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 History (brief)History (brief)
 Clinical presentationClinical presentation Clinical presentationClinical presentation
 Cellular phenotypeCellular phenotype

G i /Bi h i l f iG i /Bi h i l f i Genetics/Biochemical functionGenetics/Biochemical function
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 TreatmentTreatment
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Fanconi anemia historyFanconi anemia history
N d ft th S iN d ft th S i Named after the Swiss Named after the Swiss 
Pediatrician Guido Fanconi Pediatrician Guido Fanconi 
(1892(1892--1979)1979)(( ))

 Guido Fanconi attended the Guido Fanconi attended the 
University of Zürich. Before University of Zürich. Before 
graduating in 1918 he trainedgraduating in 1918 he trainedgraduating in 1918 he trained graduating in 1918 he trained 
in Lausanne, Munich, Zürich, in Lausanne, Munich, Zürich, 
and Bern.and Bern.
Hi i fi ld f i t t iHi i fi ld f i t t i His main field of interest was in His main field of interest was in 
paediatrics, and in 1929 he paediatrics, and in 1929 he 
became director of the became director of the 
Child ’ H it l dChild ’ H it l dChildren’s Hospital and Children’s Hospital and 
professor of paediatrics at the professor of paediatrics at the 
University of ZurichUniversity of Zurich

 His name is attached to 17 His name is attached to 17 
conditions.conditions.



Fanconi AnemiaFanconi Anemia

 Two major initial presentationsTwo major initial presentations
 Birth defectsBirth defects
 AnemiaAnemia

 Typical birth defectsTypical birth defectsypyp
 Diagnosis early in life, often before anemiaDiagnosis early in life, often before anemia

 AnemiaAnemia
 Patients usually have no/minor birth defectsPatients usually have no/minor birth defects
 Later presentationLater presentationpp



Percentage of birth defectsPercentage of birth defectsgg

Abnormality Percent in all FA patients y p
Radial ray defect 49 

Other skeletal 22 
Renal and urinary tract 34 Renal and urinary tract 34 

Male genital 20 
Gastrointestinal 14 

Heart defect 13 
Hearing loss 11 

CNS deformity 8 CNS de o ty 8 
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FA faceFA face
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AnemiaAnemia

 Pancytopenia/progressive bone marrow failurePancytopenia/progressive bone marrow failure
 Empty marrow on biopsyEmpty marrow on biopsy

 Initial presentation can be any blood lineageInitial presentation can be any blood lineage
 Age of onset: 2 Age of onset: 2 --12 years12 years

R l if t i b i dR l if t i b i d Rarely, if ever, presents in newborn periodRarely, if ever, presents in newborn period
 Red blood cell anemiaRed blood cell anemia

 macrocyticmacrocyticmacrocyticmacrocytic
 NeutropeniaNeutropenia
 ThrombocytopeniaThrombocytopeniaThrombocytopeniaThrombocytopenia





Fanconi Anemia: Cellular phenotypeFanconi Anemia: Cellular phenotypep ypp yp

 Hypersensitivity to interstrand DNA crossHypersensitivity to interstrand DNA cross--linking agentslinking agents
 Chromosome breakage, radial formation, apoptosisChromosome breakage, radial formation, apoptosis

Mit i C di b t t l + UVAMit i C di b t t l + UVA Mitomycin C, diepoxybutane, cytoxan, psoralen + UVAMitomycin C, diepoxybutane, cytoxan, psoralen + UVA

 Abnormal "G2/M" phase of the cell cycle Abnormal "G2/M" phase of the cell cycle 
 spontaneously prolonged "G2/M"spontaneously prolonged "G2/M"p y p gp y p g
 "G2/M" accumulation after crosslinker treatment"G2/M" accumulation after crosslinker treatment

 ? Oxygen sensitivity? Oxygen sensitivity
i i i i hibi ki (i i i i hibi ki ( )) ? Sensitivity to inhibitory cytokines (? Sensitivity to inhibitory cytokines (--IFN, TNFIFN, TNF--))



FA karyotypeFA karyotypey ypy yp



Chromosome breakage readChromosome breakage read--outoutgg

ML# Ref  Lab Clastogen Conc
Tot al # of Cells with  th e Follow ing Breaks per

Cell
# % Total

# ng/ml 0 1 2 3 4 5 6 7 >8 Radials Radials # of Cells

8823 GM0236 1 None 0 40 8 1 1 0 0 0 0 0 0 0% 50

p.13 MMC 15 4 1 2 6 5 0 0 0 3 29 58% 50

DEB 150 7 1 0 5 2 1 1 0 3 30 60% 50



Gene FA patients, Chromosome        Protein product, 

The Fifteen Fanconi Anemia Genes

p , p ,
estimated, % location kD

A 60% 16q24.3 163
B 2% Xp22.31 95
C 10% 9q22.3 63q
D1/BRCA2 4% 13q12.3 380 
D2 4% 3p25.3 155
E 10% 6p21-22 60
F rare 11p15 42
G 10% 9p13 68 
I rare 15q26                          150
J/BRIP1 17 23 2 130J/BRIP1 rare 17q23.2 130
L rare 2p16.1                          52
M rare 14q21.2 250
N/PALB2 rare 16p12 130

N\

N/PALB2 rare                               16p12 130
O/RAD51C   rare                               17q25.1                         42          
P/SLX4 rare 16p13.3                         200
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FANCD2 Monoubiquitination is a Critical
Event in the FA pathway 
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The Fifteen FA proteins regulate DNA crosslink repair The Fifteen FA proteins regulate DNA crosslink repair 
during S phaseduring S phaseduring S phaseduring S phase
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The Fanconi Anemia DNA Repair PathwayThe Fanconi Anemia DNA Repair Pathway
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BRCA2 is a Fanconi Anemia Gene (D1)

Breast 
Cancer

BreastBreast 
Cancer

FA

9900 insA
7691 insAT +              - +             +              - -

- +              +              - +          +

Howlett, N. et al, Science 297: 606, 2002



This Fanconi Anemia (D1) patient has two mutant 
BRCA2 alleles

1 3418aa

BRCA2 alleles

KKRR
LKRR1  2  3   4   5 6   7   8

NLS s

Transcriptional
activation domain Paternal Allele NLS s

1 3418aa

Paternal Allele

KKRR
LKRR1  2  3   4   5 6   7   8

Transcriptional

NLS sactivation domain

Maternal Allele

Conclusion: The Breast Cancer Susceptibility Gene, BRCA2, 
is the Fanconi  D1 Gene  (> 15 D1 families identified to date)



Paradox

I BRCA2 ki d dIn BRCA2 kindreds:

BRCA2 (+/-) Heterozygous Adult CarriersBRCA2 (+/-) Heterozygous Adult Carriers 
Develop Breast, Ovarian, Pancreatic Cancer 
(Not AML)( )

BRCA2(-/-) Children have Fanconi Anemia and 
D l AML M d ll bl d WilDevelop AML, Medulloblastoma, and Wilms 
Tumor



Fanconi anemia and somatic Fanconi anemia and somatic 
mosaicismmosaicism

 MosaicismMosaicism
 Not all the cells in the patient have the same geneticNot all the cells in the patient have the same geneticNot all the cells in the patient have the same genetic Not all the cells in the patient have the same genetic 

makeup.makeup.
 In FA, ~ 20% of all patients are mosaic in their In FA, ~ 20% of all patients are mosaic in their , p, p

peripheral blood.peripheral blood.
 In addition to mutant cells they also have a In addition to mutant cells they also have a yy

population of healthy cellspopulation of healthy cells



Natural history of FANatural history of FAyy

 Birth defectsBirth defects
 PancytopeniaPancytopenia

LeukemiaLeukemia LeukemiaLeukemia
 Solid tumorsSolid tumors



B. P. Alter et al  Cancer in Fanconi anemia.
Blood 101 (5):2072 2003Blood 101 (5):2072, 2003.







PathophysiologyPathophysiologyp y gyp y gy

 DNA repairDNA repair
 Bone marrow failure: damaged stem cells dieBone marrow failure: damaged stem cells dieBone marrow failure: damaged stem cells dieBone marrow failure: damaged stem cells die
 Cancer: unrepaired mutations cause cancerCancer: unrepaired mutations cause cancer
 Birth defects: damaged cell dieBirth defects: damaged cell dieBirth defects: damaged cell dieBirth defects: damaged cell die

 Signaling defectsSignaling defects
B f il t ki h iti itB f il t ki h iti it Bone marrow failure: cytokine hypersensitivityBone marrow failure: cytokine hypersensitivity

 Cancer: Clonal evasion from cytokine Cancer: Clonal evasion from cytokine 
hypersensitivityhypersensitivityhypersensitivityhypersensitivity

 Birth defects: aberrant signaling during developmentBirth defects: aberrant signaling during development



NonNon--canonical functions of FA proteinscanonical functions of FA proteinspp



Treatment of Fanconi AnemiaTreatment of Fanconi Anemia

 AndrogensAndrogens
 Rationale: males have higher hematocrits than femalesRationale: males have higher hematocrits than females

 GG--CSFCSF
 Transfusions/supportive careTransfusions/supportive care

R d bl d ll l t l tR d bl d ll l t l t Red blood cells, plateletsRed blood cells, platelets
 Bone marrow transplantationBone marrow transplantation

 Most slides are the courtesy of John Wagner, Most slides are the courtesy of John Wagner, 
University of MinnesotaUniversity of Minnesotayy



HSCT for FA: Standard GuidelinesHSCT for FA: Standard Guidelines

Pancytopenia
HGB  <8 g/dL
ANC <1000/uLPancytopenia ANC  <1000/uL
PLT   
<40,000/uL

Matched 
Sibling 

Androgens 
Cytokines

HCT
Rx 
failure/toxicity or 

Alternate 

MDS/AML

Donor HCT



Unrelated Donor BMT for FAUnrelated Donor BMT for FA
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100% 100%Survival
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New treatments are badly neededNew treatments are badly neededyy

 Gene TherapyGene Therapy
 Cell transplantationCell transplantation Cell transplantationCell transplantation
 Small molecule interventionSmall molecule intervention

T t tT t t TreatmentTreatment
 PreventionPrevention

C tiC ti Cancer preventionCancer prevention
 Prevention of bone marrow failurePrevention of bone marrow failure



Is there a small molecule that can be beneficial to Is there a small molecule that can be beneficial to 
b th h t i i d ti ?b th h t i i d ti ?both hematopoiesis and cancer prevention?both hematopoiesis and cancer prevention?

 Cancer preventionCancer prevention
 Enhance apoptosis of cells with damaged genomesEnhance apoptosis of cells with damaged genomesEnhance apoptosis of cells with damaged genomesEnhance apoptosis of cells with damaged genomes
 ConcernConcern: this could lead to loss of hematopoietic : this could lead to loss of hematopoietic 

stem cellsstem cells
 Anemia preventionAnemia prevention

 Enhance survival and growth of HSCEnhance survival and growth of HSC Enhance survival and growth of HSCEnhance survival and growth of HSC
 ConcernConcern: this could stimulate tumor growth: this could stimulate tumor growth

B t l tiB t l ti Best solutionBest solution
 Prevent DNA damage or enhance DNA repairPrevent DNA damage or enhance DNA repair



Alan D’Andrea

John Postlethwait

Markus Grompe Grover Bagby



Heterozygosity for Heterozygosity for Trp53Trp53yg yyg y pp
accelerates tumors in accelerates tumors in Fancd2Fancd2 KOKO

*p<.05
**p<.01p



ovarian ACmammary ACmammary AC
13 mo10 mo10 mo

mammary AC
15 mo

lung AC
13 mo

malignant fibrous
osterosarcoma
10 mo

malignant fibrous 
histiocytoma

10 mo





First small molecule to be tested inFirst small molecule to be tested inFirst small molecule to be tested in First small molecule to be tested in 
Fancd2Fancd2 mutant micemutant mice



Properties of tempolProperties of tempolp pp p

 Superoxide dismutase (SOD) mimeticSuperoxide dismutase (SOD) mimetic
 Hydroxyradical scavengerHydroxyradical scavengery y gy y g
 Effective in animal models of ischemiaEffective in animal models of ischemia--reperfusion reperfusion 

injuryinjury
 Myocardial infarctionMyocardial infarction
 Renal ischemiaRenal ischemia

 Effective in reducing tumor incidence in animal models Effective in reducing tumor incidence in animal models 
of cancerof cancer





In vivo competitive repopulation assay:In vivo competitive repopulation assay:
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ConclusionsConclusions

 The SOD mimetic tempol significantly delays tumors in an FA The SOD mimetic tempol significantly delays tumors in an FA 
animal model.animal model.

 This effect is not specific for FA but also has been seen in 3This effect is not specific for FA but also has been seen in 3 This effect is not specific for FA, but also has been seen in 3 This effect is not specific for FA, but also has been seen in 3 
other tumorother tumor--prone mouse models.prone mouse models.

 Oxidative damage may be the main source of DNA damage in Oxidative damage may be the main source of DNA damage in 
FA b t l th t d l i iFA b t l th t d l i iFA, but also other tumor models in mice. FA, but also other tumor models in mice. 

 Tempol does not adversely affect the repopulating ability of FA Tempol does not adversely affect the repopulating ability of FA 
mutant stem cells.mutant stem cells.

 Should we have a clinical trial with a) tempol, b) another SODShould we have a clinical trial with a) tempol, b) another SOD--
mimetic?mimetic?



Other compounds that have been Other compounds that have been pp
testedtested

 ChloroquineChloroquine
 NN--AcetylcysteineAcetylcysteine NN AcetylcysteineAcetylcysteine



From:
Maclean KH, Dorsey FC, Cleveland JL, Kastan MB.
J Clin Invest. 2008 Jan 2;118(1):79-88.



ATM

chloroquine

ATM
ATM

chloroquine

P P

ATM P
P

oxidative stress



Mean tumor-free survival:
Placebo: 11.5 mon

Chloroquine: 12 monq
P=0.64



Models for hematopoietic defects Models for hematopoietic defects 
in Fanconi Anemiain Fanconi Anemia

Is it really true that FA knockout Is it really true that FA knockout 
mice are not a model for the anemia?mice are not a model for the anemia?







Reduced numbers of stem cellsReduced numbers of stem cells





Reduced colony forming abilityReduced colony forming abilityy g yy g y



Changes in cell cycle status of stem Changes in cell cycle status of stem g yg y
cellscells





Hematopoietic defects in Fancd2Hematopoietic defects in Fancd2--//--pp
micemice

 Reduced numbers of KLS stem cellsReduced numbers of KLS stem cells
 Reduced repopulation abilityReduced repopulation ability Reduced repopulation abilityReduced repopulation ability
 Reduced CFUReduced CFU--SS

R d d l f i bili ( bblR d d l f i bili ( bbl Reduced colony forming ability (cobblestone Reduced colony forming ability (cobblestone 
assay)assay)

 Decreased pool of quiescent (G0) stem cellsDecreased pool of quiescent (G0) stem cells

















SRT3025 (“SirT Diet”) treatment increased the frequencies 
of KSL cells in both D2 mutant and wildtype mice

P < 0.01

P < 0.01

K
SL
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K
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Fancd2-/-

SRT3025
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Fancd2+/+

SRT3025
Fancd2+/+



ConclusionsConclusions

 Fancd2 mutant mice have several hematopoieticFancd2 mutant mice have several hematopoietic Fancd2 mutant mice have several hematopoietic Fancd2 mutant mice have several hematopoietic 
defects, which can be used to test drugs for their defects, which can be used to test drugs for their 
potential to ameliorate the defectpotential to ameliorate the defectpotential to ameliorate the defectpotential to ameliorate the defect

 The FA defects affects the stem cells themselves The FA defects affects the stem cells themselves 
as well as the stromaas well as the stromaas well as the stromaas well as the stroma

 The Sirt1 mimetic resveratrol ameliorates some The Sirt1 mimetic resveratrol ameliorates some 
f h h i i d ff h h i i d fof these hematopoietic defectsof these hematopoietic defects

 Srt3025 significantly increases the number of Srt3025 significantly increases the number of 
stem cells in both wildstem cells in both wild--type and FA mutant type and FA mutant 
micemice



Cancer Cells are often defective in one DNA 
Repair Pathway

Normal cells Cancer cells

B
BRCA1 

Predicts PARPi 
sensitivity of 
breast cancer+ + + + + + − + + + + +

Six normal DNA 
repair pathways

The specific pathway lost 
may determine the best

mutation

repair pathways may determine the best 
course of chemotherapy 
and radiation 
(personalized medicine)

Kennedy and D’Andrea, J.C.O. 24: 3799, 2006



Cancer Cells are often defective in one DNA 
Repair Pathway

Normal cells Cancer cells

Predicts cisplatin 

+
ERCC1 
m tation

sensitivity of 
lung cancer

+ + + + + + + + � + +

Six normal DNA 
repair pathways

The specific pathway lost 
may determine the best

mutation

repair pathways may determine the best 
course of chemotherapy 
and radiation 
(personalized medicine)

Kennedy and D’Andrea, J.C.O. 24: 3799, 2006



Cancer Cells are often defective in one DNA 
Repair Pathway

Normal cells Cancer cells

Predicts TMZ 

MGMT
silencing

sensitivity of 
brain cancer

+ + + + + + + + + + � +

Six normal DNA 
repair pathways

The specific pathway lost 
may determine the best

silencing 

repair pathways may determine the best 
course of chemotherapy 
and radiation 
(personalized medicine)

Kennedy and D’Andrea, J.C.O. 24: 3799, 2006



Using Synthetic Lethality
to treat tumors with 

Underlying defects in theUnderlying defects in the
Fanconi Anemia Pathway



Since 5-20 % of solid tumors in the generalSince 5 20 % of solid tumors in the general 
population have a defect in the FA pathway, 
we would like to find targeted therapies for 
these tumors.

Used the principle of “Synthetic Lethality”



Screening Approach to Identify Gene Targets in FA Cells.

FA Corrected FA Mutant

Day 1
Cells seeded

400 Gene Targets

Day 2
Each well transfected
with siRNA oligonucleotide DNA repair

siRNA library

Day 6y
Measure Cell viability with
ATP-activated luminiscence
(quantitative measure)



siRNA Targets Specifically Toxic to FA 
P th D fi i t C llPathway Deficient Cells

Gene Function
PARP1 BER
NEIL1 BER
LIG1 BER/DNA replication
LIG3 BER
NBS1 MRN complex-DSB 

responsep
RAD50 MRN complex-DSB 

response
ATM DSB signaling



siRNA Targets Specifically Toxic to FA 
P th D fi i t C llPathway Deficient Cells

Gene Function
PARP1 BER
NEIL1 BER
LIG1 BER/DNA replication
LIG3 BER

Small
Molecule
Inhibitors

NBS1 MRN complex-DSB 
response

Available

p
RAD50 MRN complex-DSB 

response
ATM DSB signaling



FA Cell Lines Are Hypersensitive to the ATM 
Inhibitor, Ku55933
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FA Cell Lines Are Hypersensitive to the ATM 
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Conclusions:
1) Conventional cancer treatments (Radiation and Chemotherapy) kill 

tumors by causing DNA damage.

2)  There are six major DNA Repair pathways, and each pathway has 
suitable biomarkers and druggable targets

3)   Th  i   i  l  f DNA i  i hibit  hi h 3)   There is an emerging class of DNA repair inhibitors which may
be useful in cancer chemotherapy as sensitizers of conventional  
treatments. 

4)   Based on the principle of Synthetic Lethality, DNA repair inhibitors, 
such as Parp or Atm inhibitors, may be useful as Monotherapy for some 
cancers with underlying DNA repair defects  cancers with underlying DNA repair defects. 

5)   Biomarkers of the FA pathway provide a convenient predictor of 
subsets of human tumors which are sensitive to Parp and Atm p
inhibitors. relevant




