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Abstract: Leukemia associated antigens (LAAs) are being increasingly identified by methods such as cytotoxic T-lymphocyte
(CTL) cloning, serological analysis of recombinant cDNA expression libraries (SEREX) and mass spectrometry (MS). In
additional, large scale screening techniques such as microarray, single nucleotide polymorphisms (SNPs), serial analysis of
gene expression (SAGE) and 2-dimensional gel electrophoresis (2-DE) have expanded our understanding of the role that
tumor antigens play in the biological processes which are perturbed in acute myeloid leukemia (AML). It has become
increasingly apparent that these antigens play a dual role, not only as targets for immunotherapy, but also as biomarkers of
disease state, stage, response to treatment and survival. We need biomarkers to enable the identification of the patients who
are most likely to benefit from specific treatments (conventional and/or novel) and to help clinicians and scientists improve
clinical end points and treatment design. Here we describe the LAAs identified in AML, to date, which have already been
shown to play a dual role as biomarkers of AML disease.
Abbreviations: AML: acute myeloid leukemia; APL: acute promyelocytic leukemia; ATRA: all-trans-retinoic acid; B-CLL:
B-cell chronic lymphocytic leukemia; CT: cancer-testis; CTL: cytotoxic T-lymphocyte; FAB: French-American-British;
HI: hypusination inhibitors; HSP: heat shock protein; ITD: internal tandem duplication; LAA: leukemia associated antigen;
MDS: myelodysplastic syndrome; MGEA6: meningioma antigen 6; MPD: myeloproliferative disease; MS: mass spectrometry; NK: natural killer; PRAME: preferentially expressed antigen of melanoma; PRTN3: proteinase 3; RAGE-1: renal
antigen 1; RHAMM: receptor for hyaluronic acid-mediated motility; RQ-PCR: real-time PCR; SAGE: serial analysis of
gene expression; SCT: stem cell transplant; SEREX: serological analysis of recombinant cDNA expression libraries; SNPs:
single nucleotide polymorphisms; UPD: uniparental disomy; WHO: World Health Organization; WT1: Wilm’s Tumor gene 1.
Keywords: Acute myeloid leukemia, leukemia/tumor-associated antigens, immunotherapy, cancer-testis antigens, SEREX,
microarray, mass spectrometry.

Introduction

Acute myeloid leukemia (AML) describes a heterogeneous group of diseases which are typified by the
outgrowth of immature hematopoietic cells, known as blasts, in the bone-marrow and peripheral blood.
Most patients with AML, who are younger than 60 years of age, achieve complete remission after
polychemotherapy and/or stem cell transplantation (SCT) (Tallman et al. 2005). However, it is subsequent relapse with it’s high associated morbidity that leads to five year survival rates of approximately
50% (Lowenberg et al. 1999). It should be noted that the median age of AML patients is 63 years and
for the majority of patients with AML, who are over 60 and ineligible for SCT, the rate of complete
remissions are markedly reduced to 11% (Rowe et al. 2004). The karyotype provides the most important
prognostic information in adult AML (Grimwade et al. 1998). Multivariate analysis revealed that an
age above 70 was the other major negative prognostic factor for overall survival besides high-risk
cytogenetics (Frohling et al. 2006). However, using conventional chromosome banding analysis,
approximately 50% of AML patients lack chromosomal aberrations. For these AML patients, molecular
genetic approaches become of major importance. The World Health Organization (WHO) classification
system (Vardiman et al. 2002) (overviewed in Figure 1) replaces the preceding French-American-British
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(FAB) classification system and in addition to
clinical data, also takes into consideration biological characteristics, such as morphology, cytochemistry, immunophenotype, cytogenetics and molecular biology. The separation of subgroups also
allows the distinction of prognostic parameters
and the identification of patients who are better
suited to specific treatment strategies.
Immunotherapy offers an opportunity to
remove residual diseased cells in remission and
can potentially reduce or eliminate the risk of
relapse. During the last 20 years significant
improvements have occurred in our ability to
identify tumor antigens. Originally leukemia
associated antigens (LAAs) were identified by
virtue of their role in leukemogenesis and were
subsequently shown to be immunogenic. The
serological analysis of recombinant cDNA
expression libraries (SEREX) technique allowed
the identification of LAAs due to their recognition
by humoral responses but also led to the demonstration that these antigens were recognized by
CD4+ and CD8+ T cells as well as B-cells. More
recently microarray, single nucleotide polymorphisms
(SNPs) and 2-dimensional gel electrophoresis (2-DE)
have allowed the large scale analysis of gene, RNA
and protein differences between patient and
normal donor samples.
We have had a particular interest in identifying
LAAs which may act as targets for the immunotherapy of AML. Tumor antigens such as Wilm’s
tumor (WT1) (Menssen et al. 1995), preferentially

expressed antigen of melanoma (PRAME) (Ikeda
et al. 1997), proteinase 3 (PRTN3) (Molldrem
et al. 1996) and the receptor for hyaluronic acid
mediated motility (RHAMM/CD168) (Greiner et al.
2002) have been used with some success in phase
I/II clinical trials (Greiner et al. 2005; Guinn et al.
2006b; Heslop et al. 2003; Li et al. 2006; Mailander
et al. 2004; Oka et al. 2004) (reviewed elsewhere in
Guinn et al. 2006b; Heslop et al. 2003). In addition,
a growing group of LAAs have been shown to play
a dual role as biomarkers in AML. In this review we
describe some of these LAAs, whose capacity to act
as biomarkers of disease stage, disease progression,
relapse and survival have already been demonstrated.

Associations between LAAs,
Subgroups and Cytogenetics

Apart from acute promyelocytic leukemia (APL),
none of the remaining subgroups of AML have a
single cytogenetic aberration associated with all
samples from that subtype (Figure 1). The
PML-RARα oncogene is a chimeric protein
produced by the t(15;17) translocation in APL and
has been used as a target for DNA vaccinations in
mice (Padua et al. 2003). This work clearly showed
that a combination of conventional treatment (in
this case all-trans-retinoic-acid) and immunotherapy could effectively improve survival rates
in an animal model of APL. This work is now
progressing into human clinical trials. Of note

WHO classification categories
Acute myeloid leukaemia with recurrent
cytogenetic abnormalities

including •t(8;21)(q22;q22)(AML1/ETO)
•t(15;17)(q22;q12)(PML/RARα)
•inv(16)(p13q22)(CBFβ/MYH11)

Previously incorporated in:
FAB subgroup M2
FAB subgroup M3
FAB subgroups M4 & M5

Acute myeloid leukaemia with
multilineage dysplasia

•Acute myeloid leukaemia, minimally
differentiated
Acute myeloid leukaemia and
•Acute myeloid leukaemia without
myelodysplastic syndrome, therapy related
maturation
including
Acute myeloid leukaemia, not otherwise
•Acute myeloid leukaemia with
categorized
maturation
•Acute myelomonocytic leukaemia
•Acute myeloblastic/acute monocytic
leukaemia
•Acute erythroid leukaemia
•Acute megakaryoblastic leukaemia
•Acute basophilic leukaemia

Broadly representing
FAB subgroups
M0, M1 and M2

Broadly representing
FAB subgroups
M4, M5, M6 & M7

Figure 1. Subclassification of AML by the WHO system. Diagnosis of AML based on the World Health Organisation (WHO) classification
system (based on review by Vardimann et al. 2002) which superseded the French-American-British (FAB) classification system.
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secondary cytogenetic changes occur in 32% (of
161) APL patients examined and are associated
with longer complete remission and event free
survival (P = 0.03) in patients treated with chemotherapy (Slack et al. 1997).
However, some genes are overexpressed in
AML and are associated with specific subgroups
of AML, such as PRAME. PRAME was first identified as an antigen in human melanoma by virtue
of patient CTLs (Ikeda et al. 1997). PRAME is
expressed in 45% of AML M2 and 75% of AML
M3 patients (Matsushita et al. 2004) and PRAME
positive patient samples have been shown to be
susceptible to lysis by PRAME-specific CTLs
(Morandi et al. 2006).
Heat shock proteins (HSPs) may be referred to
as molecular chaperones and are found in both
normal and cancerous cells. These proteins are
immunogenic, with the specificity of the immune
response being dictated by the peptides they chaperone (reviewed in Binder, 2006). Recent studies
have investigated their frequency of expression
and shown that HSP90 and 110 expression are
associated with FAB M5 subtype and unfavorable
and intermediate karyotypic groupings (Thomas
et al. 2005).
WT1 is overexpressed in most types of human
adult leukemia, and overexpressed in 90% of
AML patients, except in AML FAB group M5,
where expression occurs less frequently (Bergmann
et al. 1997; Inoue et al. 1994; Miwa et al. 1992). A
phase I clinical trial was recently described in which
AML, MDS, breast and lung cancer patients were
injected with either a naturally occurring or modified WT1 peptides. Twelve of 20 patients (who
could be assessed) showed clinical responses and
these could be clearly correlated with increased
frequencies of the number of WT1 specific CTLs
(Oka et al. 2004).
RAS is one of the most frequently occurring
mutations in cancer and has been shown to play
roles in the subversion of proliferation and differentiation. RAS has also been shown to lead to
enhanced apoptosis in preleukemic bone marrow
(Darley et al. 1997) and conversely growth factor
independence, leading to the avoidance of apoptosis in immortalized cells (Kinoshita et al. 1995).
Peptide immunizations with a 13’mer peptide which
represented patients own tumor ras led to ras-specific
CD4+ and/or CD8+ responses. In addition, CD8+ T
cells specific for the Gly to Val mutation led to the
killing of cells from a HLA-A2 matched tumor cell
Biomarker Insights 2007: 2

line carrying the corresponding mutation, but not
those cells carrying wild type RAS (Khleif et al.
1999). The NRAS mutation has been shown to be
overrepresented in AML patients with the t(3;5)
translocation and under represented in the t(15;17)
subgroup (P < 0.001 for each) (Bowen et al. 2005).
In the same study KRAS was shown to be overrepresented in the inv(16) group (P = 0.004) while
RAS mutations and FLT3 ITD were rarely found
to co-exist (P < 0.001).
Bcl-2 is an anti-apoptotic protein which plays
a pivotal role in preventing apoptotic cell death.
Similarly it is thought that the targeting of cells
which overexpress Bcl-2 has the potential to kill
only those cancer cells with an associated growth
advantage. Andersen et al. (Andersen et al. 2005)
demonstrated that patients with AML had spontaneously arising CTL-reactivity against Bcl-2 in
patients but not normal donors, suggesting that
vaccines against Bcl-2 could be effective against
tumor cells which overexpress this protein. Bcl-2
overexpression has been shown to be associated
with the M4 and M5 subtypes (p < 0.01) (Daneshbod
et al. 2005).
Telomerase reverse transcriptase (hTERT) is
involved in telomere elongation and is frequently
found to be expressed in human cancers and rarely
in normal tissues. It has been the target of a number
of immunotherapy clinical trials (reviewed in
Carpenter and Vonderheide, 2006), due to it’s tumor
associated expression. Monocyte derived dendritic
cells from an AML cell line, were used to generate
functional CTL clones with specificity for hTERT
(Santegoets et al. 2006). In addition to it’s expression
in cancer and cancer stem cells, in AML hTERT
levels have been found to be associated with CD34
expression and chromosomal abnormalities
(P = 0.01 and P = 0.001, respectively) (Xu et al.
1998). Elevated hTERT levels have been associated
with patients less likely to achieve complete remission (Zhang et al. 1996) and in patients with
relapsed, rather than those newly diagnosed with
AML (Huh et al. 2005; Tatematsu et al. 1996).
Using microarray analysis on 195 AML patient
samples at presentation Guinn et al. (Guinn et al.
2006a) showed an association between the expression of the LAA, meningioma antigen 6 (MGEA6)
(Heckel et al. 1997), and FAB subgroup. The renal
antigen 1 (RAGE-1) (Gaugler et al. 1996) was also
found to segregate with the less differentiated
forms of AML as dictated by FAB subgroup but
not by WHO subgroup, suggesting that both
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RAGE-1 and MGEA6 could be targeted, by immunotherapy, to the less differentiated forms of AML
as indicated by FAB subtype.
Greiner et al. (Greiner et al. 2006) also examined a large dataset of 116 AML patient samples
which had previously been analyzed by microarray.
They showed an association between PRAME,
PRTN3, LAMR1 and G250/CA9 and distinct
karyotypes. Higher levels of PRAME expression
was associated with t(8;21), del(7q)/–7 and t(15;17)
while complex karyotypes and inv(16) were associated with lower levels of PRAME expression. A
higher relative level of PRTN3 was associated
t(8;21) and inv(16) while t(9;11) and del(7q)/–7
were associated with lower levels. Higher expression of LAMR1 and G250/CA9 was associated
with del(7q)/–7, while G250/CA9 higher levels
were associated with t(9;11). Complex karyotypes
and t(15;17) were associated with lower relative
levels of expression of G250. They also found WT1
expression to be associated with the presence of
FLT3 ITDs.

Tumor Antigens as Biomarkers
of Survival

Bergmann et al. showed that high levels of WT1
mRNA in AML were associated with poor long term
outcome (Bergmann et al. 1997; Trka et al. 2002)
while others have found no correlation (Gaiger
et al. 1998; Greiner et al. 2006; Schmid et al. 1997;
Yanada et al. 2004). This may be explained in part
by the cut off for “high levels” of expression
chosen by the authors, the methods of detection
and the sample source. Quantitative assessment of
WT1 transcripts using a nested reverse transcription PCR titration assay indicated an association
between the good and standard cytogenetic risk
groups and poorer outcome in >90% of patients
(Garg et al. 2003). The same study also showed a
positive correlation between WT1 transcript levels
and remission rates, disease free survival and
overall survival (P = 0.003). Wt1 has been shown
to regulate the expression of the proto-oncogene
bcl-2, and expression of the two genes correlate
significantly (Karakas et al. 2002). In patients <60
years of age, expression of BCL-2 and WT1 were
associated with a reduced rate in continuing
complete remission and increased death rate, in
contrast to patients >60 years, where expression
of these genes had no association with survival
rates. Of note RAS mutations were not found to
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influence clinical outcome in terms of overall
survival, disease free survival, complete remission
or relapse rates (Bowen et al. 2005).
In addition to it’s role as a marker of prognosis
for AML patients (Kottaridis et al. 2001; Kottaridis
et al. 2002) FLT3 has been used as a target for a
humanized antibody (Li et al. 2004) which has
been shown to have anti-FLT3 effects on leukemic
cell lines in vitro and in xenograft models. Other
groups have examined FLT3-ITD expression in
AML and although it has been found to be associated with AML progression from MDS and a worse
outcome in patients with AML in general (Pollard
et al. 2006; Shih et al. 2004), this is still a matter
for debate in APL. Gale et al. (Gale et al. 2005)
examined FLT3 mutations in 203 PML-RARα
positive APL and looked for associations between
biological characteristics and response to targeted
therapy. They found that patients with mutant FLT3
had a higher rate of induction death (P = 0.04) but
there was no significant difference in relapse risk
or overall survival at 5 years. Callens et al. (Callens
et al. 2005) found that FLT3-ITD was associated
with high white cell count, high Sanz index and
M3 variant isoforms. Although FLT3-ITD was
associated with a trend towards poorer overall
survival, RAS and FLT3-ITD mutations were not
associated with complete remission, induction
death or death in complete remission.
In 2002, Steinbach et al. (Steinbach et al. 2002)
showed that the PRAME gene was expressed by
CD34+ stem cells which they suggested may
constitute a problem for its targeting in tumor
immunotherapy. They found overexpression of
PRAME in 62% (n = 31) of childhood AML
patients and that the rates of overall and diseasefree survival were higher in patients with elevated
levels of expression. They also found that PRAME
expression was significantly higher in patients with
t(8;21). Conversely, in adult AML Paydas
et al. (Paydas et al. 2005) found that 30% of AML
patient samples analyzed had PRAME expression
(n = 74) and did not find any correlation between
PRAME expression and clinical characteristics,
including response to therapy, progression-free and
overall survival. PRAME was reported to have its
highest level of expression in patients harboring
the t(8;21) translocation and that unlike WT1, its
expression levels correlated inversely with prognosis (Steinbach et al. 2002).
Bcl-2 is one of the antiapoptotic, and bax one
of the proapoptotic genes, which regulate the mitoBiomarker Insights 2007: 2
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chondrial-mediated pathway of apoptosis (Oltvai
et al. 1993). Bcl-2 has been shown to prolong the
survival of leukemia cells (Mariano et al. 1992).
Del Poeta et al. (Del Poeta et al. 2003) showed that
an elevated bax/bcl-2 ratio was associated with a
longer overall survival and disease free survival in
patients (p = 00001 and p = 0.019, respectively) in
a study of 225 de novo AML patients by flow
cytometry. Of particular interest bax/bcl-2 levels
accurately predicted clinical response and outcome
in patients with normal or unknown cytogenetics.
In this group of patients (n = 147, 65% of the total
patients analyzed) a higher bax/bcl-2 ratio was
associated with a higher complete remission rate
(p = 0.0016) and a longer overall survival. These
data suggest that the measurement of the bcl-2:bax
ratio in patient samples may be used as a sensitive
indicator of clinical outcome. Previously Borg
et al. (Borg et al. 1998) had shown that bcl-2
expression was not related to survival while Ong
et al. (Ong et al. 2000) had shown that high bax
expression was a good prognostic indicator in
AML, with patients exhibiting high bax expression
at diagnosis having a significantly better prognosis
for disease-free, event-free and overall survival
(p = 0.016). This suggests that it is in fact bax
which is the prognostic indicator in the studies of
bax/bcl-2 levels. However earlier studies indicated
a poor prognostic association with high bcl-2
expression in AML (Russell et al. 1995) and with
shorter survival, complete remission and complete
remission durations (Daneshbod et al. 2005), indicating that either low bax and/or high bcl-2 levels
give a worse prognostic indication. Survivin is a
member of the inhibitor of apoptosis protein
family, which by immunocytochemistry was never
found in normal samples but was found in almost
all AML patient samples examined (Invernizzi
et al. 2004). Wagner et al. (Wagner et al. 2006)
examined Survivin, the predominant transcript
variant in AML, for it’s expression and that of the
splice variants survivin-2B and survivin-∆Ex3 in
74 adults with AML. They found that low expression of survivin-2B correlated with better overall
survival and event free survival (p ≤ 0.01; 27
months vs. 10 months) unlike Survivin and
survivin-∆Ex3.
In a study of 98 newly diagnosed AML patients,
cytogenetics, CD34 positive expression, multidrug
resistance positive expression and HSP110 positive
expression were found to be major prognostic
factors for overall survival (Thomas et al. 2005).
Biomarker Insights 2007: 2

The group found that despite treatment differences
higher expression of all HSPs seemed to correlate
with lower complete remission rates and shorter
survival. In addition they found that expression of
all HSPs were related to bcl-2 expression perhaps
reflecting the already established role of HSPs (such
as HSP27, 60, 70 and 90) in apoptotic pathways.
By microarray analysis Guinn et al. (Guinn
et al. 2006a) found no association between RAGE1 and/or MGEA6 expression (present or absent
calls) and survival, however, MGEA6 expression
was found to occur more frequently in patients who
had cytogenetic abnormalities associated with poor
versus standard versus good survival and the difference between each was statistically significant
(p < 0.0001, Chi2 pairwise analysis). Of note, no
correlation was found between present and absent
calls and patient survival when examining CA9,
PRAME, RHAMM, RAGE-1 or MGEA6 expression
individually or in combinations of CA9, PRAME
and RHAMM or RAGE-1 and MGEA6 (Guinn
et al. 2007). However when high or low MGEA6
expression (as compared to the median level of
expression) was examined in patients with present
calls, a trend towards improved survival and
elevated MGEA6 expression (p = 0.148) was
found.
Greiner et al. (Greiner et al. 2006) found a
correlation between high G250/CA9 mRNA expression levels (as compared with the median in G250/
CA9 expressers) and a longer overall survival
(p = 0.022). This trend was replicated with PRAME
(p = 0.103) and a similar suggestion was found for
RHAMM (p = 0.284). Of interest they showed that
expression of at least one of the three TAAs,
RHAMM/HMMR, PRAME or G250/CA9, provided
the most favorable prognostic score (P = 0.005).
They also found no correlation between PRTN3,
WT1, TERT or LAMR1 and outcome, however
elevated levels of BCL-2 suggested poorer overall
survival although this was not statistically significant
(p = 0.250).
Rather than using the median as a cut off point
above which G250/CA9, PRAME, RHAMM and
MGEA6 expression were shown to be associated
with improved prognosis (Greiner et al. 2006),
there has been a recent suggestion that a group of
“distinctly” high expressing AML patients could
be identified by real-time PCR (RQ-PCR) (Guinn
et al. 2007). In the case of CA9/G250 and PRAME
the existence of a group of patients (36% and 54%,
respectively) with a 1 log higher expression than that
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of normal donors and the remaining AML patients
were found. It was suggested that survival in this
group of distinctly high expressers should be
compared to normal donors and the remaining
AML patients for future analyses of survival.

Biomarkers for Minimal Residual
Disease (MRD)

The analysis of MRD provides an indication of
when molecular remission is achieved, through the
RQ-PCR analysis of transcript levels from genes
which are associated with disease load. However
until recently AML has lacked good markers of
MRD (reviewed in Raanani and Ben-Bassat, 2004).
Data from studies using RQ-PCR protocols to
monitor MRD in AML patients with t(8;21),
inv(16) and t(15;17) transcripts (Krauter et al.
1999; Marcucci et al. 2001; Martinelli et al. 2003;
Miyamoto et al. 1995; Tobal et al. 2001; Tobal
et al. 2000; Tobal and Yin, 1996; Viehmann et al.
2003) support the capacity of RQ-PCR analysis to
be used to detect very low transcript levels and
their rise with ensuing relapse (reviewed in Guinn
and Tobal, In press; Raanani and Ben-Bassat, 2004;
Yin & Grimwade, 2002). However, to date, AML
patients with identified fusion genes represent
approximately 55% of all AML cases and encompass a vast list of aberrations. There is, therefore,
a need to identify alternative gene targets that are
either specifically expressed or significantly
upregulated in leukemic cells in the majority of
AML patients. The exception to this is PML-RARα
in the AML M3 subgroup which provides an excellent and very specific marker for MRD. Studies
have shown that rigorous testing of PML-RARα
transcripts and pre-emptive treatment at the point
of molecular relapse can improve survival rates in
a relatively small group of low risk patients
(reviewed in Grimwade and Lo Coco, 2002).
We would expect that LAAs such as RHAMM,
PRAME, and WT1 (reviewed in (Sugiyama, 1998)
would provide better markers of MRD due to their
frequent expression in AML patients samples as
compared to cancer-testis (CT) antigens such as
HAGE (Adams et al. 2002), BAGE (Greiner et al.
2004), RAGE-1 (Guinn et al. 2005b), PASD1
(Guinn et al. 2005a) and MAGE-A3 (Martinez
et al. 2007) whose expression was, at most, found
in 33% of AML patients at presentation. Although
CT antigens show leukemia specific expression and
are not detected in normal tissues, LAAs are often
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found to have elevated levels of expression in
leukemia cells compared with equivalent normal
donor cells. Greiner et al. (Greiner et al. 2004)
reported the detection of high expression levels
of a number of LAAs including MPP11, RHAMM,
WT1, PRAME, G250, hTERT, and BAGE using
RQ-PCR in AML patients. In addition they
reported that RQ-PCR showed a tumor-specific
expression of the antigens BAGE, G250 and
hTERT, as well as highly tumor-restricted expression for RHAMM, PRAME and WT1. Antigens
such as WT1 and PRAME have already been
shown to play a predictive role in the monitoring
of MRD (Greiner et al. 2006; Inoue et al. 1994;
Matsushita et al. 2001).
WT1 has been shown to be a marker of
MRD by several groups (Cilloni et al. 2002;
Inoue et al. 1996; Osborne et al. 2005; Weisser
et al. 2005) reviewed in (Sugiyama, 1998), with
the suggestion that this would provide a tool for
monitoring MRD in 70% of AML patients (Ostergaard et al. 2004). Cilloni et al. (Cilloni et al. 2002)
showed that normal and regenerating bone marrow
samples and purified CD34 + cells expressed
minimal amounts of the WT1 transcripts. They also
showed that WT1 transcripts were frequently
undetectable in normal peripheral blood. In contrast
they found high levels of WT1 in the peripheral
blood and bone marrow samples from acute
leukemia patients at diagnosis and that the WT1
transcript levels followed the pattern of other
molecular markers, such as fusions transcripts,
used in current MRD monitoring protocols. Most
significantly they and Barragan et al. (Barragan
et al. 2004) found that increased WT1 transcript
levels in the bone marrow and/or peripheral blood
were predictive of impending relapse. Garg et al.
(Garg et al. 2003) were able to show that the
monitoring of WT1 transcripts in AML patients by
RQ-PCR could predict relapse in patients up to 6
months before the onset of clinical relapse. The
data showed that WT1 transcript levels at various
phases of the disease (presentation, post induction,
post consolidation chemotherapy) could add
important prognostic information in distinguishing
patients who have a poor prognosis from those who
would respond well to chemotherapy and achieve
long term remission (Garg et al. 2003). In slight
contrast, Weisser et al. (Weisser et al. 2005) found
that although WT1 levels correlated with a shorter
overall survival and event free survival at days
61–120 and 121–180, after the start of chemotherapy,
Biomarker Insights 2007: 2
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they did not correlate with shorter overall survival
and event free survival at diagnosis or between
days 16–60.
PRAME, which is expressed in 40% of adult
AML patients (Tajeddine et al. 2006), has been
shown to be a useful marker for MRD particularly
where other tumor specific markers are unavailable
(Matsushita et al. 2001; Matsushita et al. 2003).
Tajeddine et al. (Tajeddine et al. 2006) found that
PRAME expression closely correlated with AML1/
ETO levels in AML patients harboring the t(8;21)
translocation. In addition they found that PRAME
expression highly correlated with clinical data
when sequentially following AML patients from
onset to cytological remission or relapse.

Assays for Identifying New
Biomarkers/LAAs

Many of the earliest LAAs were identified as products of cytogenetic rearrangements and later
targeted as disease specific antigens. Padua et al.
(Padua et al. 2003) have described their work
targeting PML-RARα in AML in mouse studies
which are now progressing to clinical trials
(reviewed in (Robin et al. 2005). Other ways in
which LAAs have been identified, have been
through the identification of genes which play a role
in leukemogenesis and were later shown to be targets
for immunotherapy, through reverse or conventional
immunology (reviewed in Guinn et al. 2006b).
We and others have used the SEREX technique
(Sahin et al. 1995) to identify a large number of
tumor antigens in presentation AML samples (Chen
et al. 2005; Greiner et al. 2000; Greiner et al. 2003;
Greiner et al. 2002; Guinn et al. 2005a). Some of
these antigens had already been shown to play a
role in the pathogenesis of solid tumors (such as
NAB2, NY-BR-1 and ACVR2) or in leukemogenesis (including MYH11, RHAMM, MAPK10,
BRAP and TRIP11). In addition these studies
identified known leukemia antigens such as
RHAMM, MAGE-A1 as well as novel targets for
leukemia immunotherapy such as PASD1, SSX2IP
and BAGE.
Microarray analysis of gene expression has
provided a powerful tool to characterize the
molecular mechanisms underlying many cancers.
With regards to AML, cDNA microarray analysis
has allowed the identification of genes that are
differentially expressed in leukemic blasts as
compared to normal hematopoietic lineages, indiBiomarker Insights 2007: 2

cate prognosis, show the gene expression effects
of varying treatment regimes and identify the genes
involved in the processes underlying disease
(reviewed in Bullinger and Valk, 2005; Grimwade
and Haferlach, 2004). cDNA microarray has been
used to differentiate cytogenetic groups and to
identify new subgroups within the intermediate
risk group with a normal karyotype (Bullinger
et al. 2004). More recently microarray was used
to identify LAAs which were expressed in AML
cells, but not equivalent normal donor cells
(Guinn et al. 2005b), and Greiner et al. (Greiner
et al. 2006) used microarray to show associations
between G250/CA9, PRAME and RHAMM
expression and survival. In addition Chapiro et al.
(Chapiro et al. 2006) used microarray to show that
AML M3 has several features of a T-lymphoid cell
changing our understanding of the molecular
mechanisms underlying this unique subgroup of
AML. The limitation of transcriptomics, is that
transcript levels do not necessarily correlate with
protein expression and it cannot detect important
post-translational modifications. Balkhi et al.
(Balkhi et al. 2006) recently showed that AML
from various cytogenetic risk groups, healthy bone
marrow and CD34+ cells, could be distinguished
based on protein expression and mass spectrometry
(MS) peak patterns corresponding to post-translational modification differences.
2-DE has been used to analyse CD133+ progenitor cell fractions from patients with various
leukemic disorders. Ten potential biomarkers were
identified which included nuclear protein associated with mitotic apparatus (NuMA), heat shock
proteins and redox regulators (Ota et al. 2003). In
addition, Cui et al. (Cui et al. 2005) used 2-DE to
profile samples from acute leukemia patients and
differentially expressed spots were identified by
MS. They found distinct protein profiles in FAB
subtypes (M2, M3 and M5). Matrix-assisted laser
desorption and ionization time-of-flight (MALDITOF) MS and its derivative surface enhanced laser
desorption and ionization (SELDI)-TOF MS are
enabling technologies which have increased the
sensitivity and throughput for the detection of
novel leukemia antigens. MALDI-TOF MS has
previously been applied to chronic myeloid
leukemia (Knights et al. 2006) to identify processed
and presented epitopes eluted from MHC which
led to the identification of a novel peptide from
PRTN3, which was detected among the more
abundant MHC-ligands. It can only be a matter of
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time before the same technology is used to identify
epitopes in LAAs that are processed and presented
on primary AML samples.

Future Directions

In the future it would be hoped that microarray
could be used to personalize therapy, identify
patients who will develop drug resistance, those
who will respond well to novel therapies and those
who are likely to survive conventional treatment.
These studies demonstrate the potential of 2-DE
and MS to molecularly characterize acute leukemia
providing further insights into leukemogenesis,
defining subgroups and promoting the identification
of new targets for specific treatment approaches.
Proteomic techniques such as differential in-gel
electrophoresis (DIGE), multidimensional
protein-identification technology (MudPIT) and
field effect transistor (FET)-based protein detection are being applied to the identification of
cellular and serum biomarkers (reviewed in
Ludwig and Weinstein, 2005). Such studies are
in their infancy but have the potential to identify
proteins and post-translationally modified forms
of proteins associated with cancers, which may
include some novel targets for immunotherapy.
Down regulation of eukaryotic initiation factor
5A has been recently described as a novel target for
hypusination inhibitors (HI) and, furthermore, the
combination of Imatinib and HI produced a synergistic effect that was restricted to Imatinib resistant
BCR-ABL+ cells (Balabanov et al. 2006). The identification of mechanistic markers for AML could
also provide a new avenue to elucidate potential
immunotherapeutic targets. BAFF and APRIL have
been shown to be abnormally expressed on the
membrane of B-cell chronic lymphocytic leukemia
(B-CLL) blasts thereby conferring resistance to
apoptosis (Kern et al. 2004). In fact, a soluble form
of BAFF was also detected in patient sera but not
in healthy donor controls.
SNPs analysis provides a rapid way in which
regions of DNA within the genome with an
abnormal gain or loss can be identified, enabling
the detection of oncogenes and/or tumor suppressor
genes, respectively, which are involved in the
pathogenesis of a particular disease. Fitzgibbon
et al. (Fitzgibbon et al. 2005) used SNPs analysis
to show that approximately 20% of AML patients
exhibit large-scale cryptic regions of acquired
homozygosity in the form of uniparental disomy
(UPD). In 7 of 13 of these patients they found
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concurrent homozygous mutations at four distinct
loci (WT1, FLT3, CEBPA and RUNX1). UPD has
also been identified as the cause for the cryptic
chromosomal aberration for the inactivation of the
NF1 gene, a tumor suppressor gene, in juvenile
myelomonocytic leukemia (Stephens et al. 2006).
MicroRNAs are a large family of highly conserved
non-coding genes thought to be involved in
temporal and tissue-specific gene regulation. Calin
et al. (Calin et al. 2002) showed that in B-CLL, the
microRNA cluster mir15a-mir16 was located in a
region deleted or mutated in more than 68% of
patients. These data suggest that SNPs and
microRNAs have the potential to help elucidate
important regulatory pathways in AML, which may
help identify biomarkers of AML and targets for
immunotherapy.

Concluding Remarks

We have described the expanding field of AML
antigen identification and our increasing understanding of the role these gene products play in
leukemogenesis. We detail the dual role that some
of these LAAs play as biomarkers of prognosis,
MRD and survival while a number of preceding
reviews have described in detail the role of these
antigens as potential targets for the immunotherapy
of AML. It remains to be determined whether these
antigens will be predictive of disease progression,
response to treatment and whether they can play a
similar role in predicting outcome to treatment in
the same way that cytogenetic findings do. Immunotherapies continue to be developed to target these
LAAs as treatments for AML and our growing
understanding of the role LAAs play in the pathogenesis of leukemia can only aid in the development of effective therapies.

Acknowledgments

B.G. is funded by the Leukaemia Research Fund.
J.G. and M.S. received grants from the German
José Carreras Leukemia Foundation as well as the
German Research Fund (DFG, GR2676/1-1).

References

Adams, S.P., Sahota, S.S. and Mijovic A. et al. 2002. Frequent expression
of HAGE in presentation chronic myeloid leukaemias. Leukemia,
16:2238–42.
Andersen, M.H., Svane, I.M.and Kvistborg P. et al. 2005. Immunogenicity
of Bcl-2 in patients with cancer. Blood, 105:728–34.
Balabanov, S., Gontarewicz, A. and Ziegler, P. et al. 2006. Hypusination of
eukaryotic initiation factor 5A (EIF-5A): a novel therapeutic target
in BCR-ABL-positive leukemias identified by a proteomics approach.
Blood. In press.

Biomarker Insights 2007: 2

Antigens as biomarkers for acute myeloid leukemia
Balkhi, M.Y., Trivedi, A.K. and Geletu, M. et al. 2006. Proteomics of acute
myeloid leukaemia: cytogenetic risk groups differ specifically in their
proteome, interactome and post-translational protein modifications.
Oncogene, 25:7041–58.
Barragan, E., Cervera, J. and Bolufer, P. et al. 2004. Prognostic implications
of Wilms’ tumor gene (WT1) expression in patients with de novo
acute myeloid leukemia. Haematologica, 89:926–33.
Bergmann, L., Miething, C. and Maurer, U. et al. 1997. High levels of
Wilms’ tumor gene (wt1) mRNA in acute myeloid leukemias are
associated with a worse long-term outcome. Blood, 90:1217–25.
Binder, R.J. 2006. Heat shock protein vaccines: from bench to bedside.
Int. Rev. Immunol., 25:353–75.
Borg, A.G., Burgess, R. and Green, L.M. et al. 1998. Overexpression of
lung-resistance protein and increased P-glycoprotein function in acute
myeloid leukaemia cells predict a poor response to chemotherapy
and reduced patient survival. Br. J. Haematol., 103:1083–91.
Bowen, D.T., Frew, M.E. and Hills, R. et al. 2005. RAS mutation in acute
myeloid leukemia is associated with distinct cytogenetic subgroups
but does not influence outcome in patients younger than 60 years.
Blood, 106:2113–9.
Bullinger, L., Dohner, K. and Bair. E. et al. 2004. Use of gene-expression
profiling to identify prognostic subclasses in adult acute myeloid
leukemia. N. Engl. J. Med., 350:1605–16.
Bullinger, L. and Valk, P.J. 2005. Gene expression profiling in acute myeloid
leukemia. J. Clin. Oncol., 23: 6296–305.
Calin, G.A., Dumitru, C.D. and Shimizu, M. et al. 2002. Frequent deletions
and down-regulation of micro- RNA genes miR15 and miR16 at
13q14 in chronic lymphocytic leukemia. Proc. Natl. Acad. Sci. U.S. A.,
99:15524–9.
Callens, C., Chevret, S. and Cayuela, J.M. et al. 2005. Prognostic implication of FLT3 and Ras gene mutations in patients with acute promyelocytic leukemia (APL): a retrospective study from the European
APL Group. Leukemia, 19:1153–60.
Carpenter, E.L. and Vonderheide, R.H. 2006. Telomerase-based immunotherapy of cancer. Expert. Opin. Biol. Ther., 6:1031–9.
Chapiro, E., Delabesse, E. and Asnafi, V. et al. 2006. Expression of T-lineage-affiliated transcripts and TCR rearrangements in acute promyelocytic leukemia: implications for the cellular target of t(15;17).
Blood, 108:3484–93.
Chen, G., Zhang, W. and Cao, X. et al. 2005. Serological identification of immunogenic antigens in acute monocytic leukemia. Leuk. Res., 29:503–9.
Cilloni, D., Gottardi, E. and De Micheli, D. et al. 2002. Quantitative assessment of WT1 expression by real time quantitative PCR may be a
useful tool for monitoring minimal residual disease in acute leukemia
patients. Leukemia, 16:2115–21.
Cui, J.W., Wang, J. and He, K. et al. 2005. Two-dimensional electrophoresis protein profiling as an analytical tool for human acute leukemia
classification. Electrophoresis, 26:268–79.
Daneshbod, Y., Amirghofran, Z. and Tabei, S.Z. 2005. Bcl-2 expression
in acute myelogenous leukemia: the relation to myeloid antigen
expression and response to therapy in Iranian patients. Neoplasma,
52:109–14.
Darley, R.L., Hoy, T.G. and Baines, P. et al. 1997. Mutant N-RAS induces erythroid
lineage dysplasia in human CD34+ cells. J. Exp. Med., 185:1337–47.
Del Poeta, G., Venditti, A. and Del Principe, M.I. et al. 2003. Amount of
spontaneous apoptosis detected by Bax/Bcl-2 ratio predicts outcome
in acute myeloid leukemia (AML). Blood, 101:2125–31.
Fitzgibbon, J., Smith, L.L. and Raghavan, M. et al. 2005. Association between acquired uniparental disomy and homozygous gene mutation
in acute myeloid leukemias. Cancer Res., 65:9152–4.
Frohling, S., Schlenk, R.F. and Kayser, S. et al. 2006. Cytogenetics and age
are major determinants of outcome in intensively treated acute myeloid leukemia patients older than 60 years: results from AMLSG
trial AML HD98-B. Blood, 108:3280–8.
Gaiger, A., Schmid, D. and Heinze, G. et al. 1998. Detection of the WT1
transcript by RT-PCR in complete remission has no prognostic relevance in de novo acute myeloid leukemia. Leukemia, 12:1886–94.

Biomarker Insights 2007: 2

Gale, R.E., Hills, R. and Pizzey, A.R. et al. 2005. Relationship between FLT3
mutation status, biologic characteristics, and response to targeted
therapy in acute promyelocytic leukemia. Blood, 106:3768–76.
Garg, M., Moore, H. and Tobal, K. et al. 2003. Prognostic significance of
quantitative analysis of WT1 gene transcripts by competitive reverse
transcription polymerase chain reaction in acute leukaemia. Br. J. Haematol., 123:49–59.
Gaugler, B., Brouwenstijn, N. and Vantomme, V. et al. 1996. A new gene
coding for an antigen recognized by autologous cytolytic T lymphocytes on a human renal carcinoma. Immunogenetics, 44:323–30.
Greiner, J., Ringhoffer, M. and Simikopinko, O. et al. 2000. Simultaneous
expression of different immunogenic antigens in acute myeloid
leukemia. Exp Hematol., 28:1413–22.
Greiner, J., Ringhoffer, M. and Taniguchi, M. et al. 2002. Receptor for
hyaluronan acid-mediated motility (RHAMM) is a new immunogenic leukemia-associated antigen in acute and chronic myeloid
leukemia. Exp Hematol., 30:1029–35.
Greiner, J., Ringhoffer, M. and Taniguchi, M. et al. 2003. Characterization
of several leukemia-associated antigens inducing humoral immune
responses in acute and chronic myeloid leukemia. Int. J. Cancer.,
106:224–31.
Greiner, J., Ringhoffer, M. and Taniguchi, M. et al. 2004. mRNA expression
of leukemia-associated antigens in patients with acute myeloid leukemia for the development of specific immunotherapies. Int. J.
Cancer., 108:704–11.
Greiner, J., Li, L. and Ringhoffer, M. et al. 2005. Identification and characterization of epitopes of the receptor for hyaluronic acid-mediated
motility (RHAMM/CD168) recognized by CD8+ T cells of HLAA2-positive patients with acute myeloid leukemia. Blood, 106:
938–45.
Greiner, J., Schmitt, M. and Li, L. et al. 2006. Expression of tumor-associated antigens in acute myeloid leukemia: implications for specific
immunotherapeutic approaches. Blood, 108:4109–4117.
Grimwade, D., and Haferlach, T. 2004. Gene-expression profiling in acute
myeloid leukemia. N. Engl. J. Med., 350:1676–8.
Grimwade, D., Walker, H., and Oliver, F. et al. 1998. The importance of
diagnostic cytogenetics on outcome in AML: analysis of 1,612 patients entered into the MRC AML 10 trial. The Medical Research
Council Adult and Children’s Leukaemia Working Parties. Blood,
92:2322–33.
Grimwade, D. and Lo Coco, F., 2002. Acute promyelocytic leukemia: a
model for the role of molecular diagnosis and residual disease
monitoring in directing treatment approach in acute myeloid leukemia. Leukemia, 16:1959–73.
Guinn, B.A. Bland, E.A. and Lodi, U. et al. 2005a. Humoral detection of
leukaemia-associated antigens in presentation acute myeloid leukaemia. Biochem Biophys Res Commun., 335:1293–304.
Guinn, B.A., Gilkes, A.F. and Woodward, E. et al. 2005b. Microarray
analysis of tumour antigen expression in presentation acute myeloid
leukaemia. Biochem Biophys Res Commun., 333:703–13.
Guinn, B.A., Gilkes, A.F. and Mufti, G.J. et al. 2006a. The tumour antigens
RAGE-1 and MGEA6 are expressed more frequently in the less
lineage restricted subgroups of presentation acute myeloid leukaemia.
Br. J. Haematol., 134:238–9.
Guinn, B.A., Mohamedali, A. and Thomas, N.S. et al. 2006b. Immunotherapy of myeloid leukaemia. Cancer Immunology, Immunotherapy,
DOI 10.1007/s00262-006-0267-y.
Guinn, B.A. and Tobal, K. In press. Tumour antigens as markers of minimal
residual disease in acute myeloid leukaemia. New Research Communications in Tumour Markers.
Guinn, B.A., Tobal. K. and Mills. K.I. 2007. Comparison of the survival
implications of tumour-associated versus cancer-testis antigen expression in acute myeloid leukaemia. British Journal of Haematology,
136:510–2.
Heckel, D., Brass, N. and Fischer, U. et al. 1997. cDNA cloning and chromosomal mapping of a predicted coiled-coil proline-rich protein immunogenic in meningioma patients. Hum Mol Genet., 6:2031–41.

77

Guinn et al
Heslop, H.E., Stevenson, F.K. and Molldrem, J.J. 2003. Immunotherapy of
hematologic malignancy. Hematology Am Soc Hematol Educ Program, 331–49.
Huh, H.J., Huh, JW. and Yoo, E.S. et al. 2005. hTERT mRNA levels by
real-time RT-PCR in acute myelogenous leukemia. Am J Hematol,
79:267–73.
Ikeda, H., Lethe, B. and Lehmann, F. et al. 1997. Characterization of an
antigen that is recognized on a melanoma showing partial HLA loss
by CTL expressing an NK inhibitory receptor. Immunity, 6:199–
208.
Inoue, K., Sugiyama. H. and Ogawa, H. et al. 1994. WT1 as a new prognostic factor and a new marker for the detection of minimal residual
disease in acute leukemia. Blood, 84:3071–9.
Inoue, K., Ogawa, H. and Yamagami, T. et al. 1996. Long-term follow-up
of minimal residual disease in leukemia patients by monitoring WT1
(Wilms tumor gene) expression levels. Blood, 88:2267–78.
Invernizzi, R., Travaglino, E. and Lunghi, M. et al. 2004. Survivin expression in acute leukemias and myelodysplastic syndromes. Leuk
Lymphoma, 45:2229–37.
Karakas, T., Miething, C.C. and Maurer, U. et al. 2002. The coexpression
of the apoptosis-related genes bcl-2 and wt1 in predicting survival
in adult acute myeloid leukemia. Leukemia, 16:846–54.
Kern, C., Cornuel, J.F. and Billard, C. et al. 2004. Involvement of BAFF
and APRIL in the resistance to apoptosis of B-CLL through an autocrine pathway. Blood, 103:679–88.
Khleif, S.N., Abrams, S.I. and Hamilton, J.M. et al. 1999. A phase I vaccine
trial with peptides reflecting ras oncogene mutations of solid tumors.
J. Immunother., 22:155–65.
Kinoshita, T., Yokota, T. and Arai, K. et al. 1995. Regulation of Bcl-2 expression by oncogenic Ras protein in hematopoietic cells. Oncogene,
10:2207–12.
Knights, A.J., Weinzierl, A.O. and Flad T. et al. 2006. A novel MHCassociated proteinase 3 peptide isolated from primary chronic
myeloid leukaemia cells further supports the significance of this
antigen for the immunotherapy of myeloid leukaemias. Leukemia,
20:1067–72.
Kottaridis, P.D., Gale, R.E. and Frew, M.E. et al. 2001. The presence of a
FLT3 internal tandem duplication in patients with acute myeloid
leukemia (AML) adds important prognostic information to cytogenetic risk group and response to the first cycle of chemotherapy:
analysis of 854 patients from the United Kingdom Medical Research
Council AML 10 and 12 trials. Blood, 98:1752–9.
Kottaridis, P.D., Gale, R.E. and Langabeer, S.E. et al. 2002. Studies of FLT3
mutations in paired presentation and relapse samples from patients
with acute myeloid leukemia: implications for the role of FLT3
mutations in leukemogenesis, minimal residual disease detection,
and possible therapy with FLT3 inhibitors. Blood, 100:2393–8.
Krauter, J., Wattjes, M.P. and Nagel. S. et al. 1999. Real-time RT-PCR for
the detection and quantification of AML1/MTG8 fusion transcripts
in t(8;21)-positive AML patients. Br. J. Haematol., 107:80–5.
Li, Y., Li, H. and Wang, M.N. et al. 2004. Suppression of leukemia expressing wild-type or ITD-mutant FLT3 receptor by a fully human antiFLT3 neutralizing antibody. Blood, 104:1137–44.
Li, L., Giannopoulos, K. and Reinhardt, P. et al. 2006. Immunotherapy for
patients with acute myeloid leukemia using autologous dendritic cells
generated from leukemic blasts. Int. J. Oncol., 28:855–61.
Lowenberg, B., Downing, J.R. and Burnett, A. 1999. Acute myeloid leukemia. N. Engl. J. Med., 341:1051–62.
Ludwig, J.A. and Weinstein, J.N. 2005. Biomarkers in cancer staging,
prognosis and treatment selection. Nat. Rev. Cancer., 5:845–56.
Mailander, V., Scheibenbogen, C. and Thiel, E. et al. 2004. Complete remission in a patient with recurrent acute myeloid leukemia induced by
vaccination with WT1 peptide in the absence of hematological or
renal toxicity. Leukemia, 18:165–6.
Marcucci, G. Caligiuri, M.A. and Dohner, H. et al. 2001. Quantification of
CBFbeta/MYH11 fusion transcript by real time RT-PCR in patients
with INV(16) acute myeloid leukemia. Leukemia, 15:1072–80.

78

Mariano, M.T., Moretti, L. and Donelli, A. et al. 1992. bcl-2 gene expression
in hematopoietic cell differentiation. Blood, 80:768–75.
Martinelli, G., Buonamici, S. and Visani, G. et al. 2003. Molecular monitoring of
acute myeloid leukemia associated with inv(16): threshold of CBFbeta/
MYH11 transcript copy number above which relapse occurs and below
which continuous Complete Remission is likely. Leukemia, 17:650–1.
Martinez, A., Olarte, I. and Mergold, M.A. et al. 2007. mRNA expression
of MAGE-A3 gene in leukemia cells. Leuk Res., 31:33–7.
Matsushita, M., Ikeda, H. and Kizaki, M. et al. 2001. Quantitative monitoring of the PRAME gene for the detection of minimal residual disease
in leukaemia. Br. J. Haematol., 112:916–26.
Matsushita, M, Yamazaki, R. and Ikeda, H., et al. 2003. Preferentially expressed antigen of melanoma (PRAME) in the development of diagnostic and therapeutic methods for hematological malignancies. Leuk
Lymphoma, 44:439–44.
Matsushita, M., Yamazaki, R and Kawakami Y. 2004. Quantitative analysis
of PRAME for detection of minimal residual disease in leukemia.
Methods Mol Med., 97:267–75.
Menssen, H.D., Renkl, H.J. and Rodeck U. et al. 1995. Presence of Wilms’
tumor gene (wt1) transcripts and the WT1 nuclear protein in the
majority of human acute leukemias. Leukemia, 9:1060–7.
Miwa, H., Beran, M. and Saunders, G.F. 1992. Expression of the Wilms’
tumor gene (WT1) in human leukemias. Leukemia, 6: 405–9.
Miyamoto, T., Nagafuji, K. and Harada, M. et al. 1995. Quantitative
analysis of AML1/ETO transcripts in peripheral blood stem cell
harvests from patients with t(8;21) acute myelogenous leukaemia.
Br. J. Haematol., 91:132–8.
Molldrem, J., Dermime, S. and Parker, K. et al. 1996. Targeted T-cell
therapy for human leukemia: cytotoxic T lymphocytes specific for a
peptide derived from proteinase 3 preferentially lyse human myeloid
leukemia cells. Blood, 88:2450–7.
Morandi, F., Chiesa, S. and Bocca, P. et al. 2006. Tumor mRNA-transfected dendritic cells stimulate the generation of CTL that recognize
neuroblastoma-associated antigens and kill tumor cells: immunotherapeutic implications. Neoplasia, 8:833–42.
Oka, Y., Tsuboi, A. and Taguchi, T. et al. (2004). Induction of WT1 (Wilms’
tumor gene)-specific cytotoxic T lymphocytes by WT1 peptide vaccine and the resultant cancer regression. Proc. Natl. Acad. Sci. U.S.A.,
101:13885–90.
Oltvai, Z.N., Milliman, C.L. and Korsmeyer, S.J. 1993. Bcl-2 heterodimerizes in vivo with a conserved homolog, Bax, that accelerates programmed cell death. Cell., 74:609–19.
Ong, Y.L., McMullin, M.F. and Bailie, K.E. et al. 2000. High bax expression is a good prognostic indicator in acute myeloid leukaemia.
Br. J. Haematol., 111:182–9.
Osborne, D., Frost, L. and Tobal, K. et al. 2005. Elevated levels of WT1
transcripts in bone marrow harvests are associated with a high relapse
risk in patients autografted for acute myeloid leukaemia. Bone Marrow Transplant, 36:67–70.
Ostergaard, M., Olesen, L.H. and Hasle, H. et al. 2004. WT1 gene expression: an excellent tool for monitoring minimal residual disease in
70% of acute myeloid leukaemia patients - results from a singlecentre study. Br. J. Haematol., 125:590–600.
Ota, J., Yamashita, Y., and Okawa, K. et al. 2003. Proteomic analysis of
hematopoietic stem cell-like fractions in leukemic disorders. Oncogene., 22:5720–8.
Padua, R.A., Larghero, J. and Robin, M. et al. 2003. PML-RARA-targeted
DNA vaccine induces protective immunity in a mouse model of
leukemia. Nat. Med., 9:1413–7.
Paydas, S., Tanriverdi, K. and Yavuz, S. et al. 2005. PRAME mRNA levels
in cases with acute leukemia: clinical importance and future prospects.
Am. J. Hematol., 79:257–61.
Pollard, J.A., Alonzo, T.A. and Gerbing, R.B. et al. 2006. FLT3 internal
tandem duplication in CD34+/CD33- precursors predicts poor outcome in acute myeloid leukemia. Blood, 108:2764–9.
Raanani, P. and Ben-Bassat, I. 2004. Detection of minimal residual disease
in acute myelogenous leukemia. Acta Haematol, 112:40–54.

Biomarker Insights 2007: 2

Antigens as biomarkers for acute myeloid leukemia
Robin, M., Schlageter, M.H. and Chomienne, C. et al. 2005. Targeted immunotherapy in acute myeloblastic leukemia: from animals to humans. Cancer Immunol Immunother, 54:933–43.
Rowe, J.M., Neuberg, D. and Friedenberg, W. et al. 2004. A phase 3 study
of three induction regimens and of priming with GM-CSF in older
adults with acute myeloid leukemia: a trial by the Eastern Cooperative Oncology Group. Blood, 103:479–85.
Russell, N.H., Hunter, A.E. and Bradbury, D. et al. 1995. Biological
features of leukaemic cells associated with autonomous growth and
reduced survival in acute myeloblastic leukaemia. Leuk Lymphoma,
16:223–9.
Sahin, U., Tureci, O. and Schmitt, H. et al. 1995. Human neoplasms elicit
multiple specific immune responses in the autologous host. Proc.
Natl. Acad. Sci., U.S.A., 92:11810–3.
Santegoets, S.J., Schreurs, M.W. and Masterson, A.J. et al. 2006. In vitro
priming of tumor-specific cytotoxic T lymphocytes using allogeneic
dendritic cells derived from the human MUTZ-3 cell line. Cancer
Immunol Immunother, 55:1480–90.
Schmid, D., Heinze, G. and Linnerth, B. et al. 1997. Prognostic significance
of WT1 gene expression at diagnosis in adult de novo acute myeloid
leukemia. Leukemia, 11:639–43.
Shih, L.Y., Huang, C.F. and Wang, P.N. et al. 2004. Acquisition of FLT3 or
N-ras mutations is frequently associated with progression of myelodysplastic syndrome to acute myeloid leukemia. Leukemia, 18:
466–75.
Slack, J.L., Arthur, D.C. and Lawrence, D. et al. 1997. Secondary cytogenetic changes in acute promyelocytic leukemia--prognostic importance in patients treated with chemotherapy alone and association
with the intron 3 breakpoint of the PML gene: a Cancer and Leukemia Group B study. J Clin Oncol., 15:1786–95.
Steinbach, D., Hermann, J. and Viehmann, S. et al. 2002. Clinical implications of PRAME gene expression in childhood acute myeloid leukemia. Cancer Genet Cytogenet, 133:118–23.
Stephens, K., Weaver, M. and Leppig, K.A. et al. 2006. Interstitial uniparental isodisomy at clustered breakpoint intervals is a frequent
mechanism of NF1 inactivation in myeloid malignancies. Blood, 108:
1684–9.
Sugiyama, H. 1998. Wilms tumor gene (WT1) as a new marker for the
detection of minimal residual disease in leukemia. Leuk Lymphoma,
30:55–61.
Tajeddine, N., Millard, I. and Gailly, P. et al. 2006. Real-time RT-PCR
quantification of PRAME gene expression for monitoring minimal
residual disease in acute myeloblastic leukaemia. Clin Chem Lab
Med., 44:548–55.
Tallman, M.S., Gilliland, D.G. and Rowe, J.M. 2005. Drug therapy for acute
myeloid leukemia. Blood, 106:1154–63.
Tatematsu, K., Nakayama, J. and Danbara, M. et al. 1996. A novel quantitative ‘stretch PCR assay’, that detects a dramatic increase in telomerase activity during the progression of myeloid leukemias. Oncogene,
13:2265–74.

Biomarker Insights 2007: 2

Thomas, X., Campos, L., Mounier, C. and Cornillon, et al. 2005. Expression
of heat-shock proteins is associated with major adverse prognostic
factors in acute myeloid leukemia. Leuk Res., 29:1049–58.
Tobal, K. and Yin, J.A. 1996. Monitoring of minimal residual disease by
quantitative reverse transcriptase-polymerase chain reaction for
AML1-MTG8 transcripts in AML-M2 with t(8; 21). Blood, 88:
3704–9.
Tobal, K., Newton, J. and Macheta M, et al. 2000. Molecular quantitation
of minimal residual disease in acute myeloid leukemia with t(8;21)
can identify patients in durable remission and predict clinical relapse.
Blood, 95:815–9.
Tobal, K., Moore, H. and Macheta, M. et al. 2001. Monitoring minimal
residual disease and predicting relapse in APL by quantitating PMLRARalpha transcripts with a sensitive competitive RT-PCR method.
Leukemia, 15:1060–5.
Trka, J., Kalinova, M. and Hrusak, O. et al. 2002. Real-time quantitative
PCR detection of WT1 gene expression in children with AML:
prognostic significance, correlation with disease status and residual
disease detection by flow cytometry. Leukemia, 16:1381–9.
Vardiman, J.W., Harris, N.L. and Brunning, R.D. 2002. The World Health
Organization (WHO) classification of the myeloid neoplasms. Blood,
100:2292–302.
Viehmann, S., Teigler-Schlegel, A. and Bruch, J. et al. 2003. Monitoring of
minimal residual disease (MRD) by real-time quantitative reverse
transcription PCR (RQ-RT-PCR) in childhood acute myeloid leukemia with AML1/ETO rearrangement. Leukemia, 17:1130–6.
Wagner, M., Schmelz, K. and Wuchter, C. et al. 2006. In vivo expression
of survivin and its splice variant survivin-2B: impact on clinical
outcome in acute myeloid leukemia. Int. J. Cancer, 119:1291–7.
Weisser, M., Kern,W. and Rauhut, S. et al. 2005. Prognostic impact of RTPCR-based quantification of WT1 gene expression during MRD
monitoring of acute myeloid leukemia. Leukemia, 19:1416–23.
Xu, D., Gruber, A. and Peterson, C. et al. 1998. Telomerase activity and the
expression of telomerase components in acute myelogenous leukaemia. Br. J. Haematol., 102:1367–75.
Yanada, M., Terakura, S. and Yokozawa, T. et al. 2004. Multiplex real-time
RT-PCR for prospective evaluation of WT1 and fusion gene transcripts in newly diagnosed de novo acute myeloid leukemia. Leuk
Lymphoma, 45:1803–8.
Yin, J.A. and Grimwade, D. 2002. Minimal residual disease evaluation in
acute myeloid leukaemia. Lancet, 360:160–2.
Zhang, W., Piatyszek, M.A. and Kobayashi, T. et al. 1996. Telomerase activity in human acute myelogenous leukemia: inhibition of telomerase
activity by differentiation-inducing agents. Clin Cancer Res., 2:
799–803.

79

