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Abstract
Wilms’ tumor gene 1 (WT1) is a zinc finger transcriptional regulator with crucial functions in embryonic
development. Originally WT1 was described as a tumor suppressor gene, but later studies have shown
oncogenic properties of WT1 in a variety of tumors. Because of its dual functions in tumorigenesis, WT1 has
been described as a chameleon gene. In this thesis, the significance of WT1 as a biomarker was investigated in
acute myeloid leukemia (AML), clear cell renal cell carcinoma (ccRCC), ovarian carcinoma (OC) and
childhood B-cell precursor acute lymphoblastic leukemia (BCP-ALL).
Previous studies have suggested that expression of WT1 is a potential marker for detection of minimal
residual disease (MRD) in AML. We aimed to define expression of WT1 as an MRD marker in AML. In adult
AML patients, we found that a reduction of WT1 expression in bone marrow (≥ 1-log) detected less than 1
month after diagnosis was associated with an improved overall survival (OS) and freedom from relapse (FFR).
In peripheral blood, a reduction of WT1 expression (≥ 2-log) detected between 1 and 6 months after treatment
initiation was associated with an improved OS and FFR.
WT1 harbor pathogenic genetic variants in a considerable proportion of AML and T-lymphoblastic leukemia
(T-ALL), but mutations have not been reported in BCP-ALL. We aimed to evaluate the clinical impact of WT1
mutations and single nucleotide polymorphisms (SNPs) in BCP-ALL. Pathogenic mutations in the WT1 gene
were rarely seen in childhood BCP-ALL. However, five WT1 SNPs were identified. In survival analyses, WT1
SNP rs1799925 was found to be associated with worse OS, indicating that WT1 SNP rs1799925 may be a
useful marker for clinical outcome in childhood BCP-ALL. We also explored whether WT1 mutations and
SNPs in ccRCC could be used as biomarkers for risk and treatment stratification. We therefore examined
whether SNPs or mutations in WT1 were associated with WT1 expression and clinical outcome. Sequencing
analysis revealed that none of the previously reported WT1 mutations were found in ccRCC; however, we
identified six different WT1 SNPs. Our data suggest that pathogenic WT1 mutations are not involved in
ccRCC, and the prognostic significance of WT1 SNPs in ccRCC is considerably weak. However, a favorable OS
and disease-specific survival were found in the few cases harboring the homozygous minor allele.
OC has a poor prognosis, and early effective screening markers are lacking. Serous OCs are known to express
the WT1 protein. Overexpressed oncogenic proteins can be considered potential candidate antigens for cancer
vaccines and T-cell therapy. It was therefore of great interest to investigate whether anti-WT1 IgG antibody
(Ab) measurements in plasma could serve as biomarkers of anti-OC response. We found limited prognostic
impact, but the results indicated that anti-WT1 IgG Ab measurements in plasma and WT1 staining in tissue
specimens could be potential biomarkers for patient outcome in the high-risk subtypes of OCs.
In conclusion, the results of this thesis indicate that WT1 gene expression can provide information about
MRD of patients with AML, and WT1 SNP rs1799925 may be used as a biomarker for predicting clinical
outcome in childhood BCP-ALL. In ccRCC, the prognostic significance of WT1 SNPs is weak and limited to the
subgroup of patients that are homozygous for the minor allele. In OCs anti-WT1 IgG Ab measurement in
plasma and WT1 staining in tissue specimens could possibly be used as biomarkers for predicting patient
outcome in the high-risk subtypes of OCs.
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Significance of Wilms’ Tumor Gene 1 as a Biomarker in Acute Leukemia and Solid Tumors

Introduction
Wilms’ tumor (WT), also called nephroblastoma, was first characterized by
the German pathologist and surgeon Dr Carl Max Wilhelm Wilms (18671918) in 1899. His diagnosis of WT was based on clinical and histological
appearance, the latter typically being a triphasic renal tumor consisting of
blastemal, epithelial and stromal elements [1]. Max Wilms was unfortunately
infected with diphtheria and died in May 1918. Almost 100 years after the
publication of his monograph on the pathology of the childhood kidney
tumors, it was discovered that a deletion of chromosome region 11p13 was
linked to WT [2-4]. The gene was later isolated and named Wilms’ tumor
gene 1 (WT1). WT1 gene was found to encode a putative zinc finger
transcriptional regulator with crucial functions in embryonic development
and was originally described as a tumor suppressor gene [2]. However,
owing to WT1 overexpression in a variety of solid cancers that normally do
not express WT1, it has later been suggested that WT1 might play an
oncogenic role [5]. The WT1 protein has been demonstrated as a promising
target for cancer immunotherapy. Clinical trials of WT1 peptide vaccination
in patients with myeloid malignancies and several solid cancers has resulted
in positive outcomes [6].

WT1 structure
The WT1 gene spans approximately 50 kb DNA at chromosome locus 11p13.
The gene consists of 10 exons and encodes an mRNA transcript of about 3
kb. The mRNA translates into a 449-amino-acid protein with a proline- and
glutamine-rich amino terminus harboring defined functional domains that
exert transcriptional repression, activation, self-association, DNA binding,
RNA recognition and nuclear localization signals [7, 8]. The carboxy
terminal domain of WT1 contains four Krüpple-like, cysteine2-histidine2 zinc
fingers encoded by exon 7-10, which are involved in RNA and protein
interactions that permit binding to DNA sequences. This DNA-binding
domain of WT1 shares high homology with the zinc finger region of early
growth response protein 1 [9, 10]. In addition to binding DNA and some
proteins, zinc fingers can regulate RNA targets and mediate nuclear
localization [8]. Besides binding to other proteins, WT1 can also selfassociate, and the major domain required for this self-association has been
mapped to the first 182 amino acids of WT1 [10].
In mammals, exons 5 and 9 of WT1 pre-mRNA are alternatively spliced,
giving rise to four different splice isoforms designated A, B, C and D [11, 12].
The molecular weight of the WT1 proteins has been variously reported
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between 49 and 54 kDa [13]. The first alternative splicing event affects the
entire exon 5 and leads to the presence or absence of 17 amino acids (AA)
between the proline/glutamine-rich terminal domain and the carboxy
terminal zinc finger domain of WT1. The second alternative splicing event
generates either inclusion or exclusion of three AA—lysine, threonine and
serine (KTS)—at the end of exon 9, affecting the conformation of zinc fingers
three and four in the WT1 protein. These two isoforms (+KTS and −KTS) are
conserved in all vertebrates and fish, and non-mammalian vertebrates
appear to express only these two variants [14]. The mRNA isoform
containing both splice inserts is the most prevalent variant in both human
and mouse, whereas the least common is the transcript missing both inserts
[12]. Studies have demonstrated that WT1 isoforms lacking the KTS
insertion (−KTS) bind to DNA more strongly and act as transcriptional
regulators [15]. The gene product that contains the insertion (+KTS) also
acts as a transcriptional regulator, in addition to being associated with posttranscriptional processes. The use of an upstream CTG start codon or an
internal ATG start codon at the end of exon 1 result in a truncated isoform
[5]. Another WT1 isoform, AWT1, arises from the use of an alternative
promoter that resides within exon 1 [16].
Also, alternative WT1 mRNAs are generated through RNA editing at
nucleotide 839 where leucine 280 is replaced by proline [17]. The WT1 gene
may thus produce different mRNA isoforms, suggesting that each isoform
has a distinct contribution to the function of the WT1 gene and that balanced
expression of the isoforms is essential for proper WT1 function [7].
Furthermore, other larger and smaller WT1 isoforms have been identified.
Additional isoforms of WT1 can arise from alternative translation start
points. Translation initiated at a CUG upstream of the initiator AUG [18]
results in WT1 protein isoforms with molecular masses of 60-62 kDa. An
evolutionary conserved internal translation initiation site at the second inframe AUG (AUG127) of the WT1 mRNA results in amino terminally
truncated WT1 isoforms, with molecular masses of 36-38 kDa [19]. Both
larger and smaller WT1 isoforms can be detected in different mammalian
tissues. WT1 has also been reported to be post-translationally modified by
phosphorylation, ubiquitylation and sumoylation [20-22]. The existence of
other WT1 posttranslational modifications, such as acetylation or
methylation, has yet to be determined [23].
Hence, the WT1 gene encodes multiple protein isoforms, which are
generated by a combination of alternative splicing of DNA, alternative
translation start sites, alternative RNA splicing and RNA editing. The
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number of isoforms generates a considerable potential for diverse functions
of WT1 proteins.
WT1 target genes
Many functions have been ascribed to the multiple WT1 protein isoforms
over the last decades. The most well-documented function for WT1 protein is
that of a transcription factor. WT1 promotes gene activation or repression
depending on cellular and promoter context [24]. Many genes have been
identified by various approaches to be regulated, either positively or
negatively, by WT1. The identification of WT1 target genes is an ongoing and
difficult process due to the isoform- and tissue-context-specific roles of WT1.
An extensive number of WT1 target genes have been identified and
thematically grouped [7, 23].
Proposed target genes transcriptionally regulated by WT1 include:

Genes involved in growth and development
Many WT1 target genes underscore the growth-regulatory effect of
WT1. Examples include many genes encoding for growth factors and
their receptors, cell-cycle-regulation and development. WT1 exerts
activation of genes encoding for insulin-like growth factor 2 [25],
amphiregulin [26], erytropoetin [27], erytropoetin receptor [28], Dax1 [29], Sry [30], anti-Müllerian hormone type 2 receptor [31], Sprouty
1 [32], nestin [33], class IV POU-domain factor [34], taurine
transporter gene [35], WT1-induced inhibitor of Dishevelled [36] and
TrkB neurotrophin receptor [37]. The syndecan-1 protein, which has
been found to have a role in the mesenchymal–epithelial transition, is
trancriptionally activated by WT1 [38] and the developmental
regulatory gene paired box 2 is repressed by WT1 during normal
kidney development [39].
Furthermore, genes encoding for connective tissue growth factor,
platelet-derived growth factor A, colony-stimulating factor 1,
transforming growth factor-beta, insulin receptor, insulin-like growth
factor 1 receptor, androgen receptor, estrogen receptor A and
epidermal growth factor receptor are reported to be repressed by WT1
[40-48].
Genes involved in differentiation, cytoskeleton organization
and cell adhesion
WT1 plays a role in the control of differentiation. Genes of cell cycle
regulating proteins such as p21 [49] and retinoblastoma suppressor
associated protein 46 are activated by WT1 [50], but cyclin E [51] and
ornithine decarboxylase are repressed [52]. Hartwig et al. performed
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genomic characterization of WT1 targets in nephron progenitor cells
during kidney development [53]. They identified several WT1 target
genes, including genes involved in actin cytoskeleton organization and
biogenesis, cell adhesion and cell–cell signaling [53].
Genes involved in WNT signaling and MAPK signaling
A previous genome-wide screening study performed by Kim et al.
identified genes directly regulated by WT1 and functionally grouped
them into MAPK signaling, axon guidance and WNT pathways [54].
Among genes directly bound and regulated by WT1, nine were
identified in the WNT signaling pathway, suggesting that WT1
modulates a subset of WNT components and responsive genes by
direct binding [54].
Genes involved in apoptosis
Several genes that regulate apoptosis are WT1 target genes. Genes
upregulated by WT1 are the Bcl-2 proto-oncogene [55], A1/BFL1 [56]
and pro apoptotic Bcl-2 family member Bak [57]. The proto-oncogene
JunB is repressed by WT1 [58]. The anti-apoptotic function of WT1 is
also evident in development. WT1-null mice display an increase in
apoptosis of metanephric mesenchyme, which leads to complete
agenesis of the kidneys [59].
Genes involved in epigenetic regulation
Several studies have shown that the gene products of WT1 targeted
genes are involved in epigenetic regulation of gene expression. Szemes
et al. have demonstrated that WT1 transcriptionally regulates the de
novo DNA methyltransferase 3A (DNMT3A) and that cellular WT1
levels can influence DNA methylation of gene promoters genomewide. Furthermore, they also demonstrated elevated DNMT3A at
hypermethylated genes in WT cells, including a region of long-range
epigenetic silencing. They also demonstrated that depletion of WT1 in
WT cells resulted in reactivation of gene expression from methylated
promoters, such as Transforming Growth Factor Beta 2, known as a
key modulator of epithelial-mesenchymal transitions [60].
Other target genes
Other WT1 target genes that can be transcriptionally activated include
the genes encoding for vitamin D receptor [61], E-cadherin [62] and
SMAD3 [63]. WT1 has also been shown to suppress expression of the
gene encoding for human telomerase reverse transcriptase [63].
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WT1 protein partners
In addition to target genes, WT1 also interacts with protein partners. WT1 is
known to bind to several proteins in analogy with the transcriptional
regulatory role of WT1. Many of these proteins are also transcription factors
that regulate WT1 [7]. Identification of protein partners may reveal novel
information on how WT1 is involved in cellular proliferation and
differentiation. The interaction partners of WT1 DNA-binding proteins can
be separated into five categories [23]. WT1 interacting partners in the first
two categories are involved in transcriptional regulation (DNA-binding
transcription factors and transcriptional co-regulators), whereas members of
the last three categories are involved in post-transcriptional regulation,
proteolysis of WT1 and epigenetic regulation.
WT1 in normal and abnormal development
The WT1 protein is indispensable for normal development of the
genitourinary system. The metanephric kidney is formed through reciprocal
inductive signals between the mesodermal mesenchyme and the ureteric
bud, an outgrowth of the Wolffian duct [64, 65]. Initially, the proliferating
mesenchyme condenses around the ureteric bud and, by unknown signals,
induces bud branching necessary for nephrogenesis. Consistent with a
prominent role for WT1 in the differentiation of the metanephric
mesenchyme, it has been demonstrated that WT1 can induce features of
renal epithelial differentiation in mesenchymal fibroblasts [66]. During
subsequent nephrogenesis, WT1 continues to be expressed in the posterior
part of the nephron, while in the mature nephron WT1 protein expression is
restricted to the podocytes [67-69]. Development of several other organs and
tissues also requires WT1. WT1-null mice are embryonic lethal with complete
agenesis of the kidneys, gonads, heart, diaphragm, spleen and adrenal
glands, and they die of heart failure caused by thinning of the epicardium
[59, 70, 71]. Later studies have also determined an important role of WT1 in
the development of neuronal tissue, olfactory epithelia, retina ganglia and
peripheral taste system [72-74].
The cloning of the WT1 gene has been facilitated by the mapping of deletions
in chromosome 11p13 of patients with WAGR syndrome (WT, aniridia,
genitourinary abnormalities, mental retardation) [3, 4, 75, 76]. Two other
syndromes are also associated with germline mutations in the WT1 gene
(Table 1): Denys-Drash syndrome (DDS) [77] and Fraiser syndrome. DDS is
similar to WAGR and includes a predisposition to the development of WT.
However, in contrast to WAGR, these patients have much more severe
genitourinary abnormalities, including pseudohermaphroditism and streak
gonads, a form of gonadal aplasia. DDS patients also have the additional
finding of glomerulonephropathy. The majority of germline heterozygous
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point mutations associated with DDS occurred in the zinc finger 2 or 3
region and were shown to disrupt DNA binding by WT1 [78]. The other
congenital syndrome related to alterations in the WT1 gene is Frasier
syndrome which is caused by nucleotide variants in the WT1 intron 9 donor
splice site [79, 80].
Table 1. Congenital syndromes associated with mutations in WT1 (Adapted from
Scharnhorst et al., 2001 [7])

Syndrome

WT1 status

Phenotype

WAGR

Heterozygous deletion at
chromosome 11p13

Wilms' tumor; Aniridia; Genitourinary
abnormalities; Retardation
Infrequent gonadoblastoma

DDS

Heterozygous point
mutations (in zinc fingers)

Diffuse mesangial sclerosis causes
glomerular nephropathy
Often Wilms' tumor
Females: normal gonads
Males: phenotype of gonads varies,
appearing as streak gonads, female internal
and external genitalia, or mild
hermaphroditism

Frasier

Heterozygous point
mutation in splice donor site
in intron 9; occasional
mutation within exon 9

Glomerulopathy characterized by unspecific
focal and segmental glomerular sclerosis;
one case of Wilms' tumor reported; gonads:
male-to-female sex reversal (female external
genitalia, streak gonads, XY karyotype),
frequently gonadoblastoma

Abbreviations: DDS: Denys-Drash Syndrome, WAGR: Wilms' tumor, Aniridia, Genitourinary
abnormalities, Mental retardation.
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Hematopoiesis and WT1
Hematopoiesis is the process of production of all blood cells from a few
hematopoietic stem cells, which occurs in the bone marrow (BM) [81].
Expression of WT1 in human cells of hematopoietic origin has suggested a
role for WT1 in control of proliferation and differentiation of hematopoietic
cells. In human hematopoiesis, few (~1%) of the CD34+ multipotent
progenitor cells in both the uncommitted quiescent (CD38-) fraction and the
committed (CD38+) fraction in the BM express WT1. During differentiation
the expression is rapidly downregulated [82-85]. The WT1 protein is highly
expressed in the majority of patients with leukemia and in leukemic cell lines
[86-89]. It has been a matter of debate whether WT1 is overexpressed in
leukemic cells compared to normal hematopoietic progenitors. A report
using single cell analysis of WT1 expression shows that WT1 expression is
normally restricted to a small subset of hematopoietic progenitor cells and
that the expression levels per cell among these progenitors are quite similar
to those in leukemic cells. Thus, the results could indicate that WT1
expressing CD34+ BM cells were normal counterparts of leukemia cells and
that WT1 expression correlates to immaturity rather than a malignant
phenotype [83].
WT1 as a tumor suppressor gene
WT1 was initially discovered as a tumor suppressor gene in WT and WT1 has
been proven to function as a classic tumor suppressor of WT growth in
multiple genetic and experimental studies, as reviewed by Scharnhorst et al.,
2001 [7]. WT is known to be genetically heterogeneous, and WT1 mutations
are present in only about 20% of WT [90, 91]. The ability of WT1 to induce
growth suppression and suppress tumorigenesis in mice also highlights its
potential role as a tumor suppressor [92-94]. WT1 has also been found to
induce programmed cell death in osteosarcoma cell lines [48] and induce
apoptosis in the Saos-2 cell line and B16F10 murine melanoma cell line [95].
WT1 can also downregulate growth factor receptors such as the epidermal
growth factor receptor and the insulin receptor, altering the balance of
survival signals toward death [96].
WT1 as an oncogene or a chameleon gene
Whereas WT1 behaves as a tumor suppressor gene in WT, a wealth of data
on the overexpression of WT1 in a variety of human cancers of both
hematological and non-hematological origin suggests WT1 plays a role as an
oncogene. Overexpression of WT1 has been demonstrated in carcinomas
from a variety of origins, including lung cancer [97, 98], breast cancer [99],
colon cancer [100], pancreatic cancer [101], ovarian cancer [102, 103],
primary astrocytic tumors [104], sarcomas [105], malignant melanoma
[106], mesothelioma [107] and other tumors. WT1 has been shown to
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regulate the cell cycle, by contributing to the pro-proliferative effect. WT1
protein also exerts transcriptional regulation of growth factors and growth
factor receptors and has the potential to increase apoptosis, which
contributes to WT1-regulated cell survival. In breast cancer cells, ablation of
the WT1 protein led to increased apoptosis and cell cycle arrest at G1 [108].
Studies have also revealed a role of WT1 in angiogenesis and vascularization,
endothelial cell proliferation and migration, which are important steps for
tumor growth [109]. Regarding tumor treatment, peptide vaccines against
WT1 are showing promising results in suppressing tumor growth in patients
with leukemia, breast and lung cancer [110]. In addition, the treatment of
tumor cell lines with cytotoxic drugs leads to proteolysis of WT1 by the serine
protease HtrA2 [111]. This process could potentially be exploited to target
malignancies in which WT1 acts as an oncogene.
The oncogenic role of WT1 in leukemia has been extensively studied, and the
role of WT1 in leukemia appears to be complex and also contradictory.
Overexpression of WT1 has been reported in acute myeloid leukemia (AML),
chronic myeloid leukemia, acute lymphoblastic leukemia (ALL) and
myelodysplastic syndrome (MDS) [89, 112, 113]. Collectively, these studies
strongly suggest a tumor-promoting or oncogenic role of WT1 in
leukaemogenesis. However, some findings support a tumor suppressor role
of WT1 in leukemia. A considerable proportion of AML and precursor T-cell
lymphoblastic leukemia (T-ALL) shows WT1 mutations. The first report of
somatic WT1 mutations associated with development of AML was published
in 1994 by Pritchard-Jones et al. [114]. Since then, large cohort studies of
cytogenetically normal AML (CN-AML) cases have confirmed the frequency
of about 10% mutated WT1 in adult AML [115-117]. The incidence of WT1
mutations in T-ALL is reported in the same interval as AML, and most of the
detected T-ALL mutations are similar to those observed in AML, resulting in
truncation of the zinc-finger domain of WT1 [118]. The majority of mutations
involve insertions, deletions and missense mutations such as those observed
in patients with DDS [119]. These data suggest that as in WT, WT1 has a
tumor suppressor function in leukemia. The oncogenic or tumor-suppressive
effect of WT1 alterations is likely to be a result of how a cell at a particular
stage of development responds to perturbations in the expression of those
genes [119]. In 2011 Huff V. suggested retirement of the labels “tumor
suppressor” and “oncogene” to describe the WT1 function and introduced
the ingenious label “chameleon gene” for WT1 [119].
Acute leukemia (AL) and WT1 in AL
The word “leukemia” originates from the Greek word leukos, meaning white,
and haima, meaning blood. Leukemia is a malignant disease of
hematopoietic tissues. Patients suffering from leukemia often have high
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amounts of white blood cells because of accumulation of immature
dysfunctional white blood cells in the BM and peripheral blood (PB).
Patients may have symptoms of fatigue, sweating, emaciation, bleeding and
infections. The transition of a normal cell to a leukemic cell depends on
genetic changes, which lead to disturbed gene and protein functions in cells.
Today, we have a large but yet incomplete knowledge about the pathogenic
genetic and epigenetic changes involved in the development of leukemia.
Worldwide, the overall incidence of AL is approximately 4/100,000
population per year, with 70% of these cases being AML. ALL is
predominantly a disease of children, with 75% of cases occurring in patients
under 6 years of age. The vast majority of cases of AML occur in adults with a
median age of 60 years [120]. Possible etiological factors associated with
leukemia include viruses, ionizing radiation, cytotoxic chemotherapy and
benzene [121]. Leukemia is classified as myeloid or lymphoid depending on
the differentiation status of the cells and then further divided into chronic or
acute leukemia.
There are two major systems that are used to classify leukemia. The first
generally accepted uniform classification system, the French-AmericanBritish (FAB), was published in 1976 [122]. The classification was based on
the morphological characteristics of the leukemic blasts in association with
cytochemical reactivity patterns. The FAB-classification was revised in 1985
[123] and was used until 2001, when the World Health Organization (WHO)
introduced a new classification [120] that also took into account medical
history and cytogenetic and immunophenotypic findings. The WHO
classification was updated in 2008 [124]. According to the FAB criteria AL
was separated into myeloid and non-myeloid leukemia. The myeloid
leukemia group contained eight types, FAB M0-M7, and three lymphoblastic
types of leukemia, FAB L1-L3. All forms of AML requested more than 30%
blasts in the BM. In the WHO classification, the blast threshold for diagnosis
of AML was reduced from 30% to 20% blasts in the PB or BM. However,
patients with the recurrent cytogenetic abnormalities t(8;21)(q22;q22),
inv(16)(p13q22) or t(16;16)(p13;q22), and t(15;17)(q22;q12) should be
considered to have AML regardless of blast counts. AML was divided into
four main groups: AML with recurrent genetic abnormalities, AML with
multilineage dysplasia, therapy-related AML and AML not otherwise
categorized. The former AML M3 (defined as AML t(15;17)(q22;q12)) was
renamed acute promyelocytic leukemia.
According to the WHO classification, ALL FAB L1 and L2 were subdivided
into Precursor B-cell ALL and Precursor T-cell ALL. ALL FAB L3
corresponds to Burkitt leukemia. The blast threshold in the WHOclassification for ALL is 25%; if lower blasts and signs of a mass lesion are
present, they should instead be considered lymphomas. The current WHO
classification is presented in Table 2.
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Table 2. AML and related precursor neoplasms and precursor lymphoid
neoplasms (Adapted from WHO 2008 [124])
ACUTE MYELOID LEUKEMIA
Acute myeloid leukemia with recurrent genetic abnormalities
AML with t(8;21)(q22;q22); RUNX1-RUNX1T1
AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFC-MYH11
Acute promyelocytic leukemia with t(15;17)(q22;q12); PML-RARA
AML with t(9;11)(p22;q23); MLLT3-MLL
AML with t(6;9)(p23;q34); DEK-NUP214
AML with inv(3)(q21q26.2) or t(3;3)(q21;q25.2); RPN1-EVI1
AML (megakaryoblastic) with t(1;22)(p13;q13); RBM15-MKL1
AML with mutated NPM1
AML with mutated CEBPA
Acute myeloid leukemia with myelodysplasia-related changes
Therapy-related myeloid neoplasms
Acute myeloid leukemia, not otherwise specified
AML with minimal differentiation
AML without maturation
AML with maturation
Acute myelomonocytic leukemia
Acute monoblastic and monocytic leukemia
Acute erythroid leukemia
Acute megakaryoblastic leukemia
Acute basophilic leukemia
Acute panmyleosis with myelofibrosis
Myeloid sarcoma
Myeloid proliferations related to Down syndrome
Transient abnormal myelopoiesis
Myeloid leukemia associated with Down syndrome
Blastic plasmacytoid dendritic cell neoplasm
ACUTE LEUKEMIA OF AMBIGUOUS LINEAGE
Acute undifferentiated leukemia
Mixed phenotype acute leukemia with t(9;22)(q34;q11.2); BCR-ABL1
Mixed phenotype acute leukemia with t(v;11q23); MLL rearranged
Mixed phenotype acute leukemia, B/myeloid, not otherwise specified
Mixed phenotype acute leukemia, T/myeloid, not otherwise specified
Mixed phenotype acute leukemia, not otherwise specified – rare types
Other ambiguous lineage leukemia
Natural killer (NK) cell lymphoblastic leukemia/lymphoma
PRECURSOR LYMPHOID NEOPLASMS
B lymphoblastic leukemia/lymphoma not otherwise specified
B lymphoblastic leukemia/lymphoma with recurrent genetic abnormalities
B lymphoblastic leukemia/lymphoma with t(9;22)(q34;q11.2); BCR-ABL1
B lymphoblastic leukemia/lymphoma with t(v;11q23); MLL rearranged
B lymphoblastic leukemia/lymphoma with t(12;21)(p13;q22); TEL-AML1 (ETV6-RUNX1)
B lymphoblastic leukemia/lymphoma with hyperdiploidy
B lymphoblastic leukemia/lymphoma with hypodiploidy (hypodiploid ALL)
B lymphoblastic leukemia/lymphoma with t(5;14)(q31;q32); IL3-IGH
B lymphoblastic leukemia/lymphoma with t(1;19)(q23;p13.3); E2A-PBX1 (TCF3-PBX1)
T lymphoblastic leukemia/lymphoma

10

Significance of Wilms’ Tumor Gene 1 as a Biomarker in Acute Leukemia and Solid Tumors

Prognostic factors in AML may be subdivided into those related to patient
characteristics and general health condition and those related to
characteristics of the AML clone. Patient-related prognostic factors are age,
comorbidities, and previous existence of prior MDS or previous cytotoxic
therapy for another disorder. Clone-related prognostic factors are
chromosome and molecular abnormalities [125]. Genetic abnormalities are
the strongest known prognostic factor. A version of risk groups for adult
patients with AML are given in Table 3.
Table 3. Cytogenetic/molecular risk groups for adult patients with AML (Adapted
from Döhner et al., 2010 [125])
Favorable
t(8;21)(q22;q22); RUNX1-RUNX1T1
inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11
Mutated NPM1 without FLT3-ITD (normal karyotype)
Mutated CEBPA (normal karyotype)
Intermediate-I
Mutated NPM1 and FLT3-ITD (normal karyotype)
Wild-type NPM1 and FLT3-ITD (normal karyotype)
Wild-type NPM1 without FLT3-ITD (normal karyotype)
Intermediate-II
t(9;11)(p22;q23); MLLT3-MLL
Cytogenetic abnormalities not classified as favorable or adverse
Adverse
inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1
t(6;9)(p23;q34); DEK-NUP214
t(v;11)(v;q23); MLL rearranged
-5 or del(5q); -7 or del(7q); del(17p); complex karyotype

In ALL, current risk factor estimation is based on a number of criteria,
including age, leukocyte count and cytogenetics. Hyperdiploidy and t(12;21)
(p13;q22) are associated with favorable prognosis, while hypodiploidy and
presence of the Philadelphia chromosome, t(9;22) (q34;q11.2), confers an
adverse prognostic effect [126]. Furthermore, 11q23/MLL rearrangements
are found in approximately 80% of infants with childhood B-cell precursor
acute lymphoblastic leukemia (BCP-ALL) and are associated with a highly
dismal prognosis [127]. Despite the improved 5-year prognosis, ALL remains
the main cause of disease-related death in children, and current prognostic
factors cannot entirely answer for clinical outcome [128, 129]. Inter-patient
variation in treatment responses has been suggested as a possible result of
germline genetic variations of the host. For example, low-hypodiploid ALL
(with 32-39 chromosomes) is associated with germ-line alterations in TP53
[130].
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Another prognostic factor in AL is minimal residual disease (MRD). Current
treatment protocols are based on these prognostic factors, which contribute
to individualized therapy and risk-adapted intensification [125]. Studies have
shown that detection of MRD in AML is prognostically relevant [131-133].
Recently Grimwade and Freeman [134] presented a rationale for detection of
MRD in AML. Given the heterogeneity of AML in terms of genetic and
immunophenotypic profile they concluded that a “one size fits all” approach
should be considered unrealistic. Achieving standardization of each
methodology is clinically important. The monitoring of MRD as determined
by RT-PCR detecting leukemia-specific targets (eg, gene fusions, gene
mutations, overexpressed genes), by multiparameter flow cytometry or
newer molecular technologies identifying leukemia-associated aberrant
phenotypes remains an active and important field of investigation.
WT1 is highly expressed in the majority of AML patients, and there has been
interest as to whether WT1 could provide prognostic information and
function as a universal molecular MRD marker. The majority of AML
patients express WT1 at diagnosis, as it appears in 73-93% of patients [135].
Several authors have reported that expression of the WT1 gene at diagnosis
may be predictive of outcome [87, 136, 137]. However, some studies have
found no prognostic relevance for the level of WT1 expression at diagnosis
[131, 133, 138]. Some reports didn’t show any significant association between
WT1 expression and different FAB subtypes [139], while other reports have
indicated higher WT1 expression in M3 AML [140] and fewer WT1
transcripts in M5 AML [136, 137, 140].
In addition to high WT1 expression, mutations in the WT1 gene have also
been found in leukemia. WT1 mutations and single nucleotide
polymorphisms (SNPs) have also been suggested as prognostic factors. WT1
mutations are more frequent in CN-AML or in AML with mutations in the
FLT3 gene [115, 141]. WT1 mutations found in AML are mostly heterozygous,
with a remaining WT1 wild-type allele. They are missense mutations,
deletions and insertions that result in a truncated WT1 protein with loss of
the DNA-binding domain [117]. The mutational “hotspots” are in exon 7 and
9. Heterozygous mutations could also lead to haploinsufficiency of the WT1
function. The reported homozygous WT1 mutations in AML are biallelic
through loss of heterozygosity (LOH) due to somatic acquired uniparental
disomy, which implies that mutation precedes mitotic recombination, which
acts as a “second hit” responsible for removal of the remaining wild-type
allele [142]. The incidence of WT1 mutations in T-ALL is similar to the
incidence in AML. Regarding WT1 mutations in BCP-ALL, no data are
available in the literature. Haploinsufficency of WT1 as a result of WT1
mutations contributing to leukemic disease may seem in agreement with
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WT1’s role as a tumor suppressor gene. Other studies strongly suggest an
oncogenic role for WT1 in leukemogenesis [143]. If WT1 can act as an
oncogene, mutated WT1 may show a gain of function, becoming more
oncogenic as compared with wild-type WT1. The coexistence of WT1mutations and FLT3-ITD in CN-AML patients may indicate a synergistic
effect in leukemogenesis [144].
Unlike DNA mutations, synonymous SNPs encode a substitution in the DNA
sequence without altering the resultant proteins [145]. It is still much
disputed whether synonymous SNPs are a gene variation with a functional
role. However, “silent” SNPs have been found to be associated with over 50
diseases [146]. The mechanisms of this effect have not yet been fully
understood. It is suggested that synonymous SNPs have the ability to
alternate mRNA splicing, stability and expression, as well as protein folding
[147, 148]. Recently, clinical interest has been raised regarding the
prognostic impact of SNP rs16754 in WT1 exon 7 for patients with leukemia.
This exon has two alleles that can harbor the nucleotide adenine (A) or
guanine (G); the result is a homozygous (WT1AA or WT1GG) or heterozygous
(WT1AG) genotype. The minor allele frequency of WT1 SNP rs16754 (WT1AG
or WT1GG) has been reported in approximately 27% of patients with AML
[149-152]. In a German study, patients with CN-AML who were carrying
rs16754 (WT1AG) and rs16754 (WT1AA) genotypes were found to have a better
outcome compared to patients with the rs16754 (WT1GG) genotype [149].
However, in a large Cancer and Leukemia Group study, patients with CNAML who had the rs16754 (WT1GG) genotype had a more favorable outcome
among a subset of patients with FLT3-ITD [152]. Nevertheless, in a Korean
cohort, the different genotypes of rs16754 did not have any significant
impact on clinical outcome in CN-AML [153].

Renal cell carcinoma (RCC) and WT1 in RCC
RCC accounts for about 2-3% of all adult malignancies [154]. In Sweden,
around 1000 RCC cases are diagnosed every year. Epidemiological studies
have identified several risk factors for RCC, including tobacco smoking,
exposure to carcinogenic arsenic compounds, overweight and blood
hypertension [155]. The roles of other described risk factors like analgesics;
exposure to asbestos, gasoline or trichloroethylene; and protective effects of
alcohol, fruit and vegetables are less clear [156]. Most RCCs are sporadic, but
they can also occur in hereditary forms. Approximately 3-4% can be
explained by genetic predisposition [157].
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Malignant parenchymal neoplasm of the kidney is classified into five
subtypes according to the Heidelberg criteria [158]. The five most common
RCC types are:
1. Clear cell RCC (ccRCC)
2. Papillary RCC
3. Chromophobe RCC
4. Collecting duct RCC
5. Renal cell carcinoma, unclassified
RCC is classified according to the current WHO classification of RCC, which
summarizes the achievements and contributions of previous classifications
[155]. ccRCC is the most common subtype of RCC, constituting 80-90% of
RCC cases [158]. ccRCC is architecturally diverse, with solid, alveolar,
trabecular and acinar patterns. The carcinomas typically contain a network
of small thin-walled blood vessels. The cytoplasm is commonly filled with
lipids and glycogen, which are dissolved in routine histologic procession,
creating a clear cytoplasm surrounded by a distinct cell membrane.
Sarcomatoid and fibromyxoid changes, ossification and calcifications occur
in small proportions of ccRCC.
Tumor stage is the most important prognostic factor for predicting the
survival of RCC patients. Tumor stage describes the anatomical extension of
the disease and is assessed according to the TNM-system, UICC, 2009, Table
4 [159].
Table 4. TNM classification and stage grouping (UICC 2009, 7th edition [159])
Stage

TNM

Definition

I

T1 N0 M0

≤7 cm tumor diameter, confined to the kidney
T1a: ≤4 cm tumor diameter
T1b: >4 cm tumor diameter

II

T2 N0 M0

>7 cm tumor diameter, limited to the kidney
T2a: tumor >7 to 10 cm
T2b: tumor >10 cm

III

T3 N0-1 M0

Tumor extension into major veins or perinephritic tissues
but not into the ipsilateral adrenal gland and not beyond
Gerota fascia
T3a: extends into the renal vein, perinephric fat
T3b: extends into vena cava below the diaphragm
T3c: extends into vena cava above the diaphragm

IV

T4 N0-1 M0-1

Tumor extension to other organs, beyond Gerota fascia

Abbreviations: Primary tumor (T), Regional lymph nodes (N), Distant metastasis (M).
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After stage, nuclear grade is the most important prognostic feature of ccRCC.
The 4-tiered nuclear grading system according to Fuhrman [160] is
presented in Table 5.
Table 5. The 4-tiered nuclear grading system according to Fuhrman (Adapted from
Eble et al. [155]).
Grade

Definition using the 10× objective

I

Small hyperchromatic nuclei (resembling mature lymphocytes) with no visible
nucleoli and little detail in the chromatin

II

Finely granular “open” chromatin but inconspicuous nucleoli

III

The nucleoli must be easily unequivocally recognizable

IV

Nuclear pleomorphism, hyperchromasia and single to multiple nucleoli

Previous studies have demonstrated genetic abnormalities in ccRCC, of
which inactivation of the tumor suppressor gene von Hippel-Lindau (VHL)
plays a role in the pathogenesis [161]. Inactivation of the VHL gene can occur
through hypermethylation or mutations, including deletions, insertions,
missense, nonsense and splice junction alterations [162]. Up to 70% of
sporadic ccRCC cases have a VHL somatic mutation and LOH [163, 164].
Only a few studies have investigated WT1 in human RCC. In 1998, Campbell
et al. demonstrated aberrant WT1 expression in four out of five ccRCC
samples and in several cell lines, which contraindicated WT1 as a tumor
suppressor [165]. However, other studies have demonstrated lower WT1
expression in RCCs compared to the tumor-free kidney cortex [63, 166, 167],
indicating that WT1 acts as a tumor suppressor in ccRCC.

Ovarian carcinoma (OC) and WT1 in OC
OC is the seventh most common cancer diagnosis among women worldwide
and the fifth most common cancer diagnosis among women in higherresource regions [168]. The world rate is estimated to be 6.3/100,000
women and is highest in high-resource countries (9.3/100,000 women)
[168]. The incidence and mortality rates of OC have declined in the Nordic
countries from the mid-1980s [169]. However, the prognosis is still poor,
with 5-year relative survival around 40% in Sweden [169]. The use of oral
contraceptives [170], parity and breastfeeding [171] are thought to have a
protective effect against developing any subtype of OC because of decreased
numbers of ovulation cycles (theory of incessant ovulation). The use of
menopausal estrogen treatment increases the risk [172]. Genetic factors, like
Breast Cancer 1 and Breast Cancer 2 gene (BRCA1 or BRCA2) mutations
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increase the risk for developing OC and breast cancer [173]. Approximately
90% of OCs are epithelial ovarian carcinomas (EOC). Based on
histopathology, immunohistochemistry (IHC) and molecular genetic
analysis, they are classified into different subtypes according to WHO
histopathological standards, including serous, endometrioid, clear cell,
mucinous and undifferentiated tumors [174]. Improved understanding of the
molecular alterations involved in carcinogenesis has contributed to the
conclusion that EOC is no longer considered a single entity. EOCs are
nowadays considered different disease processes with each subtype having
distinct genetic risk factors, underlying molecular events during oncogenesis,
stages at diagnosis, and responses to chemotherapy, as reviewed by Gurung
et al. [175]. Five subtypes of OC are described as sufficiently distinct and well
characterized to be considered different diseases. An additional
classification, based on molecular genetics, divides EOC into two categories,
designated Type I and II [176, 177]. Type I tumors comprise low-grade
serous carcinomas (LGSC), low-grade endometrioid carcinomas, clear cell
carcinomas, mucinous carcinomas and Brenner tumors. They are generally
indolent, present in TNM stage I (tumor confined to the ovary) and are
characterized by specific mutations, including KRAS, BRAF, ERBB2,
CTNNB1, PTEN, PIK3CA, ARID1A and PPPR1A, which target specific cell
signaling pathways. Type I tumors rarely harbor TP53 mutations and are
relatively stable genetically [176]. Type II tumors are high-grade serous
carcinomas (HGSC), high-grade endometrioid carcinomas, carcinosarcomas
and undifferentiated carcinomas. They are aggressive, present in advanced
TNM stage, and have a very high frequency of TP53 mutations but only
rarely harbor the mutations detected in Type I tumors. In addition, Type II
tumors have molecular alterations that perturb expression of BRCA either by
mutation of the gene or by promoter methylation. A hallmark of these
tumors is that they are genetically highly unstable [176]. Serous carcinomas
account for about 75% of EOC and are further divided into HGSC and LGSC,
with distinct clinical and molecular features. Almost all serous tumors are
HGSC.
HGSC is the most prevalent (70%) and most aggressive histological subtype
and may arise in the fallopian tube epithelium, either directly from a
carcinoma in the fallopian tube or from tubal epithelium implanted in the
ovary [178]. HGSC is composed of epithelial cells displaying papillary,
glandular (often slit-like) and solid patterns with high-grade nuclear atypia.
Tumor necrosis is frequent, and mitoses are numerous [174]. Nuclear
expression of WT1 is considered a useful marker for HGSC and is present in
more than 90% of HGSCs [174]. Mutation in the TP53 gene as well as posttranslational induced dysfunction of TP53 is a hallmark for HGSC that is
found in close to all cases and is detected immunohistochemically as
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aberrant TP53 [179]. Another common feature in this subtype is inactivation
(germline or somatic mutation or promoter methylation) of BRCA1 and
BRCA2 in nearly one-half of HGSCs [173].
LGSC represents 3-5% of all EOC cases [180]. LGSC is an invasive
carcinoma that usually appears in distinct patterns showing low-grade
malignant cytological atypia [174]. Tumor necrosis is almost never detected,
and the mitotic activity is significantly lower than in HGSC. Nuclear
expression of WT1 is present in almost 100% of LGSCs [174]. TP53
mutations are uncommon and have lower levels of chromosomal instability
than HGSC. Common mutations are those of KRAS, BRAF and ERBB2
oncogenes [177, 181, 182], all upstream of the MAPK, which result in
activation of MAPK signaling and proliferation [183].
Endometrioid carcinomas represent the second most common form of
EOC, approximately 10-15% of EOCs [174, 180]. Endometrioid carcinoma
morphologically resembles endometrioid carcinoma of the uterine corpus.
The frequent association of ovarian endometrioid carcinoma with
endometriosis and endometrial carcinoma suggests that some ovarian
endometrioid carcinomas may share risk factors with endometrial
carcinomas [184]. The genetic profile involves mutations in CTNNB1, PTEN,
ARID1A, TP53, KRAS and BRAF [174].
Clear cell carcinomas account for 10-12% of all EOC cases [180]. Clear
cell carcinoma is a malignant tumor composed of clear eosinophilic and
hobnail cells that displays a tubulocystic, papillary and solid pattern. For
unknown reasons, this subtype has a higher prevalence in Japan relative to
western countries [185]. Similar to endometrioid carcinoma, the majority of
clear cell carcinomas originate from endometriotic lesions [174]. Clear cell
tumors are normally TP53 wild-type and have low chromosomal instability.
Mutations in ARID1A and PIK3CA genes have been reported, and low
expression of PTEN is a common feature [174]. Considering the high risk of
relapse and unfavorable OS, clear cell carcinoma, which belongs to Type I
tumors behaves as the Type II tumors.
Mucinous carcinomas account for approximately 3% of EOCs [180]. The
cell of origin is still unknown, but the tumor is composed of gastrointestinaltype cells containing intra-cytoplasmic mucin. Somatic KRAS mutations are
the most consistent molecular genetic alterations, and HER2 amplification is
seen in 15-20% of tumors; most such tumors do not harbor mutations in
KRAS [174, 186].
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Undifferentiated carcinomas are uncommon as ovarian tumors. These
tumors show no differentiation of any specific Müllerian cell type. They
display sheet-like growth, frequently associated with necrosis and high
mitotic activity. The tumor cells are often monotonous and non-cohesive
[174].
Tumor stage at diagnosis is the most important prognostic factor for
predicting survival. Staging of OC is done according to the FIGO guidelines
and TNM, as shown in Table 6 [159, 187, 188]. The FIGO stages are based on
surgical staging. TNM stages are based on clinical and/or pathological
classification. The 5-year disease-specific survival decreases with higher
stage, from more than 90% in stage I to less than 20% in stage IV [189].
Unfortunately, the majority of cases are diagnosed at a late stage (stage III or
IV), with disseminated disease. WT1 protein expression is used in
gynecological pathology as a diagnostic marker of serous differentiation and
is frequently coexpressed with estrogen. Since the prognosis is exceptionally
poor and therapeutic advances are only made slowly, novel therapy options
for this highly aggressive neoplasm are needed. WT1 has been proposed as a
promising target for immunotherapy [6, 110]. Knowledge about WT1 as a
prognostic factor can be useful in the development and evaluation of
immunotherapy. One recently published study by Taube et al., [190]
demonstrated that WT1 protein expression is an independent favorable
prognostic factor for primary HGSC, a finding that could be validated in an
independent patient cohort and in silico in a series of publically available
gene expression datasets.
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Table 6. FIGO stage grouping and TNM classification [159]
FIGO
Stages

TNM

Definition

I

T1-N0-M0

Tumor limited to the ovaries (one or both)

IA

T1a-N0-M0

Tumor limited to one ovary (capsule intact). No malignant
cells in the ascites or peritoneal washings

IB

T1b-N0-M0

Tumor limited to both ovaries (capsules intact). No
malignant cells in the ascites or peritoneal washings

IC

T1c-N0-M0

Tumor limited to one or both ovaries or fallopian tubes, with
any of the following: capsule ruptured, tumor on ovarian
surface, malignant cells in ascites or peritoneal washings

II

T2-N0-M0

Tumor involves one or both ovaries with pelvic extension

IIA

T2a-N0-M0

Extension and/or implants on uterus and/or tube(s). No
malignant cells in the ascites or peritoneal washings

IIB

T2b-N0-M0

Extension to other pelvic tissues. No malignant cells in the
ascites or peritoneal washings

IIC

T2c-N0-M0

Pelvic extension (2a or 2b) with malignant cells in the ascites
or peritoneal washings

III

T3-N0-M0

Tumor involves one or both ovaries with microscopically
confirmed peritoneal metastasis outside the pelvis

IIIA

T3a-N0-M0

Microscopic peritoneal metastasis beyond pelvis

IIIB

T3b-N0-M0

Macroscopic peritoneal metastasis beyond the pelvis up to 2
cm in greatest dimension.

IIIC

T3c-N0/N1-M0

Macroscopic peritoneal metastasis beyond the pelvis more
than 2 cm in greatest dimension, with or without metastasis
to the retroperitoneal lymph nodes (includes extension of
tumor to capsule of liver and spleen without parenchymal
involvement of either organ)

IV

Any T-Any N-M1

Distant metastasis excluding peritoneal metastases

Abbreviations: Primary tumor (T), Regional lymph nodes (N), Distant metastasis (M).
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Aims of the Thesis
The main goal of this thesis was to investigate the significance of WT1 as a
biomarker in AL and solid tumors.
Specific aims:
Paper I
• To analyze WT1 gene expression in relation to clinical characteristics of
patients with AML.
•

To evaluate the prognostic value of WT1 gene expression at diagnosis.

•

To study WT1 gene expression as an MRD marker to predict outcome in
AML patients.

Paper II
• To study the association between mutation and expression levels of the
WT1 gene in ccRCC.
•

To test the clinical relevance of WT1 mutation in ccRCC.

Paper III
• To investigate the importance of anti-WT1 IgG Ab in blood as a marker
of anti-OC immune response and possible relation to disease
progression.
•

To determine whether anti-WT1 IgG Ab levels in blood are related to
WT1 protein expression in cancer tissue specimens.

Paper IV
• To investigate the clinical implications of WT1 gene variations and
mutations in childhood BCP-ALL.
•

To identify whether WT1 variations can be used as biomarkers for
predicting clinical outcome in childhood BCP-ALL.
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Materials and Methods
Patients and tissue samples (Papers I-IV)
In paper I, 43 adult patients (median age 61 y, range 23 to 85 y) who were
diagnosed with AML between 1996 and 2002 were included in the study.
These patients were treated at the Department of Hematology, Umeå
University Hospital, Sweden, according to standard protocols. Patients with
severe comorbidity precluding the initiation of intensive induction
chemotherapy were excluded. BM and PB samples were obtained at
diagnosis and during treatment. Expression levels of WT1 mRNA were
quantified in BM at diagnosis in 34 patients. Additional follow-up samples
from 9 patients were analyzed, yielding a total of 43 patients. WT1 gene
expression levels in PB could be quantified at diagnosis and during follow-up
in 14 patients. The total number of samples was 202, and the median
number of follow-up samples per patient was 3 (range 1 to 7). The median
follow-up time was 22 months (range 1 to 141).
In paper II, the study included 182 adult patients who were diagnosed with
ccRCC between 1985 and 2007. These patients were treated at Umeå
University Hospital, Sweden, based on guidelines from the European
Association of Urology [191]. The median age of the patients was 65.5 years
(range 38–87 years), and median survival time was 49.5 months (range 1–
300 months). For patients providing corresponding tumor-free specimens,
the median age was 67 years (range 38 to 87 years), and median survival
time was 55.5 months (range 1 to 115 months). A total of 260 tissue
specimens, including 182 ccRCC tumor samples and 78 corresponding
tumor-free renal cortical tissue samples, were sequenced for WT1 exons.
Follow-up medical records of the patients were used for survival analysis.
In paper III, the study included a total of 103 ovarian specimens from
patients undergoing surgery at the Department of Obstetrics and
Gynaecology, Umeå University Hospital, Sweden, between August 1993 and
November 2000. Plasma samples were obtained from patients before
operation (median 1 day; range 0 to 48 days) and stored at -80°C until use.
Medical records of the patients during follow-up and the Swedish Cause of
Death Register were retrospectively reviewed and used for identification of
progression-free survival (PFS) and overall survival (OS) analysis. Patients in
this study did not receive any radiation or chemotherapy before surgery.
In paper IV, 92 patients diagnosed with childhood BCP-ALL between 1987
and 2013 at Umeå University Hospital, Sweden, were included in the study.
The study comprised 49 males and 43 females at the median age of 4.5 years
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(range 0 to 18 years). Patients were treated according to four different
NOPHO-ALL (Nordic Society of Pediatric Hematology and Oncology)
protocols, ALL-1986 (n = 9), ALL-1992 (n = 23), ALL-2000 (n = 29) and
ALL-2008 (n = 26). Details of the protocols have been described previously
[192-194]. Patients below the age of one were treated according to specific
protocols for infant ALL (n = 7). BM or PB samples were collected at
diagnosis. For six patients, paired diagnostic, remission and relapse samples
were available for analyses. Six additional patients had paired diagnostic and
relapsed samples available for analyses.
Informed consent was obtained in accordance with the recommendations of
the Declaration of Helsinki and institutional regulations. All studies were
approved by the Human Ethics Committee of the Medical Faculty, Umeå
University, Sweden.
Classification and risk group stratification in AL (Papers I and IV)
The diagnosis and classification of AML were based on criteria according to
the FAB classification. The cytogenetic analyses were performed on BM
samples obtained at diagnosis, and before treatment at the Department of
Medical and Clinical Genetics, Umeå University Hospital, Sweden. At least
20 cells were analyzed. Risk group stratification based on cytogenetic
findings was evaluated retrospectively. Cytogenetic risk group stratification
on AML patients was performed as described by Grimwade et al. [195]. The
risk was categorized into favorable, intermediate, or adverse. Molecular data
were not available and was therefore not incorporated in the risk
stratification. MDS was defined as an antecedent hematological disorder if
diagnosed at least 2 months before the diagnosis of leukemia.
For childhood BCP-ALL, the cytogenetic analyses were routinely performed
on BM samples taken at diagnosis, and before treatment at the Department
of Medical and Clinical Genetics, Umeå University Hospital, Sweden. The
risk was categorized as standard, intermediate, or high.
ccRCC grade and stage (Paper II)
All pathology specimens were reviewed by pathologists subspecialized in
uropathology. The histological grading of specimens was performed
according to the internationally approved Fuhrman grading system [160].
Tumor stages were classified according to the TNM classification 2002 [196].
OC classification, grade and stage (Paper III)
All pathology specimens were reviewed and classified by a subspecialist in
gynecologic pathology. The histological grading was determined by
pathologists according to the present WHO classification. Tumor stages were
classified according to the TNM classification.
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Genomic DNA preparation, RNA extraction and cDNA
preparation (Papers I, II and IV)
In paper II, genomic DNA was extracted from frozen tissue specimens using
MagAttract DNA Mini M48 Kit with Qiagen BioRobot M48 (Qiagen, Hilden,
Germany). After extraction and isolation, the DNA was stored at -80°C until
use.
In paper IV, DNA was extracted using proteinase K treatment followed by
chloroform treatment (Nucleon II, Scotlab, UK) or by using Gentra
PURGENE, genomic DNA purification kit (Qiagen, Hilden, Gemany), and
both procedures were done according to the manufacturer’s instructions.
Total RNA was extracted with the TRIzol method (Invitrogen AB, Stockholm,
Sweden). After extraction, the RNA concentration was determined by
measuring the optical density at 260 nm, and the RNA samples were stored
at -80ºC until use. cDNA was synthesized by reverse transcription with the
Superscript II Reverse Transcriptase kit according to the manufacturer’s
protocol (Invitrogen AB, Stockholm, Sweden).
Quantitative assessment of WT1 transcript expression with realtime quantitative PCR (RQ-PCR) (Papers I and II)
To analyze gene expression, RQ-PCR was performed in paper I and II. RQPCR is a very sensitive method with which small amounts of cDNA can be
quantified. This method is based on the detection and quantification of a
dye-labeled probe (TaqMan probe). The TaqMan probe and primers are
designed to hybridize specifically to a complementary sequence. If the probe
anneals to its target sequence, which is amplified during PCR, the reporter
dye starts to emit fluorescence, which increases in each cycle. Unlike
conventional PCR methods detecting the final amount of amplified product,
the PCR product is quantified after each round of amplification based on the
amount of fluorescence produced. The amplification can be followed in real
time during the exponential phase, allowing accurate quantification of gene
expression in the starting material. An internal control is used to adjust for
variations in RNA isolation and cDNA synthesis. Amplification conditions,
primers and probes for the WT1 gene and the two control genes (CGs )(the βactin gene and the ABL1 gene) are described in paper I. WT1 transcription
values were normalized against the expression of β-actin (papers I and II)
and ABL1 (paper I). Relative expression levels were calculated as the mean of
triplicate determinations of the WT1 gene copy number divided by the mean
of duplicate determinations of the copy numbers of the CGs. As an internal
experimental control, RNA from K562 cells was reverse-transcribed to
produce cDNA for the RQ-PCR assay.
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Sequencing analysis of the WT1 gene (Papers II and IV)
Using intron-exon flanking primer pairs, the polymerase chain reaction
(PCR) technique was applied to amplify the whole coding region of 10 exons
of the WT1 gene. Twelve pairs of primers were previously described [144].
Because of the GC-rich sequences of exon 1, Hot Star Plus polymerase
(Qiagen, Hilden, Germany) was used for DNA amplification, as previously
described [144], and for the remaining exons 2 to 10, AmpliTaq Gold
polymerase (Applied Biosystems, Foster City, CA, USA) was used. The
amplification conditions are described in paper II. Sequence reactions were
analyzed on an Applied Biosystems 3730×l DNA Analyzer (Applied
Biosystems, Foster City, CA, USA). Nucleotide sequences were aligned using
the Sequencher software, v4.7 (Gene Codes Corporation, Ann Arbor, MI,
USA). The derived WT1 gene sequences were identified by comparing them
with the corresponding reference genes in GenBank (EMBL)
(http://www.ncbi.nlm.nih.gov/genbank/), with the search tools, BLAST
(http://blast.ncbi.nlm.nih.gov/) and dbSNP (http://www.ncbi.nlm.nih.gov/
snp).

Immunohistochemistry (IHC) (Paper III)
IHC is the localization of antigens or proteins in tissue sections by the use of
labelled antibodies as specific reagents through antigen–antibody
interactions that are visualized by a marker. In this study, WT1 protein
expression using IHC was analyzed on only malignant tumor specimens.
Formalin-fixed, paraffin-embedded tissue specimens were cut (4-µm thick
sections) and mounted on glass slides. Sections were stained with
monoclonal WT1 Ab (clone 6F-H2, Dako, Carpinteria, CA, USA) in a dilution
of 1:50 using a fully automated slide preparation system (Ventana
Benchmark XT; Ventana Medical Systems, Inc., Tucson, AZ, USA).
Monoclonal mouse anti-human WT1 (anti-WT1) recognizes an epitope found
in the amino terminal 84 amino acids of WT1. Anti-WT1 reacts with all
isoforms of the full-length WT1 and also identifies WT1 lacking exon 2,
which is frequently found in subsets of sporadic WTs. In
immunoprecipitation assays, anti-WT1 has been shown to recognize fulllength and in vitro translated WT1. Anti-WT1 also detects full-length
denatured WT1. The intensity of WT1 expression was classified as
nonstaining, weak and intensive, as previously described [197]. Tumors with
heterogeneous intensity of WT1 were classified according to the highest
degree of immunoreactivity if it occupied more than 10% of the tumor.
Material from the fallopian tubes was used as positive control tissue.
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Enzyme-linked immunosorbent assay (ELISA) (Paper III)
Anti-WT1 IgG Ab titers were measured by the method described previously
[198] with minor modifications. In brief, 96-well ELISA plates were coated
with three recombinant glutathione S-transferase tagged, WT1 fragment
proteins, WT-Fr1 (1–182 AA), WT-Fr2 (180–324 AA) and WT-Fr3 (318–449
AA) in immobilization buffer overnight. Then, the plates were washed with
tris-buffered saline and blocked with blocking solution. Plasma was diluted
at 1:100 in blocking solution. Thus, 100 µL of blocking solution was used as
the negative control for the assay. Then, 100 µL of the diluted plasma (1:50
dilution) was added to each well for overnight incubation at 4°C. Plates were
washed and incubated with ALP-conjugated goat anti-human IgG Ab (Santa
Cruz Biotechnology, Dallas, TX, USA) diluted at 1:500. After washing, bound
anti-WT1 IgG Ab was visualized for each well using 100 µL of BCIPNBT kit
(Nacalai Tesque, Kyoto, Japan). Then, absorbance at 550 nm was measured
using a microplate reader MTP-310 (Corona Electric, Ibaraki, Japan). The
absorbance for sample plasma was calculated by subtracting the absorbance
of the negative control from the measured absorbance of the sample. All
samples were examined in duplicate. The titers of anti-WT1 IgG Ab were
calculated by interpolation from the corresponding standard line, which was
constructed for each assay from the results of simultaneous measurements of
serial dilutions of anti-WT1 C19 Ab (8, 40, 200, and 1000 ng/mL), using
ALP-conjugated goat anti-rabbit IgG Ab (diluted at 1:500; Santa Cruz
Biotechnology) as the second Ab. The level of anti-WT1 IgG Ab in the plasma
that produced absorbance at 550 nm, equal to that produced by 0.1 µg/mL of
anti-WT1 C19 Ab, were defined as 1.0 WT1-reacting-units (WRUs) in the
ELISA system.
Statistical analysis
Statistical analysis was performed with SPSS (version 18 or 21) statistical
software (SPSS Inc., Chicago, IL, USA).
The Mann-Whitney U test was used to compare the differences between the
two independent variables, and the Kruskal-Wallis one-way analysis of
variance was used for group comparisons. Correlations between two
variables were tested according to Spearman correlation tests. Fisher’s exact
test (when the sample size was <5) was used for comparing proportions. The
χ2 test was used to determine the significance of observed differences in
proportions (papers II and IV).
The Kaplan-Meier method was used to estimate the distribution of freedom
from relapse (FFR), the OS, disease-specific survival (DSS) and PFS, relapsefree survival (RFS) and event-free survival (EFS) (papers I-IV). The log-rank
test was used to estimate differences between survival distributions.
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OS was defined as being from the date of diagnosis to death of any cause or
last follow-up.
For AML patients who achieved complete remission (CR), FFR was
measured from the date of diagnosis until the day of disease relapse.
For ccRCC patients, DSS was defined as the time period from diagnosis to
death from the disease or to the last follow-up.
For OC patients, PFS was calculated from the date of diagnosis to the date
the disease “progressed” or the date on which the patient died of any cause.
For BCP-ALL patients, RFS was calculated from time of CR until date of
relapse or last follow-up. EFS were calculated from date of diagnosis to date
of induction treatment failure, relapse from CR or death from any cause.
Cox proportional hazard models were used to estimate hazard ratios (HRs)
for univariate and multivariate analyses of OS and RFS. P-values ˂ 0.05 were
considered significant.
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Results and Discussion
Paper I
Reduction in WT1 Gene Expression During Early Treatment
Predicts the Outcome in Patients With Acute Myeloid Leukemia
Correlation of WT1 transcript levels normalized against two
different CGs
Several genes have been suggested as internal CGs for RQ-PCR to correct for
variations in the quality and quantity of RNA and subsequent cDNA
synthesis. In this study we compared the usefulness of the β-actin gene and
ABL1 gene as CGs. We performed an analysis on the WT1 expression using
these two CGs in a total of 202 samples, including 48 diagnostic (14 PB and
34 BM) and 154 follow-up samples (65 PB and 89 BM). WT1 transcripts were
detected in 133 of 202 samples. We found significant agreement between
WT1 gene expression levels normalized with the β-actin gene and the ABL1
gene (r = 0.96, P<0.001)
The β-actin gene has been frequently used as a CG for normalization at our
clinical laboratory and has been used as a CG in previous published MRD
studies [112, 199, 200]. More recently, several studies have used the ABL1
gene as CG for normalizing WT1 transcripts [131, 201]. The β-actin gene has
pseudogenes that could cause overestimation of gene expression, but primer
combinations are claimed to be mRNA-specific, thus preventing
amplification of contaminating genomic DNA (pseudogenes) [202, 203].
Studies have found that repair of gene transcriptional activity induced by
chemotherapy with melphalan (alkylating agent) in vivo occurred in the
order β-actin> p53> N-ras> d-globin [204]. It must be noted that this result
cannot automatically be compared with DNA repair following treatment with
antracycline-based
(anti-tumor
antibiotics)
and
cytarabine-based
(antimetabolite) treatment. Levels of β-actin mRNAs has also been
described as relatively constant posthypoxia in comparison with immediate
early gene products [205]. These findings suggest that β-actin transcripts are
probably less affected by chemical-induced or stress-induced damage to gene
activity. An argument against using β-actin as a CG in AML patients is that
monosomy 7 occurs in 4% of AML patients [195]. Chromosome 7 harbors the
β-actin gene, and monosomy of this chromosome could result in a lower
level of β-actin mRNA and cDNA. In our study cohort, however, 3 patients
had monosomy 7 in diagnostic BM samples, and their expression of β-actin
was in the same range as in the other patients.
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Tamaki et al. [202] demonstrated a strong correlation between WT1 gene
transcription values normalized against β-actin, ABL1, and GAPDH as CGs.
A landmark for standardization of PCR methodology for clinical
implementation was the Europe Against Cancer program [206], one of
whose key achievements was an extensive evaluation of a large amount of
potential CGs to identify candidates with stable expression in normal PB and
BM, similarly expressed across a range of types of leukemia and with
comparable stability to that of the leukemic transcripts. Only ABL1 was
proposed for use as a CG because its mRNA expression was not significantly
different in normal and leukemic samples at diagnosis. β-actin was excluded
after the first round of the study because the presence of pseudogenes was a
major criterion for exclusion and further analysis. The ABL1 gene is
ubiquitously expressed at a desirable level and has no pseudogenes, but
some primers for ABL1 can also yield amplification of ABL1 transcripts from
translocations in Philadelphia-positive leukemia [207].
All genes used for normalization can show alterations in one or the other
condition because no single RNA has constant expression in all situations
during development and experimental treatment [208, 209]. That is why
CGs should be validated for each particular condition of interest, and every
researcher should first demonstrate a satisfactory function of the CGs used
in their specific application. Mathematical combination of CGs may also be
considered [210].

Expression levels of WT1 gene mRNA and clinical characteristics
at diagnosis and course of the disease
We analyzed a total of 34 BM samples from newly diagnosed adult patients
with AML. At diagnosis, the median ratio of WT1 gene expression was
10.57/10 000 β-actin (0.11 to 76.54) and 1268/10 000 ABL1 (11 to 14151). No
significant differences in WT1 expression were observed regarding age or
sex. Regarding FAB classification, the highest expression levels of WT1
mRNA at diagnosis were observed in the four patients with FAB M3 subtype,
which corresponds to acute promyelocytic leukemia, and the lowest levels
were seen in the three patients with FAB M5 subtype, which corresponds to
acute monoblastic and monocytic leukemia. No significant difference was
shown between patients with a history of MDS and patients with de novo
AML. The expression of CD34 antigen was reported as negative or positive
and was not associated with WT1 transcription levels (P = 0.592 for WT1/βactin, P = 0.394 for WT1/ABL1). To determine the prognostic relevance of
WT1 expression levels at diagnosis, the patients were divided into two groups
according to the median of the initial WT1 transcript ratio. There was no
difference in WT1 mRNA expression at diagnosis between patients who
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relapsed and those who did not relapse. According to cytogenetics, the
highest WT1 expression was observed in the favorable group, which included
patients with FAB M3 (P = 0.070 for WT1/β-actin, P = 0.042 for
WT1/ABL1).
A median WT1 gene expression level of 0.0279/10 000 β-actin and 17.38/10
000 ABL1 was observed in BM samples at first CR in 23 patients with AML.
Fourteen patients received hematopoietic stem cell transplantation. In five of
these patients, BM samples were available for quantitative assessment of
WT1 expression at diagnosis and during follow-up before and after
transplantation. Two induction treatment courses had been given to all but
one of the patients. Before transplantation, all patients were in CR and
showed significantly lower expression of the WT1 gene than at diagnosis.
After transplantation, a very low level of WT1 expression was found in two
patients, and the WT1 transcript was undetectable in three patients.
Several studies have reported that expression of the WT1 gene at diagnosis
may be predictive of outcome [87, 136, 137]. These studies are not identically
performed but have in common that a low WT1 expression at diagnosis was
associated with better outcome. However, other studies [131, 133, 138],
including our study, have not been able to confirm these findings. These
results and conclusions are confounded by differences in:
1.

The performance of assays (TaqMan or SYBR green dye) and
standardized approaches (absolute or RQ-PCR analysis).
2. Patient materials (BM or PB) and differences in age, leukemia subtype,
etc.
3. Treatment protocols and length of follow-up.
4. Different WT1 cutoff levels used for defining the status of MRD.
Quantitative assessment of WT1 mRNA expression after allogeneic stem cell
transplantation has been demonstrated to be a useful tool for monitoring
MRD in AML [211, 212]. In the present study, we were unable to prove the
usefulness of WT1 gene expression as a predictor of relapse after BM
transplantation because of the restricted patient material. However, all
samples after BM transplantation showed reduced WT1 gene expression
compared with the degree of gene expression before transplantation.

Prognostic significance of reduction in WT1 gene expression
during treatment
To determine the prognostic relevance of WT1 gene expression levels in both
BM and PB for OS and FFR during follow-up, different intervals were
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evaluated as follows: Interval 1: <1 month, samples acquired between 3 and 4
weeks after diagnosis (median 25 d, range 19 to 30 d); and interval 2:
samples acquired between 1 and 6 months (median 2.7 mo, range 1.03 to 5.7
mo). We analyzed the effect of a ≥1-log reduction and a ≥2-log reduction in
WT1 mRNA expression. We found that, in interval 1, the achievement of ≥1log reduction in BM was associated with improved OS and FFR when β-actin
was used as CG (P = 0.004 for OS and P = 0.010 for FFR). No significant
result was achieved regarding a ≥2-log reduction or when ABL1 was used as
CG. These results are probably due to the limited number of patients studied.
PB could not be analyzed because very few follow-up samples were available
from this interval. In interval 2, the achievement of a ≥2-log reduction in PB
was associated with improved OS (P = 0.004) and FFR (P = 0.012) when
both β-actin and ABL1 were used as CGs. Similarly, a ≥1-log reduction in PB
was also associated with improved OS and FFR.
WT1 mRNA expression has been shown to be a potential candidate for the
evaluation of MRD, especially in AML patients in the absence of
multiparameter flow cytometric or DNA MRD markers [213-215]. However,
widespread implementation of WT1 MRD measurements has been hampered
by the lack of knowledge of how and when to measure MRD levels.
Despite the limited number of patients in this study, our observations were
consistent with the results of previous studies, which have shown that early
MRD measurements could provide predictive information on patient
outcome [131, 216]. WT1 gene expression analysis in PB samples is likely to
be the most informative measure, given the low background level of WT1 in
PB relative to BM samples. Taken together with previous MRD studies [131,
132, 211, 217-219], the data collected in this study suggest that the analysis of
WT1 expression may be a tool for monitoring of MRD in AML, but its
usefulness is debatable.

How useful is WT1 expression analysis for defining MRD in
AML?
The molecular heterogeneity of AML combined with increasing
understanding of the clonal architecture contradicts the notion that one
single MRD approach is applicable to all forms of AML [134]. Considering
the fact that a significant proportion of adult AML patients lack an
informative leukemia-specific marker and in view of the finding that the
majority of patients with AML express WT1, it has been natural to evaluate
WT1 gene expression as a universal molecular AML-MRD marker. Taking
into account the relatively limited sensitivity and lack of specificity of WT1
assessments, this platform seems unlikely to be widely adopted into routine
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clinical practice [134]. A major factor affecting assay sensitivity is that
expression of WT1 is not leukemia specific. In one European LeukemiaNet
(ELN) study, Cilloni et al. [131] analyzed 204 control samples derived from
healthy volunteers using the ELN WT1 assay. Based on their results, the
upper limit of normal WT1 expression was defined as 250 copies for BM and
50 copies/10,000 ABL1 copies for PB. The presence of WT1 in normal
samples limits the capacity to distinguish low-level MRD from a normal
background. This is in contrast to leukemia-specific markers which generally
provide a more sensitive and reliable sample source for MRD assessment.
There is accumulating evidence that multiparameter flow cytometric MRD
(MFC-MRD) assessments is a strong candidate for MRD detection in AML
when risk stratifying both younger and older patients [220-223]. The clinical
value of MFC as an MRD measuring tool is difficult to ignore, particularly
with its applicability to the majority of AML patients and the possibility for
very exact cell characterization [134]. Recent sequencing-based approaches
are also expected to be more informative in terms of applicability and
sensitivity in the substantial proportion of AML patients in whom MRD
tracking is not suitable using an established RQ-PCR [134]. Newer molecular
technology for MRD detection includes next-generation sequencing (NGS)
technologies and microfluidics-based systems such as digital PCR. Almost all
AMLs harbor genetic mutations, and mutational hotspots are not necessary
for NGS MRD measurement; therefore, NGS could potentially be applicable
to measure predictive markers in all AMLs [224].

Paper II
Single Nucleotide Polymorphisms in the Wilms’ Tumour Gene 1 in
Clear Cell Renal Cell Carcinoma
Frequencies and features of WT1 mutations and SNPs in ccRCC
patients
We performed sequence analysis on all 10 exons in WT1 in 182 ccRCC tumor
specimens and in 78 corresponding tumor-free renal cortical tissue samples.
Previous reported missense, nonsense or frame-shift mutations in the WT1
gene in leukemia [141] or in WT [225] were not identified in the present
study. However, a novel heterozygous missense mutation in exon 1 at
nucleotide position 536 C>A was identified in one patient with a stage IV
ccRCC at diagnosis. This mutation changes the amino acid from proline to
histidine at codon 179. In addition to the 536 C>A mutation, this patient also
carried the heterozygous minor allele for the rs2234582 and rs16754.
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A total of six different WT1 gene SNPs were identified in the material. The
genotypes of each SNP met Hardy-Weinberg equilibrium. One or two copies
of the minor allele were found in exon 1 in 95 tumor specimens, in exon 7 in
52 tumor specimens and in exon 10 in 27 tumor specimens. The minor allele
frequencies of these SNPs presented in order with 16.8% of rs2234582 in
exon 1, followed by 16% of rs16754 in exon 7, 13.7% of rs1799925 in exon 1,
7.7% of rs5030315 in exon 10, 6.6% of rs2234583 in exon 1 and 0.6% of
rs2234581 in exon 1. Similar frequencies of these SNPs were presented in all
78 of the corresponding tumor-free renal cortical tissue samples except for
rs2234581. The majority of the minor allele of these SNPs was heterozygous
in both tumor and tumor-free tissues. At least one copy of the minor allele
could be detected in 111 of the 182 tumor specimens (61%). Furthermore,
SNP genotypes were compared in 78 tumor and corresponding tumor-free
specimen pairs. A high concordance (95%) was demonstrated.
Our data suggest that WT1 mutations found in other types of malignancies
are not common in ccRCC.

Correlation between WT1 SNP genotypes and WT1 mRNA
expression, and clinical and pathological characteristics in
ccRCC patients
It has previously been demonstrated that WT1 mRNA expression is
significantly lower in ccRCC compared to tumor-free renal cortical tissue,
indicating that WT1 acts as a tumor suppressor in ccRCC [63]. These
findings are supported by the present study. WT1 mRNA expressions were
analyzed by RQ-PCR in a total of 115 tissue samples, including 100 tumor
and 15 tumor-free specimens. Significantly lower WT1 mRNA expression in
ccRCC was observed in comparison with tumor-free renal cortical tissue (P =
0.001). WT1 mRNA expression was compared between different WT1 SNP
genotype groups, and we found no difference in WT1 mRNA expression
levels in tumors (P = 0.726) and tumor-free tissue samples (P = 0.779). No
significant differences were found between patients with wild-type and
homozygosity or heterozygosity for the minor allele of the WT1 SNPs with
regard to age (P = 0.397), sex (P = 0.542), tumor stage (P = 0.947), tumor
size (P = 0.602), tumor grade (P = 0.718), DSS (P = 1) and OS (P = 0.873).
One caveat of this study is that cDNA was not synthesized directly after
sampling. Since RNA is naturally labile and prone to degradation this may
have influenced the estimation of WT1 mRNA expression.
Due to the
synonymous
assumption
synonymous

relative large frequency of SNPs in the human genome,
SNPs are often disregarded in many studies based on the
that they are silent. The moniker “silent” to describe a
mutation or SNP comes from Anfinsen’s principle that the
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amino acid sequence of a protein alone determines the three-dimensional
structure of a protein and, hence, its function [226]. It has been proposed
that synonymous SNPs may change protein amount, structure or function by
altering mRNA structure and stability, kinetics of translation or splicing
[226]. However, it is unclear whether RNA expression could be affected by
the major or minor allele. One argument could be that AWT1, co-expressed
with WT1 in renal and hematopoietic cells [16], may affect detection of WT1
using primers and probes in exon 1 and 2. In this study, primers and probes
for measuring WT1 RNA level were selected according to a quality-control
study involving 11 ELN laboratories spread across eight countries [131]. The
mechanism of downregulated WT1 expression in ccRCC appears unrelated to
WT1 SNP genotypes. Other mechanisms—for example epigenetic
modifications such as histone posttranscriptional modifications, DNA
methylation or related oncogenic pathways—may be involved in the
decreased WT1 expression in ccRCC.

Homozygous minor allele for WT1 SNPs were associated with
favorable clinical outcome
We investigated the prognostic impact of the WT1 SNPs in our entire cohort
of 182 ccRCC patients, who had a median OS of 49.5 months (range 1 to 300
months) and a median DSS of 49 months (range 1 to 293 months). To
determine whether outcome was associated with genotype, we also
performed separate analyses in patients homozygous for the WT1 wild-type
alleles and those heterozygous and homozygous respectively for the minor
allele. In the subgroup of patients with homozygous minor allele (6%),
median OS was 91 months (range 9 to 243 months), and median DSS was
96.5 months (range 9 to 243 months). Patients with a heterozygous minor
allele (54.9%) had a median OS of 41 months (range 1 to 300 months) and a
median DSS of 40 months (range 1 to 276 months). Wild-type patients (39%)
had a median OS of 49 months (range 1 to 293 months) and a median DSS of
48 months (range 2 to 293 months). Patients with a homozygous minor
allele (6%) had longer OS and DSS than patients with a heterozygous minor
allele (P = 0.020 for OS and 0.018 for DSS) and patients who were
homozygous for the wild-type allele (P = 0.029 for OS and DSS). No
difference in OS or DSS was found between patients with WT1 wild-type and
those heterozygous for the minor allele (P = 0.610 for OS and P = 0.652 for
DSS). In addition, we combined and compared patients with different WT1
genotypes in exon 1. Patients with a homozygous minor allele for WT1 in
exon 1 were observed to have a favorable outcome for both OS and DSS
compared to patients with a heterozygous allele (P = 0.026 for OS and P =
0.022 for DSS) or wild-type allele (P = 0.012 for OS and P = 0.010 for DSS).
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Patients with wild-type and heterozygous genotypes in exon 1 did not differ
significantly in OS or DSS (P = 0.772 for OS and P = 0.809 for DSS).
Because WT1 SNP rs16754 (WT1 exon 7) has been proposed as a prognostic
factor in AML, a subgroup analysis of the rs16754 SNP in ccRCC was
performed. The subgroup analysis of the rs16754 SNP showed that patients
with a homozygous minor allele had significantly favorable OS compared to
those with a heterozygous genotype (P = 0.036) but longer DSS was only a
trend (P = 0.060). In comparison with wild-type genotype, survival time did
not differ significantly for patients with a homozygous minor allele (P =
0.107 for OS and P = 0.108 for DSS) from those with a heterozygous
genotype (P = 0.123 for OS and P = 0.462 for DSS).
There are conflicting reports concerning the prognostic significance of SNP
rs16754 [149, 151-153, 227, 228]. The International HapMap 3 consortium
database has collected genetic data from the global population since 2002
(http://hapmap.nbci.nlm.nih.gov/) [229, 230]. The minor allele frequency
of rs16754 in the present study was 16%, in agreement with data from the
HapMap database for European subjects (15.9%). This suggests that none of
the rs16754 genotypes are associated with predisposition for ccRCC.
We were not able to evaluate whether the prognostic impact was
independent in a multivariate analysis, since few patients were homozygous
for the minor allele. Taken together, these results indicate that the
prognostic impact of WT1 SNPs in ccRCC is weak.
It is worth noting that only exonic variation of WT1 in ccRCC has been
studied. As we have learned from the ENCODE Project Consortium [231],
the loci associated with disease by most genome-wide association studies are
enriched within non-coding functional elements rather than exonic
functional variants. We considered analysis of haplotypes, as these
individual SNPs or haplotypes could be associated with another variant with
regulatory effect on gene expression. Haplotype analysis may increase the
power to map disease genes compared to single marker analysis. However, it
is still not clear what type of genetic variants, such as major alleles (common
alleles) or minor alleles (rare alleles) cause the disease. Furthermore, the
true power of haplotype analysis has yet to be demonstrated in theoretical
studies and practice.
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Paper III
Prognostic Significance of Specific Anti-WT1 IgG Antibody Level
in Plasma in Patients with Ovarian Carcinoma
Anti-WT1 IgG Ab in plasma in patients with ovarian tumors and
clinical parameters
No differences in anti-WT1 IgG Ab level were found between patients with
malignant, borderline or benign tumors. The association of anti-WT1 IgG Ab
with clinical parameters was also examined. Using cut-off at the median of
anti-WT1 IgG Ab levels obtained from 52 patients with OC, patients were
divided into two groups with high level (≥median) and low level (<median).
No significant differences were found between anti-WT1 IgG Ab levels and
clinical parameters including age, histological subtype, FIGO stage, grade,
disease progression and OS.
There is a great need to develop novel biomarkers for early detection of OC.
A previous study of anti-WT1 IgG Ab in non-small cell lung cancer (NSCLC)
showed that the level of anti-WT1 IgG Ab was elevated in NSCLC patients
compared to healthy controls, indicating a humoral immune response
against cancer-derived WT1 protein [198]. In NSCLC and hematopoietic
malignancies, WT1-specific immune response has been observed to be
biased toward Th1-type cells [198, 232]. Similarly to our results in OCs, the
NSCLC study demonstrated no association between anti-WT1 IgG Ab levels
and clinical parameters [198]. Unfortunately, no healthy controls were
included in our study.
WT1 protein expression in tumor specimens in patients with OCs
When IHC was performed, WT1 was dominantly stained in the nuclei of OC
cells. Strong WT1 protein staining was demonstrated in 35 of 50 specimens,
and weak WT1 staining was observed in only one tissue sample. Positive WT1
protein staining was found more frequently in the serous histological
subtype (60%) than in the non-serous one (12%, P < 0.001). Advanced stage
of the disease (FIGO stages III and IV) was associated with positive WT1
staining (P < 0.001), as well as grade 3 but not grades 1 and 2 (P = 0.007).
Poor outcome was observed in patients with positive WT1 staining both for
disease progression (P = 0.005) and OS (P = 0.016). No significant
differences were observed between patients with positive versus negative
WT1 staining with regard to age.
Our data are in line with results from previous studies. Unfortunately, this
study was initiated and performed before the revised classification of the
serous OCs into HGSC and LGSC. The consequence of this is that WT1
expression as a prognostic marker has not been studied separately in HGSC
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and LGSC. However, it should be noted that no negative impact was
observed concerning OS and PFS in the serous OCs in this study. WT1
protein expression has been demonstrated as an independent favorable
prognostic marker in HGSC [190, 233]. Indeed, there are conflicting data on
this topic to date [234-236]. These conflicting results can be attributed to the
fact that most studies used cohorts composed of different histological
subtypes including LGSCs, which are now regarded as a separate,
molecularly distinct subtype. There is reason to reflect on the interesting fact
that WT1 protein expression (primarily known as a diagnostic marker for
serous differentiation) has been described as a possible favorable prognostic
marker in HGSC. WT1 is generally thought to be an oncogene in adult
cancers [237], and this would rather entail a negative prognostic effect.
Taube et al. [190] speculated that WT1 could be upregulated in a feedback
mechanism and function as a tumor suppressor in HGSC.
Prognostic relevance of anti-WT1 IgG Ab level and WT1 protein
expression in patients with OCs
Patients diagnosed with OCs were divided into two groups according to the
median of anti-WT1 IgG Ab levels. Survival analysis in patients with OC is
shown in Table 7. Anti-WT1 IgG Ab level was not shown to be of overall
prognostic significance in OS. However, in women with grade 3 OC, low antiWT1 IgG Ab levels were related to longer PFS compared with high anti-WT1
IgG Ab levels.
Patients with positive WT1 protein staining in OCs had shorter survival for
both OS and PFS. When stratified by subtype, there was no significant
difference in OS or PFS with regard to WT1 protein expression in serous OC,
whereas in patients with non-serous subtypes there was an association with
poor clinical outcome and positive WT1 protein staining for PFS but not OS.
We also investigated the prognostic impact by combining anti-WT1 IgG Ab
level in plasma and WT1 protein staining. Patients were divided into
subgroups based on positive or negative WT1 IHC staining. No association
was found between anti-WT1 IgG Ab and WT1 staining (P = 0.280). Survival
analysis in the subgroup with high anti-WT1 IgG Ab levels showed that
positive WT1 protein staining was related to shorter survival and
significantly associated to shorter PFS. In serous OC, patients with both high
anti-WT1 IgG Ab level and WT1-positive staining survival did not differ in
PFS compared with others, whereas significant poor PFS was found in
subgroups with non-serous subtype and tumor grade 3 (Table 7).
Our study has shown that low anti-WT1 IgG Ab levels are of positive
prognostic significance in grade 3 OCs, while positive WT1 expression by
IHC has a negative impact on survival in the subgroup consisting of non-
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serous OCs with high anti-WT1 IgG Ab levels. However, previous studies
observed high anti-WT1 IgG Ab levels to be associated with longer survival in
both NSCLC and MDS [198, 238]. The reason for this difference is unclear.
In accordance with previous reports by Hogdall et al. and Hylander et al.
[235, 236], we showed that WT1 IHC expression was related to advanced
stages and histological grade. In contrast, a study by Netinatsunthorn et al.,
mainly composed of advanced stage III and IV tumors found no association
between WT1 IHC expression and tumor stage or tumor grade [234]. An
association between higher WT1 IHC expression and the serous OC subtype
has been demonstrated in previous studies and is confirmed in this study
[103, 233, 239, 240]. Poor survival was associated with positive WT1
expression, which was observed in this study as well as previous studies
[233, 235].
Table 7: Schematic summary of survival analysis in patients with OC presented in
Paper III
WT1 Ab titer

WT1 IHC

WT1 Ab + IHC

OS

PFS

OS

PFS

OS

PFS

All

P=0.129

P=0.063

P=0.046*

P=0.006*

P=0.123

P=0.016*

Serous

P=0.273

P=0.352

P=0.244

P=0.728

P=0.361

P=0.264

Non-serous

P=0.288

P=0.059

P=0.161

P=0.024*

P=0.502

P=0.039*

Stage I + II

P=0.124

P=0.432

P=0.805

P=0.288

P=0.495

P=0.482

Stage III + IV

P=0.318

P=0.063

P=0.801

P=0.135

P=0.619

P=0.104

Grade 1

P=0.140

P=0.140

P=0.140

P=0.140

P=0.140

P=0.140

Grade 2

P=0.590

P=0.560

P=0.144

P=0.103

P=0.970

P=0.496

Grade 3

P=0.053

P=0.039*

P=0.692

P=0.185

P=0.053

P=0.039*

*, P < 0.05.
Abbreviations: Antibody (Ab), Immunohistochemistry (IHC), Overall Survival (OS), Progression
Free Survival (PFS)

It should be noted that there are limitations with the analyses presented in
this study. First, the classification and the grading system of OC (especially
the serous subtype) have recently been revised as described in the
introduction. This new classification has unfortunately not been possible to
be taken into account retrospectively. Second, the ELISA performed by our
collaborators in Japan was modified, so the results are not entirely
comparable. The ELISA was performed on plasma samples, not on serum
samples. Plasma differs from serum in that it contains fibrinogen and
clotting factors, and it has not been shown that plasma and serum can be
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used interchangeably in detection assays. In addition, we did not include
healthy controls or controls with other malignancies. The source of anti-WT1
IgG Ab can be considered unclear and controversial, and studies using
ELISA as a detection method have been excluded from the meta-analysis
[237]. In summary, our study suggests that anti-WT1 IgG Ab measurements
in plasma and WT1 staining in tissue specimens could be useful as
biomarkers for patient outcome in the high-risk subtypes of OCs. Combining
the ELISA data and IHC added no additional information regarding
prognosis. Further data from large multicenter prospective studies are
needed to validate the clinical importance of anti-WT1 IgG Ab as a predictive
marker in OC.
Paper IV
Analysis of Single Nucleotide Polymorphisms and Mutational
Status of the Wilms’ Tumor Gene 1 in Childhood B-cell Precursor
Acute Lymphoblastic Leukemia
Frequencies and features of WT1 mutations and SNPs in
childhood BCP-ALL
We performed sequence analysis on all 10 exons in WT1 in 92 patients with
BCP-ALL. Only one WT1 mutation was detected in the entire cohort. The
mutation was a novel heterozygous missense mutation in exon 1 at
nucleotide position 650 (G>A), with the change of the amino acid from
glutamic acid to lysine. This WT1 mutation was not detected in relapse
and/or remission samples. The result indicates that mutations in the WT1
gene are not frequent events in childhood BCP-ALL, unlike in T-ALL or AML
[115-118]. Five WT1 SNPs were identified. The minor allele frequencies of the
SNPs are presented in order: 7.1% for rs5030315, 7.6% for rs2234583, 11.9%
for rs16754, 15.2% for rs1799925 and 16.8% for rs2234582. The number of
patients with heterozygous/homozygous genotype for the minor alleles were
13 (14.1%) for rs5030315 (WT1AG/GG), 13 (14.1%) for rs2234583 (WT1GA/AA),
21 (22.8%) for rs16754 (WT1AG/GG), 26 (28.3%) for rs1799925 (WT1CT/TT) and
29 (31.5%) for rs2234582 (WT1GT/TT). All genotypes were found to be in
Hardy Weinberg equilibrium. Out of the 92 patients, 38 (41.3%) did not have
any of the WT1 SNPs. Fourteen patients (15.2%) carried one SNP minor
allele, 34 (37.0%) had the minor allele of two SNPs, four (4.3%) had the
minor allele of three SNPs, and two (2.2 %) had the minor allele of four
SNPs.
Variations in the WT1 SNP genotypes were analyzed in 12 paired diagnostic,
relapse and/or remission samples. No differences in the SNP genotypes were
detected in any of these patients.
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The minor allele frequencies of the five SNPs identified in our patient cohort
were comparable to that of the European population according to the 1000
Genomes Project [241], suggesting that WT1 SNPs are not associated with a
predisposition to developing childhood BCP-ALL. However, WT1 SNP
rs16754 showed a slightly lower frequency, occurring in 11.9% of children
with BCP-ALL, in comparison to 17% in the corresponding European
population. Genotype frequencies of rs16754 have been demonstrated to
differ greatly between populations [241]. From the genetic perspective, one
serious potential confounder is ethnicity. The patients in our study mostly
derived from the northern part of Sweden. A study of the internal genetic
structure of the Swedish population has recently been performed [242]. The
overall structure within Sweden appeared clinal, and the substructure in the
southern and middle parts was subtle. In contrast, the northern part of
Sweden, Norrland, exhibited pronounced genetic differences both within the
area and relative to the rest of the country. These distinctive genetic features
of Norrland are probably the result of isolation by distance and genetic drift
caused by low population density, which has led to pronounced genetic
differences both within the area and relative to the rest of the country [242].
Correlation between WT1 SNP genotypes and patient clinical
and molecular characteristics
No significant difference was found between SNP genotypes and clinical and
molecular characteristics including sex, age, WBC or cytogenetic aberrations.
However, patients heterozygous/homozygous for the minor allele of
rs1799925 had a significantly worse survival rate than patients without the
minor allele (P = 0.018).
Negative prognostic impact of rs1799925 on OS
The prognostic impact of the five WT1 SNPs identified was evaluated for
survival analyses in 66 children with BCP-ALL. Patients treated according to
the latest NOPHO ALL-2008 protocol were not included in the survival
analysis. The results show that patients with the heterozygous/homozygous
combination for the minor allele of rs1799925 have shorter OS compared to
patients with the wild type allele (P = 0.021). In addition, we investigated the
prognostic significance of the minor allele of rs1799925 in specific risk
groups and found that in the patient group without high risk factors, the
presence of the minor allele of rs1799925 maintained a negative association
with worse OS (P = 0.037). We could not detect any prognostic significance
of rs16754, rs2234582, rs2234583 or rs5030315.
We also performed univariate and multivariate Cox regression to assess
whether rs1799925 and other prognostic factors could predict OS and RFS in
our patient cohort. In the univariate analysis, patients with the minor allele
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of rs1799925 had a lower OS, with an HR of 3.35 (95% CI = 1.12-9.99; P =
0.030). In the multivariate analysis, the presence of the rs1799925 minor
allele showed a trend toward prognostic significance on OS (HR = 3.07; 95%
CI = 0.94-9.94; P = 0.062). Age below one year at diagnosis was the only
prognostic factor that retained significance on OS in the multivariate
analysis (HR = 11.19; 95% CI = 1.63-77.0; P = 0.014).
These results suggest that the WT1 SNP rs1799925 may be useful as a new
biomarker for clinical outcome in childhood BCP-ALL without any of the
known prognostic markers. However, further studies in larger patient
cohorts treated under homogenous conditions are necessary to confirm the
clinical use of the rs1799925 as a new biomarker in childhood BCP-ALL.
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Conclusions
Paper I
We have found (1) that there is a correlation between WT1 expression levels
normalized against β-actin and against ABL1; (2) that expression levels of
WT1 mRNA at diagnosis are of no prognostic relevance in AML; (3) that
reduction in WT1 gene expression in BM (≥1-log) <1 month after diagnosis
can predict the outcome (regarding OS and FFR) when β-actin is used as CG;
and (4) that reduction in WT1 expression in PB (≥2-log) between 1 and 6
months of treatment can predict outcome (regarding OS and FFR)
irrespective of the CG used. Taken together with previous MRD studies, the
data collected suggest that the analysis of WT1 expression may be a potential
tool for monitoring MRD in AML. However, the usefulness is debatable, and
newer molecular technologies for MRD detection are under construction and
evaluation.
Paper II
None of the previously reported WT1 mutations in leukemia were found in
ccRCC. Our study showed the occurrence of one or two copies of the WT1
SNP minor allele in 61% of ccRCCs. Six different SNPs were identified in the
WT1 gene. In order of descending minor allele frequency, SNP rs2234582
was most frequent, followed by rs16754, rs1799925, rs5030315, rs2234583
and rs2234581. No association was found between WT1 SNP genotypes and
clinical and pathological characteristics. However, we found favorable
outcomes associated with homozygosity in the SNP that represented the
minor allele of WT1. Considering its low frequency, larger studies would be
necessary to confirm this finding.
Paper III
Our study has shown that low anti-WT1 IgG Ab levels are of positive
prognostic significance in grade 3 OCs, while positive WT1 expression by
IHC has a negative impact on survival in the subgroup consisting of nonserous OCs. These results suggest that anti-WT1 IgG Ab levels may be used
as a prognostic marker in addition to WT1 staining in
stratification/classification, particularly in the subgroups of patients with
non-serous OC or grade 3 OC. However, further studies, with expanded
patient materials applying the most up-to-date classification, grading
systems and genetic knowledge, are needed to elucidate the impact of antiWT1 IgG Abs and WT1 in tumor tissue.
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Paper IV
None of the previously reported WT1 mutations in leukemia were found in
childhood BCP-ALL patients. Five WT1 SNPs were identified with minor
allele frequencies: 7.1% for rs5030315, 7.6% for rs2234583, 11.9% for
rs16754, 15.2% for rs1799925 and 16.8% for rs2234582. Patients who were
heterozygous or homozygous for the minor allele of rs1799925 were found to
have worse OS compared to patients with the wild-type allele. Furthermore,
the presence of the minor allele of rs1799925 was associated with a
decreased OS in a subgroup of patients without known high risk factors.
However, further studies in larger patient cohorts treated under
homogenous conditions are necessary to confirm the clinical use of the
rs1799925 as a new biomarker in childhood BCP-ALL.
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