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Diagnosing FA 
and FA 101
Blanche P Alter, MD 
National Cancer Institute
Bethesda, Maryland

Fanconi anemia (FA) is the most
common of the rare inherited bone
marrow failure syndromes, with
~1000 cases reported in the litera-
ture. It is an autosomal recessive dis-
order, in which parents are carriers,
and children have a 25% chance of
being affected. Birth defects and
aplastic anemia are common, but
leukemia and solid tumors emerge
with age. 

Patients with FA have a DNA
repair defect, with at least 8 different
genes involved, and chromosomal
instability provides the best current
diagnostic test. FA is diagnosed at a
median age of 9 years, but the range
is from birth to the 50s. Patients may
be seen by many subspecialists, yet
only be diagnosed after their blood
counts decline below normal levels.
An early indication may be large red
blood cells, and declining blood
counts even within the normal
range. FA should be thought of in
children (and adults) with charac-
teristic birth defects (e.g., abnormal
thumbs or kidneys, poor growth),
aplastic anemia, myelodysplastic syn-
drome, acute myeloid leukemia,
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Complementation analysis: back
to seven FA subtypes

Complementation analysis by cell
fusion had indicated at least eight
complementation groups, each group
supposedly being connected to a dis-
tinct FA gene. Group H was unique
in that it was represented by a single
patient, whose cell line corrected the
defect in fusion products with cell
lines from all other groups. Since Dr.
D’Andrea and Dr. Hanenberg found
correction of the defect with a retro-
viral vector containing the FANCA
cDNA, which suggested that the FA-
H cell line actually belonged to group
A, we reexamined the assignment
and were able to demonstrate patho-
genic mutations in the FANCA gene,
confirming that the patient was, in
fact, in group A. Apparently, when
fused with the reference A cell line,
the resulting hybrid was “comple-
mented,” due to genetic reversion
rather than to genuine complemen-
tation. This pitfall, which may hap-
pen in a minority of cases, can be
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Fanconi anemia (FA) is an inher-
ited disorder characterized by pan-
cytopenia, and a predisposition to
malignancy. Current therapy for FA
patients is allogeneic bone marrow
transplantation from a histocompat-
ible donor. However, most patients
lack a suitable donor and usually die
from bone marrow aplasia or acute
leukemia. Thus, alternative therapies
must be investigated.

The hallmark of the FA disease is
the hypersensitivity of FA cells to
DNA cross-linking agents such as
mitomycin C. This observation sug-
gests that FA cells are defective in
DNA repair. To date, seven different
complementation subtypes of FA
have been identified from somatic
cell hybridization studies. Of these,
the FA-A group is the most preva-
lent, comprising up to 70% of FA
cases. After the FANCA gene was
cloned, a retroviral vector carrying
the FANCA cDNA was constructed
(FAA5.5 clone 27) and the vector
tested for its ability to transduce
CD34+ hematopoietic cells obtained
from FA patients. 

Retroviral-mediated transduction
of lymphoblastoid cells from four dif-
ferent FA-A patients resulted in phe-
notypic correction, i.e., expression of
the FANCA transgene normalized
cell growth, cell-cycle kinetics, and
chromosomal breakage in the pres-
ence of mitomycin C. These experi-
ments were an early indication of the
feasibility of treating the bone mar-
row failure of FA patients through
transfer of the FANCA gene into
hematopoietic stem-progenitor cells.
This clinical protocol is designed to
test whether a competitive growth
advantage in gene-transduced cells
will allow for hematopoietic recon-
stitution. The clinical protocol uses a

retroviral vector carrying the FANCA
gene to transduce CD34+-selected
hematopoietic stem/progenitor cell
populations obtained from FA-A
patients. In this protocol there is no
preconditioning of the bone marrow
prior to cell infusion, due to the sen-
sitivity of patients to standard induc-
tion drugs. This is to ensure the safe-
ty of our patients during this study.

A gene therapy protocol testing
for retroviral-mediated gene trans-
fer as a potential treatment for FA
has begun at the University of North
Carolina at Chapel Hill. This proto-
col is currently investigating gene
transfer for FA-A patients.

The criteria for entry include:

1. Patients diagnosed by DEB
breakage analysis;

2. Group A diagnosed by mutation
analysis or complementation
studies;

3. A bone marrow biopsy/aspirate
and cytogenetics study without
evidence of malignancy;

4. No acute infection or medical
problem;

5. Lack of an HLA sibling 
donor for bone marrow
transplantation. 

Expenses for the patient and fam-
ily include only travel and lodging
costs. There are no medical costs paid
by the patient or family.

Four patients have enrolled in the
trial, ranging in ages from 11-48 years
old. Three of the four patients have
severe pancytopenia requiring blood
transfusions and/or androgen sup-
port. CD34+ cells were obtained fol-
lowing G-CSF mobilization and
either apheresis or bone marrow har-

vest. In the four patients tested, none
of the four patients mobilized signif-
icant numbers of CD34 cells into the
blood. It now appears that bone mar-
row harvest yields far greater CD34+
cells for gene transfer in the group A
patients. The stage of disease (the
severity of the peripheral blood
counts and marrow cellularity) cor-
relates with the number of CD 34+
cells that can be harvested. Follow-
ing transduction (the process where
the gene enters the cell and func-
tions), cells were reinfused into the
patients. All four patients tolerated
the procedure without complica-
tions. Gene transfer was positive in
the CD34 cells at the time of cell rein-
fusion in all patients. The genetic
analysis of blood and bone marrow
samples is ongoing. One patient died
due to a malignant head and neck
tumor that was refractory to surgery
and irradiation. There is no evidence
that the tumor development or
growth was related to gene transfer or
the procedure.

Patients are monitored for blood
counts and marrow cellularity at 3, 6
and 12 months. Patients may under-
go the gene transfer procedure three
times. We plan to test new vectors
and procedures to enrich for stem

Gene Therapy for Group A Fanconi Anemia Patients
Christopher Walsh, MD, PhD
University of North Carolina Gene Therapy Center
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Ninety-eight patients with geno-
type and clinical data have been
reported to the German FA Registry
in Berlin. On the basis of these data,
a nationwide study will investigate
diagnostic and therapeutic approach-
es to this disease, in close coopera-
tion with other European FA projects
and the German FA support group.
In a pilot study, we have tested allo-
geneic transplantation and an autol-
ogous stem cell banking program.

We attempted low-risk fludara-
bine-based conditioning regimens
for transplantation in order to reduce
the risk of toxicity and secondary
tumors by avoiding high dose
chemotherapy and especially radia-
tion, while trying to achieve engraft-
ment by high stem cell doses and T-
cell antibodies. Current protocols are
based on our experience with eight
Fanconi anemia patients.

The characteristics of these chil-
dren were as follows: three patients
were in aplastic phase, three suffered
from MDS with multiple cytogenet-
ic abnormalities; and two had devel-
oped AML. In addition, there were
critical complications like liver ade-
nomas, perianal ulcers, chronic renal
failure and dialysis. Six out of these
eight patients are currently surviving
with functioning grafts between one
and 18 months post-transplant. One
patient died from progression of AML
in spite of three transplant attempts.
One patient died due to transplant
related complications. Two of the six
surviving patients required a second
graft. Three of the eight patients had
matched sibling donors. Five had
alternative donors, either 5/6 family
donors (N=2) or 6/6 matched unre-
lated donors (N=3). Both deaths oc-
curred in the alternate donor group.

Considering the degree of toxici-
ty and the risk of graft failure seen in
these patients, the following proto-
cols are now being used:

1. Protocol for matched related
donors

fludarabine (4 x 40 mg/m2), rab-
bit-ATG Merieux (4 x 7, 5 mg/kg),
no T cell depletion;

2. Protocol for partially matched
related donors/unrelated donors
and clonal disease

fludarabine (6 x 30 mg/m2),
busulfan (2 x 0.5 mg/kg), rabbit-ATG
Merieux (4 x 7, 5 mg/kg) and OKT3
(0.1 mg/kg, day +1 until +12);

3. Protocol for retransplantation

fludarabine (5 x 30 mg/m2),
cyclophosphamide (2 x 10 mg/kg),
rabbit-ATG Fresenius (4 x 20 mg/kg)
and OKT3 (0.1 mg/kg, day +1 until
+12). The first option of escalation
is the increase of busulfan in proto-
col #2. The very little toxicity of these
protocols is impressive, even in crit-
ical children. The main risk is graft
failure. This requires a close follow-
up of the chimerism, but also a good
viral surveillance.

One option in the circumstance
of graft failure would be the reinfu-
sion of autologous stem cells, or
autologous stem cells corrected by
gene transfer. In order to use such an
approach with or without a preced-
ing transplant attempt, it is necessary
to harvest cells early in the course of
the disease. For this reason, we har-
vested autologous stem cells in 13
cases to get an idea about the feasi-
bility and the quality of cells. Bone
marrow was harvested in 12 patients,

containing 59.6 x 108 TNC (range:
15.8 - 378 x 108); 22.0 x 106 CD 34
cells (range: 1.0 - 62.1 x 106); and a
viability after thawing of 72.4%
(range: 47 - 94). Cord blood was har-
vested in one patient, containing 5.2
x 108 TNC; and 2 x 106 CD34 cells.
Clearly the quantity and quality of
remaining cells as well as the absence
of clonal aberrations are dependent
on the interval between time of diag-
nosis and cell harvest.

There is concern and experimen-
tal evidence that Fanconi anemia
stem cells bear a poor re-homing
capacity. To study this, cryopreserved
autologous bone marrow cells were
reinfused in one patient with severe
infectious complications in a pancy-
topenic, preleukemic phase. This
resulted in a significant leucocyte
increase, solving the infectious prob-
lems, and finally allowing an unre-
lated transplant. Although in the
short run this cell infusion was help-
ful in this individual patient, noth-
ing can be said about the long-term
reconstitution potential.

Low-risk Allogeneic Transplantation and 
Autologous Stem Cell Banking in Fanconi Anemia
Wolfram H. Ebell, MD
Humboldt University, Berlin, Germany
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Patients with Fanconi anemia are
at a much increased risk of cancer
compared to the general population.
The highest risk is for leukemia, fol-
lowed by solid tumors, and then liver
cancer. The solid tumors are primar-
ily oropharyngeal and esophageal,
cervical and vulvar in females, and a
scattering of other types. Oropha-
ryngeal cancers are also a risk after
bone marrow transplant. 

Liver cancers include hepatomas
and adenomas, and are usually found
in association with other problems;
they do not usually lead to death by
themselves. 

The leukemias are usually of the
acute myeloid type, and are difficult
to treat. In the literature there is an
excess of females among those with
solid tumors, even after exclusion of
gynecologic malignancies. 

The risk for leukemia, after exclu-
sion of all other outcomes, reached a
plateau of ~35% at age 25 years,
while the risk for myelodysplastic
syndrome reached 50% by age 40. 

The risk for solid tumors was 75%
by age 40, and for liver tumors it was
50% by age 50. The most significant
risk association was for females and
solid tumors, according to survival
analyses. Literature reports are sub-
ject to many publication biases, and
thus conclusions from these analyses
may be inadequate.

In January 2000 a survey was sent
to 284 FA individuals whose families
belong to the Fanconi Anemia
Research Fund. By July 2000 127
responses were received (45%). Data
from this survey are self-reported,
with no validation to date. The
absolute prevalence of cancer was
~20%, of which one-third were
leukemia, and one-third oropharyn-
geal cancer. The excess of females
among solid tumor patients in the

literature was not seen in the current
cohort. The individuals with the
mildest physical phenotypes were at
higher risk of cancer, since they had a
lower risk for aplastic anemia and its
complications. The cumulative risk of
leukemia was ~25% and plateaued at
age 25, while the risk of solid tumors

did not level off, and was >90% by
age 45. This survey requires medical
record validation, followed by further
epidemiology and biologic studies of
the tumors in these patients. FA
patients are at very high risk of can-
cer, and can serve as a model for can-
cer in the general population. 

Epidemiology of Cancer in a High-risk Population: Fanconi Anemia
Blanche P Alter, MD
National Cancer Institute, Bethesda, Maryland

early characteristic solid tumors, or
decreased fertility. 

Hematologic treatment includes
stem cell transplant, androgens, or
hematopoietic cytokines. Gene
therapy is hopeful, but not yet of
clinical use. Treatment should begin
according to symptoms, or when
hemoglobin is < 8 g/dl, platelets
<30,000/fl, or neutrophils <1000/fl.
Leukemia is diagnosed when there
are blasts in the peripheral blood, or
>30% blasts in the marrow.
Myelodysplastic syndrome (MDS)
depends on morphologic criteria
(see below), and not just the pres-
ence of a cytogenetic clone. 

Transplant can be from bone
marrow, peripheral blood stem cells,
or cord blood. HLA-related donors
can be used when blood counts
begin to warrant medical interven-
tion. Unrelated donors should be
reserved for leukemia, morphologic
MDS, or for patients who have failed
treatment with androgens or
cytokines, due to the higher risk of
poor outcome. 

Medical treatment includes
oxymetholone, prednisone (see Edi-
tors’ note on page 5), as well as folic
acid. G-CSF may help for neutrope-
nia. Supportive care includes trans-
fusions of red cells or platelets; both
should be leuko-poor and irradiated,

and not from family members. FA
patients who do not succumb to
aplastic anemia have a high risk for
leukemia and solid tumors (see
“Epidemiology of Cancer in a High-
risk Population: Fanconi Anemia”
above). Monitoring for bone mar-
row disease should include compete
blood counts every 4 months or
more often as needed, and annual
bone marrow aspirates for mor-
phology and cytogenetics, and biop-
sies for cellularity. More frequent
studies may be indicated.

Hematology 101

Peripheral blood cells include red
blood cells with hemoglobin to carry
oxygen, white blood cells to fight
infection, and platelets to stop bleed-
ing. These cells are derived from
multipotent bone marrow stem cells.
In aplastic anemia there is decreased
or absent blood cell production, and
the bone marrow biopsy shows
empty spaces of fat rather than large
numbers of cells of all lineages, with
the few remaining cells lymphocytes
or macrophages. Cultures of blood
progenitor cells in the laboratory
show very reduced numbers of blood
colonies. Bone marrow criteria for
MDS should be objective: major =
overt dysplasia including 2 or more

Diagnosing FA and FA 101
continued from page 1
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Cytogenic evaluations of the
blood and marrow are important in
the care of all Fanconi anemia
patients. The diagnosis of Fanconi
anemia is based on the extreme
hypersensitivity of FA lymphocytes

to diepoxybutane (DEB) and/or mit-
omycin C (MMC). After the diagno-
sis is made, all children with FA
should have yearly marrow exami-
nations with cytogenetics in order to
optimally evaluate the existing stem
cell pool in terms of propensity for
malignant transformation.

The underlying premise is that
clonal cytogenetic abnormalities are
never found in healthy individuals
and the clones herald the development
of a premalignant or malignant dis-
order. While it is yet unproven
whether all clonal cytogenetic abnor-
malities in FA patients portend
myelodysplastic syndrome (MDS) or
leukemia, they bear close monitoring.

Definitions:

Cytogenetic clone: the presence
of two or more cells with the same
chromosomal abnormality.

Clonal abnormalities may be
numerical, i.e., the gain or loss of
genetic material (e.g., trisomy 21
[Down syndrome] or monosomy 7).
Clonal abnormalities may also be
structural which includes a rear-
rangement of chromosomal materi-
al. If the rearrangement does not
result in a net loss or gain, it is called
balanced; if the rearrangement does
result in a net loss or gain, it is called
unbalanced. In FA, clones are fre-
quently “complex” with multiple
numerical and structural abnormal-
ities present simultaneously.

Importantly, the cytogenetic
evaluation needs to be performed on
> 20 banded metaphases with suffi-
cient resolution to detect the struc-
tural abnormalities. Different labo-
ratories have different experiences,
especially with complex karyotypes.
Importantly, suboptimal evaluations
may be secondary to inadequate mar-

row collections or delayed handling.
Frequently, too little sample is ob-
tained, particularly with FA patients
with bone marrow failure. Therefore,
the absence of abnormality does not
truly indicate its absence if an inad-
equate analysis was performed.

FISH stands for fluorescent in situ
hybridization. It is a technique for
evaluating large numbers of non-
dividing cells. FISH is indicated when
there is an inadequate specimen for
metaphase analysis (e.g., when there
are too few dividing cells), G banding
is suboptimal, and structural abnor-
malities are very complex. In the lat-
ter instance, multi-color FISH or
chromosomal painting can aid in the
evaluation. This technique requires
a cocktail of probes that each recog-
nizes a specific chromosome. In the
evaluation of unrecognizable genet-
ic material by G banding, it can be a
powerful technique for identifying
the origin of the material.

Conclusions:

1. Cytogenetic evaluation should
be performed in every marrow with-
out exception.

2. The appearance of a clone
should be monitored for clonal pro-
gression (i.e., increasing proportions
of cells with the clone) and evolution
(i.e., increasing numbers of cytoge-
netic abnormalities) over time.

3. Clones frequently herald the
development of MDS and leukemia
in FA patients, but not always.

4. All patients with FA should
have an annual bone marrow exam-
ination with cytogenetic evaluation.
Once a clonal abnormality is identi-
fied, more frequent examinations are
indicated (every 3 to 4 months).

Understanding Cytogenetic Clonal Abnormalities in Fanconi Anemia
John E. Wagner, MD, Scientific Director, Adult and Pediatric Blood and Marrow Transplantation 
University of Minnesota, Minneapolis, Minnesota

lineages with >20% dysplasia, or
clonal cytogenetics involving at least
2 cells; intermediate = suggestive dys-
plasia involving 1 lineage; minor =
myeloperoxidase deficiency, dual
esterase positive, PAS positive ery-
throblasts, or ring sideroblasts. Diag-
nosis of MDS requires 1 major, or 1
intermediate and 1 minor criteria.
Additional studies include flow
cytometry for surface marker abnor-
malities, and aberrant expression of
oncogenes. Serial monitoring of
blood and bone marrow from FA
patients will lead to more specific
criteria for aplastic anemia, MDS,
and leukemia, and may distinguish
predictors of leukemia from those of
nonmalignant MDS.

Editors’ note: In May, 1998, a
conference was held in Portland, OR
to develop clinical care guidelines for
FA patients. Nineteen treating physi-
cians or researchers were in atten-
dance. Attendees discussed the ques-
tion of including prednisone, along
with oxymetholone, in the treatment
protocol for aplastic FA patients.
After considerable debate, a vote of
the physicians in attendance sup-
ported eliminating prednisone from
the protocol. The group’s consensus
was explained in Chapter 2, page 14,
of Fanconi Anemia: Standards for
Clinical Care, 1999.

Diagnosing FA and FA 101
continued from page 4
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Our laboratory is dedicated to
applying the latest basic science
advances in Fanconi anemia (FA)
research to the diagnosis and treat-
ment of the disease. Our laboratory
has recently determined that the five
cloned FA genes (for subtypes A, C,
D, F, and G) interact in a novel cel-
lular pathway, which regulates DNA
repair and ultimately regulates nor-
mal blood cell production. Disrup-
tion of this pathway leads to the com-
mon clinical and cellular phenotype
observed in FA. While FA is a rare
disease, it provides a model system
for the molecular understanding of
cancer and the most common form
of adult leukemia, acute myelogenous
leukemia (AML).

We aim to establish a diagnostic
laboratory for FA with state-of-the-
art molecular diagnostics, subtyping,
carrier detection, and FA mutation-
al screening. To this end, we have per-
formed the systematic evaluation of
over 150 patient-derived cells and cell
lines from FA patients and have
begun to establish a new diagnostic
test, the FANCD western blot, for FA.
All of these studies have been per-
formed in close collaboration with
Dr. Markus Grompe at the Oregon
Health Sciences University (OHSU).
In the process of setting up this diag-
nostic center, we have established an
outpatient bone marrow failure clin-
ic which provides up-to-date services
for Fanconi anemia families and pro-
vides a useful training setting for
medical students and fellows pursu-
ing clinical investigation.

In addition, we have begun to
establish a gene therapy program for
FA. Through gene therapy, FA bone
marrow cells transduced with retro-
viruses carrying the FA genes will
have a selective growth advantage

over non-transduced cells in vitro.
Accordingly, we anticipate a selective
growth advantage of modified FA
cells in vivo, allowing the opportu-
nity for a successful autologous trans-
plant program. We now plan to opti-
mize retroviral gene transfer, to
scale-up retroviral infection of large
numbers of bone marrow cells from
FA patients, and to launch a Phase 1
clinical trial for FA complementation
group A gene therapy. 

At the same time, we strive to pro-
vide a rich training environment for
pediatric and adult hematologists
and oncologists pursuing careers in
clinical investigation in Fanconi ane-
mia and other related blood diseases.
At the family meeting at Lake Gene-
va this year, I presented a progress
report on several ongoing activities
in our Comprehensive Cancer Cen-
ter at the Dana-Farber Cancer Insti-
tute, Children’s Hospital, Harvard
Medical School, Boston.

Basic Science Activities

In collaboration with Dr. Markus
Grompe at the Oregon Health
Sciences University, our laboratory
has recently begun the systematic
characterization of the newly-cloned
FANCD2 (Fanconi Type D2) gene
and protein. I presented evidence
suggesting that the FANCD2 protein
functions downstream in the FA
pathway. These studies further sup-
port a unifying model in which all
FA proteins function cooperatively,
in a common pathway, to regulate
chromosome stability. Disruption of
this pathway, by genetic mutation of
any one of the FA genes, leads to the
common clinical abnormalities
observed in the disease in all sub-
types. We believe that understanding
the cellular function of the FA path-

way will have important implications
for new approaches to FA diagnos-
tics and novel FA therapeutic agents.

Diagnostic Activities/New Testing 

Our laboratory at Dana Farber
has begun to develop a new rapid
diagnostic test for FA, which appears
to have the same sensitivity and
reproducibility as the DEB test. This
test involves a molecular analysis of
the newly-cloned FANCD2 protein.
Thanks to the generosity of several
FA patients and family members, I
collected several blood samples at the
Family Meeting. These blood sam-
ples will allow us to perform a side-
by-side comparison of the new diag-
nostic test with the standard DEB test.

Diagnostic Activities/Subtyping

Dr. Grompe and I have recently
reviewed our subtyping studies of FA
patient-derived cell lines. We have
subtyped 62 FA families. Among
these FA patients, we identified the
following subtype frequency: forty-
six FA-A, 74%; six FA-G, 10%; eight
FA-C, 13%; two non-A/C/G, 3%.
This subtype frequency is similar to
the expected frequency, based on
reports by other investigators. We

Progress Report
Alan D. D’Andrea, MD
The Dana-Farber Cancer Institute/Children’s Hospital Comprehensive 
Fanconi Anemia Center, Boston, Massachusetts 
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Preimplantation Genetic Diagno-
sis (PGD) was developed for couples
at high risk for conceiving children
with genetic diseases. PGD involves
“hyperstimulation” with hormones
which cause women to make several
mature eggs (6-30). These eggs are
then removed from the ovaries and
fertilized with the husband’s sperm.
As the resulting embryos develop in
the test tube, a single cell can be
removed and its genetic content
determined by a technique known as
the polymerase chain reaction.
Genetic diseases such as Fanconi ane-
mia can be diagnosed. Embryos
known to be unaffected (normal or
carriers) can be transferred back to
the woman’s uterus. Any fetus that
results from such a transfer will not
suffer from FA.

At the request of Lisa, Jack, and
Molly Nash, we expanded PGD to
include HLA typing, so they could
conceive a child who would not only
be free from FA, but be an HLA iden-
tical sibling cord blood donor. Using
normal conception, only 3 out of
every 16 (19% or approximately1 out
of 5) babies would be free from FA
and HLA identical to the patient.
Using PGD, we create multiple
embryos and select the appropriate
embryos for transfer.

On her fifth try, Lisa Nash’s
ovaries were stimulated by Dr.
William Schoolcroft in Denver, Col-
orado. Sixteen eggs were successful-
ly fertilized. Dr. Viktor Ivakhehko
from our center flew to Denver and
performed the biopsies. There were 2
embryos affected with FA, nine car-
riers, and three normal embryos. The
diagnosis was not successful for two
embryos. Only one embryo was both
HLA identical and free from Fanconi
anemia. This embryo was transferred
and a pregnancy developed. The

unaffected embryos that were not
HLA matched to Molly were frozen
for future pregnancies.

We are currently working with
couples who have children with
thalassemia for the same purpose.
PGD provides a way for couples to
“beat the odds” and conceive chil-
dren who are free from genetic dis-
ease and who can help save the life
of their older siblings.

Preimplantation Genetic Diagnosis
Charles M. Strom, MD, PhD 
Illinois Masonic Medical Center, Chicago, Illinois

In 1995 a group of researchers in
Portland, Oregon mapped the Fan-
coni anemia group D gene to human
chromosome 3p. Very recently, the
region containing the gene was
narrowed down to a very small area,
which contained only 3 genes. All 3
genes were analyzed in detail and
mutations were found in 2 patients
with group D Fanconi anemia. The
mutations proved that the FANCD
gene had indeed been cloned. Inter-
estingly, however, not all comple-
mentation group D patients had
mutations in this gene. For example,
the HSC62 cell line, used to define
FA group D, does not have muta-
tions in the new gene. It is therefore
likely that FA complementation
group D is heterogeneous and rep-
resents at least 2 distinct genes.
Because the HSC62 cell is the refer-
ence cell line for group D, we termed
the new gene FANCD2.

Interestingly, many other multi-
cellular organisms including plants,
fruit flies, and worms have a

FANCD2 homologue. This is in con-
trast to other FA genes isolated to
date, which seem to exist only in ver-
tebrates. The finding of a FANCD2
gene in these other organisms is
potentially very important for the
future study of the FA pathway, since
these other organisms are compara-
tively easy to study genetically. The
FANCD2 gene is very large and has
44 exons. The protein is also large
and has 1,451 amino acids. 

Dr. D’Andrea’s lab in Boston has
produced an antibody to FANCD2.
The FANCD2 protein resides in the
nucleus of cells and exists in 2 forms,
termed FANCD2-S (short) and
FANCD2-L (long). Interestingly, cells
from most (>95%) FA patients con-
tain only the FANCD2-S form of the
protein. Therefore, FA can be readi-
ly diagnosed by a rapid antibody test
which determines whether both
forms of the protein are present or
not. Chromosome breakage analysis
is not required for this test.

Cloning the FANCD2 Gene
Markus Grompe, MD 
Oregon Health Sciences University, Portland, Oregon
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Over the past 10 years the success
of bone marrow transplantation in
patients with Fanconi anemia has
gradually improved. Adjustments to
preparative therapies and manipula-
tion of stem cells (i.e. lymphocyte
depletion) have greatly reduced the
incidence of severe regimen-related
toxicity and graft-versus-host disease
(GVHD), respectively. More recent-
ly, the major obstacles to successful
transplantation have been graft fail-
ure (the failure of the transplanted
bone marrow to take and to grow
new cells), infections and late effects,
particularly late malignancies. At the
University of Minnesota, we are
addressing each of these issues in an
effort to improve upon the success
of bone marrow transplantation in
patients with FA.

In a previous study at the Univer-
sity of Minnesota we determined that
graft failure might be partly due to
insufficient suppression of the
immune system. Therefore, we devel-
oped a new preparative regimen
which includes an immunosuppres-
sive agent, fludarabine, added to the
commonly used preparative regimen
of cyclophosphamide, total body
irradiation and anti-thymocyte glob-
ulin for unrelated donor transplan-
tation. To date, twelve patients have
been enrolled on our new fludara-
bine protocol at the University of
Minnesota. Of the eleven evaluable
patients, all have successfully engraft-
ed. No patient developed severe tox-
icity to the preparative therapy or
severe GVHD. Thus far six patients
are alive, two months to 18 months
post-transplant.

FA patients undergoing trans-
plantation are at a high risk for devel-
oping serious infections, especially
fungal infections. These infections

tend to occur extraordinarily early
after transplantation, likely because
patients have had a weakened
immune system for some time prior
to transplantation with prolonged
low white blood cell counts and the
use of steroid therapy. In an effort to
reduce the risk of fungal infections,
patients should be referred to a bone
marrow transplant center at the
earliest sign of medical management
failure as prolonged periods of neu-
tropenia may increase the risk of
developing fungal infections. As well,
we suggest that all FA patients re-
ceive an antifungal drug called itra-
conazole at least one month prior to
transplantation.

In an effort to identify patients at
particular high risk of developing
fungal infections, we perform CT
examinations of the chest and sinus-
es prior to transplantation. If any
suspicious areas are noted, patients
are examined by an otolaryngologist
and/or pulmonologist. As well, all
patients are seen prior to transplan-
tation by an infectious disease physi-
cian who specializes in fungal disease
in bone marrow transplant patients.
We are hoping that our efforts to
identify patients at risk for fungal
disease and treat them early will
enable us to prevent and/or detect
and treat early fungal disease before
it is overwhelming.

Although bone marrow trans-
plantation cures the hematological
abnormalities in FA patients, unfor-
tunately these patients remain at a
high risk for cancers, especially of
the head and neck, and cervix in
females. Two factors which appear
to be associated with risk of late
malignancy in FA patients are the use
of irradiation and the development of
chronic GVHD. 

In an attempt to decrease the risk
of malignancy, we have developed a
regimen that does not include irradi-
ation for patients receiving a matched
related donor transplantation.

The Use of Fludarabine for Patients with Fanconi
Anemia Undergoing Bone Marrow Transplantation
Margaret L. MacMillan, MD and John E. Wagner, MD
University of Minnesota Transplant Program, Minneapolis, Minnesota

have begun to report this informa-
tion systematically to the FA families
and plan to pursue carrier detection
studies in families where a specific
mutation is known.

For individuals interested in the
activities of our Comprehensive FA
Center in Boston, please contact us
for further information.

Contact information: 

Alan D’Andrea, MD
Dana Farber Cancer Institute
Mayer 640
44 Binney Street
Boston, MA 02115
Phone: 617-632-2080
Fax: 617-632-5757
Alan_Dandrea@dfci.harvard.edu

or
Lisa_Moreau@dfci.harvard.edu

Progress Report
continued from page 6

continued on page 9
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avoided if more stringent criteria for
new complementation groups are
maintained: A new group should be
based on: (1) at least two FA patients
whose cell lines are excluded from all
known groups and that fail to com-
plement each other in fusion hybrids,
or, (2) if only one such cell line is pre-
sent, on a new complementing gene
that carries pathogenic mutations in
this cell line. Based on these criteria
the current number of complemen-
tation groups is seven.

New FA gene isolated 

Using the well known method of
complementation cloning we were
able to identify the gene that is defec-
tive in FA-E patients (FANCE). The
gene, which localizes on the short
arm of chromosome 6—close to the
HLA region—encodes a novel pro-
tein that does not look like any other
known protein. So, like previously
cloned FA genes, FANCE has not pro-
vided us with any new clues about
how FA proteins operate at the mol-
ecular level. However, the protein
carries a nuclear localization signal‚
which means that it is most likely
active in the nucleus of cells. Special
about the E group patients is that
they have a very low probability for
having a matched sibling donor,
because of the close linkage between
the E gene and the HLA genes on
chromosome 6 (which means that
any completely matching sibling is
very likely to be also affected by FA).
With the cloning of the E gene these
patients have become prime candi-
dates for gene therapy trials.

The cancer/leukemia connection:
FA and Acute Myelogenous
Leukemia (AML)

Since AMLs encountered in FA
patients do not seem to be different
from those seen in non-FA patients,

we wondered whether AML cells
occurring in non-FA individuals per-
haps arise through the acquisition of
an FA phenotype first. Rather than
looking at FA genes and possible
mutations, we used antibodies to look
at the various FA proteins. We found
aberrant FA protein patterns in 5 out
of 10 AML cell lines and 11 out of 15
fresh AMLs, a very significant pro-
portion. This raises the hypothesis
that a disturbance of the FA pathway
may be a necessary early step in the
development of AML in non-FA indi-
viduals, which would explain why FA
patients get AML so early in life.

FA and squamous cell carcinoma

Our results on 2 oral tumors from
FA patients revealed that they were
karyotypically as complex as similar
tumors encountered in the non-FA
population. They also shared a high
proportion of chromosomal break-
age events being whole-arm translo-
cations. One tumor had 33% and the
other had 69% of all chromosomal
break events in this category. Non-
FA oral tumors have in the order of
50% whole-arm translocations, so
the FA tumors fit in that picture. This
is typical for squamous cell carcino-
mas and in contrast to non-squa-
mous cell cancers, where these
translocations are relatively rare.
Thus FA oral tumors are in this
respect very similar to non-FA oral
tumors. We are now looking for FA
protein profiles in non-FA tumor
samples to see if a similar situation
may exist as in the AMLs.

In non-FA oral cancer patients
there is a clear link with environ-
mental factors. Therefore, one could
extrapolate that environmental cross-
linkers may be important causative
agents in oral carcinogenesis in FA
patients. Numerous studies have
implicated a beneficial effect of cer-
tain dietary factors on the occurrence
of various tumors, oral cancer being
one of these. A diet rich in fresh fruit

Cloning of a New FA Gene
continued from page 1

and vegetables is well accepted to
reduce risks. Some scientists believe
that tomatoes and tomato-based
products are particularly effective.
Such claims refer to the general pop-
ulation and may not hold for FA
patients. On the other hand, in the
absence of any concrete data, it is
plausible that similar effects may be
achieved in FA patients.

Patients receive fludarabine, cycl-
ophosphamide and anti-thymocyte
globulin, and the marrow will be T-
cell depleted to reduce the risk of
chronic GVHD. At present three
patients have received this form of
preparative therapy followed by a
matched related donor transplanta-
tion. All patients achieved successful
engraftment. One patient who
received maternal bone marrow
required a second infusion of cells
with successful engraftment after the
standard preparative therapy of
cyclophosphamide and limited field
irradiation. Overall, no patient expe-
rienced severe regimen related toxi-
city, GVHD or serious infections.
Currently, we are using this approach
only in patients who have a matched
related donor as we believe irradia-
tion is required to promote engraft-
ment in the unrelated donor setting.

In summary, bone marrow trans-
plantation remains the only treat-
ment with curative potential for the
hematological complications in FA
patients. Fludarabine has been shown
to promote engraftment in the unre-
lated setting and may allow for the
elimination of irradiation in the
matched sibling setting. Novel
approaches to reducing the risks of
infections and late malignancies are
currently being investigated.

The Use of Fludarabine
continued from page 8
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In a joint project with Dr Auer-
bach of The Rockefeller University,
we are evaluating individuals with
Fanconi anemia for endocrine disor-
ders in an NIH-funded study. Sub-
jects are admitted (at no cost to
them) for up to five days and under-
go studies evaluating the status of
their growth, thyroid, adrenal, puber-
tal and glucose control. Additionally,
we perform a host of non-medical
studies for the benefit of the patients,
including evaluations by ENT/Hear-
ing, Ophthalmology/Vision, Neurol-
ogy, Cardiology, Genetics, Repro-
ductive Endocrinology and Bone
Marrow Transplant Service, where
appropriate. We welcome anyone
with the diagnosis of FA to be studied:
young and old, on treatment or off
and pre- or post-transplant. Interest-
ed families should contact either me
or Dr. Auerbach for details. I can be
be reached as follows:

Dept. of Pediatrics & Division
of Pediatric Endocrinology 

525 E. 68th St. Box 107 
New York, NY 10021 
212-746-3456 
e-mail: mpwajnr@med.cornell.edu

To date we have studied 70
patients and have found that endo-
crinopathies are a common finding
in children with FA, and may mani-
fest as short stature, GH deficiency,
hypothyroidism with or without
TBG (a protein) deficiency and
abnormal glucose/insulin metabo-
lism (leading to impaired glucose
tolerance or diabetes mellitus). Both
the basic underlying disease and its
treatment impact the endocrine sys-
tems of these individuals. For these
reasons, a thorough endocrine eval-
uation should be performed in every
subject, when clinically stable.

In a recent study of a group of
children enrolled in the Internation-
al Fanconi Anemia Registry, we
found that short stature was less
severe than previously thought, with
a mean slightly below the third per-
centile for the general population. In
that study, endocrinopathy was a fre-
quent finding, with over 80% of sub-
jects demonstrating at least one
abnormal finding. Seventy-two per-
cent of subjects tested had evidence of
excess insulin, most likely due to
insulin resistance, while thirty per-
cent of individuals had hypothy-
roidism. Importantly, 20% of sub-
jects had abnormal thyroid testing as
a result of a protein deficiency (TBG).
This condition (TBG deficiency) is
not a clinical disease, but is often mis-
taken for true hypothyroidism.

The mean height of those indi-
viduals with no demonstrable endo-
crinopathy was also below the third
percentile, demonstrating that sig-
nificant short stature is inherent to
Fanconi anemia. Although the con-
trol of statural growth is a complex
process regulated by many endocrine
and non-endocrine processes, these
results suggest that GH insufficiency
and hypothyroidism, superimposed
on a baseline of short stature, may
further contribute to the evolution
of short stature in FA.

The question of whether to treat
short children with FA was also dis-
cussed at the Fanconi Anemia Fam-
ily Meeting. The global experience
with growth hormone (GH) treat-
ment of non-FA subjects indicates
that for the general public, GH treat-
ment is safe. The total experience of
treating FA patients with GH is 38
people throughout the world. Of
these, three died, one from leukemia,
one from a severe infection, and the

Endocrine Issues with FA Patients
Michael Wajnrajch, MD 
Cornell Medical Center, New York Hospital, New York

third from an undetermined cause.
None of these three deaths was
directly attributed to the GH treat-
ment. An additional two GH-treat-
ed FA patients reported problems
with glucose intolerance. Thus, GH
appears to be a relatively safe treat-
ment in Fanconi anemia, but there
are only minimal data on which to
make this assumption.

cells for FA-C and FA-A patients in
the future. Results obtained from this
study will facilitate improved gene
transfer for FA patients and other
hematopoietic disorders.

For further information, 
please contact:

Dr. Christopher Walsh
UNC Gene Therapy Center
Rm 7101 Thurston Bldg
CB#7352
Chapel Hill, NC 27599
Ph: 919-966-9116
Fax: 919-966-0907

Gene Therapy for Group A 
Fanconi Anemia Patients
continued from page 2
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Fanconi anemia (FA) is primarily
a disorder of the hemopoietic system
that is associated with physical abnor-
malities in up to 80% of cases. The
gastrointestinal (GI) system is affect-
ed in only 4% of FA individuals. In
these cases, the GI tract fails to form
normally (atresia). The esophagus,
duodenum and anus can be affected
with more than one area being
involved in some cases. Symptoms
usually appear soon after birth. Sur-
gical repair is possible for these abnor-
malities although multiple operations
may be required in some individuals.
Complications following surgical
repair are not uncommon (for details
see reference).

The GI tract and nutritional status
may be affected by treatments given
for the primary hematological prob-
lems in FA. The most notable exam-
ple of this is bone marrow transplan-
tation. Nutritional support is often
required around the time of trans-
plant, and gastrointestinal symptoms
occur with graft-versus-host disease
or opportunistic infection in the
months after transplantation. Intesti-
nal biopsies following an endoscopic
procedure are required for diagnosis
in these cases.

Gastroesophageal reflux and con-
stipation are common disorders in
the pediatric population. Chronic or
recurrent abdominal pain and poor
weight gain are symptoms for which
children are frequently referred to
pediatric gastroenterologists. These
problems may, therefore, be expected
to occur in some FA children. Some
parents of FA children report
decreased food intake (poor enteral
intake) in their child.

Growth failure occurs in 57% of
FA children and in a proportion of
these an endocrine disorder is identi-
fied. Growth failure can potentially
result from poor enteral intake espe-

cially if poor weight gain is the major
clinical finding. Nutritional insuffi-
ciency alone, however, does not
account for the pattern of growth fail-
ure commonly seen in FA children.
The true prevalence of poor enteral
intake, with associated growth failure
in FA children has not been docu-
mented and neither has there been a
systematic exploration of the possi-
ble causes. This is likely related to FA
being a rare problem with no more
than half a dozen individuals from
any given state. Gathering this type
of data may be suitable for future
endeavors of the FA research fund.

Management strategies for com-
mon gastrointestinal problems faced
by FA parents cannot be easily for-
mulated without the above data. It is
likely that a multidisciplinary
approach is required. Apart from a
pediatric gastroenterologist, a dietit-
ian and other sub-specialists (depend-
ing on organ systems involved) need
to have an input as non-gastroin-
testinal disorders often give rise to
gastrointestinal symptoms. Small
children with upper gastrointestinal
problems resulting in pain and/or
reflux perhaps with prolonged peri-
ods of nasogastric tube feeding will
develop food aversion which can
manifest as poor enteral intake. A
speech pathologist can help to iden-
tify and rehabilitate these individuals.
Other experts who may be relevant
include child psychologists, as behav-
ior problems are common amongst
children with chronic disorders
requiring multiple hospitalizations.

I would postulate that at present
the best format to deal with gas-
trointestinal problems would be to
have a gastroenterologist involved
early on when symptoms are per-
ceived by parents, so that an appro-
priate management strategy and fol-
low-up can be established.

Achieving adequate nutritional
growth is perhaps the most impor-
tant issue from a gastrointestinal
point of view. Some children have
undergone supplementary feeds
through periods of their childhood
to achieve this. The methods of feed-
ing have been discussed previously
(see reference). The proportion of FA
children who need supplementary
nutritional support and the period
of time that such feeding is required
is not known. It is likely to vary
between individuals and depend on
the presence or absence of other seri-
ous conditions.

In the management of FA the pri-
mary hematological problem has
taken center stage with regards to the
development of and advances in
treatment. As a multisystem disor-
der, FA impacts the individual in
many ways and this is now being
appreciated, although there is little
data on some of these issues. The gas-
trointestinal tract and nutrition are
such areas. With the efforts of the FA
research fund they will receive more
focused attention in the future.

Reference: SJ Schwarzenberg. “Fan-
coni anemia and the GI tract.” FA
Science Letter. Fall 1999; No. 26: 5-6

Gastrointestinal Problems and FA
Khalid Khan, MD, University of Minnesota, Minneapolis, Minnesota
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