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Fanconi anemia history

Named after the Swiss
Pediatrician Guido Fanconi
(1892-1979)

Guido Fanconi attended the
University of Zurich. Before
graduating in 1918 he trained
In Lausanne, Munich, Zirich,
and Bern.

His main field of interest was in
paediatrics, and in 1929 he
became director of the
Children’s Hospital and
professor of paediatrics at the
University of Zurich

His name Is attached to 17
conditions.




Fanconi Anemia

o Two major Initial presentations

— Birth defects

— Anemia
o Typical birth defects

— Diagnosis early In life, often before anemia
o Anemia

— Patients usually have no/minor birth defects
— Later presentation




Percentage of birth defects

Abnormality Percent in all FA patients
Radial ray defect 49
Other skeletal 22
Renal and urinary tract 34
Male genital 20
Gastrointestinal 14
Heart defect 13
Hearing loss 11
CNS deformit 8
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Anemia

Pancytopenia/progressive bone marrow failure
— Empty marrow on biopsy

Initial presentation can be any blood lineage

Age of onset: 2 -12 years
— Rarely, If ever, presents in newborn period

Red blood cell anemia
— macrocytic

Neutropenia
Thrombocytopenia







Fanconi Anemia: Cellular phenotype

Hypersensitivity to interstrand DNA cross-linking agents
— Chromosome breakage, radial formation, apoptosis
— Mitomycin C, diepoxybutane, cytoxan, psoralen + UVA

Abnormal "G2/M" phase of the cell cycle

— spontaneously prolonged "G2/M"
— "G2/M" accumulation after crosslinker treatment

? Oxygen sensitivity
? Sensitivity to inhibitory cytokines (y-1FN, TNF-a)
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The Fifteen Fanconi Anemia Genes

FA patients, Chromosome Protein product,
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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

during S phase
E3 Ligase
DNA Damage
Wl_th crosslink I/D2 Dissociates
in S phase From chromatin

|:> DNA Repair

\p

1/D2 Associates
with chromatin

USP1/UAF1 activity is
required for Fanconi

Moldovan and D’Andrea, Anemia pathway
Ann Rev Genetics, 2009



Younghoon Kee and Alan D. D’Andrea’

Loading of the FA
core complex on
chromatin induces

monoubiquitination of
FANCD2/FANCI.

Monoubiquitinated
FANCD2/FANCI recruit
FAN1 nuclease to the
damages sites, and
colocalize with
downstream FA proteins,
possibly including
RADS1C, and facilitate
DNA repair.



upon collision with ICL

/ Replication fork is stalled

Unhooking of ICL is potentially

e & catalyzed by MUS81-EME1 and
| D2 XPF-ERCC1, or newly identified
@b T / The unhooked lesion is
| wwmww) bypassed by TLS polymerases
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Younghoon Kee and Alan D. D’Andrea’ GENES & DEVELOPMENT 24:1680-1694 © 2010



NER removes monoadducts and
repairs the gap

@ ® ? A DSB is repaired by HR, initiated
| (D2 \ by strand invasion

Resolution of recombination
intermediates and repair is
finished

Younghoon Kee and Alan D. D’Andrea’ GENES & DEVELOPMENT 24:1680-1694 © 2010




The Fanconi Anemia DNA Repair Pathway

E3 Ligase

DNA Damage
1/D2 Dissociates
From chromatin

1/D2 Associates
with chromatin

N \
2\ USP1/UAF1 activity is
¢ required for Fanconi

Moldovan and D’Andrea, Anemia pathway
Ann Rev Genetics, 2009



BRCAZ2 is a Fanconi Anemia Gene (D1)

Breast
Cancer

Breast
Cancer
|
AP PP
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Howlett, N. et al, Science 297: 606, 2002



This Fanconi Anemia (D1) patient has two mutant
BRCAZ alleles
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Conclusion: The Breast Cancer Susceptibility Gene, BRCAZ,
Is the Fanconi D1 Gene (> 15 D1 families identified to date)



Paradox

In BRCAZ2 kindreds:

BRCAZ2 (+/-) Heterozygous Adult Carriers
Develop Breast, Ovarian, Pancreatic Cancer
(Not AML)

BRCAZ2(-/-) Children have Fanconi Anemia and
Develop AML, Medulloblastoma, and Wilms
Tumor




Fanconi anemia and somatic
mosalcism

o Mosaicism

— Not all the cells in the patient have the same genetic
makeup.

— In FA, ~ 20% of all patients are mosaic In their
peripheral blood.

— In addition to mutant cells they also have a
population of healthy cells




Natural history of FA

BLOOD, 15 FEBRUARY 2003 - VOLUME 101, MUMEBER 4
CLINICAL OB5ERVATIONS, INTERVENTIONS, AND THERAFEUTIC TRIALS

A 20-vyear perspective on the International Fanconi Anemia Registry (IFAR)

David |. Kutler, Bhuvanesh Singh, Jaya Satagoepan, Sat Dev Batish, Mananne Berwick, Philip F, Giampietro,

Helmut Hanenberg, and Ardeen D. Auerbach

Birth defects
Pancytopenia
| eukemia

Solid tumors




BLOOD, 1 MARCH 2003 « VOLUME 101, NUMBER 5 CORRESPONDENCE 2073
Table 1. Summary of FA cohort reports

Cohort LIT IFAR NAS P*
Reporting period or date 1627-2001 1682-2001 2000 —
Total number of subjects 1301 754 145 —
Male-to-female ratio 1.23 1.05 1.10 ns
Age FA diagnosed, median (range) 7 (0-48) na 5 (0-45) <.0002
Deceased %, at time of report 2824 287 305 ns
Projected median survival age, years 20 24 30 - -
Leukemia, no MDS; number (% total cohort) e ey Y] T <.05
Leukemia, cumulative incidence na 45% by age 50 10% by age 24 —

(includes MDS) (no MDS)

MDS, number (% total cohort) 89 (7%) 53 (7%) 23(16%) 001
Solid tumor, number (% total cohort) 68 (5%) 7 (9%) 13 (9%) 003
Solid tumor, cumulative incidence na 36% by age 50 29% by age 48 -
Liver tumor, number (% total cohort) 37 (3%) 18 (2%) 2{1%) ns
Hematopoietic stem cell transplant (% total cohort) 220 (17%) 219 (29%) 44 (30%) <.0001

ns indicates not statistically significant; na, not available; and —, datain rows could not be subjected to test for significance.

*P value indicates significance of data at the extremes.

B. P. Alter et al Cancer in Fanconi anemia.
Blood 101 (5):2072, 2003.
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Table 2. Neoplasms identified in FA patients

Tumor type No caseg (%)

Hematologic tumors 120 (60)
AML 60
MDS 53
ALL
CMMOL

Burkitt lymphoma
Nonhematologic tumors
Liver tumors
Liver adenoma
Hepatocellular carcinoma
Liver adenocarcinoma
Brain tumors
Medulloblastoma
Astrocytoma
Renal tumors
Wilm tumor
Renal cell carcinoma
Nephroblastoma
Squamous cell carcinoma 39 (20)
Head and neck SCC
Vulvar
Cervix
Cutaneous
Anus
Esophagus
Miscellaneous tumaors 1
Breast carcinoma
Basal cell carcinoma

-
oo Ww

Neuroblastoma
Desmoid tumor
Gonadoblastoma
Melanoma
Neurilemmona
Osteogenic sarcoma

N N A (% T - Qi Wy L P s

ALL indicates acute lymphoblastic leukemia; CMMOL, chronic myelomonocytic
leukemia; SCC, squamous cell carcinoma.




Pathophysiology

o DNA repair
— Bone marrow failure: damaged stem cells die
— Cancer: unrepaired mutations cause cancer
— Birth defects: damaged cell die

 Signaling defects
— Bone marrow failure: cytokine hypersensitivity

— Cancer: Clonal evasion from cytokine
hypersensitivity

— Birth defects: aberrant signaling during development




Non-canonical functions of FA proteins

A _ STAT Activation

B ) TNF resistance

Myd88
Suppression of R84 l
C. {i v s icion T" K6 complex — TNFa

c J
GRP94




Treatment of Fanconi Anemia

Androgens

— Rationale: males have higher hematocrits than females
G-CSF
Transfusions/supportive care

— Red blood cells, platelets

Bone marrow transplantation

Most slides are the courtesy of John Wagner,
University of Minnesota




HSCT for FA: Standard Guidelines

HGB <8 g/dL
Pancytopema{ ANC <1000/uL

PLT
| <40,000/uL

{
Androgens

Cytokines

v
RX
fatlure/toxicity or

MD$/AML

Alternate
Donor HCT




Unrelated Donor BMT for FA
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100% Survival
. Effect of Fludarabine
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New treatments are badly needed

o Gene Therapy
o Cell transplantation

o Small molecule intervention
— Treatment

— Prevention
> Cancer prevention
o Prevention of bone marrow failure




Is there a small molecule that can be beneficial to
both hematopoiesis and cancer prevention?

o Cancer prevention
— Enhance apoptosis of cells with damaged genomes

. this could lead to loss of hematopoietic
stem cells

o Anemia prevention
— Enhance survival and growth of HSC
. this could stimulate tumor growth

o Best solution
— Prevent DNA damage or enhance DNA repair




Core A: Cell Based Screens |

DNA repalr !me! \ THF |Alan D’Andrea
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Heterozygosity for Trp53

accelerates tumors in Fancd2 KO

Epithelial Cancer-Free Survival
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Cancer Res 2008; 68: (5). March 1, 2008
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Tempol Protects against Oxidative Damage and Delays Epithelial
Tumor Onset in Fanconi Anemia Mice

Qing-Shuo Zhang, Laura Eaton, Eric R. Snyder,” Scott Houghtaling,' James B. Mitchell,’
Milton Finegold,' Carter Van Waes,  and Markus Grompe'




First small molecule to be tested In
Fancd2 mutant mice

1Tempol OH




Properties of tempol

Superoxide dismutase (SOD) mimetic
Hydroxyradical scavenger

Effective in animal models of ischemia-reperfusion
Injury

— Myocardial infarction

— Renal ischemia

Effective In reducing tumor incidence in animal models
of cancer
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In vivo competitive repopulation assay:
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Conclusions

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

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

Oxidative damage may be the main source of DNA damage in
FA, but also other tumor models in mice.

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

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




Other compounds that have been
tested

o Chloroguine
o N-Acetylcysteine
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Percent survival

tumor-free survival
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Models for hematopoietic defects
In Fanconi Anemia

Is it really true that FA knockout
mice are not a model for the anemia?
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Reduced numbers of stem cells
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Reduced colony forming ability
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Changes In cell cycle status of stem

cells
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Hematopoietic defects in Fancd2-/-
mice

Reduced numbers of KLS stem cells
Reduced repopulation ability
Reduced CFU-S

Reduced colony forming ability (cobblestone
assay)

Decreased pool of quiescent (GO) stem cells




Resveratrol Improves Mitochondrial
Function and Protects against Metabolic
Disease by Activating SIRT1 and PGC-1«
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The SIRT1 Deacetylase Suppresses Intestinal
Tumorigenesis and Colon Cancer Growth
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SRT3025 (“SirT Diet”) treatment increased the frequencies

of KSL cells in both D2 mutant and wildtype mice

KSL %

0.4+
P<0.01

0.3- .

P<0.01 T:—
0.2' 1) ¢

o0
O

014 o, —"—

@]
0.0

Placebo SRT3025 Placebo SRT3025
Fancd2’ Fancd2’- Fancd2** Fancd2**



Conclusions

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

o T he FA defects affects the stem cells themselves
as well as the stroma

o The Sirtl mimetic resveratrol ameliorates some
of these hematopoietic defects

o Srt3025 significantly increases the number of
stem cells in both wild-type and FA mutant
mice




Cancer Cells are often defective in one DNA
Repair Pathway

Normal cells

Six normal DNA
repair pathways

Cancer cells

Predicts PARPI
sensitivity of
breast cancer

BRCA1
mutation

The specific pathway lost
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

Six normal DNA
repair pathways

Cancer cells
Predicts cisplatin
l l l l l l sensitivity of
lung cancer
+ + [0 + ++

ERCC1
mutation

The specific pathway lost
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
sensitivity of
brain cancer

MGMT
silencing

Six normal DNA The specific pathway lost

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 the

Fanconi Anemia Pathway




Since 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.

Day 1
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Day 2
Each well transfected
with siRNA oligonucleotide
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Measure Cell viability with
ATP-activated luminiscence
(quantitative measure)
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SIRNA Targets Specifically Toxic to FA
Pathway Deficient Cells

PARP1 |BER

NEIL1 |BER
LIG1 BER/DNA replication
LIG3 BER

NBS1 MRN complex-DSB
response

RAD50 |MRN complex-DSB
response

ATM DSB signaling




SIRNA Targets Specifically Toxic to FA
Pathway Deficient Cells

PARP1 |BER

NEIL1 |BER

LIG1 BER/DNA replication

LIG3 BER

NBS1 MRN complex-DSB
response

RAD50 |MRN complex-DSB
response

ATM DSB signaling
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Available



FA Cell Lines Are Hypersensitive to the ATM
Inhibitor, Ku55933
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FA Cell Lines Are Hypersensitive to the ATM
Inhibitor, Ku55933
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reciprocal



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) 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.

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

inhibitors.






