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noted. However, no hypersensitivity to GM-CSF as determined by
colony formation assay for BM-MNCs (data not shown) or
phosphor-STATS5 staining (data not shown) was observed. DNA
sequence for JMML-associated genes, such as NRAS, KRAS,
HRAS, PTPN1I, and CBL, was determined, and KRAS G13D
mutation was identified (Figure 1B). The mutation was seen
exclusively in the hematopoietic cell lineage, and no mutation was
seen in the oral mucosa or nail-derived DNA. Granulocytes,
monocytes, T cells, and B cells were all positive for KRAS G13D
mutation (data not shown). The proportion of mutated cells in each
hematopoietic lineage was quantitated by mutation allele-specific
quantitative polymerase chain reaction methods, which revealed
that mutated allele was almost equally present in granulocytes,
T cells, and B cells (Figure 1C). CD34* hematopoietic stem cells
(HSCs) were also positive for KRAS G13D mutation, and 60%
of colony-forming units-granulocyte macrophage (CFU-GM) devel-
oped from isolated CD34 cells carried the KRAS G13D mutation
(data not shown). These observations suggest that the mutation
occurred at the HSCs level, and HSC consists of wild-type and
mutant HSCs,

NRAS-mutated type IV ALPS was previously characterized by
apoptosis resistance of T cells in IL-2 depletion.? Then, activated
T cells were subjected to an apoptosis assay by FAS stimulation or
IL-2 depletion. Remarkable resistance to IL-2 depletion, but not to
FAS-dependent apoptosis (Figure 1D-E), was seen. This was in
contrast to T cells from FAS-mutated ALPS type la, which
showed remarkable resistance to FAS-dependent apoptosis and
normal apoptosis induction by IL-2 withdrawal (Figure 1D-E).
Western blotting analysis of activated T cells or Epstein-Barr
virus-transformed B cells showed reduced expression of Bim
(Figure 1F).

In case 2, autoimmune phenotype and hepatosplenomegaly
were remarkable, as shown in Supplemental data. The patient was
initially diagnosed as Evans syndrome based on the presence of
hemolytic anemia and autoimmune thrombocytopenia. Double-
negative T cells were 1.1% of T-cell receptor-af3 cells in the
peripheral blood, which did not meet with the criteria of ALPS.
Although spontaneous colony formation was shown in peripheral
blood- and BM-MNCs, and GM-CSF hypersensitivity was demon-
strated in BM-MNCs derived CD34* cell (supplemental Table 2),
she showed no massive monocytosis or increased fetal hemoglo-
bin. Thus, the diagnosis was less likely to be ALPS or JMML. DNA
sequencing of IMML-related genes, such as NRAS, KRAS, HRAS,
PTPNII, and CBL, identified somatic, but not germline, KRAS
G13D mutation (Figure 1B). KRAS G13D mutation was detected
in granulocytes and T cells. Mutation was not identified in B cells
by conventional DNA sequencing (data not shown). Mutant
allele-specific quantitative polymerase chain reaction revealed that
mutated allele was almost equally present in granulocytes and
T cells, but barely in B cells (Figure 1C). Activated T cells showed
resistance to IL-2 depletion but not to FAS-dependent apoptosis
(Figure 1D-E).

Both of our cases were characterized by strong autoimmu-
nity, immune cytopenia, and lymphadenopathy or hepatospleno-
megaly with partial similarity with ALPS or JMML. However,
they did not meet with the well-defined diagnostic criteria of
ALPS? or JMML.% It is interesting that case 2 presented
GM-CSF hypersensitivity, which is one of the hallmarks of
JMML. Given the strict clinical and laboratory criteria of JIMML
and ALPS, our 2 cases should be defined as a new disease entity,
such as RAS-associated ALPS-like disease (RALD). Recently
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defined NRAS-mutated ALPS type IV may also be included in a
similar disease entity.

There are several cases of JMML reported simultaneously
having clinical and laboratory findings compatible with autoim-
mune disease.?® Autoimmune syndromes are occasionally seen in
patients with myelodysplastic syndromes, including chronic myelo-
monocytic leukemia.!% These previous findings may suggest a close
relationship of autoimmune disease and JMML. Because KRAS
G13D has been identified in JMML,!'13 it is tempting to speculate
that KRAS G13D mutation is involved in JMML as well as RALD.
In JMML, erythroid cells reportedly carry mutant RAS, whereas B-
and T-cell involvement was variable.!* In both of our cases,
myeloid cells and T cells carried mutant RAS, whereas B cells were
affected variably. These findings would support a hypothesis that
the clinical and hematologic features are related to the differentia-
tion stages of HSCs where RAS mutation is acquired. JMML-like
myelomonocytic proliferation may predict an involvement of RAS
mutation in myeloid stem/precursor cell level, whereas ALPS-like
phenotype may predict that of stem/precursor cells of lymphoid
lineage, especially of T cells. Under the light of subtle differences
between the 2 cases presented, their hematologic and clinical
features may reflect the characteristics of the stem cell level where
KRAS mutation is acquired. Involvement of the precursors with
higher propensity toward lymphoid lineage may lead to autoim-
mune phenotypes, whereas involvement of those with propensity
toward the myeloid lineage may lead to GM-CSF hypersensitivity
while still sharing some overlapping autoimmune characteristics.

One may argue from the other viewpoints with regard to the
clinicopathologic features of these disorders. First, transformation
in fetal HSCs might be obligatory for the development of JMML!4
and, in HSCs later in life, may not have the same consequences.
Second, certain KRAS mutations may be more potent than others.
Codon 13 mutations are generally less deleterious biochemically
than codon 12 substitutions, and patients with JMML with codon
13 mutations have been reported to show spontaneous hematologic
improvement.!2!5 Thus, further studies are needed to reveal
in-depth clinicopathologic characteristics in this type of lympho-
myeloproliferative disorder.

KRAS mutation may initiate the oncogenic pathway as one of
the first genetic hits but is insufficient to canse frank malignancy by
itself.16.17 Considering recent findings that additional mutations of
the genes involved in DNA repair, cell cycle arrest, and apoptosis
are required for full malignant transformation, one can argue that
RALD patients will also develop malignancies during the course of
the disease. Occasional association of myeloid blast crisis in
JMML and that of lymphoid malignancies in ALPS will support
this notion. Thus, the 2 patients are now being followed up
carefully. It was recently revealed that half of the patients
diagnosed with Evans syndrome, an autoimmune disease present-
ing with hemolytic anemia and thrombocytopenia, met the criteria
for ALPS diagnosis.!®!% In this study, FAS-mediated apoptosis
analysis was used for the screening. Considering the cases we
presented, it will be intriguing to reevaluate Evans syndrome by
IL-2 depletion-dependent apoptosis assay focusing on the overlap-
ping autoimmunity with RALD.
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Although recent advances in therapy offer the promise for improving survival in patients with severe aplastic
anemia (SAA), the small size of the patient population, lack of a mechanism in North America for longitudinal
follow-up of patients, and inadequate cooperation among hematologists, scientists, and transplant physicians
remain obstacles to conducting large studies that would advance the field. To address this issue, the Blood
and Marrow Transplant Clinical Trials Network (BMT CTN) convened a group of international experts in
March 2010 to define the most important questions in the basic science, immunosuppressive therapy
(IST), and bone marrow transplantation (BMT) of SAA and propose initiatives to facilitate clinical and biologic
research. Key conclusions of the working group were: (1) new patients should obtain accurate, expert diag-
nosis and early identification of biologic risk; (2) a population-based SAA outcomes registry should be estab-
lished in North America to collect data on patients longitudinally from diagnosis through and after treatment;
(3) a repository of biologic samples linked to the clinical data in the outcomes registry should be developed;
(4) innovative approaches to unrelated donor BMT that decrease graft-versus-host disease are needed; and
(5) alternative donor transplantation approaches for patients lacking HLA-matched unrelated donors must
be improved. A partnership of BMT, IST, and basic science researchers will develop initiatives and partner
with advocacy and funding organizations to address these challenges. Collaboration with similar study groups
in Europe and Asia will be pursued.
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INTRODUCTION

Aplastic anemia is a marrow failure syndrome with
an incidence of 2 per million in Western countries and

4-6 per million in Asia [1,2]. In the vast majority of

patients, the disease results from T cell-mediated auto-
immune destruction of marrow elements leading to
life-threatening cytopenias. The preferred therapy for
younger patients with severe aplastic anemia (SAA) is
HLA-matched sibling allogeneic bone marrow trans-
plantation (BMT), which results in long-term survival
in 85% to 90% of recipients [3-5]. Only 20% to 30%
of patients will have HIA-matched siblings, and
some will not receive an upfront BMT approach
because of patent choice, physician preference, or
BMT access issues. Hence, most patients with SAA
receive initial treatinent with immunosuppressive ther-
apy (IST), most commonly with a combination of an-
tithymocyte globulin (ATG) and cyclosporine (CsA).
Although 60% to 75% of patients respond with a de-
crease in or elimination of transfusion requirements,
10% to 35% of patients will relapse (require transfu-
sions again), and the majority of patients will require
long-term (5-year) therapy with CsA [6,7]. Others are
at risk of clonal evolution to hemolytic paroxysmal
nocturnal hemoglobinuria (PNH), myelodysplasia
(MDS), or acute myeloid leukemia (AML) [8,9].
Well-matched unrelated donor (URD) BMT can
be successful in patients failing immunosuppression,
but because transplant-related mortality (TRM) and
graft-versus-host disease (GVHD) are higher than
with HLA-matched sibling BMT, there has been lim-

ited enthusiasm for this approach in the past.

Biol Blood Marrow Transplant 17:291-299, 2011

With recent improvements in survival after URD
BMT [10-12] SAA experts from the United Kingdom
published guidelines recommending matched URD
BMT if patents fail to respond to IST after 4-6
months (Figure 1) [13]. This approach is being adopted
more widely in Europe and Japan, supported by a pro-
spective study in Japanese pediatric patients [14]. Pro-
spective validation of these guidelines in older adults is
needed, and several key questions about URD trans-
plantation in SAA remain: (1) It is not clear when to of-
fer URD transplantation to patients who relapse after
an initial response to IST, as most patients will respond
to further treatment with IST. (2) Half of SAA patients
will not have a well-matched URD, and the role of al-
ternative donor procedures such as unrelated cord
blood (UCB) or haploidentical related donor trans-
plantation is unclear. (3) Finally, there are inadequate
data regarding long-term quality of life after URD
BMT for SAA. If survival is improved after transplant,
does it come at a high cost?

Answering these questions is challenging, as it
requires comprehensive tracking of patients from diag-
nosis through all therapies. Long-term follow up of
SAA patients is especially important because many ad-
verse events (MDS/AML) can occur 1-2 decades after
diagnosis. In the United States, except in a few centers,
long-term outcomes of patients with this rare disorder
are not followed. The Center for Blood and Marrow
Transplant Research (CIBMTR) collects long-term
outcome data on the minority of patients who undergo
BMT, but data collected regarding therapies prior
to transplantation is often inadequate to address
many issues. More importantly, there is no effective
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Figure |. Treatment ofacquired severe aplastic anemia according to United Kingdom Guidelines [13]. ATG, antithymocyte globulin; CSA, cyclosporine;
FBC, full blood count (or CBC); MUD, matched unrelated donor; CRP, clinical research protocol; IST, immunosuppressive therapy; UCB, umbilical cord

blood.

_58_



Biol Blood Marrow Transplant 17:291-299, 2011

mechanism to compare outcomes of BMT recipients
with comparable patients receiving IST approaches.

In view of these challenges, an ad hoc SAA Com-
mittee was formed by the Steering Committee of the
Blood and Marrow Transplant Clinical Trials Net-
work (BMT CTN), a program sponsored by the
National Heart, Lung, and Blood Institute and the
National Cancer Institute, to consider potential re-
search strategies in this disease. The Committee con-
vened a working group of international experts in
March 2010 in Bethesda, Maryland, in conjunction
with an educational and scientific meeting sponsored
by the Aplastic Anemia and Myelodysplastic Syndrome
International Foundation. The purpose of the working
group was to: (1) define the most pressing questions in
the basic science and therapy of SAA that could be ad-
dressed through clinical trials; (2) establish an approach
to identify biologic and clinical parameters of SAA that
define risk, both with IST and BMT; and (3) initiate
a process that will resultin the identification of rational
intervention points, where URD and alternative donor
BMT approaches can be compared with IST.

The conclusions of this working group are summa-
rized below.

New Insights into SAA Biology, Key Issues
for Study

Idiopathic SAA patients have immune-mediated
oligoclonal expansion of cytotoxic T cells targeting he-
matopoietic stem and progenitor cells. These T cells
have a Thl profile and secrete interferon-y [15]; po-
tentially relevant polymorphisms in genes associated
with an increased immune response have been identi-
fied [16]. Regulatory T cells (T-regs) are decreased
in almost all patients with SAA [17], and infusion of
T-regs abrogates lymphocyte-induced marrow dyspla-
sia in mouse models [18].

A notable observation in a portion of patients with
SAA is the presence of shortened telomeres [19,20].
Mutations of the telomerase enzyme complex (TERT,
TERC, DKCI1, NOP10, or NHP2) or in the shelterin
telomere protection complex (TINF2) form the basis
for the inherited marrow failure disorder dyskeratosis
congenita. Just under 10% of SAA patients will have
a mutation in either TERT or TERC. A smaller
percentage of patients with SAA and no other clinical
phenotype will have a mutation in TINF2. Genetic
variants in TERFI may also contribute to risk of SAA,
although to a lesser extent [21]. All of these genes are
thought to contribute to telomere erosion, increasing
risk of marrow failure and malignant transformation.
Although telomere length does not predict response to
immunosuppression in SAA patients (as opposed to dys-
keratosis congenita patients who do not respond to IST),
retrospective studies show that SAA patients with
shorter telomeres at diagnosis are at higher risk of
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relapse after IST and are also more likely to undergo
clonal evolution to MDS or AML [22].

The impact of telomere dysfunction on BMT out-
comes in SAA is not known. Patients with dyskeratosis
congenita have a high incidence of organ toxicity, most
notably hepatic and pulmonary, after BMT [23-25].In
telomerase knockout mice (Terc™’"), short and dys-
functional telomeres preclude appropriate engraft-
ment of donor wild-type hematopoietic stem cells,
possibly because of poor stromal function [26]. A large
study correlating telomere length with engraftment,
toxicity, and survival in patients who received unre-
lated donor BMT for SAA over the past decade is cur-
rently underway through the National Marrow Donor
Program (NMDP) and CIBMTR. Although this study
may define putative risks associated with shorter telo-
meres during URD BMT, prospective studies will be
needed to test the applicability of these associations
with modern BMT therapy.

Until recently, laboratory-based predictive bio-
markers for IST response in SAA were lacking. Schein-
berg [27] and the NIH group correlated absolute
reticulocyte count (ARC) and absolute lymphocyte
count (ALC) at initial diagnosis with response, identi-
fying groups at low and higher risk of failure and early
mortality (Figure 2). Further investigation showed that
ARC combined with telomere length had better pre-
dictive power than either biomarker alone. Patients
with both high ARC and longer telomeres appear to
have excellent outcomes, whereas those with low
ARC and shorter telomeres do poorly; patients with
only 1 of the 2 adverse factors had intermediate out-
comes [28]. Important follow-up questions to address
include: (1) does the prognostic ability of these assays
hold up in a prospective multicenter cohort; and (2)
can intervendon with URD BMT improve survival
of patients with low ARC and shorter telomeres com-
pared to IST? Other important goals for future trials
are discovery of additional biologic factors with
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Figure 2. Probability of survival in patients treated with IST who had
high versus low absolute reticulocyte counts (ARC) and high versus
low absolute lymphocyte counts (ALC). Patients undergoing BMT
were censored at the time of transplant [27].
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prognostic value (cytokine polymorphism profiles, sin-
gle nucleodde polymorphism [SNP-A] genotypes,
etc.), or identification of genetic aberrations that con-
tribute to the pathophysiology of SAA.

Advances in Immunosuppression and
Supportive Care: Next Steps

Initial therapy of SAA with horse AT'G and CsA,
standard for more than 2 decades, results in response
rates of 50% at 3 months and 60% to 75% at 6 months
[29-31]. A second course of rabbit ATG given after
a minimum of 3 months may lead to response in
about a third of patients who do not respond to the
first course [32]. Among patients who respond initially
but later relapse, most will have some response to
subsequent courses of immunosuppressive therapy.
Slowing the rate of taper of CsA appears to decrease
the likelihood or delay the onset of relapse [33].

Over the past decade, researchers sought to in-
crease initial response rates by increasing the intensity
of IST through the addition of mycophenolate mofetil
(MMF), sirolimus, or other agents to ATG/CsA
[34,35]. These efforts were not successful, suggesting
that even intense IST is insufficient to abrogate the
autoimmune aggression in some patients, or that some of
patients have more severe destruction of hematopoietic
progenitors resulting in worse marrow reserve and
insufficient stem cells to support renewed blood cell
production after abrogating the autoimmune response.
The possibility that we have reached a ceiling in the
percentage of patients with the capacity to respond
to immunosuppression was raised. Consistent with
this idea, the EBMT group reported that although
significant improvements in survival after IST occurred
over each decade between the 1970s and the 1990s,
unfortunately, survival of patients treated between 2000
and 2007 has remained unchanged compared to those
treated between 1990 and 2000 (Figure 3) [36].

1.01

0.81
% 1500-2000
3 06 2000-2007
§ 19801990
£ 04 16731960

0.2

0.0

0 1 2 3 4 5 6 7 8 9 10
years
Figure 3. Survival among patients with severe aplastic anemia treated

with ATG-based immunosuppression reported to the EBMT database
(n = 2400) [36].
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In the context of this lack of improvement in re-
sponse to IST, what agents or approaches might im-
prove survival or patient quality of life in the future?
A randomized study of 120 patients in the United
States comparing horse ATG with rabbit ATG
(NCT00260689) has completed accrual and will
soon offer insights into the quality and length of
response with these 2 agents. A few pilot studies
show responses to alemtuzumab, although this highly
immunosuppressive agent requires attentive support-
ive care measures to avoid life-threatening infectious
complications [37]. Other new immunosuppressive
agents will be tested in patients with relapse of SAA
to establish efficacy and toxicity. Finally, investigators
at Johns Hopkins University using high-dose cyclo-
phosphamide (Cy) without stem cell rescue have dem-
onstrated a high response rate with relatively low
toxicity in newly diagnosed patients [38]. The use of
high-dose Cy by other groups was associated with
high rates of early and late toxicities, leading to closure
of randomized trials examining this approach [39].
There is recent renewed interest in this agent as inves-
tigators in China have shown high rates of response
with manageable toxicity using lower doses of Cy
than used by the Hopkins group [40].

Improvements in BMT Outcomes: A Case
for Earlier Intervention?

Survival after HLA-matched sibling BMT in pa-
tients with SAA less than 30 years old has exceeded
80% for the past 20 years, making this the preferred
approach for these patients. In the last decade, survival
of older BMT recipients improved significantly. Sev-
eral factors likely contributed to this improvement.
An EBMT analysis of HLA-matched sibling BMT
outcomes in patients older than 30 years showed a sta-
tistically significant improvement in survival when
a fludarabine (Flu)/Cy/ATG preparative regimen was
used, compared with tradidonal Cy/ATG approaches.
Five-year survival in the Flu/Cy/ATG cohort was
77%, compared to 60% in the Cy/ATG group, and pa-
tients between the ages of 30 and 40 years had a survival
probability exceeding 80% [41].

Survival after URD BMT also improved dramati-
cally in recent years (from 30%-40% in the 1990s
[42] to 70%-80% currently [11]). EBMT data using
Flw/Cy/ATG = low-dose total-body irradiation
(TBI) showed that improvement was especially notable
after 2004, and that patients have the best chance of sur-
vival after BMT when they undergo the procedure
within 2 years of diagnosis (Figure 4). Unpublished
data from the CIBMTR using similar approaches
show that 2-year survival rates after 8/8 HLA-
matched (using high-resolution typing) URD BMT
for SAA exceeds 80% (personal communication, M.
Eapen, CIBMTR). There are many possible reasons
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Figure 4. Outcomes of URD BMT for SAA using fludarabine/cyclo-
phosphamide/ATG = low dose TBI reported to the EBMT. (A) Survival
after Flu/Cy/ATG with TBI (median age 27 (7-53 years) versus Flu/Cy/
ATG (median age |3 [3-5] years]). (B) Survival of patients transplanted
=<2 years from diagnosis versus those receiving transplantation later in
their disease course. (C) Survival of patients transplanted in the most re-
cent era (after 2004 versus those transplanted earlier) [11].

for these improvements: the advent of molecular HLA
typing resulting in better HLA matching, modern sup-
portive care, and optimization of reduced-intensity
conditioning (RIC) approaches [12]. Patient selection
is also a factor. In early studies, BMT was only offered
to high-risk patients who had failed multiple rounds of
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IST. There is now a tendency to offer BMT earlier in
the course of therapy [11,12]. Patients undergoing
transplantation earlier in their disease course are
more likely to begin the procedure with a history of
fewer infections and with a lower likelihood of iron
overload, renal dysfunction from long-term CsA,
transfusion-induced alloimmunization (which can in-
crease risk of rejection), or platelet refractoriness.

The major focus of recent clinical trials in URD
BMT for SAA has been optimizing preparative regi-
mens to allow sustained engraftment while minimizing
regimen-related toxicity. A study published by Deeg
et al. [12] evaluated de-escalation of TBI doses and
demonstrated better survival in patients receiving Cy
(200 mg/kg)/ATG plus 200 ¢cGy TBI compared to
higher TBI doses. Five-year survival probabilities after
HLA-matched URD BMT using the regimen contain-
ing 200 cGy of TBI were 78% for patients 20 years of
age or younger and 50% for older patients. A second
optimization trial is currently underway under the aus-
pices of the BMT CTN. This trial (BMT CTN 0301;
NCT00326417) is designed to determine the optimal
dose of cyclophosphamide (0, 50, 100, 150 mg/kg)
when given in combination with Flu, AT'G, and a single
dose of TBI (200 cGy). The 0- and 150-mg levels have
been closed because of rejection and toxicity, respec-
tively. The trial continues to accrue patients at the
50- and 100-mg dose levels. Thus, this type of condi-
tioning regimen should be considered investigational,
and caution should be exercised when selecting the
cyclophosphamide dose in this setting.

There is some concern about TBI-based regimens
increasing the risk of malignancies after URD BMT for
SAA. Studies demonstrating an increased risk of second
malignancies after related donor BMT with TBI-based
regimens were published in the early 1990s. Those
studies involved patients treated in the 1970-1980s us-
ing TBI doses >900 cGy or total abdominal irradiation
(TAD) doses of 5-600 cGy [43,44]. Whether current
approaches using a single dose of 200 ¢Gy of TBI
increase the risk of posttransplant mahgnanc1es is
unknown. Long-term follow-up of these patients is
very important.

The dramatic improvement in survival rates after
URD BMT that has occurred over the past decade
has raised an important question. In the context of cur-
rent therapy, when should patients with SAA be of-
fered URD transplantation? Although many groups
now support offering this approach after failure of first
IST, when should it be offered after subsequent fail-
ures? Can biologic risk factors for failure of IST help
determine the timing of URD BMT? What level of
HLA typing and matching is required? When can al-
ternative graft sources (cord blood, haploidentical do-
nors) be used? What is the quality of life of survivors
after URD or alternative donor transplantation?
Some insight into URD transplantation of younger
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patients failing to respond to their initial round of IST
was provided by Kosaka et al. [14]. In this study, 201
pediatric patients with SAA lacking HLA-matched
sibling donors were treated initially with IST. Of 60
patients who failed to respond at 6 months, 31 under-
went URD BMT if they had matched URDs (25 pa-
tients), single antigen—mismatched related donors (4
patients), or single antigen-mismatched cord blood
units (2 patients). Patients who did not have donors re-
ceived subsequent rounds of IST. Although overall
survival (OS) at 5 years was not different between the
transplantation and IST groups, failure-free survival
was dramatically better in the BMT group at 84% ver-
sus 9% (P = .001), and the majority of patients treated
with subsequent courses of IST had continuing mar-
row failure.

An additional issue is the availability of suitable
HLA-matched donors. Only about 70% of Caucasian
patients will find a fully matched and available URD;
patients from ethnic groups such as Hispanic, Black,
or Asian-Pacific islander will find a fully matched and
available donor less than half of the time [45]. Cord
blood transplantation, which allows greater degrees
of donor-recipient HLA-match, might be considered
for patients without a suitable adult donor, but pub-
lished experience from Japan and unpublished
CIBMTR and European Group for Blood and Mar-
row Transplantation (EBMT) data show high rates
of rejection and survival rates of less than 50% after
cord blood transplantation for SAA [46]. Some small
studies using combinations of Flu/Cy/ATG/TBI for
conditioning show more promising survival rates after
cord blood transplantation [47], but larger validation
studies are required. Some groups have explored the
feasibility of haploidentical transplants, but reports
to date are anecdotal [48]. Novel approaches that im-
prove survival with the use of cord blood or haploi-
dentical donors are needed to allow all patients who
do not have good options with IST to undergo trans-
plantation.

Should Age Determine the Choice of
Immunosuppression versus BMT?

Age is a significant factor in both IST and BMT
outcomes, with higher chances of failure and mortal-
ity, especially in patients >40 years of age. An analysis
published in 1999 showed that the response rates to
ATG/CsA IST among patients aged >60, 50-59, and
<50years were 37%,49%, and 57 %, respectively; cor-
responding 5-year survival rates were 50%, 57%, and
72% [49]. In the decade since this analysis was pub-
lished, response rates to IST have not changed sub-
stantially, but there has been a steady improvement
in supportive care leading to increased survival after
both IST and BMT. Rates of GVHD are higher in
older patients, however, and remain a major barrier
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to successful outcomes. Whether URD BMT can offer
a survival advantage over IST in older patients is un-
clear; however, older patients failing IST may benefit
from BMT approaches aimed at reducing GVHD
while maintaining donor engraftment.

Longitudinal and Long-Term Outcomes: Vital
Questions and Proposed Approaches

There are several barriers to advancing care of pa-
tients with SAA. First, the disease is rare. Only about
600 new cases/year are expected in the United States.
This makes all types of studies difficult because any
given center will only have a handful of patients. Sec-
ond, the natural history of the disease plays out over
more than a decade, with some patients failing mult-
ple courses of therapy, but still surviving for 5 to 10
years, and others developing late-onset secondary
MDS/AML. Third, referral to centers with specific ex-
pertise in SAA is sporadic and varies by patient loca-
tion. Referral is important to have the latest testing
performed to rule out inherited bone marrow failure
syndromes, hypoplastic MDS, and other conditions
that mimic SAA, and to enroll patients in studies.
Fourth, timing and indications for referral for trans-
plant vary considerably among centers, with many pa-
tients delayed excessively and referred to BMT only
after they have developed active infections, significant
transfusion burden, alloimmunization, and/or platelet
refractoriness. Finally, because patients with SAA may
be seen by local physicians or hematologists, referred
to a regional academic center, and then referred a sec-
ond time for BMT evaluation, it is difficult to follow
patients from diagnosis through all of their therapeutic
courses with an observation period sufficient to under-
stand their long-term outcomes. In the United States,
particularly, a mechanism to track patients through
multiple care providers is lacking.

The SAA working group agreed that advances in
biology and BMT survival warrant a series of initia-
tives to better understand the appropriate roles and
timing of IST and BMT in treating SAA. One impor-
tant effort that would greatly assist in moving the field
forward would be to create a mechanism for identify-
ing a high percentage of SAA patients at diagnosis,
obtaining blood specimens to evaluate prognostic bio-
markers, and following these patients through their
treatment courses. Biologic samples for later studies
could be obtained, with appropriate consent, and an
SAA repository established. Patients could be offered
participation in studies of related donor BMT, IST,
URD BMT, and alternative donor BMT as they be-
came eligible for such studies. BMT timing would be
determined by patient age, the availability of well-
matched related or unrelated donors, response to IST,
and risk as determined by biologic markers. All patients
would be followed long term, and quality-of-life studies
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could carefully compare outcomes of surviving pa-
tients receiving URD BMT versus IST.

The working group felt that the most appropriate
way to improve care and enroll patients into a large
registry study would be to designate regional centers
of excellence, where comprehensive evaluations, in-
cluding key biologic assessments (telomere studies,
etc.), could be performed at diagnosis and other key
time points. Vital to this process is early assurance
that the diagnosis of SAA is correct. A subcommittee
headed by Dr. Richard Harris was appointed to assem-
ble comprehensive diagnostic guidelines including
tests to rule out inherited BM failure syndromes and
other non-SAA diseases. Because the therapy of SAA
patients sometimes involves transplantation, and the
CIBMTR currently has a large database of informa-
tion on patients receiving BMT, the CIBMTR is a pos-
sible choice to manage an SAA registry or longitudinal
observational study. Trials of biology, IST, and BMT
could be facilitated by a population-based SAA out-
comes registry by identifying potential study subjects;
patients would benefit by having wider access to stud-
ies of relevance to them. Patients in the registry could
also be targeted for distribution of educational and
support materials. The working group plans to seek
funding from patient advocacy groups, private corpo-
rations, and governmental funding sources to estab-
lished a population-based outcomes registry and
accompanying biologic sample repository to facilitate
studies to address many of the issues discussed in this
document.

The important questions in the therapy of acquired
SAA can be addressed most effectively with collabora-
tion among transplantation physicians, hematologists
interested in IST, and scientists studying the biology
of marrow failure. The relevant issues are interdepen-
dent. For instance, can telomere length and telomerase
complex mutations help predict whether patients will
fail IST and should, therefore, seek early transplanta-
tion therapy? Can selected biological factors (cytokine
profiles, etc.) better define clinical risk groups? If we
can define patents at high risk of IST failure, do the
same or different factors predict outcomes after
BMT? If a patient either fails to respond to IST or
relapses afterward, can new agents induce or prolong
responses (alemtuzumab, etc.)? Can cyclophospha-
mide, given at a modified dose, improve the durability
of inital responses without excessive early morbidity?
Finally, we need to know whether novel strategies for
URD BMT that decrease GVHD and maintain en-
graftment can be developed and performed safely
with reasonable survival in older patients. Can alterna-
tive donor grafts be used successfully so that more
patients are able to go to transplantation if immuno-
suppression is unsuccessful?

These questions can be directly addressed through
the proposed SAA registry/biology study, because at
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given time points (first or subsequent failure of IST,
etc.), patients who have appropriate donors and go to
BMT can be compared with similar patients who
undergo IST. Questions regarding access to BMT (in-
ability to get BMT because of insurance, etc.) can be
addressed by the registry study as well. Transplanta-
tion studies could be performed through the BMT
CTN in cooperation with international study groups
as needed to allow for sufficient accrual or to rapidly
test highly promising ideas.

CONCLUSIONS

Treatment for SAA has advanced in the past de-
cade, most notably with (1) the development of biolog-
ical measures that may allow clinical risk classification,
and (2) improvement in survival after HLA-matched
URD BMT. Creation of an SAA outcomes registry
and specimen repository would allow investigators to
follow patients from diagnosis through all of their
therapies, would facilitate better studies comparing
specific therapies, and thus may help optimize timing
of URD BMT for patients failing IST. Cooperation
among hematologists, transplant physicians, and basic
scientists in the study and treatment of SAA patients
should speed advances in clinical care and improve
outcomes.
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Abstract Dyskeratosis congenita (DC) is an inherited
disease associated with nail dystrophy, abnormal skin
pigmentation, oral leukoplakia, bone marrow failure and a
predisposition to cancer. DC is a disease of defective
telomere maintenance and patients with DC have very
short telomeres. To date, mutations in six genes of telo-
merase and telomere components have been identified in
patients with DC. Recently, mutations in telomerase and
telomere components were also identified in patients with
aplastic anemia, pulmonary fibrosis, and liver diseases who
did not have mucocutaneous manifestations. These findings
imply that defective telomere maintenance may cause not
only classical DC but also a broad spectrum of diseases
previously thought to be idiopathic, and have led to a new
concept of diseases, termed “syndromes of telomere
shortening”. An understanding of the role of telomeres in
these diseases is indispensable for diagnosis, genetic
counseling and clinical management.

Keywords Dyskeratosis congenita - Telomere -
Telomerase - Bone marrow failure

1 Introduction

Elizabeth Blackburn, Carol Greider, and Jack Szostak were
awarded the 2009 Nobel Prize in Physiology or Medicine
for their work describing telomeres and telomerase [1, 2].
Telomeres are DNA-protein structures that protect
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chromosome ends, which consist of a TTAGGG repeat
bound by a cap protein, shelterin. Telomeres cannot be
replicated by standard polymerase but only by a specialized
transcriptase, called telomerase.

Dyskeratosis congenita (DC) is a rare inherited multi-
system bone marrow failure syndrome characterized mainly
by mucocutaneous abnormalities including nail dystrophy,
mucosal leukoplakia, and abnormal skin pigmentation,
along with a predisposition to cancer. Patients with DC have
very short germ-line telomeres compared with normal indi-
viduals due to a defect of telomere maintenance. DC has been
receiving increased attention because “telomere mainte-
nance” is closely associated with life events, including aging
and cancer predisposition. Recently, mutations in telomerase
and telomere components were also identified in patients
with aplastic anemia (AA), pulmonary fibrosis, and liver
diseases who did not have mucocutaneous manifestations
[3-13]. These findings implicate that defective telomere
maintenance causes not only classical DC but also a broad
spectrum of diseases previously thought to be idiopathic, and
have lead to a new concept of diseases, termed “syndromes
of telomere shortening”.

In this review, we will discuss recent progress in the
understanding of the pathophysiology of DC and other
telomere diseases, as well as treatment for these diseases
including stem cell transplantation.

2 Dyskeratosis congenita

The incidence of classic DC is approximately 1/1,000,000
individuals [14]. Classic DC presents with a triad of
mucocutaneous abnormalities in around 80-90% of
patients; abnormal skin pigmentation, nail dystrophy and
oral leukoplakia [15]. Skin pigmentation and nail changes
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usually appear in childhood followed by oral leukoplakia
and bone marrow failure, which develop by the age of
20 years. Other clinical manifestations, including non-
mucocutaneous abnormalities, have also been reported.
Non-mucocutaneous features such as bone marrow failure
and pulmonary fibrosis occasionally precede mucocutane-
ous abnormalities, making it difficult to diagnose patients
with DC based on clinical features alone. The diagnostic
criteria for DC proposed by Vulliamy [16] include one or
more of the three classic mucocutaneous features combined
with hypoplastic bone marrow and at least two other
somatic features known to occur in DC. The main causes of
death in patients with DC are bone marrow failure/immu-
nodeficiency (60-70%), pulmonary complications (10-15%),
and malignancy (10%) [17, 18].

Until now, mutations in six genes involved in telomere
maintenance have been identified in patients with DC.
Figure 1 shows the schema of telomerase and shelterin
complex. DKCI gene, encoding dyskerin, is the first gene
identified in X-linked DC patients [19]. Dyskerin has a
close association with the RNA component of telomerase
(TERC), and mutations in dyskerin cause a reduction in
accumulation of TERC and reduced telomere length [20].
In addition to its role in the biogenesis of telomerase RNA,
dyskerin is involved in ribosomal RNA biogenesis. Dysk-
erin catalyzes uridine to pseudouridine, which is a critical
step for ribosomal RNA maturation and function. These
findings imply that both telomere and ribosomal defects
may occur in patients with DKCI mutations. Subsequently,
heterozygous TERC mutations were found in autosomal
dominant DC patients [21]. Mutation screening demon-
strated mutations of other components of telomerase
complex including telomerase reverse transcriptase (TERT)

Fig. 1 Schema of telomerase
and shelterin complex.
Telomerase complex consists of
the enzyme telomerase
transcriptase (TERT), RNA
component (TERC), and
dyskerin protein complex
(dyskerin, NOP10, NHP2, and
GAR1). TERT adds new
telomeres (TTAGGG repeats)
onto the chromosome end by
using the template provided by
TERC. The shelterin complex
consists of six proteins (TRF1,
TRF2, RAP1, POT1, TPP1, and
TIN2) and protects telomeres
and regulates telomerase
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[22, 23], NOP10 [24], and NHP2 [25] in patients with rare
autosomal recessive DC. Mutations of TERT were also
reported in the autosomal dominant family [8]. More
recently, heterozygous mutations of TINF2 encoding TIN2,
main component of shelterin which protects telomeres,
have been identified in ~11% of DC patients [5, 26].

3 Gene mutations of telomere maintenance in aplastic
anemia and other bone marrow failure syndromes

Patients with DC have disease diversity in terms of age at
onset, symptoms, and severity; this diversity occurs even
among the patients with the same gene mutation. Bone
marrow failure sometimes precedes mucocutaneous mani-
festations in patients with DC, and a substantial proportion
of patients with AA have shorter telomeres compared with
normal individuals [27, 28]. These observations prompted
screening for gene mutations responsible for telomere
maintenance in patients with AA and other bone marrow
failure syndromes. This screening identified mutations in
TERC and TERT in 3% of patients with AA [7, 9]
(Table 1). We also identified TERT mutations in 2 of 96
Japanese children with AA, but no patient had a TERC
mutation [6]. Patients with TERC or TERT mutations have
very short telomeres in blood cells. Recently, Du et al. [4]
found that 6 (5.5%) of 109 pediatric patients with severe
AA had mutations of TINF2. We also screened for muta-
tions of TINF2, but none of 96 pediatric patients with AA
showed mutations of this gene (unpublished data).
Among three methods of measuring telomere length,
including southern blot, real-time polymerase chain reac-
tion, and flow cytometry and fluorescence in situ

_Telomerase

TPP1

POT1
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Table 1 Mutations of genes associated with telomere maintenance
identified in patients with aplastic anemia

References Gene Number of mutated and
screened patients
Vulliamy et al. [10] TERC 2/17 (12%)
Vulliamy et al. [8] TERT 2/80 (2.5%)
Yamaguchi et al. [9] TERC 2/150 (1.3%)
Yamaguchi et al. [7] TERT 71200 (3.5%)
Savage et al. [50] TERFI 1/47 (2.1%)
TERF?2 1/47 (2.1%)

Liang et al. [6] TERT 2/96 (2.1%)
Walne et al. [51] TINF2 2/111 (1.8%)
Du et al. [3] TERT 4/199 (2.0%)
Du et al. [4] TINF2 6/109 (5.5%)

. 25

g

=

B 20

c

2

o 154

o

E

S 10 -

]

o

2 5

K]

e

0 T T T T \
0 10 20 30 40 50
age (years)

Fig. 2 Relative telomere length in peripheral blood lymphocytes
from patients with dyskeratosis congenita (filled circles), patients with
aplastic anemia harboring TERT mutations (filled squares), patients
with idiopathic aplastic anemia (filled argyles) and normal individuals
(open triangles). Telomere lengths were measured by flow cytometry-
fluorescent in situ hybridization (flow-FISH). Relative telomere
length was calculated as the ratio between the telomere signal of
each sample and the telomere signal of the control cell line (cell line
1301). These data are from the Department of pediatrics, Nagoya
University Graduate School of Medicine

hybridization (flow-FISH), flow-FISH is the most appro-
priate for “prospective” screening [29, 30]. As shown in
Fig. 2, patients with DC and AA with the TERT mutation
demonstrated very short telomeres as compared with
idiopathic AA patients and normal individuals. Given the
finding that a small subset of patients with apparently idio-
pathic AA carry telomere gene mutations and recognizing
these patients is critical to treatment decisions, it is desir-
able to screen telomere gene mutations routinely in patients
with AA before starting treatment. However, because
screening of gene mutations is laborious and time-
consuming, we have adopted screening of telomere length
in blood cells instead of gene mutations.

It should be noted that short telomeres are not specific
for patients with DC but are also seen in patients with bone

marrow failure syndromes. Although short telomeres are
also found in patients with other congenital bone marrow
failure syndromes, such as Shwachman-Diamond syn-
drome and Fanconi anemia, telomere length in patients
with DC is the shortest compared with other bone marrow
failure syndromes. In fact, telomere length in most patients
with DC is below the first percentile of telomere length
found in healthy controls [31].

Family members of patients with DC should receive
genetic counseling to rule out if they are silent carriers. In
particular, genetic counseling is necessary during the pro-
band search for a donor for hematopoietic stem cell
transplantation. Sometimes, telomere length analysis in
families with DC demonstrates that mutated carriers with
clinical signs of bone marrow failure have the short telo-
meres. However, telomere length cannot predict the pres-
ence or absence of a mutation in family members with bone
marrow failure. There are rare cases that show normal
telomere length even though they harbor the same mutation
as the proband, suggesting that mutation alone does not
sufficiently shorten the telomeres [3].

4 Telomere diseases other than bone marrow failure
syndromes

Clinical manifestations in patients with DC include not
only bone marrow failure, but also other organ failures.
Progressive pulmonary fibrosis develops in around 10-15%
of patients with DC [17, 18], and is the second most
common cause of death. Respiratory failure is also a
common fatal complication after hematopoietic stem cell
transplantation. Idiopathic pulmonary fibrosis (IPF) is an
adult-onset, progressive scarring of the lung of unknown
etiology that ultimately leads to respiratory failure. From 2
to 20% of patients with IPF have a family history of the
disease that is inherited as an autosomal dominant trait with
variable penetrance [12, 32]. Because some individuals in a
pedigree of DC had the IPF phenotype, Armanios et al.
[12] hypothesized that TERC or TERT may be candidate
genes for familial IPF. They screened 73 probands of IPF
and found 6 (8%) had heterozygous mutations in 7ERT or
TERC. Tsakiri et al. [11] also independently found three
missense mutations and one deletion of TERT genes in 44
probands of familial IPF and an additional single mutation
in 44 sporadic cases of IPF. These mutant telomerase
resulted in short telomeres. However, these patients did not
show any classic mucocutaneous manifestations of DC.
Liver diseases have been also described as one of the
clinical presentations in patients with DC. Some patients
with DC develop severe liver complications after hemato-
poietic stem cell transplantation even if they have a normal
liver function at the time of transplant [33]. In parallel with
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TERC 1-15%
TERT1-15%

Mucocutaneous

TERT 9% (AML)

| TERC~5%
TERT ~5%
TINF2~11%

TERC

TERT
Fig. 3 Schema of phenotypic variations and identified gene muta-
tions in defective telomere maintenance

reports of familial IPF, Calado et al. [13] reported that
many relatives of patients with AA and a telomerase
mutation had liver diseases, including pathologic fibrosis
with inflammation and nodular regenerative hyperplasia.
These patients did not present symptoms in childhood or
display the characteristic physical abnormalities of DC, but
had very short telomeres. These authors proposed that these
disorders be collectively considered as “syndromes of
telomere shortening”. Figure 3 shows the schema of phe-
notypic variations and identified gene mutations in defec-
tive telomere maintenance.

5 Telomere shortening, chromosome instability
and cancer predisposition

Patients with DC are prone to hematological malignancies and
other solid tumors [17]. The defect of telomere maintenance
and telomere attrition leads to chromosomal instability such as
loss or gain of chromosomes and end-to-end fusion in in vitro
studies and mouse models [34, 35]. Alter et al. recently
reported that the expected cancer risk is 11-fold higher in
patients with DC compared with the general population. The
most frequent solid tumors were head and neck squamous cell
carcinomas followed by skin and anorectal cancer [36].

Even outside DC, telomere attrition appears to cause
chromosomal instability and cancer predisposition. Calado
et al. [37] recently reported that patients with AA with
shorter telomeres at diagnosis had a sixfold higher proba-
bility of developing clonal malignant disease following
immunosuppressive therapy than patients with longer
telomeres. They also showed that cultured bone marrow
cells of patients with short telomeres in the presence of
cytokines and high-dose granulocyte-colony stimulating
factor (G-CSF) demonstrated increased telomere-free
chromosomal ends and aneuploidy and translocations,
including Robertsonian translocations.
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Because patients with DC have been thought to be prone
to myeloid malignancy, a screening for TERT and TERC
mutations in patients with acute myeloid leukemia (AML)
was conducted by the NIH group [38]. The authors found
constitutional TERT mutations in 9% of patients with AML
and a strong association of TERT mutations with the risk of
cytogenetic abnormalities including trisomy 8 and inver-
sion 16. None of the AML patients with TERT mutations
had physical abnormalities that led to a suspicion of DC.

In addition, short telomeres have been linked to
tumorigenesis of several solid tumors, including esopha-
geal cancer, colorectal cancer, gastric cancer [39], and lung
cancer [40]. Recent genome-wide studies demonstrated a
higher frequency of TERT gene polymorphism in these
patients than in normal individuals [41, 42].

6 Treatment of bone marrow failure

Bone marrow failure and immune deficiency are the most
common causes of death in up to 60-70% of patients with
DC. Androgen (e.g. oxymetholone) has been used to
improve cytopenia in patients with DC since the 1960s.
However, the mechanism of action of androgen has not
been well understood until recently. Calado et al. [43]
showed that in vitro exposure of normal peripheral blood
cells to androgen produce higher TERT mRNA levels, and
cells from patients who had heterozygous mutation of telo-
merase restored their low baseline telomerase activity to
normal levels. As telomere shortening is closely associated
with malignant disease, androgen therapy might prevent or
postpone the development of various types of cancers.
Erythropoietin and/or G-CSF combined with androgen has
occasionally provided transient hematopoietic recovery to
poor responders to androgen alone [44]. However, this
combination should be used with caution because severe
splenic peliosis and fatal rupture have been reported in two
patients with DC who received simultaneous administra-
tion of androgen and G-CSF [45].

Allogeneic hematopoietic stem cell transplantation is
the only curative treatment for bone marrow failure in
patients with DC. However, the outcome in previous
reports has been disappointing because of unacceptable
transplant-related toxicities, including severe pulmonary/
liver complications, especially in transplants from an
alternative donor [36, 46]. To avoid these complications,
non-myeloablative conditioning regimens have been
recently used in several cases. Dietz et al. [47] reported
encouraging results of six patients with DC who received a
fludarabine-based non-myeloablative regimen. Four
patients are alive, three of whom were recipients of unre-
lated grafts. Non-myeloablative transplants are expected to
provide improvement in short-term survival. However,
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longer-term follow-up is necessary because the late effects
of conditioning agents and allogeneic immune responses
within the recipient’s organs, such as the lung and liver,
remain to be clarified.

7 Future direction

Since the review article concerning DC was published by
Walne et al. [14] in 2005 in this journal, many advances
have occurred in the understanding of DC; however, many
unsolved issues remain. Six causative genes have been
identified, but mutations of these genes have been found in
only half of patients with DC. Telomere-related gene
mutations have been identified in patients with not only DC
but also in patients with idiopathic AA, pulmonary fibrosis,
and liver disease. These findings indicate that telomere-
related diseases have a broad spectrum and may represent a
new disease entity. A recent study demonstrated that
exogenous expression of TERC alone can increase telo-
mere activity and create growth potential and longevity in
both TERC mutant and DKCI mutant cells [48]. More
recently, Agarwal et al. [49] established induced pluripo-
tent stem cells derived from a patient with DC and showed
that the reprogrammed DC cells overcome a critical limi-
tation in TERC levels to restore telomere maintenance and
self-renewal. These findings indicate that drugs or gene
therapy that can upregulate TERC activity have attractive
therapeutic potential in patients with DC. Multicenter
prospective studies are warranted to establish appropriate
conditioning regimens aimed at reducing transplant-related
mortality. We should improve not only short-term out-
comes, such as hematological recovery, but also long-term
effects on vital organs, especially the lungs and liver, fol-
lowing stem cell transplantation.
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Twenty percent to 30% of transient abnor-
mal myelopoiesis (TAM) observed in new-
borns with Down syndrome (DS) develop
myeloid leukemia of DS (ML-DS). Most
cases of TAM carry somatic GATAT muta-
tions resulting in the exclusive expres-
sion of a truncated protein (GATA1s).
However, there are no reports on the
expression levels of GATA1s in TAM
blasts, and the risk factors for the progres-
sion to ML-DS are unidentified. To test
whether the spectrum of transcripts

derived from the mutant GATA7 genes
affects the expression levels, we classi-
fied the mutations according to the types
of transcripts, and investigated the mo-
dalities of expression by in vitro transfec-
tion experiments using GATAT7 expres-
sion constructs harboring mutations. We
show here that the mutations affected the
amount of mutant protein. Based on our
estimates of GATA1s protein expression,
the mutations were classified into GATA1s
high and low groups. Phenotypic analy-

ses of 66 TAM patients with GATA7 muta-
tions revealed that GATA1s low muta-
tions were significantly associated with a
risk of progression to ML-DS (P < .001)
and lower white blood cell counts
(P = .004). Our study indicates that quan-
titative differences in mutant protein lev-
els have significant effects on the pheno-
type of TAM and warrants further
investigation in a prospective study.
(Blood. 2010;116(22):4631-4638)

Introduction

In children with Down syndrome (DS), the risk of developing acute
megakaryocytic leukemia (AMKL) is estimated at 500 times
higher than in children without DS. Interestingly, neonates with DS
are at a high risk of developing a hematologic disorder referred to
as transient abnormal myelopoiesis (TAM). It has been estimated
that 5% to 10% of infants with DS exhibit the disorder, and in most
cases, it resolves spontaneously within 3 months. However,
approximately 20% of the severe cases are still subject to fatal
complications and 20% to 30% of patients who escape from early
death develop AMKL referred to as myeloid leukemia of DS
(ML-DS) within 4 years.!"*

Recent studies found that high white blood cell (WBC) count,
failure of spontaneous remission, early gestational age (EGA) and
liver fibrosis or liver dysfunction are significantly associated with
early death.>’ Most of the same covariates were found in all of the
reports. However, the risk factors for the progression to ML-DS
remain elusive.

Blast cells in most patients with TAM and ML-DS have
mutations in exon 2 of the gene coding the transcription factor
GATA1,%14 which is essential for normal development of erythroid
and megakaryocytic cells.!>!® The mutations lead to exclusive
expression of a truncated GATAL1 protein (referred to as GATA1s)

translated from the second methionine on exon 3. These findings
strongly suggest that the qualitative deficit of GATA1 contributes to
the genesis of TAM and ML-DS. The analysis of megakaryocyte-
specific knockdown of GATA! in vivo has revealed a critical role
for this factor in megakaryocytic development. Reduced expres-
sion (or complete absence) of GATA1 in megakaryocytes leads to
increased proliferation and deficient maturation as well as a
reduced number of circulating platelets.”®? Mice harboring a
heterozygous GATA I knockdown allele frequently develop erythro-
blastic leukemia.?! These observations indicate that the expression
levels of GATAl are crucial for the proper development of
erythroid and megakaryocytic cells and compromised GATA1
expression is a causal factor in leukemia.?? Nevertheless, the
impact of a quantitative deficit of the factor on the pathogenesis of
TAM and ML-DS has not been examined.

In this study, we classified the GATAI mutations observed in
TAM patients according to the types of transcripts, and investigated
the modalities of gene expression by in vitro transfection assays
using GATAI expression constructs. We report here that the
spectrum of the transcripts derived from the mutant genes affects
protein expression and the risk of progression from TAM to
ML-DS.
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Methods

Patients

This study was approved by the Ethics Committee of Hirosaki University
Graduate School of Medicine, and all clinical samples were obtained with
informed consent from the parents of all patients with TAM, in accordance
with the Declaration of Helsinki. The following clinical data were collected:
sex, gestational age, birth weight, time of diagnosis, symptom at diagnosis,
and clinical presentation. The following laboratory data were obtained: a
complete blood cell count at diagnosis including WBC and the percentage
of blasts in the peripheral blood, coagulation parameters, liver enzymes
(alanine aminotransferase and aspartate aminotransferase), and total biliru-
bin. The procedure for the detection of GATAI mutations was described
previously.!* Genomic DNA was directly extracted from peripheral blood
or bone marrow with the QIAamp blood mini kit (QIAGEN). Total RNA
was extracted from white blood cells prepared by removal of erythrocytes
by hypotonic buffer treatment of peripheral blood. Clinical features,
outcomes, and characteristics of GATAI mutations are indicated in Table 1.

Construction of GATA1 expression vectors

To construct GATA] minigene expression vectors, fragments of the normal
human GATAI gene from a part of intron 1 to the stop codon located on
exon 6 were amplified by polymerase chain reaction (PCR; Prime STAR
HS: Takara Bio) and subcloned to mammalian expression vector pcDNA3.1
(+)/Neo (Invitrogen). To introduce mutations identical to those observed in
TAM patients into the expression vector, the regions containing mutations
were amplified by PCR from patient samples and inserted into the
expression plasmid. To construct expression vectors carrying cDNA,
we performed PCR using cDNA derived from baby hamster kidney
21 (BHK-21) cells transfected with GATA! minigene vectors. The PCR
products were subcloned to pcDNA3.1(+)/Neo. Details of the sequence of
each expression construct are described in Table 2.

Transfection

BHK-21, a baby hamster kidney fibroblast cell line, was cultured
with Dulbecco modified Eagle medium supplemented 10% fetal bovine
serum. GATAI expression vectors were transfected into BHK-21 cells
using FuGENE HD transfection reagent (Roche Diagnostics) according
to the manufacturer’s methods. After 24 hours, protein and total RNA
were extracted.

Western blot analysis

Lysates of transfected BHK-21 cells were transferred to Hybond-P
(GE Healthcare) and processed for reaction with anti-GATAI antibody
M-20 (Santa Cruz Biotechnology) or anti-neomycin phosphotransferase
11 (NeoR) antibody (Millipore) as described previously.?

Northern blot analysis

Two micrograms of total RNA were transferred to Hybond-N+ (GE
Healthcare) and hybridized with GATAI or NeoR DNA probe. Hybridiza-
tion and detection were performed with the Gene Images AlkPhos Direct
Labeling and Detection System (GE Healthcare) according to the manufac-
turer’s instructions.

RT-PCR

To detect alternatively spliced transcripts derived from GATAI minigene
constructs or from patients’ peripheral blood mononuclear cells (obtained
by Ficoll-Hypaque fractionation), we performed reverse transcription
(RT)-PCR using primers T7: 5" AATACGACTCACTATAG 3’ and GATA1
AS1, and GATA1 S1 and GATA1 ASI1, respectively.> Densitometric
analyses were performed by the Quantity-One software (Version 4.5.2;
Bio-Rad Laboratories).

only.
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Statistical analysis

The cumulative incidence of the progression to ML-DS was analyzed with
the Gray test. Differences in the distribution of individual parameters
among patient subsets were analyzed using the Pearson x? test or Fisher
exact test for categorized variables and the Mann-Whitney U test for
continuous variables. The univariate Cox proportional hazards model was
used to obtain the estimates and the 95% confidence interval of the relative
risk for prognostic factors.

Results
Patient characteristics and outcomes

From 2003 to 2008, we screened GATAI mutations in clinical
samples obtained from 78 patients with TAM upon request from
referring hospitals. Acquired GATAI mutations were detected in a
total of 72 (92.3%) patients among them. Of the 72 patients,
6 harbored multiple GATA I mutant clones and were excluded from
this study because we could not determine a dominant clone in
these patients. Those 6 have not progressed to ML-DS. For the
remaining 66 patients (32 male and 34 female), the clinical
characteristics and laboratory data at diagnosis are described in
Table 1 and summarized in Table 3. Early death within the first
6 months of life occurred in 16 patients (24.2%). The covariates
correlated with early death were as follows: EGA, low birth weight,
high WBC count at diagnosis, high percentage of peripheral blast
cells, complication of effusions, and bleeding diatheses. These
prognostic factors were identified in previous studies.’” Eleven
(16.7%) cases subsequently developed ML-DS. The median age at
diagnosis of ML-DS was 396 days (range 221-747 days). Univari-
ate analysis revealed no covariates correlated with progression to
ML-DS except the low total bilirubin level at diagnosis (P = .023).

GATA1 mutations affect expression levels of GATA1s protein

We first asked whether the spectrum of transcripts derived from the
mutant GATAI genes affected the expression levels of the transla-
tion products. The transcripts coding GATA 1s protein were catego-
rized into 3 groups as follows: loss of the first methionine, splicing
errors, and premature termination codon (PTC). Furthermore, the
PTC group was divided into 2 subcategories by the location of
introduced PTC. In this report, we refer to the mutation that causes
PTC before the second methionine at codon 84 as PTC type 1, and
after codon 84 as PTC type 2. We constructed cDNA expression
vectors for each class of mutations observed in TAM patients, and
transfected these constructs into BHK-21 cells (Figure 1). The
details of the GATAI mutations are described in Table 2. Western
blot analysis revealed that GATA1s proteins were most abundantly
expressed in mutants with splicing errors. The transcripts from
mutants that had lost the first methionine were also efficiently
translated. In contrast, in the cells expressing PTC type 1 or type
2 constructs, GATA1s expression levels were uniformly low. Note
that the translation efficiency of the PTC type 2 transcripts was
lowest among them.

To test the possibility that mutations in GATAI have an effect on
the quantity of the transcripts, we next prepared human GATAI
minigene expression vectors, and assessed the expression levels.
Consistent with the results using cDNA expression vectors, West-
ern blot analysis showed that the expression levels of GATAls
were lower in cells expressing PTC type 2 mutations, whereas the
expression levels of the proteins from PTC type 1 mutations were
not uniformly low (Figure 2Ai). Northern blot analysis revealed
that the lowest expression levels of GATA! mRNAs were observed

_73_



From www.bloodjournal.org at MEDICAL LIBRARY OF NAGOYA UNIV on January 6, 2011. For personal use

only.

BLOOD, 25 NOVEMBER 2010 - VOLUME 116, NUMBER 22 PROGRESSION FROM TAM TO ML-DS AND GATA1 MUTATION 4633
Table 1. Clinical features and mutation characteristics in TAM patients with GATA1 mutations

PatientNo. Sex WBC, x109L Outcome GATA1 mutation* Consequence of mutation Mutation type
11324 F 63.9 CR 207 C>G Tyr69stop PTC1-3

21 F 89.0 Early death 199 G>T Glu67stop PTC1-3'

3n F NA NA 174 ins 19 bp CAGCCACCGCTGCAGCTGC Frame shift at codon58, stop at codon 73 PTC 1-3

413 F 128.8 CR IVS1 to IVS2 del 1415 bp Splice mutant Splicing error
513 E NA NA 49C>T GlIn17stop PTC1-5

6" F 248.6 NA Loss of 2nd exon Splice mutant Splicing error
mn F 31.2 CR Loss of 2nd exon Splice mutant Splicing error
81e M 199.6 CR —11to +33del 44 bp No translation from Met1 Loss of 1st Met
913 M 44.9 Early death 45ins C Frame shift at codon15, stop at codon 39 PTC1-5'

1013 M 50.9 CR 37G>T Glu13stop PTC1-5

1113 F 103.0 Early death 90-91 del AG Frame shift at codon 30, stop at codon 38 PTC 1-5'

1213 F 14.6 Evolved to ML-DS 116del A Frame shift at codon 39, stop at codon 136 PTC2

1313 M 423.0 CR 185ins 22 bp GCTGCAGCTGCGGCACTGGCCT Frame shift at codon 62, stop at codon 74 PTC1-3'

1413 M 201.2 CR 189 C>A Tyr63stop PTC1-3’

151 M NA NA 1A>G No translation from Met1 Loss of 1st Met
1613 F 28.3 CR 189 C>A Tyr63stop PTC1-3'

1713 M 203.0 Evolvedto ML-DS ~ 38-39 del AG Frame shift at codon 13, stop at codon 38 PTC1-5'

1813 M 31.3 CR 189C>A Tyr63stop PTC1-3

1913 M NA NA 90-91 del AG Frame shift at codon 30, stop at codon 38 PTC 1-5

2013 F 114.0 Early death 187ins T Frame shift at codon 63, stop at codon 67 PTC 1-3’

2125 F 26.0 Evolved to ML-DS 194 ins 20 bp GGCACTGGCCTACTACAGGG Frame shift at codon 65, stop at codon 143 PTC2

2225 F 25.0 Evolved to ML-DS 194 ins 20 bp GGCACTGGCCTACTACAGGG Frame shift at codon 65, stop at codon 143 PTC2

23 F 49.9 CR 3G>T No translation from Met1 Loss of 1st Met
24 F 46.2 NA IVS1 3’ boundary AG>AA Splice mutant Splicing error
25 F 10.5 CR 194 ins 19 bp GCACTGGCCTACTACAGGG Frame shift at codon 65, stop at codon 73 PTC1-3'

2624 F 244.0 Evolved to ML-DS 1A>G No translation from Met1 Loss of 1st Met
27 F 38.3 CR Loss of 2nd Exon Splice mutant Splicing error
2824 F 34.6 CR IVS1 to exon2 del 148 bp Splice mutant Splicing error
29 M 25.9 Evolved to ML-DS 160ins TC Frame shift at codon 54, stop at codon 137 PTC2

30 F 52.3 Evolved to ML-DS 187 ins CCTAC Frame shift at codon 63, stop at codon 138 PTC2

31 F 221.0 CR 183-193 del 11 bp CTACTACAGGG Frame shift at codon 62, stop at codon 63 PTC1-3'

32 M 149.7 CR 2T>G No translation from Met1 Loss of 1st Met
33 M 132.3 Evolved to ML-DS 101-108 del 8 bp TCCCCTCT Frame shift at codon 34, stop at codon 36 PTC 1-5'

3424 F 220.0 Early death 90-91 del AG Frame shift at codon 30, stop at codon 38 PTC 1-5'

3524 M 166.0 Early death IVS2 5’ boundary GT>CT Splice mutant Splicing error
362 M 57.6 Early death 193-199 GACGCTG>TAGTAGT Asp65stop PTC1-3'

3724 M 2476 Early death Exon2 to IVS2 del 218 bp Splice mutant Splicing error
382 M 93.3 Early death IVS1 3’ boundary AG>AA Splice mutant Splicing error
3924 M 290.8 Early death 186ins 12 bp GGCACTGGCCTA Tyr62stop PTC1-3'

40 F 7.8 CR 2T>C No translation from Met1 Loss of 1st Met
4124 M 136.6 Early death IVS2 5' boundary GT>GC Splice mutant Splicing error
42 M 33.1 Early death 187ins 8 bp TGGCCTAC Frame shift at codon 63, stop at codon 139 PTC2

43 M 9.0 CR 22ins G Frame shift at codon 8, stop at codon 39 PTC 1-5'

44 M 241 Evolved to ML-DS 149ins 20 bp AGCAGCTTCCTCCACTGCCC Frame shift at codon 50, stop at codon 143 PTC2

4524 F 53.3 CR 173 C>TGCTGCAGTGTAGTA Frame shift at codon 58, stop at codon 141 PTC2

46 F 119.0 CR 1A>C No translation from Met1 Loss of 1st Met
47 M 33.0 CR 189 C>A Tyr63stop PTC1-3'

48 M 178.2 Early death 188 ins 22 bp GCAGCTGCGGCACTGGCCTACT Frame shift at codon 63, stop at codon 74 PTC1-3'

49 F 73.6 CR 3G>A No translation from Met1 Loss of 1st Met
50 F 12.9 CR 158ins 7 bp AGCACAG Frame shift at codon 53, stop at codon 69 PTC 1-5'

51 M 13.0 CR 154-161 del 8 bp ACAGCCAC Frame shift at codon 52, stop at codon 64 PTC 1-5'

52 M 105.5 Early death 4G>T Glu2stop PTC1-5'

53 F 98.3 CR 4G>T Glu2stop PTC1-5'

54 F 356.9 CR 219A>C Splice mutant Splicing error
55 F 25.8 Evolvedto ML-DS  157ins CA Frame shift at codon 53, stop at codon 137 PTC2

56 M 97.4 Evolved to ML-DS 185-188 del 4 bp ACTA Frame shift at codon 62, stop at codon 135 PTC2

57 F 97.3 Early death 3G>A No translation from Met1 Loss of 1st Met
58 M NA CR 3G>A No translation from Met1 Loss of 1st Met
59 M 20.2 CR 150ins 5 bp TGGCT Frame shift at codon 50, stop at codon 52 PTC1-5'

60 M 133.4 CR 174ins 19 bp CAAAGCAGCTGCAGCGGTG Frame shift at codon 58, stop at codon 73 PTC1-3

61 M NA CR 220G>T Splice mutant Splicing error
62 M 120.2 CR 220 G>A Splice mutant Splicing error
63 F 39.0 CR 97-139 del 43 bp Frame shift at codon 33, stop at codon 122 PTC2

64 F NA NA 156ins C Frame shift at codon 52, stop at codon 67 PTC 1-5

65 v 324 CR 174ins 7 bp CTGCAGC Frame shift at codon 58, stop at codon 69 PTC 1-3’

66 M 69.4 Early death 174-177 GGCA>TGCGGTGG Frame shift at codon 58, stop at codon 68 PTC1-3

We previously reported the GATA1 mutations of the indicated patients.

F indicates female; M, male; CR, complete remission; NA, not available; and IVS, intervening sequence.

*For cDNA nucleotide numbering, nucleotide number 1 corresponds to the A of the ATG translation initiation codon in the reference sequence.
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