implications for Radiation Effects and Biodosimetry  
• Nelson Chao:  Radiation Injury Treatment Network (RITN): Progress on Preparing for Radiological 

and Nuclear Incidents 
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Figure 2.  Scenes from the Centennial Symposium:  The audience listens to a session (A).  Current director Dr. David Brenner and 
Associate Director Dr. Tom Hei check the last-minute plans (B). Drs. Prakash Hande and David Brenner share an image from one of 
their seminal papers (C).  Past and present lab members, including Dr. Marco Zaider (D), Dr. Howard Lieberman (E), and Mr. Stephen 
Marino (F) gave presentations.  Discussions continue during a break (G). 

A) 

B 
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G 
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Figure 3.  The Centennial Gala Dinner (l. to r. from top): Senior faculty Tom Hei, David Brenner, Sally Amundson, Gerhard Randers-
Pehrson, and Howard Lieberman.  David Brenner and Dean Lee Goldman.  Terry Moore, Lynn Shostack, David Brenner, and Lee Goldman.  
Board Members with the director - Paul Locke, Eric Goldstone, Chip Cameron, David Brenner, Lynn Shostack, and Alan Jakimo.  Bernice 
and Eric Hall.  Tom Hei and Richard Miller.  Shanaz Ghandhi, Manuela Buonanno, and Helen Turner.  Dinner in the rotunda.  
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The Super Microbeam at RARAF is designed to 
couple a particle beam having a diameter less than 100 
nanometers with STED super resolution imaging 
featuring resolution of the same dimensions.  This would 
allow for the RARAF users to target sub-resolution sub-
cellular characteristics of interest.  This system will be 
building off the technology previously developed at 
RARAF in our electrostatic microbeam and our multi-
photon microscope.  

Super microbeam 
The super microbeam is designed to be completed in 

two phases. Phase 1 is the installation of the 
superconducting solenoid as a solo focusing lens with a 
250 nm beam. Phase 2 is the installation of the 
electrostatic double triplet as the initial focusing element 
for focusing down to 75 nm. 

This past year has been dedicated to the completion of 
Phase 1. This primarily involved installation and field 
testing of our superconducting solenoid magnet, the 
reconstruction of the microbeam endstation to interface 
with the new geometry of the solenoid, and beam 
focusing and testing of the reintegrated systems.  

Verification of the solenoid operation 
The superconducting solenoid magnet was installed in 

a testing location late in 2015 where we were able to test 
the field strength of the solenoid and verify our modeling 
of the solenoid with actual field measurements. Figure 1 
illustrates the field from the models (pink) compared to 
the measured fields (blue). The strength and direction of 
the fields are very comparable.  There is a bit more 
distortion of the field near the tabletop than expected, as 

well as near the top insert in the shielding plate. While 
observable, these variations will not be significant enough 
to prevent operation of the solenoid for focusing.  These 
measurements in conjunction with core field 
measurements from the manufacturer, give us verification 
of the solenoid operation, and field measurement gave us 
acceptance of the system for operations.  

Installation of the solenoid 
The electrostatic microbeam was deconstructed in 

April and has been carefully stored for future use if 

The Super Microbeam at RARAF  
Andrew Harken, Veljko Grilj, Guy Garty, David Welch, Matt England, Gerhard Randers-Pehrson, and David J. Brenner 

 

Figure 1. Whisker plot of measured magnetic field (blue) 
and modeled magnetic fields (pink) 1 inch from the top and 
side surface of the superconducting solenoid cryostat.  The 
blue box outlines the size of the solenoid for reference. 

Figure 2. A) The electrostatic microbeam endstation before 
disassembly B) The electrostatic lens being prepared for 
removal. C) Drs. Randers-Pehrson, Harken, and Garty 
replacing the optical table. D) Mr. England and Dr. Harken 
placing the bottom field restrictor plate. E) Mr. England and 
Dr. Harken placing the solenoid. F) Mr. England with Drs. 
Harken and Garty placing the top field restrictor plate. G) 
The final construction of the solenoid stack on the end of the 
beamline. A temporary beamline, seen at the center of the 
solenoid, was constructed for initial beam tests. 
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needed.  The solenoid system was moved from the testing 
location onto the beamline location in our Microbeam II 
lab. Figure 2 is a collage of pictures showing this move 
onto the new location.  This includes replacing the optical 
table and the top meter of beam pipe. A redesign of the 
end of the beam pipe for the beam to pass through and be 
focused by the solenoid was done in our machine shop.  
Many parts were custom made and remodified as needed 
throughout the installation process.   

Figure 3 is the initial beam test through the solenoid. 
This is the beam focused onto a view quartz at the correct 
height of focusing for the super microbeam Phase 1. The 
proton interaction with the quartz creates scintillation 
light, which is seen as the small blue spot just below the 
10.3 mm location on the ruler. The solenoid, with no 
apertures, focuses the proton beam to ~100 µm. 

Design and reconstruction of the endstation 
The operations of the multi photon microscope 

dictated that the main support arm and optical bench on 
the endstation remain the same. Continued use of the 
kinetic three-point mount design for supporting the 
endstation required a relocation of the two front support 
points onto the top of the solenoid.  Figure 4 is a picture 
of the new endstation on the rests on top of the solenoid.  
The side support arms have been replaced with new arms 
that have wings with the new support points mounted on 
screw inserts for height adjustment.  This support 
structure centers the beam exit window and the 
microscope focal position on the shortest edge of the 
kinetic mount triangle (two wings and main pivot at back 
of microscope) giving more stability for the nanobeam 
operations.   

Figure 5 is a picture of the extended back spine of the 
microscope up to the pivot.  The new stand support lifts 
the spine construction up to the new height required by 

the solenoid while maintaining the pass through optical 
path for the multi-photon laser. The spine was also 
modified with the pivot of the kinetic mount system 
remounted on a micro-precision slide bearing allowing for 
thermal expansion of the microscope support arm.  This 
change allows for the stability improvements of the new 
wing arms at the beam/microscope focal point. While 
necessary for the stability of the imaging point, this 
expansion is not expected to alter the resolution or 
operation of the super resolution microscope system. 

Phase 1 testing 
The reconstruction and installation of the endstation 

completes the construction section of Phase 1 for the 
super microbeam project. Beam optimization began with 
lager apertures (2 mm) for initial alignment and beam 
analysis. This gave the correct focus size to within 20 µm. 
This aperture was subsequently reduced iteratively to 
400 µm.  Modeling predicts a beam spot of 250 nm for 
this size aperture; however, we minimized at 3.5 µm.  
This is attributed to minor misalignment of the aperture 
system with the best optical axis through the solenoid. 
While the optimization of this alignment continues, we 
are restarting microbeam operations on this beamline as 
the 3.5 µm beam size is smaller than that of the 
Permanent Magnet Microbeam (PMM). 

The design of Phase 2 is progressing.  We anticipate 
seeing minor interruptions as we modify the beamline for 
the reinstallation of the electrostatic quadruplets as the 
initial focusing element in late 2017. 

Super resolution imaging 
Super resolution imaging of ~75 nm is required to 

match the resolution of the super microbeam for accurate 
targeting of fluorescent targets. Stimulated emission 
depletion (STED) microscopy was chosen as it builds on 
the previously developed multi-photon microscope. 

The lasers were co-aligned on the microbeam 
endstation in 2016 before the Phase 1 reconstruction.  The 

Figure 3. Focused proton beam scintillation (small blue 
spot at the 10.3 mm location) on the view quartz with ruler 
for scale. This preliminary focus shows that the solenoid is 
focusing our proton beam to ~100 µm.  

Figure 4. New endstation support arms with wings for new 
kinetic mount points in line with the beam exit window.  
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optical bench was preserved as aligned and remounted as 
a unit as seen in Figure 5.   

The new spine reconstruction required a new beam 
path for laser introduction from the Ti:Sa laser into the 
vertical spine.  The exit port on the Ti:Sa laser points at 
the side of the new base mounting so the beam has been 
directed sideways and to a periscope optic to drop the 
beam closer to the tabletop. Mirrors were then placed to 
direct the beam up through the endstation spine.  The co-
alignment of the Ti:Sa excitation laser and the STED 
depletion laser is again being performed.  

Time-gated gSTED 
While working on the reconstruction of the endstation, 

a    re-evaluation    of   the    STED   imaging   goals   was  

performed.  A decision was made to immediately go to 
time-gated gSTED.  This will save time and progress the 
STED imaging faster.  Time-gated gSTED makes use of 
the pulsed nature of the Ti:Sa multi-photon microscope 
excitation laser by gating the detection window between 
the excitation pulses.  Figure 6 shows how this time 
gating works through the asynchronous decay of the 
fluorescence in the STED depletion region (red) and the 
effective excitation spot (green).  By waiting the gate 
time, tG, it is possible to let the STED depletion laser 
suppress the fluorescence to a greater level giving a 
significant boost to the signal ratio between the excitation 
region and the STED region.  While slightly decreasing 
the detected intensity, this increased signal ratio allows 
for a much-reduced STED laser power with the longer 
depletion time, while maintaining the resolution of the 
image. 

Time-gated STED will be achieved using a computer 
interface card designed for Time Correlated Single 
Photon Counting (TCSPC), a technique developed for 
fluorescence lifetime imaging, nearly identical to the 
needs of gSTED.  We have purchased a TimeHarp 260 
NANO interface card (PicoQuant Photonics North 
America, West Springfield, MA). The programming and 
interfacing of this card with our current multi-photon 
microscope hardware and software is underway.  We 
anticipate that we will have gSTED imaging capability 
with the completion of the 250 nm beam optimization of 
the super microbeam Phase 1 construction.  This will 
allow the super resolution imaging to assist in the 
development of the Phase 2 construction and analysis.    ■ 

 

 

 

 

Figure 5. New endstation support spine. The extra stand at 
the bottom was required by the new height of the solenoid. 
Two items of note: the boxed ball at the center of the picture 
is the pivot for the kinetic mount system, and the optical 
bench on the top is the same as that previously installed for 
the multi-photon system.  

Figure 6.  Schematic of the timing windows for the gating 
of gSTED. The pulses of excitation from the Ti:Sa laser 
(blue boxes) occurs every 12 nanoseconds. Gating off the 
first few nanoseconds between pulses, tG, allows the STED 
laser to more completely deplete the fluorescence giving a 
great signal ratio of the STED to excitation regions. 
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The potential influence of dose delivery time on radio-
response of tumor and healthy tissue is of the utmost 
importance in determining proper dose fractionation and 
treatment time in radiation therapy. While cell survival 
dependence on different dose rates has been thoroughly 
investigated for various types of ionizing radiation [1, 2], 
only the study by Favaudon et al. [3] examined the 
relation of negative side effects developed in normal 
tissue to the time scale at which the radiation dose was 
deposited. Motivated by their findings that a 20 Gy dose 
of 4.5 MeV electrons delivered in less than 500 ms 
increased the differential response between the normal 
and tumor tissue in mice compared to irradiation done at 
conventional dose-rates (≤0.03 Gy/s), we decided to 
determine if a similar effect could be obtained with 
protons. To properly address this topic, we introduced a 
new irradiation mode at our accelerator facility, RARAF, 
which allows us to deliver millisecond charged particle 
pulses while achieving ultrahigh dose-rates of several 
hundred Gy/s.  

The basic layout and a photo of the assembled 
ultrahigh dose-rate irradiator are given in Figure 1. After 
the ions of a desired species with precisely defined energy 
pass the switching magnet, they are deflected by a 1000 V 
potential difference between the deflector plates. The ion 
beam stays deflected off target until a TTL signal is sent 
from the signal generator to the voltage amplifier. At that 

point deflector plates start to discharge and the ion beam 
pulse eventually reaches the sample (Figure 2). When the 
signal generator output falls back to zero, deflection 
voltage rapidly ramps up and the beam is deflected again. 
The shortest pulse time that we can achieve in this way is 
around 50 ms. Discharging of the deflector plates 
currently presents the major limitation on the total pulse 
time. After the ions exit the vacuum system through a 
4 µm thick Havar foil, they hit the target with a spot size 
of 0.4 inch in diameter. A custom made ionization 
chamber filled with P10 gas is placed in air right after the 
Havar foil and is used for determining the total dose being 
delivered. The chamber was calibrated with the help of 
ionization sensitive films (Gafchromic EBT3). Finally, 
the positioning of the samples in front of the beam is done 
with a motorized stage, which is able to move in a 2D 
plane perpendicular to the beamline axes.  

To study the possible beneficial characteristics of 
ultrahigh dose-rate proton irradiations on complications 
affecting the normal tissue after radiation therapy, we 
used full thickness EpiAirway tissue samples (Fig. 2) 
from MatTek. EpiAirway is a 3-D tissue model that 
consists of normal, human-derived tracheal/bronchial 
epithelial cells co-cultured with normal human stromal 
fibroblasts. The system can be incubated for up to three 
months after irradiation. We defined histological and 
inflammatory markers of the onset of fibrosis as the 
biological endpoints that we are going to investigate. For 
preliminary experiments,  FLASH-irradiated  tissues were  

FLASH – An Ultrahigh Dose-rate Particle 
Irradiator 

Veljko Grilj, Manuela Buonnano, Andrew Harken, and David J. Brenner 

 

Figure 1. Schematic layout of the FLASH irradiator (top) 
and photo of the endstation on the "cave" beamline with the 
FLASH setup (bottom). 

Figure 2. Cross section of the EpiAirway tissue (from 
www.mattek.com) 
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exposed to 11 Gy (5.3 MeV protons, average LET 
10 keV/µm) delivered in ~ 70 ms, and fixed at several 
times after exposure for immunohistochemical analyses. 
Compared to controls (Figure 3), 24 h after flash 
irradiation tissues had damaged mucociliary epithelium 
and lost stromal fibroblasts (Fig. 3A, right panel). This 
was accompanied by an increase in fibrosis-inducing 
cytokines such as TGF-𝛃 (Fig. 3B, right panel) and 
IL-17A (Fig. 3C, right panel) in both epithelial and 
stromal cells. Persistence of 𝛄H2AX foci in epithelial 
cells was also observed (Fig. 3D, right panel). Tissues 
incubated for more than 24 h will be assayed additionally 
for extracellular matrix alterations, such as collagen 
deposition, which is characteristic of fibrotic and inflamed 
tissues. 

We introduced a new irradiation modality at RARAF 
that gives us the opportunity to investigate the still-open 
questions regarding optimization of dose-rates and 
fractionation in radiation therapy. Preliminary work has 
been done on determining the appropriate biological 
endpoints to investigate the post-irradiation development 
of fibrosis in healthy tissue models. The experimental 
setup can be improved further by decreasing the time 
duration of the ion pulse to a µs range, which will allow 
for experiments with even higher dose-rates. 
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Figure 3. Histological analysis of FLASH-irradiated 
tissues compared to control. A) Hematoxylin and eosin 
(H&E) stain; B) Expression of Transforming Growth 
Factor (TGF)-β; C) Expression of Interleukin (IL)-17A; 
D) γH2AX foci formation (Blue = DAPI, Green = Alexa-
588 conjugated to mouse anti-γH2AX). 

(l to r): Aesis Luna, Mashkura Chowdhury, Rob Morton, Charles Geard, Robert Ullrich. 



CENTER FOR RADIOLOGICAL RESEARCH • ANNUAL REPORT 2016 
 

   
Page⏐20 

Introduction 
At the moment only light ions such as H, D and He 

are available for cell irradiations at RARAF. This limits 
the range of LET (linear energy transfer) to 10 - 
160 keV/µm. In order to get a better understanding of 
heavy ion therapy and of its potential advantages in 
comparison with proton and x-ray treatment, we plan to 
expand the usable ion spectrum, and therefore the LET 
range, by using a new ion source.  

The new DREEBIT ion source [1] for RARAF (Fig. 
1) was selected because is small enough to be installed in 
the Singletron accelerator, meets low power consumption 
requirements, and is able to produce fully stripped ions 
like C6+ and N7+. These ions have a similar magnetic 
rigidity as the commonly used He2+ ions, so the same 

setups can be used for all irradiation experiments at 
RARAF. In 2016 the ion source meeting our 
specifications was purchased, built to order, and passed its 
initial testing by DREEBIT in Dresden, Germany.  

Initial testing of the ion source 
In the DREEBIT ion source, a small focused electron 

beam ionizes the ionization gas. The generated ions are 
trapped by the voltage potentials of the surrounding drift 
tubes, and so they can be ionized multiple times. After a 
charge and ion specific ionization time tion, the trap is 
opened, and the ions are released. For the factory test, 
propane was used as the ionization gas to demonstrate 
carbon6+ production. 

Figure 2 shows the ion spectra, which were gathered 
using a Wien filter. The peaks of the different spectra 
have a different weighting when 𝑡!"# is changed. With the 
longest ionization time 𝑡!"# = 250 ms the peak of carbon6+ 
is strongly pronounced.  

T  

Heavy Ion Source for RARAF 
Christian Siebenwirth, Andrew D. Harken, Gerhard Randers-Pehrson, and David J. Brenner 

 

Figure 1. CAD model of the customized DREEBIT heavy ion 
source for RARAF.   

Figure 1. Ion spectra produced by our ion source for different 
ionization times 𝑡!"# as determined during the factory tests at 
DREEBIT using a faraday cup and Wien filter. Propane (C3H8) 
was used as the ionization gas. 

Figure 3. Carbon6+ ion pulse measured at an ionization time 
of 𝑡!"#= 350 ms. 

Figure 4.  The DREEBIT ion source 
on arrival at RARAF. 
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The analysis of the C6+ ion pulse shows a pulse length of 
about 12 µs and a total charge of 1.5 pC (Fig. 3). This 
would correspond to approximately 1.5·106 carbon ions 
per pulse and thus to 4·106 carbon ions per second. 
Because charge states of other residual gas elements (N7+, 
O8+, H!

+) overlap with the charge state of C6+, the actual 
ion rate of pure C6+ will be smaller and will be determined 
more precisely at RARAF. Because of the good emittance 
of the ion beam produced with less than 10 π·mm·mrad, 
this number is nevertheless sufficient for the use at 
RARAF. 

DREEBIT heavy ion source at RARAF 
The ion source was delivered (Fig. 4), and DREEBIT 

engineers uncrated and assembled the source at RARAF 
(Fig. 5). We are in the process of performing bench tests 
to verify the DREEBIT factory tests and to get the 
parameters for optimal performance with a full 
characterization of the desired ion beams at RARAF. This 
testing will involve power management and beam 
divergence characterization, as these are also both critical 
to the installation and operation in the RARAF 
Singletron. 

In parallel, for the installation of the ion source in the 
RARAF Singletron and in order to allow practical 
swapping between the original plasma ion source and the 
new DREEBIT ion source, accurate planning is 
necessary. Thus, we have generated a 3D CAD model of 
the terminal area where the DREEBIT source is going to 
be installed (Fig. 6). Modifications in this area of the 
Singletron will be guided by our 3D CAD model. The 
plan has been designed to require minimum down time 
when switching between ion sources, as we anticipate this 
will be required at least twice per year as experiments call 
for the different characteristics of the two sources. 

Conclusion  
The new DREEBIT ion source passed its first factory 

tests, arrived at RARAF and has been assembled with the 
assistance of DREEBIT. Further testing of the ion source 
at RARAF is ongoing, in particular power consumption 
and beam characterization for fully stripped ions. In 
parallel, the 3D CAD assisted planning of the installation 
of the source in the Singletron accelerator has already 
started.  
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Figure 5.  Side and front views of the assembled DREEBIT 
heavy ion source at RARAF. 

Front 
view 

Side 
view 

Figure 6.  Side (top) and angled (bottom) views of the 3D 
CAD model of the terminal area in the RARAF Singletron, 
showing the position of the new DREEBIT ion source. This 
model will serve as a guide for the ion source installation. 
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Radiation from the ultraviolet (UV) range of the 
electromagnetic spectrum is involved in many aspects of 
human health with both beneficial and harmful effects. 
The UV wavelengths are commonly divided into four 
regions: vacuum UV (10-200 nm), short-wave UV (UVC, 
200-280 nm), medium-wave UV (UVB, 280-315 nm), 
and long-wave UV (UVA, 315-400 nm). As artificially 
generated UVC has gained more prominence, particularly 
due to germicidal sterilization at 254 nm of both airborne 
and waterborne pathogens, dosimetry in this region has 
also become increasingly important. Furthermore, the 
expanded use of other wavelengths of UVC, such as our 
recent work with 207 nm and 222 nm light which has 
shown promise as a new means of sterilization safe from 
negative biological effects [1,2,3], calls for continued 
improvement of dosimetry across the spectrum. 

In this report we demonstrate the utility of 
unlaminated Gafchromic EBT3 film for measurement of 
UV exposure [4]. The film response is characterized 
across a wide range of UVB and UVC wavelengths to 
assess the spectral response.  Also included in this report 
is the application of using these films to monitor UVC 
emission characteristics from a diffusing optical fiber. 

Film Characterization 
The film used in this study was a specialty order from 

Ashland Specialty Ingredients (Bridgewater, NJ) referred 

to as unlaminated Gafchromic EBT3 (Product Code 
849952). This specialty film is essentially one half of the 
regular Gafchromic EBT3 film. Regular EBT3 film is 
comprised of an active layer, nominally 28 µm thick, 
sandwiched between two 125 µm matte-polyester 
substrates. The unlaminated EBT3 film used in this study 
is simply a 14 µm thick active layer on top of a single 
125 µm polyester substrate. 

We exposed the film to seven different light sources, 
with center wavelengths of 207, 222, 254, 278, 296, 310, 
and 328 nm. We attempted to isolate the source 
wavelengths as much as possible by selecting appropriate 
light sources and accompanying bandpass filters.  Pieces 
of film were systematically exposed, scanned for analysis, 
and then analyzed to determine the change in optical 
density. 

Results 
Figure 1 shows the relationship between optical 

density change and exposure for each wavelength tested. 
Each wavelength band evaluated shows the same general 
response curve shape but the response shows a 
wavelength dependent shift. 

The American Conference of Governmental Industrial 
Hygienists (ACGIH) has established public health 
standards for incoherent UV radiation [5]. Threshold 
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Figure 1. The film response (Net OD) for increasing 
exposures is plotted for each of the wavelengths tested. The 
film response profile shifts dependent on the wavelength. 

Figure 2. The relative spectral effectiveness (S(λ)) of the 
TLVs published by the ACGIH, known as the hazard 
function, is plotted as a function of wavelength in the UV 
range. The hazard function is simply TLVs normalized to 
their maximum value at 270 nm. The relative spectral 
effectiveness values of the film have been normalized to 
match the effectiveness of the hazard function at 254 nm, 
which is 0.5.   
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Limit Values (TLVs) represent the conditions under 
which it is believed that nearly all healthy workers may be 
exposed without adverse health effects such as erythema 
and photokeratitis. The ACGIH recommends the total 
daily exposure to UV is dose limited to 3 mJ/cm2. The 
TLVs for UV radiation are wavelength dependent, with 
the peak spectral effectiveness at 270 nm. Daily exposure 
limits are therefore best expressed as relative spectral 
effectiveness values (S(λ)) referred to as the hazard 
function, where S(λ) is normalized to a value of 1 at 
270 nm. A plot of the ACGIH UV radiation hazard 
function is shown in Figure 2. Radiation monitors in the 
UV range are often compared against the hazard function 
to assess their fitness for human hazard monitoring. We 
have plotted the relative sensitivity of the film assessed in 
this work so that the response of this film at 254 nm 
aligns with the hazard function value. These data points 
are also plotted on Figure 2. 

Diffuser Characterization Application 
Optical fibers are routinely used for basic life science 

research as well as biomedical diagnosis, therapy, 
monitoring, and surgery. One of the most prominent 
applications has been to use a fiber to transmit optical 
power and then emit the light from the sides of the fiber 
so it acts as an extended emitting optical source, also 
known as a diffuser [6]. Measurement of the emission 
profile from optical diffusers is necessary to assess 
performance, especially with UV wavelengths that have 
sufficient energy to break molecular bonds.  

Most methods of diffuser characterization involve 
complicated goniometric setups to move a single sensor 
around a tip. We have recently demonstrated the use of 
unlaminated Gafchromic film in a simple measurement 
setup to perform this characterization. The setup, shown 
in Figure 3, suspends a diffusing fiber within a piece of 
film rolled into a cylinder.  The film then captures the 
emission profile as changes in exposure at a high 
resolution. The film can be processed quickly to generate 
a map of the emission profile and can also be used to 
calculate the total power emitted from the film if summed 
across the entire cylinder area. An example of the exposed 
film and the resulting emission distribution is shown in 
Figure 4.  

Conclusions 
Our work with commercially available unlaminated 

Gafchromic EBT3 has potential for many aspects of 
radiation monitoring. The film is especially well suited 
for measurement in the UVC region because it has very 
high sensitivity to the same wavelengths which can cause 
adverse biological effects. Our method of measuring 
diffuser UV light emissions demonstrates their utility as 
high-resolution measurement tools that can be 
implemented easily and quickly. This work will aide in 
our evaluation of deep UVC light for sterilization 
applications.   
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Figure 3. A drawing of the measurement setup shows the 
position of the optical diffuser within the cylinder of UV 
sensitive film.  The fiber enters into the cylinder through a 
piece of acrylic that both suspends the fiber and holds the 
film in place. The diffuser emits photons in all directions, 
which are recorded as a color change in the film. 

Figure 4. Scanned images of the films used for an example 
diffuser characterization include a rectangular piece, which 
was rolled to create the cylinder and a piece that made the 
end face. The film is shown after exposure to UV radiation 
from a diffuser for 300 seconds. The exposure at each pixel 
was calculated from the calibration curve to create the 
power map shown below the scanned image. A dashed red 
circle was added to the film image and the power map to 
indicate the region that formed the end face of the cylinder. 
The power map for this diffuser clearly shows differences in 
emission properties for the entire length of the diffuser. 
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Skin penetrating catheters and implants are susceptible 
to bacterial contamination, which can progress to clinical 
infection. The medical applications that require these 
skin-penetrating devices are numerous and include 
dialysis catheters, tracheostomies, chest tubes, and left 
ventricular assist devices (LVADs). LVADs are 
particularly prone to infection with 10-15% of the annual 
implants resulting in infection. Established methods such 
as changing the surface properties of the materials, 
practicing careful implantation technique, or the 
application of antibiotics have only shown minimal 
success in combating infection rates. 

Short-wave ultraviolet (UV) radiation, also known as 
UVC, is defined as the range of wavelengths from 200-
280 nm. Artificially generated UVC has shown usefulness 
for sterilization applications, particularly at 254 nm, 
which is widely used to mitigate both airborne and 
waterborne pathogen. Recently, the use of other 
wavelengths of UVC has also shown promise for 
biomedical applications, highlighted by our recent work 
with 207 nm and 222 nm light as a new means of 
sterilization safe from negative biological effects [1,2,3].   

The work described here is preliminary testing for the 
application of UV sterilizing light to aid in preventing 
infection, specifically at the point of skin penetration of 
catheters and implants. The eventual goal of this work is 
to apply UV light directly on the infection prone region 
by utilizing a UV laser that can be transmitted through 
fiber optics and then dispersed using an optical diffusing 
tip. 

Test methods 
The first step in testing the efficacy of diffusing fibers 

for bacterial sterilization was in vitro testing.  The 
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Diffuser for Bacterial Sterilization 
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Figure 1. A schematic of the test setup shows the fiber 
entering from the left and passing through an acrylic 
holder, which holds the diffusing tip suspended over the 
agar dish. The laser light is transmitted through the fiber 
and then diffuses out of all sides of the diffusing fiber.  
Some light does not irradiate the MRSA because it is 
directed away from the dish. We measured the UV 
exposure amount by placing a UV sensitive film in the 
exact position as the top of the agar dish. 

Figure 2. A top-down picture of the actual experimental 
setup shows the diffuser fiber (white line) extending over the 
agar dish (red). The acrylic support maintains the fiber in 
position over the dish throughout testing. The fiber is 1 mm 
in diameter and the diffusing portion is 5 cm long. 
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experimental setup involved positioning a 5 cm long 
diffusing fiber over a petri dish. A schematic of the test 
configuration is shown in Figure 1. The distance from the 
fiber to the agar surface, which was covered in a layer of 
Staphylococcus aureus (MRSA), was 1 cm.  A deep UV 
laser, operating at 223 nm, was focused into the proximal 
end of the diffusing fiber and transmitted to the diffusing 
tip approximately 1 meter away. The dish was exposed to 
UV from the diffuser for a period of 24 hours. An 
overhead picture of the measurement setup, which 
includes the acrylic fiber holder, the fiber with diffusing 
tip, and the petri dish filled with agar, is pictured in 
Figure 2. 

We used the USA300 strain (multilocus sequence type 
8, clonal complex 8, staphylococcal cassette chromosome 
mec type IV), which was originally encountered in the 
community, but now is a major cause of invasive 
nosocomial infections. Fresh colonies of S. aureus were 
inoculated into tryptic soy broth and grown overnight at 
37°C. The culture was then resuspended in fresh broth 
and grown to mid-log phase for 3 h. Bacteria were 
collected by centrifugation, washed, resuspended in broth, 
and adjusted to an optical density at 600 nm of 0.5 in 
order to achieve a density of 106 CFU/ml. 50 µl of the 
bacterial dilution was then spread onto standard 100-mm 
diameter dishes filled with tryptic soy agar using a glass 
spreader, resulting in a bacterial monolayer on top of the 
substrate.  

The UV irradiance experienced by the bacteria on the 
surface of the agar was quantified using unlaminated 
Gafchromic EBT3 film.  As we have shown [4], this film 
responds to UV irradiance with a color change, which can 

be quantified to determine the total exposure.  We placed 
a piece of film in the exact position as the dish of bacteria 
and measured the irradiance upon the surface. 

Results 
A map of the power measured upon the flat surface is 

shown in Figure 3.  This high-resolution map shows that 
the UV irradiance was not evenly distributed across the 
surface. 

Figure 4 shows a picture of bacterial colonies after 
UV exposure.  The white areas represent live MRSA 
while the yellow areas are bare agar where the MRSA has 
been killed.  A superimposed contour map, expressed in 
mJ/cm2, indicates the total exposure amount in each 
region.  The contour map was generated by multiplying 
the power distribution map in Figure 3 by the total 
amount of time exposure time (24 hours for this 
experiment). 

Conclusions 
With this preliminary result, we have demonstrated 

the ability to kill MRSA using UVC light diffused from 
an optical fiber. The high resolution mapping of the 
irradiance amounts gives significant insight into 
requirements for eradicating bacteria with this technique. 
Further in vitro testing will be performed to determine 
optimum irradiation conditions before progressing to in 
vivo experiments. 
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Figure 3. The power distribution map, generated using UV 
sensitive film, shows the power incident to the flat surface 
where the MRSA was positioned.  As expected, the area 
directly underneath the fiber showed the highest power. 

(l to r): Dannis Wu, Johanna Steinbrecher, Gerhard Randers-Pehrson, Brian Ponniaya, Peter Grabham, Kunal Chaudhury, Yen-Ruh Wuu 
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This work is a part of our comprehensive study on 
UV-based sterilization using single-wavelength far UVC 
light produced by excimer lamps to kill bacteria or viruses 
without harming mammalian cells or tissues [1, 2]. Here, 
we will focus on the application of such UV radiation to 
combat the airborne transmission of influenza viruses via 
small aerosols, which is generally considered the 
dominant person-to-person transmission pathway. 

We have designed, constructed and tested a benchtop 
UVC aerosol exposure chamber, which is shown in Fig. 1, 
similar in concept to the system reported by McDevitt et 
al [3]. First, we produce the virus aerosol particles by 
pumping air into a high-output extended aerosol 
respiratory therapy (HEART) nebulizer (Westmed, 
Tucson, AZ). A pump draws the particles through a 
baffled section of the chamber that promotes droplet 
drying and mixing and passage through a square-to-
rectangular cross-section conversion towards the UV-
exposure area. The exposure area is enclosed with UV 
transparent plastic film (TOPAS®8007X10) windows that 
allow the UV light emitted from the excimer lamps to 
reach the virus aerosol particles. The chamber itself was 
modeled to give a laminar flow past the window, so that 
the exact dosage given to the particles could be accurately 
calculated from their transit time. After being exposed to 
UV radiation, virus aerosol particles are drawn through 
output ports to the BioSamplers, where they are captured 
for analysis. A temperature and relative humidity meter 
monitors the conditions within the chamber and a particle 
sizer (HAL-HPC300) is used for measuring the size 
distribution of the aerosol particles. If desired, relative 
humidity can be altered by changing the flow rates of dry 
and humid air, which are introduced directly into the 
baffled section. All inputs and outputs to the system are 

HEPA filtered to prevent any viruses or bacteria, except 
the ones in the nebulizer, from entering the chamber, as 
well as to block any of the viruses inside the chamber 
from being released into the environment. For additional 
protection, the whole setup is placed under the 
LABCONCO® Purifier Biological Safety Cabinet (Class 
II, Type A2).  

Before doing any biological experiments, parameters 
such as flow rate and relative humidity inside the chamber 
were optimized to give a distribution of aerosol particle 
sizes similar to the one that is expelled by humans during 
coughing or mouth breathing [3]. After the standardized 
procedure for forming aerosol particles of sub micrometer 
sizes was established, we started with the virus 
inactivation testing. We used 108 focus-forming units per 
ml (FFU/ml) of influenza A virus [A/PR/8/34 (H1N1)] in 
1 ml of DMEM. The nebulizer was filled with the virus 
solution diluted in 20 ml of deionized water plus 0.05 ml 
HBSS. Aerosol virus particles were then exposed to either 
direct or filtered UV light from KrCl excimer lamps (Fig. 
2). Filters were used to remove all but the dominant 
wavelength emission at 222 nm.  In both cases, thirty 
minutes after UV exposure, 1 ml of the content of the 
BioSampler was overlaid onto a layer of Madin-Darby 
Canine Kidney Epithelial cells (MDCK) cultured in 
DMEM and 10% FBS. After incubation at 37°C for 45 
minutes, the virus solution was washed away with HBSS 
and the cells were incubated overnight with fresh DMEM. 
A standard immunocytochemistry protocol was then 
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Figure 1. Photo of our aerosol exposure system. 

Figure 2. Spectrum of UV light emitted by KrCl excimer lamp 
used for virus inactivation tests with the aerosol exposure 
chamber. The black line shows the spectrum emitted without 
filters. The red line is spectrum after filtering with a specially 
designed UV bandpass filter (Omega optical, Inc.). 
 



CENTER FOR RADIOLOGICAL RESEARCH • ANNUAL REPORT 2016 
 

   
Page⏐28 

conducted to detect infected cells using an Alexa Fluor-
555 conjugated anti-Influenza A Virus Nucleoprotein 
antibody [C43]. In the end, the whole procedure was 
repeated with the UV lamp turned off to prove that 
viruses were actually getting through the chamber into the 
BioSampler.  

Figure 3 shows the amount of MDCK cells infected 
by influenza A virus taken from the BioSampler content 
in three cases: when aerosol was exposed by unfiltered 
light from the lamps, when aerosol was exposed by 
filtered light from the lamps, and when aerosol wasn't 
irradiated at all. In the first two cases, the total exposure 
of aerosol particles with UV light was around 28 mJ/cm2 
and 2 mJ/cm2 respectively. Exposure values were limited 
with the transit time that corresponded to the lowest flow 
rate at which the BioSampler can still work efficiently. 
The significant number of infected cells in Fig. 3C can be 
considered as a positive control outcome, since it 
confirms that without UV light viruses carried within the 
aerosol were able to pass through the whole apparatus and 
reach the BioSampler. On the other hand, the total lack of 
infected cells in Fig 3A is clear evidence that the 
unfiltered UV light from excimer lamps was able to kill 
all viruses during the sampling time. The same reasoning 
can be applied to Fig 3B, except that the total exposure 
here was almost 15 times less, and allowed for some 
viruses to get to the BioSampler unharmed. Therefore, 
several infections still occurred.  

The preliminary results reported here indicate a great 
anti-viral potential of far-UVC light, and serve as a proof 
of concept. However, more detailed work is needed to 
prove that excimer lamps could be safely and effectively 
used for air sterilization with humans present. In further 
studies, we will try to generate survival curves at different 
light exposures. To achieve higher exposure values, 
which are especially required in the case of filtered light, 
we will look to improve the transmission of bandpass 
filters and to allow for longer transit times within the 
chamber.   
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Figure 3. Immunocytological analysis of MDCK cells 
infected with influenza A (H1N1) virus. Cell were incubated 
with virus exposed to A) unfiltered 222-nm light, B) filtered 
222-nm light or C) sham-irradiated. Blue = DAPI, Green 
= Alexa Fluor-555 conjugated anti-Influenza A Virus 
Nucleoprotein antibody [C43].  
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Introduction 
 The efficacy of ultraviolet (UV) light for killing 

bacteria and viruses is well-known (1, 2). However, UV 
radiations emitted by typical germicidal lamps with a 
peak emission at 254 nm are a human health hazard, 
causing skin cancer (3, 4) and cataracts (5, 6).  

 Here we show that there exists a narrow 
wavelength window in the far-UVC region, from around 
200 nm to 225 nm, which is significantly harmful to 
bacteria, but without damaging cells in tissues.  

 To test the hypothesis, we have developed an 
approach to kill bacteria without harming human cells in 
skin tissue models (7) and mouse skin in vivo (8) that 
employs single-wavelength UVC light generated by 
inexpensive filtered excilamps (9). The approach is based 
on the fact that while far-UVC light has enough range to 
traverse microbes that are much smaller in size than 
human cells (less than 1 µm in diameter (10, 11), 
compared to the diameter of typical human cells ranging 
from about 10 to 25 µm (10)), it is strongly absorbed by 
the proteins in the cytoplasm of human cells (12, 13) and 
is drastically attenuated before reaching the human cell 
nucleus. It follows that far-UVC light is not able to 
penetrate the stratum corneum of skin and reach the 
underlying critical basal cells or melanocytes.  

 Based on our previous studies with the 207-nm 
light in vitro (7) and in vivo (8), here we used a 222-nm 
light and measured, relative to controls: 1) in-vitro killing 
of methicillin-resistant Staphylococcus aureus (MRSA) as 
a function of UV fluence immediately after exposure; 2) 
yields of the main UV-associated pre-mutagenic DNA 
lesions CPD (cyclobutane pyrimidine dimers) in a 3-D 
human skin tissue model in vitro immediately after 
exposure; 3) eight cellular and molecular skin damage 
endpoints in exposed hairless mice in vivo 48 h after 
exposure to 0 or 157 mJ/cm2 delivered over a 7-h time 
period.  

Comparisons were made with results from a 
conventional 254-nm UV germicidal lamp used as 
positive control (14). 

Results 
 We found that 222-nm light kills MRSA as 

efficiently as 254-nm light (Fig. 1 top panel); however, 
254-nm light is almost equally efficient at killing human 
cells (7). Moreover, unlike conventional germicidal UV 
lamps (254 nm), 222-nm light produced almost no pre-
mutagenic UV-associated DNA lesions in a 3-D human 
skin model (Fig. 1, bottom panel). 

 When tested for safety in a hairless mouse 
model, 222-nm light was not cytotoxic to exposed 
mammalian skin, extending our previous results using a 
207-nm lamp (8). For instance, we found that unlike the 
254-nm light, the epidermal thickness of skin of mice 
exposed to 157 mJ/cm2 delivered over  a 7-h  time  period  
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Figure 1. In-vivo results. Top panel, Bacterial cell killing 
induced by 222- and 254-nm UV light. Killing of MRSA 
(strain USA300) is shown relative to zero-fluence controls, 
expressed as surviving fraction or as logs of cell kill 
(-log10[surviving fraction]), produced by different fluences 
of UV light from a filtered 222-nm Kr-Cl excimer lamp (▴) 
or a germicidal 254-nm lamp (•). Bottom panel: Pre-
mutagenic skin DNA lesion yields induced by 222- and 254-
nm UV light. Yields of cyclobutane pyrimidine dimers 
(CPD) in keratinocytes in a 3-D human skin tissue model, 
induced by conventional germicidal UV radiation (•) and by 
222-nm UV light (▴). In both graphs zero-fluence control 
measurements (<1%) have been subtracted from the data. 
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Figure 2. In-vivo results. A) Representative cross-sectional images of H&E-stained mouse dorsal skin comparing the epidermal 
thickness in sham-exposed mice (top panel), in mice exposed to 157 mJ/cm2 from 254-nm light (middle panel) or from 222-nm light 
(bottom panel). B) Ki-67-positive keratinocytes (dark brown-stained cells) in typical cross-sections of skin of sham-exposed mice (top 
panel), of mice exposed to 254-nm light (middle panel) or to 222-nm light (bottom panel). C) Representative cross-sectional images of 
mouse dorsal epidermis expressing K6A (brown stained area).  Mice were sham-exposed (top panel), exposed to 157 mJ/cm2 from 254-
nm light (middle panel) or 222-nm light (bottom panel). D) Representative cross-sectional images of dorsal skin samples comparing 
pre-mutagenic skin lesions CPD (top row, dark-stained cells) and 6-4PP (bottom row, dark stained cells) in the epidermis of sham-
exposed mice (left column), of mice exposed to 157 mJ/cm2 from 254-nm light (middle column) or 222-nm light (right column).  

Table 1. Summary of the combined results for each endpoint.  

*Values from [8].  
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was not statistically different from skin of unexposed 
mice (Fig. 2A and Table 1). 

 Similar results were obtained for Ki-67 
expression, a marker of cell proliferation (Fig. 2B and 
Table 1). While Ki-67 expression in keratinocytes of skin 
exposed to the 222-nm excimer lamp was not statistically 
different from control, the same fluence from the 254-nm 
germicidal lamp triggered keratinocyte hyper-
proliferation. 

 We also measured markers of skin inflammation 
and cell differentiation. As an example, Fig. 2C (and 
Table 1) shows keratin (K) 6A expression in skin of mice 
exposed to 222-nm light, K6A expression in sham-
exposed mice, and in mice exposed to 254-nm light used 
as positive control. We found that the expression level of 
K6A in 222-nm exposed skin was not statistically 
different from controls. This is in contrast with a ~3-fold 
increase of newly synthesized K6A in samples exposed to 
light from a conventional germicidal lamp (Fig. 2C and 
Table 1). 

 We measured pre-mutagenic UV-associated 
DNA lesions (Fig. 2D). In agreement with our previous 
findings (7, 8), we detected no increase in UV-induced 
CPD in 222-nm exposed skin relative to controls. On the 
contrary, exposure to the same fluence from a 
conventional germicidal lamp (254 nm) caused a dramatic 
increase of DNA photodamage (Fig. 2D and Table 1).  

Conclusions 
 Our in vitro and in vivo studies (7, 8, 14) suggest 

that far-UVC light (207- and 222-nm) is approximately 
equitoxic to MRSA bacteria regardless of their drug-
resistant proficiency as 254-nm UV from a germicidal 
lamp, but without associated skin damage risks. Our 
approach may have the potential for safely and 
inexpensively reducing surgical site infection rates, 
including those due to drug-resistant bacteria, and to 
continuously and safely sterilize any indoor environment. 
The low cost of such lamps may make them an attractive 
option, particularly in low-income countries. 
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Our laboratory focuses on the effect of cytoplasmic 
irradiation and the consequential reactive oxygen species 
induced mitochondrial dysfunction. Studies showed a 
significant increase of mitochondrial fission protein 
Dynamin related protein DRP1 mRNA level shortly after 
cytoplasmic irradiation [1]. Mitochondrial fission has 
been confirmed as a result of DRP1 
upregulation/activation. Further studies showed DRP1 is 
also the key regulator for cytoplasmic irradiation induced 
autophagy [2]. By activating adenosine monophosphate-
activated protein kinase (AMPK), DRP1 initiates 
autophagy. Using DRP1 selective inhibitor mdivi-1, we 

showed activation of AMPK was controlled by DRP1 
activity (Figure 1). However, recent literature showed the 
opposite conclusion that AMPK activates autophagy by 
recruiting DRP1 [3]. For better understanding of DRP1 
function, we performed CRISPR knockdown to elucidate 
its role in autophagy and other biological processes. 

Five gRNAs were designed targeting different exons 
of DRP1 mRNA. As shown in Figure 2, one of the 
gRNAs showed strong knockdown efficiency in multiple 
cell lines. 

To check the consequences of DRP1 knockdown on 
AMPK, we performed western blot. Our results suggested 
that in DRP1 knockdown cells, phospho-AMPK activity 
was reduced more than 60%. Similarly, autophagy marker 
proteins, Beclin1 and LC3, were both reduced 
significantly (Figure 3). Further experiments are required 
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Figure 1. DRP1 controls AMPK activation after 
cytoplasmic irradiation. Small airway epithelial cells were 
cytoplasmic irradiated (CI) and incubated for 1 hr before 
fixation. AMPK phosphorylation was detected using 
immunofluorescence staining (pAMPK (T172); green). 
Fluorescence intensity was measured using Image J. DAPI 
was used to visualize nuclei.  

Figure 2. Validation of DRP-1 knockdown. gRNA 
sequences were delivered using lenti-virus. Cells 
were selected using puromycin for 48 hr and western 
blotting was performed to validate knockdown 
efficiency in multiple cell lines. 

Figure 3. Protein level in DRP1 knockdown cells. A549 and 
SAEC stable DRP1 knockdown cells and the empty vector 
control transfected cells were lysed using SDS sample buffer 
and protein level of p-AMPK, Beclin1 and LC3 were 
examined using western blot. ImageJ was used to detect 
band intensity. All band intensities were normalized to 
β-actin as reference protein. 
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to confirm the role of DRP1 on AMPK activity; however, 
in two cell lines (lung cancer cell line A549 and 
immortalized normal cell line SAEC), our results showed 
the consistent trend that DRP1 is responsible for AMPK 
activation. 

We further characterized DRP1 knockdown cells and 
found that the knockdown of DRP1 impairs cell 
proliferation and colony formation. As shown in Figure 
4A, in A549 cells, DRP1 knockdown cells (DRP1 KD) 
grew significantly slower than control cells. At the last 
time point, 10 days after plating cells, the difference in 
cell growth was approximately 2-fold. Consistent with 
cell proliferation data, DRP1 cells showed reduced plating 
efficiency in a clonogenic assay (Figure 4B). In both 
A549 and SAE cells, colony formation was reduced to 
more than 50%. More interestingly, DRP1 knockdown 
also increased radiosensitivity. In Figure 4C, a greater 
reduction in colony formation was observed in DRP1 
knockdown cells after radiation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

In short, our results suggested that DRP1 plays an 
important role in the initiation of cellular autophagy, and 
it is also involved in cell growth and response to 
radiation. Further studies are needed to better elucidate 
the mechanism of these responses. 
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Figure 4. DRP1 knockdown cells showed significant reduction in cell proliferation and clonogenicity assay. A. 1000 cells of control or 
DRP1 knockdown A549 cells were plated into 24 well plate. Cell number was counted at indicated days after plating. Media were 
changed every 3 days. B. 500 cells of control or DRP1 knockdown A549 and SAE cells were plated into 60 mm dishes and incubated 
for a week. Cells were stained with crystal violet and colonies were counted. C. Cells were first irradiated with 0.5, 2, 5 and 10 Gy of 
x-ray then plated as described in 4B. 

(l to r): Gerhard Randers-Pehrson, Marco Durante. (l to r): Howard Lieberman, Marc Mendonca. 



CELLULAR AND MOLECULAR STUDIES 

  
Page⏐35 

 

Using RNA-sequencing analysis, we identified Proto-
oncogene serine/threonine kinase Pim1 as one of the 
target genes regulated only by cytoplasmic irradiation. 
Pim-1 belongs to a group of constitutively activated 
kinases. The three members in the Pim family, PIM1, 
PIM2 and PIM3, are implicated in the growth and 
progression of hematological malignancies, prostate 
cancer and gastric cancer. The functions of Pim-1 have 
been investigated in multiple cancer cell lines, and 
include driving cancer cell proliferation through 
activation of c-Myc [1], and transcriptional regulation of 
mitochondria biogenesis through PGC-1α [2]. Other 
studies on Pim family proteins showed that Pim-2 
regulates p27Kip1 and Pim-3 phosphorylates and inhibits 
BAD [3]. It is likely these proteins play a role in cell 
cycle progression and anti-apoptosis. However, the role of 
Pim-1 in environmental stress, such as cytoplasmic 
irradiation, had not been investigated. For this purpose, 
we generated a CRISPR/Cas9 Pim-1 knockdown of small 
airway epithelial (SAE) cells.  

Six gRNAs targeting different exons of Pim-1 mRNA 
were designed and tested. One sequence targeting exon 2 
has been confirmed to have more than 60% knockdown 
efficiency. Although Pim-1 has been shown to regulate 
cell proliferation in multiple cell lines, the 60% 
knockdown of Pim-1 did not affect cell growth. Cell 
morphology did not show any difference compared to 
normal SAE cells. Interestingly, when comparing key 
enzymes related to biological functions, we found 
increased levels of adenosine monophosphate-activated 

The Role of Proto-Oncogene Serine/Threonine 
Kinase Pim1 in Targeted Cytoplasmic Irradiation 

Jinhua Wu, Qin Zhanga, and Tom K. Hei 

 

Figure 1. Western blot to 
confirm CRISPR knockdown 
efficiency. SAE cells transfected 
with control plasmid or Pim-1 
gRNA. Cells were selected using 
puromycin for 72 hours before 
lysing with SDS sample buffer. 
Western blotting was used to 
confirm the knockdown 
efficiency. Vinculin was used as 
a loading control. ImageJ was 
used to quantify band intensity. 
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Figure 2. Pim-1 knockdown cells showed reduced glucose 
uptake. SAE control (A, B) and Pim-1 knockdown (KD; C, 
D) cells were cytoplasmically irradiated (B, D) or held as 
unirradiated controls (A, C). Cells were then incubated for 
24 hr with 2-NBDG added to the medium in the last hour. 
Cells were fixed and immunofluorescence was used to 
visualize 2-NBDG levels (green). PI was used to visualize 
nuclei (red). Scale bar = 20 µm. Fluorescence intensity was 
quantified using ImageJ (E). 
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protein kinase (AMPK) in Pim-1 knockdown cells 
(Figure 1). AMPK senses the cellular energy status and 
becomes activated when cellular ATP levels decline, with 
a concomitant rise in AMP levels. Increased abundance of 
AMPK suggests an energy imbalance when there is 
decreased Pim-1 expression. 

Since AMPK is closely related to energy stress and 
related biological processes, we looked into the effect of 
Pim-1 on cellular glycolysis. A 2-NBDG glucose uptake 
assay was performed to visualize cellular glucose uptake 
in response to cytoplasmic irradiation (Figure 2). 
Although the basal level of glucose uptake was low in 
both SAE control and Pim-1 knockdown cells, after 
cytoplasmic irradiation, a significant increase of 2-NBDG 
was observed in control SAE cells. However, we did not 
observe any increase of 2-NBDG signal in Pim-1 
knockdown cells. This data implicates Pim-1 in glucose 
uptake and glycolysis. 

To further confirm the role of Pim-1 in glycolysis, we 
also measured lactate concentration after cytoplasmic 
irradiation. As shown in Figure 3, consistent with the 
glucose uptake, Pim-1 knockdown significantly reduced 
the induction of lactate secretion by cytoplasmic 
irradiation. Although lactate production was not 
completely abolished with the Pim-1 knockdown, it was 
reduced almost 50%. It is possible that the remaining 
Pim-1 proteins in Pim-1 knockdown cells were capable of 
regulating lactate production. It is also possible that other 
Pim family proteins may play a redundant role in 
mediating glycolysis. 

The generation of a Pim-1 CRISPR knockdown cell 
line allowed us to investigate unique genes regulated by 
cytoplasmic irradiation. Selective pharmaceutical 
inhibitors of Pim-1 can be used to inhibit glycolysis in 
normal or cancer cells, which could contribute to cancer 
prevention or even cancer treatment. 
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Figure 3. Pim-1 knockdown suppresses cytoplasmic 
irradiation induced lactate production. SAE control and 
Pim-1 knockdown cells were cytoplasmically irradiated and 
incubated for 24 hr. Conditioned media were collected and 
lactate concentrations were evaluated using a colorimetric 
assay. 
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Introduction 
 Prostate cancer is the most prevalent non-

cutaneous type of cancer in men [1]. Despite successes in 
treating localized primary prostate tumors, metastatic 
prostate cancer poses a real challenge and remains 
essentially incurable. As in most types of solid cancers, 
metastasis is the major morbidity and mortality factor for 
patients with prostate cancer. 

  RAD9 is a protein with an established role in the 
DNA damage response and DNA repair. As part of the 
RAD9-HUS1-RAD1 (9-1-1) complex, it acts as a sensor 
of DNA damage that enables ATR kinase, independently 
recruited to the site of damage, to phosphorylate and 
activate its downstream effector Chk1 [2]. However, 
RAD9 can interact with several other proteins outside the 
context of the 9-1-1 complex and checkpoint functions 

[3]. Interestingly, RAD9 can act independently of its 
partners HUS1 and RAD1 to transactivate a number of 
genes including p21waf1/cip1 [4] and NEIL1 [5]. Aberrant 
RAD9 expression has been associated with prostate, 
breast, lung, skin, thyroid, and gastric cancers [6]. We 
have shown previously that RAD9 is overexpressed in 
human prostate cancer specimens as well as prostate 
cancer cell lines [6]. Experiments designed to assess the 
contribution of RAD9 to prostate tumor growth revealed 
that down-regulation of RAD9 in PC3 and DU145 human 
tumor cell line xenografts impairs growth in nude mice. 
Furthermore, immunohistochemical analysis of normal 
and tumor prostate specimens, as well as in vitro 
metastasis assays, showed that RAD9 expression 
increased along with cancer progression stages, 

suggesting a role for RAD9 in prostate malignant 
progression [6, 7].  

Anterior gradient protein 2 (AGR2) belongs to the 
protein disulphide isomerase family and plays an 
important role in endoplasmic reticulum stress [8]. 
Furthermore, cancer cells secrete AGR2 to the 
extracellular matrix, where it has been associated with 
tumor progression [8]. Overexpression of AGR2 
promotes cellular transformation, cell migration and 
invasion, as well as transcriptional silencing of p53 in 
response to DNA damage [8]. AGR2 is markedly elevated 
in a majority of tumors, including prostate carcinoma. In 
particular, aberrant AGR2 mRNA and protein levels are 
detected in patients with metastatic prostate cancer [9]. 

Results 
Transient knockdown of RAD9 by two different 

RAD9 siRNAs in PC3 cells, which have high levels of 
RAD9 and AGR2, led to ~60% downregulation of AGR2 
protein abundance (Figure 1A).  Furthermore, PC3 stably 
expressing a RAD9 shRNA demonstrated complete 
suppression of AGR2 (Figure 1B). Likewise, knocking 
out RAD9 from PC3 cells by using CRISPR-Cas9 
methodology led to undetectable levels of AGR2 protein 
(Figure 1C). 

To determine if the reduced AGR2 level was due to 
lower levels of AGR2 mRNA, PC3 cells were transiently 
transfected with Luciferase (Luc) or two independent 
RAD9 siRNAs and two days later AGR2 transcript levels 

Anterior Gradient 2 (AGR2) Gene is 
Transcriptionally Regulated by RAD9 

Constantinos G. Broustas, Kevin M. Hopkins, Li Wang, Sunil K. Panigrahi, and Howard B. Lieberman 

 

Figure 1. RAD9 affects AGR2 protein levels. (A) PC3 cells 
were transiently transfected with control (luciferase; Luc) or 
two non-overlapping RAD9 siRNAs. Three days post-
transfection, cell lysates were analyzed for AGR2, RAD9 
and β-actin (loading control) protein levels by 
immunoblotting. (B) PC3 cells were stably transfected with 
either control (insertless pSUPER-retro vector) or RAD9 
shRNA (two clones). (C) PC3 cells with CRISPR-Cas9 
RAD9 knockout (crRAD9). Cell lysates were analyzed for 
AGR2, RAD9 and β-actin (loading control) protein levels by 
immunoblotting. 

Figure 2. RAD9 controls AGR2 transcription. (A) PC3 cells 
were transiently transfected with control (luciferase; Luc) or 
two non-overlapping RAD9 siRNAs. Two days post-
transfection, total RNA was isolated and AGR2 mRNA 
abundance was quantitated by RT-qPCR. β-actin transcript 
expression served as a control. (B) PC3 cells stably 
transfected with either control (insertless pSUPER-retro 
vector) or RAD9 shRNA (two clones) were examined for 
AGR2 mRNA expression by RT-qPCR. Data are mean ± 
S.D. (n = 3). 
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were assessed by quantitative real-time PCR (RT-qPCR) 
and the results were normalized against expression of 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
mRNA (Figure 2A). We found that AGR2 mRNA level 
was reduced by 40-60% in PC3 cells. We also examined 
mRNA levels of AGR2 in PC3 cells that stably expressed 
an insertless retroviral vector (shControl) or shRAD9 
(clones 1 and 2). As shown in Figure 2B, AGR2 mRNA 
levels in both clones of PC3/shRAD9 cells were reduced 
by more than 90% compared with AGR2 mRNA from 
PC3/shControl cells.   

Our previous studies have shown that RAD9 can act 
as a transcription factor that binds to p53 consensus 
sequences of genes, including p21waf1 and NEIL1 [4, 5]. 
Examination of the AGR2 promoter region revealed 
several p53 consensus sequences. To determine whether 
RAD9 bound any of these sequences, we performed 
chromatin immunoprecipitation using RAD9 or control 
IgG antibody followed by PCR amplification. As shown 
in Figure 3, RAD9 bound specifically to the AGR2 
promoter in PC3 cells at a p53 consensus sequence at 
position +3136 downstream of the transcription start site. 

In conclusion, we show that RAD9 acts as a 
transcription factor that controls AGR2 mRNA and 
protein abundance in PC3 cells. Ongoing studies will test 
if RAD9 induces the promoter activity of AGR2 gene, 
using luciferase reporter assays. Furthermore, we focus on 

determining the contribution of AGR2 to the RAD9-
promoted pro-metastatic phenotype.  
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Introduction 
Radiation is the most critical therapeutic modality for 

treating human prostate cancer. However, tumor cell 
resistance to ionizing radiation (IR) poses a major 
obstacle in prostate cancer therapy. A major cause of 
failure in radiation treatment is intrinsic and therapy-
induced radioresistant tumor cells. Although the delivery 
of higher doses of ionizing radiation improves local 
control, there are constraints due to dose-limiting 

toxicities to noncancerous tissues. Thus, lowering 
radiation dose, while preserving therapeutic index, is a 
goal in both the laboratory research and the clinical 
setting. 

Mitogen-activated protein kinase kinase 5 (MAP2K5 
or MEK5), belongs to the family of MAP kinases. It is 
activated by the upstream kinases MEKK2 and MEKK3 
at Ser311/Thr315, or in some cases directly by c-Src. 
MEK5, in turn, phosphorylates and activates extracellular 

MEK5 Downregulation Enhances Radioresistance of 
Human Prostate Cancer Cells 
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Figure 1. Clonogenic survival assay. (A) Left panel, DU145 cells were either untransfected (DU) or transiently transfected with 
luciferase siRNA (DL) or four different siRNAs against MEK5 (D76, D78, D10, D20). Two days later, cells were irradiated with 
increasing doses of γ-radiation and plated for clonogenic assay. After 11 days, colonies were scored and normalized against plating 
efficiency.  Right panel, western blot analysis showing MEK5 knockdown. (B) Left panel, PC3 cells were transfected with luciferase 
siRNA (PL) as control or MEK5 siRNAs (P76, P78) and clonogenic assay was carried out as in (A). Right panel, western blot analysis 
showing MEK5 knockdown. Data in left panels represent the mean ± S.D from an experiment performed in triplicate.  
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signal-regulated kinase 5 (ERK5 or BMK1) at 
Thr218/Tyr220 [1-4].  

MEK5/ERK5 pathway plays a pivotal role in tumor 
initiation and progression. MEK5 protein is 
overexpressed in prostate cancer cells compared with 
normal prostate epithelial cells, and MEK5 levels are 
correlated with prostate cancer metastasis [5]. High 
expression of ERK5 in prostate cancer is also found to 
correlate with poor disease-specific survival and can serve 
as an independent prognostic factor [6,7]. 

This study explores the hypothesis that MEK5 is a 
contributing factor to the response of prostate cancer cells 
to IR and seeks to elucidate the mechanism by which 
MEK5 affects radioresistance. 

Results 
Castration-resistant DU145 and PC3 prostate cancer 

cells were treated with MEK5 short interfering (si) RNA 
alone or in combination with γ-rays. Short- and long-term 
(clonogenic) survival assays were performed to assess the 
impact of MEK5 depletion on cancer cell 
radiosensitization. Furthermore, activation of the 
MEK5/ERK5 pathway was confirmed by using phospho-
ERK5 (Thr218/Tyr220) specific antibodies and 
immunoblotting.  

We transiently transfected DU145 and PC3 cells with 
Luciferase (control) or with up to four independent MEK5 
siRNAs. Two days post-transfection, cells were irradiated 
with increasing doses of γ-radiation and plated for the 
clonogenic assay. Cells were left incubating at 370 C to 
form colonies for 11 days. Knocking down MEK5 by 
each of four non-overlapping siRNAs sensitized DU145 
cells to radiation (surviving fraction at 2 Gy [SF2] 
0.54 ± 0.02) compared to either parental cells or cells 
transfected with control luciferase siRNA (SF2 
0.78 ± 0.05) (Figure 1A). Similar radiosensitization was 
shown with PC3 (SF2 0.35 ± 0.04 vs. 0.20 ± 0.03 in 
control vs. siMEK5) (Figure 1B). 

A short-term cell proliferation assay was also 
performed. DU145 or PC3 cells were transiently 

transfected with either Luciferase (Luc) or MEK5 (M520) 
siRNAs. Three days later, cells were exposed to 4 Gy 
γ-rays and incubated for an additional 6 days. Knockdown 
of MEK5 alone had no (PC3) or just a modest (DU145) 
effect in cell proliferation. Exposing DU145 cells to IR 
showed only a ~25% reduction in cell numbers, in 
agreement with published reports that show DU145 to be 
a radioresistant cell line. However, combination of MEK5 
depletion and IR resulted in ~70% suppression of cell 
proliferation (Figure 2). Similar results were obtained by 
combining MEK5 knockdown with IR in PC3, although 
this cell line was substantially less radioresistant than 
DU145. 

ERK5 is the sole downstream effector of MEK5. 
Active MEK5 phosphorylates and activates ERK5 at 
Thr218/Tyr220. To determine whether the MEK5/ERK5 
pathway was activated in response to IR, we transiently 
transfected PC3 with luciferase or MEK5 (#10) siRNA 
and, three days later, cells were sham-irradiated (UI) or 
exposed to 3 Gy γ-rays and lysed after 5’, 15’, 30’, 60’, or 
180’. Western blot analysis demonstrated that control 
cells with normal levels of MEK5 had an increase in 
phospho-ERK5 levels at 5 and 15 min post-IR, 
diminishing at later time points (Figure 3). No activated 
ERK5 was detected in MEK5-depleted cells. 
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Figure 3. MEK5/ERK5 pathway is activated by IR. PC3 
cells transiently transfected with either 50 nM siLuc or 
siMEK5-10 were serum starved for 48h. Cells were 
irradiated with 3 Gy and lysed at the indicated time points. 
Levels of phospho-ERK5 (T218/Y220), total MEK5 and 
α-tubulin (TUBA; loading control) were measured by 
immunoblotting. * n. sp. , non-specific. 
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Introduction 
DNA damage response is orchestrated by two major 

damage-induced protein kinases, the ataxia-telangiectasia 
mutated (ATM) and the ataxia telangiectasia mutated and 
Rad3-related (ATR). ATR activation depends on the 
temporal and spatial interactions between ATR/ATRIP 
complex and its associated proteins containing ATR-
activating domains (AAD). TOPBP1 is so far the only 
protein reported containing an AAD that interacts with 
and activates ATR/ATRIP complex in Xenopus and 
humans [1]. In this study, we report the identification of a 
previously uncharacterized protein ETAA1 (Ewing 
Tumor-Associated Antigen 1) as a novel DNA damage 
sensor. We showed that ETAA1 is recruited to stalled 
replication forks in an RPA-dependent manner. We 
further demonstrate that ETAA1 is the second identified 
ATR activator in humans. In addition, we were able to 
identify a conserved ATR-activating domain in ETAA1, 
which, together with its RPA-binding domains, is 
critically important for ETAA1 function at stalled 
replication forks and resected DSB ends. 

 
 

Results 
ETAA1 is an RPA-interacting protein involved in 

cellular response to DNA damage 
Our tandem affinity purification (TAP) of RPA 

protein complex repeatedly revealed Ewing Tumor-
Associated Antigen 1 (ETAA1) as a candidate RPA-
binding protein (data not shown). A reverse TAP using 
whole cell lysate prepared from 293T cells stably 
expressing triple-epitope (S-protein, FLAG and 
streptavidin binding peptide) tagged ETAA1 (SFB-
ETAA1) also revealed RPA1/2/3 as major ETAA1-
associated proteins (Figure 1A). We confirmed the in vivo 
interaction of SFB-tagged ETAA1 with myc-tagged 
RPA1 (Figure 1B). Using two homemade ETAA1 
antibodies, we verified the in vivo interaction between 
endogenous ETAA1 and RPA complex (Figure 1C). 

Since quite a few RPA-binding proteins are recruited 
to stalled replication forks or resected DSB ends, we first 
tested whether ETAA1 would also participate in the 
cellular response to replication stress and/or other types of 
DNA damage. As shown in Figure 1D, discrete foci of 
FLAG-tagged ETAA1, which partially co-localized with 
γH2AX, were readily detected in HeLa cells following 
hydroxyurea (HU), camptothecin (CPT), and ionizing 
radiation (IR) treatment, indicating that ETAA1 is 
involved in the DNA damage response. We further 
examined the effect of ETAA1 depletion on cell survival 
following DNA damage. We generated two ETAA1 
knockout HeLa cell lines using CRISPR-cas9 mediated 
gene editing (Figures 1E). ETAA1 knockout cells showed 
a marked  hypersensitivity  to HU  treatment  (Figure 1F).  
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Figure 1. ETAA1 is an RPA-interacting protein involved in the cellular response to DNA damage.  (A) The results from the mass 
spectrometry analysis are shown in the table. Unique: number of unique peptides; Total: number of total peptides. (B) ETAA1 
specifically interacts with RPA. 293T cells were transfected with plasmids encoding SFB-tagged HARP, AH2 or ETAA1 together 
with plasmids encoding myc-tagged RPA1. Co-precipitation was carried out using S-protein beads and immunoblotting was 
performed using antibodies as indicated. (C) Association of endogenous ETAA1 with RPA in 293T cells was analyzed by co-
immunoprecipitation using two anti-ETAA1 antibodies and immunoblotting using antibodies as indicated. (D) HeLa cells were 
transfected with the plasmid encoding SFB-tagged ETAA1. Immunostaining experiments were performed 6 hr after HU, CPT, or 
IR treatment using indicated antibodies. (E) ETAA1 depletion in ETAA1 knockout HeLa cells was confirmed by immunoblotting. 
(F and G) Survival curves in response to increasing doses of HU (F) and CPT (G) for indicated cell lines are presented. Data are 
presented as mean ± s.d. from three different experiments. 
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Figure 2. Two distinct RPA-binding domains contribute to the function of ETAA1 at stalled replication forks.  A) Schematic 
representation of wild-type ETAA1 and the mutants used in the following study. (B and C) The interaction between wild-type or 
mutant ETAA1 and RPA was tested by co-precipitation assays as described in Figure 1B. (D) Disrupting both C-terminal domains 
in ETAA1 disables its localization at stalled replication forks. DD: double deletion mutant (deleted with amino acids 572-700 and 
873-926). (E) The exogenous ETAA1 expression in ETAA1 KO1 cells was confirmed by immunoblotting. (F) The ETAA1 mutant 
deleted of both RPA-binding domains failed to rescue HU hypersensitivity in cells with ETAA1 depletion. 
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We also observed increased sensitivity of ETAA1 
depleted cells to the topoisomerase I inhibitor CPT, which 
induces replication stress (Figure 1G). 

Together, these data suggest that ETAA1 is an RPA-
interacting protein located at stalled replication forks 
upon DNA replication stress to maintain cell viability. 

Two distinct RPA-binding domains contribute to the 
function of ETAA1 at stalled replication forks 

Our alignment of different ETAA1 orthologs revealed 
two conserved regions within the C-terminal half of 
ETAA1 (data not shown). To test whether these regions 
are required for the RPA binding and foci formation of 
ETAA1, we generated mutants lacking single or both 
regions (Figure 2A). Co-precipitation assays were 
performed to test the interaction between mutant ETAA1 
and RPA1 or RPA2. Our results clearly showed that 
deletion of the first region (D572-700) disrupted the 
binding between ETAA1 and RPA1, while deletion of the 
second region (1-872, which is D873-926) abolished its 
interaction with RPA2 (Figures 2B and 2C). As expected, 
the ETAA1 mutant lacking both regions (DD) totally lost 
the ability to bind RPA complex (Figures 2B and 2C). We 
further introduced these mutants into HeLa cells and 
tested the foci formation of these mutants after HU 
treatment. Our results showed that either of the RPA-
binding domains is sufficient to guide ETAA1 to stalled 
replication forks, and disruption of both RPA-binding 
domains from ETAA1 abolished its localization at stalled 
replication forks (Figures 2D). We further tested whether 
the binding of ETAA1 to RPA is required for its function 
in vivo. As shown in Figures 2E and 2F, the expression of 
wild-type ETAA1 rescued HU hypersensitivity in ETAA1 
knockout cells. However, the mutant lacking both RPA1 
and RPA2-binding domains (DD) failed to do so. These 
data indicate that the RPA-binding ability is required for 
ETAA1 function at stalled replication forks in vivo. 
Therefore, we concluded that ETAA1 has two distinct 
RPA-binding domains, RBD1 and RBD2 (Figure 2A), 
which are responsible for binding to RPA1 and RPA2 
respectively, and either RBD1 or RBD2 is sufficient for 
tethering ETAA1 at stalled replication forks and 
contributes to ETAA1 function in response to replication 
stress. 

ETAA1 participates in the activation of ATR signaling 
pathway via a conserved ATR-activating domain 

To further understand how ETAA1 may participate in 
the DNA replication stress response, we first checked the 
ETAA1 TAP results (Figure 1A). Besides some known 
RPA-binding proteins, we noticed that ATR, the master 
regulator of genome integrity, is a putative ETAA1-
binding protein. We speculated that ETAA1 might have a 
role in the activation of the ATR signaling pathway. 
Therefore, we tested CHK1 phosphorylation at Ser317 in 
wild-type and ETAA1 knockout cells following 
replication stress. As shown in Figure 3A, CHK1 
phosphorylation at Ser317 is impaired in ETAA1 
knockout cells following HU treatment. We further tested 

other ATR phosphorylation sites: CHK1 Ser345 and 
RPA2 Ser33. As shown in Figure 3B, after CPT 
treatment, both CHK1 Ser317 and 345 phosphorylation as 
well as RPA2 Ser33 phosphorylation were diminished in 
ETAA1 depleted cells. However, we did not detect any 
difference in CHK2 Thr68 phosphorylation, an ATM-
dependent event, in wild-type and ETAA1 depleted cells 
following CPT treatment. These results suggest that 
ETAA1 is specifically required for the activation of the 
ATR signaling pathway following replication stress. 

We further explored mechanistically how ETAA1 
may activate the ATR/CHK1 pathway. We cloned 
TOPBP1-AAD (residues 978-1286) and confirmed that 
overexpression of TOPBP1-AAD triggered robust CHK1 
phosphorylation at Ser317 (Figure 3C). Interestingly, in 
ETAA1-overexpressing cells, we also observed clear 
CHK1 phosphorylation (Figure 3C), indicating that 
ETAA1 may activate ATR kinase. As a negative control, 
we showed that we could not detect CHK1 
phosphorylation in HARP-overexpressing cells (Figure 
3C). These observations provided the first evidence that 
ETAA1 participates in the activation of the ATR 
signaling pathway. 

Since we observed that ETAA1 could participate in 
the activation of ATR signaling pathway, we asked 
whether there is a potential AAD in ETAA1. We 
narrowed down this potential AAD to a conserved region 
(residues 77-238) of ETAA1. As shown in Figure 3D, 
similar to TOPBP1-AAD, ETAA1-AAD (1-238/D10-76) 
overexpression triggered robust CHK1 phosphorylation at 
Ser317. Further deletion of ETAA1-AAD (D77-238) 
disrupted the ability of ETAA1 to induce CHK1 
phosphorylation (Figures 3E and 3F). Therefore, we 
identified an AAD in ETAA1, which is required for 
activating ATR signaling in human cells. 

Identification of a point mutation in the ATR-
activating domain of ETAA1 

It has been established that the ATR activation by 
TOPBP1 can be disrupted via introducing a point 
mutation that removes a key aromatic residue in AAD 
(W1138R in Xenopus, W1147R in Mouse and W1145R 
in Human) [1, 2]. Since we located an AAD in ETAA1, 
we are wondering whether we can identify a point 
mutation, which would similarly disrupt the ATR 
activation by ETAA1. We first aligned the residues 77-
238 from human ETAA1 with corresponding segments 
from different species (Figure 4A). We were able to 
locate a conserved tryptophan (W107 in human ETAA1, 
Figure 4A). Further alignment of TOPBP1-AAD and 
ETAA1-AAD, and the residues surrounding W1145 from 
TOPBP1-AAD and W107 from ETAA1-AAD revealed a 
conserved sequence (IF/I/VWD) (Figure 4B). To test 
whether W107 is the key residue required for ATR 
activation, we generated W107R mutation in both full-
length ETAA1 and ETAA1-AAD (Figure 4C). 
Overexpression of those mutants in HeLa cell clearly 
revealed that the W107R  mutation  abolished  the CHK1  
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Figure 3. ETAA1 participates in the activation of the ATR signaling pathway.  A) ETAA1 depletion impairs CHK1 
phosphorylation upon replication stress induced by HU treatment. (B) ETAA1 depletion impairs CHK1 and RPA2 
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signaling. HeLa cells were transfected with indicated plasmids. Immunostaining experiments were performed using indicated 
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phosphorylation at Ser317 (Figure 4D) and the induction 
of γH2AX (data not shown) by full-length ETAA1 and 
ETAA1-AAD. Taken together, these results indicate that, 
similar to TOPBP1, ETAA1 must have an intact AAD in 
order to support the ATR-dependent phosphorylation of 
CHK1 or other ATR substrates including H2AX that 
normally occurs in the presence of stalled replication 
forks. 

The current model of ATR activation indicates that it 
occurs in a manner that depends on RAD9-RAD1-HUS1 
(the 9-1-1 complex) and TOPBP1. We have additional 
data suggesting that ETAA1 is located in a parallel 
pathway and plays a role in ATR activation independent 
of 9-1-1 complex and TOPBP1 (Figure 4E). Please refer 
to the supplemental data in Curr Biol. 2016 Dec 
19;26(24):3257-3268.  

Conclusion 
In this study, we demonstrate that 1) ETAA1 is an 

RPA-interacting protein that participates in the cellular 
response to replication stress; 2) ETAA1 is recruited to 
DNA damage sites upon replication stress via two RPA-
binding domains, RBD1 and RBD2; 3) In humans, 
ETAA1 is a novel ATR activator in addition to and 
independent of TOPBP1; 4) ETAA1 activates ATR via a 
conserved AAD located at its N-terminus, and a single 
mutation at W107 in this AAD can abolish ATR 
activation by ETAA1. Thus, ETAA1 is a new ATR 
activator and plays a role in replication checkpoint control 
(Figure 4E). 

More recently, a genome-wide association study 
(GWAS) of pancreatic cancer revealed significant 
association    at    2p13.3    (ETAA1,    rs1486134)    with 

 susceptibility to pancreatic cancer [3]. As a matter of 
fact, this ETAA1 locus has also been implicated in 
another GWAS study of pancreatic cancer in Han Chinese 
[4]. Thus, as a novel ATR activator in humans, ETAA1 
deregulation may also contribute to cancer development, 
which warrants further experimentation. 
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It has been hypothesized that ionizing radiation can 
modify the tumor and its microenvironment, producing a 
tumor-specific immune response (1). In this way, the 
irradiated tumor becomes a robust source of antigens for 
an in-situ autovaccination, making radiation- induced 
immune-mediated tumor rejection an attractive 
radiosensitizing modality. The in situ vaccination 
hypothesis asserted that tumor-associated antigens 
released from irradiated tumor cells are taken up by 
dendritic cells and used to stimulate downstream effector 
T cells capable of recognizing and lysing tumor cells both 
locally and at distant sites (2). Tumor cells lyse through a 
novel mode of cell death named immunogenic cell death 
(ICD) (3). 

Three distinct events orchestrate ICD in dying tumor 
cells and are required for immune priming and activation 
(2): (1) Translocation of calreticulin (CRT), an 
endoplasmic reticulum-residing protein chaperone, to the 
cell surface; it represents the ‘’eat me’’ signal that 
promotes the uptake of dying cancer cells by dendritic 
cells and the release of antigens that can be efficiently 
presented. (2) Extracellular release by the dying cancer 
cells of the high mobility group box 1 protein (HMGB1), 
a DNA-binding protein that provides a danger signal that 
activates dendritic cells through the toll-like receptor 4 
pathway. (3) Extracellular release of ATP to activate 
dendritic cells.  

It has been shown that X-ray exposure of a mammary 
carcinoma cell line induced ICD in a dose dependent 
manner (4). At RARAF we extended those studies and 
investigated ICD as a function of LET. Mammary 
carcinoma cells were exposed to 5 Gy from helium ions 
of 65, 80, 110 or 160 keV/µm generated at the track 
segment. As internal controls, other sets of cells were 
exposed to 5 or 20 Gy generated at the 250 kVp X-ray 
machine (2 keV/µm). As measured by CRT translocation, 
HMGB1 and ATP release (Fig. 1), 5 Gy from high LET 
radiation (helium ions) induced a higher level of ICD 
compared to the same dose delivered by a low LET 
radiation (X-rays). Moreover, at the same dose delivered 
by helium ions (5 Gy), 65 keV/µm seemed to elicit the 
highest level of ICD markers compared to the higher 
LETs. It is intriguing to speculate that stimulation of a 
cancer immune response might not necessarily require 

LET as high as 100 keV/µm. Therefore, lighter ions might 
be an attractive and relatively inexpensive option as 
radiotherapy source. 

Together with the genetic background of the host, the 
radiation dose and fractionation schedule, the 
immunogenicity of the treated tumor strongly contribute 
to the therapeutic outcome (2).  

The Biological Response of Pancreatic Cancer Cells 
to Radiation of Different LET 

Manuela Buonanno, Jonathan Khania, Vejiko Grilj, Meng Ouyanga, Gerhard Randers-Pehrson, John Nga,  
and David J. Brenner 

 

Figure 1. Immunogenic cell death induced by radiation of 
different LET. CRT translocation (top panel), HMGB1 
release (middle panel) and ATP release (bottom panel) in 
mammary carcinoma cells exposed to 0, 5 or 20 Gy from 
X-rays or 5 Gy from helium ions of different LET. 

Figure 2. ATP release by pancreatic cancer cells exposed to 
0, 5 or 20 Gy from X-rays or 5 Gy from helium ions of 
different LET. 

 

aDept. of Radiation Oncology, Weill Cornell 
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A particularly severe tumor is pancreatic cancer, 
which is the fourth leading cause of cancer-related 
mortality (5). However, carbon-ion therapy has produced 
extremely promising results for locally-advanced 
pancreatic cancer (6). 

Therefore, we are extending our ICD studies to a 
pancreatic cancer cell line (PANC1). Preliminary results 
of ATP release (Fig. 2) from PANC1 cells after exposure 
to radiation of different LET suggest that 5 Gy from 
80 keV/ µm helium ions can stimulate a higher ATP 
release than 5 Gy from X-rays.  

Ongoing studies aim at fully investigating the 
induction of ICD in pancreatic cells in vitro as a function 
of different particles, dose and LET. Recent advances in 
the generation of genetically engineered mouse models of 
pancreatic cancer (7) will allow in vivo studies in the near 
future.  
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Nitrogen mustard is one of a group of blister agents, 
the most recognizable of which is Sulphur Mustard or 
mustard gas. These agents are among the most common 
chemical warfare agents and have been deployed in armed 
conflicts starting in WWI and more recently in the Iran-
Iraq war (1980-1988) as well as the Syrian conflict (2013-
2015) [1]. These agents are cytostatic, mutagenic and 
cytotoxic, causing extensive damage to the skin, eyes and 
respiratory system [2-4]. Actively proliferating cells are 
affected most with the basal epidermal cells, 
hematopoietic system and mucosal lining of the intestine 
particularly vulnerable.  

While there are readily available devices for detection 
of these agents in water and air [5 6], in vivo detection 
remains laborious and expensive, requiring specialized 
equipment and highly trained personnel [7 8]. Therefore, 
following an incident, quickly triaging potentially 
exposed populations is not possible and individuals are 
treated based on obvious clinical signs and symptoms.  

 The group at the Columbia CMCR has 
developed a fully automated high-throughput protocol for 
assaying micronuclei as a biodosimeter for exposure to 
ionizing radiation [9-11]. The micronuclei assay has been 
validated both in animals and humans as a sensitive 
marker for a wide range of potential radiological 
scenarios [12-14]. Here, we examine the possibility of 
applying this high-throughput approach to the in vivo 
assessment of exposure to mustard agents.  

 TK6 cells were treated with Mechlorethamine 
(NM) at defined concentrations for 1 hour, following 
which cells were cultured for an additional 24 hours 
before being processed for micronuclei using the 
established RABIT protocols [15]. Frequencies of 
micronuclei were scored either manually (figure 1) or 
using the automated counting system (figure 2).  

Initial experiments focused on determining whether 
the assay could detect alterations in frequencies of 
micronuclei following exposure to Mechlorethamine.  

Induction of Micronuclei following Exposure to the 
Nitrogen Mustard Mechlorethamine 

Brian Ponnaiya and David J. Brenner 
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Treatment with 1 and 10 µM Mechlorethamine resulted in 
an increase in yields from 0.04 micronuclei per binucleate 
in control samples to 0.16 and 0.14, respectively 
(Figure 1, panel A). The decrease in yields at the higher 
concentration is similar to that observed following 
exposure to radiation and is presumably due to increased 
cell-cycle delay and lower survival at higher 
concentrations/doses. Importantly, there were no 
differences observed in micronuclei frequencies in 
mononuclear cells (Figure 1, panel B), indicating that 
background yields in all cultures were similar.  

To test the sensitivity of the assay, the next set of 
experiments was designed to test concentrations of 
Mechlorethamine previously reported in vivo (Figure 2). 
While there was no increase in yields of micronuclei 
following treatment with 0.01 µM, significant differences 
were observed with 0.05 µM and 0.1 µM (0.025 and 0.04 
micronuclei per binucleate cell, respectively).  

Previous studies of populations exposed to Sulphur 
Mustard (either accidently or intentionally) have 
estimated that individuals were exposed to an in vitro 
equivalent of between 0.35-1.8 µM Sulphur Mustard [16, 
17]. Therefore it appears that the micronuclei assay is 
sensitive enough to be useful in the monitoring of 
individuals exposed to blister agents. Importantly, both 
the cited studies used liquid chromatography-tandem 

mass spectrometry, which is inherently expensive and not 
amenable to high throughput.  

It should be noted that there were differences in yields 
in control samples observed between the manual counts 
(figure 1) and automated counts (figure 2). Automated 
counting systems are dependent on alogrithms to identify 
events and typically report lower numbers for all samples 
analyzed. We are currently working on optimizing the 
algorithms to reduce the disparity. 

In conclusion, the data presented here demonstrate 
that it is feasible to monitor exposure to the nitrogen 
mustard Mechlorethamine using the RABIT micronuclei 
assay. The sensitivity and high-throughput nature of the 
assay points to the possibility of using the method to 
rapidly evaluate large numbers of people following 
potential exposure to blister agents such as Nitrogen or 
Sulphur mustards. 
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RAD9 protein is evolutionarily conserved, and the 
gene has been isolated and characterized from a wide 
variety of organisms, including yeasts [1, 2], mouse [3] 
and human [4].  It has multiple functions that play 
important and diverse roles in the response of cells to 
DNA damage, whether caused by normal metabolic 
processes or exposure to exogenous DNA damaging 
agents [5]. The human protein can function as part of a 
complex with HUS1 and RAD1 [6], but also 
independently [7, 8].  Using Rad9 knock out mice, as well 
as human and mouse cells in culture with varied RAD9 
status, we showed that loss of RAD9 causes extreme 
cellular sensitivity to a large variety of radiations and 
chemicals that damage DNA, and influences genomic 
stability by very complex and diverse activities.  We 
found RAD9 is essential for maintaining genomic 
integrity even in the absence of exogenous DNA 
damaging agents, as loss of function causes increased 
frequencies of spontaneous chromosome and chromatid 
breaks, gene mutation, and micronuclei [5, 9]. RAD9 
plays a number of key roles that promote resistance to 
radiation-induced DNA damage.  The protein regulates 
cell cycle checkpoints [4].  We reported that RAD9 
partakes in homologous recombination repair [10], and 
others and we showed more than one activity in base 
excision repair [11, 12, 13, 14, 15].  Other investigators 
showed participation in nucleotide excision repair [16], 
mismatch repair [17], and alternative non-homologous 
end joining [18], such as microhomology-mediated DNA 
strand annealing [19]. In addition, RAD9 functions as a 
pro-apoptotic [20, 21] or anti-apoptotic protein [9], 
depending upon cell context and level of abundance.  
RAD9 has a BH3-like domain in its N-terminal region 
that can bind anti-apoptotic protein BCL-XL to promote 
programmed cell death. Therefore, RAD9 is active in 
several major pathways that respond to DNA damage and 
influence genomic integrity.  Given its prominent role in 
maintaining the genome, it is not surprising that aberrant 
expression is associated with cancers of a variety of 
tissues, including prostate, breast, lung, skin, thyroid and 
the gastric system [22].  Aberrant overproduction is 
causally linked to prostate carcinogenesis, including 

tumor formation and metastasis-related phenotypes [23, 
24].  Thus, understanding its role in maintaining genomic 
integrity is important. 

     We determined the molecular basis for some of the 
diverse functions of RAD9, and were the first to report 
RAD9 is a transactivator of gene expression [8].  
Surprisingly, we showed that the human protein binds p53 
consensus sequences in the promoter of the cell cycle 
gene p21, even in the absence of p53 and independent of 
HUS1/RAD1, and regulates transcription.  This is 
important with respect to the DNA damage response, as 
p21 controls cell cycle arrest and senescence [25].  
Furthermore, p21 can function as an oncogene or tumor 
suppressor [26].  Our p21 transactivation finding for 
RAD9 was confirmed by Ishikawa et al. [27], and they 
also showed that p53 and RAD9 physically interact, and 
UV exposure enhances binding of RAD9 to the p53 
binding site in the p21 promoter. Subsequently, we 
reported that the base excision repair gene, NEIL1, is 
regulated similarly [15]. Limited microarray expression 
screens suggest that RAD9 controls transcription of many 
genes, a subset of which is also regulated by p53, in 
unperturbed cells as well as in radiation bystanders [8, 28, 
29].  

     MDM2 and MDMX physically interact with and 
are key negative regulators of p53.  Furthermore, p53 
regulates levels of these two proteins via transcriptional 
control by binding consensus sequences in their gene 
promoters.  To begin to evaluate if RAD9 is part of this 
p53-MDM2-MDMX regulatory loop, we tested whether 
MDM2 and MDMX physically interact with RAD9.  We 
conducted co-IP studies with PC-3 and H1299 cells to 
check if RAD9-MDM2 and RAD9-MDMX bind.  As per 
Fig. 1, we determined that endogenous RAD9 bound 
endogenous MDM2 and MDMX in both cell lines.  
Although the strengths of binding differed, the co-IPs 
worked in both directions, either when extracts were 
IP’ed with antibodies against RAD9 and probed via 
western blotting for MDM2 and MDMX, or when 
antibodies against the latter two were used to IP and 
RAD9 antibodies were used as western probe.  The IgG 

RAD9 Protein Physically Interacts with Two Key 
p53 Negative Regulators, MDM2 and MDMX  

Kevin M. Hopkins and Howard B. Lieberman  

 

Figure 1.  Co-IP of RAD9 and MDM2 or MDMX in human PC-3 and H1299 cells.  Panels (left to right): IP with MDM2 abs, probe 
with RAD9 abs; 2nd, IP with MDMX abs, probe with RAD9 abs; 3rd, IP with RAD9 abs, probe with MDM2 abs; 4th, IP with RAD9 abs, 
probe with MDMX abs.  Last 3 panels:  Anti-IgG IP negative controls.  Antibodies: MDM2 (04-1530) and MDMX (04-1555), obtained 
from MilliporeSigma; RAD9 (ab70810) purchased from Abcam; mouse IgG (I-2000) from Vector Laboratories.  IP, 
immunoprecipitation; WB, western blot. 
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IP negative control did not co-IP RAD9, MDM2, or 
MDMX (last 3 panels), as predicted.  These results 
provide strong evidence that RAD9 is an intimate part of 
the p53-MDM2-MDMX regulatory network.  Tests to 
evaluate the precise mechanisms involved and the 
biological consequences are ongoing. 
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Globally, breast cancer is the leading cause of cancer 
deaths in women [1]. Currently, women with advanced 
breast cancer develop metastases, which account for 
significant morbidity and mortality. 5 Fluorouracil (5-FU) 
is frequently used to treat breast cancer. This agent can 
inhibit breast cancer progression by a variety of different 
mechanisms, such as apoptosis by affecting cell death 
pathways. Therefore, several clinical trials are currently 
under investigation to overcome drug resistance due to 
modulation of apoptosis. In this study, the in vitro effects 
of 5-FU were evaluated by several parameters in breast 
cancer cell lines.  

Rac1 is a Ras-related small GTPase [2, 3] that belongs 
to the Rho family.  Its activity is responsible for the 
regulation of diverse cellular behaviors, including the 
formation of actin-containing membrane ruffles and the 
induction of gene expression programs [4]. Rac1 activity 
is implicated in various steps of oncogenesis, including 

initiation, progression, invasion and metastasis [2, 5]. 
Rho-A is an oncogene and it is an important and critical 
component of signaling pathways leading to downstream 
gene regulation [6, 7]. Rho family proteins are prominent 
members of the well-known Ras superfamily of small 
GTPases that can cycle between an inactive GDP-bound 
state and an active GTP-bound state and that exhibit 
intrinsic GTPase activities [2, 4-6]. In terms of function, 
several Rho GTPases have been shown to regulate diverse 
signal transduction pathways and are involved in a variety 
of biological processes, including development of cell 
morphology [7, 8], motility [3], proliferation [9] and 
apoptosis [10]. Recently, studies have shown that Rho-A 
expression was up-regulated in several malignancies, 
including breast cancer, colon cancer, lung cancer and 
ovarian cancer [11, 12], and that the expression level of 
Rho-A seemed to be positively correlated with the 
progress of these carcinomas, suggesting that Rho-A may 
play an important role in tumorigenesis and tumor 
progression.  

The signal transducers and activators of transcription 
(STATs) belong to a family of seven cytoplasmic proteins 
that function as signal messengers and transcription 
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factors participating in cellular responses to cytokines and 
growth factors. Stat1 is deficient or inactive in many types 
of human tumors, whereas some tumors have activated 
Stat1. It is unclear whether Stat1 affects tumor growth and 
metastasis [13].  

Apoptosis is a process of programmed cell destruction 
that is required for the development and homeostasis of 
multicellular organisms (14). It is characterized by cell 
shrinkage and condensation of nuclei, and 
internucleosomal degradation of DNA. Cells defective in 
apoptosis tend to survive with excess DNA damage, 
which can lead to carcinogenesis through the 
accumulation of mutations [15]. In chemotherapy, 
apoptosis is the predominant mechanism by which cancer 
cells die. However, even when the apoptotic machinery 
remains intact, survival signaling may antagonize cell 
death by signals such as growth factor, steroid hormone, 
neuropeptide and the activation of phosphatidylinositol 
3-kinase and Akt [16]. It has been reported that specific 
patterns of resistance to chemotherapy can occur, 
depending on the genetic or epigenetic abnormalities of 
the cancer cells [17]. Bcl-xL is one of several additional 
proteins with sequence homology to Bcl-2 (43% sequence 
identity) that suppresses cell death [6]. Caspase-3 is a 
member of the cysteine protease family, which plays a 
crucial role in apoptotic pathways by cleaving a variety of 
key cellular proteins. Caspase-3 is the most widely 
studied of the effector caspases; it can be activated by 
diverse death-inducing signals, including 
chemotherapeutic agents [18]. It plays a key role in both 
the death receptor pathway initiated by caspase-8 and the 
mitochondrial pathway that involves caspase-9. In 
addition, several studies have shown that caspase-3 
activation is required for apoptosis induction in response 
to chemotherapeutic drugs such as taxanes, 5-FU and 
doxorubicin [18]. NF-κB has been implicated in many 
inflammatory and malignant diseases such as breast 
cancer. NF-κB transcription factors play a crucial role in 
oncogenesis [19], and it is aberrantly activated in a wide 
range of human cancers, in which it promotes survival 
and malignancy by upregulating anti-apoptotic genes 
[20].  

5-FU is a pyrimidine analog and is the most widely 
used chemotherapeutic agent for the treatment of a variety 
of solid cancers. Its mechanism of action has been 
attributed to the production of cytotoxic metabolites 
incorporated into RNA and DNA, inhibiting thymidylate 
synthase, and finally leading to cell cycle arrest and 
apoptosis in cancer cells [8]. The aim of this study was to 
evaluate the effects of 5-FU on apoptotic activity in breast 
cancer cell lines transformed by low doses of ionizing 
radiation (alpha particles). 

MATERIALS AND METHODS 
Breast cancer cell lines 

The immortalized breast cell line MCF-10F (ATCC, 
Manassas, VA, USA) retains all the characteristics of 
normal epithelium in vitro, including anchorage-

dependence, non-invasiveness and non-tumorigenicity in 
nude mice. Two cell lines were used from an in vitro 
experimental breast model, the normal MCF-10F and the 
Tumor2 cell line. This model consisted of human breast 
epithelial cells in different stages of transformation [21]. 
In brief, MCF-10F was exposed to low doses of high 
linear energy transfer (LET) α-particle radiation (150 
keV/µm) and was subsequently grown in the presence or 
absence of 17β-estradiol at 10−8M (E) (Sigma-Aldrich). 
Tumor2 is a malignant and tumorigenic cell line obtained 

Figure 1. (A) Effect of 5-FU on cell viability. MCF-10F, 
Tumor2 and MDA-MB-231 cell lines were treated with 
different doses of 5-FU (from 0 to 5 µM) and incubated for 
48 hrs, viability was determined using the MTT assay and 
an automated cell counter. (B) Rac1 protein expression was 
evaluated. (C) Band density of the specific protein was 
analyzed with Adobe Photoshop program software and the 
results were expressed as average density relative to 
β-actin, which was used as an endogenous control. Bars 
represent the band density of the means ± SEM of three 
independent experiments; *p<0.05 and **p<0.01 vs. their 
own control group. 



CENTER FOR RADIOLOGICAL RESEARCH • ANNUAL REPORT 2016 

 
 
Page⏐56 

 

from the Alpha5 cell line treated twice with double doses 
of 60 cGy alpha particles plus estrogen and then injected 
into nude mice, giving rise to the Tumor2 cell line [21]. 
The cells were incubated at 37°C with 5% CO2 until they 
reached 70% confluence. The other cell line used was 
MDA-MB-231, a metastatic human breast cancer cell line 
obtained from ATCC® (HTB-26™) and grown in RPMI 
supplemented with 10% fetal bovine serum. 

Cell viability assay 
The cytotoxic effect of 5-FU on cell viability was 

examined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay in breast cell 
lines. Briefly, cells were seeded in 24-well culture plates 
at a density of 5×104cells/well. After cells were attached, 
the cells were treated with 5-FU at different 
concentrations ranging from 0–5 µM. The plates were 
incubated at 37°C with 5% CO2 for 48 hrs. The control 
cells received the vehicle only. After 48 hrs incubation, 
the medium was removed, and 0.5 µmol/L MTT was 
added into the wells. After another 4 hrs, 150 µl DMSO 
was added into each well to dissolve the crystal. The 
absorbance was read at 570 nm on a microplate reader. 
The drug concentration yielding 50% cell death (LD50) 
was determined. The treatment groups were compared 
with the control group and the results were expressed as 
percentage of viable cells. All experiments were 
performed in triplicate. 

Reverse transcription quantitative-polymerase chain 
reaction (RT-qPCR) analysis 

Total RNA was extracted with TRIzol (Invitrogen, 
Carlsbad, CA, USA), and the concentration and purity of 
RNA were determined using a UV spectrophotometer. 
Total RNA was reverse transcribed into cDNA using 
High capacity cDNA Reverse Transcription kit and 10 
units of RNase inhibitor according to the manufacturer's 
protocol. A CFX 96 Touch Real-Time PCR Detection 
Systems was used with an aliquot of cDNA (2 µl) in 20 µl 
qPCR reaction containing SYBR-Green PCR Master Mix 
for measurement of target genes such as Bcl-xL, NF-κB. 
β-actin was used as reference to obtain the relative fold-
change for target genes by the comparative Ct method and 
using Bio-Rad CFX Manager 2.1 software. 

Western blot analysis 
Cells were lysed with 1 ml lysis buffer (pH 7.2) (Tris 

Base (50 mM), NaCl (100 mM), EDTA (1 mM), 
orthovanadate (1 mM), PMSF (1 mM), Triton X-100 
(0,1%) and centrifuged (13,200 rpm × 15 min). The 
supernatant with cellular proteins was dissolved in SDS-
PAGE sample solution (60 mM) Tris, pH 6.5, 10% (w/v) 
glycerol, 5% (w/v) β-mercaptoethanol, 20% (w/v) SDS, 
and 0.025% (w/v) bromophenol blue, and denatured by 
boiling (2×5 min), and vortex mixing. The total amount of 
protein was 30 µg in each lane, along with standard 
protein markers. After fractionation by SDS-PAGE on a 
gel, proteins were electro-blotted onto PVDF membrane. 

Figure 2. Effect of 5-FU in MCF-10F, Tumor2 and MDA-MB-231 cell lines determined by western blot analyses. (A, B) Rho-A protein 
expression was evaluated: Band density of the specific protein was analyzed with Adobe Photoshop program software and the results 
were expressed as average density to β-actin, which was used as an endogenous control. Bars represent the band density of the means 
± SEM of three independent experiments. (C, D) Stat1 protein expression was evaluated. Band density of the specific protein was 
analyzed with Adobe Photoshop program software and the results were expressed as average density to β-actin. Bars represent the 
mean ± SEM of three independent experiments; *p<0.05 and **p<0.01 vs. their own control group. 
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Prestained SDS-PAGE blots were blocked for 2 hrs in 
10% fat-free dry milk-TBS-0.1% Tween-20, and then 
incubated for 2 hrs at room temperature with 
corresponding primary antibodies against Rac1 (sc-217), 
Rho-A (sc-418), Stat1 (sc-417), caspase-3 (sc-7148), 
NF-κB (sc-53744) and β-actin (sc-47778) (All from Santa 
Cruz Biotechnology, Ca, USA), followed by incubation 
with secondary peroxidase-conjugated mouse IgG in 5% 
fat-free dry milk-TBS-0.1% Tween-20. Cell blots were 
probed with mouse anti β-actin antibody as control. 
Immunoreactive bands were visualized by using the 
ECLTM Western Blotting Detection Reagent detection 
method and exposure of X-ray film by the membrane.  

Statistical analysis 
Data are expressed as the average ± standard error of 

the mean (SEM). Comparisons of multiple groups were 
performed between treated groups and controls by 
ANOVA and Dunnet's test. P-values of p<0.05 and 
p<0.01, respectively, were considered to be significant. 
Lethal dose at 50% (LD50) was calculated by a non-linear 
regression curve using GraphPad Prism 5.0 for Windows. 

RESULTS 
MTT assay was carried out to evaluate the metabolic 

activity of living cells as an indicator of viability in the 
MCF-10F, Tumor2 and MDA-MB-231 cell lines, and to 
determine the dose to be used in the experiments. Cells 
were incubated with 0–5 µM of 5-FU for 48 hrs to 
calculate LD50 values for all cell lines tested. Results in 
Fig 1A show that the mean LD50 was at 2 µM after 48 hrs. 
Rac1 is related to profound changes in cell phenotype, 
such as motility, invasiveness, and resistance to apoptosis 
or the ability to adapt to environmental changes and 

continue to invade successfully [22]. Results showed that 
5-FU significantly decreased Rac1 protein expression in 
unexposed cells (p<0.05), Tumor2 (p<0.05) and 
MDA-MB-231 (p<0.01) in comparison with their own 
controls (Fig 1B and C). Anti-apoptotic activity of Rac1 
has been indicated [23], although the molecular 
mechanism through which Rac1 inactivation promotes 
apoptosis is still unclear. 

Rho-A is member of the Ras family known to regulate 
the actin cytoskeleton, and it is distributed in the nuclei of 
cancer cells. Rho-A protein expression was studied by 
western blot analysis. Results of the experiments 
indicated that 5-FU significantly decreased Rho-A protein 
expression in the Tumor2 cells (p<0.01) in comparison 
with its own control. However, the MDA-MB-231 cell 
line was not affected in its expression (Fig 2A and B). It 
is notable that MDA-MB-231 was not altered by this 
chemotherapeutic drug, indicating resistance. The 
inhibition of Rho proteins may provide a possibility to 
reduce metastasis and apoptosis. Recent studies have 
indicated that 5-FU induced apoptotic effects in myeloma 
cells in vitro [19, 20, 24, 25].  

Stat1 participates in regulation of tumor angiogenesis, 
growth, and metastasis [26]. It has been shown to be 
associated with cell growth modulation and cell death 
signaling [27]. Results showed significant difference in 
Stat1 protein expression with treatment of the 
MDA-MB-231 cell line by 5-FU, in comparison with its 
own control (Fig 2C and D). 

The apoptotic activity of 5-FU was analyzed on 
Bcl-xL gene expression in MCF-10F, Tumor2 and 

Figure 3. Effect of 5-FU on (A) Bcl-xL gene expression by RT-qPCR. (B, C) Caspase-3 protein expression was evaluated by western 
blotting analysis in MCF-10F, Tumor2 and MDA-MB-231 cell lines. β-actin was used as an endogenous control gene. Band density of 
the protein was analyzed with Adobe Photoshop program software and the results were expressed as average density to β-actin. Bars 
represent band density of the mean ± SEM of three independent experiments; *p<0.05 vs. their own controls. 
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MDA-MB-231 cell lines, and results indicated that 5-FU 
significantly decreased MDA-MB-231 gene expression 
with regard to its own control (p<0.01) (Fig 3A). 
However, Tumor2 gene expression increased in 
comparison with its own control. The caspases, a family 
of cysteine proteases, are major mediators of the 
execution phase of apoptosis; possibly by direct activation 
of the death receptor [28]. This study showed that 5-FU 
significantly increased caspase-3 expression in Tumor2 
and MDA-MB-231 cell lines in comparison to their 
controls corroborating its apoptotic effects (Fig 3B and 
C). Other authors have confirmed that 5-FU induced 
increased activity of caspase-3 and caspase-8 [28].  

Results indicated that there was no significant 
difference in the p65 kDa unit of NF-κB gene expression 
in MCF-10F and Tumor2 cell lines after treatment with 
5-FU (Fig 4A). However, it significantly decreased 
NF-κB gene expression in MDA-MB-231 cells in 
comparison to control levels. Other studies have shown 
that down-regulation of NF-κB was able to enhance 
therapeutic efficacy of 5-FU [29-32]. 5-FU decreased 
protein expression in MCF-10F and Tumor2 cell lines for 
both the p105 kDa and p50 kDa subunits of NF-κB 
(Fig 4B-D). However, it significantly increased 
expression of both protein subunits in MDA-MB-231 
cells in comparison to controls. Constitutive activation of 
NF-κB is observed in several cancer cells, and such 

activation results in the control of a signaling network, 
which includes the expression of anti-apoptotic genes, cell 
cycle regulatory genes, and genes encoding cell surface 
receptors. It seems that NF-κB has the ability to 
transcriptionally activate many pro-survival and anti-
apoptotic genes such as Bax and Bcl-xL [28]. 

There was a difference in the effect of 5-FU on NF-κB 
protein expression in MCF-10F and Tumor2 cell lines in 
comparison with MDA-MB-231 cells. Results indicated 
that this could be related to p53 mutational status. 
MCF-10F and Tumor2 cell lines express wild-type p53, 
whereas MDA-MB-231 cell line expresses mutant p53. 
The interaction between p53 and NF-κB has been widely 
studied [33] and recently, Wang et al. demonstrated that 
p53 overexpression produced a significant down-
regulation of NF-κB p50 expression. Furthermore, the 
attenuation of the suppression of p53 on NF-κB 
expression was necessary for the up-regulation of Breast 
Cancer Resistance Protein (BCRP) mediated by Survivin 
in a breast cancer 5-FU resistant cell line [34]. Therefore, 
it could be possible that p53 was necessary for NF-κB 
repression mediated by 5-FU. 

It can be concluded that 5-FU may exert apoptotic 
activity in breast cancer cells transformed by low doses of 
ionizing α-particles in vitro by regulating Bcl-xL and 
NF-κB genes and Rac1, Rho-A and NF-κB protein 
expression. 

Figure 4. Effect of 5-FU on (A) NF-κB gene expression in MCF-10F, Tumor2 and MDA-MB-231 cell lines by RT-qPCR. (B) NF-κB 
protein expression was evaluated by western blotting analysis in the same cell lines. Band density of the subunits (C) p105 kDa and (D) 
p50 kDa of this protein were analyzed with Adobe Photoshop program software and the results were expressed as average density to 
β-actin used as an endogenous control. Bars represent the mean ± SEM of three independent experiments of each subunit; *p<0.05 
and **p<0.01 vs. their own controls. 
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A long-standing goal in radiation and cancer research 
is to find a good model for studies related to treatment-
induced cellular damage. Such a model will be important 
for the estimation of damage induced by radiation therapy 
or chemotherapy. Specifically, a cytogenetic model will 
be very important in revealing the radiation-induced 
damage to the hematopoietic system, which is one of the 
most radiation sensitive systems in the human body. In 
addition, the persistence of translocations of cycling 
human hematopoietic stem and progenitor cells can be 
used for the study of processes involved in the malignant 
transformation of the hematopoietic system after radiation 
exposure (Duran et al., 2009). 

Until recently, systematic studies of the damage 
induced in human cells were possible only in vitro. These 
studies delivered important information, but had all the 
limitations of studies done with cells out of their natural 
environment (Greulich et al., 2000). In the last 10 years 
the establishment of humanized mouse models have 
allowed in vivo studies of the human hematopoietic 
system in great detail. In principle, all stages of human 
cell development, including HSC, early and late 

progenitors, and terminally differentiated cells, can be 
studied for radiation effects. (Walsh et.al., 2017) 

Here we present a methodology that can be used to 
study chromosomal translocations of a very early human 
hematopoietic cell fraction that includes hematopoietic 
stem cells, multipotent progenitors, common lymphoid 
progenitors, common myeloid progenitors, and others. 
This methodology can be used to access the distribution 
of the radiation induced chromosomal damage in the early 
stages of blood cell development. In addition, classifying 
this damage can be useful to study processes involved in 
malignant transformation of hematopoietic cells, as a 
result of radiation exposure. 

Methods 
Humanized mice were generated by engraftment of 

human CD34+ cells from human cord blood in 
immunodeficient mice from the NSG strain (NOD.Cg-
PrkdcscidIl2rgtm1Wjl/SzJ). Briefly, five-week-old mice were 
irradiated with 2 Gy of γ-rays in order to facilitate human 
stem cell engraftment and 20 h later 200,000 human cord  
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Introduction 
Lung cancer is the leading cause of cancer death in the 

United States and worldwide. In 2016, there will be an 
estimated 220,000 new cases of and 158,000 deaths 
related to lung cancer in the United States. Radiation 
therapy is the principal mode of treatment for medically 
inoperable patients with early stage disease and an 
important local treatment for locally advanced disease, 
with 45% of all lung cancer patients benefiting from 
definitive radiation therapy. Despite recent treatment 
advances, primary and acquired resistance to therapy still 
leads to a dismal overall survival, only 15% at 5 years, 
and local disease failure occurring in up to 50% of the 
patients with locally advanced disease. Local-regional 
disease not only leads to death due to local effects within 
the chest, but also can serve as a source for metastatic 
dissemination. 

Recently, the most promising breakthrough in cancer 
treatment is the use of cancer immunotherapy in advanced 
diseases. Initially elucidated in the treatment of 
melanoma, immune checkpoint blockage has the potential 
to have durable long-term responses in patients with non-
small cell lung cancer (NSCLC). Recent studies have 
shown that immune checkpoint antibodies targeting PD-1 
and PD-L1 have demonstrated durable tumor responses in 
a subset of patients with chemotherapy-refractory 
metastatic NSCLC [1]. Although the PD-1 antibody 
nivolumab has been recently approved for advanced 
NSCLC, not all patients respond to treatments with an 
overall response rate of 20%. It is unclear how lung 
tumors evade immune response and what are the acquired 
immune resistance pathways. Further combinatorial 
therapies are needed.  

The incorporation of immunotherapy with concurrent 
chemotherapy and fractionated radiation treatment (2 Gy 
per daily fraction) paradigms has yet to be elucidated. 
There has been much interest in the combination of high 
dose stereotactic radiation with immunotherapy to induce 
immune-mediated abscopal effects in distant tumor sites. 
However, little progress has been made in exploring the 
cell autonomous effects of how the resistance 
mechanisms that tumors develop with cytotoxic agents 
interact with immune checkpoint blockade therapy. 
Cancer cells have also developed multiple resistance 

pathways, such as modulation to DNA repair, cell cycle, 
stem cell, and epithelial–mesenchymal transition 
pathways, to standard radiation and chemotherapy [2]. 
These acquired resistance pathways can alter immune 
recognition factors and how patients may respond to 
immune checkpoint blockade. Only a portion of NSCLC 
patients respond to immunotherapy and it remains unclear 
which patients will benefit from immune checkpoint 
inhibition. Fractionated radiation has been shown to 
increase the expression of PD-L1 in tumor cells [3] and 
the activation of the PD-1/PD-L1 pathway has been 
shown to inhibit apoptosis induced by chemotherapy [4]. 
This suggests that the effects of radiation and 
chemotherapy may alter the subset of patients who will 
benefit from immunotherapy. 

Our overall objective is to improve the efficacy of 
radiation therapy by combining with immunotherapy for 
NSCLC. Our hypothesis is that radiation therapy leads to 
the activation of Bmi1 as a mechanism of radiation 
resistance, which in turn results in the upregulation of 
PD-L1 leading to further activation of tumor cell-
autonomous anti-apoptotic pathways. Therefore, the 
combination of inhibition of Bmi1 and immune 
checkpoint blockade using PD-L1 antibody would be a 
promising therapeutic strategy to enhance of the efficacy 
of radiation therapy.   

Experimental Overview and Results: 
In our preliminary data, we have demonstrated that a 

crucial radiation resistance pathway directly interacts with 
the immune checkpoint pathway. We have utilized a 
genome-wide high-throughput RNAi platform to identify 
Bmi1, a stem cell factor, as a significant component in a 
new resistance pathway to radiation and chemotherapy. 
Interestingly, fractionated radiotherapy has also been 
shown to upregulate PD-L1 on tumor cells as an acquired 
immune escape mechanism [3]. We further show that 
inhibition of Bmi1 can downregulate PD-L1 expression 
leading to the speculation that the Bmi1 radiation 
resistance pathway in lung cancer cells also leads to 
activation of inhibitory immune checkpoints as an 
immune escape mechanism. 

To further validate this promising target identified in 
our screen, we first confirmed that a potent selective 
inhibitor of Bmi1, PTC-209 (PTC Therapeutics, NJ), can 
efficiently inhibit the protein expression of Bmi1 in PC9 
lung cancer cell lines (Figure 1A). Next, the effects of 
Bmi1 inhibition on therapy responses were examined. As 
shown in Figure 1B, Bmi1 inhibition indeed prominently 
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increases sensitivities to radiation and cisplatin-radiation 
in lung cancer cells. Given that fractionated radiotherapy 
has also been shown to upregulate PD-L1 on tumor cells, 
we determine that radiation can increase the frequency of 
Bmi1-high, PD-L1-high expressing cancer cells. 
Surprisingly, inhibition of Bmi1 with PTC-209 can 
downregulate PD-L1 and Bmi1 expression in the tumor 
cells (Figure 1C). This suggests that the Bmi1 radiation 
resistance pathway may upregulate PD-L1.  

To assess the correlation between Bmi1 and PD-L1 
expressions we used CRISPR/Cas9 technology to 
knockdown the Bmi1 in PC9 cells. As seen in Figure 2, 
genomic modification with CRISPR/Cas9 led to 
significant knockdown of Bmi1 (Figure 2A), 
subsequently PD-L1 expression was significantly 
decreased in Bmi1 knockdown cells (Figure 2B). 

We are now pursuing further studies to better 
understand the functional interactions between radiation-

induced Bmi1 and PD-L1 pathways and plan to pursue 
these studies to assess whether these act as synergistic 
resistance mechanisms in the setting of radiation and 
chemotherapy. 

Future Plans 
The combination of inhibition of Bmi1 and immune 

checkpoint blockade using PD-L1 antibody would be a 
promising therapeutic strategy to enhance the efficacy of 
radiation therapy and chemotherapy to increase local 
tumor control. This would lead to external grant proposals 
of clinical studies incorporating the use of PD-L1 immune 
checkpoint blockade with radiation and/or cisplatin in the 
neoadjuvant or definitive treatment of locally advanced 
NSCLC. Furthermore, we anticipate that we would be 
able to uncover a group of interacting proteins for PD-L1 
and PD-L2 in lung cancer cells. We will investigate the 
function of those proteins in regulation of PD-L1 and 
PD-L2. We hope to finally focus on one or two candidates 
with significant impact and further study the mechanisms 
and clinical significance. If this initial project is 
successful, we will also study other inhibitory ligands on 
the surface of cancer cells.  
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Contro
l- C

RISPR 

Bmi-1
 C

RISPR 

β-actin 

Bmi-1 
Contro

l- C
RISPR 

Bmi-1
 C

RISPR 

β-actin 

PD-L1 

FIGURE 4 
A B

Figure 2. A) Western blot exhibiting significant knockdown 
of Bmi-1 in Bmi-1 CRISPR treated cell compared to control-
CRISPR treated cells. B) Downregulation of PD-L1 in 
Bmi-1 CRISPR treated cells. 



CELLULAR AND MOLECULAR STUDIES 

  
Page⏐63 

 

2. Willers, H., et al., Basic mechanisms of therapeutic 
resistance to radiation and chemotherapy in lung 
cancer. Cancer J, 2013. 19(3): p. 200-7. 

3. Dovedi, S.J. and T.M. Illidge, The antitumor immune 
response  generated by fractionated  radiation therapy 

may be limited by tumor cell adaptive resistance and 
can be circumvented by PD-L1 blockade. 
Oncoimmunology, 2015. 4(7): p. e1016709. 

4. Azuma, T., et al., B7-H1 is a ubiquitous antiapoptotic 
receptor on cancer cells. Blood, 2008. 111(7): p. 
3635-43.         ■ 

 

 

 

 

 

 

The space environment is challenging to the health of 
the human body. The two main agents that can be harmful 
to health are space radiation and microgravity. One tissue 
that is particularly susceptible is the microvasculature. 
Small blood vessels are ubiquitous and permeate the 
entire body. They are critical for many biological 
processes such as immune response, coagulation, blood 
flow and vessel tone maintenance, the production of 
extracellular matrix components, growth regulation, and 
endothelial barrier function.  We have previously shown 
that the constituents of space radiation, charged particles, 
have negative effects on the growth (angiogenesis) and 
maintenance (mature structure and barrier function) of 
microvessels by examining their effects on human 3D 
capillary tissue models (Grabham et al., 2011; Grabham et 
al., 2013a; Grabham et al., 2013b; Sharma et al., 2014).  

In the present report, we describe the effects of simulated 
microgravity on human 3D capillary tissue models. 

    The force of gravity has always been such a subtle 
component of our lives, but life on Earth would be 
tremendously different without the gravitational vector. 
Not only does gravity hold us down, but it also has 
enormous effects with respect to proper growth and 
development. Approximately three centuries ago, Sir 
Thomas Andrew Knight began studying the effects of 
gravity and its implications in growth at the macro-
biological level. He realized that plants orient themselves 
along Earth’s gravitational vector through his experiments 
under normal gravity conditions and under artificial 
gravity simulation. Since then, the studies have become 
increasingly complex and focused on the 
microenvironment to illuminate the implications of 
microgravity conditions on cellular development. 

 Vessel models 
We established a 3D tissue model to use in our 

investigations (Grabham et al., 2011). After 1 day in 
culture within matrix gels, human endothelial cells have 
begun to grow processes through the action of motile tips 
digesting and protruding into the gel matrix (Figure 1). By 
seven days in culture the cells have formed tubes with 
lumens of comparable diameter to capillaries in vivo 
(Figure 1). The cells in the tissue model display a more 
differentiated phenotype than cells cultured in 
monolayers.  There are over 120 gene expression changes, 
in addition to differences in secreted proteins.  Mitosis is 
very low and spontaneous DNA repair foci are also very 
low, although the nuclei still display the DNA damage 

The Effects of Simulated Microgravity on the 
Development and Structure of Human Blood 

Capillaries  
Yen-Ruh Wuu, Preety Sharma, and Peter Grabham  

 

Figure 1.  Human microvessel model grown from Human 
Umbilical Vein Cells (HUVEC).  On day 1 the endothelial 
cells have started to grow motile tips. By day 7 the network 
of vessels has formed. 
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and repair characteristics typical of the 
dose and type of radiation (Grabham et 
al., 2012). There are also tight junctions 
between the cells indicating the 
presence of an endothelial barrier.  
These characteristics make the model 
closer to in vivo capillaries and it can be 
utilized as a more relevant and accurate 
experimental model. For angiogenesis 
studies the cultures are subjected to 
simulated microgravity on day 1 during 
the initial outgrowth of cells with motile 
tips. For studies on mature vessels, the 
cultures are subjected to microgravity 
on day 7 after the microvessels have 
matured.  

Angiogenesis 
Angiogenesis is the growth of new 

blood vessels.  For adults, it is 
important in maintaining the 
microvasculature by replacing damaged 
or dysfunctional blood vessels.  Without 
it there is a gradual decline in the blood 
microvessels (rarefaction) as capillaries 
are damaged but not replaced. Although 
there is little angiogenesis occurring at 
any one time in adults, the inhibition of 
microvessel growth is important to 
vascular health in more than one way.  
First, many angiogenesis factors are 
also involved in maintenance of mature 
microvessels. Thus, mature vessel 
function can also be compromised. 
Second, some angiogenesis factors are 
conserved across different cell types, so 
effects may not be restricted to 
endothelial cells. Last, space travel, 
especially a trip to Mars (2 years) 

Figure 2.  Effect of clinostat rotation on the growth of human 
microvessels. Stationary controls (A) and Horizontal spin (D) 
have no effect on vessel growth. Vertical spin (B) and 3D spin 
(C) inhibit microvessel formation. Structures end abruptly 
(arrowhead) or appear thinner (arrow).  The length of vessels 
present per unit area was measured (E) and found to be 
significantly reduced by different rates of vertical or 3D spin, 
but not by horizontal spin. 

Figure 3.  History of vessel growth in stationary and rotated cultures. A) Control cultures 
show thick vessels with adjacent collagen tunnels (arrow). Rotated cultures show reduced 
vessels but well-formed collagen tunnels. Some tunnels are empty, containing no vessels 
(arrowhead).  Quantitation of vessels (B) and tunnels (C) show that the vessel length 
declines after day 3, about the same time that empty tunnels increase.   

A 

E 
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requires spending significant time in the space 
environment, giving enough time for rarefaction and 
resulting pathologies to occur.  

Our initial experiments addressed the early motile tip 
stage of development. After 24 hours in various types of 
rotation (simulating microgravity) there was no change in 
the frequency of motile tips (not shown). Thus simulated 
microgravity appears to have no effect on the early stages 
of angiogenesis. However, when the cultures are allowed 
to develop over 7 days in clinostat rotation, we observed a 
reduction of overall vessel length under certain rotations. 
ure 2 shows this long–term effect in vertical and 3D 
rotations. Vertical spins at 1, 5 and 10 rpm in addition to 
3D 10 x10 rpm spins all inhibited the formation of 
vessels. Inhibition after vertical spins indicates that 
disruption of the vector of gravity is sufficient to cause an 
effect. An effect at a slow speed of 1 rpm in the culture 
flask indicates that the effects seen here are not due to 
turbulence of the media in the culture flasks.  

Mature microvessels secrete collagen around the 
tubes, forming a collagen tunnel. We utilized this feature 
to see the history of vessel growth and find out how the 
vessel growth had been inhibited. Figure 3 shows the 
vessels and the collagen tunnels in control and rotated 
cultures. Vessel formation appears to occur normally up 
to 3 days in culture, but at 7 days there are empty collagen 
tunnels, indicating that the microvessels formed normally 
but collapsed after maturity. 

Summary 
1) Removal of the vector of gravity (vertical spin) is 

sufficient to inhibit the formation of vessels. It is not 
necessary to redistribute gravity globally to see inhibition. 

2) The later stages of angiogenesis are affected. 
Microvessels collapse as they mature.

     3) The effect of microgravity is distinct from radiation 
effects. 

4) Mature microvessels are affected in a similar way 
(not shown). 

5) Preliminary results show that the effects of 
microgravity on angiogenesis are additive to the effects of 
space radiation. 
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Clinical observations and experiments with animals 
demonstrated that cranial irradiation used for brain tumor 
treatment may cause substantial cognitive deficits due to 
neuronal and endothelial cell damage, as well as 
inhibition of the proliferation and death of 
oligodendrocyte precursor cells (OPC) and neural stem/ 
progenitor cells (NSC/NPC) [1-8]. Ionizing radiation 
alone or in combination with chemotherapy (using 
Temozolomide with DNA damage activity) is the main 
treatment procedure for brain tumors including 
glioblastoma. Glial cells exhibit a substantial degree of 
radioresistance, while adult neurons, endothelial cells 
and, especially OPC and NSC/NPC, are highly sensitive 
to ionizing radiation alone or in combination with 
chemotherapy. 

The mechanism of natural surveillance and killing of 
cancer cells based on the enhancement of the immune 
response has been successfully used in the recent 
realizations of immunotherapy, due to the introduction of 
immune checkpoint inhibitors including inhibitory 
antibodies to PD1 or its ligand PD-L1, which often is 
expressed by cancer cells [9-11]. There are, however, 
significant problems to effectively apply immunotherapy 
for brain tumor treatment, due to the blood-brain barrier. 
A complementary possibility for cancer treatment is 
activation of cell signaling receptors, which could 
regulate gene expression controlling cell death 
differentially in cancer cells, compared to non-malignant 
cells, as well as a simultaneous suppression of PD-L1 
surface expression. Cannabinoid receptor CB1 is the most 
abundant cell surface receptor in the brain; cannabinoid 
receptor CB2 is also widely expressed on glial cells [12]. 
Both receptors, by binding endocannabinoids, activate 
signaling cascades, which control proliferation, survival 
and other normal functions. Dysregulation of 
cannabinoid-mediated signaling is one of the leading 
strategies for clonal selection during glioma 
carcinogenesis. Paradoxically, it tightly linked with 
induction of cell death by cannabinoid treatment. 

Numerous investigations of the last decade 
demonstrated cytotoxic effects of cannabinoids on human 
and mouse glioblastoma cells expressing both CB1 and 
CB2 receptors [13-17]. However, specificity of the 
signaling mechanisms involved in regulation of 
glioblastoma cell death by cannabinoids is still not 

completely investigated. Recently, we elucidated the 
effects and probable mechanisms of radiosensitization of 
glioblastoma cells using the intercellular lipid 
messengers, cannabinoids, and protein messengers, such 
as proinflammatory cytokines and death ligands [14, 18]. 
From the numerous members of the cannabinoid family, 
we were focused on actions of cannabidiol (CBB) without 
psychogenic activity, alone or in combination with 
γ-irradiation, for induction of cell death via apoptosis or 
necroptosis in human glioblastoma cells. It was a 
continuation of our studies on radiation-induced signaling 
pathways in normal stem cells and cancer cells with the 
goal of enhancing apoptosis in cancer cells while 
suppressing death pathways in normal cells [8, 19-26]. 
The main goals of our current study are:  i) investigate 

Pro-apoptotic (up-regulation of TRAIL-R2) and 
Immunostimulatory (down-regulation of PD-L1) 

Effects of Cannabidiol in Combination with Radiation 
Therapy (RT) for Treatment of Brain Tumors 

Vladimir N. Ivanov, Jinhua Wu, and Tom K. Hei 

 

Figure 1. IKK-NF-κB inhibitor suppressed while JNK 
inhibitor increased PDL1 surface expression in glioblastoma 
cells.  Immunostaining and FACS analysis of U87MG 
glioblasoma cells was performed 16 h after treatment. 
Inhibitors were dissolved in DMSO, 0.1%. 
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effects of γ-radiation and CBD, alone or in combination, 
on the regulation of PD-L1 expression in glioma cells; ii) 
elucidate signaling pathways and their corresponding 
targets, such as specific transcription factors, which 
control transcription of PDL1 in glioma cells before and 
after treatment with CBD and γ-irradiation; iii) elucidate 
intercellular signaling between glioma cells after 
treatment by γ-irradiation, alone or together with CBD, 
and CD8+ T-cell-mediated immunity.   

Since the promoter of the PDL1 gene contains at least 
four NF-κB binding sites, as well NF-AT and STAT1/3 
binding sites, we used small molecule inhibitors of 
signaling proteins: BMS344551 for IKKβ, LY294002 for 
PI3K-AKT, SB203580 for MAPK p38 and SP600125 for 
JNK1-3 to confirm significance of the corresponding 
pathways in regulation of PDL1 in human glioblastoma 
cells. Immunostaining and FACS analysis confirmed 
well-pronounced cell surface expression of PD-L1 in 
U87MG glioblastoma cells (Fig. 1A). The presence of 
BMS244551 in the culture media substantially decreased 

PD-L1 levels, SP600125 demonstrated the opposite effect 
on the ligand levels while inhibitors of PI3K-AKT and 
MAPK p38 did not show a pronounced effect (Fig. 1).  
CBD treatment (16 h) of glioblastoma cells, alone or in 
combination with γ-irradiation, induced substantial 
changes in levels of active phosphorylated signaling 
proteins, including down-regulation of AKT-P and 
ERK1/2-P, dramatic up-regulation of JNK1/2-cJUN 
levels, and pronounced up-regulation of MAPK p38-P 
levels. Active and total levels of NF-κB p65 were 
relatively stable (Fig. 2). Phosphorylation of p53 and             
up-regulation of BAX was indicative for activation of the 
mitochondrial apoptotic pathway in these conditions (Fig. 
2).  

Negative regulation of PD-L1 surface levels by JNK 
(see Fig. 1, where JNK1/2 inhibitor upregulated PD-L1 
surface expression) and dramatic up-regulation of JNK 
activity by CBD might suggest suppression of PD-L1 
expression by CBD. We indeed observed a negative 
regulation of PD-L1 surface expression by CBD treatment 

Figure 2. Effect of CBD, alone or in combination with 
γ-irradiation, on signaling protein levels in human 
glioblastoma cells. Western blot analysis was performed 
using total protein extracts isolated 16 h after treatment. 
Arrows indicate down-regulation or up-regulation of active 
signaling proteins, as well as BAX and HO1. 

Figure 3. (A) CBD alone or in combination with 
γ-irradiation decreased surface expression of PD-L1 in 
glioblastoma cells. (B) CBD alone or in combination with 
γ-irradiation increased surface expression of 
DR5/TRAIL-R2 in glioblastoma.  Immunostaining with the 
subsequent FACS assay was performed 16.5 h after 
combined treatment. CBD was diluted in 0.1% DMSO and 
was added 0.5 h before irradiation. 
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(Fig. 3A) that was accompanied by dramatic activation of 
JNK (Fig. 2). In contrast, surface expression of a death 
receptor DR5/TRAIL-R2 was notably increased after 
CBD treatment and after γ-irradiation (Fig. 3B; and data 
not shown). Quantitative real-time PCR demonstrates a 
moderate variation in PD-L1 and PD-L1-2 levels 1-16 h 
after CBD treatment, with relative minor but statistically 
significant down-regulation of these levels 16 h after 
treatment. However, the presence of JNK1/2 inhibitor 
SP600125 did not upregulate basal levels of these mRNA. 
In contrast, IKK-NF-κB inhibitor moderately decreased 
the basal levels of PDL1 and PDL1-2 at several time 
points after treatment (Fig. 4). Taken together, these data 
confirmed CBD-mediated downregulation of transcription 
and surface protein expression of PD-L1 and indirectly 
indicated a negative role of JNK in protein translocation 
(but not in transcription) of PD-L1.  

Importantly, cannabidiol pretreatment simultaneously 
induced a substantial upregulation of TRAIL-R2/DR5 
surface expression in U87MG glioblastoma cells 
(Fig. 3B). Quantitative RT-PCR analysis demonstrated a 
moderate upregulation in DR5 mRNA levels 18 h after 
CBD treatment, while γ-radiation induced a significant 
up-regulation in DR5 levels 4 h after treatment (data not 
shown). 

The third aim of our study will include investigation 
of immunomodulation of glioblastoma phenotype by 
CBD-induced signaling of the tumor microenvironment, 
with special attention to opposite effects on up-regulation 
of protein expression of death receptors versus PD-L1.    
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The ecological effects of accidental or malicious 
radioactive contamination are insufficiently understood 
because of the hazards and difficulties associated with 
conducting studies in radioactively polluted areas. Data 
sets from severely contaminated locations can therefore 
be small. Moreover, many potentially important factors, 
such as soil concentrations of toxic chemicals, pH, and 
temperature, can be correlated with radiation levels and 
with each other.  

Such complexity of ecological data can make their 
analysis challenging. For example, the abundance of 
studied organisms in soil can be affected not only by the 
severity and composition of contamination, but also by 
other environmental variables. Identifying the effects of 
these factors can provide insight into predicting and 
understanding the ecological impact of radioactive 
contamination, and potentially into mitigating its impact 
by bioremediation. 

Generalized linear models (GLMs) are a popular tool 
for analyzing ecological data. GLM-based analysis can be 
enhanced by using multi-model inference (MMI), which 
involves using potentially relevant predictor variables to 
construct multiple models and quantify the strength of 
support from the data for each model based on 
information theory (e.g. using the sample-size-corrected 
Akaike information criterion). The models can then be 
combined by model averaging, where each model’s 
contribution is weighted by its support. Compared with 
using a single model, this procedure generally produces 
more robust parameter estimates and uncertainties. 
Another very useful property of MMI is that predictor 
variables, which were present within the evaluated set of 
models, can be ranked by their importance. For example, 
a predictor that is consistently present in all highly-
supported models can be considered much more 
important than another predictor, which appears only in 
poorly-supported models. 

However, in ecological data sets some (or even most) 
of the potential predictors can be irrelevant for describing 
the outcome. Some predictors can have effects that are too 
small to be reliably detected at the available sample size. 
MMI often assigns relatively small, but nevertheless non-
zero importance to such variables. Consequently, there is 
no easily identifiable “threshold” for distinguishing 
valuable predictors from noise variables.  

An intuitive solution for this problem is to introduce 
into the data set some artificially-generated noise 
variables [1] which “mimic” the real predictors. 
Analyzing the data set with such synthetic noise variables 

being included allows the researcher to identify those 
predictors that achieve higher importance than the noise 
variables. In other words, artificial noise variables serve 
as “benchmarks” for distinguishing “signal” from “noise”. 

Another useful way to utilize synthetic noise is to 
apply it directly to the predictors. For example, 
continuous predictor variables can be modified by adding 
to them some normally-distributed random values. This 
approach enables the researcher to estimate the robustness 
of analysis conclusions in the presence of random 
fluctuations in the data: more robust conclusions will, up 
to a point, withstand larger fluctuations. In addition, 
artificial effects of selected predictors on the outcome can 
be introduced. This artificially strengthens the association 
between the selected predictors and the outcome. Using 
this method, the researcher can estimate how large does 
the effect of a selected predictor need to be in order to 
become detectable by the analysis procedure, given the 
limitations (e.g. small sample size) of the data set at hand. 

The approaches using GLMs and MMI can work 
reasonably when the number of predictors is much 
smaller than the number of observations. However, often 
the number of potentially relevant predictor variables can 
be similar to or even exceed the number of observations. 
In such situations, GLMs either cannot be fitted at all or 
can provide very inaccurate parameter estimates.  

Advantages of Synthetic Noise and Machine 
Learning for Analyzing Radioecological Data Sets  

Igor Shuryak 

 

Figure 1. Graphical representation of Pearson correlations 
between numerical variables in data set II (bacteria at 
Hanford). 
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Ensemble methods in machine learning offer powerful 
alternatives. Briefly, they train and test multiple models of 
a given type (e.g. decision trees or GLMs) on randomly-
selected subsets of the data, and combine the results. In 
this manner, they generate more robust and accurate 
predictions than would be possible using a single model 
[2]. They can handle situations where the number of 
predictors is larger than the number of observations, 
and/or most of these predictors are in fact irrelevant. 

The following three machine learning methods may 
represent good options for handling those radioecological 
data sets, which prove difficult to analyze by GLMs: 

(1) Random generalized linear models (RGLMs) [3] 
uses GLMs as base models. Predictor variables 
for the GLMs are selected by minimizing the 
Akaike information criterion. Bootstrap 
aggregation (bagging) is used to extend this 
approach as an ensemble method. This relatively 
recent machine learning algorithm was reported to 
have state-of- the-art performance [3]. 

(2) Random forests (RF) [4] have become very 
popular for both classification and regression 
problems. This method uses decision trees as base 
models, and employs bagging and tree de-
correlation approaches to improve performance. 
Decision trees have some very useful properties 
for analyzing noisy data sets with different 
predictor types and large ratio of predictors to 
observations: they are robust against outliers and 
to the presence of many irrelevant predictors, and 
are unaffected by monotonic (e.g. logarithmic) 
transformations of the predictors [2].  

(3) Generalized boosted regression modeling 
(abbreviated as GB here for convenience) [2] also 
uses decision trees. Unlike RF, however, trees are 
averaged by boosting rather than bagging. 
Boosting involves iterative fitting of trees: the 
data are reweighted so that the next trees focus 
more strongly on those data points on which 
previous trees performed poorly. 

A commonly-occurring problem in ecological data 
sets is collinearity: predictors can be strongly correlated 
with each other. For example, the concentrations of 
several types of radionuclides and toxins, which were 
released from a common source, can be correlated in soil 
samples. GLM-based analysis of data sets with strong 
collinearity can produce unreliable parameter estimates 
and uncertainties and therefore can lead to misleading 
interpretations about the effect of any given predictor. 
Tree-based methods, such as RF or GB, are more robust 
in the presence of collinearity. However, to mitigate the 
effects of collinearity even further it can be useful to 
remove those predictors which: (1) are strongly correlated 
to other predictors (e.g. Pearson correlation coefficient 
> 0.7) and/or (2) have the highest variance inflation 
factors (VIF).  

Here, we use the methods described above (GLMs, 
MMI, machine learning, and synthetic noise) on two 
published examples of small radioecological data sets. 
These examples are interesting because they provide 
information about the effects of very severe radioactive 
contamination on soil microorganisms under field 
conditions. As mentioned previously, data sets of this type 

Figure 2. Summary of machine learning analyses of data set II (bacteria at Hanford) by the RGLM, RF and GB methods. The x-axis 
lists predictor variables, and the y-axis displays VIMr (bars = mean values for 1000 runs with different random number seeds, error 
bars = range). VIMr values > 1 indicate that the particular predictor achieved higher importance than any of the synthetic noise 
variables. The analyses were repeated under different amounts of normally-distributed noise (ν), as listed in the legend.  
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are quite rare due to the hazards of working in heavily 
contaminated locations. 

The first data set consists of numbers of fungal taxa 
isolated from several locations near the Chernobyl nuclear 
power plant during the first 5 years after the accident [5]. 
This is a unique data set because it describes how fungi 
were affected by Chernobyl fallout shortly after the event.  

The second data set consists of the abundance of 
bacteria in soil (the logarithm of the colony forming unit 
concentration per ml, logCFU) contaminated by a leaked 
radioactive waste storage tank at the Hanford site, near 
Richland, Washington [6]. To our knowledge, this is the 
only detailed published study of the effects of high-level 
nuclear waste on soil bacteria.  

We propose that analysis of small radioecological data 
sets (such as the two examples given above) by GLMs 
and/or machine learning can be made more informative 
by using the following techniques: (1) adding synthetic 
noise variables to provide benchmarks for distinguishing 
the performances of valuable predictors from irrelevant 
ones; (2) adding noise directly to the predictors and/or to 
the outcome to test the robustness of analysis results 
against random data fluctuations; (3) adding artificial 
effects to selected predictors to test the sensitivity of the 
analysis methods in detecting predictor effects; (4) 
running a selected machine learning method multiple 
times (with different random-number seeds) to test the 
robustness of the detected “signal”; (5) using several 
machine learning methods to test the “signal’s” sensitivity 
to differences in analysis techniques.  

Our analysis of data set I (fungi at Chernobyl) using 
GLMs (Poisson regression) suggested that the most 

important predictors of fungal taxa numbers were the 
average log-transformed level of radioactive 
contamination (AvLogRad) and time after the Chernobyl 
accident. However, collinearity of predictors may have 
distorted these results. The proposed methodology 
(reduction of collinearity by removal of the variable with 
the highest VIF, and introduction of synthetic noise 
variables as benchmarks for MMI-estimated predictor 
importance) indicated that only the first of these variables 
(AvLogRad) consistently outperformed noise variables. In 
other words, the proposed methodology provided more 
confidence in the conclusion that the level of radioactive 
contamination was the most influential predictor in this 
data set. 

The analysis of data set II (bacteria at Hanford) 
showed that many contaminants (especially logTc, logCr, 
logNO3 and logNO2, Fig 1) were positively correlated 
with each other, because they were all released from a 
common source – the leaked nuclear waste tank. This 
situation can lead to the problem of collinearity, where the 
results of data analysis can be distorted. Linear regression 
performed on this data set indeed suggested the presence 
of collinearity: several predictors had very high VIF 
values. None of the predictors reached statistical 
significance. 

Next, we analyzed data set II by the proposed 
approach using three machine learning methods with 
synthetic noise variables. Adding various amounts of 
noise (either normally or non-normally distributed) to the 
predictors and to the outcome expectedly broadened the 
ranges of mean relative importance (mVIMr) scores 
attained by each predictor, but did not change the overall 

Figure 3. Summary of machine learning analyses of data set II (bacteria at Hanford) by the RGLM, RF and GB methods conducted 
under different amounts of non-normally-distributed noise (ν), as listed in the legend. The meanings of the axes and variables are the 
same as in Fig 2.  
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pattern: only logCr robustly outperformed noise variables 
(Figs. 2-3).  

For all three machine learning methods, logCr 
maintained mVIMr > 1, suggesting that this predictor on 
average outperformed noise, even when the noise added 
to all predictors and the outcome had a magnitude of 
ν=0.2. When the noise magnitude was increased to 0.5, 
mVIMr for logCr dropped to 0.97 for RGLM, but 
remained >1 for RF and GB (Fig. 2). Using the GB 
method, mVIMr of logCr was exceptionally robust: to 
reduce it to < 1, we had to: (a) increase ν to 1.0 for all 
variables, or (b) set ν to 2.5 for logCr while keeping it at 
0.5 for all other variables. Qualitatively similar results 
were obtained for non-normally (log-normally) 
distributed noise (Fig. 3).   

These analyses using various forms of noise all 
pointed to logCr as the most informative predictor of 
logCFU. Somewhat unexpectedly, the dominant 
radionuclide 137Cs consistently achieved lower importance 
scores, within the range of noise variables. This result 
remained unchanged when the most correlated predictors 
were dropped and/or when noise was added to the 
predictors and to the outcome. When logCr was dropped, 
no other predictor was able to achieve high mVIMr. This 
result, together with the failure to detect important 
interactions by RF, suggested that the high importance 
scores of logCr are not likely to be due to variable 
interactions, but may in fact represent a strong main effect 
of Cr. In other words, Cr concentration was selected as 
the strongest predictor of bacterial abundance. When used 
as the only predictor in a linear model, logCr had a strong 
negative effect on logCFU and explained a non-negligible 
portion of the data variability: R-squared = 0.41. 

In summary, we showed that the proposed techniques 
were advantageous compared with the methodology used 

in the original publications where the data sets were 
presented. Specifically, our approach identified a negative 
effect of radioactive contamination in data set I, and 
suggested that in data set II stable chromium could have 
been a stronger limiting factor for bacterial abundance 
than the radionuclides 137Cs and 99Tc.  

Full study published in: PloS one 12 (1), e0170007. 
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Thoracic radiotherapy is an important treatment 
modality for lung cancer. However, given the sensitivity 
of normal lung tissue, lung toxicity is a clinically 
important side effect of such therapy. Both short-term 
(radiation pneumonitis) and long-term (pulmonary 
fibrosis) effects of radiotherapy have been reported [1], 
and can substantially decrease quality of life for these 
patients.  Correlations between normal tissue effects 
following radiotherapy and predictive assays have been 
extensively investigated with mixed results [2-5]. Positive 
correlations have been demonstrated for both early [6-8] 
and late [9, 10] responses. 

The availability of multiple high-throughput assays 
performed with the RABiT provides the potential to 
investigate associations between specific biomarkers and 
radiation sensitivity in human populations. The objective 
of this study is to investigate correlations between 
appropriate RABiT chromosomal assays and the 
individual risk of radiotherapy-induced pneumonitis. 
Specifically, blood samples were obtained from lung 
cancer patients prior to thoracic radiotherapy (with full 
consent under IRB approved protocols) and irradiated ex 

vivo with X rays and assayed for dicentrics. Cultures were 
processed for chromosomal analyses using standard 
protocols and dicentrics were visualized by dual staining 
of centromeres and telomeres using specific PNA probes 
(PNAbio) employing the manufacturer’s suggested 
protocols. A typical chromosomal spread used for the 
analyses is presented in figure 1.  

There appeared to be a clear dose dependent increase 
in dicentrics following x-irradiation in all individuals 
assayed (figure 2). Background frequencies of dicentrics 
in individual samples ranged from 0.016 to 0.04 per 
metaphase. At 2 Gy the yields were between 0.09 and 
0.18 and rose to 0.22-0.47 following exposure to 4 Gy 
X rays.  

The individual variations in the data, especially at 
higher doses, are similar to that seen in previous studies 
of RABiT assays that drew from a heterogeneous 
population. While these very preliminary findings are 
encouraging in that they are in keeping with previous ex 
vivo irradiated data, their significance cannot be assessed 
till the pneumonitis data become available (radiation-
induced pneumonitis typically takes 6-9 months to 
develop) and the numbers of patients recruited is 
increased. 
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Figure 2. Frequencies of dicentrics observed in control 
samples and following exposure to 2 or 4 Gy X rays. Dotted 
lines indicate individual patients and the bold red line 
represents the mean (± SD) of all data at that particular 
dose. 

Figure 1. Example of typical metaphase spread analysed in 
the dicentric assay. Centromeres are labeled with FITC-
centromere PNA probe (green) and telomeres are labeled 
with TR-telomere PNA probe (red). Chromosomes are 
counterstained with DAPI. Arrow indicates a dicentric 
chromosome. 
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A long-standing goal in radiation and cancer research 
is to find a good model for studies related to treatment-
induced cellular damage. Such a model will be important 
for the estimation of damage induced by radiation therapy 
or chemotherapy. Specifically, a cytogenetic model will 
be very important in revealing the radiation-induced 
damage to the hematopoietic system, which is one of the 
most radiation sensitive systems in the human body. In 
addition, the persistence of translocations of cycling 
human hematopoietic stem and progenitor cells can be 
used for the study of processes involved in the malignant 
transformation of the hematopoietic system after radiation 
exposure [1]. 

Until recently, systematic studies of the damage 
induced in human cells were possible only in vitro. These 
studies delivered important information, but had all the 
limitations of studies done with cells out of their natural 

environment [2]. In the last 10 years the establishment of 
humanized mouse models have allowed in vivo studies of 
the human hematopoietic system in great detail. In 
principle, all stages of human cell development, including 
HSC, early and late progenitors, and terminally 
differentiated cells, can be studied for radiation effects [3]. 

Here we present a methodology that can be used to 
study chromosomal translocations of a very early human 
hematopoietic cell fraction that includes hematopoietic 
stem cells, multipotent progenitors, common lymphoid 
progenitors, common myeloid progenitors, and others. 
This methodology can be used to access the distribution 
of the radiation induced chromosomal damage in the early 
stages of blood cell development. In addition, classifying 
this damage can be useful to study processes involved in 
malignant transformation of hematopoietic cells, as a 
result of radiation exposure. 

Estimation of Radiation Induced Chromosomal 
Aberrations in Human Hematopoietic Progenitor 

Cells Derived from Bone Marrow of Humanized Mice  
Monica Pujol and Lubomir Smilenov 
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Methods 
Humanized mice were generated by engraftment of 

human CD34+ cells from human cord blood in 
immunodeficient mice from the NSG strain (NOD.Cg-
PrkdcscidIl2rgtm1Wjl/SzJ). Briefly, five-week-old mice were 
irradiated with 2 Gy of γ-rays in order to facilitate human 
stem cell engraftment and 20 h later 200,000 human cord 
blood CD34+ cells were injected into each mouse through 
the tail vein. The mice were analyzed for human cell 
engraftment 12 weeks later. For the mFISH studies, bone 
marrow (BM) cells were isolated from the femurs of the 
mice. Human lineage negative CD45+, CD38+, CD34+ 
cells were isolated from the BM using a FACS ARIA cell 
sorter (Beckton Dickinson). To obtain enough cells for 
the cytogenetic studies, 50,000-150,000 sorted cells were 
expanded in StemSpan SFEM II media supplemented 
with human cytokines (Flt3L, SCF, IL-3 and IL-6), which 
is formulated to support the proliferation of human 
hematopoietic stem and progenitor cells (Stem Cell 
Technologies). Five days after setting up the culture, 
0.1ug mL-1 colcemid was added and the cultures were 
harvested 4 h later. Immediately after that, the cells were 
treated with 0.075 M hypotonic solution at 37°C for 10 
minutes, fixed with 3:1 methanol:acetic three times, 
dropped on a pre-cleaned glass slide, air dried and kept at  
37oC. Two days later, these slides were treated with 0.02 
g mL-1 pepsin for 10 minutes before adding hybridization 
solution containing the 24XCyte human probe-kit 
(MetaSystems, Germany). This kit contains chromosome 
probes labeled with specific fluorochrome combinations 
for each chromosome. The slides were denatured at 73°C 
for 3 minutes and hybridized for 24h at 37°C in 
ThermoBrite   (Leica,   Germany).     After   washing  and 

staining with DAPI, the slides were examined, using a 
fluorescent microscope (Carl Zeiss, Jena, Germany) with 
filter sets for FITC, Cy3.5, Texas Red, Cy5, Aqua and 
DAPI. Images were analyzed using ISIS mFISH imaging 
software (MetaSystems, Altlussheim, Germany). 

Using this methodology, at least 500 high quality 
metaphases from 50,000-150,000 sorted human cells were 
scored (an example of the metaphases scored can be seen 
in Fig.1).    

Conclusions 
The results presented here show that human cells from 

the BM of humanized mice can reliably be used for 
cytogenetic studies. These results show the possibility to 
study chromosomal damage of the human hematopoietic 
system irradiated in vivo with protocols similar to those 
used for tumor radiation therapy. 
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Figure 1. Representative image of metaphase chromosomes obtained from lineage negative human progenitor cells isolated from the 
BM of humanized mice.  
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Highlights 
• Outbred mice (HS/Npt stock) were exposed to 

0.4 Gy high-z high-energy (HZE) ions or 3 Gy 
ɣ rays and compared to unirradiated animals to 
assess radiation-associated damage to the lens 

• Prevalence of lens damage was monitored by 
periodic dilated slit lamp exam for up to 18 months 

• Virtual OptoMotry was used to assess visual 
function and correlated well with slit lamp findings 

• 0.4 Gy HZE ions or 3 Gy gamma rays are 
equitoxic for lens opacities. Relative Risk (RR) for 
grade 2.0 opacities is >2.3 

• Some murine families are radiosensitive; genetic 
determinants appear to contribute to 
cataractogenesis 

• Future work is directed at determining specific 
genetic loci that predispose to radiation-associated 
lens damage 

Introduction 
During space missions, astronauts face not only acute 

risks, but also long-term late effects from exposure to 
galactic cosmic ray exposure. There is a significant 
association between exposure to space radiation and 
cataract. 

The purpose of this study was to evaluate radiation 
cataract risk in a genetically heterogeneous mouse 
population, possibly leading to identification of specific 
genetic determinants that may modify risk for radiation-
induced lens changes following either gamma or HZE 
irradiation. 

The lens of the eye is one of the most radiosensitive 
tissues in the human body and both human and 
experimental animal studies demonstrate that ionizing 
radiation exposure induces specific lens changes 
beginning in the posterior subcapsular region. 
Experimental mouse studies established radiation cataract 
as a useful model to determine the genetic contribution 
for risk from ionizing radiation.  In particular, the unique 
morphology of the lens and the ease of repeated non-
invasive observation make such studies possible.  

This study was the first to utilize a genetically diverse, 
outbred mouse model, the HS/Npt stock (Heterogeneous 

Stock/Northport), to mimic genetic heterogeneity, such as 
that found in human populations. The study seeks to 
identify single nucleotide polymorphisms (SNPs) or low 
or high penetrance genes that influence the biological 
responses to space radiation. 

Specifically, this work examined the prevalence of 
lens changes in an HZE ion irradiated cohort as compared 
to equivalent, age matched, unexposed or gamma ray 
irradiated mice. 

Preliminary Findings 
A summary of stage 2 radiation-associated lens 

changes as a function of time after irradiation is shown in 
Fig. 1.  95% confidence intervals are shown for 0.4 Gy 
HZE or 3 Gy gamma-ray irradiated and unexposed 
controls as lightly shaded red, green and blue bands, 
respectively.  By 800 days following irradiation, greater 
than 75% of either HZE or gamma ray irradiated 
populations had a 2-3 fold greater risk for opacities in one 
or both eyes. There was a considerable overlap in the 
cataract prevalence in both irradiated groups of mice, 
suggesting that at these doses HZE ions and gamma rays 
were equitoxic. 

While the HP/Npt mouse population is genetically 
diverse, it can be roughly subdivided into 47 family 
groupings that are more closely genetically related. When 
cataract prevalence was compared among these family 

Radiation Cataract in Heterogeneous Stock (HS) 
Mice after Gamma-ray or HZE Ion Exposure 

Norman J. Kleiman, Michael M. Weila, and Eric J. Hall 

 

Figure 1. Prevalence of radiation cataract stage 2 opacities 
as a function of time post-irradiation.  Kaplan-Meier 
analysis was applied to the raw data to account for animal 
loss. As expected, HZE (0.4 Gy) and gamma ray (3 Gy) 
exposure increases the incidence and severity of lens 
opacities. 
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groupings, certain radiosensitive or radioresistant trends 
were noted.  For example, Fig. 2 shows increasing 
prevalence of radiation-associated lens changes over time 
(increasing severity is depicted as color bars changing 
from gray to blue to yellow to orange to red) within 
certain families.  It is clear that certain family groupings 
have increased risk.  For example, two families have 
multiple members with orange or red cataract stages, 
while most other families have a majority of gray or blue 
bars. A more detailed comparison of two representative 
families is shown in Fig. 3.  Family group 34 (Fig. 3A) 
has multiple individuals with cataract grades between 2 
and 4 whilst family group 15 (Fig. 3B) has no individuals 
with cataract grades greater than 1.5, providing strong 
support for a genetic component of radiation cataract. 

One problem with using eye examinations to examine 
radiation induced lens changes in mice is that the subject 
(the mouse) can’t describe its visual disability. To address 
this shortcoming, a new methodological approach, Virtual 
OptoMotry testing (VOT), was employed to objectively 
measure contrast sensitivity.  In this method, the mouse’s 
response to visual stimuli is quantified and compared to 
slit lamp eye exams. 

Table 1 presents VOT data from an examination of 
three animals with three different cataract scores by slit 
lamp exam. Mice A and B were exposed to 3 Gy gamma 
rays while mouse C was an unexposed control.  The left 
eye of mouse A (OS) contained a small opacity (1.0) 
while the right eye (OD) did not.  By VOT, there is a 
corresponding   decrease    in   frequency    threshold   and  

Figure 2.  Familial predisposition for radiation cataract following exposure to 3 Gy gamma irradiation.  Each line across represents 
an individual animal. The horizontal axis reflects increasing time after gamma irradiation. Each colored box represents the cataract 
severity noted during each eye exam.  Increasing lens opacity severity scores are depicted as color shifts from gray (no opacity) to blue 
to yellow to orange to red (stage 4 opacity - the highest score observed).  The black horizontal lines separate specific family groupings.  
Nine of the 47 families are shown in this figure.   
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Figure 3. Two representative family groups are shown with lens opacity scores depicted in an increasing scale from gray (no opacity) 
to blue to yellow to orange to red (stage 4 opacity - the highest score observed).  The horizontal axis represents increasing time after 
exposure to 0.4 Gy HZE ions. Each colored box represents a single data point reflecting cataract severity at that particular slit lamp 
examination.  Although mice were followed for up to 18 months post irradiation, only the most recent observations are depicted, as 
cataract severity and stages remained relatively low at earlier times of observation for all exposure groups. 
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*cycles per degree 

increasing contrast threshold in the left eye as compared 
to the right eye.  Similarly, mouse B had more severe 
changes in both eyes (2.0) and VOT confirmed 
corresponding and equivalent changes in frequency and 
contrast thresholds in each.   Mouse C was 
unexposed, and the frequency and contrast thresholds for 
this animal correspond to values reported for mice 
without visual disability. 

Discussion 
The findings of this study are directly relevant to 

explanations of observed inter-individual differential 
radiosensitivity in human populations and may also have 
important implications for those undergoing radiotherapy 
or diagnostic procedures as well as occupationally 
exposed individuals.  These findings are also directly 
relevant to estimation of individual risk for astronauts 
following exposure to cosmic radiation during space 
travel. 
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Table 1.  VOT contrast and frequency threshold 
measurements in irradiated and control mice: 
comparisons with Merriam-Focht scores 
 Frequency 

threshold for 99% 
contrast (c/d*) 

Contrast 
threshold for 
0.064 c/d (%) 

Irradiated mouse A: OD 0.0, OS 1.0 
CCW (left) 0.292  29.5 
CW (right) 0.383 9.0 
Combined 0.338 19.3 

Irradiated mouse B: OD 2.0, OS 2.0 
CCW (left) 0.211 55.1 
CW (right) 0.219 53.1 
Combined 0.215 54.1 

Unirradiated mouse: OD 0.0, OS 0.0 
Combined 0.378 6.5 
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In the event of an improvised nuclear device 
detonation, the prompt radiation exposure would consist 
of photons plus a neutron component that would 
contribute to the total dose. As neutrons cause more 
complex and difficult to repair damage to cells that would 
result in a more severe health burden to affected 
individuals [1], it is paramount to be able to estimate the 
contribution of neutrons to an estimated dose, to provide 
information for those making treatment decisions. We 
describe, for the first time, the gene expression profile of 
mouse blood cells following exposure to neutrons. We 
have found that neutron radiation results in both distinct 
and common gene expression patterns compared with 
x-ray radiation. 

Mice were either sham-irradiated or exposed to 0.25 
Gy or 1 Gy of neutron irradiation or 1 Gy or 4 Gy of x-ray 
irradiation. Global gene expression was measured in the 
blood of mice sacrificed 1 and 7 days post-irradiation 
using Agilent Whole Mouse Genome Microarrays. Class 
comparison using BRB-ArrayTools [2] identified a total 
of 7285 and 5045 genes differentially expressed 
(p < 0.001, false discovery rate (FDR) < 5%) between 
unirradiated controls and neutron or x-ray exposed 
samples, respectively. The number of differentially 
expressed genes varied with time, dose, and radiation 
quality (Table 1). Following neutron exposures, genes 
were predominantly down-regulated, with nearly all 

differentially expressed genes being under expressed on 
day 7 post-exposure. Up- and down-regulated genes were 
more evenly divided after x-ray exposure. 

We also sought to determine the extent to which 
neutrons and x-rays share common differentially 
expressed genes. Venn diagrams revealed the overlap of 
differentially expressed genes after 1 Gy neutron or x-ray 
irradiation to be, for neutron, 20.1% and 7.8% at days 1 
and 7, respectively, and, for x-rays, 51.5% and 79.7% at 
days 1 and 7, respectively. Comparing the overlap of 
differentially expressed genes between 1 Gy neutron and 
4 Gy x-rays, we found the percentages to be 73.9%, 
11.7% (neutron) and 40.4%, 46.1% (x-rays) at days 1 and 
7, respectively (Figure 1). In all, 272 genes were common 
to the response to 1 Gy neutrons and both 1 and 4 Gy 
x-rays at day 1 after exposure, and 256 were common to 
all three conditions at day 7 after exposure.  

Finally, we searched for genes with sustained 
differential expression at both day 1 and day 7. The 
higher doses produced the most sustained responses, with 
1105 genes differentially expressed at both times after 1 
Gy neutron and 555 after 4 Gy x-ray exposure. Only 2 
genes were regulated at both times after 0.25 Gy neutrons, 
and 110 after 1 Gy x-ray exposure. Thirty-four genes 
were common to both times after 1 Gy neutron and 1 and 
4 Gy x-ray exposure (Figure 2A). Of these genes, 25 were 
uniformly downregulated. Interestingly, the remaining 
nine genes showed a bi-directional temporal response to 
irradiation. These genes were downregulated at day 1 
post-irradiation,  whereas they were  upregulated at  day 7  

Comparison of Gene Expression Response to Neutron 
and X-ray Irradiation using Mouse Blood  

Constantinos G. Broustas, Yanping Xu, Andrew D. Harken, Guy Garty, and Sally A. Amundson 

 

Table 1.  Differentially expressed genes 
Neutron 

Sample Up Down Total 
N025d1 15 (33%) 31 (67%) 46 
N025d7 17 (2.5%) 674 (97.5%) 691 
N1d1 885 (45%) 1071 (55%) 1956 
N1d7 614 (10%) 5612 (90%) 6226 

X-ray 
X1d1 378 (49.5%) 387 (50.5%) 765 
X1d7 167 (30%) 396 (70%) 563 
X4d1 1389 (39%) 2188 (61%) 3577 
X4d7 1094 (69%) 491 (31%) 1585 

Number of significantly differentially expressed genes in 
mouse blood after neutron or x-ray treatment relative to 
unirradiated controls (p < 0.001), percent of total for each 
condition in parentheses. N025d1: 0.25 Gy neutron, day 1; 
N025d7: 0.25 Gy neutron, day 7; N1d1: 1 Gy neutron, day 
1; N1d7: 1 Gy neutron, day 7; X1d1: 1 Gy X-rays, day 1; 
X1d7: 1 Gy X-rays, day 7; X4d1: 4 Gy X-rays, day 1; X4d7: 
4 Gy X-rays, day 7. Table reproduced from [4]. 

Figure 1. Differentially expressed genes. Venn diagram 
showing overlap patterns of genes that are differentially 
expressed at days 1 and 7 in response to 1 Gy neutron vs. 1 
or 4 Gy x-ray irradiation. Figure reproduced from [4]. 
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(Figure 2B). One of the genes temporally regulated was 
E2f2, a member of the E2F family of transcription factors 
that play important roles in the control of the cell cycle 
[3]. We also performed a search for other differentially 
expressed E2f factors and found that, unlike E2f2, E2f1, 
E2f3, and E2f4 were downregulated only after 1 Gy 
neutron exposure at day 7, showing respectively a 0.44-, 
0.18-, and 0.38-fold change from control levels. In 
contrast, E2f1 and E2f8 showed up regulation (2.38- and 
2.05-fold) after 4 Gy x-rays at day 7. 

In the current work we identify genes that are 
differentially expressed following exposure to neutrons or 
x-rays, as well as genes that showed similar responses to 
the two radiation modalities. Following our initial 
investigation of the gene expression response to neutrons, 
reported here, our future studies will focus on mixed 
exposures, including the possibility of synergistic 
responses. 
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Figure 2. Genes differentially expressed at both times. (A), 
Venn diagram showing the number of genes differentially 
expressed at both time points after exposure to 1 Gy neutrons 
or 1 or 4 Gy x-rays. (B), list of bi-directionally regulated 
genes common to all conditions other than 0.25 Gy neutron 
(P < 0.001) with fold change relative to controls for each 
dose and time. N1d1: 1 Gy neutron, day 1; N1d7: 1 Gy 
neutron, day 7; X1d1: 1 Gy x-rays, day 1; X1d7: 1 Gy x-rays, 
day 7; X4d1: 4 Gy x-rays, day 1; X4d7: 4 Gy x-rays, day 7. 
Figure reproduced from [4]. 

CMCR retreat in Port Jefferson (l to r): Frederic Zenhausern, David Brenner, Mike 
Weil.  Monica Pujol Canadell, Mashkura Chowdhury.  Helen Turner, Jay Perrier. 
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Gene expression responses to radiation can be used in 
the search for biomarker assays for radiation biodosimetry 
[1, 2]. The best candidates for developing these assays are 
those that are part of DNA damage response (DDR) 
pathways and the immune response, and these have been 
studied extensively across a range of doses and types of 
exposures [3-7]. 

In a recently published study, we injected soluble 
Cs-137 into mice and investigated the gene expression 
response in blood across a 30-day period [4]. A large 
number of genes were affected by continuous exposure to 
Cs-137. Between 466 and 6375 genes were differentially 
expressed over the time course, depending on the day of 
sample collection. The maximum number of significantly 
differentially expressed genes was found at day 20, when 
the accumulated dose was 9.5 Gy [4]. Tp53-related genes 
were significantly enriched among the genes that 
responded across the time course, and a large number of 
these genes switched from up-regulated at early times, 2-3 
days, to down-regulated/background at 20-30 days. The 
Tp53 target gene Cdkn1a response also showed this 
pattern, with peak induction at day 3, and a gradual 
reduction in mRNA level to background at day 30.  

We have recently conducted an expanded study at the 
Lovelace Biomedical and Environmental Research 
Institute [8], which is designed to investigate the effect of 
different dose rates by injecting different amounts of 
Cs-137 (from 157 µCi to 259 µCi) into mice. The study 
was designed to address several questions. Which 
genes/biological functions in blood are responsive to 
accumulated dose (ranging from 1.3 to 12.3 Gy) vs dose 
rate (ranging from 0.18 to 1.5 Gy/day)? Are there genes 
that respond as a function of accumulated dose 
irrespective of dose rate? Does the Tp53 target genes, 
such as Cdkn1a, show a similar dose response to internal 
radiation as to acute external exposure? Are blood cells 
and splenocyte gene-expression responses to internal 
radiation similar?  For these analyses, we processed blood 
RNA samples using Agilent Whole Mouse gene 
expression arrays and analyzed the data using BRB Array 
Tools.  In this report, we focus on changes in Cdkn1a 
levels and comparisons between blood and splenocytes [4, 
9]. Cdkn1a gene expression levels in the microarray 
studies were detectable in all samples and fold changes 
(after normalization and compared with time matched 
sham-injected controls) are shown in Figure 1 (shades of 
orange).  

Comparison of Cdkn1a mRNA Levels in Blood and 
Spleen after Irradiation by the Internal Emitter Cs-137  

Shanaz A. Ghandhi, Johanna Steinbrecher, Melanie Doyle-Eiselea, Waylon Webera, and Sally A. Amundson 
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Figure 1. Gene expression levels of Cdkn1a mRNA in blood cells across the range of injection amounts of Cs-137 (orange bars), and 
in splenocytes (blue bars). Values are mean of ≥4 independent replicates normalized to time-matched controls.  The dashed line 
indicates control levels. 
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We also collected splenocytes by filtering 
homogenized spleens to exclude spleen tissue cells. After 
RNA isolation, we processed these samples by 
quantitative real-time PCR to assess cdkn1a mRNA 
changes and the similarity of response between blood 
cells and splenocytes. The fold change of mRNA from 
splenocytes is also shown in Figure 1 (shades of blue). 
The data show that blood cdkn1a mRNA levels increase 
from 3 to 7 days, with high correlation to accumulated 
whole body dose (Figure 2) at the same time point 
(correlation coefficient 0.93 at days 3 and 5). However, 
the cdkn1a gene did not show the same pattern of 
response in splenocytes that it did in blood cells. 
Although it is induced in in splenocytes in response to 
radiation, the response is highly variable at the assayed 
times.  

In conclusion, there appears to be greater variability in 
the Cdkn1a differential gene expression response to an 
internal emitter in splenocytes compared with blood cells. 
Further testing of radiation response genes may reveal 
closer correlation of splenocyte gene responses with 
whole body doses, but splenocyte Cdkn1a gene 
expression does not correlate with dose as it does in blood 
cells. 
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We have previously reported on global gene 
expression changes taking place in the blood of mice over 
a 30-day period after injection of a single dose of soluble 
137CsCl [1] or 90SrCl2 [2].  We have used this as an initial 
model of exposure to fallout, which could constitute a 
significant fraction of the total dose received in the event 
of an improvised nuclear device detonation.  These two 
isotopes are also of high concern for a radiological 
dispersal device (“dirty bomb”) or in nuclear power plant 
accidents, such as the recent event at Fukushima in Japan.  

In our initial studies, we observed very different 
patterns of gene expression following exposure to these 
two isotopes, and the responses could not have been 
predicted from external beam acute exposure studies.  
More information will be needed in order to ensure that 
developing biodosimetry approaches will be useful in 
situations where fallout leads to radiation exposure from 
internal contamination.  To begin determining how dose, 
dose rate, and time since exposure interact to impact gene 
expression, we have now measured global gene 
expression responses to four different activity amounts of 
the γ-ray emitter 137CsCl up to 14 days after injection.   

For this experiment, groups of 8 male C57BL/6 mice 
were injected with activities of 0, 157, 191, 215, or 259 
µCi 137Cs at the Lovelace Biomedical and Environmental 
Research Institute.  The injection activity amounts were 

designed to yield a vehicle control, and exposure to a total 
4 Gy dose at day 14, 7, 5 or 3 after injection, respectively.  
The animals were monitored by daily whole body 
counting, and the actual accrued dose was calculated for 
each animal at the time of sacrifice.  The mean dose for 
each group of animals came very close to the target, with 
the largest variation in the mice with the lowest exposure 
rate (Fig. 1).  At the time of sacrifice, blood was collected 
from the isotope-exposed mice and time-matched vehicle 
controls by cardiac puncture.  The blood was preserved in 
PAXgene RNA lysis solution, and shipped to Columbia 
for analysis.  Mice injected with the same four amounts of 
isotope were also sacrificed on different days to provide a 
range of doses for study [3], but we focus here on 
comparison of a 4 Gy dose accumulated at different dose 
rates. 

Differential gene expression 
After RNA purification, global gene expression was 

measured using Agilent whole genome mouse arrays, and 
analyzed using BRB Array-Tools [4] to identify genes 
significantly differentially expressed (p<0.001; 
FDR<0.05) compared to controls.  When the 4 Gy dose 
was reached at day 3 after injection, the majority of 
differentially expressed genes were up regulated.  When a 
4 Gy dose was accumulated at lower dose rates, the 
majority of differentially expressed genes were down 
regulated, with the fewest up-regulated genes being 
observed on day 5 (Fig. 2).   

A total of 223 genes were significantly differentially 
expressed at all four sacrifice times.  Of these only six 
genes, Mt1, Mt2, Crip2, Cox6b2, Gm4285, and 
NAP111376-1 were up regulated.  Visualization of the 
expression of these 223 genes as a heat map (Fig. 3) 
reveals little variation among controls sacrificed at 

Protraction of a 4-Gy γ-ray Dose from Internally-
Deposited 137Cs:  Impact on Gene Expression  
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Figure 1. Mean dose to the 137Cs-injected mice by day of 
sacrifice.  The dashed line indicates the target dose of 4 Gy.  
The numbers on each bar correspond to the activity amount 
injected into each animal.  

Figure 2. Numbers of differentially expressed (DE) genes 
that were over- (orange bars) or under-expressed (blue 
bars) following 137Cs injection relative to time-matched 
controls.  All treated mice had accumulated ≈4 Gy.  
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different times during the study.  Most of these genes 
showed a somewhat weaker response when the γ-ray dose 
accumulated at the fastest rate (animals sacrificed on day 
3 after injection).  There was little notable difference 
between the expression patterns of these genes between 
mice reaching the 4 Gy dose on days 5, 7 or 14, however.    

We previously found that many genes were less 
responsive to the same dose of radiation when it was 
delivered over a protracted period of time, while other 
genes showed the same level of response to both acute 
and low dose rate exposures [5].  Although the prior study 
used only one low dose rate, we would have expected the 
mice that reached their 4 Gy exposure by day 3 to have 
more robust gene expression changes compared to those 
experiencing a lower dose rate.  The pattern of expression 
seen here suggests a more complex relationship between 
dose rate and gene expression as the dose delivery is 
protracted for longer times.   

Our previous experiment compared the results of 4 Gy 
external-beam x rays delivered either acutely or over 24 
hours.  We compared the radiation response of several 
genes from our present study with the acute or low dose 
rate responses at 24 h in the prior study. Although the 
comparison is not ideal, since the earlier day 1 study used 
x rays rather than γ-rays, some trends in relative 
expression do emerge.  For down-regulated genes, there 
appears to be a generally more robust effect of protracted 
exposure, without much additional dose rate effect being 
evident (Fig. 4).   

Including the higher dose rates in the comparison of 
up-regulated genes (Fig. 5) suggests that some genes, 
such as the metallothioneins Mt1 ad Mt2, may show a 
protective effect of moderate dose protraction (1-3 days), 
with a rebound in the response to near acute levels with 
further protraction (5-14 days).  Cox6b2 showed a similar 
pattern, but with complete protection from a 1-day 
exposure, and similar levels on days 3-14, which slightly 
exceeded the response to an acute dose.   

We also included Phlda3 in this comparison, as a p53-
regulated gene commonly included in biodosimetry 

studies.  Although this gene was not detected as 
significantly induced at day 14 in this study, it did show a 
general trend of decreasing induction with increasing dose 
protraction.  In fact, there was a slight, but not statistically 
significant, up-regulation after the 14-day exposure, 
suggesting near complete protection at this exposure rate.  
This pattern of expression may explain why p53-regulated 
genes did not appear in the group of genes responding to 
all conditions in this study.  It may be that the longer 
exposures were sufficiently protracted to protect against 
activation of p53 signaling.   

For the current comparisons, we only had available 
data from animals sacrificed at 24h after an acute x-ray 
dose of 4 Gy.  In order to better understand the impact of 
altered dose rate on the patterns of gene expression in this 
study, it would be useful to have data from acute γ-ray 
exposures with animals sacrificed on days 3, 5, 7, and 14.  
Nonetheless, further analysis of the impact of altered dose 
rate on gene expression will be vital to the development 
and interpretation of biodosimetry in situations including 
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Figure 3.  Heat map showing relative expression levels of 
the 223 genes significantly differentially expressed by 4 Gy 
at all four dose rates.  Color intensity represents expression 
level from lowest (blue) to highest (orange).   

Figure 4. Expression of a selection of genes down 
regulated by 4 Gy from injected 137Cs relative to time-
matched controls.  Acute and 1-day data are from x-ray 
exposures; data taken from [5].  The dashed line indicates 
expression level in controls. *Not significant (p>0.001). 
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Figure 5 Expression of a selection of genes up-regulated by 
4 Gy from injected 137Cs relative to time-matched controls. 
Acute and 1-day data are from x-ray exposures; data taken 
from [5].  The dashed line indicates expression level in 
controls. *Not significant (p>0.001). 
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internal emitters, fallout, and other low dose rate exposure 
scenarios.  

This work was supported by the Center for High-
Throughput Minimally-Invasive Radiation Biodosimetry, 
National Institute of Allergy and Infectious Diseases grant 
number U19AI067773. 

References 

1.  Paul S, Ghandhi SA, Weber W, Doyle-Eisele M, Melo 
D, Guilmette R and Amundson SA (2014) Gene 
expression response of mice after a single dose of 
137CS as an internal emitter. Radiat Res 182: 380-389. 
PMCID: PMC4212697.  

2. Ghandhi SA, Weber W, Melo D, Doyle-Eisele M, 
Chowdhury  M,    Guilmette  R   and   Amundson  SA 

 (2015) Effect of 90Sr internal emitter on gene 
expression in mouse blood. BMC Genomics 16: 586. 
PMCID: PMC4528784. 

3. Ghandhi SA, Steinbrecher J and Amundson SA (2017) 
Comparison of Cdkn1a mRNA levels in blood and 
spleen after irradiation by internal emitter Cs-137. 
Center for Radiological Research 2016 Annual 
Report. p.86-87. 

4. Simon R, Lam A, Li M-C, Ngan M, Menenzes S and 
Zhao Y (2007) Analysis of gene expression data using 
BRB-Array Tools. Cancer Informatics 2: 11-17.  

5. Paul S, Smilenov LB, Elliston CD and Amundson SA 
(2015) Radiation Dose-Rate Effects on Gene 
Expression in a Mouse Biodosimetry Model. Radiat 
Res 184: 24-32. PMCID: PMC4526102.      ■ 

 

 

 

In our development of gene expression for radiation 
biodosimetry, we have often used C57BL/6 mice as an in 
vivo model [1-4].  C57BL/6 is an animal model that has 
been widely used in biodosimetry and other radiation 
response studies, so results can be readily compared with 
other endpoints in the literature.  Among mouse strains, it 
is neither particularly radiation sensitive nor radiation 
resistant.  We have more recently been investigating the 
impact of defined mutations in DNA repair and 
inflammatory response pathways on the gene expression 
response to ionizing radiation [5].  In the context of this 
work, we have also looked at gene expression in different 
“wild-type” mouse strains.  We report here on the relative  
global gene expression response to an approximately 
LD50/30 dose of gamma rays in the similarly sensitive 
C57BL/6 and 129S1/SvlmJ (129S1) strains. 

Differential gene expression 
Male mice from Charles River and Jackson Labs (8-10 

weeks) were exposed at Georgetown University to an 
approximate LD50/30 dose of gamma rays (8 Gy for 

C57BL/6 or 8.8 Gy for 129S1 [6]) at a dose rate of 
approximately 1.67 Gy/min. Groups of mice were 
sacrificed at either 4 or 24 h after exposure, with an equal 
number of sham-irradiated mice of each strain being 
sacrificed at the two time points.  Blood was collected 
from the mice by cardiac puncture at the time of sacrifice, 
preserved in PAXgene RNA lysis solution, and shipped to 
Columbia for analysis.   

After RNA purification, global gene expression was 
measured using Agilent whole genome mouse arrays, and 
analyzed using BRB Array-Tools [7] to identify genes 
significantly differentially expressed (p<0.001; 
FDR<0.05) compared to controls.  In all conditions 
measured, more genes were down regulated following 
irradiation than up regulated (Fig. 1A).  The C57BL/6 
mice showed similar numbers of differentially expressed 
genes at both times assayed, while the 129S1 mice 
developed a much more robust response after 24 hours.  
No genes were identified as significantly differentially 
expressed at both times in both strains.  The highest 
degree of concordance was between C57BL/6 at 4h post 
exposure, and 129S1 at 24h post exposure, which had 252 
genes in common (Fig. 1B).  This was followed by the 
two 24h measurements, which had 150 genes in common.  
However, the majority of genes appeared differentially 
expressed in only one strain x time combination.       
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Up-regulated processes after irradiation 
We next performed gene ontology enrichment analysis 

using DAVID [8] to examine the potential similarities and 
differences in the biological functions implicated by the 
differentially expressed genes after irradiation of the two 
mouse strains.  Looking first at the up-regulated genes, 
we found significant enrichment of genes in the p53 
signaling pathway in both strains, as well as genes related 
to interferon-mediated immunity (Table 1).  An additional 
30 processes were also identified as significantly enriched 
among up-regulated genes in only C57BL/6 mice.  These 
included functions related to DNA damage, additional 
p53-related categories, mitochondria, and general 
responses to stress, with functions related to nucleotide 
metabolism appearing at the 24h time point.  In 129S1 
mice, 77 additional processes were significantly enriched, 
including lysosome functions at 4h, and processes related 
to integrin signaling, cell adhesion, motility, hemostasis, 
coagulation, and additional immune functions at 24h.   

 Ingenuity Pathway Analysis (IPA®, QIAGEN 
Redwood City, www.qiagen.com/ingenuity) was also 
used to predict activation of upstream regulators from the 
patterns of gene expression after irradiation.  Consistent 
with the gene ontology results, TP53 and IFNG were 
among the regulators most strongly predicted to be 
activated in both mouse strains following radiation 
exposure.   

Comparing the relative expression of several TP53-
regulated genes (Fig. 2) reveals some broad differences in 
this aspect of the response of the two mouse strains. A 
robust response is evident by 4h after exposure in 
C57BL/6, which either decreases somewhat, or is 
maintained at similar levels at 24h.  In contrast, 129S1 
mice show a lower magnitude of response at 4h, followed 
by a larger response at 24h.  This pattern is consistent 
with the gene ontology analysis (Table 1), which 

Figure 1. A) Number of genes significantly differentially 
over expressed (pink) or under expressed (green) in the 
blood of the two mouse strains at either 4 or 24 hours after 
radiation exposure.  B) Overlap between differentially 
expressed genes in the four conditions (time and strain). 
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Table 1.  Biological processes significantly enriched among up-regulated genes responding in both strains. 
   

  C57BL/6 129S1 
Category Gene Ontology Term 4 h* 24 h 4 h 24 h 
KEGG_PATHWAY mmu04115:p53 signaling pathway 8.9x10-10 1.8x10-4 NS 7.0x10-4 
PANTHER_BP BP00156:Interferon-mediated 

immunity 0.03 7.5x10-7 NS 1.1x10-4 
SP PIR keyword Apoptosis 7.3x10-4 NS NS 0.01 
PANTHER_BP BP00148:Immunity and defense NS 1.6x10-5 0.018 0.006 
INTERPRO IPR006117:2-5-oligoadenylate 

synthetase, conserved site NS 0.005 NS 0.04 
SP PIR keyword prenylation NS 0.025 NS 0.01 
GOTERM_MF_FAT GO:0019001~guanyl nucleotide 

binding NS 0.048 NS 0.019 
GOTERM_MF_FAT GO:0032561~guanyl ribonucleotide 

binding NS 0.048 NS 0.02 
SP PIR keyword lysosome NS 0.009 0.043 NS 
GOTERM_CC_FAT GO:0000323~lytic vacuole NS 0.049 0.007 NS 
GOTERM_CC_FAT GO:0005773~vacuole NS 0.05 0.008 NS 
*Benjamini-corrected p values.  NS: not significant (p>0.05) 
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identified the p53 signaling pathway as significantly over-
represented among up-regulated genes in all conditions 
except 4h after exposure of 129S1 mice.   

Similarly, the magnitude of individual genes regulated 
by interferon-gamma (IFNG) (Fig. 3) follows the pattern 
of enrichment of interferon-mediated immunity suggested 
in the gene ontology analysis.  Both mouse strains show 
minimal responses at 4h, with robust induction by 24h.    

Down-regulated processes after irradiation 
We also performed gene ontology analysis separately 

on the genes down regulated after radiation exposure.  
The largest numbers of significantly enriched processes 
were found in C57BL/6 mice 4h after irradiation (175 
categories), and in 129S1 mice 24h after irradiation (176 
categories), with many common to both.  Nearly 1/3 of 
the significant gene ontology terms (32%) were related to 
aspects of immune function or inflammatory response 
(Fig. 4).  Forty-five processes were common to both 
C57BL/6 mice 4h after irradiation and 129S1 mice 24h 
after irradiation (Fig. 4, region A).  These included 

aspects of immune cell activation and differentiation, cell-
mediated immunity, antigen functions, and the major 
histocompatibility complex.  A further 33 processes were 
identified as significantly enriched only among down-
regulated genes in C57BL/6 (Fig. 4, region B).  These 
largely represented additional antigen functions, and 
B-cell specific functions.  Fifteen processes were only 
identified as significantly enriched in 129S1 mice (Fig. 4, 
region C).  Of these, 12 (80%) were T-cell specific 
functions.   

Our gene expression results suggest that there may be 
a greater post-irradiation down regulation of B-cell 
functions in the blood of C57BL/6 mice, and a greater 
inhibitory effect on T-cell functions in the blood of 129S1 
mice.  The overall response of both immune functions and 
DNA damage responses, such as p53 signaling, also 
suggests a difference in the timing of response in the two 
strains.  With the limited time points available in this 
study, differences in timing may also explain the apparent 
difference in T- and B-cell responses observed here.  
Differences in the timing of gene expression responses to 
radiation have also been documented to occur in human 
patients undergoing radiotherapy [9]. Such inter-
individual differences in timing will require further study 
in terms of inter-strain comparisons, and must be taken 

Figure 2. Relative fold expression of selected TP53-
regulated genes in C57BL/6 mice at 4h (red) and 24h (pink) 
after radiation exposure, and in 129S1 mice at 4h (dark 
blue) and 24h (light blue) after exposure, as measured by 
microarray. The dashed yellow line indicates the 
expression level in un-irradiated control animals. 
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Figure 3. Relative fold expression of selected IFNG-
regulated genes in C57BL/6 mice at 4h (olive green) and 
24h (yellow) after radiation exposure, and in 129S1 mice at 
4h (green) and 24h (orange) after exposure, as measured 
by microarray. The dashed grey line indicates the 
expression level in un-irradiated control animals. 

Figure 4. Benjamini-corrected p values (colored as in the 
scale) for immune- and inflammation-related gene ontology 
terms enriched among down-regulated genes at 4 or 24h after 
exposure of the two strains of mice. Grey indicates not 
significant (p>0.05).  Region A) Processes responding in both 
strains, Region B) processes responding in C57BL/6 only, 
Region C) processes responding in 129S1 only.   
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into consideration in the development of biodosimetry 
approaches based on gene expression.    

This work was supported by the Center for High-
Throughput Minimally-Invasive Radiation Biodosimetry, 
National Institute of Allergy and Infectious Diseases grant 
number U19AI067773. 
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Over the past decade, the Columbia Center for High 
Throughput Minimally Invasive Radiation Biodosimetry 
has developed end-to-end Rapid Automated Biodosimetry 
Tools (RABiT), based on custom-built robotic platforms 
[1-6]. More recently, for the development of RABiT II, 
we have been focusing on utilization of commercial next-
generation high throughput/high content screening 
(HTS/HCS) platforms, which use robotic-friendly 
standardized microplate formats [7].  HTS/HCS has 
become a widely used technique. These systems generally 
include: robotic plate-handling systems, liquid handling 
systems, an automated microscope, and control software. 
The  main  philosophy  of  the   RABiT II  approach  is  to 

RABiT-II:  Implementation of a High-throughput 
Micronucleus Biodosimetry Assay on Commercial 

Biotech Robotic Systems 
Mikhail Repin, Sergey Pampoua, Charles Karana, David J. Brenner, and Guy Garty 
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Figure 1. General scheme of the automated CBMN assay of 
peripheral human blood lymphocytes as conducted at the 
Columbia Genome Center. 
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make use of such commercial HTS/HCS systems for 
performing high throughput biodosimetry. This requires 
development of assays optimized for common HTS/HCS 
configurations. 

We have demonstrated a complete automation of 
sample preparation steps and complete automation of 
sample imaging for our miniaturized cytokinesis-block 
micronucleus (CBMN) assay, using commercial robotic 
systems.  The systems used comprise a PerkinElmer 
cell::explorer and General Electric IN Cell Analyzer 
2000, both co-located in the Columbia Genome Center 
[8]. The general workflow is shown in Fig. 1: 20 µl blood 
samples, collected in 96 2D-barcoded tubes, are loaded 
into the cell::explorer system for cell culture and sample 
preparation in 96-well imaging plates. Plates are 
transferred to the associated imaging system (IN Cell 
Analyzer 2000) and automatically scanned. 

Our previously developed protocol [9], based on a 
50 µl sample of blood, yielded a dose-dependent average 

number of binucleated cells between 300 and 1,100 per 
sample (1875 mm2) using commercial Metafer 4 software  
(MetaSystems, Altlussheim, Germany). In contrast, the 
available area in a microwell of a standard plate is much 
smaller and even a square-profile well only affords about 
60 mm2 of surface. This requires increasing cell density 
while reducing the number of cells per sample. Cell 
distribution within the well was kept as uniform as 
possible, by optimizing the parameters of liquid 
dispensing [10]. In our RABiT II assay, we reduced the 
initial blood volume to 20 µl and split the fixed cells 
between two imaging microplates. For this work, eighty-
one 20x fields, covering a total area of 60 mm2, were 
captured per well. Image analysis was performed using 
FluorQuantMN [11], a home-made software program 
(Fig. 2). 

Our software was able to identify on average 500 
binucleated cells per sample, corresponding to the average 
number of detected binucleated cells from our previous 
work [9], taking into account the difference in the initial 
volume of blood. One sample (Donor 1, 4.0 Gy,) yielded 
only 69 binucleated cells; however, 285 binucleated 
lymphocytes were detected by FluorQuantMN software in 
the duplicate sample. The number of detected binucleated 
cells in a single well varied from 29 (Donor 1, 4.0 Gy) to 
668 (Donor 8, dose 1.0 Gy) with an average of 250 
binucleated lymphocytes. Dose dependence of 
micronuclei per binucleated cell for all 8 volunteers is 
shown in Fig. 3. 

Between 5,000 and 10,000 binucleated cells per dose 
and 48,083 cells in total were used to generate a RABiT II 
calibration curve (Fig. 4). Comparison of this calibration 
curve with the corresponding curve for manual 
preparation of samples and image analysis of slides using 
commercial Metafer 4 software [9] shows that a decreased 
level of micronuclei was detected by the FluorQuantMN 
software. This could be explained by the low level of 
false micronuclei (less than 3%) detected by the 
FluorQuantMN software. 

Figure 2. (A) A set of 81 images, representing one well of a 
96-well imaging plate with a DAPI-stained sample, captured 
by the IN Cell Analyzer using a 20x objective lens. (B) 
Cropped image with a cell having 2 nuclei and a 
micronucleus (MN; arrow) and (C) the same cell (red circle) 
with 2 nuclei (magenta circles with green border) and MN 
(green dot), as delineated by FluorQuantMN. 

Figure 3. Dose-response curves of the MN yields induced by 
ɣ-rays in human lymphocytes of 8 volunteers produced using 
the RABiT II approach. The error bars represent the upper 
and lower 95% confidence intervals. 

Figure 4. Fitted linear-quadratic dose-response calibration 
curve of the MN yields in human lymphocytes for pooled 
data from 8 healthy volunteers using our RABiT-II system. 
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In summary, we have implemented a fully automated 
micronucleus assay on a commercial HTS/HCS platform. 
The present approach will allow much wider access to 
high-throughput biodosimetric screening for large-scale 
radiological incidents than is currently available. Through 
the drafting of these HTS systems to perform 
biodosimetry assays following a large scale radiological 
event, the need for rapid triage / dosimetric assessment of 
hundreds of thousands of potentially exposed individuals 
can be readily met. 
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Detonation of an improvised nuclear device (IND) 
using highly enriched uranium will result in an exposure 
of γ-rays combined with a dose of fast neutrons [1]. Given 
the very high biological effectiveness of fast neutrons, a 
key goal of biodosimetry is to be able to separately 
estimate the photon and neutron doses following a mixed 
photon / neutron exposure. Intrachromosomal exchanges 
(inversions) are a potential biomarker to establish neutron 
doses. We and others have reported on the specific 
induction of chromosomal inversions following exposure 
to densely-ionizing radiations such as neutrons [2-7]. We 
have previously demonstrated that inversions are induced 
at high frequencies by neutrons as compared to x-rays in 
human blood irradiated ex-vivo, and that these exchanges 
may be a suitable biomarker for neutron exposures [8].  
Building on these studies, we have now conducted 
experiments where the exposures were a combination of 
neutrons and x-rays in ratios previously determined to be 
likely following the detonation of a highly enriched 
uranium containing IND.  

Peripheral blood samples were collected from healthy 
volunteers in the age range of 24–50 years after informed 
consent was obtained. Blood samples were aliquoted into 
1 mL samples and either irradiated with x-rays, neutrons 
or a combination of both at the Columbia RARAF 
facility. The combination samples were first irradiated 
with neutrons followed by x-rays. Following irradiation, 
whole blood was cultured in RPMI supplemented with 
10% FBS and 2% Phytohaemagglutinin (PHA). 
Metaphases were prepared using routine protocols and 
assayed for dicentrics using centromere/telomere PNA 
probes (PNAbio) or inversions using mBAND for 
chromosome 1 (Metasystems), following the 

manufacturers’ protocols.  

The frequencies of dicentrics observed are presented 
in figure 1. A clear dose dependent response was seen 
following exposure to x-rays. In addition, 0.3 Gy neutrons 

induced 0.156 dicentrics per metaphase, which was 
comparable to the frequency seen following exposure to 
1 Gy x-rays. This represents an RBE of 3-4, which is in 
keeping with previous reports. Combining x-ray with 
neutron exposures gave rise to a dose dependent response 
with a steeper slope than that of x-rays, again pointing to 
the increased biological effectiveness of neutrons.  

When assayed for chromosomal rearrangements 
involving chromosome 1 using mBAND, the single dose 
of 0.3 Gy neutrons induced between 0.08-0.13 inversions 
per metaphase (figure 2, panel A). Interestingly, adding 
1.5 Gy of x-rays to the total dose resulted in lower 
frequencies of inversions; between 0.04 and 0.054 per 
metaphase. The combined neutron:x-ray samples did have 
higher levels of damaged cells (figure 2, panel B) which 
were largely translocations and acentric fragments. 

One possible explanation of these findings is based on 
the patterns of deposition of energy and the resultant 
DNA double strand breaks. Track structure calculations 

Intra- and Inter-chromosomal Aberrations 
following Neutron:X-ray Mixed Field Irradiations 

Brian Ponnaiya and David J. Brenner 

 

Figure 1.  Frequencies of dicentrics observed in ex vivo 
human blood irradiated with neutrons (0.3 Gy, green), x-
rays (1, 1.5, 2 or 3 Gy, blue) or combinations of neutrons 
and x-rays (1.5 Gy x-rays with 0.075, 0.15 or 0.3 Gy 
neutrons, red). Error bars indicate SEM. 

Figure 2. Induction of chromosomal damage as assayed by 
mBAND. Panel A: induction of inversions following 
exposure to 0.3 Gy neutrons alone, or 0.3 Gy neutrons + 1.5 
Gy x-rays. Panel B:  % of damaged cells (metaphases 
containing inversions, translocations and acentric 
fragments) following exposure to 0.3 Gy neutrons alone, or 
0.3 Gy neutrons + 1.5 Gy x-rays. X: x-rays; N: neutrons. 
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predict a much higher induction of breaks by high LET 
radiation in close proximity relative to sparsely ionizing 
radiations [3, 7, 9, 10]. Thus inversions are more likely, 
owing to closely spaced breaks along a single 
chromosome. In contrast, low LET radiations, like x- and 
γ-rays, are sparsely ionizing and breaks are more widely 
distributed. Therefore, the single neutron dose induced 
inversions as expected. However, when combined with 
the x-ray dose, the presence of DNA breaks in multiple 
chromosomes increased the possibility of interactions 
between breaks on multiple chromosomes (giving rise to 
interchromosomal aberrations, eg. translocations) and 
decreased the probability of interactions between beaks 
on the same chromosome and the resultant 
intrachromosomal aberrations.  

In conclusion, the data presented here demonstrate the 
feasibility of using a combination of the dicentric and 
mBAND assays for dose estimation following exposure to 
neutron:x-ray mixed field radiations. In addition, the 
interesting findings of reduced inversions following 
addition of x-rays to neutron exposures clearly warrant 
further investigation to more fully understand the 
formation of intra- and interchromosomal aberrations 
following exposure to neutron:x-ray mixed field 
irradiations. 
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The Dicentric Chromosome Assay (DCA) [1] is 
currently the gold standard for clinical radiation 
biodosimetry: It is recommended for use by the 
International Atomic Energy Agency (IAEA) [2] and by 
the International Standards Organization (ISO) [3, 4]. The 
DCA is also recognized by the Food and Drug 
Administration (FDA) as a reference method for 
evaluating the accuracy of biodosimetry devices [5]. As 
we discuss below, the DCA has extensive data 
demonstrating its use for accurately and precisely 
measuring absorbed dose within the context of both 
accidental and intentional (therapeutic) exposures in man, 
justifying its status as the gold standard assay.   

Dicentric chromosome formation is the result of 
induced breaks in two chromosomes, which, after mis-

rejoining, result in a single chromosome entity with two 
intact centromeres – the dicentric. This is illustrated in 
Fig. 1.1  Because ionizing radiation is a very efficient 
inducer of DNA double-strand breaks (DSBs) and 
dicentric formation generally requires induction of DSBs 
in two chromosomes, dicentrics are a highly specific 
marker for radiation exposure, particularly in the context 
of the radiation doses (≥1 Gy) relevant to medical 
management [7, 8]. 

Assay Sensitivity 
Dicentric chromosomes are a highly sensitive 

biomarker for radiation exposure. Background yields in 
the general population are below 0.001 dicentric/cell, 
attributed primarily to background radiation exposure [7]. 
A typical dicentric yield from a 0.1 Gy exposure is an 
order of magnitude (or more) higher (Fig. 2). Detection 
limits may vary in different laboratories [9], depending 
primarily on the number of metaphase cells scored for 
dose estimation, and are usually between 0.1 Gy when 
scoring 500-1000 metaphase cells [10] and 0.5 Gy when 
scoring 50 metaphase cells  [11].  

Assay Specificity 
The DCA is generally recognized as highly radiation 

specific, as it requires at least two double strand breaks in 
two chromosomes that are spatially and temporally in 
close proximity. A great majority of chemicals do not 

                                                             
1 It may be noted that other possible dicentric formation 
mechanisms have been discussed [6]. 

The Dicentric Chromosome Assay: 
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Figure 1. (Top) Schematic representation of the formation 
of a dicentric chromosome. Centromeres are marked with a 
“C”, Telomeres are marked with a “T”. (Bottom) Example 
from our lab of dicentric scoring, in an irradiated blood 
sample using PNA probes. Cyan spots are centromeric 
probes, red spots are telomeric probes, and dicentric 
chromosomes (red-cyan-cyan-red) are marked by arrows. 

Figure 2. Dicentric yields at low (insert) and high doses. 
Reproduced from [18]. 
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induce DSB directly, with the exception of a few 

‘radiomimetic’ drugs that can induce DSB [12]. Induction 
of DSB by drugs occurs in a much more random fashion 
with respect to space and time, thus limiting the 
probability for any interaction between DSBs [7]. 

The effects on dicentric yield of life style (smoking, 
alcohol and caffeine intake) usually fall below the 
detection limit (0.1 Gy) unless one performs highly 
precise measurements, scoring thousands of metaphase 
cells per donor [13]. Gender and age are not significant 
confounders [14].  

High dose response 
Both the IAEA and ISO guidelines are based on 

radiation accidents where the expected dose is low, 
typically below 1 Gy [2]. However, in terms of the need 
for medical intervention, the best estimate for the LD50/60 
in humans is in the 3 to 4.5 Gy range [8, 15]. This value 
can be nearly doubled by the use of antibiotics, platelet 
and cytokine treatment [15], so it is crucial that 
individuals who actually received whole-body doses at or 
above 2 Gy are identified. 

Consequently, a good biodosimeter for medical 
management following a mass radiological event should 
provide reliable dose estimates (within ± 0.5 Gy) between 
the doses of 2 and 10 Gy. 

However, in most studies, calibration curves for the 
DCA have only been generated up to 4 or 5 Gy [16, 17], 
because lymphocyte proliferation in vitro is compromised 
at higher doses. Specifically, at doses higher than 5 Gy, 
the number of metaphases is relatively low due to a 
combination of cell cycle arrest and cell death [18]. Cell 
cycle arrest produced at high doses can be significantly 
reduced by treatment with caffeine, thus allowing cell 
cycle progression of a subset of lymphocytes into mitosis 
[19]. Using this approach, it has been demonstrated that 
dicentric frequency can assessed at doses up to about 
15 Gy, as shown in Fig. 2. [18]. 

Assay Biokinetics 

Dicentric formation occurs fairly quickly within 30 
minutes to 1 hour after radiation exposure. In terms of 
persistence, the manually-assayed DCA signal declines 
with an initial half-life of a few months, followed by a 
much slower (2-4 y) decay [20-24] The yield does not, 
however, return to background levels, and elevated yields 
have been seen in both radiotherapy patients and A-bomb 
survivors several decades after irradiation [25]. A typical 
example for the kinetics of dicentric frequency decline as 
a function of time measured in an accidentally exposed 
individual is shown in Fig. 3 [26].  

In the context of dose confirmation for medical 
management, the relevant time frame for blood sample 
acquisition is 72 hours and beyond, and so persistence of 
dicentrics on the scale of a few days to a few weeks 
becomes important. 

Dose Rate Effects 
In general the yield of dicentrics per metaphase is of 

the form: 

𝑌 = 𝑌! + 𝛼𝐷 + 𝛽𝐷! 
where 𝑌!is the background yield, D is the dose and α, β 
are constants. The linear term of this expression is due to 
dicentrics formed by a single interaction, while the 
quadratic term is due to multiple interactions separated by 
time, each one inducing partial damage that accumulates 
to form a dicentric.  At low dose rates (below ~1.5 Gy/h 
[27]), there is low probability for two tracks to traverse 
the cell within the time required for rejoining or mis-
rejoining of DNA double strand breaks. Therefore 
dicentrics induced by multiple tracks are expected to form 
at much lower rates. This means that the quadratic 
component of the dose response curve is eliminated in 
low dose-rate exposures, resulting in a linear yield of 
dicentrics as a function of dose. In the case of low dose 
rate exposures, where an explicit low-dose-rate 
calibration curve is lacking, IAEA [2] recommends using 
just the linear component of the acute exposure 
calibration curve.  

For densely ionizing radiations such as neutrons, dose 
rate effects are negligible [28].   

Partial body exposures  
In an accidental exposure scenario, it is expected that 

most exposed individuals will be partially shielded by 
structural materials [29]. In these cases, it will be 
medically more useful to report the fraction of the body 
irradiated and the dose absorbed in that fraction, rather 
than the total body average.  

The fraction of irradiated lymphocytes and dose 
delivered to them can be determined based on Dolphin’s 
contaminated Poisson method [30]. In this method, used 
routinely in partial body irradiation dosimetry [30-32], the 
dicentric distribution is assumed to be due to a fraction of 
exposed lymphocytes whose yield of dicentrics is Poisson 
distributed, while the remaining, unexposed lymphocytes 

Figure 3. Persistence of dicentrics in an individual 
accidentally exposed to 1.4 Gy of γ rays. Plotted from data 
in [26]. 
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contain no dicentrics. Using this assumption, the exposed 
fraction can be estimated. 

It is likely that this method is not reliable in situations 
where only small numbers of metaphase cells (50) are 
scored [33, 34], with hundreds of cells required to give a 
reliable answer.  

Automation 
To date, a major limitation of the DCA is that it is too 

labor intensive to be widely applied after a mass 
irradiation scenario. In particular, preparing slides for 
scoring post culture requires a skilled cytogenetics 
technician. Additionally, morphometrically-based 
dicentric scoring is time consuming. Currently, it takes a 
group of five trained specialists seven days to supply 
results on 100 samples [35]. These two factors limit 
throughput, even with a large-scale cytogenetics network, 
to some hundreds of samples per day [36-39]. Various 
approaches have also been reported in terms of 
automating the DCA assay [40-42]. These automation 
approaches are promising, though high throughput (e.g. 
>1,000 samples per day) has not yet been achieved; for 
example, Martin et al [40] reported with their automated 
system a throughput of 500 samples per week.  
   We are currently working on automating the assay in 
multiwell plates, dramatically increasing throughput, 
using the commercial High Throughput Screening 
platform described by Repin in [43] and elsewhere in this 
issue. 
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FluorQuant is a suite of software routines developed at 
the CRR over the past few years to facilitate quantitative 
fluorescence measurements. The initial iterations of the 
software (WormQuant; Fig 1) were written in MATLAB 
and geared towards quantifying hsp-4::GFP activation in 
irradiated c. elegans [1].     

In parallel, with development of the RABiT 
biodosimetry platform, we have developed standalone 
programs for quantification of  micronuclei [3] and H2AX 
phosphorylation [2]. Originally written in Visual C++ 
using the Matrox Imaging Libraries (MIL 8; Matrox, 
Dorval, QC), The FluorQuant software was recently 
rewritten using the OpenCV image analysis libraries 
(www.opencv.org), allowing free distribution of the 
software. 

FluorQuant 6.0 now provides a unified interface for 
both assays (with an interface for dicentrics scoring and 
chromosome barcoding under 
development). The software is 
installed on the computer in 
VC11-206 as well as on several 
computers at RARAF, and is 
available to all CRR users. It can 
be installed on any computer 
running Windows and Microsoft 
Office.   

Overview of the interface 
The main window of the 

FluorQuant software consists of 
several panels controlling 
different functionalities. The top 
left panel provides controls for 
defining the directories 
containing the images to be 
analyzed2 as well as the template 
for file names. In general the file 
names are of the form 
<Directory>\<Prefix>#<Suffix>
where # are sequential numbers. 
The software can also identify the 
file names generated by ImageJ 
Micromanager and by the GE 
Incell imager.  

The panel below the main 
window controls running, 
allowing single image/directory 

                                                             
2 By default all subdirectories are included. 

analysis as well as saving data to Excel, CSV or JPG files. 
The right hand panel controls the analysis parameters. It 
contains 5 tabs: Presets, Binarization, Cell/Nucleus 
Rejection, Micronucleus Analysis, and γ-H2AX Analysis. 
Status, error messages and the morphological parameters 
of nuclei in the current image being analyzed are provided 
at the bottom. 

The presets tab selects the analysis modality 
(micronucleus or γ-H2AX) as well providing hard-coded 
presets for common imaging modalities. 

Binarization and BLOB detection 
All image analysis routines begin with identification 

of Binary Large Objects (BLOBs) in a DAPI stained 
image – either nuclei in the γ-H2AX and CBMN analysis 
routines or chromosomes in the Dicentric or mBAND 
analysis routines.  

FluorQuant 6.0: Software for Scoring Micronuclei 
and Immunofluorescence   

Guy Garty 

 

Figure 1. The WormQuant software, demonstrating a GFP profile along an irradiated C. elegans 
nematode.  
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Three algorithms are provided for binarizing the 
images in preparation of identifying BLOBs.  

A fixed global threshold selects all pixels with values 
greater than, e.g., 300 as foreground. This was historically 
the method used in the microbeam software, but we have 
found that it is not very useful in RABiT generated 
images and is superseded by the following two methods.     

Otsu’s algorithm [4] calculates a global threshold 
based on the image histogram. This algorithm assumes 
that the brightness histogram (Fig. 2a) is bi-modal, 
containing two classes of pixels (background and 
foreground) and minimizes intra-class variance as a 
function of threshold value. This binarization routine 
works well for small images (~1MegaPixel) or images 
with a few large BLOBs. We have seen that this routine 
slightly overestimates the threshold and so, by default, a 
0.75 multiplier is provided.   

Adaptive Thresholding. For larger images and 
particularly when there is a large cell-to cell variability in 
the brightness (or large variability in the background), an 
adaptive threshold is implemented. This algorithm assigns 
each pixel a value of 1 if its value is larger than that of the 
pixels in an N x N pixel neighborhood and zero otherwise. 
N should be chosen such that an N x N square is 
somewhat larger than a typical BLOB (Fig. 2b).   

Prior to binarization, an optional contrast 
enhancement can be performed on the image by applying 
either a log or power transform.  

Following binarization, BLOBs are detected using the 
algorithm of Suzuki and Abe [5]. A list of all BLOBs with 

morphological parameters is generated, displayed on the 
interface, and exported to Excel.  

Cell/Nucleus Rejection 
Not all BLOBs detected correspond to valid nuclei. 

FluorQuant allows rejecting nuclei based on: 

Proximity to image boundary: To prevent incorrectly 
scoring cells where one of the nuclei or micronuclei is 
outside the image, cells are rejected if any part of them is 
within 10 pixels of the image boundary 

 Size: Nuclei above a predetermined area are rejected. 
For γ-H2AX analysis nuclei below a specified area are 
also rejected.  

Compactness: This parameter indicates the roundness 
of a cell and is defined as 

𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟! 4 𝜋 ×𝐴𝑟𝑒𝑎 

Elongation:  Elongation is calculated as the ratio of 
the sides of the minimal 
bounding box. Typical nuclei 
have an elongation of close to 
one and typically smaller than 
2. Nuclei with larger 
elongation are rejected.  

Roughness: The roughness 
is the ratio of the actual 
perimeter to the convex hull 
perimeter as shown in Fig 3. 
A high roughness number 
may indicate an apoptotic or 
budding cell. Typically nuclei 
with roughness above 1.1 are 
rejected.  

Overview of micronucleus Scoring 
The Cytokinesis Blocked Micronucleus (CBMN) 

assay [6, 7] quantifies radiation-induced chromosome 
damage expressed as post-mitotic micronuclei. 
Lymphocytes are cultured to division but cytokinesis is 
blocked, preventing separation of the two new cells. 
Healthy lymphocytes form binucleate cells, while those 
with chromosome damage can form an additional 
micronucleus containing chromosomal fragments, with 
the yield of micronuclei per binucleate cell increasing 
monotonically with dose.  

In order to score micronuclei, therefore it is necessary 
to identify all nuclei in the image, associate them to cells 
and score the relative sizes of nuclei in each cell.  

A key issue here is that micronuclei tend to be 
somewhat dimmer than the main nuclei in a cell. 
Originally we developed an iterative algorithm for 
overcoming this issue [3]. This worked very well for 1 
MegaPixel images grabbed at 40x. When moving to a 
higher content imaging platform (either lower 
magnification or larger field of view) we have seen that, 
as the first steps of this algorithm were based on global 
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 Figure 2. Binarization. a) Using Otsu’s method, the global 
histogram is split into two classes. b) Using adaptive 
thresholding, a neighborhood around each pixel is used to 
determine if it is locally a background or foreground pixel. 

	 	

Figure 3. Difference 
between perimeter 
(gray) and convex 
perimeter (red). This 
shape has a roughness 
of about 1.7. 
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binarization, it no longer detects nuclei in a large fraction 
of the images. Using the adaptive threshold algorithm 
shown in Fig. 2b partially solved this problem. However 
in cases where micronuclei are very dim this is still not 
enough, and contrast enhancement is required. Figure 4 
demonstrates the effect of using log and power transforms 
prior to binarization. 

Clustering of the nuclei can be done by acquiring a 
second, cytoplasmic, image and extracting the cellular 
outline using a similar binarization routine. However, in 
such a case care should be taken that both images are well 
aligned and that the cytoplasm of adjacent cells are well 
separated. An alternative method, used by FluorQuant if a 
cytoplasmic image is not available, is to associate nuclei 
based on their proximity. If two nuclei have a gap smaller 
than their radius, they are considered as belonging to the 
same cell and a round cell is drawn around them (Fig. 5), 
otherwise a cell is drawn around each isolated nucleus.    

It should be noted that the best yields obtained by 
FluorQuant analyzing 20x images are still lower than 
those obtained by manual scoring. This is because the 
imaging and image analysis can miss (i) very small 
micronuclei, which end up as 1-2 pixel BLOBs and are 
ignored, (ii) micronuclei partially overlapping a nucleus, 
which a human scorer would identify but an automated 
system cannot, and (iii) micronuclei that are out of the 
imaging plane and would be seen by a human scorer 

manually adjusting the focus knob, or by using a time 
consuming z-stack. Nevertheless, a significant dose-
dependent increase in the yield of micronuclei is observed 
[8] using FluorQuant.    

Overview of γ-H2AX scoring 
γ-H2AX scoring is essentially the same as described 

previously [2]: Nuclei are identified and selected from 
binarized DAPI images as for the CBMN assay. 
Fluorescence values from a second image, corresponding 
to the immunostaining, are integrated over the nuclear 
area.   

In order to overcome possible misalignments between 
the two images, FlourQuant allows entering an offset 
between the two images or expanding the nucleus to 
encompass a slightly larger area. It is also possible to 
perform gain correction by dividing the immunostained 
image by a reference image of a flat field [9].      

Output 
Output from FluorQuant 6.0 is provided via several 

mechanisms: 

Live monitoring: The raw, binarized and merged 
images are provided in real time. The merged image 
identifies the nuclei (and the cells in the case of CBMN 
assay) rejected cells/nuclei are crossed out (Fig. 6). 

Excel: An Excel workbook is generated for each run 
of the software. Each sheet corresponds to one dataset. 
Within each dataset each row corresponds to a nucleus 
detailing all morphological parameters. In γ-H2AX 
analysis mode the fluorescence values, with and without 
local background correction, are also reported. For 
CBMN analysis the nuclei are grouped by cell and 
morphological parameters for individual cells are also 
reported. For each nucleus, the workbook indicates 
whether it is a valid nucleus or not and why it was 
rejected. A summary sheet provides statistical analysis for 
each of the data sets. A histogram sheet allows plotting 
histograms of the various measured parameters across all 
nuclei and all data sets.  

a) b)

c)

Figure 4. Contrast enhancement of micronuclei: a) original 
image, b) log-transformed image, c) Yield of micronuclei for 
different image transforms.  
	

Figure 5. Formation of “virtual” cells (red). Binarized 
nuclei shown in blue.  
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Output images: The software also allows saving 
output images (Fig. 6) showing diagnostic information for 
each analyzed image. In the case of CBMN analysis 
images of individual binucleated cells and cells 
containing micronuclei can also be stored.   
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a)

b)

Figure 6. Example of output image from a) CBMN analysis: 
cells #33 & 44 are mononucleate; #40 and 42 are 
binucleate; #47 is a binucleate with a micronucleus; #37 
and #39 are rejected. b) γ-H2AX analysis. The thin red 
outline is the nucleus outline. The thick red outline is the 
area used to compute background [2]. The cell at the bottom 
is rejected because its area is too small for the selection 
criteria. 
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 Introduction 

Following radiological events, such as dirty bomb 
attacks or industrial accidents, there is a need for a simple, 
rapid and high throughput assay to screen large numbers 
of people. Proteins can be easily obtained by non- 
/minimally-invasive collection methods, and quantified in 
a rapid and reliable manner [1, 2]. In addition, proteins 
are key biomolecules for understanding cellular function 
and various biological responses, so radiation-responsive 
proteins can be used to discriminate exposed/non-exposed 
individuals and estimate radiation-induced physiological 
risks [2, 3]. Proteomic profiling offers one approach to 
identify new candidate protein markers [1, 4], and various 
proteomic technologies have enabled investigation of 
proteome-wide changes in response to radiation [5-7]. 
However, whole proteome changes in in vivo irradiated 
human cells have not been identified yet. 

The Columbia Center for Medical Countermeasures 
against Radiation (CMCR) Mouse Core has developed a 
hematopoietically humanized mouse model (Hu-NSG) [8, 
9], which can be a potentially valuable resource for 
radiation biodosimetry studies. We therefore used the 
Hu-NSG model to identify candidate protein biomarkers 
in human lymphocytes in vivo up to a week after total 
body exposures to X rays. As an initial stage of this study, 
we first optimized the sample preparation of human 
lymphocytes from unirradiated and irradiated Hu-NSG 

mice to obtain sufficient protein yields and quality for 
proteomic analysis, and evaluated the proteomic profile of 
samples prepared three days after irradiation as a training 
set. 

Experimental overview and results 
Our goal was to determine quantitative changes in the 

proteome of human hematopoietic B- and T- cells from 
Hu-NSG mice exposed to 1 Gy and 2 Gy X rays, up to a 
week after irradiation. 

Samples were prepared and analyzed according to the 
workflow shown in Figure 1. To date, the Columbia 
University CMCR Mouse Core has prepared for us 47 
Hu-NSG mice engrafted with CD34+ cells isolated from 
cord blood of 10 different healthy human donors for 
experiments conducted from Nov 2016 through Mar 
2017. Figure 2 shows an example of successful 
engraftment of human hematopoietic cells in Hu-NSG 
mice. Four months after human CD34+ cell injection, 
blood isolated from Hu-NSG mice was stained with 
antibodies raised against Human CD45 (a marker for 
human leukocytes), Mouse CD45 (a marker for mouse 
leukocytes), Human CD3 (a marker for human T cells) 
and Human CD20 (a marker for human B cells). 
Estimation of the cell counts was then done by flow 
cytometry using direct volumetric cell analysis. Forty-five 
Hu-NSG mice that have 50~80% human lymphocytes 4 
months after cell injection were used for this study.  

Protein Biomarkers in the Humanized Mouse for 
Radiation Biodosimetry 

Younghyun Lee, Monica Pujol Canadell, Mashkura Chowdhury, Emily I. Chena, Jay R. Perrier, Johanna Steinbrecher, 
Lubomir Smilenov, and Helen C. Turner 

 

 

aProteomics Shared Resource, Herbert Irving 
Comprehensive Cancer Center, Columbia 
University Medical Center 

 

Figure 1. Schematic illustration of experimental procedures. 
 

Figure 2. Representative flow cytometry plot for the 
identification of human leukocytes in peripheral blood from 
Hu-NSG mice. 
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We determined how many human T and B cells could 
be collected using flow sorting from Hu-NSG peripheral 
blood and spleen in order to finalize our experimental 
design to prepare enough protein for proteomic analysis. 
Approximately 30 µg protein is required for 
comprehensive proteomic analysis by the Columbia 
University Proteomics Shared Resource Center. Protein 
yields in human T and B cells were quantified using the 
Qubit Protein Quantification assay kit (Q33211, Thermo 
Fischer Scientific). About 4 µg and 40 µg cell protein was 
collected from the blood and spleen, respectively, 
confirming that the mouse spleen could be used for 
proteomic analysis and that peripheral blood samples 
would be sufficient for validation studies. 

Since radiation can induce significant cell death, 
human leukocyte counts were also measured after 
exposure to 1 Gy and 2 Gy X rays. Although the number 
of human leukocytes in the spleens of Hu-NSG mice was 
significantly decreased after X irradiation, the 1 Gy 
samples did have sufficient protein yields for proteomic 
analysis. Protein measurements for the 2 Gy samples 
indicated that two spleen samples would have to be 
pooled from mice that had been injected with the same 
human donor cells, in order to obtain enough protein for 
proteomic analysis. 

In order to examine the appropriateness of our study 
design and experimental methods, we evaluated the 
proteomic profiles in human lymphocytes prepared from 
16 Hu-NSG mice 3 days after X irradiation. A training set 
of human leukocytes was collected from the spleens of 0, 
1 and 2 Gy irradiated Hu-NSG mice, and submitted to the 
Columbia University Proteomics Shared Resource Center 
for proteome analysis.  

Samples were digested by trypsin, labeled with 
Tandem Mass Tag (TMT) isobaric reagent, and analyzed 
by Thermo Orbitrap Fusion Tribid Mass Spectrometer. 
Proteome Discoverer software (version 2.1) was used to 
search the acquired MS/MS data against a human protein 
database downloaded from the UniProt website and 

generate TMT ratios. Positive identification was set at 1% 
peptide false discovery rate (FDR), and a total of 2302 
human proteins were quantified and included in the final 
data set for analysis. 

Proteomic expression data were normalized to values 
of a common reference and total peptide amount to 
control other experimental factors before performing 
comparisons between groups. We evaluated the 
distribution of normalized protein abundance ratios to 
assess the global quality of our quantitative proteomics 
data. Figure 3 shows that there were no shifts in the global 
distribution of ratios and all experiments showed a similar 
mean of ratios. This indicates that our data were 
normalized successfully without any global biases. Using 
normalized data, statistical analyses were performed to 
identify radiation responsive proteins. 

To determine radiation-induced proteins, various 
statistical models were applied to the protein data set. 
Protein expression patterns of irradiated groups (1 and 2 
Gy) were separated from those of the control group by 
applying 0.2% FDR for control vs. 1 Gy and 0.05% FDR 
for control vs. 2 Gy. The results were consistently 
observed using 3 statistical models (Student’s t test, 
Welch t test, and LIMMA). Using ANOVA and LIMMA, 
we identified protein signatures that distinguish the three 
groups (0, 1, and 2 Gy). Figure 4 presents the results of 
applying 0.1% FDR in the ANOVA test. Thirty-one 
differentially expressed proteins were found in response 
to radiation exposure. Hierarchical clustering revealed 
two major clusters: 10 proteins were up-regulated and 21 
proteins were down-regulated. Of these, 11 proteins with 

Figure 3. Distribution of protein abundance ratios after 
normalization. Ratios were calculated by PD 2.1, and log-
transformed ratios are plotted as a function of mass 
spectrometry experiment using GraphPad Prism 6 
Software. 

Figure 4. Radiation-associated changes in protein expression 
in human leukocytes of control and irradiated humanized 
mice. The heat map shows relative expression levels of 31 
proteins in response to radiation exposure. 
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fold changes greater than 2 were defined as radiation 
responsive protein markers 3 days after irradiation. 

A combination of proteins can provide a more 
accurate assessment of exposure than single biomarkers 
[3]. To find the best candidate protein markers, our 
approach was to combine proteins from the top 11 
candidate biomarker list with fold changes greater than 2. 
Figure 5 shows models that we have constructed from 
different protein combinations, and their dose response 
characteristics. In Figure 5, Models A and B use four up-
regulated and down-regulated proteins, respectively. The 
four proteins used were selected as having consistent dose 
response, high fold change, and low variability between 
samples. Both models distinguished between the control 
and irradiated samples by their sum of ratios. To better 
differentiate between 1 and 2 Gy, we constructed Model 
C using both up-regulated and down-regulated proteins. 

Here, a combined ratio was calculated by subtracting the 
sum of ratios in Model B from those in Model A. Model 
C was found to show a significant increase in combined 
ratios with increasing radiation dose, and less overlap 
among the three dose groups. 

Conclusion 
The overall objective of this discovery-based study 

was to use the Hu-NSG mouse model and proteome 
analysis to generate a protein list to identify long-term 
radiation-responsive biomarkers in human lymphocytes 3 
days after total body exposure to 1 and 2 Gy X-rays. The 
results show a consistent protein signature with little 
variation between biological replicates, suggesting that 
protein assay development is feasible.  We are planning to 
add an independent Day 3 data set to further validate 
these findings, and to investigate proteomic profiles in 
Day 5 and 7 data sets.  
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Figure 5. Radiation dose response of various combinations 
of proteins constructed from our candidate protein markers. 
Model A is composed of 4 up-regulated proteins, and Model 
B is composed of 4 down-regulated proteins. In Models A 
and B, the sum of ratios is calculated by doing the sum of the 
TMT expression ratios (abundance normalized to the 
common reference) of each of the proteins.  In Model C, a 
combined ratio was calculated by subtracting the sum of 
ratios in Model B from those in Model A. 
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Introduction 
Cesium-137 (137Cs) is one of the major radioisotopes 

of concern in a radiological dispersal device scenario [1] 
as well as in nuclear accidents [2] and detonations [3]. 
With similar chemical and physical properties as 
potassium, 137CsCl is rapidly absorbed from the 
gastrointestinal tract or lungs and permeates the entire 
body, providing relatively uniform protracted beta 
particles and gamma irradiation [4, 5]. Biokinetic models 
in adults show that 137Cs is eliminated fairly quickly from 
the body through the urine, such that approximately 10-
15% of the isotope intake is excreted within 2-3 days with 
the remainder cleared by ~90 days [6, 7]. 

In an earlier study [8], we performed long-term (30 
day) internal-emitter mouse irradiations at the Lovelace 
Respiratory Research Institute (LRRI), using a single dose 
of 137CsCl, and measured the effect of ionizing radiation 
on the in vivo induction and repair of DNA double strand 
breaks (DSBs) in peripheral mouse lymphocytes using the 
γ-H2AX biodosimetry marker. Cumulative whole-body 
doses ranging from 2 Gy at 1 day to 10 Gy at 30 days 
were delivered following a single injection of 137CsCl. 
The γ-H2AX signals at late times, where the daily dose 
rate is very low, are very much larger than would be 
predicted from the acute-exposure data, but can be 
understood as resulting from the complex interplay 
between changing dose, dose rate, and the biokinetics of 
cell death and the production of new lymphocytes from 
damaged progenitor cells. Given the specificity potential 
of the γ-H2AX assay as a marker for internal exposures at 
times ranging from days to weeks after the start of 
exposure, the goal of the present 137Cs internal-exposure 
work was to focus on triage-relevant time points, ranging 
from a few days to a few weeks. To this end, we used 
injected activities respectively corresponding to 
accumulated doses of 4 Gy by day 3, 5, 7, or 14.  
Presented are the in vivo γ-H2AX kinetics patterns in 
peripheral blood lymphocytes as a function of elapsed 
time post injection.  

Results and Discussion  
Three cohorts of C57BL/6 mice (8 mice per data 

point; total 200 mice) were divided between four dose 

groups and injected with a single dose of 137CsCl ranging 
from low dose 157.5 µCi target activity to high dose 
259 µCi.  

To assess the full dose/dose rate implications, some 
groups received the same initial injection activity, but 
were sacrificed after the accumulation of different doses, 
while other groups received similar doses that were 
accrued at different dose rates. Using the individual 
animal whole body retention curves developed from 
whole-body counting data, the dose to each animal was 
calculated. Figure 1 shows that the average committed 
doses for each group based on individual animal retention 
curves were within ~3% of the targeted doses.   

γ-H2AX Analysis 
For the immunodetection of γ-H2AX, the cells were 

incubated with a rabbit polyclonal γ-H2AX (phospho 
S139) antibody (#ab2893 Abcam Inc.,) and visualized 
with an Alexa Fluor 488 (AF488) secondary antibody, 
counterstained with DAPI. Fluorescent images of DAPI-
labeled nuclei and AF488-labeled γ-H2AX were captured 
separately for each absorbed dose using an Olympus 
epifluorescence microscope (Olympus BH2-RFCA) and 
60x oil immersion objective. Quantification of γ-H2AX 
yields was determined by measuring the total γ-H2AX 
nuclear fluorescence per lymphocyte and analyzed using 
image analysis software [9].  Figure 2 shows the mean 
γ-H2AX nuclear fluorescence values measured in 
lymphocytes relative to the unirradiated control cells at 

Dose and Dose Rate Effects on γ-H2AX Kinetics in 
Mouse Lymphocytes in vivo Following Cesium-137 

Administration    
Helen C. Turner, Younghyun Lee, Igor Shuryak, Waylon Webera, Dunstana Meloa,  

Sally A. Amundson, and David J. Brenner 
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Figure 1. Predicted dose and actual committed doses (Gy) 
based on whole-body retention experiments.  
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specific time points following the injection of four doses 
of radionuclides (in µCi: 157.5, 191, 214.5 and 259).    

The results show a decrease in γ-H2AX yields with 
accumulated dose over time following the injection of the 
radionuclides, suggesting that time and dose are highly 
correlated. Figure 3 shows the γ-H2AX yields plotted 
against the dose rate squared. Not surprisingly, the 
measurement of the DNA damage response is 
complicated by the intake dose, protracted exposures and 
changing dose rate. 

For the lower radionuclide activities, 157.5 and 
191µCi, the results suggest that γ-H2AX yields increased 
at higher dose rates, as opposed to the higher injection 
doses of 214.5 and 259 µCi where the γ-H2AX response 
appeared to be independent of dose rate. Measurement of 
γ-H2AX yields over 14 days for accumulated doses of 
4 Gy showed no apparent correlation with dose rate. 
Although it was not possible to measure blood cell 
differentials in these internal emitter studies, analyses are 
ongoing  to  mathematically  model  the  γ-H2AX kinetics 

data for the death of highly mature lymphocytes and 
repopulation of newly formed lymphocytes post 
irradiation exposure.  
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Figure 2. Mean response pattern of γ-H2AX yields up to 14 
days after internal exposure to 137Cs.  

Figure 3. Effect of dose rate on γ-H2AX yields post 
irradiation exposure. 
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The Radiological Research Accelerator Facility, an 
NIH-funded Biomedical Technology Resource Center, 
provides CRR members and the radiation research 
community at large with advanced irradiation techniques 
using charged particle and neutron beams. RARAF serves 
as the radiation core for the Columbia Center for High 
Throughput Minimally Invasive Radiation Biodosimetry.  
RARAF staff also support CRR researchers with design 
of irradiations and with dosimetry. 

Research Using RARAF 
The “bystander” effect – the response of cells that are 

not directly irradiated but are in close contact with, 
nearby, or only in the presence of irradiated cells – has 
been the focus for many of the biological studies at 

RARAF over the past two decades.  Both the Microbeam 
and the Track Segment Facilities continue to be utilized in 
various investigations of this response to radiation 
exposure.  This year the number of biological experiments 
investigating the mechanism(s) by which the bystander 
effect is transmitted has declined somewhat, with newer 
technological developments on the Super Microbeam 
displacing user availability. The track segment facility 
and our neutron capabilities remain in operation providing 
users spatially averaged particle irradiation for studies of 
cell populations. 

Experiments 
Listed in Table I are the experiments performed using 

the RARAF accelerator (a 5.5 MV Singletron; High 

THE RADIOLOGICAL RESEARCH 
ACCELERATOR FACILITY 

An NIH-Supported Resource Center 

WWW.RARAF.ORG 

Director: David J. Brenner, Ph.D., D.Sc. 
Associate Directors: Gerhard Randers-Pehrson, Ph.D. and Guy Garty, Ph.D 

 

Exp 
No. Experimenter Institution Exp. 

Type  Title of Experiment Shifts 
Run 

110 Tom K. Hei CRR Biol. Identification of molecular signals of alpha particle-
induced bystander mutagenesis 4.5 

113 Alexandra Miller AFRRI Biol. Role of alpha particle radiation in depleted 
uranium-induced cellular effects 3.5 

165 Helen Turner CRR Biol. Mouse/blood irradiation using IND spectrum 
neutrons 2 

172 Susan Bailey Colorado State 
University Biol. Targeted telomeric damage and the persistent DNA 

damage response 1 

173 Ekaterina 
Dadachova 

Albert Einstein 
College of Medicine Biol. 

Comparison of fungal cell susceptibility to external 
alpha particle beam radiation versus alpha particles 
delivered by 213Bi-labeled antibody 

1 

174 Gordana Vunjak-
Novakovic 

Columbia 
University Biol. Micro proton induced x-ray emission of 

bone/cartilege grown on artifical scaffolds 1.5 

175 
Constantinos 
Broustas/  
Sanjay Mukherjee 

CRR Biol. Mouse/blood irradiation using IND spectrum 
neutrons 3 

178 Alejandro Carabe-
Fernandez 

University of 
Pennsylvania Phys. 

Microdosimetric and radiobiological 
characterization of new Si-based microdosimeters 
using particle microbeams 

2 

179 John Ng Cornell University Biol. Effect of LET on immunotoxicity 46.5 

Table I.  Experiments Run at RARAF January 1 - December 31, 2016 
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Voltage Engineering Europa) between January 1 and 
December 31, 2016 and the number of shifts each was run 
in this period.  Half shifts are assigned when experimental 
time is shared among several users (e.g., track segment 
experiments) or when experiments run for significantly 
more or less than an 8-hour shift.  Use of the accelerator 
for experiments was 47% of the regularly scheduled time 
(40 hours per week).  Nine different user experiments 
were run during this period.  Three experiments were 
undertaken by members of the CRR, supported by grants 
from the National Institutes of Health (NIH), the National 
Cancer Institute (NCI), the National Institute of Allergies 
and Infectious Diseases (NIAID) and the National 
Institute of Biomedical Imaging and Bioengineering 
(NIBIB).  Six experiments were performed by external 
users, supported by grants and awards from the 
Department of Energy (DoE), the Department of Defense 
(DoD), the NIH, the National Aeronautics and Space 
Administration (NASA), the National Science Foundation 
(NSF), the National Cancer Institute (NCI), and internal 
funding from Cornell University.  One of these 
experiments was a collaboration between RARAF/CRR 
staff and an outside user. Brief descriptions of these 
experiments follow. 

A group led by Tom Hei of the CRR continued 
experiments investigating the effects of cytoplasmic 
irradiation and the radiation-induced bystander effect 
(Exp. 110).  Using the Microbeam Facility, Jinhua Wu 
investigated mechanisms by which cytoplasmic stimuli 
modulate mitochondrial dynamics and functions in human 
small airway epithelial cells (SAECs).  Their recent 
studies have shown that mitochondrial fragmentation 
induced by targeted cytoplasmic irradiation of human 
SAEC is mediated by up-regulation of dynamin-regulated 
protein 1 (DRP1), a mitochondrial fission protein.  To 
further explore the role of mitochondria in modulating the 
biological activities of high-LET radiation, autophagy in 
SAECs was examined.  Autophagy was observed as early 
as 30 minutes after cytoplasmic irradiation with 10 alpha 
particles and peaked at 4 hours based on LC3B punctae 
formation.  Sequestration of free radicals by DMSO 
abolished the induction of LC3B punctae formation, 
suggesting that activation of autophagy is free radical-
dependent.  Autophagy led to an increase of γ-H2AX foci 
that was dramatically reduced by choloroquine (CQ) or 
3-methyladenine (3-MA), which are known inhibitors of 
autophagy.  The DRP1 inhibitor mdivi-1 also significantly 
reduced autophagy, indicating that it plays a key role in 
its activation.  DRP1 knockout HCT116 cells showed 
little or no autophagy after cytoplasmic irradiation, further 
confirming its role in autophagy induction.  DRP1-
dependent up-regulation of autophagy-initiating protein 
beclin-1 was also observed.  Finally, a sustained 
activation of ERK was detected, suggesting potential 
involvement of the non-canonical MEK/ERK pathway in 
regulating autophagy in cytoplasmic irradiated cells.   

Alexandra Miller of the Armed Forces 
Radiobiological Research Institute (AFFRI) continued 

studies using the Track Segment Facility to evaluate 
depleted uranium (DU) radiation-induced carcinogenesis 
and other late effects using in vitro models and to test safe 
and efficacious medical countermeasures (Exp. 113).  
One objective of this study has been to determine if 
phenylbutyrate (PB), a histone deacetylase inhibitor and 
epigenetic effector, can mitigate neoplastic cell 
transformation induced by different qualities of radiation, 
and if so, to identify which adverse epigenetic 
mechanisms are involved and potentially reversed by PB.  
This also would be of interest for Space missions and 
alpha particle exposures from accidental releases.  Track 
segment irradiations with 4He ions were performed on 
human small airway epithelial cells (SAECs) and growth 
rate, transformation, and genomic instability were 
quantified.  Irradiation of SAECs overcame contact 
inhibition and caused an increase in transformation 
frequency and induction of gene amplification, i.e., 
genomic instability.  Treatment with PB following 
irradiation resulted in a significant suppression of 
transformation frequency and gene amplification.  Studies 
are ongoing evaluating the impact of PB treatment on 
changes in DNA methylation caused by irradiation with 
4He ions.   

Dr. Miller also instituted a study using her SEAC cell 
line in a comparison study of the RARAF neutron 
spectrum irradiator and the reactor neutron spectrum 
irradiator at AFRRI.  This intercomparison work is being 
supported by AFRRI for their systems analysis for 
comparison to other facilities. Results of this work will be 
shared with RARAF and the broader community to 
further the understanding of the effects of differing 
neutron energy spectra. 

Helen Turner and Constantinos Broustas made use 
of our neutron spectrum irradiation system to study the 
effects on mice and human peripheral blood samples. This 
work is supported by the Columbia-based Center for 
Medical Countermeasures against Radiation (CMCR) for 
the development of biodosimetry tools for a radiologic 
event. The mice were irradiated with up to 2 Gy of 
neutrons and comparison mice were given up to 4 Gy of 
x-rays using the Westinghouse orthovoltage x-ray system. 
The human blood samples were given up to 2 Gy of 
neutron spectrum dose and 4 Gy of x-rays. Some mice 
were also given 1 Gy of neutrons and then a secondary 
dose of x-ray to simulate a mixed field. The mice were 
sacrificed and blood was collected and scored for 
micronucleus and γH2AX foci, or global gene expression 
levels were measured, to determine dose response. The 
animals were also held in metabolic cages for collection 
of urine and feces for metabolic process variation 
determinations performed at Georgetown University.  

Susan Bailey from Colorado State University works 
on the effects of telomere length and damage on the 
health and viability of cells. She makes use of the 
RARAF microbeam to target and irradiate telomeres in 
the cells. The work performed this year focused on 
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telomere degradation following targeted nuclear 
irradiation. The experiment was used also by the RARAF 
staff as a baseline imaging test for the imaging of 
telomeres using the labels of interest to Dr. Bailey with 
the new super resolution microscope, as that facility will 
become available for use early next year.  

Ekaterina Dadachova at the Albert Einstein College 
of Medicine, working with Igor Shuryak of the CRR, has 
been developing radioimmunotherapy (RIT) for treatment 
of Cryptococcus neoformans infections using 213Bi-
labeled antibodies specific to the cryptococcal capsule.  
She is performing a comparison of fungal cell 
susceptibility to external α-particle beam radiation versus 
α particles delivered by the bismuth-labeled antibodies 
(Exp. 173).  Fungi grown to stationary phase in defined 
minimal medium were suspended in solution.  As for 
other experiments, the solution was formed into a thin 
layer with a known uniform thickness under a cover slip.  
The fungi were irradiated with doses of 1 to 80 Gy of 
125 keV/µm 4He ions.  Results so far indicate that: a) C. 
neoformans is more sensitive to external beam α particles 
than to external γ rays; b) α particles delivered by the 
capsule-binding antibodies may be more cytocidal to the 
C. neoformans cells than external beam α particles. This 
work has expanded in the past year to include proteomic, 
transcriptomic and metabolomic analysis of the 
radioresistance seen in these fungi.  

Gordana Vunjak-Novakovic uses our charged 
particle microbeam facilities for particle-induced x-ray 
emission (PIXE) analysis of cartilage-bone interfaces 
looking at chemical compositions of the two materials as 
they interface and progress through the life cycle. The 
change of concentration of calcium in both materials 
through the development of arthritis is of high interest in 
arthritis care and prevention. This past year, the neutron 
microbeam line has been modified to allow for this work 
to be performed at that endstation. This allows higher 
beam currents on the target for more rapid data 
acquisition. Samples from both sacrificed animals and 
laboratory constructs on artificial scaffolds are being 
measured. The design of the artificial scaffolds could lead 
to the ability to make bone and cartilage replacements in 
the labs grown from a patient’s own stem cells for joint 
reconstruction and repair. 

Alejandro Carabe-Fernandez of the University of 
Pennsylvania is developing silicon 3D radiation 
microsensor arrays, capable of quantifying deposited 
energies within micron-sized targets. Compared to 
traditional TEPCs, these detectors do not require a gas 
supply, operate at low voltages, are light and easily 
portable and have a fast response. The goal of this project 
is to use the targeting ability of the microbeam to 
characterize individual microsensors within the 
microdosimeter array. So far Dr. Carabe-Fernandez has 
irradiated two device prototypes on the Permanent magnet 
Microbeam and is developing a new detector array that 
can be more easily interfaced with the microbeam 

endstation. The goal would then be to characterize the 
response of different microdosimeter configurations 
(diameter, depth, and pitch) representing different cell 
types, and to derive relative biological effectiveness 
(RBE) from mechanistic biophysical models (e.g. MKM 
and LEM). The experimental RBE (relative biological 
effectiveness) obtained from clonogenic assays of 
individual cells exposed to the microbeam will also be 
obtained and compared to that obtained from the 
microsensors. This will allow investigators to: 1) 
characterize the microdosimetric properties of each 
individual microsensor as well as study crosstalk between 
the sensors in an array; 2) validate the microsensors as 
viable instruments to calculate RBE; 3) determine new 
features required to develop current microsensor 
technology to a new generation that allows more precise 
RBE measurements. 

John Ng of Cornell University has expanded his work 
significantly with the help of the RARAF staff.  Building 
on his significant experience in clinical cancer treatment, 
his project is looking for immune response signals from 
cells after irradiations using particles of different LET.  
The aim is to determine effects of targeted radiotherapy 
with specifically chosen particle energies that can be 
combined with immunotherapy to increase the efficacy of 
both for the treatment of many types of cancers, 
particularly the more radioresistant strains. This study has 
focused on a mammary tumor cell line that was developed 
at Cornell University for the study of immune response, in 
particular, the relocation of calreticulin from the 
endoplasmic reticulum to the cell membrane and the 
release of HMGB-1 and ATP into the intercellular 
matrix/media.  These three responses are indicative of 
immune system triggering responses to irradiation from 
these cells.  The experiment makes use of the RARAF 
track segment irradiator as a source for particles of 
different LET (from 10 to 160 keV/µm).  The studies this 
year explored the higher end of the LET range (65-160 
keV/µm). The results are promising in that they show a 
peaked response in all three assays at ~110 keV/µm. We 
are in the process of confirming these results.  We also 
look forward to further exploring low LET (10, 25 and 40 
keV/µm) and expanding these studies to other cancer and 
normal tissue cell lines. 

Development of Facilities 
Development continued on a number of extensions of 

our irradiation facilities and capabilities for imaging and 
irradiating biological specimens: 

• Focused particle microbeams 
• IND spectrum neutron source 
• Advanced imaging systems 
• Targeting and manipulation of cells 
• New cell analysis tools 
• Small animal systems 
• FLASH irradiation system 
• UV sterilization systems 
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Focused particle microbeams 
Prior to installation of the Solenoid magnet (see 

below), the electrostatically focused microbeam was 
consistently operated with a 1-2 µm diameter beam and 
0.5 µm when called for by a particular experiment.  The 
electrostatic microbeam focusing system was retired as 
part of the continued development of our Super 
Microbeam, which occupies the same location as the 
electrostatic system and use the microscope endstation 
developed for the microbeam system. 

The Super-Microbeam development continued with 
the installation of the superconducting solenoid focusing 
system at the end of the microbeam beamline.  This is the 
Phase 1 development of the Super Microbeam, using the 
solenoid as the only focusing element. A reconstruction of 
the microscope endstation (Fig. 1) was required as the 
spool of the electrostatic system and the solenoid housing 
are not of the same physical size. The system was 
assembled throughout the Summer and Fall of 2016 and 
initial beam testing was begun in late October.  The 
current beam size is 3.5 µm with further alignment 
optimization underway. The ultimate size of the beam for 
Phase 1 will be 250 nm, which we plan to achieve early in 
2017. 

During the redevelopment of our electrostatic/Super 
Microbeam system, the permanent magnet microbeam 
(PMM) was used as our primary charged particle 
microbeam.  This system is also our microbeam 
endstation for the development of our Flow and Shoot 
(FAST) microfluidics irradiation system, the capillary 
electrophoresis (CE) system, and the automated cell 
picking system.  The PMM has all of the irradiation 

capabilities of the electrostatic microbeam except the sub-
micron beam spot size. The PMM also does not have the 
potential for electrical breakdown from failures of the 
vacuum window, making it an ideal initial testbed for all 
our new technologies. 

IND spectrum neutron source 

The Improvised Nuclear Device (IND) spectrum 
irradiator was completed in 2014 and has been 
extensively used during the past two years. This year saw 
the irradiation of mice, fresh human whole blood samples, 
and plated cell lines.  

This fast neutron irradiation source was designed to 
generate the neutron spectrum seen from the “Little Boy” 
atomic bomb dropped at Hiroshima at 1.5 km from 
ground zero. This field is generated through the reactions 
9Be(d,n)10B and 9Be(p,n)9B using a mixed beam of 
monoatomic, diatomic and triatomic protons and 
deuterons. The RARAF Singletron uses a gas mixture of 
hydrogen to deuterium of 1:2 which feeds into the RF 
plasma ion source. This irradiator is on the 0º beam line 
as any bending of the beam to get to a target would 
separate the 6 different beams, preventing generation of 
the spectrum. 

The neutron spectrum was verified using two proton 
recoil detection systems. A 2” diameter 2” thick liquid 
scintillator for energies >1 MeV and a 1.5” diameter 
spherical gas proportional counter with 3 atm of hydrogen 
gas for <1 MeV. Using MCNPX-PoliMi Monte Carlo 
simulations to calculate the exact response functions of 
the detectors, it is possible to reconstruct the spectrum 
from the readout of the detectors in the neutron field. 

The base irradiation dose rate has been calibrated to 
deliver 0.25 Gy of neutrons in 10 minutes (with a gamma-
ray contribution of an additional 1%). This dose rate 
allows the delivery of 1 Gy in under 1 hour.   

Advanced imaging systems 
We continue to develop new techniques to obtain two- 

and three-dimensional images of cells, reduce UV 
exposure and improve resolution. 

Real-time imaging 

Short-term biological effects that happen within 
seconds to the first few minutes after irradiation set the 
stage for later effects.  Real-time imaging and observation 
of the short-term effects will give experimenters insight 
into their endpoints.  Techniques have been developed 
using our EMCCD (electron-multiplying charge-coupled 
device) camera and our fast switching SOLA LED light 
source to acquire images with several frames per second 
to observe the short-term effects of irradiation on a 
timescale of minutes to hours following irradiation.   

Multi-photon microscope with the UV microspot 

The multi-photon microscope was developed several 
years ago and integrated with the charged particle 
microbeam irradiator. This microscope, through the long 

Figure 1. Super Microbeam solenoid and microscope 
endstation installed at RARAF. 
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wavelength incident laser, allows in depth imaging of 3D 
tissues and small animals, such as C. elegans and 
zebrafish embryos. This is achieved using the sectioning 
capability of the multi-photon effect where the photon 
density increases to generate constructive interference 
producing a 3D voxel with photons of half the wavelength 
and twice the energy, which can locally excite 
fluorophores and/or other fluorescent effects (e.g. auto 
fluorescence and second-harmonic generation). This 3D 
voxel is then scanned through a single layer and stepped 
through the sample using the nanoprecision z-stage, 
generating a stack of 3D slices of the sample that are 
reconstructed into 3D images. 

If the intensity of the laser is increased, at the area of 
constructive interference there can be a 3 photon 
interference resulting in a voxel where with 1/3 of the 
wavelength (three times the energy), typically generating 
a voxel of UV light—the UV microspot. The UV 
microspot can be used to induce damage within a 3D 
target. 

STED 

We are developing a Stimulated Emission Depletion 
(STED) super resolution microscope system with optical 
resolution of 75 nm in combination with our super 

microbeam to achieve compatible imaging resolution and 
beam spot size. The STED system at RARAF builds on 
the multi-photon microscope using it as the primary 
excitation laser. A second continuous-wave (CW) laser is 
added coaxial with the multi-photon laser. Using 
polarization optics, the second laser projects a donut 
shaped point spread function around the excitation spot of 
the multi-photon system.  With proper selection of the 
second laser wavelength and sufficient intensity, the 
second laser will deplete the fluorescent states around the 
excitation spot allowing fluorescence from the center of 
the donut, which will be reduced to nanometer sizes. 

The STED development continues on the microbeam 
endstation (Fig. 2). The STED imaging project was 
paused during the reconstruction of the microbeam 
endstation for the Super Microbeam work.  The 
preservation of the installed optical pathways allows the 
restarting of STED imaging early in 2017. We have made 
the decision to go to time gated gSTED and have begun 
purchasing the required equipment for this upgrade.  

Targeting and manipulation of cells 
We have the capability to fabricate microfluidic 

devices in hard plastics, such as acrylic, and soft plastics, 
such as polydimethylsiloxane (PDMS).  The micro-
milling machine installed at RARAF has software to 
produce parts designed using the Solid Works computer-
aided design (CAD) program.  This system has been used 
to manufacture the single-cell dispenser and the 
microfluidics chips for the cell sorter and microFACS 
systems (described below). Several new microfluidic 
systems are being developed to target, manipulate and 
analyze cells. 

Cell picker 

Picking individual cells that are adhered to a 
microbeam irradiation dish is one of the methods to 
isolate cells from a microbeam dish and dispense into 
microfluidic single cell analysis devices.  Previously this 

Figure 2. New endstation support spine. The extra stand at 
the bottom was required by the height of the new solenoid. 
The optical bench on the top is the same as previously 
installed for the multi-photon system.  

 
Figure 3.  The single cell picker, mounted on the permanent 
magnet microbeam endstation. 
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capability was incorporated in the Permanent Magnet 
Microbeam endstation (Fig. 3) as a semi-automated 
device that is part of the microbeam control software, and 
includes joystick control of robotic motion of a 
microcapillary. The microcapillary is brought next to a 
cell on a microbeam dish, trypsin is dispensed and the cell 
is aspirated into the capillary. In the past year we have 
worked to improve the workflow of the cell picker.  We 
optimized the picking conditions including the amount of 
liquid on the cells, staining method, and imaging setup, as 
well as the general technique of locating a cell, then 
dispensing trypsin, and then aspirating a single cell. Our 
current push is to improve our picking speed and the 
efficiency of picking a single cell. 

Cell dispenser 

Development of the single cell dispenser has 
continued with a focus on improving electrical signal 
quality and testing a complete system with cells.  We 
have improved the electrical signal quality, which is used 
to detect a cell passing over the microelectrodes within 
the device, by making the connection to the electrode 
more mechanically robust. This robust connection reduces 
the noise and makes triggering off of a cell detection 
event easier. Testing of the dispenser system has moved 
from using beads to using cells in suspension.  In order to 
test cells for an extended period without them losing 
shape (due to their death since they are out of an 
incubator), we chemically fixed a batch of suspended 
cells.  We also applied a crystal violet dye to the fixed 
cells to enable us to view them easily both within the 
microfluidic device and within a dispensed droplet.  We 
started preliminary testing of the complete system and are 
currently evaluating the ability of the system to eject a 
single cell autonomously. 

 

 

MicroFACS 

The microfluidic Fluorescence-Activated Cell Sorting 
(microFACS) system has continued development to 
combine flow cytometry and sorting with our other 
microfluidic irradiation and dispensing technologies. 

The microFACS system uses Dean vortex drift flow 
focusing to entrain the samples into a sheath flow focused 
column for flow cytometry detection in the main channel.  
The sample is illuminated with a laser through fiber optic 
coupling, with the fluorescent output also detected 
through fiber optic coupling.  The combination of fiber 
optics and microfluidics will allow for the microFACS to 
be coupled to the other microfluidic systems in close 
proximity to the microbeam endstations.  

AMOEBA 

Significant development of the Automated Microbeam 
Observation Environment for Biological Analysis 
(AMOEBA) system in the past year has made it a 
functional biology support system at RARAF (Fig. 4).  
The system, which typically monitors and controls 
temperature, pH, and humidity on a microbeam 
endstation, is a modular configuration that can be adjusted 
for any number of experimental conditions.  The system is 
run through custom software that can monitor multiple 
inputs simultaneously and make appropriate changes to 
control the environment. A 3D printed shroud fits around 
the existing endstation and defines the volume around a 
microbeam dish with environmental control.  The 
AMOEBA allows for long term experiments where cells 
can be exposed using the microbeam and continuously 
observed for over 36 hours. The system’s performance 
was verified through the observation of cellular division, 
which is an indicator of cell health, during an extended 
observation on the endstation.  Users who wish to use the 
AMOEBA for their microbeam experiments can work 

Figure 4.  A schematic of the AMOEBA device shows the 3D printed case surrounding the microbeam dish and microscope objective.  
Sensors for CO2, temperature, and humidity all continuously monitor environmental conditions. The control software controls inputs to 
the system to maintain the desired conditions.  The AMOEBA is specifically designed to work within the current microbeam irradiation 
protocol, including the use of standard microbeam dishes. 

XY	stage	for	coarse	
movement	
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with the RARAF team to configure the AMOEBA for 
their needs. 

The microAMOEBA (Fig. 5) is similar to the 
AMOEBA, which has been designed to work around the 
existing microbeam irradiation protocol, because it also 
has the goal of carefully controlling the environment 
during a microbeam experiment. The microAMOEBA is 
unique because it aims to specifically control the 
microenvironment around cells with the added goal of 
enabling faster changes of controlled parameters than 
would be possible with the AMOEBA.  The 
microAMOEBA’s significantly reduced control volume 
makes this possible.  The microAMOEBA is designed to 
operate using the same control software and modules as 
the AMOEBA system, while the sensors and actuators for 
the system are made within a microfluidic system. Our 
goal is to construct the microAMOEBA using a silicon 
substrate, which can contain all necessary electrical 
connections and a thin window to allow the microbeam to 
reach the cells, and an attached microfluidic structure 
made of PDMS.  The PDMS not only acts as the cell 
culture chamber, but it also allows for control of the 

dissolved oxygen level through controlled diffusive 
transport.  Ruthenium dye is being examined for use as a 
fluorescent reporter of dissolved oxygen within in the 
system. We continue to characterize the dissolved oxygen 
control parameters and limitations in an effort to enable 
fast changes within the microenvironment. 

Another key factor that the system has been designed 
to control is temperature. We have shown the ability to 
control temperature on the silicon substrate, which is the 
surface that cells are grown on, through a range of 
temperatures from 37° C up to 60° C.  Extensive testing 
has been performed, culturing cells within the sealed 
microfluidic environment.  HeLa cells have been 
maintained within a microfluidic device for multiple days.  

New cell analysis tools 
CE-LIF 

We have finished construction and begun testing of 
our Capillary Electrophoresis – Laser Induced 
Fluorescence (CE-LIF) system to provide our users with 
the capability of measuring reactive oxygen species 
within individual cells immediately after irradiation. The 
nanoliter input volumes make this system ideal for single-
cell, small-scale biochemical analyses. 

In the CE-LIF system at RARAF (Fig. 6) the 
grounded end of a 50 µm bore capillary is brought to the 
cell using the semi-automated cell picker. Once a cell is 
aspirated into the capillary, 20-30 kV is applied between 
the grounded end of the capillary and the Laser Induced 
Fluorescence (LIF) system, enclosed in a light tight 
insulating box. This results in two superimposed flow 
modalities experienced by the analytes: (1) 
Electrophoretic flow, responsible for separating the 
analytes by charge and Stokes radius; (2) Electroosmotic 
flow, which drives the buffer and analytes (regardless of 
polarity) toward the detector.  The electroosmotic flow is 

Figure 5.  Three photographs of prototype microAMOEBA 
systems show progress in integration of silicon components 
with PDMS. Temperature sensors and heaters (A, B) were 
fabricated by patterning metal on the silicon surface. The 
PDMS structure (B, C) creates a controlled microfluidic 
environment for cell culture and irradiation. 

 
 
Figure 6.  The CE-LIF system mounted on the Permanent Magnet Microbeam (left). The 360 µm diameter capillary has been 
highlighted in orange for clarity. The right panel shows a close up of the LIF system. An analyte stream flowing out of the 
capillary intersects an excitation laser beam (blue). Fluorescence emission light (green) is collected perpendicularly into an 
optical fiber, and detected by a high sensitivity spectrometer.   
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much stronger than the electrophoretic flow, ensuring that 
all analytes will reach the detector. In the LIF system, the 
analytes are hydrodynamically focused into the path of a 
laser, with the light collected perpendicularly and detected 
by a high-sensitivity spectrometer. We have recently 
acquired a deep cooled Bayspec spectrometer, providing 
highly sensitive detection of fluorescent molecules. 

Mouse Phantom 

The anatomically accurate mouse phantoms continue 
to be used in various capacities around the CRR. A 
crucial development in the past year has been the 
comparison of the mouse phantom performance in a 
sample irradiation with a computer model of the same 
radiation.  Two common irradiations performed in the 
CRR, both using the Small Animal Radiation Research 
Platform (SARRP), were used to compare modelling with 
the physical phantom: a lung irradiation using a 3 mm 
square collimator and an abdominal irradiation using a 
5 mm square collimator.  The physical models were tested 
using radiochromic film strategically placed within the 
phantoms.  The computer simulation was performed in 
MCNP, and included the phantom as well as the SARRP. 
A comparison of the resulting radiation dose map, 
specifically in regions of very low dose outside of the 
target region, showed very good agreement between the 
physical models and the simulation.  These results 
confirmed that this unique phantom is a good tool to 
accurately assess dose distribution. 

The mouse phantoms were also used to help assess 
neutron dosimetry for the CMCR projects.  The phantoms 
were loaded into exactly the same position as the mice 
used in this experiment, thus allowing us to confirm that a 
uniform dose was received through the body of the mouse 
while it was rotated around the neutron source.  

FLASH Irradiator System 
To study the possible beneficial effects of ultrahigh 

dose-rate proton irradiations on complications affecting 
normal tissue after radiation therapy, we assembled the 
ultra-high dose rate irradiator. It allows us to deliver short 
charged particle pulses carrying therapeutic doses of 
several tens of Gray to a 0.12 in2 area. With this 
irradiation setup we can precisely define the time of the 
charged particle pulse (ranging from less than a 
millisecond to several minutes) delivered to a sample, 
therefore achieving dose-rates of up to several hundred 
Gray per second. Development of unwanted radiation-
induced late effects was initially investigated using a full 
thickness EpiAirway lung tissue model from MatTek that 
consists of normal human tracheal/bronchial epithelial 
cells co-cultured with normal human stromal fibroblasts. 
Biological endpoints that were investigated are 
histological and inflammatory markers of the onset of 
inflammation and fibrosis in the tissue models used. The 
ability to change the dose rate by several orders of 
magnitude with the same setup, makes it possible to 
compare the tissue response to ultrahigh dose-rate proton 

irradiations with the response to irradiations done using 
conventional therapeutic dose-rates (2 Gy/min).  

UV Sterilization Systems 
Scientists at RARAF continue to explore the use of 

far-UVC light as a tool for killing bacteria and viruses. 
While conventional germicidal lamps, most notably at 
254 nm, are very effective at killing pathogens, they are 
also harmful to humans. The deep ultraviolet sterilization 
(DUVS) work performed at RARAF aims to utilize 
specific very short wavelength UVC (207 nm) as a safe 
means of pathogen elimination. The theory of this work 
centers on the limited penetration of short wavelength UV 
radiation. UVC light with a wavelength in the range of 
200-225 is strongly absorbed by proteins, thus its ability 
to penetrate biological materials is very limited. The very 
short half value distance means that while the light can 
penetrate bacteria and viruses, which are typically smaller 
than 1 µm, it cannot penetrate the human stratum 
corneum (the outer dead-cell skin layer, thickness 
5-20 µm), nor the ocular cornea (thickness ~500 µm), nor 
even the cytoplasm of individual human cells. Recent 
work in this area has aimed to both verify the 
effectiveness of UVC at eliminating pathogens and to 
show that exposure to these wavelengths does not pose a 
significant threat to human health. 

The efficacy of DUVS for inactivation of aerosolized 
influenza viruses is one project currently underway. A 
special exposure chamber has been engineered to control 
aerosol generation, DUVS exposure time, and collection 
of exposed materials. The system has controls for input 
pressure, which controls aerosol generation rate, 
humidity, which effects droplet size, and volumetric flow 
rate, which controls the exposure time and also droplet 
size. The goal is to simulate virus aerosolization through 
human coughing, sneezing, and speaking. Tests with 
various DUVS exposure methods are underway. 

Another project testing DUVS is the application of 
UVC to the penetration site of implants or catheters, 
which are prone to infection. Current tests incorporate 
transmitting laser generated UVC light with an optical 
fiber and then applying the UVC through an optical 
diffuser. The diffuser could be placed within the 
penetration site alongside any implant or catheter and 
provide a means of sterilization. Current tests of 
bacteriological killing of MRSA are being performed in 
vitro and have demonstrated the ability to inactivate the 
bacteria. Work continues to quantitate the efficacy of this 
approach and to explore in vivo application with animal 
trials. 

Tests of the safety and efficacy of 222 nm light have 
also been a focus in the past year. Numerous experiments 
have been performed using mice that have simulated 
wounds or surgical site infections. The wounds have been 
exposed to UVC light to determine its effectiveness for 
infection control.  Additional tests using cells in culture 
and artificial human tissue models were performed in 
vitro and were essential in demonstrating the safety of 
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DUVS over long-term exposures. Additionally, 
preliminary tests to examine the safety of UVC light 
regarding cataract formation were initiated and continue 
into the coming year. 

Singletron Utilization and Operation 
Table II summarizes accelerator usage for the past 

year.  The nominal Singletron availability is one 8-hour 
shift per weekday (~248 days per year), however the 
accelerator is frequently run well into the evening, often 
on weekends, and occasionally 24 hours a day for 
experiments or development.  Total use for experiments 
and development this year was 59% of the regularly 
available day shifts. 

Accelerator use for radiobiology and associated 
dosimetry was about 70% of the year before and below 
the average for the last 5 years.  About 76% of the use for 
all experiments was for track segment irradiations, 8% for 
charged particle microbeam irradiations, and 16% for 
neutron irradiations.  Approximately 79% of the 
experiment time was for studies proposed by external 
users, and 21% was for internal users. 

On-line facility development and testing was about 
21.5% of the available time, primarily for development 
and testing of the Super Microbeam solenoid focusing 
system. Significant time was also dedicated to the 
multiple microfluidic and analysis tools using the PMM 
endstation.  This is about average for the last five years 
and slightly more than the previous year. 

The accelerator was opened twice in 2016 for ion 
source replacements. This maintenance requires ~5 days 
for a full turn around cycle and was scheduled over 
weekends for minimal interference with experiment and 
development schedules.  With the new DREEBIT Heavy 
Ion Source development proceeding, we expect to have 
significant accelerator maintenance and openings in the 
coming year for this accelerator enhancement. 

Training 
REU 

Since 2004 we have participated in the Research 
Experiences for Undergraduates (REU) project in 

collaboration with the Columbia University Physics 
Department.  This is a very selective program that attracts 
highly talented participants.  For 9-10 weeks during the 
summer, each student attends lectures by members of 
different research groups at Nevis Laboratories, works on 
a research project, and presents oral and written reports on 
his or her progress at the end of the program.  Among 
other activities, the students receive a seminar about and 
take a tour of RARAF.  

The 2016 REU participant at RARAF was Connor 
Crickmore from St. Edmund Hall, Oxford University.  
Connor worked with David Welch and Manuela 
Buonanno to examine the efficacy of deep ultraviolet light 
to inactivate aerosolized influenza virus.  Much of the 10-
week program involved modifying the experimental 
aerosol chamber.  Controls were added for adjusting the 
relative humidity within the chamber, which is crucial for 
creating aerosol particles of appropriate sizes to mimic 
human coughing, sneezing, and breathing.  Additional 
improvements to the experimental setup allowed for easy 
switching from the test configuration to the experimental 
configuration, therefore simplifying the experimental 
procedure.  The aerosol system was parametrically 
characterized independent of any UV light with the goal 
of determining how to control droplet size distributions.  
After gathering and analyzing experimental data, a set of 
good operating conditions was established and 
preliminary tests running influenza virus through the 
aerosol chamber were performed.  Work with aerosol 
sterilization using various deep UV light sources is 
ongoing. 

Group Training 
In addition to training individuals at RARAF, staff 

members also participate in training courses presented at 
other facilities as a means of introducing microbeam 
concepts and experiments to a broader audience.  This 
year, Andrew Harken lectured on “High/low LET 
microbeams” at the NASA Space Radiation Summer 
School, Brookhaven National Laboratory, Upton, NY, on 
June 11, 2016. 

Microbeam Training Course 
The fifth RARAF Microbeam Training Course 

“Single-Cell Microbeams: Theory and Practice” was 
given May 16-18, 2016.  There were nine students 
(Fig. 7) participating, listed in Table III.  Dr. Marcelo 
Vazquez returned as the director of the Microbeam 
Training Course.  

The course followed the same schedule as in previous 
years, with lectures and hands on laboratories for the 
design, operation, and use of charged particle 
microbeams.  The course spanned three days opening 
with lectures on day one, hands-on laboratory experience 
on day two, and concluding lectures on day 3.   

A main feature of the course is the experimental 
design done by each of the students as if they were 
proposing to come to RARAF to do an experiment.  The 

Table II.  Accelerator Use, January 1 - December 31, 2015 
Normally Scheduled Shifts 

Radiobiology and associated dosimetry 26.5% 

Radiological physics and chemistry 1% 

On-line facility development and testing 21.5% 

Safety system 5% 

Accelerator-related repairs/maintenance 8.5% 

Other repairs and maintenance 2.5% 

Off-line facility development 72% 
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students work with the RARAF staff to devise potential 
experiments and then present their proposals at the end of 
day 3 as a final demonstration of what they have learned 
from the course about the nature of microbeams and their 
potential applications. 

Dissemination 
Web site 

The RARAF website design that was created in 2013 
provides clear and effective presentation while improving 
access to content.  Functional menus (including a home 
page rotating-picture menu) were designed to make 
navigation through the content easy and interesting, with 
a hierarchical structure from general information, suitable 
for a general or non-science audience, to more-detailed 
technical content. 

The site contains information on microbeams in 
general, as well as detailed technical information on our 

various microbeams. We describe in-vitro and in-vivo 
endpoints that we use; details of available on-line and off-
line imaging capabilities; microfluidic systems we are 
developing; other charged particle and neutron irradiation 
facilities available at RARAF.  Our on-line training 
course materials, publications lists, information on 
RARAF contacts, and directions to the facility are also 
available on the site. The site is periodically updated to 
include new radiation facilities, cell handling and analysis 
capabilities, recent publications, and other information. 

Virtual training course 
We have developed an on-line virtual microbeam 

training course, based on the three-day courses.  This on-
line course was designed to give interested physicists and 
biologists who could not attend in person a thorough 
introduction to microbeam technology. 

Name Position Affiliation 

Jason Annkah Ph.D. Student Dept. of Medical Physics & Biomedical Engineering, University 
College, London 

Jerome Lacombe Postdoctoral Researcher Center for Applied NanoBioscience & Medicine, Univ. of 
Arizona 

Luis Spitta Research Scientist Institute of Aerospace Medicine, German Aerospace Center 
(DLR), Cologne, Germany 

R. Ileng Kumaran Postdoctoral Researcher Cold Spring Harbor Laboratory 
Han Xu Ph.D. Student Dept. of Physics and Radiation Laboratory, Univ. of Notre Dame 
Rob Hinshaw Ph.D. Student Medical Engineering and Medical Physics, Harvard-MIT Health 

Sciences & Technology 
Tao Ye Ph.D. Student Center for Ion Beam Applications, National University of 

Singapore 
Veljko Grilj Postdoctoral Researcher Columbia University, Center for Radiological Research 
Prenkumar Saganti Professor Dept. of Physics, Prairie View A&M and the NASA Center for 

Applied Radiation Research, Prairie View, Texas 

Table III. Students for the fifth RARAF Microbeam Training Course. 

Table III. Students for the fifth RARAF Microbeam Training Course. 

Figure 7.  Students at the fifth RARAF Microbeam Training Course. 
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The goal of the online course, as for the face-to-face 
course, is to facilitate a better understanding of how 
microbeams work, what experiments can be performed 
using a microbeam, why these experiments are of 
biological interest, and how to design / perform these 
experiments.  

The on-line curriculum material consists of audio 
podcasts and the same handouts that the face-to-face 
students received.  The audio of each podcast is synched 
with the accompanying PowerPoint slides (viewable on a 
video iPod, tablet, PC or Mac, or smart phone), as well as 
a PDF version of the slides.  High-resolution video (720p, 
with audio) was also used to document demonstrations of 
all aspects of a microbeam experiment, from making 
microbeam dishes to irradiating cells and performing 
online analyses.  After extensive editing, this resulted in 
about 4½ hours of video footage.  Additional material is 
added to the on-line course for new course presentations 
or lecturers. 

The on-line training course can be accessed through 
the RARAF website (www.RARAF.com) and YouTube 
channel (http://www.youtube.com/user/RARAFcourses).  
The videos can be viewed on any Internet-enabled device 
supporting YouTube format. 

Tours 
In addition to training students, tours of the Facility 

provide a general introduction to the research performed 
at RARAF and the irradiation facilities that are available. 
This year we gave tours to more than 30 scientists, 
students, and members of the public. 

As an example, high school seniors who had been 
offered priority admission to Columbia as physics majors, 
some of whom were Columbia I. I. Rabi Scholarship 
winners, toured RARAF in April along with Dr. John 

Parsons from the Physics Department at Nevis Labs. 

Personnel 
The Director of RARAF is Dr. David Brenner, the 

Director of the Center for Radiological Research (CRR).  
The accelerator facility is daily managed and operated by 
Dr. Gerhard Randers-Pehrson and Dr. Guy Garty, the 
Co-Associate Directors of RARAF. 

Dr. Charles Geard, a Senior Biologist Emeritus, 
continues to visit RARAF frequently, lending his 
considerable expertise. 

Dr. Gerhard Randers-Pehrson, a Senior Research 
Scientist, has extensive experience in accelerator physics.  
He oversees operation of the Singletron, and all aspects of 
accelerator development.  

Dr. Guy Garty, an Associate Professor at CUMC, is 
developing the CE-LIF system. Dr. Garty is also PI of the 
Center for High Throughput Minimally Invasive 
Radiation Biodosimetry’s Radiation Core and PI of a 
NIAID-sponsored contract for developing an automated 
dicentric assay.  

Dr. Brian Ponnaiya, a Research Scientist, is the 
biology advisor for RARAF.  He collaborates with many 
of the external users and coordinates with the CRR, where 
he spends about half his time. 

Dr. Andrew Harken, an Associate Research Scientist, 
is responsible for the Super Microbeam development with 
STED imaging.  He is also the project lead on the 
microFACS system. 

Dr. Manuela Buonanno, an Associate Research 
Scientist in radiation biology, collaborates with many of 
the external users and performs assays using diverse 
biological systems. 

RARAF Staff: (front row, l-r) Guy Garty, David Brenner (Director) Manuela Buonanno, Sofia Barbieri, 
Malek Haj Tahar, (back row) Veljko Grilj, David Welch, Andrew Harken, Christian Siebenwirth. 
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Dr. David Welch, an Associate Research Scientist, is 
responsible for the development of new microfluidic tools 
and interfaces for microfluidic irradiation tools. His 
expertise in microfluidics has been of considerable 
assistance in the development of our microfluidics 
applications. 

Dr. Veljko Grilj, a new Postdoctoral Research 
Scientist, Joined RARAF in 2016. Dr. Grilj is responsible 
for assisting Dr. Harken with the Super Microbeam 
development. He is also responsible for working with Drs. 
Ponnaiya and Buonanno, and operating the accelerator for 
our outside user experiments. 

Mr. Dennis Farrell works with the RARAF staff on a 
part time basis. He is performing microbeam irradiations, 
serving as the Radiation Safety Officer, and providing 
management support for the RARAF staff. 

Two postdoctoral Research Scientists and a visiting PhD 
student joined RARAF at the beginning of 2017: 

Dr. Christian Siebenwirth, a Postdoctoral Research 
Scientist, will be responsible for the DREEBIT Heavy Ion 
Source accelerator development project.   

Dr. Malek Haj Tahar, a Postdoctoral Research 
Scientist, will be responsible for assisting the modeling of 
RARAF ion beam systems. He will be taking the lead in 
the development of a new small animal irradiation therapy 
system as a potential future direction. 

Ms. Sofia Barbieri, a Ph.D. Candidate at the 
University of Pavia in Italy, has joined us for 6 months 
and will be working on the microFACS project computer 
programming and user interface. She will also continue 
her Ph.D. work looking at H2AX focus formation with 
respect to particle LET.        ■ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(l to r, from Top): Pi day celebration at the CRR - Nils Rudqvist, Sally Amundson, 
Lubomir Smilenov, Mashkura Chowdhury, and Aesis Luna.  Sally Amundson, 
Margaret Zhu, and Tom Hei.  David Brenner and Tom Hei.  Lance Redford.  Helen 
Turner and Gerhard Randers-Pehrson.  David Welch, Robert Morton, and 
Vladimir Ivanov. 
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