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1. INTRODUCTION: 
 

Goal: The goal of the proposed research is to determine whether several recently identified 
small molecules can protect hematopoietic stem cells (HSCs) from damage or killing by 
endogenous aldehydes. Proof-of-concept for these experiments has been developed using 
isogenic (mutant/complemented) human cell line pairs from patients with Fanconi anemia (FA), 
a heritable human bone marrow failure (BMF) syndrome in which HSCs and other cell types are 
hypersensitive to selected types of DNA damage. The proposed research addresses a key 
question—the relationship between DNA damage and cell killing—and may identify small 
molecules that protect HSCs from an important endogenous source of DNA damage. These 
small molecules could be therapeutically useful in reducing the risk of BMF in diseases such as 
Fanconi anemia, and perhaps after radiation exposure. The proposed research thus has the 
potential to catalyze new basic and translational research focused on achieving the BMFRP 
goals of understanding and curing BMF diseases.     
 

2. KEYWORDS: Provide a brief list of keywords (limit to 20 words). 
     

Fanconi anemia 
bone marrow failure 
CD34+ hematopoietic stem cells 
aldehydes 
formaldehyde 
DNA damage 
DNA base adduct 
DNA-protein crosslink 
mass spectrometry 
 

3. ACCOMPLISHMENTS:  
 

Our stated goals and timetable for the scope of work are provided in our Revised Scope of Work 
Table below. 
             

 

Revised Specific Aim 1: Small molecule 

protection of human cells from aldehyde-

induced killing (in vitro studies -  no mice or 

human subjects) 

Timeline Site(s) 

Major Task 1: Generate and confirm FANCG protein-

depleted human CD34+ cells 
Months Site 1 Site 2 

Transduce CD34+ cells with GFP/RFP + FANCG-specific 

shRNA lentiviruses 
1 - 9 Dr. Monnat – 

Quantify FANCG protein depletion extent and time course 

by Western blot analysis 
9 - 12 Dr. Monnat – 

Milestone Achieved: FANCG-depleted CD34+ cells 1 - 12 Dr. Monnat – 

Major Task 2: In vitro formaldehyde dose and small 

molecule protection of FANCG-depleted human CD34+ 

cells 

   

Determine formaldehyde dose-dependent survival on 

FANCG-deficient/control CD34+ cells in culture 
9 - 15 Dr. Monnat – 
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Determine small molecule dose-dependent protection from 

formaldehyde toxicity/cell killing 
12 - 18 Dr. Monnat – 

Milestone(s) Achieved: validation of small molecule 

formaldehyde antagonism in human CD34+ cells 
9 - 18 Dr. Monnat – 

Revised Specific Aim 2: Does small molecule 

formaldehyde damage protection result from 

a reduction in DNA damage? 

   

Major Task 1: Develop/validate stable isotope mass 

spec assay of formaldehyde DNA damage  
   

Develop adduct/crosslink assays on new UPLC-MS/MS 

device 
1 - 9 – Dr. Swenberg 

Demonstrate detection of formaldehyde-induced DNA 

damage using DNA isolated from CD34+ cells 
9 - 15 Dr. Monnat   Dr. Swenberg 

Milestone(s) Achieved: validated high-sensitivity detection 

of DNA damage in CD34+ progenitor cells 
1 - 15 Dr. Monnat   Dr. Swenberg 

Major Task 2: Apply mass spectrometric assay to DNA 

derived from treated CD34+ cells 
  

Quantify DNA damage in formaldehyde-treated CD34+ 

cells using isotope-labeling/MS methods 
15-24 Dr. Monnat  Dr. Swenberg 

Quantify DNA damage by MS in formaldehyde-treated 

FANCG-depleted CD34+ cells treated with the most 

effective small molecule antagonist 

18-36 Dr. Monnat  Dr. Swenberg 

Milestone(s) Achieved: Test of hypothesis that SM 

protection from aldehyde damage acts at the level of DNA 

adduct/damage reduction 

15-36 Dr. Monnat  Dr. Swenberg 

      

– What was accomplished under these goals? 

 

 During the above project period we: 
 1. demonstrated the ability of two small molecules, metformin and aminoguanidine, to   
  improve growth, suppress aldehyde-induced DNA damage, and improve aldehyde dose- 
  dependent survival of FANCG-deficient human cells. 
 2. used of a combination of chemical determination and dose-response assays to provide  
  mechanistic insight into likely mechanisms by which each small molecule provides   
  aldehyde dose-dependent protection in human cells.  
 3. developed a new quantitative formaldehyde-DNA adduct/crosslink HPLC-MS/MS assay. 
 4. demonstrated small molecule suppression of markers of DNA damage in human cells in  
  culture, and improved hematopoiesis and delayed cancer formation in a metformin-  
  treated murine model of Fanconi anemia.  
 5. completed and published two manuscripts related to this work.   
 
Revised Specific Aim 1: 
 
 Major Task 1: Generate and confirm FANCG or FANCA protein-depleted human 
CD34+ cells 
 
  Accomplishments: In the award period we: 
  - developed Western blot assays to detect and quantify depletion in human cells; 
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- identified, after extensive search, 2 FANCG shRNAs and 3 FANCA shRNAs that can  
  substantially and reproducibly deplete FANCG or FANCA protein respectively from  
  human cells (to ≥90% depletion) after 5 days of shRNA expression. 

  - generated inducible FANCG shRNA lentiviral expression vectors to use to transduce  
   and inducibly deplete FANCG protein from human CD34+ cells. 
  - transduce CD34+ cells with FANCA or FANCG –specific shRNA lentiviral vectors in  

 order to deplete FANCA and/or FANCG. Due to low transduction efficiency on   
   repeated trials, the number of transduced CD34+ cells were not large enough to feed 
   both cell survival and mass spectrometry assays. 
  
 Major Task 2: In vitro formaldehyde dose and small molecule protection of FANCG-
 depleted human CD34+ cells. 
 
  Accomplishments: In the award period we: 
  - demonstrated substantial, reproducible mitotic expansion of human peripheral blood  
   mobilized CD34+ cells in defined media. 
  - confirmed ability of small molecules to partially suppress differentiation with loss of cell  
   surface antigen staining during CD34+ in vitro mitotic expansion. 
  - determined formaldehyde dose-survival curve using mitotically expanded CD34+   
   cells. 
  -demonstrated ability of two small molecule protectants, metformin and aminoguanidine,  
   to improve the growth, suppress aldehyde-induced DNA damage and improve the  
   aldehyde dose-dependent survival of FANCG-deficient human cells. 
  - used a combination of chemical determination and dose-response assays to provide  
   mechanistic insight into likely mechanisms by which each small molecule provides  
   aldehyde dose-dependent protection in human cells in culture. 
 
   Next steps:  
 
  This is the final report for this award. 
 
Revised Specific Aim 2: Does small molecule formaldehyde damage protection result 
from a reduction in DNA damage? 
 
 Major Task 1: Develop/validate stable isotope mass spec assay of formaldehyde DNA 
 damage (in conjunction with collaborator James Swenberg/University of North Carolina).  
 
  Accomplishments: In the award period we: 
  - developed and published new quantitative formaldehyde-DNA adduct/crosslink    
   HPLC-MS/MS assays.  
     - demonstrated application of mass spectrometry-based methods to quantify DNA   
   damage due to formaldehyde in Adh5(-/-)Fancd2(-/-) deficient mice and related   
   control genotypes (this work was performed collaboratively and independently of this  
   award by Dr. Swenberg and Dr. KJ Patel at the MRC Lab of Molecular Biology).  
 
 Major Task 2: Apply mass spectrometric assay to DNA derived from treated CD34+ 
 cells (in conjunction with collaborator James Swenberg/University of North Carolina). 
 
  Next steps:  
   
   This is the final report for this award. 
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The following sections provide additional technical detail and results for each of the 
above accomplishments. 
 
Aim 1 - Major Task 1: Demonstrate of lentiviral depletion of FANCG proteins from human 
cells.  
 

 Screen to identify shRNAs for human FANCG protein depletion: We screened a large 
number (>12) of human FANCG-specific shRNAs from various sources to identify two that gave 
consistent, reproducible and substantial (≥90%) depletion of FANCG protein from human cells. 
Two of these (shFG31 and shFG32, shown below),  when transferred to and expressed from a 
lentiviral vector backbone, again were shown to reproducibly deplete to ≥90% FANCG protein 
from human cells. 
  
 Western blot verification of FANCG depletion by shRNA: Whole cell lysates from 
GM639 human SV40-transformed fibroblasts (Expt. 1) and U2-OS human osteosarcoma cells 
(Expt. 2) that were either untransduced (untx), transduced with and expressing a scrambled 
shRNA (shCTR), or transduced with and expressing one of 4 FANCG-targeting shRNAs 
(shFG31, shFG32, shFG33, and shFG34) were blotted with extracts from a control isogenic 
human FANCG-deficient/complemented lymphoblastoid cell line pair (EUFA316, negative 
control for FANCG protein expression) and its FANCG-complemented pair EUFA316+FG, a 
positive control for FANCG expression). Extracts were separated by SDS-PAGE electro-
phoresis, followed by immunoblotting with antibodies against FANCG and nucleolin (NCL, a 
loading control). Two representative Western blot experiments are shown below, demonstrating 
ability of shFG31 and shFG32 to deplete FANCG protein from human cells.  
 

                 
 

 

Detail of FANCG shRNAs: 
 

shRNA: shFG31 shFG32 shCTR 

target sequence: ggtagaattactactgccacc ggtaatcgagacacttacttt gcttcgcgccgtagtctta 

target location: nt 972-995 (ORF) nt 1636-1657(ORF) n.a.(scrambled) 

 

 

 Screen to identify shRNAs for human FANCA protein depletion: We screened 9 human 
FANCA-specific shRNAs from various sources to identify three that gave consistent, reproduce-
ible and substantial (≥90%) depletion of FANCG protein from human cells. Three of these 
(shFA31, shFA32, and shFA33, shown below), when transferred into and expressed from a 
lentiviral vector backbone, again were shown to reproducibly deplete FANCG protein to ≥90% 
from human cells. 
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 Western blot verification of FANCA depletion by shRNA: Whole cell lysates from U2-OS 
human osteosarcoma cells that were either untransduced (untx), transduced with and 
expressing a scrambled shRNA (shCTR), or transduced with and expressing one of 4 FANCA-
targeting shRNAs (shFA31, shFA32, shFA33, and shFA34) were blotted with extracts from a 
control human FANCA-deficient lymphoblastoid cell line (HSC72, negative control for FANCA 
protein expression). Extracts were separated by SDS-PAGE electrophoresis, followed by 
immunoblotting with antibodies against FANCA and nucleolin (NCL, a loading control). A 
representative Western blot experiment is shown below, demonstrating ability of shFA31, 
shFA32 and shFA33 to deplete FANCG protein from human cells.  
 

    
                 
*: position of FANCA protein 
 
Detail of FANCA shRNAs:  
 

shRNA: shFA32 shFA33 shCTR 

target sequence: ggtcttcctgtttacgttctt ggaagatgttcacttaactta gcttcgcgccgtagtctta 

target location: nt 1452-1472 (ORF) nt 2808-2828(ORF) n.a.(scrambled) 

 
 

 Lentivial transduction in CD34+ cells: Lentiviral shRNA vectors targeting FANCA 
(shFA32 and shFA33) and control scramble vector were produced in HEK293T, in CD34+ 
culture medium, using standard lentivirus packaging procedure. When transduced at a 
multiplicity of infection (MOI) of 10 with lentiviral vector alone or with the addition of 5µg/ml 
polybrene, very little transduction was observed (<0.1%, using mCherry reporter expression in 
the lentiviral vector as marker). When retronectin coated plates (Clontech, Mountview, CA) were 
used for transducing CD34+ cells at MOI=10, a significant improvement was observed and 
roughly 1-2% cells were transduced (as illustrated below, red indicates transduced CD34+ cells 
4 days after transduction, superimposed with bright field image of all CD34+ cells). Attempts 
using either a higher MOI=20, or two sequential transductions, each at MOI=10, did not 
significantly increase transduction efficiency in CD34+ cells beyond retronectin treatment alone.  
 

untx FA31 FA32 FA33 FA34 CTR

U2-OS (+shRNA LV, 6D)

FA-/-

FANCA

NCL

H
S

C
7

2
** *

* * *
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Aim 1 - Major Task 2: In vitro formaldehyde dose and small molecule protection of 
FANCG-depleted human CD34+ cells. 
 
 Small molecule protection of human cells from aldehyde-mediated cell killing: In 
conjunction with collaborators at Oregon Health Sciences University we demonstrated the ability 
of two small molecule protectants, metformin and aminoguanidine, to improve the growth, 
suppress aldehyde-induced DNA damage and improve the aldehyde dose-dependent survival 
of FANCG-deficient human cells.  
 
 Small molecules protection in vivo: We also showed that one of these small molecules, 
metformin, improves defective hematopoiesis and delays tumor formation in Fanconi anemia 
mice. This work, already published (see Zhang et al. (2016) Metformin improves defective 
hematopoiesis and delays tumor formation in Fanconi anemia mice. Blood DOI:10.1182/blood-
2015-11-683490), provided critical pre-clinical data to inform a Phase I trial of the use of 
metformin to prevent the progression of bone marrow failure in Fanconi anemia patients. This 
manuscript identified this DoD-BMF award as one of the sources of research support.  
 
Aim 2 - Major Task 1: Develop/validate stable isotope mass spec assay of formaldehyde 
DNA damage (in conjunction with collaborator James Swenberg/University of North Carolina).  
 
 Our collaborator Dr. James Swenberg completed the development of and published a new 
quantitative formaldehyde-DNA protein mass spectrometry-enabled assay in the past grant 
period: Lai et al. (2016) Measurement of endogenous versus exogenous formaldehyde-induced 
DNA-protein crosslinks in animal tissues by stable isotope labeling and ultrasensitive mass 
spectrometry. Cancer Research 76(9):2652-61. doi:10.1158/0008-5472.CAN-15-2527. 
PMC4879886. 
 
Aim 2 - Major Task 2: Apply mass spectrometric assay to DNA derived from treated 
CD34+ cells (in conjunction with collaborator James Swenberg/University of North Carolina). 
 
 Dr. Swenberg also demonstrated with collaborator KJ Patel at the MRC Cambridge Lab of 
Molecular Biology the use of a related mass spectrometry-based method to detect and quantify 
DNA base adducts due to formaldehyde in Adh5(-/-)Fancd2(-/-) deficient mice and related 
control genotypes. This work has been published (Pontel et al. (2015) Endogenous formalde-
hyde is a hematopoietic stem cell genotoxin and metabolic carcinogen. Molecular Cell 
60(1):177-88. doi: 10.1016/j.molcel.2015.08.020. PMC4595711). 
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 Note: Both of the above-cited publications are directly related to, and provide proof-of-
concept for, our Revised Aim 2. The P.I. of this award, Dr. Monnat, originally connected Drs. 
Swenberg and Patel to foster the above-noted successful research collaboration and 
publication.    

 

– What opportunities for training and professional development has the project provided? 

 
 Development of the methods for the growth and depletion of FANCG protein from CD34+ 
cells provided a new opportunity for Dr. Tang in the Monnat Lab. In similar fashion the mass-
spectrometry-based assay development providing training and development opportunities for 
members of the Swenberg Lab.  
             

– Describe how the results were disseminated to communities of interest. 
 

 In addition to the publications cited above, this work was highlighted in platform talks at the 
28th Annual Fanconi Anemia Research Fund Meeting that was held in Bellevue, WA on 15-18 
September 2016. Dr. KJ Patel also gave a Keynote Address as part of this meeting entitled 
'Aldehydes and the phenotype of Fanconi anemia: A complex illness with a simple explanation?' 
A full half-day session was also devoted to 'Aldehydes, Genotoxicity & Disease'.  
 
– What do you plan to do during the next reporting period to accomplish the goals? 

             

 This is a final report for this award.   
 
IMPACT:  
 

 As noted above, our results provide proof-of-concept of both biological as well as 
technical/methodology aspects of this project, and have provided key findings that provide the 
basis for early phase clinical trials of metformin in Fanconi anemia patients. 
         
– What was the impact on other disciplines? 
 

 The fields of DNA damage-repair, DNA damage response, Fanconi anemia and associated 
bone marrow failure syndromes and environmental and molecular toxicology will all be 
interested in our newly generated data on the role of aldehydes, especially endogenous 
aldehydes generated as part of normal cellular metabolism, as an important source of DNA 
damage in human cells.  
 

– What was the impact on technology transfer? 
             

 The mass spectrometry-based methods established in Dr. Swenberg's lab provide new tools 
for molecular assessment of aldehyde (and other types of) damage able to generate DNA base 
adducts or DNA-protein cross-links. 
 

– Describe ways in which the project made an impact, or is likely to make an impact, on 

commercial technology or public use. 
             

 As noted above results of this research provide the basis for early phase clinical trials of the 
use of metformin to retard or suppress the progression of bone marrow failure in Fanconi 
anemia. We anticipate the eventual results may have utility in preventing or attenuating bone 
marrow failure in patients with Fanconi anemia, and potentially in other heritable or acquired 
bone marrow failure syndromes 
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CHANGES/PROBLEMS:  
 

 None – this is a final project report.  
 
PRODUCTS: 
 

- Publications, conference papers, and presentations 

 

 Please see our notes above on three related manuscripts, two supported in part by this 
award, together with presentations at the recent Fanconi Anemia Research Fund Symposium.  
 

PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS 

         

– What individuals have worked on the project? 
             

  Name:  Ray Monnat 
            Project Role:  Principal Investigator 
            Researcher Identifier (e.g. ORCID ID): 0000-0001-7638-7393 
            Nearest person month worked: 0.24 CM  
            Contribution to Project: design and conduct of experiments, interpretation of data,   
   manuscript writing. 
            Funding Support: this award supported the above work 
 
            Name: Weiliang Tang 
            Project Role: Research Scientist 
            Researcher Identifier (e.g. ORCID ID): N/A 
            Nearest person month worked: 1 CM 
            Contribution to Project: design and conduct of experiments, interpretation of data             
  Funding Support: this award supported the above work 
 
- Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since 

the last reporting period? 

 

 No change in active support during the terminal award period. 
         

– What other organizations were involved as partners? 

 

 University of North Carolina 
 Chapel Hill, NC 
  
      Collaborator James Swenberg and his lab are located at UNC-Chapel Hill. They have 
 developed the mass spectrometric analytical methods to detect and quantify specific DNA 
 base adducts and DNA-protein crosslinks, and have demonstrated the application of both 
 methods in work now published (see above references).  
 

SPECIAL REPORTING REQUIREMENTS: 
         

 Nothing to report. 
 

 

 

http://orcid.org/0000-0001-7638-7393
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QUAD CHARTS: 
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APPENDICES:  
 

 Copies of the following two publications are appended: 
 
 Zhang et al. (2016) Metformin improves defective hematopoiesis and delays tumor formation 
 in Fanconi anemia mice. Blood 128(24):2774-2784. DOI:10.1182/blood-2015-11-683490. 
 PMC5159699. 
 
 Lai et al. (2016) Measurement of endogenous versus exogenous formaldehyde-induced 
 DNA-protein crosslinks in animal tissues by stable isotope labeling and ultrasensitive mass 
 spectrometry. Cancer Research 76(9):2652-61. doi:10.1158/0008-5472.CAN-15-2527. 
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Regular Article

HEMATOPOIESIS AND STEM CELLS

Metformin improves defective hematopoiesis and delays tumor
formation in Fanconi anemia mice
Qing-Shuo Zhang,1 Weiliang Tang,2 Matthew Deater,1 Ngoc Phan,1 Andrea N. Marcogliese,3 Hui Li,2 Muhsen Al-Dhalimy,4

Angela Major,5 Susan Olson,4 Raymond J. Monnat Jr, 2,6 and Markus Grompe1

1Oregon Stem Cell Center, Department of Pediatrics, Oregon Health & Science University, Portland, OR; 2Department of Pathology, University of

Washington, Seattle, WA; 3Department of Pathology, Baylor College of Medicine, TX; 4Department of Molecular and Medical Genetics, Oregon Health &

Science University, Portland, OR; 5Department of Pathology, Texas Children’s Hospital, Houston, TX; and 6Department of Genome Sciences, University of

Washington, Seattle, WA

Key Points

• The widely used diabetes
drug metformin improves
hematopoiesis and delays
tumor formation in a
preclinical murine model
of FA.

• Metformin reduces DNA
damage in human FA
patient–derived cells.

Fanconi anemia (FA) is an inherited bone marrow failure disorder associated with a high

incidence of leukemia and solid tumors. Bone marrow transplantation is currently the

only curative therapy for the hematopoietic complications of this disorder. However,

long-term morbidity and mortality remain very high, and new therapeutics are badly

needed. Here we show that the widely used diabetes drug metformin improves

hematopoiesis and delays tumor formation in Fancd22/2 mice. Metformin is the first

compound reported to improve both of these FA phenotypes. Importantly, the beneficial

effects are specific toFAmiceandarenot seen in thewild-type controls. In this preclinical

model of FA, metformin outperformed the current standard of care, oxymetholone, by

improving peripheral blood counts in Fancd22/2 mice significantly faster. Metformin

increased the size of the hematopoietic stemcell compartment andenhancedquiescence

in hematopoietic stem and progenitor cells. In tumor-prone Fancd22/2Trp531/2 mice,

metformindelayed the onset of tumors and significantly extended the tumor-free survival

time. In addition, we found that metformin and the structurally related compound aminoguanidine reduced DNA damage and

ameliorated spontaneous chromosome breakage and radials in human FA patient–derived cells. Our results also indicate

that aldehyde detoxificationmight be oneof themechanismsbywhichmetformin reducesDNAdamage in FAcells. (Blood. 2016;

128(24):2774-2784)

Introduction

Fanconi anemia (FA) is an inherited bone marrow failure disorder
associated with a high incidence of leukemia and solid tumors.1 The
disorder is caused by a disrupted FA-BRCA pathway and is geneti-
cally heterogeneous, with at least 21 complementation groups and
genes (FANCA, FANCB, FANCC, FANCD1/BRCA2, FANCD2,
FANCE, FANCF, FANCG, FANCI, FANCJ/BRIP1/BACH1, FANCL,
FANCM,FANCN/PALB2,FANCO/RAD51C,FANCP/SLX4,FANCQ/
XPF/ERCC4, FANCR/RAD51, FANCS/BRCA1, FANCT/UBE2T,
FANCU/XRCC2, and FANCV/MAD2L2/REV7) identified thus far.
The main role of this gene network is to repair DNA lesions such as
interstrand cross-links, which impede replication and transcription.2,3

The primary cause of early morbidity and mortality for FA patients
is bone marrow failure.4 Hematopoietic stem cells (HSCs) in FA
patients are reduced in number, function poorly comparedwith healthy
HSCs, and also suffer from progressive elimination because of the
accumulation of unrepaired DNA damage.5,6 Although most strains of
FA mutant mice are poor models of the human disease, Fancd22/2

mice recapitulate the key human disease phenotypes well, including
HSC defects and progressive bone marrow failure.7,8 Fancd22/2mice

display thrombocytopenia by 3 to 6 months of age and eventually
progress to peripheral pancytopenia by 18 months.9 Fancd22/2HSCs
are less quiescent and show a severely reduced capacity to repopulate
the hematopoietic system in vivo.8

TheFApathway plays a fundamental role in protecting cells against
DNA damage–inducing aldehydes.10 Disruption of key aldehyde
detoxifying enzymes such as the aldehyde dehydrogenases Aldh2 or
Adh5 in Fanconi mice induces phenotypes resembling clinical FA and
leads to spontaneous bone marrow failure.11,12 Of note, human FA
patients carrying a dominant-negative allele of ALDH2 demonstrate
accelerated progression of bone marrow failure.13 These observations
suggest that attenuating aldehyde toxicity may provide a novel
therapeutic approach to FA. Metformin (N,N-dimethylbiguanide) is a
widely used drug to treat diabetes with proven safety after decades of
clinical use.14 As a guanidine derivative, metformin has the potential to
scavenge DNA damage–inducing aldehydes through the Mannich
reaction.15 Metformin also induces the activation of adenosine 59-
monophosphate–activated protein kinase (AMPK) and is thought to
have its antidiabetic effect via this mechanism.16,17 We have reported
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that the plant polyphenol resveratrol helps to restore the quiescence of
Fancd22/2HSCs and improves the function of hematopoietic stemand
progenitor cells (HSPCs) in these mice.8,18 Resveratrol has several
bioactivities, including acting as an antioxidant, activating Sirt
deacetylases (sirtuins), and activating AMPK.19 However, we have
recently demonstrated that a potent sirtuin activator, SRT3025, does not
mimic the effects of resveratrol in FAmice.20 Given that AMPK plays
an important role in HSCs,21 AMPK activation may be the primary
mechanism by which resveratrol improves hematopoiesis. The ability
of metformin to activate AMPK and act as a potential aldehyde
scavenger makes metformin a potential candidate for the treatment of
FA. In the current study, we tested the effects of chronic metformin
therapy on hematopoiesis and cancer incidence in Fancd22/2mice.

Materials and methods

Mice

Fancd2 mutant mice were maintained on the 129S4 background.22 The
metformin dietwasmade bymillingmetforminwith standard rodent diet (Purina
Chow 5001) at 3.75 g/kg diet (Bio-Serv, Flemington, NJ) and was administered
to mice upon weaning (3-4 weeks of age). The treatment lasted 6 months unless
specified otherwise. All animals were treated in accordance with the guidelines
of the Institutional Animal Care and Use Committee.

Polyinosinic:polycytidylic acid [poly(I:C)] was purchased from GE Health-
care (Piscataway, NJ) and given to the mice at 8 mg/kg body weight via
intraperitoneal injection. Control mice were injected with saline.

CBC

Blood samples were collected in EDTA-coated capillary tubes and complete
blood counts (CBCs) were measured on a Hemavet 950FS Multi-species
Hematology System (Drew Scientific, Inc, Dallas, TX).

Flow cytometry

Bone marrow cells were isolated from the femora and tibiae of mice and stained
as described previously.8 The c-Kit1Sca-11Lin2 (KSL) antibody cocktail was
composed of anti-mouse c-Kit, Sca-1, and lineage markers (CD3e, CD4, CD5,
CD8a,B220, Ter119,NK1.1,Mac1, andGr1). For analysis ofCD342KSLcells,
nucleated bonemarrow cells were stained with anti-mouse CD34 along with the
KSL antibody cocktail. All the antibodies were from eBioscience (San Diego,
CA). Flow cytometry analysis was performed on a Cytopeia Influx cell sorter.

CFU-S assay

Colony-forming unit–spleen (CFU-S) assay was performed as described
previously8 (see also supplemental Methods, available on the BloodWeb site).

Cells and reagents

PD259ifibroblast cells, providedby theOregonHealth&ScienceUniversity FA
Cell Repository (http://www.ohsu.edu/research/fanconi-anemia/celllines.cfm),
were originally derived from a human FA-A patient. EUFA316 lymphoblastoid
cellswereoriginallyderived fromahumanFA-Gpatient.23EUFA3161FANCG
cells weremodified EUFA316 cells that stably express the wild-type FANCG.24

Metformin and aminoguanidine were purchased from MP Biomedicals
(Santa Ana, CA) and Tokyo Chemical Industry (Tokyo, Japan), respectively.
The Adh5 inhibitor C3 compound was obtained from ChemDiv (San
Diego, CA).

Radial and chromosomal breakage assay

PD259i cells were treatedwith eithermetformin, aminoguanidine, or placebo. In
the case when the C3 compound was used for the assay, C3 was added 1 hour
after the addition of metformin. Forty-eight hours later, metaphase spreads were

made and scored for radial contents and chromosomal breakage on a Zeiss
Axioskop photoscope.

Statistical analysis

Unless specified otherwise, the 2-tailed, unpaired Student t test was used for
statistical analysis. A value of P, .05 was considered significant.

Results

Dietary metformin administration enhances hematopoiesis

To determine whether metformin can influence hematopoiesis, cohorts
of Fancd22/2 and wild-type mice were given either metformin-
supplemented rodent chow or placebo for 6 months beginning at
1 month of age. The food intake was measured, and the effective dose
via ingestionwas calculated tobe300mg/kgperday.On thebasis of the
body surface area conversion,25 this dosewas equivalent to only;65%
of themaximum dose used routinely in humans (;1300mg/m2). After
6 months, CBCs were examined. Fancd22/2mice on the placebo diet
showed mild pancytopenia in multiple lineages, including lower
platelet counts, lower white and red blood cell counts, and lower
hemoglobin levels than their wild-type gender-matched littermate
placebo controls (Table 1). A CBC analysis revealed that chronic
metformin treatment significantly increased platelet counts (P , .05;
Figure 1A) in Fancd22/2 mice, but not in wild-type controls. In
contrast, white blood cell counts (P , .05; Figure 1A) increased in
both metformin-treated Fancd22/2 and wild-type mice. Although
metformin-treated Fancd22/2 mice showed only a mild and non-
significant increase in red blood cell number (P5 .08; Figure 1A), the
hemoglobin levels in metformin-treated Fancd22/2 mice were
significantly higher than those in placebo-treated Fancd22/2 mice
(P , .005; Figure 1A), nearly comparable to those observed in the
placebo-treated wild-type controls. These multilineage improve-
ments in hematologic parameters took place significantly faster with
metformin treatment asopposed tooxymetholone treatment, the current
standard androgen treatment of FA patients, on the same Fancd22/2

murine model tested in our previous studies.9,20

We next focused on characterizing the bone marrow of mice in this
cohort. The marrow cellularity in either Fancd22/2 or wild-type mice
was not different between metformin-treated animals and placebo-
treated controls (data not shown). Interestingly,flowcytometry analysis
demonstrated that the size of the CD342KSL cell compartment, an
immunophenotypically defined HSC population in Fancd22/2 mice
(Figure 1B), was significantly increased by 48% after 6 months of
chronic metformin administration (Figure 1C). The size of the CD342

KSL cell compartment in wild-type mice, in contrast, was unchanged
(Figure 1C), indicating that the effect of metformin onHSC population
size was specific to Fancd22/2mice.

Because our previous study showed that the AMPK activator
resveratrol could help maintain stem cell quiescence in Fancd22/2

mice,8 we measured the impact of metformin on the cell cycle status
of HSPCs. The cell cycle profiles of KSL cells frommetformin-treated
mice were examined using Hoechst 33342 staining (for DNA content)
and intracellular Ki67 staining (to discriminate cycling G1 cells from
noncycling G0 cells).26 As shown in Figure 2A-B, the average
frequency of quiescent G0 KSL cells in metformin-treated Fancd22/2

mice was 27.4%, which was substantially higher (P , .05) than the
average G0 fraction of 20.3% observed in placebo-treated gender-
matched Fancd22/2 mice. Correspondingly, the average S-G2-M
proportion of KSL cells in metformin-treated Fancd22/2 mice was
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21.2%,whichwas significantly lower (P, .05) than theaverageS-G2-M
percentage of 25.7% observed in placebo-treated controls. These
results indicate that metformin treatment increased the quiescence of
HSPCs in Fancd22/2 mice. In contrast, the cell cycle status of KSL
cells in wild-type mice was unchanged after metformin treatment
(Figure 2A-B).

Next, we performed the CFU-S assay, a short-term quantitative in
vivo functional assay for HSPCs, using bonemarrow frommetformin-
treated mice (Figure 3A). Metformin-treated Fancd22/2 bone marrow
cells formed almost twice as many macroscopic splenic colonies
(P , .03) as placebo-treated Fancd22/2 controls (Figure 3B),
suggesting a marked improvement of HSPC function in metformin-
treated Fancd22/2 bone marrow. In contrast, the CFU-S forming
capacity in wild-type bone marrow was unchanged after metformin
treatment (P5 .80; Figure 3B).

Metformin administration protects FA cells from

poly(I:C)-induced hematologic abnormalities

To further evaluate metformin’s effects on hematopoiesis, we took
advantage of the recent finding that HSC cycling induced by poly(I:C)
in Fanca2/2mice caused aplastic anemia.27 As depicted in Figure 3C,
cohorts of 3-month-old Fancd22/2 mice and wild-type controls on
metformin or placebo diet were given 3 consecutive high doses of
poly(I:C) spaced 3 days apart. The mice were harvested 2 weeks after
the completion of poly(I:C) treatment followed by analyses of bone
marrow function. The CFU-S forming capacity of the bone marrow
in Fancd22/2 mice was dramatically reduced after poly(I:C)
administration (P 5 .0001; Figure 3D). Importantly, Fancd22/2

mice fed with a metformin diet while being given poly(I:C)
displayed a complete protection from poly(I:C)-induced loss of
HSPC activity, as evidenced by their maintenance of normal
levels of CFU-S forming potential (P , .01; Figure 3D). This
protection may reflect the ability of metformin to reenforce HSPC
quiescence and hence counteract the deleterious effects of poly(I:C)-
induced cycling on HSCs.

One characteristic FA patient phenotype, red cell deficiency, only
becomes apparent in very old (18months)Fancd22/2mice.9However,
only 3weeks after poly(I:C) administration in 3-month-old Fancd22/2

mice, CBC analysis revealed a red cell deficiency and low
hemoglobin levels (P , .01; Figure 3E). This effect was not
observed in comparable control wild-type mice (P 5 .35). In
a parallel study where Fancd22/2 mice were simultaneously fed
with metformin while being given poly(I:C), metformin-fed mice
displayed a clear protection from poly(I:C)-induced red cell
deficiency (P , .01; Figure 3E). Collectively, these results indicate
that metformin protects Fancd22/2 mice from poly(I:C)-induced
hematologic abnormalities.

Metformin reduces DNA damage in FA cells

Becauseof a deficiency in interstrand cross-link repair, FA cells display
high levels of radial chromosome formation and chromosomal breaks.
These chromosomal changes are characteristic features of FA cells
and are widely used to help confirm a clinical diagnosis of FA
(Figure 4A).28 Treatment with DNA cross-linking agents strongly
induces this phenotype, but some FA cells also display spontaneously
elevated chromosome breakage levels. We thus used this classic radial
and breakage assay to determine whether metformin could protect FA
cells from spontaneousDNAdamage. FA-A patient–derivedfibroblast
cells (PD259i) that displayed spontaneous radials and breakage were
treatedwithmetformin (1mMor10mM) for 48hours before cytogenetic
analysis. As shown in Figure 4B, metformin significantly reduced the
levels of both radials and chromosomal breaks inPD259i cells, indicating
that metformin can protect FA cells from developing DNA damage.

To better understand the mechanism behind this protective effect,
we also tested another guanidine derivative, aminoguanidine, in the
same assay. As shown in Figure 4C, aminoguanidine also significantly
suppressed the formation of radials in PD259i cells, consistent with the
chemical similarity and inferred mode of action of these 2 compounds.

Metformin may act by aldehyde detoxification

Increased sensitivity to DNA cross-linking agents such as formalde-
hyde andmitomycin C (MMC) is a characteristic hallmark of FA cells.
Recent research has emphasized the role of endogenously produced
aldehydes inproducingDNAinterstrandcross-links and contributing to
the pathogenesis of bone marrow failure in FA.10,11,13,29 In particular,
endogenous formaldehyde, a highly reactive and abundant aldehyde
generated by normal cellular processes such as DNA demethylation,
has recently been shown to be anHSCgenotoxin.12 It is known that FA
cells are sensitive to formaldehyde.30 Consistent with these observa-
tions, we were able to demonstrate that cultured FA-G patient–derived
lymphoblastoid cells (EUFA316) were sensitive to both the classic
DNA cross-linking agent MMC and to formaldehyde (Figure 5A,C).
Guanidine derivatives such asmetformin and aminoguanidine have the
ability to react with aldehydes through the Mannich reaction15,31 and
could potentially serve as aldehyde scavengers in FA cells to prevent
DNA damage. Indeed, we found that aminoguanidine protected
EUFA316 cells from dose-dependent, formaldehyde-induced growth
arrest (Figure 5B). Surprisingly, we also observed a mild protection of
aminoguanidine from MMC-induced growth arrest (Figure 5D).

To further assess whether metformin or aminoguanidine could
protect FA-deficient cells, we devised a more sensitive cocultiva-
tion experiment in which equal numbers of EUFA316 cells and
EUFA3161FANCG cells (stably complemented with a wild-type
FANCG complementary DNA–encoding retrovirus) were labeled with
different fluorescent proteins and allowed to compete in the presence of

Table 1. CBCs in metformin-treated Fancd22/2 and Fancd21/1 mice

Blood counts Fancd22/2 placebo Fancd22/2 MET P Fancd21/1 placebo Fancd21/1 MET P P (mutant placebo vs wild-type placebo)

WBCs, 3103/mL 4.1 6 0.2 5.1 6 0.4 ,.05 5.5 6 0.4 6.8 6 0.5 ,.05 ,.003

RBCs, 3106/mL 8.9 6 0.1 9.3 6 0.2 .08 9.5 6 0.1 9.7 6 0.2 .24 ,.01

Hb, g/dL 12.8 6 0.1 13.5 6 0.2 ,.005 13.5 6 0.2 13.6 6 0.2 .80 ,.003

HCT, % 49.5 6 0.5 51.2 6 0.8 .07 51.3 6 0.8 51.6 6 0.8 .76 .08

MCV, fL 55.6 6 0.5 55.3 6 0.3 .59 53.0 6 0.3 53.4 6 0.8 .49 ,.0001

MCH, pg 14.4 6 0.2 14.6 6 0.1 .40 14.1 6 0.2 14.0 6 0.1 .52 .24

MCHC, g/dL 25.9 6 0.2 26.3 6 0.2 .16 26.6 6 0.2 26.2 6 0.1 .11 ,.05

PLT, 3103/mL 404 6 17 465 6 20 ,.05 530 6 19 562 6 28 .37 ,.0001

Data were pooled results from multiple mice (17-19 mice each group) and presented as mean value 6 standard error of the mean.

Hb, hemoglobin; HCT, hematocrit; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; MET,

metformin; PLT, platelet; RBC, red blood cell; WBC, white blood cell.
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media only, 40 mM formaldehyde, or 6.25 nM MMC together with
metformin or aminoguanidine (0.01, 0.1, or 1 mM). The competitive
growth of these cells was monitored by flow cytometry. Both
aminoguanidine and, to a lesser degree, metformin were able to provide
dose-dependent protection against exogenous formaldehyde (supple-
mental Figure 1). We also observed protection against MMC by both
aminoguanidine and metformin, although only at the highest dose tested

(1 mM; supplemental Figure 1), probably reflecting the nonspecific
protective effects of suppressed cell cycling by aminoguanidine or
metformin. These results demonstrate that metformin and amino-
guanidine protect FA-deficient cells from formaldehyde-induced
and, to a much lesser extent, MMC-induced toxicity.

Formaldehyde is detoxified principally by formaldehyde
dehydrogenase, encoded by the Adh5/Gsnor gene. Adh52/2 mice
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accumulate formaldehyde adducts in DNA.12 To determine
whether metformin was able to suppress formaldehyde-induced
DNA damage, we used a recently discovered small-molecule
inhibitor of Adh5, the C3 compound, to induce the accumulation
of endogenous formaldehyde in FA cells.32,33 After human
FA-A patient–derived fibroblast cells PD259i were treated
with 100 mM C3 for 48 hours, the levels of spontaneous radials

and chromosomal breaks were significantly increased by
twofold and threefold, respectively (P , .0001 in both cases;
Figure 5E-F). Importantly, concurrent treatment with metfor-
min significantly suppressed C3-induced radials and chro-
mosomal breaks (P , .0001 and P , .001, respectively;
Figure 5E-F), consistent with a role for metformin in detoxifying
formaldehyde.
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Metformin delays tumor formation in Fancd22/2 mice

The in vitro experiments above showed that metformin could reduce
spontaneous DNA damage in FA cells. In addition, metformin is well
known to reduce the incidence of several human cancers.34,35 For these
reasons, metformin was tested as a cancer chemopreventive agent. A
cohort of tumor prone Fancd22/2Trp531/2mice along with Fancd21/1

Trp531/2 littermate controls were divided into 2 groups and treated with
either metformin or placebo diet. The tumor spectrum in metformin-
treated Fancd22/2Trp531/2 mice was similar to that in placebo-treated
controls. The most common type of tumor was ovarian in origin,
consistent with our previous observation on tumor types in Fancd22/2

mice9,22 and an earlier study reporting that more than 18% of human
primaryovarian epithelial cancers haveadisruptedFA/BRCApathway.36

Specifically, 61 Fancd22/2Trp531/2 mice under placebo treatment
developed 91 tumors, among which 37 (41%) were ovarian tumors; 31
Fancd22/2Trp531/2 mice under metformin treatment developed 34
tumors, amongwhich 13 (38%)were ovarian tumors. These spectrawere
similar towhatwehave reportedbefore.37However, as shown inFigure6,
Fancd22/2Trp531/2 mice on metformin diet showed a significantly

longer (P , .05) mean tumor-free survival time (mean survival of 405
days) than the Fancd22/2Trp531/2mice on placebo diet (mean survival
of 368 days). The first tumor was seen at 142 days in the Fancd22/2

Trp531/2 mice on placebo diet, whereas the earliest tumor in the
Fancd22/2Trp531/2mice onmetformin appearedmuch later at 244days
of age. Overall, these results indicate that metformin administration
significantly delays tumor formation in Fancd22/2Trp531/2mice.

In contrast, as shown in Figure 6, the Fancd21/1Trp531/2mice on
placebo diet had a mean tumor-free survival of 510 days, and those
on metformin diet survived an average of 535 days. There was no
significant difference between metformin and placebo treatment in
these p53 heterozygotes (P5 .86), indicating that the tumor-delaying
effect of metformin was specific to only FA mutant mice.

Discussion

The majority of genes responsible for FA have now been found and
many of their biochemical functions are being uncovered.2,3 The FA
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network consists of at least 21 proteins that serve to maintain genome
stability, enhance stem cell survival, and suppress cancer and are
functionally integrated with genes involved in inherited breast and
ovarian cancers (eg, BRCA1 and BRCA2). Despite these scientific
insights, there has been little progress in treating human FA patients
or preventing bone marrow failure. Bone marrow transplantation is
currently the only curative therapy for the hematopoietic complications
of the disorder, butwhen performedwithout amatched sibling donor, it
is often accompanied by both short-term and long-term morbidities.1

Among these complications is a very high risk of secondary cancer.38

Synthetic androgens have been used for many years to support marrow
function and improve cytopenias for a subset of FA patients.39,40

However, these outcomes are limited by incomplete or transient
responses, together with unacceptable side effects and toxicities. Gene
therapy remains a promising approach for FA,41 but to date there have
been no reports of clinical success despite the selective advantage for
gene corrected stem cells in this disorder. Furthermore, as noted
previously, successful treatment of bone marrow failure does not
diminish the severity or risk of nonhematopoietic consequences of FA,
most notably the high risk of solid tumors.38 New therapeutic
approaches that have the ability to treat or prevent bone marrow failure
and cancer are thus clearly needed for FA.8,9,20,37,42

Here we show that the widely used diabetes drug metformin
improves hematopoiesis and delays tumor formation in Fancd22/2

mutant mice. Of note, metformin is the first compound to improve
both of these FA phenotypes: oxymetholone,9 resveratrol,8

sirtuin activator,20 and N-acetylcysteine42 all improve hemato-
poiesis in Fancd22/2 mice, but none has been shown to diminish
tumor incidence. In contrast, the antioxidant tempol delays
cancer in FA but does not benefit hematopoiesis.37 Our results
indicate that metformin can ameliorate both of these key
phenotypes of FA, and that its beneficial action was specific to
FAmutantmice. In contrast, oxymetholone and the sirtuin activator
SRT3025 affect both wild-type and mutant stem cells equally,9,20

indicating that their mechanisms of action do not target the
pathophysiology of FA bone marrow failure. Furthermore, it is
particularly intriguing that the chronic administration of metformin
significantly increases the frequency of HSCs in the adult Fancd22/2

mice. The loss of HSCs in FA lies at the root of bone marrow failure
and is a progressive process that extends from adolescence into
adulthood.5,6,9 There is an emerging body of evidence supporting that
this progressive HSC loss may begin in utero.8,43,44 Although the
magnitude of HSC rescue by metformin is relatively small, this drug
demonstrates a unique ability to restore the HSC numbers in postnatal
life in FA mice.

The specificity of action of metformin and the structurally related
compound aminoguanidine in the protection of FAmutant cellsmay be
explainedbyour observation that both compounds appear to selectively
reduce DNA damage in FA cells. This is demonstrated by the dose-
dependent reduction of spontaneous radial chromosome formation and
chromosomebreaks inahumanFAcell line treatedwitheithercompound.

The precise mechanism by which metformin and aminoguanidine
reduce DNA damage in FA cells remains unclear, although here we
present evidence that aldehyde detoxification may be an important
part of the protective effect conferred by both metformin and
aminoguanidine. Endogenously produced aldehydes, including
acetaldehyde and formaldehyde, are clearly genotoxic in FA
mutant cells.11,12,29,45 We found that the pharmacological in-
hibition of Adh5, the main enzyme responsible for cellular
formaldehyde detoxification, induced chromosome breakage and
radials in FA cells. Importantly, metformin rescued this defect at
physiologically relevant concentrations. Given that the chemically
related guanidine derivative aminoguanidine was also able to block
formaldehyde toxicity, presumably through the well-described
Mannich reaction,15,31 our data are consistent with the hypothesis
that metformin acts at least in part through an aldehyde scavenging
mechanism. It is surprising that metformin also mildly protected
FA patient cells from MMC-induced growth arrest. This could
be because of the release of lipid peroxidation–derived aldehyde
4-hydroxy-2-nonenal associated with MMC treatment46 and/or
methanol (which could be oxidized to formaldehyde) during the
activation of MMC.47 However, it is also possible that metformin
may act via other mechanisms to attenuate the FA phenotype. For
example, metformin potently activates AMPK, a kinase known to be
important in protecting HSCs from genomic instability.21 Of note, in
our previous transcriptome analysis of HSPCs,9 the messenger RNA
encoding SLC22A3, one of the membrane transporters important for
metformin uptake,34,48 is preferentially enriched by 12.3-fold in
HSPCs, as compared with whole bone marrow cells. It is thus
possible that metformin can exert its effects directly on HSPCs.
Metformin’s effects on theFancd22/2 hematopoietic system, including
reenforcing quiescence in HSPCs and increasing CFU-S–forming
capacity of bone marrow cells, resemble the effects of resveratrol,8

another known AMPK activator.19 It is, therefore, tempting to suggest
that metformin and resveratrol might exert their hematopoietic benefits
through the AMPK signaling pathway. However, this does not explain
all the effects from metformin because metformin delays tumor
formation in Fancd22/2 mice, whereas resveratrol does not. We
recently discovered that transforming growth factor b (TGF-b)
inhibitors can protect HSCs in FA mice and patients by altering the
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balance of nonhomologous end joining and homologous recombi-
nation.49 Althoughmetformin is not known to directly interfere with
TGF-b signaling, several reports indicate interactions between the
LKB1/AMPK pathways and TGF-b.50 Other mechanisms by which
metformin may act to protect FA mice include the following:
reducing the activity of mitochondrial complex 1 activity,14 thus
potentially reducing oxidative DNA damage51,52; supporting the
expansion of HSCs in vitro by switching the metabolic balance
between oxidative phosphorylation and anaerobic glycolysis53; and
downregulating inflammatory pathways,54 which are thought to
contribute to bone marrow failure in FA.55 Future studies will be
needed to determine whether 1 or more of these known mechanisms
in addition to aldehyde quenching are responsible for the beneficial
effects of metformin in FA.

Despite these uncertainties as to the exactmechanismofprotection
by metformin, a compelling argument can be made for a clinical trial
of metformin to protect FA patients from bone marrow failure and
tumorigenesis. Metformin has a superb safety record in light of its
wide clinical use to treat diabetes mellitus over .2 decades. In our
preclinical model, metformin outperforms the current standard of
care, oxymetholone. Oxymetholone therapy had no significant effect
on peripheral blood counts of FAmice at 6months.20 Its benefits only
became apparent after 17monthsof treatment.9 In contrast,metformin
improved peripheral blood counts after only 6 months of therapy.

Several important questions remain to be answered. The optimal
dose ofmetformin for FA therapy and disease prevention is not known.
If metformin acts predominantly as an aldehyde scavenger, higher
doses may be optimal, and a well-tolerated high dose could be readily
determined from use and toxicity data. It is also not known when
beginning metformin treatment would be most beneficial: prior to the
onset of bone marrow failure or only after the development of anemia.
Finally, potential synergies between metformin and anabolic andro-
gens, the current gold standard of therapy, have not been studied. These
interactions are difficult to predict directly, as androgens accelerate the
cell cycle of stem cells,9 whereas metformin increases quiescence.

Our resultsmayalsohave relevance in regard to theuse ofmetformin
in the general population as an antiaging and cancer chemoprevention
drug.56 Metformin has not previously been reported to protect the

genome from DNA damage and mutation. However, such activity
would go a long way toward explaining why it can.
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Molecular and Cellular Pathobiology

Measurement of Endogenous versus Exogenous
Formaldehyde–Induced DNA–Protein Crosslinks
in Animal Tissues by Stable Isotope Labeling and
Ultrasensitive Mass Spectrometry
Yongquan Lai1, Rui Yu1, Hadley J. Hartwell1, Benjamin C. Moeller2,
Wanda M. Bodnar1, and James A. Swenberg1

Abstract

DNA–protein crosslinks (DPC) arise from a wide range of
endogenous and exogenous chemicals, such as chemothera-
peutic drugs and formaldehyde. Importantly, recent identifi-
cation of aldehydes as endogenous genotoxins in Fanconi
anemia has provided new insight into disease causation.
Because of their bulky nature, DPCs pose severe threats to
genome stability, but previous methods to measure formal-
dehyde-induced DPCs were incapable of discriminating
between endogenous and exogenous sources of chemical. In
this study, we developed methods that provide accurate and
distinct measurements of both exogenous and endogenous
DPCs in a structurally specific manner. We exposed experi-
mental animals to stable isotope–labeled formaldehyde
([13CD2]-formaldehyde) by inhalation and performed ultra-

sensitive mass spectrometry to measure endogenous (unla-
beled) and exogenous (13CD2-labeled) DPCs. We found that
exogenous DPCs readily accumulated in nasal respiratory
tissues but were absent in tissues distant to the site of contact.
This observation, together with the finding that endogenous
formaldehyde–induced DPCs were present in all tissues exam-
ined, suggests that endogenous DPCs may be responsible for
increased risks of bone marrow toxicity and leukemia. Fur-
thermore, the slow rate of DPC repair provided evidence for
the persistence of DPCs. In conclusion, our method for mea-
suring endogenous and exogenous DPCs presents a new per-
spective for the potential health risks inflicted by endogenous
formaldehyde and may inform improved disease prevention
and treatment strategies. Cancer Res; 76(9); 2652–61. �2016 AACR.

Introduction
DNA damage is a major culprit in many diseases, including

cancer and aging. Toxic chemicals originating fromawide range of
endogenous and exogenous sources continuously damage DNA
(1). It is well known that ourDNA is not pristine, and endogenous
DNA damage occurs at a high frequency compared with exoge-
nous damage, havingmore than 40,000 lesions in every cell in our
body (2). The "endogenous exposome" was first explored by our
laboratory from the concept of the "exposome" that emphasized
the importance of understanding relationships between human
disease and lifetime exposures to both environmental and inter-
nal chemicals (2). Recent advances have identified endogenous
aldehydes as possible genotoxic agents that cause severe bone
marrow failure (BMF) and leukemia in mice with mutations in
both Fanconi anemia group D2 (fancd2) and aldehyde dehydro-

genase 2 (Aldh2; ref. 3). Notably, Aldh2 is mutated in approxi-
mately 1 billion people, most frequently observed in Southeast
Asians due to inherited geneticmutations (4). Deficiency ofAldh2
has been demonstrated to dramatically accelerate BMF in Japa-
nese Fanconi anemia patients (5). In addition, endogenous
formaldehyde has been shown to have greater genotoxicity than
acetaldehyde (6–8). These findings raise new challenges for
understanding the cellular environments involved in disease
causation. Linear extrapolation of risk down to zero remains a
common approach used by regulators, despite the fact that such
models use no biology and that when biology exists, linear
extrapolation will overestimate risks (9). Thus, better understand-
ing of endogenous and exogenous DNA–protein crosslinks
(DPC) data is important for advancing science-based risk
assessments.

DPCs strongly disrupt normal DNA–protein interactions and
interfere with DNA replication, transcription, and repair, which
ultimately threatens genomic integrity and cell viability (10).
DPCs can originate from exposure to environmental agents, such
as ionizing radiation, UV light, formaldehyde, and transition
metal ions (11). Furthermore, anticancer drugs have been devel-
oped on the basis of their ability to form DPCs, such as nitrogen
mustards, platinum-containing agents (i.e., cisplatin), and 5-aza-
20-deoxycytidine. Notably, DPCs can also arise upon exposure
to endogenous carcinogens, such as reactive aldehydes that are
produced during various cellular processes (2, 12). Because of
their bulky nature, DPCs impact practically all aspects of genomic
activity and may therefore result in genomic instability or cell
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death. Thus, DPC formation and repair are crucial for genomic
integrity in humans and consequently for understanding and
preventing carcinogenesis (1, 10, 13–15). Surprisingly, however,
DPC repair mechanisms have not been fully elucidated (15).

Until now, accurate and distinct measurements of both endog-
enous and exogenous DPCs have not been studied, which sig-
nificantly limits our understanding of the biologic effects and
repair of DPCs. Accurate measurement of DPCs is complicated by
two critical issues. First, covalent DPCs must be completely
isolated from non-covalent DNA–protein complexes, as the latter
are present in a clear excess over the former throughout the
genome (16). Second, DPCs need to be measured with structural
specificity, given that there are numerous lesions that complicate
the background of DPCs resulting from both endogenous and
exogenous electrophiles. However, such stringent measurements
of DPCs have not been possible using previously available DPC
detection techniques, such as SDS/KCl precipitation, phenol–
chloroform extraction, nitrocellulose filter binding, comet assay,
alkaline elution, and CsCl density gradient centrifugation, all of
which are nonselective (16, 17). Recently, mass spectrometry
(MS)–based methods have emerged as powerful tools for chem-
ical analysis of digested DPCs (11). Elegant work using MS has
comprehensively characterized andultrasensitively quantified the
DPCs induced by bifunctional electrophiles, such as nitrogen
mustards (18, 19), cisplatin, and diepoxybutane (20).

Formaldehyde is classified as an animal and human carcino-
gen. Humans are exposed to formaldehyde originating from
environmental sources due to its broad range of applications and
formation from various chemical processes, as well as internal
sources due to its role as an essential intermediate of various
cellular processes (21). As a strong electrophile, formaldehyde is a
well-known crosslinking agent that is cytotoxic, resulting in
increased cell proliferation, mutagenesis, and nasal carcinomas
in rats exposedby inhalation (22). Formaldehydehas beenwidely
used to elucidate the cellular pathways of DPC repair (8, 10, 23,
24). Furthermore, endogenous formaldehyde is an important
source of DNA damage (6, 8). It thus poses unique challenges
for understanding the risks associated with exposure. One major
question thatmust be addressed iswhether inhaled formaldehyde
can increase the risk for leukemia. A critical dilemma has been to
determine whether exogenous formaldehyde reaches bone mar-
row. To this end, we focused on the tissue distribution of endog-
enous and exogenous formaldehyde–induced DPC formation in
rats and nonhuman primates (NHP) at exposure concentrations
that had been studied in earlier DPC experiments, as well as in
carcinogenicity studies in rats (25–27). For the first time, the
incorporation of stable isotope–labeled formaldehyde ([13CD2]-
formaldehyde) in animal exposures permitted readily distin-
guishable measurements of endogenous and exogenous DPCs
based on their mass differences through the use of ultrasensitive
and selective LC/MS. These measurements of endogenous and
exogenous DPCs provide critical new data that advance science-
based risk assessment, as well as providing improvedmethods for
understanding pathways for DPC repair, such as the Fanconi
anemia pathways, that may lead to better disease treatment.

Materials and Methods
Chemicals and materials

20-Deoxyguanosine, reduced L-glutathione (GSH), sodium
phosphate monobasic (BioXtra), sodium phosphate dibasic

(BioXtra), magnesium chloride solution (MgCl2; 1 mol/L), cal-
cium chloride solution (CaCl2; 1 mol/L), sucrose, ammonium
acetate, acetic acid, formic acid, formaldehyde–2,4-dinitrophe-
nylhydrazine (DNPH) standards, sodium cyanoborohydride
(NaCNBH3), pronase, leucine aminopeptidase M, carboxypepti-
dase Y, prolidase, alkaline phosphatase, and phosphodiesterase
were all purchased from Sigma. DNAzol and Turbo DNase were
obtained from Life Technologies. Methanol, acetonitrile, high-
performance liquid chromatography (HPLC) grade water, and
formaldehyde solution (37%, w/w) were all purchased from
Thermo Fisher Scientific. Formaldehyde solution was used to
synthesize the dG-Me-Cys standard. [15N5,

13C10]-deoxyguano-
sine, [15N5]-deoxyguanosine, [

13CD2]-paraformaldehyde (�98%
purity), and [13CD2]-formaldehyde solution (20% w/w in
D2O) were ordered from Cambridge Isotope Laboratories, Inc.
[15N5]-deoxyguanosine and [

13CD2]-formaldehyde solutionwere
used to synthesize the [15N5]-dG-[

13CD2]-Me-Cys (internal stan-
dard). DNPH cartridges were ordered from Waters. Proteinase
K (20 mg/mL) was obtained from 5 PRIME, Inc. Amicon Ultra
Centrifugal Filters (0.5 mL, 3K) were purchased from EMD
Millipore. Nanosep Centrifugal Devices (MWCO 3K) were pur-
chased from Pall Life Sciences.

Synthesis of dG-Me-Cys standard and internal standard
A synthesized standard, dG-Me-Cys, was prepared by digestion

of dG-Me-GSH according to our previous study (28), using the
experimental details described in the Supplementary Informa-
tion. As demonstrated in a previous study, dG-Me-Cys showed a
very close UV absorbance spectrum to that of dG (28). Thus,
quantification of dG-Me-Cys was based on a dG standard cali-
bration curve created using a HPLC–UVmethod with a detection
wavelength at 254 nm. For the preparation of internal standard,
[15N5]-deoxyguanosine and [13CD2]-formaldehyde were used
to synthesize [15N5]-dG-[

13CD2]-Me-GSH. Specifically, GSH
(100 mmol/L) was incubated with [13CD2]-formaldehyde
(60 mmol/L) in 1.0 mL sodium phosphate buffer (100 mmol/L,
pH 7.2) at 37�C for 3 hours. [15N5]-dG was then added at a final
concentration of 5 mmol/L, and the crosslinking reaction was
performed at 37�C for 14 hours. The same methods described
in our previous study were applied for the purification and
digestion of [15N5]-dG-[

13CD2]-Me-Glutathione (28). The isolat-
ed [15N5]-dG-[

13CD2]-Me-GSH was digested in 0.4 mL sodium
phosphate buffer (40 mmol/L, pH 6.0) by carboxypeptidase
Y (50 mg/mL) and leucine aminopeptidase M (250 mg/mL) in
the presence of MgCl2 (10 mmol/L) and CaCl2 (10 mmol/L)
at room temperature for 15 hours. The internal standard, [15N5]-
dG-[13CD2]-Me-Cys, was purified and quantified by the same
method as described in the Supplementary Information.

DNA-protein crosslink isolation and digestion
Animal exposure was described in the Supplementary Infor-

mation. DPCs were isolated from animal tissue samples using
DNAzol from Life Technologies following the manufacturer's
instructions with some modifications. First, animal tissues
(30–50 mg) were homogenized in 1 mL of sucrose buffer (20
mmol/L sodium phosphate; 250 mmol/L sucrose, pH 7.2). The
nuclei were isolated from homogenate solution by centrifugation
at 1,500 � g and 4�C for 10 minutes. The nuclear pellets were
washed with 1 mL of 20 mmol/L sodium phosphate buffer (pH
7.2). The washed nuclear pellets were dissolved in 50 mL of water,
followed by the addition of 800 mL of DNAzol and 20 mL of
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proteinase K (20 mg/mL). After protein digestion at room tem-
perature for 15 hours, DPCswere precipitated by adding 600mL of
100% ethanol. The precipitated DPCs were washed with 800 mL
of 75% ethanol 4 times. The isolated DPCs were dissolved in
450 mL digestion buffer (20 mmol/L ammonium acetate, pH
6.0) containing MgCl2 (5 mmol/L), CaCl2 (5 mmol/L), DNase I
(40 U/mL), alkaline phosphatase (4 U/mL), phosphodiesterase
I (0.001 U/mL), and pronase (0.5 mg/mL). DNA digestion was
performed at room temperature for 20 hours, resulting in the
formation of nucleoside–peptide crosslinks. The enzymes and
undigested DNA were removed using a Nanosep Centrifugal
Device (MWCO, 3K) at 10,000 � g and 4�C for 40 minutes. The
resultant filtrate was combined with 30 mL of an enzyme
mixture containing carboxypeptidase Y (0.3 mg/mL), amino-
peptidase M (0.6 mg/mL), and prolidase (0.3 mg/mL) to
further digest peptides to amino acids. Following a 20-hour
incubation at room temperature, the reaction was terminated
with the addition of 4 mL of 30% acetic acid. After adding 8
fmol of internal standard (4 mL, 2 nmol/L), the final reaction
mixtures were subjected to centrifugation at 10,000� g and 4�C
for 40 minutes in a Nanosep Centrifugal Device to remove
enzymes prior to HPLC purification. To eliminate matrix inter-
ferences, digestion enzymes were washed before use as
described in the Supplementary Information.

HPLC purification and fractionation
The target analyte, dG-Me-Cys, was purified from the reac-

tion mixture on an Agilent 1200 Series UV HPLC System by
using two C18 reverse-phase columns connected in series
(Waters Atlantis T3, 3 mm, 150 mm � 4.6 mm). Following
digestion, there were two products detected by HPLC–UV, both
of which had similar retention times to that of DPCs. The use of
two HPLC columns connected in series was found to greatly
increase the resolution of HPLC separation between the dG-Me-
Cys and the other digestion products. This increased the detec-
tion sensitivity of the DPC using nano-LC/ESI/MS-MS. The
detection wavelength and column temperature were set at
254 nm and 15�C, respectively. The mobile phases consisted
of 0.05% acetic acid in water (A) and pure acetonitrile (B). The
flow rate was 0.45 mL/minute, and elution gradient conditions
were set as follows: 0 minute, 1% B; 3 minutes, 1% B; 42
minutes, 3% B; 86 minutes, 3.5% B; 86.5 minutes, 80% B; 95
minutes, 80% B; 95.5 minutes, 1% B; 110 minutes, 1% B. dG-
Me-Cys was eluted at a retention time of 81.5 minutes. The
fractions containing target compounds were combined and
concentrated to approximately 10 to 20 mL using a vacuum
concentrator. The amount of digested dG in each sample was
quantitated by the UV peak area (l ¼ 254 nm) at the corre-
sponding retention time using a calibration curve ranging from
4 to 80 nmole dG on column.

Nano-LC/ESI/MS-MS analysis
Nano-LC/ESI/MS-MS analysis of dG-Me-Cyswas performed on

a TSQ Quantum Ultra Triple-Stage Quadrupole Mass Spectrom-
eter (Thermo Scientific) in positive-mode electrospray ionization.
Selected reactionmonitoring (SRM)mode was used to detect and
quantify dG-Me-Cys. Sample introduction and separation was
accomplished on a nanoACQUITY Ultra Performance Liquid
Chromatography system from Waters Corporation. Following
injection, the compounds were retained on two Symmetry C18

trap columns (5 mm, 20� 0.18mm) connected in series, followed

by sample separation on aHSS T3 analytical column (1.8mm, 100
� 0.1 mm) from Waters Corporation at room temperature.
Mobile phases consisted of water with 0.05% acetic acid (A) and
acetonitrile (B). Analytes were first retained on two trap columns
with a flow rate of 1.8 mL/minute of 1% mobile phase B for 3
minutes, followed by transfer to the analytical column. The flow
rate was 0.4 mL/minute, and elution gradient conditions were set
as follows: 0 minute, 1% B; 3 minutes, 1% B; 16 minutes, 50% B;
20 minutes, 1% B; 35 minutes, 1% B. Mass spectrometer condi-
tions were set as the following: source voltage, 2,200 V; temper-
ature of ion transfer tube, 280�C; skimmer offset, 0; scan speed,
75 ms; scan width, 0.7 m/z; Q1 and Q3 peak width, 0.7 m/z;
collision energy, 31 eV; collision gas (argon), 1.5 arbitrary units. A
sample volume of 5 mL was injected for analysis. Endogenous
DPC (dG-Me-Cys) and exogenous DPC (dG-[13CD2]-Me-Cys)
were quantified by using the transition of m/z 401.1 to m/z
164.1 and m/z 404.1 to m/z 167.1, respectively. The transition of
m/z 409.1 to m/z 172.1 was monitored for the internal standard
([15N5]-dG-[

13CD2]-Me-Cys). Linear calibration curves were
obtained using the ratio of integrated peak area of the analytic
standard over that of the internal standard.

Method validation for LC/ESI/MS-MS analysis
Standard curves were established by plotting the peak area

ratios of solutions containing a fixed amount of internal stan-
dard ([15N5]-dG-[

13CD2]-Me-Cys, 8.0 fmol) and increasing
amounts of dG-Me-Cys from 0.15 to 6 fmol. The limit of
quantification was determined as the amount of standard that
produced a signal-to-noise ratio >10. To evaluate method
accuracy and precision, analytic standard was spiked into the
digested mixture of rat liver samples at three different levels
(0.8, 2.0, and 5.0 fmol), followed by HPLC purification and
concentration using a vacuum concentrator.

Artifact determination
The digestion process of DPCs isolated from animal tissues

has the potential to generate some chemically reactive species,
including nucleotides containing a hydroxymethyl group,
hydroxymethyl-dG, dG, and peptides containing cysteine.
These products could potentially crosslink to form artifactual
dG-Me-Cys during sample preparation. Control studies were
performed to determine the potential for artifactual formation
of dG-Me-Cys. The extent of possible artifacts was evaluated in
two ways. The first technique involved spiking isotope–labeled
[13C10,

15N5]-dG into the DPC solution to determine the
potential for extrinsic formation of [13C10,

15N5]-dG-Me-Cys.
Specifically, [13C10,

15N5]-deoxyguanosine (4 mmol/L) was
treated with 600 mL of 0.5 mol/L NaCNBH3 for 48 hours at
37�C. The treated [13C10,

15N5]-dG was spiked into an equal
amount of dG produced from DNA digestion. This spiked
sample was subjected to DNA and protein digestion, followed
by HPLC purification and LC/ESI/MS-MS analysis as described
above. The potential artifact, [13C10,

15N5]-dG-Me-Cys, was
monitored using the corresponding transition of m/z 416.1 to
m/z 174.1. The second technique to determine artifact forma-
tion employed NaCNBH3 to reduce active hydroxymethyl
groups in DNA and protein during the isolation of DPCs.
Specifically, all solutions used in the isolation of DPCs, includ-
ing homogenate buffer, wash solution, and DNazol, contained
20 mmol/L NaCNBH3. For control samples, NaCNBH3 was
excluded in all solutions used for DPC isolation.
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Results
Isolation and detection of formaldehyde-specific DPCs

To study the chemical identity of formaldehyde-induced
DPCs, we investigated the in vitro crosslinking reaction between
nucleosides and amino acids in the presence of formaldehyde
(29). Our results demonstrated that dG and cysteine crosslinked
in the presence of formaldehyde to form dG-Me-Cys. We
hypothesized that this crosslink would serve as a specific DPC
biomarker of formaldehyde exposure based on its relatively
high stability and abundance. To test this hypothesis, we exam-
ined formaldehyde-induced DPCs, specifically dG-Me-Cys, in
both rats and NHPs that were exposed to [13CD2]-formaldehyde
using nose-only and whole-body inhalation chambers, respec-
tively (Fig. 1A and Supplementary Figs. S2 and S3). The use of
[13CD2]-formaldehyde permitted the differential measurement
of endogenous and exogenous dG-Me-Cys based on their mass
difference (þ3 m/z) by MS. A challenging step in structurally
specific analysis of DPCs is the digestion or hydrolysis of bulky
DPCs into small molecules suitable for MS-MS analysis. Many
DPCs are unstable, and chemical hydrolysis is generally too
harsh to preserve the DPC linkages for their chemical identities.
To this end, we optimized a mixture of enzymes to digest large
DPCs into small nucleoside–amino acid crosslinks (dG-Me-
Cys) under mild conditions (pH 6.0 and room temperature),
thereby enabling preservation of the DPC chemical identity
before MS analysis (Fig. 1B and C). After complete digestion,
formaldehyde-induced DPCs were isolated by offline HPLC
fraction collection along with the quantification of digested dG
using UV absorbance at 256 nm. Using authentic standards, the
isolated endogenous and exogenous dG-Me-Cys were differen-
tially quantified by MS (Fig. 1D).

Nano UPLC/MS-MS method development for DPC analysis
Given the inherent advantage of improved sensitivity, we

adopted a nanospray UPLC/ESI/MS-MSmethodology tomeasure
dG-Me-Cys. The validated method exhibits ultrasensitivity, as
well as excellent accuracy and precision. Both the standard
(dG-Me-Cys) and the internal standard were detected at the same
retention time (Fig. 2). The limit of quantification was 37.5 amol
on the column (S/N ¼ 10). Good linearity was observed in the
concentration range from 0.15 to 6.0 fmol with an R2 value of
0.9993 (Supplementary Fig. S1). The accuracy of this methodwas
greater than 93.4%, with precision being less than 11.2% RSD
using three spiking concentrations: 0.8, 2.0, and 5 fmol (Supple-
mentary Table S1).

The validatedmethodwas then utilized to identify endogenous
and exogenous formaldehyde–specific DPCs in rat nasal tissue
(respiratory epithelium) as shown in Fig. 3. Only the endogenous
peak (dG-Me-Cys) corresponding to the specific transition ofm/z
401.1 to m/z 164.1 was detected in control rat nasal tissue at the
same retention time as the internal standard at 14.20 minutes
(Fig. 3A). Both endogenous and exogenous crosslinks were
detected in [13CD2]-formaldehyde–exposed rat nasal tissue at the
same chromatographic retention time (Fig. 3B). The exogenous
DPC fragment ions retained the stable isotope label, demonstrat-
ing the predicted isotope mass shift (þ3 m/z) and were clearly
distinguished from fragment ions of endogenous origin.

Artifact determination for the validated method
The potential for artifactual dG-Me-Cys formation during sam-

ple processing was investigated in two ways. First, stable isotope–
labeled [13C10,

15N5]-dG was spiked into the reaction mixture to
investigate whether free dG from the DNA digestion could form
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the crosslink. The potential formation of artifact, [13C10,
15N5]-

dG-Me-Cys, was monitored using the corresponding transition
of m/z 416.1 to m/z 174.1. The results showed that endogenous
dG-Me-Cys and internal standard were observed as shown in the
top andmiddle panels of Fig. 4A, respectively.On the contrary, no
peak corresponding to the artifactual formation of [13C10,

15N5]-
dG-Me-Cys was found in the same sample (Fig. 4A, bottom). This
evidence demonstrated that the digestion of dG does not lead to

artifactual formation of dG-Me-Cys during sample preparation.
The second technique employed NaCNBH3 to reduce active
hydroxymethyl groups that could possibly form artifactual dG-
Me-Cys (Fig. 4B). The results demonstrated that the reduction of
hydroxymethyl groups did not change the amount of dG-Me-Cys
in rat liver samples. These data imply that the digested dG and
other products do not generate artifacts that interfere with the
detection of DPCs.
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Distribution of formaldehyde-induced DPCs in rats and
monkeys

Using this sensitivemethod, endogenous and exogenous form-
aldehyde–induced DPCs were distinctly quantified in selected
tissues [nasal epithelium, peripheral blood mononuclear cells
(PBMC), bone marrow, and liver] of animals exposed to either
filtered air only or [13CD2]-formaldehyde. Consistent results from
rat and NHP studies clearly demonstrate that exogenous DPCs
were only found in the nasal epithelium of animals exposed to
varying amounts of [13CD2]-formaldehyde. Specifically, exoge-
nousDPCswere detected at 1.36�0.20 crosslinks/108dG inNHP
nasal tissues exposed to [13CD2]-formaldehyde, with a targeted
aerosol concentration of 6.0 ppm for 2 consecutive days (6 hours/
day; Table 1). A much higher number of exogenous DPCs were
measured at 18.18�7.23 crosslinks/108dG in the rat nasal tissues
from animals exposed to [13CD2]-formaldehyde at a targeted
concentration of 15 ppm for 4 consecutive days (6 hours/
day; Table 2). In contrast to the exogenous DPCs, endogenous
DPCs were present in all examined tissues in both air control and
exposed animals. Surprisingly, endogenous DPCs were present at
higher amounts, compared with exogenous DPCs in exposed

NHP nasal tissue (Table 1). More strikingly, the number of
endogenousDPCs (15.46� 1.98 crosslinks/108 dG) in air control
NHP livers was close to the highest amounts of exogenous DPCs
(18.18� 7.23 crosslinks/108 dG) observed in the rat nasal tissues
exposed to 15 ppm [13CD2]-formaldehyde for 4 consecutive days,
a highly carcinogenic exposure concentration in the rat cancer
bioassays (30–32).

Formation and elimination of formaldehyde-induced DPCs in
rat nasal tissues

Tomonitor the induction and elimination ofDPCs, we applied
our method to investigate the accumulation and persistence of
formaldehyde-induced DPCs in rat nasal tissues. As shown
in Tables 2 and 3, both high and low exposure concentrations
of inhaled formaldehyde gave rise to the accumulation of exog-
enous DPCs in rat nasal tissues. At a high exposure concentration
of 15 ppm [13CD2]-formaldehyde, similar amounts of exogenous
DPCs were detected in 1-day and 2-day exposed rat nasal tissues
(5.52 � 0.80 and 4.69 � 1.76 crosslinks/108 dG), whereas 4-day
exposed rat nasal tissues showed a dramatic increase in the
formation of exogenous DPCs (18.18 � 7.23 crosslinks/108

Table 1. Formaldehyde-induced dG-Me-Cys in nose, PBMCs, bone marrow, and liver of primates exposed to air control versus 6 ppm of [13CD2]-formaldehyde
(6 h/day)

dG-Me-Cys (crosslink/108 dG)

Tissue
Targeted [13CD2]-formaldehyde
concentration (ppm)

Exposure
period (days) Endogenous Exogenous

Nose Air control 2 3.59 � 1.01 (n ¼ 5) ND
6 ppm 2 3.76 � 1.50 (n ¼ 5) 1.36 � 0.20

PBMC Air control 2 1.34 � 0.25 (n ¼ 5) ND
6 ppm 2 1.57 � 0.58 (n ¼ 4) ND

Bone marrow Air control 2 2.30 � 0.30 (n ¼ 4) ND
6 ppm 2 1.40 � 0.46 (n ¼ 5) ND

Liver Air control 2 15.46 � 1.98 (n ¼ 6) ND
6 ppm 2 11.80 � 2.21 (n ¼ 6) ND

Abbreviation: ND, not detected.
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dG; Table 2). In contrast to the large changes in exogenous DPC
formation, less difference in the amounts of endogenous DPCs
were present in the same samples, suggesting that the endogenous
DPCs were at steady-state concentrations. Most importantly,
exogenous DPCs showed little change in the animals exposed
for 28 days with either a 24- or 168-hour (7 days) postexposure
recovery period (Table 3), indicating high stability and long-
term persistence of DPCs with the dG-Me-Cys linkage. The
discovery of accumulation and persistence of formaldehyde-
DPCs highlights the need for a better understanding of DPC
stability and repair.

Discussion
Formaldehyde was first shown to be an animal carcinogen in

1980, causing squamous cell carcinomas in the nasal passages
of exposed rats at concentrations at or above 6 ppm (30, 31).
Recent epidemiologic studies have suggested that exposure to
formaldehyde vapors may lead to the development of hemato-
poietic cancers, such as leukemia; however, these findings
remain under debate (28, 33–37). Although leukemia has been
a major finding in epidemiology studies of inhaled formalde-
hyde, no mechanism for leukemia has been established. The
International Agency for Research on Cancer working group
also was not in full agreement on the evaluation of formalde-
hyde causing leukemia in humans (22, 38). A recent article by
Coggon and colleagues did not find any leukemias in one of the
largest cohorts of formaldehyde workers, even though some of
those workers were exposed to inhaled formaldehyde at con-
centrations much higher than 2 ppm (37). In addition, the
induction of leukemia by inhaled formaldehyde exposures has
not been supported in rat carcinogenicity studies (39). Previous
studies in rats and NHP also have not found any evidence that
inhaled [13CD2]-formaldehyde reached the bone marrow as
exogenous DNA adducts (28, 34).

Endogenous formaldehyde is produced as an essential meta-
bolic intermediate by enzymatic andnonenzymatic pathways and

as a detoxification product of xenobiotics during cellular metab-
olism (40). It is well understood that endogenous formaldehyde
originates from numerous sources including one-carbon pool
metabolism, amino acid metabolism, methanol metabolism,
lipid peroxidation, cytochrome P450–catalyzed demethylation,
and histone demethylation reactions (34, 41, 42). Endogenous
formaldehyde has been assumed to be present in all aqueous
bodyfluids because of itswater solubility. Its half-life in humans is
estimated to be 1 to 1.5 minutes (43). In particular, the concen-
tration of endogenous formaldehyde was detected at approxi-
mately 0.1 mmol/L in the blood of rats, monkeys, and humans
(22, 44–46). In addition, endogenous formaldehyde was found
to be 2 to 4 times higher in the liver and nasal mucosa than in the
blood of a rat (47). Endogenous formaldehyde is also formed in
cellular nuclei, secondary to demethylation of histone III (42).
These formaldehyde molecules are released in close proximity to
DNA, providing an important source for bone marrow DPC and
formaldehyde monoadducts (42). Thus, with endogenous form-
aldehyde–induced DNA adducts and DPC present in all tissues
examined, but a complete lack of exogenous DNA adducts and
DPC in tissues distant to the portal of entry (6, 28), the key issue
that must be addressed by risk assessors and epidemiologists is
whether or how exogenous formaldehyde exposure could
increase cancer risks at distal sites.

Because of their significant biologic consequences, formal-
dehyde-induced DPCs have long been recognized as a highly
mutagenic form of formaldehyde DNA damage. The amounts
of formaldehyde-induced DPCs are considered to represent a
good molecular biomarker of formaldehyde exposure (6, 48).
However, the lack of robust DPC measurements has limited
our understanding of the genotoxic activity of formaldehyde.
Previous studies using chloroform/isoamyl alcohol/phenol
extraction–based DPC isolation following inhaled formalde-
hyde exposures in rats and NHPs found increased amounts of
DPC formation in the nasal tissue, but not in tissues distant
from the portal of entry (25, 27). In contrast, increased
numbers of DPCs were detected in circulating lymphocytes
of workers occupationally exposed to formaldehyde and in
remote tissues, such as bone marrow, liver, kidney, and testes
of mice exposed to inhaled formaldehyde using SDS/KCl
precipitation–based DPC isolation (49, 50). This scientific
dispute may be due to the major disadvantage of previous
DPC assays that were unable to provide chemical identity for
specific and accurate measurements of DPCs. Furthermore, it is
has been impossible to distinguish endogenous from

Table 3. Formaldehyde-induced dG-Me-Cys in nose of rats exposed to 2 ppm
of [13CD2]-formaldehyde (6 h/day) for up to 28 days

dG-Me-Cys (crosslink/108 dG)
Exposure period (day) Endogenous Exogenous

7 days 4.78 � 0.64 (n ¼ 4) 0.96 � 0.17
28 days 4.51 � 1.48 (n ¼ 3) 2.46 � 0.44
28 days þ 24 h post exposure 3.78 � 0.69 (n ¼ 4) 2.12 � 1.00
28 days þ 168 h post exposure 3.51 � 0.16 (n ¼ 3) 2.14 � 1.02

Table 2. Formaldehyde-induceddG-Me-Cys in nasal tissue, PBMCs, and bonemarrowof rats exposed to air control verses 15 ppmof [13CD2]-formaldehyde (6h/day)

dG-Me-Cys (crosslink/108 dG)

Tissue
Targeted [13CD2]-formaldehyde
concentration (ppm)

Exposure
period (days) Endogenous Exogenous

Nasal Air control 4 6.50 � 0.30 (n ¼ 5) ND
15.0 1 4.42 � 1.10 (n ¼ 6) 5.52 � 0.80
15.0 2 4.28 � 2.34 (n ¼ 6) 4.69 � 1.76
15.0 4 3.67 � 0.80 (n ¼ 6) 18.18 � 7.23

PBMC Air control 4 4.98 � 0.61 (n ¼ 5) ND
15.0 1 3.26 � 0.73 (n ¼ 4) ND
15.0 2 3.00 � 0.98 (n ¼ 5) ND
15.0 4 7.19 � 1.73 (n ¼ 5) ND

Bone marrow Air control 4 1.64 � 0.49 (n ¼ 4) ND
15.0 1 1.80 � 0.47 (n ¼ 4) ND
15.0 2 1.84 � 0.61 (n ¼ 4) ND
15.0 4 1.58 � 0.38 (n ¼ 4) ND

Abbreviation: ND, not detected.
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exogenous formaldehyde–induced DPCs prior to the use of
stable isotopes.

In particular, the National Research Council (NRC) committee
considered our earlier work using sensitive and distinct measure-
ments between exogenous and endogenous formaldehyde–
induced DNA adducts as being highly informative and should
be incorporated in the U.S. Environmental Protection Agency
(EPA) draft Integrated Risk Information System (IRIS) assessment
(34, 48).Moreover, theNRC committee suggested that DPCs play
a more important role in formaldehyde genotoxicity and carci-
nogenicity comparedwithDNA adducts (48). This study provides
accurate measurements that discriminate between endogenous
and exogenous DPCs through the use of stable isotope formal-
dehyde exposures and ultrasensitive MS. Our data demonstrate
that exogenous DPCs were only found in nasal samples of
exposed animals, but not in sites remote to the portal of entry.
Consistently, our previous studies reported that inhaled formal-
dehyde–induced DNA adducts and protein adducts were only
detected in rat andNHPnasal tissues, but not in other tissues, such
as lung, liver, bone marrow, and PBMC (28, 34, 51). These
findings suggest that there is no additional dose to the bone
marrow beyond that from endogenous formaldehyde. The lack of
exogenous DPCs in remote tissues does not support a plausible
relationship between inhaled formaldehyde and increased risks of
leukemia. On the other hand, with high amounts of endogenous
formaldehyde always present in all cells, one would expect the
induction of disease states by this highly reactive aldehyde. Our
previous work identified specific DNA adducts (N2-Me-dG) and
DNA–DNA crosslinks (dG-Me-dG) induced by endogenous
formaldehyde (34). This study provides the first evidence to the
existence of endogenous formaldehyde–induced DPCs in all
examined tissues. Furthermore, the recent article by our labora-
tory and Pontel and colleagues clearly demonstrated that endog-
enous formaldehyde is a hematopoietic genotoxin and a meta-
bolic carcinogen (6). In addition, as recently reported, as many as
1 of 3 acute myeloid leukemia patients have deficiencies in
aldehyde dehydrogenases that play important roles in preventing
DNA damage by detoxifying endogenous aldehydes (52). Thus,
recent medical research has provided strong data that better
explain the formaldehyde epidemiology findings.

Formaldehyde-induced DPCs had been considered to be
unstable in cell and animal studies. A rapid decline of the
formaldehyde-induced DPCs was reported in cell culture, and
there was no accumulation of DPCs observed in rat nasal
tissues after repeated exposure (16, 53, 54). However, this
study demonstrated that exogenous DPCs accumulated with
exposure time and showed little change after one week post-
exposure. Previous inconsistent results may be due to the use of
nonstructurally specific measurements, which are highly sus-
ceptible to the interference of non-covalent DNA protein com-
plexes. Although DPC repair mechanisms have not been well
understood, proteolysis of the protein components of the DPC
to small peptides has been reported as a protease-based DNA
repair pathway specific for DPCs (10, 11, 15, 55). This study
measures single amino acid–nucleoside crosslinks, specifically
dG-Me-Cys. The small change in the amount of dG-Me-Cys
measured one week postexposure does not rule out the possi-
bility that the protein components of DPCs as a whole do not
undergo proteolytic degradation to small peptides. In a recent
study, synthesized DPCs, including dG-Me-cysteine, dG-Me-
GSH, and dG-Me-peptide crosslinks, were found to undergo

rapid hydrolysis in vitro (28). The long-term persistence of
DPCs observed in vivo is likely due to the steric hindrance and
localized hydrophobic conditions of DNA and the associated
protein that greatly increase DPC stability.

The success of distinctly measuring endogenous and exoge-
nous formaldehyde DPCs has demonstrated the importance of
structurally specific DPC data. The lack of exogenous DPCs in
remote tissues away from the portal of entry suggests that the
effects of inhaled formaldehyde may have been overempha-
sized, while endogenous formaldehyde has been underappre-
ciated as a source of exposure leading to the induction of
leukemia. The finding of exogenous DPC accumulation during
inhalation exposure and its minimal repair following one week
postexposure provides the first evidence of long-term persis-
tence of DPCs. The discovery of endogenous DPCs in all tissues
examined raises an important perspective on the potential
health risks posed by endogenous formaldehyde. Considering
the high background of endogenous DPCs, it would be impos-
sible to measure the induction, distribution, and elimination of
exogenous DPCs without exogenous DPC measurements, par-
ticularly at low levels of exposure.

Future applications of this method include, but are not limited
to, (i) investigation of DPC repair mechanism(s) in vivo using
formaldehyde-induced DPCs; (ii) understanding whether and
how the Fanconi anemia genes are involved in aldehyde-induced
DPC repair; (iii) application of such data for science-based risk
assessment of aldehydes in amanner that contributes to the EPA's
IRIS program assessment of formaldehyde and aldehydes in
general; (iv) utilizing structurally specificmethodologies to deter-
mine the makeup of DPCs induced by various endogenous and
exogenous agents, such as malondialdehyde, 4-hydroxynonenal,
acrolein, and aldehydic lesions present on abasic sites. Likewise,
DPCs associated with exogenous anticancer drugs can be under-
stood better, contributing to further advancements of chemother-
apy. In summary, this studyprovides a newapproach to accurately
determine the roles of endogenous and environmental DPCs to
formmutagenic DNA damage as factors that contribute to disease
and provide more accurate data that can improve cancer risk
assessments.
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