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o-MEM = Minimal Essential Medium, alpha modification

UF = micro-Farad

A. thaliana = Arabidopsis thaliana, the mustard seed plant

a.a. = amino acid

BFU-E = burst forming unit — erythrocyte

BLAPs = BLM (Bloom syndrome protein) associated polypeptides
bp = base pair

C. elegans = Caenorhabditis elegans, a round-worm

c¢DNA = complementary DNA, DNA reverse-transcribed from mRNA
CFU-GM = colony forming unit — granulocyte macrophage

CHO cells = cells derived from chinese hamster ovary

cM = centiMorgan

Con A = concanavalin A

D. melanogaster = Drosophila melanogaster, the fruit fly

DAPI = 4,6-diamidino-2-phenylindole (a fluorescent stain for DNA)
DEAH-box = protein region containing aspartate, glutamate, alanine, and histidine
DEB = diepoxybutane

DMEM = Dubelco’s Modified Eagle’s Medium

DNA = deoxyribonucleic acid (the genetic molecule)

DNA-PK = DNA-Dependent Protein Kinase

Dox = Doxycyclin, a tetracycline analog

DSB = double strand break (of DNA)

dsRNA = double stranded RNA activated protein kinase

DTT = dithiothreitol

EBV= Epstein-Barr virus

EDTA = Ethylenediaminetetraacetic acid

ELTCI = extended long term culture initiating cell

FA = Fanconi anemia

FAAPs = Fanconi anemia associated polypeptides

FAH = fumaryl acetoacetate hydrolase

FBS = fetal bovine serum

G1/5/G2/ M phases = gap 1 / synthesis / gap 2 / mitotic phases of the cell cycle
G-CSF = granulocyte colony stimulating factor

GFP = green fluorescent protein

GM-CSF = granulocyte-macrophage colony stimulating factor
HDR = homology directed repair (of DNA)

HLA = human leukocyte antigen (a means by which to distinguish the body’s own cells
from invaders)

HPRT = hypoxanthine-guanosine phosphoribosyl transferase

HR = homologous recombination

HRP = horseradish peroxidase

HSC = hematopoietic stem cell

ICL = interstrand (DNA) crosslink

IFN-y = interferon gamma
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IL-3 = interleukine-3

IL-6 = interleukine 6

INOS = inhibitor of nitrogen oxide synthase

IRES = internal ribosome entry site

kb = kilobase

kD = kilo-Dalton

L-Glut = L-glutamine

LTCI cell = long term culture initiating cell

MMC = mitomycin C

MMCT = microcell mediated chromosome transfer
mRNA = messenger RNA (the intermediary between DNA and protein)
MTX = methotrexate

NCBI = National Center for Biotechnology Information
NES = nuclear exclusion signal

NF-kB = neuclear factor kappa B

NHEJ = non-homologous end joining

NLS = nuclear localization signal

OMIM = Online Mendelian Inheritance in Man

P/S = penicillin + streptomycin

PAGE = polyacrylamide gel electrophoresis

PBL = peripheral blood lymphocyte

PBS = phosphate buffered saline solution

PCR = polymerase chain reaction (a way by which to amplify DNA)
PEG = polyethylene glycol

PHA = phytohemagglutinin (type P)

PIC = protease inhibitor cocktail

PKR = double stranded RNA dependent protein kinase
PMSF = phenylmethylsulfonyl fluoride

PVDF = polyvinylidene difluoride

RMN complex = Rad50/MRE11/NBS1 complex

RNA = ribonucleic acid

RT =reverse transcriptase (an enzyme which produces DNA from RNA)
RT-PCR = reverse transcription polymerase chain reaction, or PCR done on ¢cDNA
obtained by using a reverse transcriptase on mRNA

S. cerevisiae = Saccharomyces cerevisiae, brewer’s yeast
SCE = sister chromatid exchange

SCF = stem cell factor

SDS = sodium dodecylsulfate

SDS-PAGE = SDS-polyacrylamide gel electrophoresis
STAT = signal transduction and activator of transcription
SV40 = simian virus 40

TBS = tris buffered saline

TBS-T = tris buffered saline plus tween-20 detergent
TNF-a = tumor necrosis factor alpha

TRAIL = TNF-related apoptosis-inducing ligand

iv



tTA = tetracycline responsive transactivator / tetracycline repressible transcription
activator

UVA = ultraviolet radiation type A

V(D)J recombination = recombination occuring in the variable, diversity, and joining
regions of the genes coding for molecules involved in the immune system

VNTR = variable number tandem repeat

wt = wild type (i.e. normal)

XP = xeroderma pigmentosum

XRCC = X-ray cross complementation group
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Abstract

Monozygotic twin sisters, with solely non-hematological symptoms of Fanconi
anemia (FA), were discovered to be somatic mosaics. Spontaneous and mitomycin C
induced chromosomal radial formation, which could be corrected with wild type FANCA,
was noted in fibroblasts but not in lymphoblasts. Molecular analysis of FANCA revealed
a frameshift causing deletion in exon 27; an exon 28 mutation altered arginine 880 to
glutamine (R880Q), resulting in primarily cytoplasmic expression and reduced function.
Additionally, an acquired, peripheral blood specific, exon 30 missense mutation was
found in cis with the exon 28 mutation. It altered glutamate 966 to lysine (E966K),
functionally compensated for the primary mutation, and restored nuclear localization. As
the same secondary mutation was present in the blood of both sisters, but not in their
fibroblasts, nor in either parent, and as both sisters have been free of hematopoietic
symptoms for over two decades, this de novo mutation likely occurred in a single
hematopoietic stem cell (HSC) in one twin. Apparently, descendants of this functionally
corrected HSC, via intra-uterine circulation, repopulated the blood lineages of both
sisters. This would imply that treating FA patients with gene therapy might require
transduction of only a few hematopoietic stem cells.

Specific secondary issues raised by the presence of the mutations were also
studied. In addition to the functional studies on the mutant alleles, the possibility of
alternate splicing caused by the exon 28 and 30 mutations was investigated. No mutation-
specific alternate transcripts were found, although an alternative transcript was noted in
wild type cells that had bearing on the studies at hand. This transcript, which lacked exon
30, was found to be unable to rescue FA-A cells from mitomycin C sensitivity. A
hypothesis concerning correlation between one of the FANCA mutations and pancreatic
cancer in members of the kindred was also explored and invalidated.

While the patients studied in the first part of this thesis had mutations in a known
F'A gene, several FA patients appear to have mutations in yet unidentified genes. The
technique of microcell mediated chromosome transfer (MMCT) can be employed to map
the defective gene in such cases. The object of MMCT is to form hybrid cells with a
single donor cell chromosome in a recipient cell genomic background. The hybrids are
assayed for correction of a cellular defect, in order to determine if the desired gene is on
the transferred chromosome. While attempting to utilize this technique, several
difficulties arose which affected the efficiency of the transfer procedure. Steps were taken
to deal with these issues and to increase the yield and usefulness of the technique.
Improvements and modifications made to the technique are described, including means
by which to reduce the number of whole cell hybrids, use of randomly marked mouse
cells as donors, and the development and application of assays for successful
chromosome transfer from such donor cells. The modifications made did increase yields,
while generating several successful MMCT hybrids.

ix



Introduction

Fanconi anemia (FA) is a bone marrow disorder, with high rates of morbidity and
mortality. However, it is difficult to diagnose because of its variable phenotype, and the
understanding the actual pathways involved in FA is incomplete. Moreover, not all of the
FA genes have been identified. The goal of this work was twofold: first, to study a
family in whom monozygotic twin sisters were initially diagnosed as non-FA in order to
understand how the mutations they carry affect their phenotype and to gain a better
understanding of the renewal capability of functionally corrected stem cells, and second,
to explore modifications in a technique that could be used both to discover new FA genes
and, potentially, for therapeutic purposes.

The remainder of this chapter lays the foundation and provides background for the
work involved in this thesis. It covers the symptoms of FA patients, diagnostic methods,
and treatment options, as well as an overview of the defects and abnormalities of FA at
the cellular level. Furthermore, since this thesis deals with molecular aspects of FANCA,
this chapter also reviews the literature on the molecular genetics of FA, with emphasis
given to the data on FANCA and its interactions. The mouse homolog for this gene is also
described, and mouse models of FA are delineated. The topic of somatic mosaicism in
FA, which is of fundamental importance to Chapter 2, is discussed at the end of this
introduction.

Chapter 2 discusses the case of a pair of twins initially described' as having a
variant form of FA. Follow up work revealed that the individuals in question were, in
fact, true FA patients, and that they belonged to the FA-A complementation group. This
finding gave rise to the hypothesis that these sisters had inherited mutations in FANCA,
but had acquired a compensatory sequence change as well. Indeed, in addition to the two
expected detrimental alterations, a third mutation was uncovered in blood cells but not
skin cells of these patients. Functional assays demonstrated that the protein expressed off
of the maternal allele was partially functional due to a missense mutation, and that the
downstream compensatory missense mutation returned function to normal levels.
Furthermore, the fact that the twins, now in their late 20’s, have no hematological

symptoms, and that they both carried the same three mutations, indicated that the



acquired mutation occurred in a single hematopoietic stem cell (HSC), and that the
progeny from this HSC effectively repopulated both twins.

Chapter 3 describes a technique called microcell mediated chromosome transfer,
which has been used for, among other purposes, mapping genes involved in human
diseases, including FA. The objective of this technique is to produce hybrid clones that
contain both the genome of the recipient cell and a single chromosome from the donor
cell line. An assay for a change in phenotype is then used to determine if the chromosome
transferred contains the desired gene. Improvements were made to the technique, and to
methods used in follow up to the transfer, in order to improve the efficiency of formation
of the hybrid clones, and to extend the usefulness of the technique. The alterations made,
and the greater insight into the technical aspect of the procedure that emerged, are
detailed in the chapter.

Finally, Chapter 4 presents a discussion of the relationship of these findings to
one another and their relevance to the fields of Fanconi anemia research, gene therapy,
and gene mapping. Future directions of this work are also explored. In summary, these
findings ascertain the capacity of self-renewal of a hematopoietic stem cell to a greater
extent than previously determined, detail two novel mutations in FANCA and elucidate
the mechanism for functional correction and repopulation of twin FA-A patients, and
extend and improve upon a long-standing technique. Overall, the work in this dissertation
will contribute to a better understanding of FANCA and the FA pathway, possibly assist
with identification of as yet unmapped FA genes, and potentially provide a means for

long-lasting treatment of patients with FA and other hematopoietic diseases.

I. Clinical, Diagnostic, and Treatment Synopsis

Clinical presentation of Fanconi Anemia. Fanconi anemia (FA; OMIM
#227650) is a heterogeneous, largely autosomal recessive genetic disorder, with,
currently, 12 known complementation groups (A, B, C, D1, D2, E, F, G, 1, J , L, and M)3 i
S Tt was first described by Guido Fanconi, a Swiss pediatrician’. The estimated incidence

in the general population is 1 in 100,000 live births worldwide, although certain



ethnicities such as Ashkenazi Jews, Afrikaaners, and specific Turkish and Saudi Arabian
populations demonstrate higher incidences®’.
Most FA cases are diagnosed between 3 and 10 years of age, with age of onset

10’“, and a mean age of survival of 16 years; however, diagnosis can

averaging at 7 years
also occur in adulthood in cases where onset occurs later'?. FA patients usually develop
macrocytosis and pancytopenia during the first decade of life'®!31, Progressive bone
marrow failure gives rise to aplastic anemia, compounded by thrombocytopenia, and,
subsequently, leukocytopenia, resulting in susceptibility to infection.

In addition, patients with FA who survive the anemia are prone to the
development of malignancies, including acute myeloblastic leukemia by age 40 in about
52 percent'”. Patients also have increased incidence of squamous cell carcinomas of the
head and neck, including of the tongue and larynx, as well as skin; other solid tissue
cancers have also been described, including vulvar squamous cell carcinoma,
osteosarcoma, hepatocellular carcinoma, pancreatic carcinoma, stomach and esophageal
carcinoma, breast cancer, and even meduloblastoma'®?’. Breast cancer susceptibility may
be connected to the fact that a gene known to cause breast cancer when mutated, BRCAZ2,

1°°, and that the FA group D2 protein colocalizes

is also the gene mutated in FA group D
with BRCA1*! which also binds FANCA™®. Increased incidence of solid malignant
tumors has also been noted in patients who have undergone bone marrow transplantation

3, since the increase in life span conferred by

to correct the anemia or pancytopenia’
transplant places patients in the age range for occurrence of FA-related tumors.

These hematological and oncogenic findings are compounded by developmental
defects. Approximately 50 percent of patients present with one or more congenital
abnormalities™, although their severity and prevalence are highly variable in FA. Such
abnormalities can include growth retardation and short stature, thumb and radial
deformities, kidney malformation or absence, skin hyperpigmentation and café au lait
spots, microcephaly, cardiac malformations, and mild mental retardation®>>’. Male
patients may also present with underdeveloped testes and abnormal spermatogenesis, and
growth hormone deficiency has also been noted>®.

Given the variable phenotype of FA and its overlap with other disorders, a purely

clinical diagnosis is difficult®*’. However, FA cells demonstrate spontaneous chromosome



breakage, as well as sensitivity to bi-functional alkylating agents, also known as cross-
linking agents, which covalently connect nucleotides on opposite strands of DNA.
Treatment of FA cells with such agents induces elevated chromosomal breakage and
formation of chromosome radials in dividing cells. Spontaneous chromosomal changes
are seen in cells from FA patients, like cells from Bloom syndrome and ataxia
telangiectasia patients; but in the latter two diseases, the chromosomal abnormalities are

041 even though DEB is a cross-

not increased with diepoxybutane (DEB) treatment
linking agent. A diagnosis of FA can therefore be made based on cytogenetic analysis
following treatment of cells to such agents such as diepoxybutane (DEB) or mitomycin C
(MMC)*2%,

Treatment options: bone marrow transplant. For almost three decades**, bone
marrow transplant has been used to treat and, in most cases, cure patients with Fanconi
anemia. However, caveats apply to the use of this treatment, especially with patients with
Fanconi anemia. First, optimal outcome requires use of bone marrow from an HLA-
matched relative, which is not always available. Secondly, agents used to encourage
engraftment by killing or causing growth arrest of recipient marrow, such as
cyclophosphamide, often work by causing DNA damage, and, as a result, increase the
risk, especially in FA patients, of leukemia or other cancers. In addition, patients with FA

546 which, at least in the case of cyclophosphamide,

are more sensitive to such agents
may be partly due to altered drug metabolism®’. This requires the use of lower doses of
such drugs in the pre-transplant regimen for FA patients. Fanconi anemia patients,
however, have a predisposition to myelodysplastic syndrome, and lower doses may be
insufficient to kill all of the pre-leukemic cells, so the patient may still present with
leukemia after transplant. Indeed, leukemia-free survival rates in cases of transplant into
patients with pre-existing leukemic transformation have been quite poor*®, and, in cases
where the donor marrow responds to the leukemia by mounting a graft-versus-leukemia
effect, fatal graft-versus-host-disease can occur®. Therefore, although individuals with
both FA and signs of pre-leukemic transformation or myelodysplastic syndrome have

2032 early intervention is preferable.

been cured using bone marrow transplant
FA patients may also develop severe graft-versus-host-disease, either acute or

chronic, or, conversely, may become ill from fungal or viral infections due to suppression



of the immune system. Patients have even been described who develop severe
oesophagitis after transplant™. To deal with many of these problems, various preparative
regimens have been tried, with mixed success, including use of low, fractionated,
localized, or no irradiation, as well as treatment with agents, alone or in combination,
such as busulfan, fludarabine, anti-thymocyte globulin, cyclosporin A, MTX, and low

#6.3%64 The likelihood of successful outcome for transplant

dose cyclophosphamide
patients has improved over time, and a recent study® indicated a 100% success rate with
22 patients treated with stem cell transplantation from HLA-matched related donors.

However, since the optimal transplant outcome requires having an HLA-matched
relative present, these rates are applicable to only some patients. Other approaches
include androgen therapy, which improves peripheral blood counts®. This is only a
temporary measure, as patients become resistant to the treatment over time and require
erythrocyte and platelet transfusions, as well as granulocyte- and granulocyte-
macrophage-colony-stimulating factors (G-CSF and GM-CSF) to improve leukocyte
count.

Therefore, alternative methods of repopulating the bone marrow of such patients
have been explored. The most obvious option is to find donors who are unrelated but
HLA-matched with the recipient, or who share most but not all of the HLA types with the
recipient. Transplantation from such donors has had poor results in the past, even for
patients with severe aplastic anemia®’, and patients with FA can have unusual
complications®. Comparisons between transplants done with HLA-matched related
donors versus alternative donors demonstrated a stark difference in 0utcome69’70, and
transplants done with matched unrelated donors alone showed poor outcomes’' . In one
study attempting to predict outcomes from such transplants, it was determined that those
with male donors fared better than those with female donors, and, more importantly, the
use of androgen therapy prior to transplant was contra-indicated”. In contrast to the
previous cases, one patient has been successfully treated with bone marrow from a
haploidentical parent™, and relatively successful transplants of unrelated donor allografts
of bone marrow stem cells have been performed””.

Treatment with Peripheral or Cord Blood. Other alternatives to bone marrow

transplant have also been attempted. Peripheral blood stem cells from an unrelated, HLA-



matched individual”® and from a haploidentical relative’”’® have been successfully
transplanted; however, transplant of stem cells from peripheral blood of an HLA-
mismatched donor in one case failed to protect an FA patient from fungal infection’”.,
Another approach is transplantation of umbilical cord blood or of stem cells derived from
cord blood. Cord blood from a single pregnancy is sufficient, both in terms of cell
number and in terms of quality, for one transplant®®'. Cord blood transplantation from
HLA-matched siblings has been successfully attempted many times®*®’ and, as has been
tried with bone marrow transplants, a modified regimen with fludarabine has also been
attempted succesfully®. These successes have prompted the formation of an international

8990 in order to match patients with HLA matched newborns

cord blood transplant registry
and stored cord blood. Cord (or placental) blood transplant from HI.A-mismatched
individuals or from HLA-matched unrelated individuals has also been attempted®®°1%,
and, for the most part, is successful, but engraftment failure can occur’®. One caveat to
cord blood transplantation, and perhaps to transplantation in general, is that androgen
treatment for FA, prior to transplantation, can result in lethal hepatic adenomas®.
Overall, however, the survival rate after unrelated donor cord blood transplantation is
similar to that for HLA-matched unrelated donor bone marrow transplant® and, while
some concern exists over possibly increased risk for Epstein-Barr virus-associated
lymphoproliferative disorders after unrelated cord blood transplant, it appears to be no
greater than that for unrelated bone marrow transplant®.

Nevertheless, parents of patients with Fanconi anemia who cannot find HLA
matched relatives have very few immediate options. Searching for unrelated donors takes
time, cord blood transplant requires a pregnancy, and neither of these approaches is
guaranteed to yield an HLA match. To ensure that an HLA-matched donor is found
before it is too late to help the patient, therefore, some parents have undertaken deliberate
conception by in vitro fertilization. The first case of in vitro fertilization using
preimplantation genetic diagnosis to select for HLA-matched, non-FA embryos occurred
only a few years ago’’, as did the first successful cord blood transplant from such a
pregnancy”, but several such attempts have occurred since then”®'%. Selection for FA

unaffected HLA-matched embryos, whether using preimplantation genetic diagnosis or



not, does raise some ethical issueslm, but also reduces the waiting time required to find a
matched donor.

Gene Therapy. A final alternative for parents of children with Fanconi anemia,
gene therapy, provides the option with the least chance of graft-versus-host disease or
graft rejection, while avoiding ethical issues related to stem cells, since autologous
transplant after genetic correction could be utilized'”. Gene therapy is promising in part
because any number of different viral vectors could be used; for example, in vitro
correction of both lymphoblasts and CD34+ hematopoietic progenitor cells from Fanconi
anemia group C (FA-C) patients has been demonstrated using recombinant retroviral'®>
and adeno-associated'® viral vectors. A retroviral vector carrying FANCC but marked
with [-NGFR (a cell surface marker) rather than antibiotic resistance!® has been used,
and FANCC has also been transferred into lymphoblasts from an FA-C patient using
lentiviral vectors'®. Lymphoblast cells from four FA-A patients have also been
transduced with FANCA using retroviral vectors'%’; viral vectors containing other
Fanconi genes are also available or could be easily produced. Use of viral vectors with
internal promoters, which must integrate intact, is preferred in order to prevent
inadvertent activation of oncogenes and gene mis-expression due to random integration
of the vector.

Clinical protocols for transduction of CD34+ hematopoietic progenitor cells, from
both cord blood and peripheral blood, with FANCC-containing retroviral vectors, have
also been developed, including ex vivo expansion of transduced cells'®®'%. One group
has run a clinical trial for treatment of patients with group C Fanconi anemia by retroviral
transduction of wild type FANCC into CD34+ progenitor cells, and three or four cycles
of gene transfer resulted in transient FANCC expression in peripheral blood and bone
marrow, which corresponded to transient increases in bone marrow cellularity!*!!!,
However, stable transduction of hematopoietic stem cells has yet to be demonstrated in a
clinical trial. In addition, both because of the relatively low transduction efficiency and
because of the number of cells required for effective transplant, this approach often
requires ex vivo expansion of progenitor cells from patients with Fanconi anemia through
rapid expansion or long term culture, the latter of which has proven to be difficult''2. The

use of extended mobilization of patient peripheral blood stem cells with G-CSF and



multiple collections, followed by storage and pooling, might provide enough cells for use
in gene therapy''. This and other techniques are being tested, in various combinations, in
phase I clinical trials for gene therapy of both FA-C and FA-A complementation group
patients' ™.

However, other technical difficulties still need to be overcome. Possible toxicity
of expression from retroviral vectors, which would cause destruction of transduced stem
cells'?, is one problem, especially in cases of overexpression, common with many viral
vectors, which may need to be avoided with certain FA complementation group genes. In
addition, a type of catch-22 is also at issue. On the one hand, long-term expression —
required for effective therapy -- has yet to be demonstrated. On the other hand, long-term
expression of certain types of viral vectors might elicit an immune response. Ideally, gene
therapy would utilize gene targeting to the native locus, such that the endogenous

promoter would drive expression, but the efficiency of gene targeting has yet to be

improved to the level at which this approach would be feasible.

II. Functional Phenotypes of Fanconi Anemia Cells

The defining cellular characteristic of Fanconi anemia is an elevated level of
spontaneous chromosome breakage'', which is enhanced by exposure to mitomycin C*2,
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diepoxybutane®, psoralen plus long wavelength ultraviolet light''’, nitrogen mustard!'8,

or other interstrand crosslinking agents. Fanconi cells also exhibit radial exchange figures
and endoreduplication, especially after treatment with crosslinking agents'"”.

Cell cycle delay. Primary fibroblasts from Fanconi anemia patients also display
other cellular defects, including decreased growth rates and increased generation times''’.
A slower cell cycle in lymphocytes has also been demonstrated'?’. This elongation of the
cell cycle is at least partially caused by cell cycle arrest. Until recently, this arrest was
thought to occur at the G2/M boundary or in late G2 phase!'*!?*124 However, an
important study found that introducing interstrand crosslinks specifically during G2 phase
arrests cells not at the G2/M boundary, but in the following S phase, after partial DNA

replication'’. Interestingly, another group found evidence for impaired S-phase arrest'?®,

which seems to directly contradict the previous finding. However, the data from this



study can be interpreted as supporting an elongated S-phase. The authors found a higher
proportion of S-phase replicating cells in an FA population compared to wild type cells,
but BrdU staining used in the study may simply indicate unscheduled DNA synthesis
caused by futile attempts to repair the cross-link via translesion synthesis. In this li ght,
their work implies elongated S-phase in FA cells. Earlier works, using BrdU staining and
cell cycle analysis, also support a long S-phase, such as a study that describes arrest as
occurring in “the first chromosome cycle (S, G2/M phases)”'*!. This cell cycle arrest
depends on the p53 pathway, since FA cells upregulate p53 at lower MMC

127.128 and mouse embryonic fibroblasts from

concentrations compared to wild type cells
Jancd2 (FA-D2 gene) knockout mice underwent arrest after DNA crosslinking, but not
those from fancd?2 / trp53 double knockout mice'?’. Yet the arrest is caused not by failure
of the normal cell cycle checkpoints, but as a normal response to extensive or difficult-to-
repair DNA damage'*"!,

Secretion of and response to growth factors. Another aspect of the FA cellular
phenotype that has been extensively studied, largely as an attempt to understand the
mechanism of bone marrow failure, is the response to or secretion of various factors.
Over a decade ago, co-cultivation of FA cells from one complementation group with
certain mouse “FA-like” cell lines partially corrected the MMC sensitivity of these
cells™, indicating that secreted factors may play some part in the severity of the FA
phenotype. Lack of response of Fanconi bone marrow to stem cell factor (SCF) was
demonstrated in various colony formation assays'*’. Moreover, FA fibroblasts and
lymphoblasts have reduced production of interleukine-6 (IL-6), and adding IL-6 to the
medium partially corrects MMC sensitivity'**. IL-6 addition also reduces tumor necrosis
factor alpha (TNF-a) overproduction noted in FA lymphoblasts'*. Additionally, partial
correction of MMC sensitivity of FA lymphoblasts by anti-TNF-a. antibodies'™,
overexpression of TNF-a in human marrow mononuclear cells from FA patients'®, and
sensitivity to TNF-o of bone marrow-derived cells from FA patients and from a mouse
model of FA*7 have all been demonstrated. FA cells are not differentially sensitive to

a TNF family member, TRAIL'*%, but bone marrow cells from an FA mouse model are

sensitive to macrophage inflammatory protein 1 o'*®.



These findings are generally accepted; however, sensitivity of FA cells to
interferon gamma (IFN-y), specifically cells from the FA-C complementation group, has
been controversial. Initial characterization of an FA-C mouse model (Fancc knockout
mice) indicated sensitivity of hematopoietic progenitor cells to IFN-y"* and this was also
demonstrated in other studies'*!**1*! Byt contradictory data also exist'***, Sensitivity
in mice may be strain-specific. [FN-y is overexpressed in bone marrow from FA
patients'*’, and Fanconi group C bone marrow seems to be sensitive to IFN-y'*’. Several
further studies of the IFN-y signal transduction pathway and possible interaction with the
Fanconi pathway have explored IFN-y inducible genes--in particular, the Jak / STAT
pathway--as well as increases in reactive oxygen species, interactions of heat shock
protein 70 with FANCC, apoptosis by caspase-3 activation via p38, the dsRNA protein
kinase PKR and its interaction with FANCC, and the roles of nitric oxide and iNOS'#1%2,

Oxygen sensitivity. Just as the significance of IFN-y sensitivity has been
questioned, the importance of another cellular phenotype of FA cells, sensitivity to
oxygen and to oxygen radicals, has been debated. Several indirect lines of evidence for
oXygen sensitivity exist, including increased release of oxygen radicals from leukocytes

13134 "as well as accumulation of 8-hydroxy-2’-deoxyguanosine and

of Fanconi patients
8-hydroxyguanosine, indicative of oxidative damage to DNA and RNA, respectively, in
FA cells"*'>. Somewhat reduced hydrogen peroxide decomposition and catalase activity
in FA cells has also been reported'*, as have reduced oxygen consumption, increased
activity of the antioxidant PHGPx, and constitutive expression of NF-kB, which is

157 claims that

induced by presence of reactive oxygen species'*®. Also, one report
overexpression of the intracellular antioxidant thioreduxin abolishes the DNA damaging
effects of MMC and DEB, although it has no effect on chromosome breakage.

In addition to these indirect lines of evidence, Fanconi lymphocytes have been
shown to have chromosome breakage under hyperoxic conditions''”1*%; however, while
amount of breakage increased with oxygen tension, the response was variable between
different patients'>”, and normal cells also showed chromosomal aberrations under
hyperoxic conditions'®. Mitomycin C (MMC) can generate free radicals, and in fact,
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does so more than some of its analogs *". Adding MMC to cultures prior to experiments

with different levels of oxygen did, in fact, increase the sensitivity of FA cells'”, and, in

10



a separate study, Fanconi lymphoblasts were more sensitive than wild type cells to MMC
under normoxic conditions (20% oxygen), but not under 5% oxygen, the latter of which

192 This does not mean, however, that FA cells are not

favor cross-link formation
sensitive to crosslinks, as the authors claim, since they are sensitive, after all, to psoralen
plus two doses of UVA radiation, with which one can ensure formation of crosslinks.
Rather, these findings imply that hypersensitivity to oxygen in FA lymphocytes and,
perhaps, in bone marrow cells, may play a major role in the anemia phenotype. In terms
of cell cycle defects, exposure of primary FA fibroblasts to 5% oxygen restores in vitro
growth to normal, and exposure to 35% oxygen can cause accumulation in S/G2/M
phase'®. In contrast, while primary FA fibroblasts cultured in 1% oxygen show enhanced
growth, and primary fibroblasts from multiple patients are uniformly sensitive to oxygen
but variably sensitive to MMC, transformation with SV40 large T antigen abolishes
oxygen sensitivity without affecting sensitivity to MMC'®*. Transformed lymphoblasts
from a group C Fanconi patient are also not differentially sensitive to oxygen when
compared to retrovirally corrected cells'®. These lines of evidence indicate that oxygen
sensitivity is secondary to the molecular defect, even if it plays a role in the clinical
progression of the disease.

Mitochondrial function. The issue of oxygen sensitivity raises the question of
whether Fanconi cells have normal mitochondria, since mitochondrial function is directly
tied to cellular levels of oxygen and oxygen radicals. Unlike normal mitochondria, FA
cell mitochondria have a filamentous shape and form an interconnected reticular
structure'®®. In an oxygen-dependent, psoralen-induced manner, FA cells undergo an

167

unusual, rapid, and transient mitochondrial matrix densification °’. However, while FA

cells seem to be sensitive to glycolytic metabolism inhibitors, they are resistant to
mitochondrial damage-induced apoptosis'®®.

Apoptosis. In fact, several studies have concluded that Fanconi cells are deficient
in or resistant to typical p53- and caspase-3-dependent apoptosis in response to ionizing

19171 although one study in Fance (FA-C group) knockout mice seems to

radiation
contradict this'”. In contrast, both bone marrow derived hematopoietic progenitor cells
and lymphocytes, particularly those from FA-C complementation group patients or Fancc

knockout mice, have been repeatedly found to be prone to apoptosis when cultured ex-
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vivo or when exposed to certain inhibitory cytokines, such as INF-y and TNF-

40,144,146,147,172- - )
136,140,144,146,47.172-181 g cytokine induced apoptosis may be p53 dependent' . In fact,

o
FA lymphocytes and lymphoblasts have been shown to have a higher than normal rate of
spontaneous apoptosis' 1", and a model involving knockdown of the FA-D2
complementation group homolog in zebrafish demonstrated an increase in spontaneous,
p53-dependent apoptosis'®?. Nevertheless, Fanconi cells do not require p53 in order for
DNA interstrand cross-linking agents such as mitomycin C to induce cell death'*®, and
the dying cells may utilize something other than the canonical apoptosis pathway'’*'%,
Instead, MMC-treated FA cells undergo a necrotic or caspase-3 independent apoptosis-
like cell death'®. Fanconi cells may also have an altered reaction to Fas'’%!® However,
the use of the non-apoptotic or apoptosis-like pathway in response to interstrand
crosslinking agents is not absolute; whether Fanconi cells treated with cisplatin undergo
caspase-mediated or caspase-independent cell death seems to depend on cisplatin
concentration'®. Specific study of FA-C cells by various groups has resulted in some
interesting findings, other than the abovementioned increased INF-y and TNF-a induced
apoptosis. Unlike FA-A cells, FA-C cells do not appear to undergo DNA fragmentation

183186 "and so FANCC may act as a switch

upon treatment with crosslinking agents
between apoptosis and necrosis due to MMC exposure, or the various FA proteins,
separately or as a complex, may act to suppress apoptosis in favor of cell cycle arrest
while the cell attempts to repair the interstrand cross link. It had been demonstrated, for
example, that retroviral expression of FANCC can suppress growth factor withdrawal-
induced apoptosis in factor-dependent FA-C cells'®’, block Fas-triggered cell death in
Fance knockout mice'
delay'®.

Sensitivity to ionizing radiation. While FA cells have been shown to be resistant

% and, as expected, correct both MMC sensitivity and cell cycle

to conventional apoptosis specifically induced by ionizing radiation, evidence indicates a
possibility of cellular sensitivity to X-rays and gamma rays, and these DNA-damaging
agents may still cause generalized cell death . However, the results of studies on this
topic have been somewhat contradictory. A study using skin-contact irradiation found
that FA patients had increased sensitivity to gamma radiation'*’. An assay for cell killing

demonstrated that FA fibroblasts were sensitive to gamma radiation, but not as sensitive
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1 and another similar study found FA cells were sensitive

as ataxia telangiectasia cells
to radiation, but could recover normally'**. Similarly, phytohemagglutinin-stimulated FA
lymphocytes, but not concanavalin A-stimulated ones, showed reduced ability to divide

3 This ambiguity makes it difficult to determine the extent of sensitivity

after irradiation
to gamma irradiation. Likewise, some studies have concluded that FA fibroblasts do not
have greater sensitivity to X-rays than normal cells, either in terms of cell or clonal
survival or in terms of DNA synthesis after irradiation!**'*°, Peripheral blood
lymphocytes from FA patients have also been shown to have normal chromosomal
aberration frequency in response to ionizing radiation®. A study testing lymphoblasts and
fibroblasts from the same patients found that some lymphoblasts are sensitive to X-rays
in terms of chromosomal aberrations, but that fibroblasts, even those from the same
patients, have the same degree of colony survival as normal fibroblasts, after gamma

"7 But other studies of FA fibroblasts or peripheral lymphocytes have

irradiation
demonstrated significantly increased sensitivity to X-rays, in terms of chromosomal
breaks or aberrations, as measured by G2 phase cell fractions, and by initial and residual
tail moment in a single-cell gel electrophoresis assay (also known as a comet assay)'*>1%*
292 Tn addition, FA fibroblasts are moderately sensitive to the radiomimetic drug
bleomycin®®, and FA lymphocytes show increased in vitro sensitivity to the DNA

204 These contradictions in the literature seem to

damaging agent cyclophosphamide
indicate a moderate sensitivity to ionizing radiation does exist in some FA cells, but it is a
variable phenotype.

A moderate increase in cellular sensitivity to ionizing radiation, relative to wild
type cells, has been noted in mouse models of FA 43205206 although cells from an FA-D2
mouse model exhibit a normal phenotype®*”?%. Chinese hamster ovary (CHO) cells show
a more mildly increased, almost normal sensitivity’”>'2. FA cells from an FA-C mouse
model have been found to upregulate p53 in response to ionizing radiation'%, and cells
from FA-C model mice seem to be unable to maintain a G2 phase cell cycle arrest after
irradiation, especially if they also lack p53%". The latter finding does not necessarily

contradict the findings of S-phase cell cycle arrest discussed earlier, since, in those cases

in which FA cells have been shown to have extended S-phase arrest, the arrest is either
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spontaneous or is induced by interstrand crosslinking agents, not ionizing
radiation 21125126129
Double strand break repair. A related phenotype of FA cells to the sensitivity to
ionizing radiation involves a defect in the repair of DNA double strand breaks. Evidence
for this phenotype first arose as a result of studies of the HPRT locus in FA cells. While
initial examination of the HPRT locus suggested that the frequency of point mutations

214,215

after psoralen treatment was reduced in FA cells , it was later determined that, in

fact, the frequency of deletions is increased in Fanconi cells relative to wild type cells*'®

219 and this finding was confirmed in a study of the glycophorin A locus®*°. This
suggested that FA cells are deficient in error-free repair of blunt-ended DNA double-
strand breaks (DSB). Indeed, FA cells had a lower fidelity of blunt end joining,
independently of overall ligation efficiency, and this lower fidelity could be corrected by
reintroduction of a wild type copy of the missing FA gene?*"*%.

Despite findings of decreased fidelity of V(D)J coding joint formation in FA
lymphoblasts®®, the activity of the DNA-PK complex and XRCC4 are normal in FA

222

cells™. And, while one study suggests that cells from an FA-A complementation group

mouse model have defects in non-homologous end joining (NHEJ) repair of DNA double

>, another study persuasively demonstrated

strand breaks produced by ionizing radiation®
independence of the NHEJ and FA pathways, particularly downstream of the FA-A
complementation group gene product®”’. This may, therefore, imply a defect in
homologous recombination repair in FA cells. In both V(D)J recombination and the
formation of a double strand break as a repair intermediate after interstrand crosslink,
extensive degradation of DNA can occur, requiring a high fidelity repair process to
prevent significant deletions. Elevated homologous recombination activity has been

224 Related to this, Fance, Fancg, and Fancd? deficient

reported in Fanconi fibroblasts
DT40 chicken B cells have each been shown to be defective in homologous
recombination repair of DSB and to have increased sister chromatid exchange (SCE), and
it has been claimed that FA cells display increased SCE**52%, although the latter finding
is still controversial. Recent evidence also suggests that the FA pathway is involved in
upregulating both homology-directed repair and single-strand annealing, but not non-

homologous end joining229. This evidence, however, does not rule out the hypothesis that
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the FA pathway is involved in regulating error-free homology-directed repair and
controlling error-prone illegitimate recombination repair.

Crosslink repair. The first steps in interstrand crosslink repair by homologous
recombination involve excising the crosslink, via incision of the DNA on each side of the
crosslink®’. One study reported that combining the protein complexes of two cell lines
from different Fanconi anemia complementation groups complemented the unscheduled
DNA synthesis and apparent incision defects® ', suggesting that FA cells are defective in
the excision step itself, as well as in the steps required for DNA-repair related DNA
synthesis. In support of this, the first one-sided incision of a crosslink was shown to be
defective in FA cells but normal in well-spaced wild type cells; however, this defect also
existed in confluent wild type and xeroderma pigmentosum (XP) cells, suggesting that
DNA synthesis was required before the assay used in this study could reveal incisions*?.
Defective incision on both 3° and 5’ sides of both furan and pyrone sides of an interstrand
crosslink, as well as of 3” and 5’ sides of the pyrone side monoadduct, was reported in a
study involving chromatin associated protein extracts and crosslink- or monoadduct-
containing 140 bp DNA substrate®?.

In contrast, the production of excision breaks after UV irradiation was normal in
FA cells in one study194. Further more, in recent work, use of a modified comet assay to
test FA cells individually demonstrated that, in fact, incision of the crosslink by ERCC1
is normal in FA cells and does not require DNA replication™*. Instead, DNA replication
is required for further processing of the incision into a full double strand break, and the
Fanconi complex is activated after the formation of the DSB*****°, perhaps to regulate the
rate and fidelity of homologous recombination. The FA complex may thus be involved in
stabilization or repair of stalled replication forks™®, but such a model is not necessarily
mutually exclusive with either the crosslink or DSB repair model, since the collapse of
stalled replication forks can give rise to structures similar to DSB.

In addition to finding normal excision and double-strand break formation in FA
cells, one group demonstrated that the RAD5S0/MRE11/NBS1 (RMN) complex, theorized
to be involved in both homologous recombination and non-homologous end joining,

forms nuclear foci in wild-type cells treated with MMC, but that this focus formation is

defective in MMC-treated FA-A, FA-G, and FA-C cells*®. F urthermore, normal NBS1
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phosphorylation is lacking in MMC-treated FA cells, and RAD351 nuclear foci in FA cells
are both mildly reduced in frequency, and reduced, delayed, and more prolonged in
formation®®. For all three phenotypes, the authors showed that these deficiencies in FA-C
cells could be corrected by ectopic overexpression of FANCC. Their study also indicated
that FA cells are normal in their response to ionizing radiation. Additionally, the authors
described a lack of expected increase in BRCAI1 foci in MMC-treated FA cells compared
to wild-type cells. These findings support the hypothesis of a role for FA in DSB repair
by HR, as well as of the RMN complex in ICL repair and, possibly, in cell cycle arrest in
response to ICL damage, via NBS1 phosphorylation®’.

Telomere maintenance. The elevated level of chromosomal rearrangements and
aberrations in FA cells suggests that the FA pathway may be involved in the fidelity of
telomere maintenance. Shorter telomeres have been noted in cells from Fanconi patients,
including in peripheral blood leukocytes™’?*. In addition, in both peripheral blood
mononuclear cells and fibroblasts from FA patients, accelerated telomere shortening has
been noted, along with, paradoxically, increased telomerase activity, indicating that even
increased telomerase activity is insufficient to maintain telomere length****?,
Furthermore, reduced telomere length maybe due to an increased shortening per cell
division, rather than because of increased cell divisions required of hematopoietic stem

41 A higher rate of telomere breakage

cells to replace rapidly dying peripheral blood cells
and an increase in chromosome end fusions has also been reported; the former may
explain the increased rate of telomere shortening per cell cycle’®, but the latter is
controversial. A correlation between the rate of telomere shortening and onset of severe
aplastic anemia or malignancy has been observed***, and it has been claimed that
significantly shortened telomeres in patients with bone marrow failure syndromes were

only found in those patients who had progressed to aplastic anemia®*’

. Work on mouse
Fancg knockouts, both with and without telomerase, as well as on primary cells from FA
complementation group G patients, suggests that the accelerated telomere shortening is
not due to deficiency of telomere maintenance per se, and that FANCG is not involved in
telomere maintence’*.

As further work on known cellular phenotypes of FA is done, a better

understanding of some of the phenotypes may emerge; in other cases, new, more subtle
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phenotypes may be found, as predicted by the fact that yeast two hybrid screen results
implicate FA proteins in transcription regulation, cell signaling, oxidative metabolism,
and cellular transport®*’. The FA pathway may include aspects of these other cellular
pathways as a means by which to coordinate cellular functions while ensuring accurate

and timely repair of DNA damage.

III. The Genetic and Molecular Aspects of Fanconi Anemia

Currently, there are 12 known FA complementation groups (A, B, C, D1, D2, E,
F, G, L J, L and M)*®. Each of these complementation groups corresponds to a separate
gene. A brief summary of information regarding each gene can be found in Table 1.
Since none of these genes have homologs in prokaryotes or in single-celled eukaryotes,
but a FANCD2 homolog does exist in A. thaliana, the FA genes seem to have arisen
during the evolution of multicellular eukaryotes. This, in turn, implies that the
evolutionarily defined function of the gene products lies in protecting the organism from
the consequences of damage to DNA other than simple cell death, such as systemic cell
loss or cancer. As detailed above, these are precisely the consequences that comprise the
greatest risks to FA patients, in whom a defect in any one gene can lead to bone marrow
failure or leukemia. The patients studied in Chapter 2 belong to the first FA
complementation group defined”*®, FA-A, since they have a defect in FANCA.

Table 1: Essential data on FA genes.

Gene Location cDNA ORF length | Protein (a.a.; kD) | # exons
length

FANCA 16q24.3°7%" | 5.5kb™17 | 4368bp™ 2 | 1455a.a.; 437554
163kD251,252

FANCB/ Xp22.31°° | 3.0kb>° 2580bp™°® | 859a.2.%%, 107

FAAPYS 90/95kD*>

FANCC 9q22.37"7"% | 4566bp™’ | 1,674bp>" 557a.a.; 60kD™ | 14 %

FANCDI/ | 13q12.3%%%% [ 11,385bp™ | 10257bp™° | 3418a2.2.%%, o=

BRCA2* 380kD*
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FANCD? 3p25.3%%°

FANCD2-44 5189bp™° | 4416bp*° | 1471a.a.2% 44 %67

FANCD2-43 4455bp™°¢ | 4356bp™° | 1451a.a.2¢ 43 2%

FANCD2-S 155kD*7

FANCD2-L 162kD*’

FANCE 6p21.2- 2.5kb™®® 1,611bp™* | 536a.2.>%; 10 *%*
71 3268 58kD**°

FANCF 11p15~" 1.3kb*"" 1,125bp° | 374a.a.; 40kD*° | 177

FANCG / 9p13*"- 2.5kb*™? 1869bp”"" | 622a.a.; 68kD*"T | 14 7T

XRCCP"™

FANCJ/ 17q23°7*"* [ 4563bp®° | 3750bp™° | 1249a.a. >° 1977

BRIP1/ 130%7%/150kD*™

BACHI*"

FANCL / 2p16.17° 1750bp™° | 1128bp™° [ 375a.a. ©%; 43kD* | 1477

PHF9/

FAAP43

FANCM / 14g21.37° | 7143bp™° | 6147bp™° | 250 kD® 23°¢

FAAP250

FANCA general information.

Two groups simultaneously and independently cloned the gene responsible for

the FA-A group, one using a functional complementation assay to narrow down a cDNA
pool and identify the gene®, and the other using a combination of positional cloning and
exon trapping®>. The FANCA cDNA is about 5.5 kb long, with a 4368 bp open reading
frame, which codes for a 1455 a.a., approximately 163 kD protein®'**2. The protein
contains an N-terminal bipartite nuclear localization signal (NLS), consisting of amino
acids 18 to 34 and 19 to 35, as well as a partial leucine zipper consensus sequence from
amino acids 1069 to 1090%°!. Mutation studies of the latter region indicate that the
leucines themselves are not necessary for FANCA function, but the alpha-helical
structure of this region seems to be required276. In genomic DNA, FANCA localizes to

322 and spans 43 exons over approximately 80kb, with a GC-rich

chromosome 16q24.
promoter region typical of housekeeping genes>>>>*, By Northern blot, FANCA is

expressed in all tissues analyzed, including pancreas, kidney, liver, skeletal muscle, lung,
brain, heart, and placenta, and the most prominent of several alternate transcripts is about

4.7 kb in length®”.
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FANCA: Subcellular localization.
Work with N-terminal GFP fusion constructs has demonstrated predominantly

nuclear localization of FANCA protein®’ 278

, yet, by immunofluorescence, FANCA
localizes to both nuclear and cytoplasmic compartments and even associates with
intracellular membranes®®'. Also, the observation of some cell-to-cell variation in the
ratio of cytoplasmic to nuclear FANCA levels implies a shuttling of FANCA between the
different cellular compartments®®’.

Nonetheless, nuclear localization of FANCA is required for function. FANCA
constructs with C-terminal appended nuclear exclusion signals fail to correct MMC
sensitivity261, and FA-A cell lines with H1110P and delF1263 mutations exhibit neither
MMOC resistance nor nuclear localization?”***. This also implies that C-terminal amino
acids may play a role in nuclear retention of the protein. Unfortunately, this hypothesis
has not been confirmed with C-terminal deletion constructs, as both cytoplasmic

281 .
278281 and nuclear expression of such constructs has been noted*’’.

expression
The first 42 amino acids of FANCA (NLS) have been shown to be necessary for
nuclear localization®”’, yet, surprisingly, according to one report, mutation of either
portion of the bipartite NLS does not entirely prevent nuclear localization, and even
deletion of the NLS altogether only serves to equalize cytoplasmic and nuclear
expression levels®’®, Purely cytoplasmic localization requires deletion of the first N-
terminal 250 amino acids®’®, implying a role for amino acids 43 to 250 in assisting with
nuclear entry. Within the NLS region, amino acids 16 through 20 have been predicted to
form a nucleolar localization signal, and nucleolar localization has been noted, as has

s although these sub-

restriction of EGFP fluorescence to chromatin in mitotic cells
nuclear localizations have been disputed®’.

Mutations in other FA genes have varying effects on FANCA localization. By
immunofluorescence, FANCA has predominantly nuclear and lesser cytoplasmic
expression in wild type and FA-D2 cells, but, in FA-C, E, F, and G cell lines, expression
levels in are essentially equal between cytoplasm and nucleus, while FA-B cells show
mostly cytoplasmic expression of FANCAZ®.

FANCA phosphorylation.

19



Nuclear fractions from FA group A, B, C, and E lymphoblasts have either very
low levels of FANCA or altogether lack FANCA?®. Similarly, while FANCA is
phosphorylated in wild type cells, this phosphorylation does not occur in cell lines from
FA groups A, B, C, E, F, or G**?. Hence, a correlation exists between phosphorylation
and nuclear localization”®. A wortmanin-inhibited serine-threonine protein kinase
(tentatively named FANCA-PK) binds and phosphorylates FANCA in the cytoplasm,
specifically at serine residues®’. FANCA is predicted to have a binding site for the serine
/ threonine protein kinase Akt, and Akt can phosphorylate the serine at this site, S1149, in
vitro®™*. Nevertheless, mutation of the serine has no effect on ability of the protein to
correct MMC sensitivity, and, in fact, Akt inhibits FANCA phosphorylation in vivo ™,

Interaction of FANCA with FANCG

In addition to phosphorylation by a kinase, FANCA interacts with FA proteins.
Specifically, FANCA interacts with FANCC and FANCG, the gene products deficient in
FA-C and FA-G cells, respectively. Expression of FANCG, FANCA, or FANCC has
been repeatedly demonstrated to increase expression levels of the other two proteins in
respective mutant cell lines*®*”_ This is due to increased protein stability; in pulse-chase
experiments, FANCA and FANCG each significantly increase the half-life of the
other”®”. FANCG directly binds FANCA, as evidenced by multiple assays, including co-
immunoprecipitation after in vitro translation®®>%62%2% This binding requires amino
acids 400 to 428 of FANCG*®*", and the NLS region of FANCA, specifically amino
acids 18-29*%%%" Binding is augmented by amino acids 585 to 622 of FANCG*®, but is
unaffected by either large C-terminal deletions or mutations, such as H1110P or
delF1263, of FANCAZ286.289290 Therefore, since the H1110P mutant, but not an NLS-
deleted form of FANCA, stabilizes FANCG expression levels, the increase in protein
stability is a consequence of the direct binding and not of functional complementation®®.
On the contrary, FANCA-FANCG binding is necessary for FANCA function. A version
of FANCA in which the FANCG binding domain is replaced with a SV40-NLS fails to
complement an FA-A cell line, even though FANCA enters the nucleus**".

FANCA and FANCG both have primarily nuclear localization, but also appear in
the cytoplasm, and the complex between these two proteins can also be

immunoprecipitated from both cellular compartments®®®. Furthermore, localization is
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concordant. If FANCG is coexpressed with a version of FANCA fused to either an SV40-
NLS or an NES, it appears wherever the FANCA fusion protein is directed®*’. Moreover,
cytoplasmically expressed H1110P and R1116G mutants of FANCA, which can still bind
FANCG, prevent its entry into the nucleus, and non-functional C-terminal deleted forms
of FANCA that bind FANCG act in a dominant negative fashion in wild type cells?*"*.
Thus, normal binding between FANCA and FANCG occurs in the cytoplasm, and
translocation of the oligomer to the nucleus is required for conferral of MMC
resistance?®’?%° Of note, the level of FANCA-FANCG complex, while normal in wild
type and FA-E cell lines, is reduced in FA-B, FA-C, and FA-F cell lines, indicating that
expression of other Fanconi genes is required to stabilize the interaction. In particular,
expression of FANCC in an FA-C cell line increases nuclear levels of FANCA and
FANCG™.

Interactions with FANCC.

The previous finding correlates with the fact that interaction between FANCA and
FANCC, via both N-terminal amino acids and leucine 554 of FANCC, allows
translocation of a complex containing FANCA and FANCC to the nucleus®’. Retroviral
correction increases nuclear levels of both FANCA and FANCC proteins in FA-A and
FA-C cells®®!, supporting the idea that nuclear localization of either protein is augmented

d*%!, the interaction between FANCA

by translocation of the complex. While once dispute
and FANCC proteins does occur279’281’282, but, in contrast to strong, direct FANCA-
FANCG binding, FANCA and FANCC interact weakly, indicating indirect or transient
binding®**?*?%_Other Fanconi proteins are likely mediators of binding, since FANCA
and FANCC do not interact in FA group B, E, and F cell lines, whereas FANCA and
FANCG do, albeit at reduced levels®’.

Specifically, while FANCA and FANCG can bind each other in FA-C cell
lines®, expression of FANCG is required for FANCA-FANCC interaction and enhanced
nuclear accumulation of the FANCA-FANCC oligomer®®’. Amino terminal deleted forms
of FANCA may fail to bind FANCC at least partially because they can not bind
FANCG?”. In agreement with this hypothesis, replacement of the FANCA NLS, to

which FANCG binds, with that of SV40 Large T antigen allows nuclear localization, yet
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abolishes not only the conferral of MMC resistance, but also FANCC interaction and
translocation of the FANCA - FANCC complex to the nucleus®®!.

This does not, however, mean that FANCA binds FANCC specifically through
FANCG, since FANCC and FANCG do not bind each other directly”****°. In fact,
deletion of the carboxy terminal two thirds of FANCA not only significantly reduces
nuclear localization of FANCA, but also abolishes FANCC interaction and translocation,
and fails to complement MMC sensitivity”®'. Note that this region of FANCA is not
required for FANCG binding. Thus, FANCA function also depends on its interaction
with FANCC, which is dependent on more than FANCG co-expression or FANCA-
FANCG binding.

Even without stable, direct binding of FANCC to either FANCA or FANCG,
immunoprecipitation of each of the three proteins does pull down the other two,
indicating that, by a combination of direct and indirect binding, they form part of the

e Expression of FANCG not only increases the nuclear to

Fanconi nuclear complex
cytoplasmic ratio of FANCA (and vice versa), but also it increases nuclear levels of
FANCC*. Furthermore, proteins expressed off of C-terminal deletion constructs of
FANCG bind FANCA and enter the nucleus, but fail to complement FA-G cell lines®®’.
Since they also fail to even indirectly bind FANCC, FANCA-FANCG binding alone is
necessary but not sufficient for FANCG function®®.

The equivalent finding for FANCA function can be inferred from work done with
non-complementing FANCA mutations and C-terminal deletions that do not affect the
FANCG binding region”"**2%_Fyrthermore, both FANCA phosphorylation and
FANCA nuclear localization correlate with FANCC-FANCA coimmunoprecipitation,
none of which are detected in various FA cell lines*®?. Of note, neither delF1263 nor
H110P mutant alleles of FANCA demonstrate FANCA nuclear localization,
phosphorylation, interaction with FANCC, nor co-translocation with FANCC?%2,
implying that central and C-terminal amino acids, such as those mutated in the patients
discussed in Chapter 2, can also influence these activities.

To summarize, FANCA and FANCG bind directly via the N-terminal portion of
FANCA, while FANCC seems to interact indirectly with both of these two proteins. The

three proteins stabilize each other, form part of the Fanconi core complex, and promote
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nuclear localization of the complex, such that mutation in any one of the three genes can
lead to a reduction in both general cellular levels and nuclear levels of the other two gene
products. FANCA — FANCG binding is required for interaction with FANCC, which, in
turn, has been correlated with both the cytoplasmic phosphorylation and the nuclear
localization of FANCA, and all of these steps are required for FANCA function.

Interaction of FANCA with non-FA proteins.

FANCA has been reported to interact with several non-FA proteins, including
PKR'™, sorting nexin 5 (SNX5)*” and human non-erythroid alpha spectrin 1>,
although these findings are controversial and not universally accepted. According to the
reports, the latter protein has been shown, in a FANCA dependent manner, to bind the
FANCA-FANCG-FANCC complex, to facilitate binding of the complex to DNA at
interstrand crosslinks, and to colocalize to nuclear foci with both FANCA and XPF>*42%.
Lack of FANCA (as well as of FANCC or FANCG) seems to destabilize nonerythroid
alpha spectrin II, and levels of nonerythroid alpha spectrin II are reduced in FA-A, FA-B,
and FA-C cell lines®**7%*® FANCA also interacts with BRG1, a subunit of the
SWI/SNF chromatin remodeling complex, via exon 43 of FANCA®”. While FANCA is
not required for SWI/SNF general function, FANCA and BRG1 do co-localize in the
nucleus, and FANCA might recruit the SWI/SNF complex to sites of DNA damage by
means of this interaction””. While the FANCA-BRGT interaction appears to occur
without the presence of FANCG or FANCC*?, FANCC may recruit DNA conformation
altering machinery via its interaction with the POZ transcriptional repressor protein
FAZF%, Furthermore, a direct, DNA-damage independent interaction has been
demonstrated between FANCA and BRCAL, in which the first 589 a.a of FANCA and
amino acids 740 to 1083 of BRCA1 are required™>.

General review of FANCA mutations.

The use of specific mutant FANCA alleles to study nuclear localization,
phosphorylation, and biochemical interactions of FANCA protein, underscores the
importance of mutation analysis. Unfortunately, although some mutations have been
found repeatedly, FANCA mutations are extremely heterogeneous, and vary from patient

301-309

to patient as well as between different ethnic groups , making both clinical

genotype-phenotype correlations and classification for molecular analysis difficult®'”.
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These mutations have been found across the gene, although roughly two-thirds are in the
3 half of the gene’”. Mutation types include nonsense mutations, splicing mutations,
missense mutations, small deletions, insertions, or duplications, and even large deletions
spanning several exons or the entire gene®”. Microdeletions and microinsertions have
been shown to be associated with apparent errors in replication at short direct repeats or
homonucleotide tracts*"!, or other mutation hotspots such as TGAGGC or CCTG
sequences, or CG rich regions™' |, Large deletions have been associated with Alu
repeats®>**12313 FANCA is rich in Alu repeats™>, and it has been suggested that a 26
nucleotide core sequence in the Alu repeat stimulates illegitimate recombination,

14 The presence of these hypermutable regions in

resulting in gene rearrangements
FANCA may partially explain the fact that roughly 60-65% of FA patients have
mutations in FANCA 715316 1 fact, mutations are so variable that two cell lines with
different mutations in FANCA can complement each other in a whole cell fusion, even
thought retroviral infection with wild type FANCA corrects both cell lines. Correction for
such an occurrence resulted in the reassignment of the single FA-H cell line into the FA-
A complementation group®'’.

Other complementation groups.

Even with the removal of a now defunct complementation group, FA-H, there are
still 11 other complementation groups besides FA-A. As FANCA functions as part of a
complex of proteins, a review of other members of the complex and of the FA-related
DNA crosslink response pathway provides a greater context for studies of FANCA.
Therefore, a summary of the literature regarding other members of this pathway is given
below, starting with FANCC, the first FA gene cloned.

FANCC.

FANCC, cloned using functional complementation of MMC / DEB sensitivity>’
is expressed in a wide variety of tissues and organs, including liver, spleen, skin, blood,
brain, muscle, and peripheral nerves®’. FANCC protein seemed to localize primarily to

the cytoplasm® 26!

, and enforced exclusive expression in the nucleus failed to correct the
MMC sensitivity phenotype, which, in FA-C cells, seemed to predominantly involve
induction of crosslinks rather than repair’'®. This was at odds with the DNA repair

function attributed to the Fanconi pathway, and, in fact, it has more recently been shown
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that about 10% of FANCC localizes to the nucleus®'®. FANCC has been proposed to have
both a regulatory role in growth, differentiation, or survival of hematopoietic progenitor
cells, as well as a function related to MMC resistance® 20, although these two functions
may overlap. The FANCC protein, which is upregulated in S phase and maximally
expressed at the G2/M boundary®*', has been reported to bind many other proteins,
including p53°%, the cyclin-dependent kinase cdc2**!, and the double stranded RNA-
dependent protein kinase PKR, which, in turn, binds and inactivates eIF2-alpha'*’. Thesc
interactions may be involved in the apparently p53-dependent cell cycle arrest occurring
in Fanconi cells after exposure to crosslinker'®>'?'?® In addition, FANCC protein binds
to STAT1 and Hsp70"">'*, and, directly or indirectly, to other members of the Fanconi
complex29285291323,

FANCG.

The gene associated with the FA-G complementation group was, like FANCC,
cloned by functional complementation, but was initially identified as XRCC9*'2. XRCC9 is
the gene that complements the MMC sensitivity of the X-ray cross complementation group
(XRCC) Chinese hamster ovary (CHO) cell line UV40?'2, This fits with the finding that
UVA40 cells are sensitive not only to ionizing radiation, but also to UV radiation, alkylating
agents, and DNA crosslinking agents, and exhibits high spontaneous chromosomal
breakage®”*. FANCG is identical to XRCC9?"'. The mRNA is most highly expressed in
testis and thymus in humans®'?. FANCG protein has an N-terminal leucine zipper motif’'2,
and localizes predominantly to the nucleus, but also shows variable cytoplasmic
expression”®®. As mentioned above, FANCG co-localizes with its binding partner, FANCA,
and is required for FANCA-FANCC interaction®®*?*?*, FANCG undergoes
phosphorylation of the serine at position 7. Mutation of this serine to alanine abolishes the
ability of the protein to correct for MMC sensitivity, but does not effect interaction with
FANCA or FANCC*. In addition, like FANCA and FANCC, FANCG protein interacts
with PKR'7, the dsRNA dependent protein (serine) kinase. Also, in line with findings of
TNF-a overexpression and sensitivity of FA cells, TNF-a treatment of a wild-type cell line
appears to result in both phosphorylation and upregulation of FANCG, as well as
concurrent upregulation of FANCA, and an increase of FANCA-FANCG complex in the

nucleus®*®. Furthermore, specific inhibition of IKK2 attenuates FANCG expression®>’.
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FANCF.

After FANCG, cloning of several FA genes occurred in reverse alphanumeric
order; the next gene cloned was for the complementation group, FA-F. The FANCF gene,
consisting of a single exon, was discovered by functional complementation cloning®”.
While the FANCF protein was inferred by alignment to share homology with the N-
terminal portion of the RNA binding protein ROM*”°, which implied that the FANCF
protein may directly bind DNA, this homologous region is not necessary for FANCF
function, nor is it conserved in the Xenopus homolog®*’. FANCF protein is small enough
to allow passive diffusion, in both directions, through the nuclear pores. Subcellular
localization studies, however, indicate almost exclusively nuclear localization in wild
type cells, as well as in FA- A, B, C, and E cell lines®®. FANCF restores nuclear FANCA
levels in an FA-F cell line, and interacts with FANCA, FANCC, and FANCG in the FA
nuclear complex”. In addition, FANCF stabilizes interaction between FANCA and
FANCC280, reinforces FANCA-FANCG bindingzgo’3 27, and assists in the binding of
FANCC and FANCE to the complex™?’. The combination of these findings suggests that
FANCF may act as a regulatory or adaptor protein®>’. Biallelic silencing of FANCF, via
hypermethylation of the promoter region, has been shown to occur in acute myeloid

2931 and cervical cancer®®?, lending support to the

leukemia cell linesm, ovarian cancer
idea of a regulatory function for FANCF. However, FANCF interaction with the complex
is strongly reduced in FA-B, C, E, and G lymphoblasts, and FANCF does not co-
precipitate with either FANCA, FANCC, or FANCG in an in vitro translation system?*’,
Yeast two hybrid analyses have demonstrated that the C-terminal of FANCF binds
FANCG*®, and that FANCG can act as a bridge between FANCF and FANCA**. This
implies that FANCF may bind only to complexed FANCG after the complex is imported
into the nucleus, and, perhaps, may play a role in nuclear retention of the complex,
contingent on the presence of the other FA proteins.
FANCE.

The gene for the fifth Fanconi complementation group, FA-E, was also the fifth

gene cloned. Like previous Fanconi genes, FANCE was cloned by functional

complementation®®. FANCE mRNA spans about 15 kb**®*, FANCE protein directly binds
both FANCC?%°>* and FANCD23%33 34, is required for nuclear localization of
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FANCC?®3%, and acts as a bridge for FANCA-FANCD? interaction®®, suggesting a role
for FANCE in bringing FANCD?2 to the complex for monoubiquitination. Yeast-two- |
hybrid experiments also indicate a weak interaction between FANCE and FANCA3*, as
well as between FANCE and FANCG™, perhaps implying a transient or regulated
interaction between the FANCA-FANCG oligomer and the FANCE-FANCC oligomer in
the nuclear complex.

FANCD2.

Cloning of FANCD2 proved somewhat more difficult than that of previously
described FA genes. Initial mapping of the gene for what was then considered the FA-D
complementation group was complicated by a lack of large families required for linkage
analysis of recessive disorders and positional cloning techniques. In addition, functional
complementation cDNA cloning was hampered by overexpression-related toxicity.
Therefore, preliminary localization of FANCD2 was carried out using a technique called
microcell mediated chromosome transfer (MMCT). Figure 1 summarizes the MMCT
protocol. A complete description of the MMCT technique, including recent modifications

and improvements, can be found in Chapter 3.
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Figure 1: Depiction of the microcell mediated chromosome transfer protocol.
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By MMCT, the gene in question was found to lie on a 50 ¢M region of

chromosome 333¢

, and then the region was further narrowed by deletion mapping of non-
complemented hybrids*®. The gene was isolated, and mutations were found in the PD20
cell line. Since this gene complemented three Fanconi cell lines, including PD20, by
retroviral infection, but not the reference FA D cell line, HSC62, it was named FANCD?2
instead of FANCD?®'.
Like other Fanconi genes, FANCD?2 displays fairly ubiquitous, low level

expression, but, unlike other Fanconi genes, FANCD2 has homologs in lower eukaryotes,
including D. melanogaster, A. thaliana, and C. elegans, but not S. cerevisiae?®’. FANCD?2

spans 44 exons”®’

, although alternative splicing yields two transcripts. One (FANCD2-44;
NCBI Nucleotide database accession #AF230336)*® is a 5189 bp mRNA with a 4416 bp

open reading frame, coding for a 1471 a.a. protein. The other (FANCD2-43; accession
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#AF340183)° is a 4455 bp mRNA with a 4356 bp open reading frame, coding for a
1451 a.a. protein.

In addition to two transcripts, Western blot for FANCD2 protein reveals two
isoforms, FANCD2-S and FAN CD2-L267, which are a non-ubiquitinated and
monoubiquitinated form, respectively’'. The modification, which activates the protein in
its DNA repair function®', requires formation of the Fanconi complex®!, as well as the
presence of the proteins ATR and RPA1**", and occurs only in S-phase®*. Moreover,
while both FANCD2-43 and FANCD2-44 are monoubiquitinated, only
monoubiquitinated FANCD2-44 translocates to chromatin-bound nuclear foci and
corrects MMC sensitivity™. FANCD2 is also phosphorylated at serine 222 by ATM,

independently of the lysine 561 monoubiquitination®*°

. However, monoubiquitination,
but not phosphorylation, of FANCD?2 is required to promote homology directed repair
(HDR) in FA cells, which are apparently HDR deficient, implying a role for HDR in ICL
repair’?.

FANCD? interacts with NBS1°*'. NBS1, ATM, and MRE11 are all required for
radiation-induced S-phase checkpoint-related FANCD?2 phosphorylation, and the
formation of nuclear foci consisting of NBS1, MRE11, RAD50, and FANCD?2 is required
for resistance to MMC**'. Furthermore, FANCD2, BRCAL1, and RAD51 exhibit an S-
phase specific interaction®*, and monoubiquitinated FANCD2 and BRCA1 show nuclear
co-localization in a DNA-damage dependent, S-phase specific manner’’.

FANCDI.

As mentioned above, two FA-D cell lines were not corrected by, nor had
mutations in, FANCDZ2, and new complementation group, FA-D1, was formed to
encapsulate these®®’. Just as FANCG was equated with a known gene, FANCD] was
revealed to be the breast cancer related gene BRCA2*°. Cell lines from FA-D1 patients
were demonstrated to have biallelic C-terminal truncating mutations, and wild type
BRCA2 functionally corrected these cell lines®.

Cloned about 8 years prior’® to the recognition of its role in FA, FANCD1 /
BRCA?2 is a huge gene, spanning around 70 kb of genomic DNA?®. The cDNA alone is
11,385 bp long, without polyadenylation signal or poly(A) tail, and includes an especially

large exon 11%°. Expression is highest in breast and thymus, as well as testis, with lower

29



levels in spleen, lung, and ovary*®>. BRCA?2 protein has two C-terminal nuclear
localization signals, which are required for nuclear localization®*. BRCA2 protein forms
chromatin bound foci with BRCA1 and RADS51. It also relocates to replication forks
following exposure of cells in S phase to hydroxyurea or UV irradiation. This implies a
DNA repair and / or homologous recombination function for BRCA2***3* . Several
groups have provided evidence of a role for BRCA2 in homologous recombination repair
of DNA breaks, partly via regulation of RAD51 activity, and in stabilization of stalled
replication forks®*3**, Once it was determined that BRCA2 was also FANCDI, the idea
that the Fanconi genes may be involved in the same pathways became generally
accepted®**>>0,

BRCA2 / FANCDI is also classified as a caretaker gene®'. When inherited in the
heterozygote state, mutations in BRCA2 have been associated with early onset breast

63 as well as male breast cancer® 32 and, to a lesser extent, ovarian cancer >,

prostate cancer> >, and pancreatic cancer>>°

cancer’
. Therefore it is not surprising that, as other
Fanconi patients and families with biallelic BRCA2 mutations were encountered, they
also demonstrated predisposition to various cancers. In one case, this involved genetic
susceptibility to breast cancers and brain tumors,”’, in another case susceptibility to
breast cancers and early onset leukemiazg, and, in a third case, onset of meduloblastoma

%8 Also, genetic reversion of

or Wilms tumor in the patients but no bone marrow failure
one allele has been discovered in an acute myelogenous leukemia cell line derived from
an FA patient relapsed after bone marrow transplant™. Furthermore, BRCA?2 directly
interacts with FANCG*® and with FANCD2%®', which would imply that the Fanconi
genes might have tumor suppressor function. Indeed, mutations in both FANCC and

2 2
7.29.36 ,363, and, as

FANCG have been found in non-FA patients with pancreatic cancers
mentioned above, inactivation of FANCF occurs in ovarian tumors. A possible
correlation between a mutation in FANCA and the occurrence of pancreatic cancer in a
kindred is tested in Chapter 2.

FANCL.

The FANCL gene was discovered prior to the designation of the FA-L
complementation group. A recently immunoisolated protein complex contains the five

known FA core complex proteins (FANCA, FANCC, FANCE, FANCF, and FANCG), as
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well as the Bloom syndrome related helicase BLM, topoisomerase I1I alpha, replication
protein A (RPA) and several BLM-associated or Fanconi anemia associated polypeptides
(BLAPs and FAAPs, respectively)’®*. Under 0.7M salt, four polypeptides of 43, 90, 100,
and 250 kD mass remain bound to the subcomplex containing some known core complex
FA proteins. The 43 kD protein (FAAP43) was identified by mass spectrometry as PHD
finger protein 9 (PHF9)*. An FA cell line of unassigned complementation group which
lacks expression of this protein was found to carry a homozygous or hemizygous
mutation in the gene, and was complemented for MMC sensitivity by wild type PHF9.
Hence, the gene was also named FANCL®.

Experimental evidence, including reciprocal coimmunoprecipitation data suggests
that this protein is part of the FA core complex”. The level of PHF9 / FANCL protein in
nuclear extracts from FA-A, FA-B, and FA-E cell lines is lower that in normal cells, and
nuclear accumulation of PHF9 depends on FANCA expression*. FANCL contains E3
type ubiquitin ligase like activity, and it is required for monoubiquitination of FANCD2*,
Thus, it is likely to be the core complex subunit which directly catalyzes the
‘monoubiquitination of FANCD2**®. As such, it is both the first protein in the FA
pathway to be cloned via a biochemical approach, and the first to have a defined
enzymatic activity>®.

FANCB.

Like FANCL, the FANCB gene was discovered via the biochemical approach.
While it has been generally believed that FA is an autosomal recessive disorder, patients
from the FA-B complementation group are almost exclusively male, indicative of an X-
linked disease. When the gene for the 90kD FAAP protein, FAAP90, also known as
FAAP95, was mapped to Xp22.31>>, this gene became a candidate for FANCB. FA-B
cell lines were found to have mutations in the gene, such that the FA-B cells assayed did
not express FAAP95, and FA-B lymphoblasts were corrected for MMC sensitivity with

5253 Hence, the gene for FAAP95 was named

enforced expression of wild type FAAP9
FANCB®, and data that had been previously interpreted to mean that FANCB was
BRCA2* were refuted?*>¢".

» FANCB undergoes X-inactivation, and, in female carriers, inactivation is often

skewed towards the mutant allele, such that only the wild type allele is active®>.
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Nevertheless, somatic mutation of FANCB, especially in males, could lead to tumor

formation with a greater frequency than for autosomal genes, and these tumors should be

treatable with cisplatin or other crosslinking chemotherapeutic agents®”.

As demonstrated by co-immunoprecipitation, FAAP95 is an FA core complex
5 Therefore, deficiency results in lack of FANCD2 monoubiquitination, as
255

protein
confirmed by siRNA experiments™". Despite having a putative C-terminal bipartite
nuclear localization signal, FANCB requires FANCA expression for nuclear
localization®’, and, in turn, FANCB is required for FANCL stability®> as well as for
FANCA nuclear localization®®’.

FANCJ.

Two more complementation groups, FA-I and FA-J, have recently been defined in
the same paper’. The gene for the FA-I group has not yet been cloned, but seems to
function upstream of FANCD2 monoubiquitination, yet downstream of Fanconi complex
formation.

The FANCJ gene has only recently been identified, and was determined, virtually
simultaneously by three groups®>27**% to be the DEAH-box DNA helicase BRIP1 , also
known as BACHI. It is interesting to note that each contributing group identified the
gene by a different approach. One group noted the similarity in phenotype between
BACH] deficient cells and FA-J cells, and searched for mutations in the BACH1 gene in

273 A e
274 utilized a

the FA-J cells®®®, while another used linkage analysis"". A third group
combination of positional cloning and microcell mediated chromosome transfer, the same
technique used to map FANCD?.

FANCJ/ BRIP1 is a member of the RecQ-like helicases, a family that includes

BLM, WRN, and RECQLA, as well as XPD*™, Like, XPD, FANCJ unwinds DNA in a 5’

274 369,370
2

to 3’ direction””". BRIP1 seems to prefer forked duplexes as unwinding substrates
and BRIP1 has been shown to interact with BRCA?"%. Therefore, it is not surprising that
BRIP1 has been found to be necessary for homologous recombination®®®. Also, FANCD2
monoubiquitination is normal in FA-J cells’. FANCJ therefore seems to be involved in
helping the Fanconi complex to repair DNA damage at a point downstream of
monoubiquitination.

FANCM.
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The third FAAP, FAAP250, was recently identified as another FA core complex
protein, and the gene that encodes for this protein was named FANCMC. This
identification was so recent, that the only major source for information on this protein is
the original paper®. Cells depleted for FAAP250 have significantly reduced levels of
monoubiquitinated FANCD2 and increased sensitivity to MMC, as would be expected for
a member of the FA core complex. Additionally, cells from patients who were found to
have mutations in FANCM also have distinct reductions in FANCA and FANCG levels,
and somewhat reduced levels of FANCL protein. In these cells, nuclear localization of
FANCA and FANCL is deficient, similar to FA-B cells.

FAAP250 is modified, apparently via phosphorylation, in response to MMC,
cisplatin, or hydroxyurea treatment. This modification is independent of FANCD?2
monoubiquitination or the presence of FANCA, FANCB, FANCE, or FANCL. Like
FANCIJ, FAAP250 is a member of the DEAH-box helicase family, but, in this case,
shares strongest homology to ERCC4 / XPF, in that both FAAP250 and XPF have an N-
terminal helicase-ATPase domain and a C-terminal endonuclease domain. Yet, the
divergence in sequence of the endonuclease domain from that of XPF likely renders this
domain non-functional in FAAP250. Similarly, mutations in the helicase domains of both
proteins probably prevent actual helicase function, such that only the ATPase domain is
active. Nevertheless, FAAP250 appears to have translocase function, in that it can
displace DNA triplexes, such as those that can form during the homologous
recombination repair of DNA double strand breaks. It has therefore been hypothesized
that FAAP250 / FANCM may act to translocate the FA core complex along DNA as part
of the cross-link detection or repair process. The details of the actual function of the core
complex are still uncertain.

Temporally coordinated subcellular localization of the FA complex.

While the exact function of the FA complex is yet unknown, the subcellular
localization of the complex has been tracked. FANCA, FANCC, and FANCG co-
localize to chromatin in wild type cells, but not in FA cells’”'. The three proteins also

371 implying that the co-localization is

coimmunoprecipitate from chromatin extracts
observed because the proteins are acting as a complex. From 4 hours after treatment to a

peak of 24 hours after treatment, the FA complex shifts to chromatin and nuclear
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fractions in MMC treated wild type cells, but not in ionizing radiation treated cells®’".

Exit of the complex from chromatin during mitosis can also be observed by both
immunofluorescence and via immunoblots of subnuclear fractions from synchronized

37! Related to this, FANCA displays a granular

cells at various phases of the cell cycle
appearance in the nucleus®’', but, in contrast to an older study?’’, is excluded from both
the nucleolus and from condensed mitotic chromosomes® ', implying nuclear exclusion
during mitosis. Correspondingly, FANCG is doubly phosphorylated at or just prior to
mitosis, which is significant because similar findings of chromatin and nuclear matrix
localization, followed by phosphorylation and exit from chromatin during mitosis, have
been described for BRG1*7#37.

Fluorescence microscopy of fluorescently FANCA, FANCG, and FANCC has
confirmed co-localization in the nucleus and chromatin in whole cells and chromatin

preps376. Notably, missense mutant alleles of the three proteins localize solely to the

cytoplasm, confirming that interaction is required for nuclear co-localization®”®.
Complexes of these three proteins form chromatin foci at the G1-S border and during S

2376

phase, then diffuse to the nuclear periphery by G2 . Nuclear exclusion of these FA

complex proteins in pre-condensation stage mitotic cells has also been specifically

observed’’®.

Careful analysis of chromatin fibers demonstrates that the FANCA-FANCG-
FANCC complexes form irregularly spaced foci along the fiber in asynchronized cells,
show more prominent yet diffuse fluorescence in G1-S and S phase, and re-form foci in
G2, before becoming absent during mitosis®’®. Increased, but more spread out, expression
of the complex also occurs in MMC treated cells, but this increase is no greater for MMC
treated asynchronized or S-phase cells than for untreated cells which enter S-phase®’®.

BRAFT-1 complex

The Fanconi complex has also been demonstrated to interact with a BLM,
topoisomerase III alpha, and replication protein A containing complex. This combination
complex, referred to as the BRAFT-1 complex, is involved in DNA unwinding, but not in

FANCD2 monoubiquitination®®*. It is via the isolation of this complex that the FAAP

components of the FA complex have been discovered. The BRAFT complex, which
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seems to require FANCA-BLM binding, does not incorporate the entire pool of either
complex, allowing for independent interactions of either complex with other proteins*®*,

Moedel of FA complex

The number of identified components of the FA complex has increased
dramatically over the last few years, as has the amount of information regarding the
complex as a whole. It is becoming obvious that the FA pathway is very dynamic, and
involves proteins from other pathways. Hence, it is becoming more and more difficult to
represent the FA pathway in a single model. However, a simplified model of the FA
complex and aspects of the pathway can be attempted. Such a hypothetical model is

given in Figure 2.

Figure 2: Model of the known FA complex proteins and simplified FA pathway.
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IV. Mouse Fanca and mouse models
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Analyses of mutations in human FANCA, such as the study of two patients
described in Chapter 2, can benefit from a review of work done on the mouse homolog,
Fanca. Similarly, mouse models of FA are useful to studying phenomenon such as
repopulation in patients with corrected cells; a brief overview of these mouse models is,
therefore, also given here.

Mouse homolog to FANCA.

377,378

Mouse Fanca was cloned by two groups , and expression patterns during

37

embryogenesis®”*, in adult tissues’”, or in a combination of the two>’® were determined.

Mouse Fanca cDNA is 4503 bp long, with a 4320 bp open reading frame, encoding a
1439 a.a., 161 kD protein®’’>"®, Mouse and human nucleotide sequences share 74%

377,378 377,378

nucleotide identity , and the proteins are predicted to share about 65% identity

and 70%°"® to 81%°" similarity. A partial leucine zipper motif is conserved, as is the

378 Mouse

nuclear localization signal®’’>®, although the arginine at position 18 is not
Fanca can complement MMC sensitivity in an FA-A lymphoblast cell line*”’. In addition,
the predicted secondary structure and the hydrophobicity plot of mouse protein are

similar to those for human FANCA, and the mouse gene is located in the region of mouse
chromosome 8 syntenic to human chromosome 16q°”%.

Mouse models of FA.

Since the study of the FA pathway and its function is furthered by a greater
understanding of each component of the pathway, several mouse models for FA have been
produced, including Fance knockouts****, Fancg knockouts®™*®!, Fanca
knockouts'*+ 82384 "and even Fanca + Fance double mutant mice'®. In all cases, FA
mouse models do not exhibit anemia, morphological defects, or embryonic lethality, but do
exhibit impaired fertility, due to hypogonadism and primordial germ cell defects, as well as
hypersensitivity, in all tissues examined, to MMC or other crosslinkers. In fact, pog mice,

385

which were specifically named for a defect in proliferation of germ cells’®, were later

found to be a model for loss of the FA-L complementation group gene', and bone marrow

cells from these mice have also been found to be hypersensitive to MMC*. Hence, the

finding of high levels of Fanca expression in testes®’’ is significant. In at least two
g g p g

cases’* ¥ in vitro culture of hematopoietic progenitors from bone marrow under
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stimulation or MMC treatment revealed a deficiency of clonogenic survival, especially of
granulocyte colonies.

Two exceptions to the lack of morphological phenotype involve Fanca knockout
mice with targeted disruption of exons 1 to 6°*, and Fancd2 knockout mice®®. Both of
these have, in addition to the common phenotypes, increased in incidence of solid tumors --
specifically, in the Fancd?2 null mice, epithelial cancers including mammary
adenocarcinomas -- as well as mispairing of meiotic chromosomes, implying a role for the
FA pathway in meiotic recombination®®?**, Micro-ophthalmia has also been observed in a
C57 Black6 background in both gene knockout mice?®***. Perinatal lethality has also been
noted in Fancd?2 null mice™®; similarly, Brca2 knockout mice generally display embryonic

386,387

lethality , o1, in Brca2 knockout models in which mice are born, a tumor formation

phenotype has been noted®**-*

V. Somatic Mosaicism in Fanconi Anemia

The twins described in Chapter 2 exhibit somatic mosaicism, a condition
characterized by subpopulations of cells within a tissue or organ that differ in genotype at
one or more loci in the genome. Indeed, in approximately 25% of FA patients™?, MMC
or DEB treatment of both fibroblasts and lymphocytes reveals a form of somatic
mosaicism in which fibroblasts may be sensitive to MMC and DEB, while lymphocytes
appear resistant. The mechanism of somatic mosaicism in such situations involves a
direct reversion, compensatory mutation, or intragenic crossover or gene conversion in a
single hematopoietic progenitor. This change results in a functional FA allele, phenotypic
correction, and outgrowth of a clonal subpopulation of peripheral blood cells. In cross-
linker sensitivity assays, the existence of a corrected subpopulation in the peripheral
blood reduces the percent of MMC / DEB sensitive lymphocytes in the total population
of cells tested. At the clinical level, the occurrence of somatic mosaicism for functionally
corrected peripheral blood may rescue a patient from onset of anemia, thrombocytopenia,
or pancytopenia, at least temporarily. This rescue appears to have occurred in the patients
described in this thesis.

Other cases of somatic mosaicism in FA patients have also been described. In one

series, somatic mosaicism in FA was described in 8 patients between 9 and 30 years of
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age, 6 of whom displayed only mild hematological symptoms™°. Of these 8 patients, 3
were compound heterozygotes for mutations in FANCC, and intragenic crossover or gene

3% Another report™®!

conversion appears to have been the mechanism of correction
described two cases of acquired compensatory mutations for frameshifts in ZANCA. In
one case, two independently acquired single nucleotide deletions in cis counteracted a
single nucleotide deletion, while the second case involved initial and compensatory
insertions. In addition, the authors reported the case of two brothers, originally
homozygotes for a missense mutation in FANCC, who independently acquired the same
secondary point mutation in the same codon as the original mutation, resulting in
expression of non-wild type, yet functionally corrected, protein in peripheral blood™".
The first demonstration of somatic mosaicism caused by reversion in a

1’*? was a report of a patient with an insertion in

lymphohematopoietic progenitor cel
FANCA in his fibroblasts. Deletion of the inserted nucleotides was demonstrated in
cultured myeloid (CFU-GM and BFU-E) and lymphoid (peripheral blood mononuclear
cells and EBV-transformed B-cells) lineage cells. However, the use of relatively short-
term multilineage clonal growth for these assays implied that the reversion occurred in a
long-term culture-initiating cell (LTCI) rather than in an extended long-term culture-
initiating cells (ELTCI)—cells with growth characteristics better representative of

%3 Moreover, in this patient, pancytopenia was

hematopoietic stem cells than LTCI cells
progressive, indicating that the reversion did not occur in a hematopoietic stem cell in the
bone marrow, but, rather, in a multipotent progenitor.

Yet another report®”* described five patients, four of whom had various mutations
in FANCA. These four patients showed direct reversions of initial mutations in the blood,
and all four of them improved, over four to nine years, in cell counts of multiple
hematological cell types. Further study of the fifth patient, a compound heterozygote for
mutations in FANCC, indicated intragenic crossover, which, as it unfortunately failed to
rescue the patient, must have occurred in a later stage leukocyte progenitor.

Finally, in one paper, patients were diagnosed based on a combination of
FANCD2 monoubiquitination status and cytogenetic breakage analysis following

395
d

treatment with nitrogen mustard™". Of the 8 patients described as somatic mosaics, 5

were placed in complementation group A, one in D2, and two were unidentified but had
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normal FANCD2 monoubiquitination, which might imply that they belong to group J or
have mutations in another gene downstream of the Fanconi protein complex. Of the
group A patients, two had mild pancytopenia or thrombocytopenia, positive breakage
results in peripheral blood lymphocytes (PBL), and only the non-ubiquitinated form of
FANCD2 (FANCD2-S) in fibroblasts, but showed FANCD2 monoubiquitination in
peripheral blood lymphocytes. Another group A patient, 21 years of age, had normal
blood counts for 13 years but positive breakage in peripheral blood lymphocytes (PBL).
The fourth patient, at 23 years of age, had negative breakage in PBL but mild
pancytopenia; and the fifth, 34 years of age, was negaﬁve for PBL breaks, with
improvement from anemia and severe thrombocytopenia to sub-normal blood counts
during the course of low dose androgen therapy. The patient placed in complementation
group D2, based on lack of FAND?2 protein in fibroblasts, regained expression of both
isoforms of FANCD?2 in PBL, but was positive for PBL breaks, and, at 4 years of age,
was below the mean age of onset of anemia. The two unidentified complementation
group patients were either negative or ambiguous for PBL breaks, but suffered either
mild anemia or mild pancytopenia. In short, while many of these patients showed
improvement, none of these patients were negative for both PBL breaks and
hematological symptoms, except for the 34 year old, who had undergone androgen
therapy.

In cases of somatic mosaicism leading to hematopoietic improvement such as
those above, it is erly that seléction occurs in which functionally reverted hematopoietic
cells repopulate a hematologic system gradually depleted of uncorrected cells. Indeed, in
mouse models of Fanconi anemia, selection has been demonstrated under various
conditions. Wild-type bone marrow was selected over Fance knockout mouse bone
marrow in radio-ablated wild-type mice and in MMC treated Fancc knockout mice®”,
Both wild-type and retrovirally corrected Fance knockout mouse bone marrow cells were
selected over recipient mouse bone marrow in cyclophosphamide-treated and gamma-
irradiated Fance knockout mice®®’. In vivo selection of lentivirally corrected Fance and
Fanca bone marrow, transplanted into lethally irradiated wild-type mice or into

cyclophosphamide-treated Fancc and Fanca knockout mice, was also demonstrated™®.
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While reports of somatic mosaicism in Fanconi anemia are numerous, somatic
mosaicism caused by functional reversion at the level of the hematopoietic stem cell has
yet to be demonstrated. Rigorous criteria for a finding of genotypic correction of a
hematopoietic stem cell should include both resolution of cross-linker sensitivity in
hematopoietic cells and complete lack of hematological symptoms for at least two
decades, as well as a molecular description and functional assay of the initial mutation
and of the genotypic correction. The patients described in Chapter 2, and the data
analyzed therein, seem to fulfill these criteria. The patients were previously described'
monozygotic twin sisters, who were initially thought to be Fanconi variants, because they
did not exhibit the anemia phenotype at age 13. Chapter 2 describes the molecular follow

up and findings on these patients.
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Chapter 2:

Mutation analysis of monozygotic twins with Fanconi Anemia

Introduction:

This chapter discusses the case of 2 patients who were originally diagnosed' as
FA variants since they had the physical features of FA patients, including short stature
and thumb defects, as well as skin hyperpigmentation and kidney malformation in one
twin, but had no hematological symptoms. These monozygotic twin sisters were,
surprisingly, found to have mutations in the FANCA gene, which elicited the question of
why they were still hematologically symptom free at age 28. The finding of an acquired
mutation in the whole blood of both twins, which compensated for an inherited mutation,
led to the conclusion that this correction occurred at the level of the stem cell and that
these patients became somatic mosaics by repopulation.

gaL clastogen treatment of both

In approximately 25% of Fanconi anemia patients
fibroblasts and lymphoblasts reveals somatic mosaicism in the hematopoietic system,
such that the blood contains clastogen-sensitive mutant cells as well as cross-linker
resistant, revertant cells. Multiple molecular mechanisms for restoring normal function in
mutant FA alleles have been demonstrated, including compensatory mutations in cis,
intragenic crossovers, and gene conversion® " >"***_Some cases of somatic mosaicism
result in hematopoietic improvement; in these cases, reversions are thought to occur in a
single hematopoietic progenitor, leading to outgrowth of a clonal subpopulation of
corrected peripheral blood cells via an endogenous selection process and growth
expansion of the cells with a functional FA allele. Indeed, in murine models of FA,
selection of functionally corrected hematopoietic cells has been clearly demonstrated
under various conditions®**>%%,

Clinically, the occurrence of somatic mosaicism for functionally corrected
peripheral blood could rescue a patient from onset of anemia, thrombocytopenia, or

pancytopenia, or at least delay onset. Case reports of somatic mosaicism have involved

reversions in the FANCA, FANCC and FANCD?2 genes and have demonstrated correction
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of multiple blood lineages, suggesting growth selection of corrected progenitors®"”

392394393 Some of the patients had milder than expected anemia.

However, to date, functional reversion at the level of the hematopoietic stem cell
(HSC), followed by repopulation via unassisted natural selection, has yet to be
demonstrated to be a source for somatic mosaicism. One test of direct reversion in a
lymphohematopoietic stem cell of one FA patient used relatively short-term multilineage
clonal growth assays **2, which do not, by themselves, demonstrate a stem cell origin for
mosaic cells. In fact, this patient had progressive pancytopenia, indicating that the
reversion occurred in a in a multipotent progenitor rather than in a bone marrow HSC. In
another series, all somatic mosaic patients, except one, had mild forms of anemia,
pancytopenia or thrombocytopenia, or positive breakage results in peripheral blood
lymphocytes (PBL), or both; the exception, a 34 year old FA-A patient, was negative for
PBL breaks and had significant hematological improvement, but underwent repopulation
of the blood during treatment with low dose androgen therapy” . The use of this therapy
called into question whether the improvement would have been as significant without
treatment.

Hence, somatic mosaicism resulting from unassisted repopulation by a
functionally reverted hematopoietic stem cell has yet to be demonstrated. Rigorous
criteria for a finding of genotypic correction of a hematopoietic stem cell should include
resolution of cross-linker sensitivity in hematopoietic cells and lack of hematological
symptoms for at least two decades, as well as a molecular description and functional
assay of the initial mutation and of the genotypic correction. The patients and data
described in this chapter meet these criteria. This chapter describes the molecular events
in monozygotic twin sisters' who have mutations in the FANCA gene but, at age 28, are
free of any hematological symptoms. As such, it is the first report of somatic mosaicism
in FA in which an acquired downstream missense mutation functionally corrects for an
inherited mutation in vivo—presumably in a hematopoietic stem cell—and in which
unassisted endogenous selection leads to repopulation and a clinically normal
hematopoietic system in both twins. The analysis of these molecular changes provides
evidence that molecular reversion can occur at the level of the HSC and result in long-

term restoration of hematopoiesis.
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Materials and Methods:

Patient samples, cell lines, and culture conditions

Primary fibroblasts (.F) were obtained from skin punch biopsy, while lymphoblasts (.L),
were obtained via Ficoll-Paque extraction from whole blood and EBV-immortalized, in
accordance with IRB protocol #3582, O.H.S.U. These cells were cultured in appropriate
standard media. Patients’ cells were labeled as follows: PD845 and PD839 cell lines were
derived from the affected twins, PD846 from the mother, and PD852 from the father. The
FANCA functionally-null GM6914 cell line has been previously described**’. Retroviral
packaging cell lines AM12* and PA317*"", were grown in DMEM medium
supplemented with 5% bovine calf serum, 2mM L-Glut., and 1% P/S. A wild-type
(normal adult) lymphoblast line (PD7) and FA lymphoblast lines (FA-A [HSC72], FA-C
[PD-4], FA-D1 [HSC62], FA-D2 [PD-20], FA-E [EUFA130], FA-F [EUFA121],
corrected FA-F [EUFA121+FANCEF] and FA-G [EUFA316]) have been previously
described®*’. PD751.F cells were primary fibroblasts obtained from the Fanconi Anemia
Cell Repository, but from a patient with a disorder other than FA, and PD751.T + Telo
cells were transformed with SV40 large T antigen and immortalized with telomerase. All
cells were grown in a humidified 5% CO2-containing atmosphere at 37°C. Bone marrow
was obtained for Wright’s-Giemsa stained smears and for in vitro assays from the

patients and volunteers according to OHSU IRB protocol # ise823.

Cytogenetic analysis

Cytogenetic analysis of mitomycin C (MMC; Sigma-Aldrich) and diepoxybutane (DEB;
Sigma-Aldrich) sensitivity by chromosomal breakage (DEB) and radial formation
(MMC) assay was done as previously reported'?!2"42403 At Jeast 35 G-banded
metaphase cells from each culture were scored for DNA breaks and radial formations by
microscopic analysis. For complementation analysis, primary PD839 fibroblasts
(PD839.F) were infected with retroviral supernatant representing various FA genes (A, C,

D2, F, and G) as previously described**. Puromycin selected cells were assayed for
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correction of MMC sensitivity. Karyotyping of bone marrow was done according to

standard procedures, similar to those previously described*®

PCR

All PCR were done on a Stratagene RoboCycler Gradient 96 machine, and used the
following mix, unless otherwise stated: 2.5 ul 10X PCR Buffer with 1.5 mM MgCl,
(Roche) + 0.2mM each dNTP mix + 0.2ul Taq polymerase (Roche) + 100 ng each primer
+ 100 ng genomic DNA + PCR dH,0 to 25ul

Mutation confirmation in genomic DNA

Mutations discovered by sequencing were confirmed in genomic DNA, obtained from
patient cells as previously described*®, by 2% agarose gel electrophoresis of restriction
digested PCR products, as follows

PCR: 95°C for 5 min., then 37 cycles of 95°C for 30 sec., X°C for 30 sec., and 72°C for
30 sec., followed by final extension at 72°C for 1 min.

X =60°C for exon 26 assay, 51°C for exon 27 assay, 54°C for exon 28 assay, and 52°C r
for exon 30 assay

Exon 26 assay for G2457A polymorphism; 10% DMSO was required in the PCR mix:

forward primer: 5> TGCTCTGCCACCCTCATTC 3°

reverse primer: 5 CGAGAGAGAGGAGAGAAGACGC 3’

259bp product; BstNI cleavage:

wild type (2457 G) allele: 124, 71,41, 12, and 11 bp products

polymorphism (2457 A) allele: 165, 71, 12, and 11 bp products

Exon 27 assay for the 2555AT mutation:

forward primer: 5> CCATCCAGTTCGGAATGC 3°,

reverse primer: 5> AAGAAAACTTGCAGAGAGAGCAA 3°

155 bp product; mutant allele specific cleavage to 131 & 23 bp products with BstAPI

Exon 28 assay for the G2670A mutation:

forward primer: 5> GGTCTGTTTCCACCTGAGCATTTGC 3°,

reverse primer: 5° CTGGCTACGTCCTCCTCACCAAGAG 3’

153 bp product; mutant allele specific cleavage to 130 + 23 bp products with Xcml.
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Exon 30 assay for the G2927A mutation; 10% DMSO was required in the PCR mix:
forward primer: 5° AGTGCTGTGTGTCCCTTACTATG 3°,

reverse primer 5’ CTGTCCCTCCAGAGAACCC 3’

269 bp product; wild type allele specific cleavage to 143 and 126 bp products with Hinf .

RNA extraction
RNA was extracted from patient fibroblasts and lymphoblasts, as well as wild-type
control (PD751.F) fibroblasts, using RNA-Zol (Tel-Test Inc. via Fisher Scientific), in a

manner similar to that previously described**®.

RT-PCR assay for alternate splicing
RNA from patient and wild type fibroblasts and/or lymphoblasts was used to make
cDNA. The Fermentas First Strand cDNA Synthesis Kit protocol was followed, and
murine MLV-RT and oligo(dT)g primer were employed to produce cDNA from 1pg
total RNA per reaction; RT- control reactions were also carried out. PCR was performed
using the following primer pairs:
5" AATGAGGATGACAGCAGCG 3’, and 5 GACAGACGAAGGCAGGCG 3°;
5" GGAACATCCCAGTCACCG 3’ and 5> GACAGACGAAGGCAGGCG 3’;
5” CTCAGCATCAACACGCCG 3’ and 5> ATCTTCCTCTTCTCTAAACACTCG 3’
The first primer pair was used to amplify from within exon 23 to within exon 33, the
second pair from within exon 18 to within exon 33, and the third pair from within exon
23 to within exon 39. For all three primer pairs, the temperature program was: 95°C, 5
min., then 40 cycles of 95°C for 30 sec., 58°C for 30 sec., and 72°C for 2 min., followed
by 72°C for 10 min. All three primer pairs amplified over a kilobase of sequence, and
were employed to detect alternate transcripts that skipped multiple exons, changing the
transcript size by over 100 bp.

To detect potential alternative splicing which skipped only parts of exons 28 and
30, resulting in smaller transcript length changes, 440 bp of this region was amplified,
and products were run out on 2% agarose gel. The following primer pair was used:

5’ GCAAGTTTTCTTCCCAGTCACG 3’ and 5" GTGGAAATCCATCAGTGCGTTG 3’
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The temperature program for this PCR was: 95 for Smin, then 37 cycles of 95°C for 30
sec., 57°C for 30 sec., and 72°C for 30 sec., followed by final extension at 72°C for 1

min.

Plasmids and retroviral infection

The retroviral expression vectors, pMMP-puro404 and pMMPpuroFANCA®® | were
described previously, and include an IRES driven Puromycin resistance cassette®®.
Site directed mutagenesis pMMPpuroFANCA derived constructs:

The R880Q, E966K, and R880Q-E966K (double) mutant FANCA ¢DNAs were produced

with the QuikChange site-directed mutagenesis kit (Stratagene). The cDNA inserts were
verified by direct DNA sequencing. Production of pMMP retroviral supernatants and
infection of fibroblasts were performed as previously described?*"*7, Cells were grown
under 1 pg/ml Puromycin selection.

RNA derived constructs in pMMPpuroFANCA vector:

Products from PCR using the primer pair which amplified from within exon 23 to within
exon 33 were cloned and sent for sequencing; suitable inserts were cut out with Bpu1102
I and Bam HI (New England Biolabs), gel purified, and used to replace the equivalent
fragment of pMMPpuroFANCA. The resulting constructs were electroporated into AM12
cells, and retroviral supernatant from each Puromycin selected AM12 cell line was
prepared and used to infect GM6914 cells as described previously®®'*”’. The resulting
GM6914 cell lines were cultured under 1 pg/ml Puromycin selection.

RNA derived constructs in Tetracycline / Doxyeyclin (Dox) responsive vector:

To compensate for restriction site incompatibility, a linker consisting of two annealed
oligos, 5’"GATCCttttACCGGTtttttt CCTAGGttttAT 3” and
5’CGATaaaaCCTAGGaaaaaaACCGGTaaaaG 3°, was used to replace the BamHI and
Clal sites of pREV-TRE (Clontech Laboratories, catalog# 6137-1) at a 100:1 ligation
ratio.

Then, this construct was cloned, and the Agel to AvrlIl fragment (containing FANCA),
from each pMMPpuroFANCA-based, RNA-derived construct, was ligated into the
matching sites in the inserted linker; the resulting constructs were cloned and checked by

restriction mapping. In this way, four pPREV-TRE-FANCA constructs, expressing the
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wild type, paternal, maternal, or lymphoblast allele of FANCA, were produced.

Immunofluorescence microscopy

Cells were fixed with 2% paraformaldehyde in phosphate-buffered saline (PBS) for

20 minutes, followed by permeabilization with 0.2% Triton X-100 in PBS (3 minutes).
They were then incubated in anti-FANCA (N terminal) antibody®’, diluted 1:200 in 3%
bovine serum albumin/0.05% Triton X-100/0.04% sodium azide/PBS, for 1 hour at room
temperature. Cells were subsequently washed 3 times in PBS, then incubated in
fluorescein-conjugated anti-rabbit IgG secondary antibody (Jackson Immunoresearch,
West Grove, PA), diluted 1:500 in 3% bovine serum albumin/0.05% Triton X-100/0.04%
sodium azide/PBS, for 30 minutes at room temperature. Three more washes were applied,
and the nuclei were counterstained with DAPI (4,6 diamidino-2-phenylindole) diluted in
PBS at 1 pg/mL for 5 minutes. Three more washes were applied, and the slides were
mounted in Vectashield (Vector Laboratories, Burlingame, CA). Images were captured
on a Zeiss Axioplan 2 Imaging microscope with a 40X oil immersion lens and Zeiss
AxioCam HRc camera, using OpenLab Improvision 3.1.5 software. Images were
trimmed and overall brightness and contrast were adjusted with Adobe Photoshop

software (Adobe, San Jose, CA).

Subcellular fractionation

1-3 X 10’ fibroblasts were resuspended in 0.4 ml Hypotonic Buffer (10 mM HEPES, pH
7.4107.9,10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 1 uM
phenylmethylsulfonylfluoride [PMSF], 1X Complete, EDTA free Protease Inhibitor
Cocktail [PIC; Roche]), then incubated on ice for 15 minutes. Cells were disrupted with
40 rapid strokes of a 1.5ml Dounce homogenizer, and the homogenate was incubated on
ice for 10 minutes after addition of 2.5 ul NP-40 (a.k.a. IGEPAL). The homogenate was
vortexed briefly at low speed, then microcentrifuged at 7000 rpm (4000-4500g) for 5
minutes. Supernatant was transferred to a fresh 1.5 ml tube as the cytoplasmic fraction.
The nuclear pellet was washed in Hypotonic Buffer and repelleted, thrice, then
resuspended in 200 pl Lysis Buffer 1 (20 mM HEPES, pH 7.4 to 7.9, 400 mM NaCl, 1
mM EDTA, 1 mM EGTA, 2% Triton X-100, 1 mM DTT, 1 uM PMSF, 1X PIC) and
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sonicated for 10 seconds at medium power. After 30 seconds on ice, sonication was
repeated. The sonicate was microcentrifuged at maximum speed (14,000 rpm) for 5
minutes, and the supernatant was transferred to a fresh tube as the nuclear fraction. The
cytoplasmic and nuclear fractions were mixed 1:1 with Lysis Buffer 1 and Hypotonic
Buffer, respectively, to ensure the same final solution for both fractions. Protein

concentrations were determined using the BioRad DC Protein Assay.

Subcellular localization immunoblot

Fractions (100 ug protein per sample) were subjected to 5.1% SDS-PAGE to
probe for the 163 kDa FANCA protein, as well as to 6.0% SDS-PAGE to probe for
topoisomerase I (a ~90 kDa nuclear protein), and to 9.0% SDS-PAGE to probe for B-
tubulin (a 55 kDa cytoplasmic protein). The latter two blots were used to detect
cytoplasmic contamination in the nuclear fraction and to verify retention of nuclear
proteins in the nuclear fraction. Proteins were transferred to PVDF membranes
(Millipore, Billerica, MA) using the Panther Semi-dry Electroblotter (Owl Separation
Systems, Portsmouth, NH; Model HEP-1), according to product protocol. Membranes
were blocked in 5% milk in PBS for 1 hour at room temperature (anti-Topoisomerase I
and anti-FANCA Westerns) or overnight at 4°C (anti-B-tubulin Western), then incubated
(with shaking) overnight at 4°C, in one of the following primary antibodies, diluted in
5% milk in PBS: rabbit polyclonal anti-B-tubulin antibody (Santa-Cruz Biotech, Santa
Cruz, CA, catalog # sc-9104), diluted 1:5000; rabbit polyclonal anti-topoisomerase I
antibody (Santa-Cruz Biotech, catalog # sc-10783), diluted 1:1000; or mouse monoclonal
anti-FANCA (human) 5G9 antibodyzgo, diluted 1:250. Membranes were rinsed, at least
thrice, for 5 to 10 minutes each, at room temperature, in TBS-T (137mM NaCl, 20mM
Tris-Cl pH 7.5-7.6, 0.05% Tween-20). Membranes were blocked in 5% milk for 1 hour,
then incubated, at room temperature, for 30 minutes to an hour, in one of two secondary
antibodies, both diluted 1:3000 in 5% milk. Anti-topoisomerase I and anti-B-tubulin
Westerns required goat anti-rabbit IgG secondary antibody, conjugated to horseradish
peroxidase (HRP) (Bio-Rad, Hercules, CA, catalog # 172-1013). Anti-FANCA Western
required goat anti-mouse IgG HRP-conjugated secondary antibody (Santa Cruz Biotech,

catalog # sc-2005). After rinsing membranes in TBS-T as above, Enhanced
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Chemiluminescence (ECL; Amersham Biosciences, Piscataway, NJ ) was used for

detection.

Production of Tet-responsive transactivator (tTA) expressing GM6914 clones
GM6914 cells, electroporated (350V and 960puF, in cytomix*%, using the BioRad
GenePulser with Capacitance Extender) with pREV-Tet-Off plasmid (Clontech
Laboratories, Mountain View, CA, catalog# 6140-1) were placed under 400pg/ml G418

selection. G418 resistant cells were seeded, and clones were expanded to 100 mm plates.

Tet-responsive transactivator (tTA) Inmunoblotting

Cells were trypsinized, washed with PBS, and resuspended in Lysis Buffer 2 (50 mM
Tris, 150 mM NaCl, and 1% Triton X-100, with 1X PIC and 1mM PMSF). Lysis |
involved 1/2 hour room temperature agitation, pulse-vortexing, and centrifugation for 10
minutes at 16,000 g. Supernatants were flash frozen in liquid nitrogen and stored frozen
at -80°C. Lysates were subjected to 12% SDS-PAGE, 50ug protein per sample. After 2-
hour block in 5% milk in PBS, the PVDF membrane was incubated in anti-VP16(1-21)
monoclonal IgG antibody (Santa Cruz Biotech; catalog # sc-7545), diluted 1:1000 in 1%
milk in PBS, overnight at 4°C. After thrice washing in TBS + 0.1% Tween-20, the
membrane was incubated at room temperature for 30 minutes in goat anti-mouse IgG
HRP conjugated secondary antibody (Santa Cruz; catalog # sc-2969), diluted 1:3000 in
1% milk in PBS, and thrice washed again. ECL was used for detection. The three
GM6914 e:pREV-Tet-Off clones expressing the highest levels of tTA (D3, E1, and I15)

were retained.

Production of Dox regulated FANCA expressing GM6914 cell lines

PA317 cells were transfected with the various pPREV-TRE-FANCA constructs using
Fugene lipofection reagent (Roche) as per protocol, then cultured under 200 pg/ml
Hygromycin B selection. Retroviral supernatant was produced from each resulting cell
line, and each of the three GM6914 e:pREV-Tet-Off clones were infected, in parallel,
with each supernatant, as previously described?*!*?, Infected cell lines were placed under

250pg/ml Hygromycin B and 400pg/ml G418 selection, to generate a set of cell lines
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expressing pREV-TRE-FANCA with the wild type, paternal, maternal, or lymphoblast
allele of FANCA for each clone.

Immunoblotting for Dox regulated FANCA protein expression

Equal numbers of cells from the 4 GM6914 e:pREV-Tet-Off clone D3 derived cell lines
were each cultured for 3 days under 0, 7.8, 31, 125, 500, or 2000 ng/ml Dox. Cells were
then trypsinized, washed with PBS, and resuspended in 50u1 Lysis Buffer 2. Lysis
involved three cycles of vortexing, flash-freezing in liquid nitrogen, and thawing,
followed by 10 minute, 16,000 g centrifugation. Supernatants were flash-frozen and
stored at -80°C. Equal volumes of each lysate were subjected to 5.1% SDS-PAGE.
Immortalized non-Fanconi fibroblasts (PD751.T +Telo), treated as above but without
Dox, were used as endogenous level controls, and 50ug of lysate from D3 clone cells
electroporated with pREV-TRE+linker was used as negative control. Transfer, blocking,
blotting, washing, and detection was done as for tTA westerns, except with antibodies
used for FANCA subcellular immunoblot, with primary antibody diluted 1:500, and
secondary diluted 1:3000, both in 5% milk..

FANCD2 monoubiquitination immunoblot

Immunoblotting for FANCD2 westerns and related immunoblots, as well as for westerns
involving site-directed-mutagenesis constructs was performed as previously described®’.
Briefly, cells were lysed with 1x sample buffer (50 mM Tris-HCI, pH 6.8, 86 mM 2-
mercaptoethanol, 2% sodium dodecyl sulfate [SDS]), boiled for 5 minutes, and subjected
to 7.5% (10.0% for FANCF detection) SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). After electrophoresis, proteins were transferred to nitrocellulose membranes
using a submerged transfer apparatus (BioRad, Hercules, CA) filled with 25 mM Tris
base, 200 mM glycine, and 20% methanol. After blocking with 5% nonfat dried milk in
TBS-T (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 0.1% Tween20), the membrane was
incubated with the primary antibody diluted in TBS-T (1:1000 dilution), washed
extensively, and incubated with the appropriate horseradish peroxidase-linked secondary

antibody (Amersham, Piscataway, NJ). Chemiluminescence was used for detection.
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MMC resistance assays
Growth assay for GM6914 cell lines with pMMPpuroFANCA based constructs
Cell lines expressing pMMPpuroFANCA with one of 4 RNA derived FANCA alleles, or

pMMPpuro vector only, were seeded, 1000 cells per well, in triplicate, to 96 well plates.
Media was changed the next day, to add 0, 10, 25, 50, 75, or 100 nM MMC, plus 1pg/ml
Puromycin, and cells were cultured for 7 days. Cell number per well, as measured by
fluorescence of a DNA-activated dye, was quantitated using the CyQUANT system
(Molecular Probes, Eugene, OR) and FLUOstar 403 fluorescence plate reader (BMG
LabTechnologies, Durham, NC), set to 485 nm excitation and 535 nm emission as
previously described®®. Gain was set based on cells expressing wild type allele in OnM
MMC wells. Relative average % fluorescence was calculated and graphed for each cell
line for each MMC concentration. This experiment was repeated without Puromycin, and
with 5 day culturing, without substantial difference in overall outcome.

Fresh retrovirus was also produced, using AM12 cells, from site-directed-
mutagenesis constructs, in parallel with retrovirus produced from RNA-derived
constructs, and GM6914 cells were infected with these retroviral supernatants,
independently of cells used in immunofluorescence experiments. The resulting cell lines
were also assayed for growth under MMC selection in a similar manner as cell lines
expressing RNA-derived pMMPpuroFANCA based constructs.

Colony forming ability (CFA) assay

GM6914 cell lines expressing pMMPpuroFANCA constructs with wild type allele,
maternal allele, and lymphoblast allele, or vector only (pMMPpuro), were seeded to 18
100 mm plates each, 500 cells per plate. Puromycin selection was removed, and 0, 5, 10,
20, 40, or 80 nM MMC was added, 3 plates per cell line per MMC concentration. Media
was changed ~64 hours later, without Puromycin or MMC. Cells were allowed to grow
for 7 more days (~11 days after addition of MMC) and then plates were stained with
methylene blue stain (Fisher Scientific, Hampton, NH; 1-2% dissolved in 50% methanol).
Colonies were counted and averaged for each cell line for each concentration of MMC,
and the % CFA relative to 0OnM MMC was graphed for each cell line.

Growth assay for GM6914 cell lines expressing pREV-TRE-FANCA constructs

For each clone (GM6914 e:pREV-Tet-Off D3, E1, and I15), cells from each of the 4
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FANCA allele expressing cell lines were seeded to 96 well plates, 1000 cells per well.
G418 and Hygromycin B selection was removed around 12 hours later, and replaced with
media containing 0, 7.8, 31, 125, 500, or 2000 ng/ml Dox. About 24 hours later, media
was replaced again, this time containing appropriate Dox levels and, additionally, 0, 20,
40, or 80 nM MMC. Thus, for each cell line, cells were exposed, in triplicate, to each of
the four MMC concentrations at each of the six Dox concentrations, in a Dox by MMC
matrix. Cells were cultured for between 5 to 7 days (depending on experiment) and then
were analyzed using the CYQUANT assay and FLUOstar reader as described above.
CFU-GM and BFU-E. Low-density bone marrow cells were obtained as previously
described'*’, except for the use of the EasySep kit (Stem Cell Technologies, Vancouver,
B.C.). These cells were exposed to various doses of Mitomycin C in suspension culture
for only 24 hours, after which they were washed in complete medium and plated in
methylcellulose with complete medium, Steel factor (50 ng/ml), IL-3 (10 ng/ml), and
erythropoietin (2 Units/ml). Colony forming units granulocyte-macrophage (CFU-GM)
and burst forming units erythrocyte (BFU-E) were counted 14 days after plating.

Multilineage progenitor assays

Multilineage progenitor assays were undertaken as previously described®?; DNA
obtained from individually plucked CFU-GM and BFU-E from both twins was analyzed
via the abovementioned PCR—digest assay for the acquired exon 30 sequence change

(2927G>A).

X-inactivation assay

An X chromosome inactivation assay was applied to genomic DNA from patients’ whole
blood and fibroblasts, as well as from the parents and with DNA from a randomly chosen
normal female sample. The assay was performed essentially as previously described*?’.
DNA samples were digested with either Hpa II or Hha I prior to PCR, and results were

effectively independent of enzyme used.

Assays for alternate transcript lacking exon 30
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PCR products from either wild type fibroblast or PD839.F cell cDNA, containing
a region from within exon 23 to within exon 33, but excluding exon 30 due to an in-frame
deletion at the mRNA level, were cloned into pMMPpuroFANCA using the same
methods as described for other transcripts. GM6914 cells were infected with retrovirus
made from these two constructs in the same way as was used for other constructs.
Cyquant-based MMC survival curves for the resulting cell lines, as well as subcellular
localization Westerns, were executed in parallel with cell lines infected with other

constructs.

Extraction of DNA from paraffin sections

For each sample, a 500 mg paraffin embedded tissue section, in a sterile 15 ml
polypropylene centrifuge tube, was allowed to melt in a 65°C water bath. 1 ml of mixed
xylenes was added, and the sample was vortexed, then centrifuged at 7500 rpm for 10
minutes at 37°C; the supernatant was then aspirated. This process was repeated with fresh
Xylenes, then with 100% ethanol, xylenes again, twice, 100% ethanol again, and, finally,
with 70% ethanol. Centrifugation for ethanol steps was done at room temperature. The
sample was allowed to air-dry overnight. 3 ml Nuclei Lysis Buffer (10 mM Tris-HCI pH
8.0 +400 mM NaCl + 2mM EDTA) was added and the sample was homogenized, using
a PowerGen Model 125 homogenizer (Fisher Scientific) using 7mm X 195mm sawtooth
generator, at highest setting for 1 minute or more, until no tissue chunks remained. DNA
extraction was carried out as previously described*”. The DNA was RNAse treated,
reprecipitated with sodium acetate and ethanol, washed with 70% ethanol, and

resuspended in 100pul Tris-EDTA pH 8.0.

Results:

Clinical description of patients.

The patients were previously described monozygotic twin sisters!, with normal
hematological parameters from initial diagnosis at age 6 months through follow-up at age
13. One twin had initially elevated chromosome breakage in DEB-treated petipheral

blood lymphocytes (PBL), which resolved by age 13. The other twin demonstrated
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normal breakage even at six months. Both twins exhibited short stature and thumb
defects, and one had abdominal skin hyperpigmentation and surgically corrected
malformed kidneys. The twins are now 28 years old and free of hematological symptoms,
and they have not shown signs of leukemia or solid tumors. Their complete blood counts
are normal, the bone marrows are not hypocellular and show no evidence of myeloid

leukemia or myelodysplasia, and neither twin has developed a solid tumor.

Determination of complementation group.

Fibroblasts from one twin (proband) were cytogenetically analyzed for
chromosomal radials under mitomycin C (MMC) and diepoxybutane (DEB) treatment
and were found to be sensitive to both DNA crosslinking agents; however, lymphocytes
from the same twin were found to be MMC-resistant (Table 1A, courtesy of Dr.
Yassmine Akkari). Sensitivity to mitomycin C was corrected in fibroblasts by infection
with retrovirus containing wild type FANCA (Table 1B, courtesy of Dr. Yassmine
Akkari).

Table 1: Cytogenetic analyses of PD839 fibroblasts and lymphoblasts.

A) Fibroblasts and lymphoblasts were treated with MMC and DEB, then scored for
number of chromosomal breaks and radials formed. B) PD839 fibroblasts can be
corrected for MMC and DEB sensitivity in a chromosome breakage and radial formation
assay by introduction of wild-type FANCA.

A)
PDS839 cells Clastogen | Conc. | # % FA Normal
ng/ml | Rad. | Rad. range range
Fibroblasts None 0 0 0% 0-8% 0%
Fibroblasts MMC 12 11 |22% | 16-100% 0%
Fibroblasts MMC 20 25 | 50% | 47-67% 0%
Fibroblasts DEB 75 18 | 35% | 20-36% 0%
Lymphocytes MMC 40 3 6% | 30-100% 0-4%
Lymphocytes DEB 100 0% | 0-32% 0%
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B)

PD839 Clastogen | Conc # % 1 More than 1
fibroblasts ng/ml | Rad. | Rad. | Rad./cell Rad./cell
No vector None 0 0 0% 0 0
No vector MMC 15 23 | 46% 9 14
No vector DEB 150 17 | 47% 7 10

RV:FANCA None 0 0 0% 0 0
RV:FANCA MMC 15 3 6% 2 1
RV:FANCA DEB 150 0 0% 0 0

Mutation detection.

Exon-by-exon sequencing of FANCA from genomic DNA revealed sequence
changes as follows, with numbering referring to NCBI Nucleotide Database
#NM_000135%¢, with start codon at position 32. The twins were found to be
homozygous for a previously described®"'** exon 26 polymorphism (G2457A / G809D).
A single thymidine was deleted at position 2555 (2555delT) in exon 27, which should
lead to a frameshift and premature termination codon in exon 28. This previously
reported301 mutation was determined, in this case, to be inherited from the father. In exon
28, a nucleotide change of G2670A was found, resulting in an arginine-to-glutamine
missense change at amino acid 880 (R880Q). This alteration was maternally inherited, as
it also appeared in the mother’s genomic DNA. Both the published paternal mutation and
the novel maternal mutation described here were found in fibroblasts from the parent of
origin as well as in the twins” fibroblasts, lymphoblasts, and whole blood DNA. In
contrast, a sequence change present in both twins was detected in genomic DNA from
both lymphoblasts and whole blood, but not in fibroblast genomic DNA. This change, in
exon 30, was a G2927A nucleotide change, resulting in a glutamate-to-lysine change at
amino acid 966 (E966K). By sequencing of RT-PCR products, this alteration was found
be in cis with the exon 28 change (data not shown). All results were confirmed by PCR-

digest assays, and the summary of the putative mutations can be found in Figure 1.
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Figure 1: Mutation summary.

A) Pedigree-displaying members of the immediate family of monozygotic twin patients,
with haplotypes for each locus listed. An acquired mutation in whole blood was found
downstream of the maternal mutation in both patients. B) PCR-digest assay results for
exon 27, exon 28, and exon 30 mutation assays. “wt” above each gel signifies wild type
genomic DNA, from a non-FA patient. F = fibroblast genomic DNA, B = genomic DNA
from whole blood, U = uncut PCR product, C = cut / digested PCR product.

A)
* mutant allele:
Exon 27:
Exon 28: Exon 27; 2555 AT
Exon 30:
Exon 28; 2670G>A; R880Q
Exon 30; 2927G>A; E966K
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Detection of alternate splice forms.

The existence of two sequence changes in cis within the lymphoblast allele gave
rise to the hypothesis that the changes affected splicing. The G2670A change might
produce an alternate splice donor, such that only part of exon 28 might end up in the
mature mRNA. Not only could this lead to loss of amino acids, but, depending on the
location of the splice acceptor site for this splice donor, the reading frame could end up
shifted. Similarly, the G2927A sequence change could produce a novel splice acceptor
site, allowing splicing in from the putative alternate exon 28 splice donor. According to

HOAL the G2927A change could give rise to such

Shapiro-Senapathy splice score analysis
a splice acceptor, resulting in an in-frame deletion of 243 bp (data not shown). To test
this hypothesis, an RT-PCR assay was used to amplify the region of FANCA from
within exon 23 to within exon 33 from both wild type and patient fibroblasts and patient
lymphoblasts . When the PCR products were run on a gel, a smaller alternate transcript
was visible, but it was determined to exist in both wild-type and patient cells in equal
amounts (Figure 2). When this smaller transcript was sequenced, it was found to be

missing exon 30 (data not shown) amounting to an in-frame loss of 129 bp, or 43 a.a.

This alternate transcript was reported previously*™.

Figure 2: PCR for alternative transcript detection.

The plasmid pFAA'" was used as amplification control, while PD751.T+Telo cDNA
was used as wild type control. Reverse transcriptase (RT) + and — reaction products for
each RNA were used as PCR template.

PD751.T
pFAA  +Telo PD839.F PD839OL TE

12 3 4 56 78

To confirm that the sequence changes did not remove the exons to which the
original primers bound, a second pair of primers was used to amplify from within exon

18 to within exon 33, and a third pair from within exon 23 to within exon 39. PCR
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products from the second two sets of reactions were treated with Sau3Al, which digests
the PCR product at a site in exon 30, to determine whether alternate transcripts amplified
by these primer pairs were identical to sequenced product from the first reaction. No
alternate splicing specifically due to the sequence changes was noted in these assays (data
not shown).

It was also possible that the G2670A sequence change could produce a novel
splice acceptor, which would splice out the first several nucleotides of exon 28, possibly
leading to a frame shift, and this shift could be compensated for by a novel splice
acceptor produced by the G2927A change. In such a case, the alternate transcript
produced by both changes might lack as little as 50 nucleotides. To test this, a 440bp
fragment spanning the region was also amplified, but no such alternate transcripts were
detected (data not shown).

We also found an alternate transcript that was missing exon 38 (data not shown).
We found this in the early stages of mutation detection, which were undertaken using
cDNA template, prior to the discovery of the sequence changes via exon-by-exon
sequencing This transcript was not studied further, as it was found using RNA from wild
type cells; however, a mutation leading to complete exclusion of exon 38 from all

d3 03

transcripts has been reported™-, implying the possibility that this apparently rare alternate

transcript would be unable to complement MMC sensitivity.

Constitutive expression of patient-derived alleles.

The lack of a splicing phenotype lead us to investigate the effects of amino acid
substitutions predicted by the sequence changes. To confirm that these substitutions had
functional effects, the region of FANCA cDNA spanning these changes was amplified by
RT-PCR from RNA extracted from patient fibroblasts and lymphoblasts and from wild
type control cells. The region was then used to replace the equivalent region in the
pMMPpuroFANCA plasmid. Wild type controls also had the G809D polymorphism, so
differences from wild type in all experiments were independent of the polymorphism.
GM6914 cell lines produced by infection with the each of the corresponding retroviral
supernatants were tested, both by growth assay and by colony-forming ability assay, for

mitomycin C sensitivity.
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Cell growth, assayed using the CyQUANT fluorimetric DNA quantitation system,
demonstrated a clearly mutant phenotype for the paternal allele (2555delT), whereas cells
expressing the maternal allele, containing the exon 28 mutation (G2670A), or the
lymphoblast allele, containing both the exon 28 mutation and the acquired exon 30
mutation (G2927A), demonstrated intermediate phenotypes (Figure 3A). The colony
forming assay results paralleled this outcome. Under increasing concentrations of MMC,
the colony-forming ability of cell lines expressing either the maternal allele or
lymphoblast allele construct fell between that of cell lines expressing wild type allele and
those expressing vector-only (Figure 3B). The outcome of the Cyquant assay was
replicated with site-directed mutagenesis-derived constructs. The R880Q change, the
E966K change, and the two changes in combination all partially corrected MMC
sensitivity (Figure 3C).

Figure 3: MMC resistance assays of constitutively expressing cells.

GM6914 cells expressing various constructs, were assayed for complementation of MMC
sensitivity. A) patient-derived alleles; cell growth assayed by CyQUANT. B) patient-
derived alleles; colony-forming ability under increasing MMC concentrations. C) site
directed mutagenesis alleles, cell growth assayed by CyQUANT. Intermediate
phenotypes for both maternal and lymphoblast alleles were noted under each of these
conditions.
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FANCD2 immunoblot of site-directed mutagenesis construct expressing cell lines.

Unlike wild-type cell lines, FA cells do not exhibit monoubiquitination of

FANCD?2 protein*'*. Patient fibroblasts did not exhibit FANCD2 monoubiquitination

until they were retrovirally infected with wild-type FANCA (Figure 4A, courtesy of Dr.

Toshiyasu Taniguchi). Patient lymphoblasts demonstrated FANCD2 monoubiquitination

without retroviral correction (Figure 4B, courtesy of Dr. Taniguchi), supporting the
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hypothesis of somatic mosaicism. Infection of GM6914 cells with site-directed
mutagenesis-derived retroviral constructs (pMMPpuro FANCA R880Q, E966K, and
R880Q/E966K) imparted correction of the FANCD2 monoubiquitination phenotype with
all constructs, but not with pMMPpuro alone (Figure 4C, courtesy of Dr. Taniguchi).
Unexpectedly, PD839.L cells (Figure 4B) showed a downward mobility shift of FANCA
protein, as did cells infected with pMMPpuroFANCA E966K and R880Q/E966K

constructs (Figure 4C).

Figure 4: FANCD2 monoubiquitination immunoblots.

A) Patient fibroblasts expressing various FA genes by retroviral infection. B) Patient
lymphoblasts demonstrated wild type monoubiquitination C) Constitutive expression of
all site directed mutagenesis constructs corrected FANCD2 monoubiquitination.
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Cellular localization of FANCA protein variants.
As nuclear localization of FANCA protein is known to be required for

28"282, the cellular localization of each of the mutants was studied. GM6914 cell

function
lines infected with site-directed mutagenesis pMMPpuroFANCA based constructs were
assayed for protein localization by immunofluorescence (Figure 5, courtesy of Dr.
Taniguchi). As expected, wild-type FANCA was largely nuclear, but FANCA protein
with the R880Q mutation localized mostly to the cytoplasm, indicating that not much
FANCA was required to enter the nucleus for functional correction to occur. FANCA
protein carrying either an E966K mutation or the R880Q+E966K double mutation in
combination localized mostly to the nucleus. Hence, the initial maternal mutation

negatively affected sub-cellular localization of FANCA protein, and the acquired

downstream mutation corrected the mislocalization.

Figure S: Subcellular localization of FANCA by immunofluorescence.

FANCA expression was followed by immunofluorescence in GM6914 cells infected with
wild type pMMPpuroFANCA retrovirus or site-directed-mutagenesis constructs. The
R880Q mutation prevents nuclear localization, but the E966K mutation does not. Both
mutations in cis restore nuclear localization.

No FANCA wild type R880Q E966K  R880Q+ES66K

Anti-
FANCA

DAPI

Cellular localization was also determined by immunoblot, using cell lines
expressing both RNA-derived and site-directed mutagenesis-derived
pMMPpuroFANCA-based constructs. When subcellular localization was assayed for
cells that expressed wild-type allele, maternal allele, and lymphoblast-allele, all three
constructs demonstrated both cellular and nuclear localization (Figure 6). Similar results

were found for all three (R880Q, E966K, and R880Q+E966K) site-directed mutagenesis
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constructs (data not shown). The discrepancy between immunofluorescence and
immunoblot results can be explained by the higher sensitivity of the immunoblot
technique. The immunoblot results indicated that, if constitutively expressed, sufficient
amounts of both maternal-allele and lymphoblast-allele-expressed FANCA entered the
nucleus to complement the MMC sensitivity of GM6914 cells.

Figure 6: Subcellular localization of FANCA by immunoblot.

Uncorrected GM6914 cells express no FANCA, while corrected cells display normal
localization. All constructs demonstrated normal localization under constitutive
expression.
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Doxycyclin regulated expression of patient-derived constructs .

It was hypothesized that the intermediate phenotype seen in the preceding growth
and CFA assays might be due to constitutive, high-level expression, common to retroviral
vectors. This expression would mask mutations that reduce, but do not eliminate,
function (hypomorphic mutations). This hypothesis was supported by the
immunofluorescence and immunoblot results. To directly test this hypothesis, the patient-
derived alleles of FANCA were expressed in a tetracycline-repressible fashion, using
subclones of GM6914 cells transfected with pREV-Tet-Off plasmid. The three clones
that expressed the highest levels of tetracycline / doxycyclin repressed transcription

activator (tTA), referred to as D3, E1, and I15, (Figure 7A) were infected with retroviral
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supernatants to produce, for each clone, cell lines expressing wild type, maternal,
paternal, and lymphoblast FANCA alleles.

Figures 7B and 7C show the doxycyclin (Dox)-dependent effective repression of
FANCA expression in three of the four cell lines derived from the clone D3. Since the
anti-FANCA antibody used (5G9) bound to a C-terminal epitope, the expression of
FANCA off of the paternal allele construct could not be detected. The expression of the
maternal allele seemed to reduce more rapidly that of the wild-type or lymphoblast
alleles. This was believed to be due to decreased protein stability caused by the R880Q
mutation, and this reduction was apparently reversed by the acquired E966K amino acid
change.

A cell growth assay, using the CyQUANT system, was employed for each set of
cell lines, and cell lines within each set were compared. It was estimated, based on pulse-

87 that a minimum of 12 hours was required

chase experiments reported in the literature
for unregulated levels of FANCA to degrade and Dox-regulated levels to stabilize, so
cells were first treated with Dox, then, about 24 hours later, with both Dox and MMC,
each at various concentrations. Under conditions with no Dox, the cell lines responded
similarly to pMMPpuroFANCA transfected cell lines, but as Dox levels increased, it
became apparent that the protein form expressed off of the maternal allele (R880Q) had
reduced function, whereas the double-mutant (R880Q + E966K) hematopoietic form
demonstrated closer to wild-type function. The results were similar for all three clones. In
each case, as concentration of Dox increased, the phenotype of the cell line expressing
the maternal allele approached that of the cell line expressing the paternal allele, and
diverged from of the cell lines that expressed wild-type or lymphoblast allele, until the
Dox concentration reduced expression of wild type FANCA to below effective levels.
These findings demonstrated that the secondary change found in hematopoietic cells
represents a functional reversion of the maternal allele, and that the 2670G>A (R880Q)

- change is a hypomorphic mutation that can also be compensated for by overexpression.

Graphs of percent cell growth, at optimal Dox concentrations for each clone, are shown

in Figures 7D-F.
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Figure 7: Assays of constructs expressing FANCA alleles under Dox regulation.

A) Western blot demonstrating expression of tTa protein, required for activating
expression of gene of interest, in four clones. B&C) Western blots demonstrating
downregulation of FANCA expression to near endogenous levels in GM6914 e:pREV-
Tet-Off clone D3 cell lines infected with pMMPpuroFANCA constructs containing wild
type, paternal, maternal, or lymphoblast alleles of FANCA. Paternal allele expression
cannot be detected by the C-terminal antibody, as expected. D-F) Growth assays, as
measured by quantitation of fluorescence of DNA bound CyQUANT GR reagent,
comparing sensitivity to MMC of four cell lines derived from GM6914 ¢:pREV-Tet-Off
clones D) clone D3, no Dox (left) and 500 ng/ml Dox (right) E) clone E1, no Dox (left)
and 31 ng/ml Dox (right) F) clone 115, no Dox (left) and 125 ng/ml Dox (right).
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Secondary mutation acquired in HSC, which repopulated the blood

Since the acquired mutation was found in peripheral blood from both twins, and
since these twins were over two decades of age, it seemed likely that the secondary
mutation occurred in a hematopoietic stem cell, leading to repopulation of the blood. This
hypothesis was confirmed by testing multilineage clonal hematopoiesis using X-
inactivation assays and committed progenitor assays.

First, an assay for X-inactivation skewing was undertaken using genomic DNA
extracted from fibroblasts and whole blood of both twins. One twin exhibited a greater
degree of skewing of X-inactivation in fibroblasts than the other twin, a phenomenon that
has been previously reported in monozygotic twins*>*?. More importantly, the assay
demonstrated concordant complete skewing in the whole blood (Figure 8). Specifically,
one twin showed skewing of X-inactivation in opposite directions in her blood versus her
skin, and X-inactivation in her blood was skewed in the same direction as it was for her
sister’s blood. This finding suggests that she was repopulated by a hematopoietic
precursor cell from her twin sister*'?, presumably with the hematopoietic progenitor or

stem cell containing the acquired mutation.
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Figure 8: Skewing of X chromosome inactivation

Paired PCR products with Hpa II digested and mock digested template shown. Order of
lanes: 100 bp ladder, then two lanes per DNA template: fibroblast DNA from one twin,
whole blood DNA from that twin, fibroblast DNA from second twin, whole blood DNA
from second twin, maternal DNA, Hpa II digested male DNA as digestion control, Hpa II
“digested” TE, and Hpa Il digested wild type female DNA as non-skewed control

Twin 1 Twin 2 Mother Male TE wt
skin blood skin blood skin blood female
HpaIl - HpaIlI - HpaIl = Hpall - HpaIl - HpaIl - HpaIXl HpaIl
| || I || = i 1 v v

Next, bone marrow was obtained from both sisters, and granulocyte-macrophage

colony forming units (CFU-GM) and erythrocyte burst forming units (BFU-E) were
plucked and analyzed for presence of the acquired mutation. The acquired mutation was
present in 100% of colonies evaluated (180 CFU-GM and 211 BFU-E from one twin, 99
CFU-GM and 96 BFU-E from the other twin). Along with the finding of the acquired
mutation in whole blood and in cultured lymphoblasts, this result validates the notion that
a multilineage bone-marrow derived hematopoietic progenitor, probably an HSC,
acquired the 2927G>A compensatory mutation.

When CFU-GM and BFU-E from both twins were tested for MMC sensitivity,
both cell types from both twins demonstrated dose response curves similar to those for
wild type CFU-GM and BFU-E (Figure 9). This indicated normal MMC resistance, and
therefore functional correction of bone marrow derived hematopoietic stem cells in both
patients. In addition, the karyotype for bone marrow from both twins was normal (46

X.X) in 100% of metaphases examined (data not shown).

Figure 9: Clonal growth of hematopoietic progenitor cells

The MMC dose-survival response of bone marrow derived clonal progenitors from one
Fanconi anemia patient (FA patient 1), two normal volunteers (Normal 1 and 2) and the
twins (Twin 1 and 2) are shown. A) CFU-GM B) BFU-E
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Taken together, these data support the hypothesis that a single HSC in one twin
acquired the 2927G>A compensatory FANCA mutation, and, via self-renewal, gave rise
to more hematopoietic stem cells, which repopulated the bone marrow and peripheral

blood of both twins.
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Alternative transcripts of FANCA lacking exon 30 do not correct MMC sensitivity,
The R880Q mutation induced partial loss of function of FANCA protein, and this
function was restored by the E966K mutation in exon 30. Therefore, further study of the
alternative transcripts that lacked exon 30, from both the wild-type and patient
fibroblasts, gained importance. Constitutive expression of these transcripts in GM6914
cells, followed by use of the MMC sensitivity CyQUANT-based assays, revealed that
neither wild-type nor mutant forms could rescue cells under MMC selection; lack of exon
30 abolished function in regards to MMC resistance (Figure 10). However, by subcellular
fractionation Western blot, at least some FANCA protein from these constitutively
expressed alternative transcripts could be seen in the nucleus (see Figure 6, lanes 12 & !
14). Determination of subcellular localization under Dox-regulated expression or with

immunofluorescence may clarify the role of exon 30 in intracellular shuttling of FANCA.

Figure 10: MMC sensitivity assay of transcripts excluding exon 30.
Neither wild type nor G2670A mutation-carrying alleles corrected MMC sensitivity.
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Lack of correlation between mutations of FANCA and pancreatic cancer.
Three members of the extended family, all on the maternal side, had been

diagnosed with pancreatic cancer, all at a young (26-30 years) age of onset (Figure 11A).
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The presence of mutations in FANCC and FANCG have been demonstrated in individuals

s 5 )
with pancreatic cancer®’?%*¢

. It was therefore important to determine whether there was
a correlation between the maternal G2670A / R880Q mutation and the occurrence of this
cancer. Pancreatic tumor sections, preserved in paraffin, from the deceased half-brother
of the proband were obtained, and genomic DNA was extracted from these sections;
genomic DNA was also obtained from a sample of whole blood from the surviving
cousin of the mother. Upon PCR-digest assay examination of the genomic DNA from
these sources, inheritance of the exon 28 FANCA mutation from a common ancestor was
ruled out (Figure 11 B&C). Therefore, no correlation was found in this family between

mutations in FANCA and pancreatic cancer.

Figure 11: Assay for correlation between G2670A mutation and pancreatic cancer.
A) Complete pedigree, including patients with FA and those with pancreatic cancer. B)
PCR-digest assay results for G2670A (exon 28) mutation; FA proband (PD839) and
mother (PD846) used as positive controls, father of proband (PD852) for negative
control, and direct uncle of proband (PD855) used as maternal relative not affected with
pancreatic cancer. Mother’s cousin (PD859) and son (S.C.), both diagnosed with
pancreatic cancer, do not carry the exon 28 mutation. C) Same PCR-digest assay on
multiple paraffin sections (1-8) from tumor tissue (+) or adjacent tissue-free paraffin (-)
from individual S.C., half-brother of the twins, who died of pancreatic cancer.
Undigested PCR product is paired with digested product from each sample.
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Conclusions and discussion:

The case of somatic reversion reported here has important implications regarding
the biology of human hematopoietic stem cells and the prospects for successful gene
therapy in FA. The identical twins described herein were originally reported as examples
of an FA-like syndrome because they had classic features of F A, but nonetheless were
hematologically normal and did not display chromosome breakage in peripheral blood.
Molecular and functional analyses demonstrate conclusively that the patients in fact have
FA, complementation group A, and that they are compound heterozygotes for a
previously described 2555del T mutation and a novel G2670A / R880Q mutation. The
severity of their non-hematological findings and the in vitro expression studies of the
mutant alleles demonstrate the expected loss of FANCA function, which, while partially

due to mislocalization, may also result from reduced mRNA or protein stability. The fact
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that hematopoiesis is normal is due to an acquired compensatory mutation (G2927A /
E966K) in the blood cell lineage, in cis with the G2670A / R880Q mutation.

Importantly, both twins have the same single base change in lymphoid, myeloid,
and erythroid DNA. No additional blood-specific DNA alterations were found.
Repopulation by maternal cells heterozygous for FA was ruled out. This result can be
explained in only two ways. First, the reversion could have occurred independently in
both twins early in life followed by subsequent strong selective pressure at the stem cell
level that resulted in normal hematopoiesis for over 28 years. The second and more
likely explanation is that the reversion occurred prenatally in a single HSC, resulting in
engraftment of both patients via the shared circulation known to occur in monozygotic
twins. The presence of multiple independent reversions has rarely been seen in other
cases of mosaicism in FA. Furthermore, unassisted normalization of hematopoiesis for
over two decades has also not been formally reported. It therefore appears very unlikely
that reversion at the stem cell level is common enough to occur multiple times,
independently, in different stem cells of an individual patient. Regardless of whether the
reversion occurred once in a prenatal HSC or independently in both twins postnatally, the
resource for extremely long-term hematopoiesis — spanning decades of life — consisted of
a very low number of HSC. To our knowledge this is the first formal report of unassisted
correction of a disease phenotype by oligoclonal hematopoiesis over such a long time
period in humans. These findings powerfully demonstrate the self-renewal capacity of
human HSC.

Regarding the potential for gene therapy in FA, this case of “natural gene
therapy” suggests that functionally corrected HSC can prevent/correct the hematological
abnormalities characteristic of this disease. The normal HSC was spontaneously selected
to become the dominant clone without the use of any exogenous myeloablative stress.
Therefore, correction of only very few long-term repopulating HSC could be sufficient to
have significant therapeutic benefit given sufficient time. The time required for
successful in vivo selection of normal HSC is not known but it is noteworthy that one of
the twins was reported to have some cells with abnormal chromosome breakage at 6
months of age. Spontaneous selection may therefore be a slow process taking years.

However, gentle, non-myeloablative selection of corrected HSC has been reported in
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murine gene therapy for Fance®®” and could potentially be used to safely accelerate the
selection process, so long as the corrected cells are introduced prior to onset of
hematologic symptoms, including anemia, pancytopenia, or clonal karyotypic
abnormality™*. Based on the data presented in this thesis, once the appropriate conditions
for safe selection are established, very limited numbers of HSC should be capable of
repopulating the bone marrow and blood of an affected FA patient as well as any

histocompatible siblings via serial stem cell transplantation.
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Chapter 3: Modifications to microcell mediated chromosome transfer

Introduction:

When patients are diagnosed with a genetic disorder for which the gene is
unknown, questions arise which must be answered in several successive steps, requiring
the use of various techniques. There are cases where linkage mapping of genes related to
human genetic disorders may be difficult, such as when there are too few patients and
families are too small for linkage analysis. In such cases, the mapping may be
accomplished via transfer of wild-type chromosomes into patient cell lines. Somatic-cell
or whole-cell hybridization is useful for determining if two patients who are clinically
diagnosed with the same cell autonomous, recessive genetic disorder share a common
mutated gene. However, localizing a gene of interest, as a first step towards identifying it,
is hindered by the fact that informative elimination of chromosomes from whole-cell
hybrids requires extensive culturing®'.

A more direct way to map the gene responsible for a disorder is to transfer
individual chromosomes, or portions of chromosomes, from a wild-type cell line, such as
somatic, embryonal carcinoma, or embryonic stém cells, into a patient-derived cell line.
If the transferred chromosome is marked with a cassette that confers antibiotic resistance,
the resistance can be used to select for and culture hybrids. These hybrids would in turn
be assayed for correction of the recessive clinical phenotype. While cells have been
shown to take up chromosomes with which they are co-cultured*?? -- supposedly by
phagocytosis*® -- the chromosomes are often fragmented®, and thus this method is
feasible but inefficient.

A more efficient technique, microcell-mediated chromosome transfer (MMCT),
was developed in the early 1970°s**, and it has been employed for several different
purposes. Originally used to map mouse genes*****, MMCT was adapted for use of
mapping of human DNA repair genes, including XPA*, XPC*!, and XRCC4*™2. It was
also used for physical mapping of chromosomes, such as human chromosome 17* 3, for
identification of tumor suppressor genes, such as p16INK4A** and even for studies on

genomic imprinting*.
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Certain criteria must be met for MMCT to be considered for mapping a gene
involved in a genetic disorder. First, the cellular defect must be corrected by introduction
of a single copy of a human gene on a single wild-type chromosome. Therefore, use of
this technique is generally limited to autosomal and X-linked recessive diseases. The
exception to this rule is that this technique could also be applied to cases where whole-
cell hybridization of patient and wild-type cells revealed a dominant negative disease
phenotype. In this situation, MMCT could be used, in reverse, to transfer patient
chromosomes from an immortalized cell line into wild-type cells. The gene would be
localized by assaying for appearance, rather than disappearance, of the defect, following
such a transfer. This version of MMCT would require some adjustments to reagent
concentrations to properly process human donor cells, as well as random marking of the
human cells with selectable cassettes, but it is still feasible.

There are three other criteria for use of MMCT. The second criterion is implied
by the first: there must be a testable, cell-autonomous defect, so that hybrids may be
assayed directly for loss (or gain) of disease phenotype. Third, both donor and recipient
cells must be able to attach to tissue culture plates, although protocols for use of
unattached donor cells have been described***7. F inally, the cellular defect must be
amenable to the technique. Namely, it should not be eliminated by immortalization of cell
lines, which may be required to generate sufficient cells for repeated transfer, or abrogate
cell survival under the treatment conditions described below. One must also keep in mind
that the resolution of this technique is limited, and, beyond 50 c¢M or so, other procedures
are necessary to further localize the gene of interest.

The MMCT technique has been modified several times. A high-efficiency version
of MMCT, which increased the frequency of production of hybrids, has been
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described™". This high-efficiency version entailed several changes from the previous

439

version of the procedure™. An MMCT protocol similar to this updated technique was

used to localize the gene for Fanconi anemia group D2, FANCD2, to human chromosome

3p336‘

While the MMCT procedure used for this localization is a significant

improvement over the original technique, certain issues remained unresolved, and, during

application of the procedure, various technical difficulties arose. Solving these difficulties
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required new insight into the theoretical underpinnings of the technique. One of the most
long-standing unresolved issues was contamination of the microcell pool with whole
cells, giving rise to unwanted whole cell hybrids after fusion of the pool to recipient cells.
Technical difficulties included a failure of colcemid-treated donor cells to flatten out on
the substrate to which they were supposed to attach prior to centrifugation. Also, the
concentration of colcemid required to micronucleate donor cells, and the circumstances
under which cells were treated, had to be adjusted. A reduction in microcell hybrid
formation was noted under certain circumstances, and the filtration process had to be
altered to correspond to the specifics of the enucleation process in order to correct this.
Known difficulty detecting transferred human chromosomes in a human genomic
background led to the use of mouse cell donors, but this required production of donor cell
lines and development of assays to detect mouse chromosome transfer into human cells.
Finally, complications in the use of mouse primary or embryonic stem cells as donors had
to be circumvented in order to obtain donors of specific mouse chromosomes. This

chapter explains how these issues were addressed and, for the most part, solved.
Materials and Methods:

Cell lines and growth conditions

Microcell donor cell lines were grown in Dubelco’s Modified Eagle’s Medium (DMEM)
with 5% Fetal Bovine Serum (FBS), 1% Penicillin + Streptomycin (P/S), and 2mM -
Glutamine (L.-Glut.); recipient cells (human fibroblasts) and microcell hybrids and were
growth in Minimal Essential Medium, alpha modification («MEM) with 15% FBS, 1%
P/S, and 2 mM L-Glut. PD319 cells were immortalized patient-derived cells from an
individual diagnosed with Fanconi anemia (FA); these cells were obtained from the

OHSU FA cell repository. A9 cells have been previously described™’,

Recipient cell preparation
Approximately 18 to 24 hours prior to the fusion, transformed or immortalized recipient
cells were plated to 6, 25 mm? flasks, 2 each at 1 X 10° cells, 2.5 X 10° cells, or 5 X 10°

cells per flask. The pair of flasks, which were about 40% confluent at time of fusion--
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such that cells were as spaced as densely as possible without touching--were used for
fusion and control, to allow high probability of fusion with microcells while avoiding

fusion between recipient cells.

Micronucleation

Donor cells were synchronized by growth to confluence in a 150 mm tissue culture plate,
followed by an 8 to 12 hour growth arrest. Cells were then split to 10 150 mm plates and
allowed to reenter the cell cycle for 8 to 12 hours prior to treatment with 0.05 pg/ml

colcemid for 24 to 48 hours.

Enucleation

Bullet-shaped pieces of tissue culture plates*® were sterilized by immersion in 70%
ethanol and allowed to dry. Colcemid-treated, micronucleated donor cells were
trypsinized and resuspended in standard donor cell medium. Cell suspension, at
approximately 1 X 10° cells/ml, was then evenly spread over one surface of each bullet,
1ml per bullet. The donor cells were allowed to attach to the bullets for up to 10 hours at
37°C, with 6 to 8 hours being optimal for flattening out without detachment.

10 pg/ml Cytochalasin B solution in DMEM, warmed to 37°C, was aliquotted
into 50 ml polycarbonate centrifuge tubes, 35 ml per tube. Next, medium was aspirated
from each bullet, and the bullets were washed with PBS. One bullet was placed in each
centrifuge tube, and the tube was sealed with a friction-fit closure before being placed in
a 37°C tissue culture incubator. A centrifuge and an appropriate rotor (i.e. Beckman-
Sorvall JA-17) were prewarmed for a half-hour at 34°C (34-37°C range) and 15,000 rpm.
Alternatively, one could put the cells on bullets into enucleation medium while the rotor
was being prewarmed (C. Jeff Lipps, personal communication), and this was also done
when time constraints required it. Centrifuge tubes were placed in the warm rotor, with
the cell coated bullet surface oriented towards the center of the rotor, and the tubes were

centrifuged at 15,000 rpm for 30 minutes at 34°C.

Filtration to remove whole cells and minicells

79



Filters containing Whatman 8.0 pm and Whatman 5.0 um pore size filter discs were
assembled by hand in Millipore Swinnex syringe filter apparati and sterilized by
autoclaving. After centrifugation, bullets were removed from the tubes with care, so as
not to disturb the pellets, and the enucleation media was decanted. The pellets were each
resuspended in Iml serum-free «MEM and pooled. This microcell resuspension was
transferred to a syringe with the 8 um filter unit attached, and the suspension was passed
through the filter with minimal force on the plunger. A small sample (20ul) was taken out
for analysis under microscope, another (100 pl) for analysis by a Coulter Multisizer
machine, and a third 0.5 ml sample was plated to 25 mm? flask with complete medium.
The filtrate was then filtered in a similar manner through the 5 um filter unit, and samples
were taken for microscopy and Multisizer analysis. The 5 micron filtrate was then
centrifuged at 2,000 rpm for 20 minutes at room temperature in a countertop centrifuge,

and the pellet was resuspended in 1 ml of serum free aMEM.

Microcell fusion

Fusion was achieved essentially as previously described™®. Specifically, one
~40% confluent 25 mm? flask of recipient cells was rinsed twice with serum-free aMEM,
and the 1 ml microcell suspension was added; the flask was rocked back and forth to
spread the microcells evenly. Next, 1 ml of a twofold concentrated solution of
phytohemagglutinin P (PHA; Diffco catalog #3110-56-4) was added to the flask, to
encourage attachment of microcells to the recipient cell surface, and then the flask was
incubated at 37°C for 15 to 20 minutes. The PHA solution was aspirated and a 50%
polyethylene glycol (PEG; Sigma) solution in serum-free aMEM was added to the
bottom of the flask so that it did not immediately touch the cells. Cells were exposed to
PEG for 55 seconds while the flask was rocked from side to side to allow even coverage,
then the solution was rapidly aspirated out. PEG can be toxic to cells at the concentration
used, and while the pretreatment with PHA reduced its toxicity**!, the exposure period
was carefully controlled. The flask was gently washed thrice with serum free medium,
and, after the last wash, 5 ml of complete «MEM (with 10% Fetal Bovine Serum) was

added to the flask before putting the flask in the tissue culture incubator.
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Selection for microcell hybrids

About 24 to 48 hours after fusion, the flask of fused cells was split into 5, 150 mm or 10,
100 mm tissue culture plates; parental recipient cells from the paired, unused flask, as
well as the donor cell derived 8 micron filtrate, were moved to corresponding plates.
Double selection was added to all plates, with one selective agent acting against each
parental cell line. Hybrid clones were allowed to grow for 10 days to 2 weeks, or, in rare
cases, up to 4 weeks, and then were picked by placing small glass rings, first dipped in
sterile, non-toxic vacuum grease, around the clone. Once the grease had formed a seal
with the plate, the clone was collected with trypsin and plated to a well of a multi-well
plate. Clones were expanded to achieve at least one near confluent 100 mm plate, and

then the cells were analyzed for loss of cellular defect, or complementation.

Retroviral infection of mouse cells to produce donor cell lines

Mouse A9 cells were infected with the pFAH-G15 based retrovirus, which contained
both a neomycin resistance cassette and the complete cDNA for the human fumaryl
acetoacetate hydrolase (FAH) gene*****. Retroviral supernatant was applied to 50%
confluent A9 cells for four hours, along with 4 pg / ml polybrene (Sigma), before
changing the media and growing the cells under 500 pg / ml G418 selection.

Electroporation of mouse cells to produce donor cell lines

For each electroporation, one plate of 80% confluent A9 cells were trypsinized, washed
with PBS, and resuspended in 2.4 ml Cytomix*®; 75 ug of neomycin resistance cassette
containing plasmid, previously linearized with Not I, was mixed into the cell suspension,
and the mix was divided into three equal volume portions. Each portion was
electroporated separately (BioRad GenePulser electroporator set at 300V and 960uF),
and mock electroporations were also carried out. Electroporated cells were plated to 3
plates per electroporation, and after 24 hours, grown under G418 selection until mock

electroporation control cells died off.
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Production of mouse tail fibroblasts

A ~ 1 cm tail section from one mouse was finely minced with a surgical scalpel and
digested at 37°C in, sequentially, 4 mg/ml collagenase / dispase solution in DMEM and
0.5 mg/ml collagenase in DMEM, for approximately 1/2 hour each. Further digestion was
inhibited by addition of DMEM medium containing 5% Fetal Bovine Serum (FBS). Solid
material was collected and plated to a 75 mm? flask, and cells were allowed to attach to
the flask surface and spread out. Further culturing, in 150 mm plates, and under G418

selection, used complete DMEM medium containing 15% FBS.

Fusion of mouse knockout fibroblasts and A9 cells

Equal numbers of primary mouse tail fibroblasts and A9 cells were co-plated, at ~50%
overall confluence, to a 25 mm? flask, in complete medium, and allowed to attach
overnight. Medium was removed, and the flask was washed with serum-free medium. A
50% PEG solution was applied as described for the microcell fusion, and, after aspiration,
the flask was washed thrice in serum free medium. Complete donor cell medium was
added. After overnight incubation, cells were moved to 150 mm plates, and cultured
under G418 selection until parental cell controls died—A9 cells dying of G418 toxicity,

and primary knockout fibroblasts, of senescence.

Genomic DNA extraction

Genomic DNA was extracted as previously described*"; briefly, cells were digested
overnight, at 56°C, in lysis buffer (3ml 10 mM Tris-HCI / 400 mM NaCl / 2mM EDTA +
0.5 ml 1% SDS / 2mM EDTA + 0.2 ml 10% SDS) with 1 mg/ml proteinase K, proteins
were salted out, and DNA was precipitated with ethanol before being spooled out on the

end of a closed Pasteur pipette.

FAH PCR
A 296 bp product was amplified using the primers 5> TGTACTGGACGATGCTG 3° and

5> GGACGAGAGGACGGTAGTACT 3’ in the following mix: 2.5 ul 10X PCR Buffer
with 1.5 mM MgCl, (Roche) + 0.2mM each ANTP mix + 0.2ul Taq polymerase (Roche)
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+ 100 ng each primer + 100 ng genomic DNA + PCR dH,O to 25 pl. Stratagene
RoboCycler Gradient 96 thermocycler program was 1 cycle of 94°C for 2 min., 48°C for
25 sec., and 72°C for 30 sec., then 37 cycles of 94 °C for 25 sec., 48 °C for 25 sec., and

72 °C for 30 sec., followed by final extension at 72°C for 2 minutes.

FAH Southern blot

Genomic DNA samples were digested with Pst I and run on a 1% agarose gel before
being transferred to Hybond N+ membrane (Amersham) using NaOH. FAH cDNA was
excised with EcoR I and Pst I from pFAH-G15, radiolabled using the Random Primed
DNA Labeling Kit (Roche), and used as probe. Autoradiographic film was exposed to the

membrane for 2 days before developing.

B2 Repeat PCR

This PCR was similar to ones previously described****. PCR mix per reaction consisted
of 2.5 pl 10X PCR buffer + 1.0 pl 200 ng/ul primer: 5° TCTTCTGGAGTGTCTGAAGA
3°+0.2 ul 100mM dNTP Mix + 0.2 pl Taq + 50ng/ul genomic DNA + PCR H,0 to 25
pl. The Stratagene RoboCycler Gradient 96 thermocycler program was set for 94°C for 4
min., then 40 cycles of 94°C for 1 min., 62°C for 48 sec., and 68°C for 5 min., followed

by final extension at 68°C for 7 minutes.

B2 Repeat PCR Southern blot
The Southern blot was performed in a manner similar to FAH Southern blot, except that
labeled sheared genomic DNA from ANM2 cells was used to probe PCR products from

B2 repeat PCR, which was performed on genomic DNA extracted from hybrid clones.

Use of B2 repeat PCR products for characterization of transferred material
Amplified products from B2 repeat PCR of genomic DNA from a clone were ligated into
the pCR4-Topo vector (Invitrogen) according to the TA Topo Cloning Kit (Invitrogen)
protocol, and sent for sequencing to the Microbiology and Molecular Biology Sequencing
Core. Sequences returned were modified to exclude vector sequence, and then compared

to the Celera Mouse Genomic DNA Database (courtesy of Dr. Syndi Timmers).
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Cytogenetic analysis

Cytogenetic analysis of mitomycin C (MMC; Sigma-Aldrich) and diepoxybutane (DEB;
Sigma-Aldrich) sensitivity by chromosomal breakage (DEB) and radial formation
(MMC) assay was done as previously reported 326742405 Noise chromosome paint and

G-banding was done as previously described*®,
Results:

Additions to preparation of recipient cells.

Recipient cells were plated about 24 hours prior to fusion. One minor change that
was made to prior protocols was to place these cells under the selective agent to which
they were resistant (but to which the donor cells were sensitive), to “prime” them.
Hybrids from primed cells were somewhat less stressed initially than if both selective
agents were added to hybrids from unprimed recipient cells.

In addition, it was discovered that the recipient cells must be carefully tested prior to
MMCT for sensitivity to the second selective agent. With one recipient cell line, PD319,
it was discovered after fusion that, while the recipient cells were generally sensitive to the
selective agent, either contaminating cells or individual subclones of the patient-derived
cells were resistant to neomycin. These clones were indistinguishable from hybrid clones,
invalidating the experiment. To overcome this issue, subclones had to be picked.
Subclones (PD319 SC1) that were sensitive to both G418 and to mitomycin C — the
agent used to assay for the cellular defect—were then further tested by variable number
tandem repeat Southern blot to demonstrate a match to patient-derived primary

fibroblasts (Figure 1). The Southern blot was performed as previously described**’.

Figure 1: Southern blot of PD319 subclones.

Note that SC8, which was the most neomycin-resistant clone, is missing one band for one
VNTR (arrow). PD319.F (lanes 1, 8, 15, and 22) is the primary, patient-derived fibroblast
control, SC1, 3, 5, and 8 are subclones of the immortalized PD319 cell line, PD20 (lanes
6, 13, 20, and 27) is a non-PD319 cell line control, as is K-562 (lanes 7, 14, 21, and 28).
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Optimizing micronucleation of the donor cell line.

Microcell-mediated chromosome transfer is a multistep process. The first step is
the micronucleation of donor cells. Various donor cells can be used, and several
examples are given in the second half of the chapter. Colcemid (Sigma, catalog # D-7385
or D-6279), also known as demecolcine or N-Deacetyl-N-methylcolchicine, is the
micronucleating agent. Colcemid works by preventing polymerization, or, at higher
concentrations, by inducing depolymerization, of microtubule fibers; the specific
microtubule fibers targeted for the micronucleation process are those of the mitotic
spindle. Without proper spindle formation, cells going through mitosis cannot segregate
their chromosomes appropriately, so rather than the two sets of chromosomes distributing
evenly and ending up at opposite poles of the nuclear region during karyokinesis, the
chromosomes end up scattered, and the cells enter the mitotic checkpoint and arrest**’.
Eventually, however, the cells surmount the checkpoint to enter an abnormal telophase.
In this phase, instead of forming two new nuclear envelopes, one around each set of
chromosomes<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>