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Abstract
Sub-Saharan African children have an increased incidence of Wilms tumor (WT) and experience
alarmingly poor outcomes. Although these outcomes are largely due to inadequate therapy, we
hypothesized that WT from this region exhibit features of biologic aggressiveness that may
warrant broader implementation of high-risk therapeutic protocols. We evaluated 15 Kenyan WT
(KWT) for features of aggressive disease (blastemal predominance, Ki67/cellular proliferation)
and treatment resistance (anaplasia, p53 immunopositivity). To explore additional biologic
features of KWT, we determined the mutational status of the CTNNB1/β-catenin and WT1 genes
and performed immunostaining for markers of Wnt pathway activation (β-catenin) and nephronic
progenitor cell self-renewal (WT1, CITED1, SIX2). We characterized the proteome of KWT using
imaging mass spectrometry (IMS). Results were compared to histology and age-matched North
American WT (NAWT) controls. For KWT patients, blastemal predominance was noted in 53.3%
and anaplasia in 13%. We detected increased loss to follow up (p=0.028), disease relapse
(p=0.044), mortality (p=0.001), and nuclear unrest (p=0.001) in KWT patients compared to
controls. KWT and NAWT showed similar Ki67/cellular proliferation. We detected an increased
proportion of epithelial nuclear β-catenin in KWT (p=0.013). All 15 KWT were found to harbor
wild-type β-catenin, and 1 contained a WT1 nonsense mutation. WT1 was detected by
immunostaining in 100% of KWT, CITED1 in 80%, and SIX2 in 80%. IMS revealed a molecular
signature unique to KWT that was distinct from NAWT. African WTs appear to express markers
of adverse clinical behavior and treatment resistance and may require alternative therapies or
implementation of high-risk treatment protocols.
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Introduction
Wilms tumor (WT) is the most common childhood kidney cancer worldwide, yet its
incidence and behavior vary between ethnic groups.1–3 Children residing in resource-
constrained regions of sub-Saharan Africa experience high incidence rates of WT and
alarmingly dismal outcomes. Compared to 4-year overall survival rates exceeding 90% in
developed countries, certain developing nations in sub-Saharan Africa achieve only a 2-year
relapse-free survival rate of 35–40%.4–8 Presentation with advanced stages of disease,
severe anemia, and acute malnutrition are common among WT patients from this region,
complicating adequate treatment and rendering recipients of chemotherapy considerably
more vulnerable to treatment toxicities.9 Although much of this poor survival can be
attributed to inadequate health care resources and incomplete delivery of standard WT
therapies, the contribution of unique biological properties to the high incidence and adverse
behavior of WT within these vulnerable populations has not been previously reported.

Several histologic features of WT have been associated with adverse behavior and treatment
resistance. Anaplasia (unfavorable histology) is defined by the presence of multipolar
mitoses, hyperchromatic nuclei, and nuclear gigantism. Although present in only 5% of WT,
anaplasia accounts for half of WT-associated deaths in developed countries.10–12 Anaplasia
can be present in all stages of WT and is, therefore, not directly associated with tumor
aggressiveness; however, it is strongly associated with treatment resistance.13 In contrast,
blastemal predominance in WT has been associated with significant aggressiveness (i.e.
advanced stage of disease); however, these tumors are typically responsive to initial
therapy.13 Nuclear unrest, or the presence of abnormally large and hyperchromatic nuclei
without multipolar mitoses, has been described as a potential intermediate step in the
degeneration from favorable to unfavorable histology (anaplasia).14 Nuclear unrest has been
observed to appear in WT specimens from disease relapse (in some cases accompanied also
by anaplasia), although the direct clinical significance of this observation is unclear.14

Several tumor markers have been identified in WT that associate with adverse clinical
disease features. Accumulation of the tumor suppressor gene, p53, in WT specimens has
been associated with anaplasia and treatment resistance.15–17 A proliferative index greater
than 5% in WT specimens, as defined by percent positive Ki67 staining nuclei, has also been
associated with greatly increased disease progression and decreased tumor-specific
survival.18

Wilms tumorigenesis stems from dysregulation of pathways critical to normal kidney
development. β-catenin, the protein product of the CTNNB1 gene, is involved in cadherin-
mediated cell-adhesion and the Wnt signaling pathway. In WT, as in other cancers, nuclear
localization of β-catenin has been shown to signify either Wnt pathway activation or
stabilizing mutations of β-catenin itself.19,20 β-catenin mutations in cancers cluster at exon 3
of the CTNNB1 gene, which codes for critical amino acid residues that regulate its nuclear
localization and transcriptional activity upon phosphorylation.21 Wnt pathway activation and
nuclear localization of β-catenin have been implicated as key features of tumorigenesis in a
rat nephroblastoma model.22 β-catenin mutations and upregulation of β-catenin target genes
have been associated with WT1-mutant WT. Dysregulated β-catenin activation in the
context of absent WT1 tumor suppression is thought to represent a critical tumorigenic step
in this WT sub-population.23 In WT, CTNNB1 mutations in exons 7 and 8 have been shown
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to cluster with mutations in the WTX gene, while CTNNB1 mutations in exon 3 cluster with
mutations in WT1.24, 25 WTX is an associated protein involved in the Wnt signaling
pathway that is responsible for ubiquination and degradation of β-catenin.26 It is estimated
that one third of WT possess mutations in WT1, WTX, and/or CTNNB1/β-catenin.27

WTs are postulated to arise from persistence of nephronic progenitor cells, comprising the
metanephric mesenchyme (MM) of the embryonic kidney, which have escaped pathways of
epithelial differentiation.28 WT1, CITED1, and SIX2 are genes active in the MM that are
down-regulated in fated cells undergoing epithelial differentiation.29–32 While the self-
renewing component of the MM is defined by CITED1+SIX2+ cells, only SIX2 has been
shown to directly regulate self-renewal.31 In late gestation, when the MM has fully
differentiated and is no longer present, WT1 expression persists in podocytes and epithelial
cells of Bowman’s capsule, while CITED1 and SIX2 are not expressed and remain inactive
in the postnatal kidney.33 Loss of heterozygosity (LOH) of WT1 has been identified in a
small, but significant, proportion of WT patients and leads to nephrogenic rests, a WT
precursor lesion defined as abnormal persistence of nephronic progenitor cells.27, 34 We
have published previously that CITED1 remains active in both WT and nephrogenic rests,
and associates with advanced stages of disease in favorable histology WT.35 Although SIX2
expression parallels CITED1 closely in development, its expression, tumorigenic, or
pathogenic properties in WT have not been reported.

While a number of poor prognostic markers have been characterized in WT, the use of high-
throughput proteomic analysis allows for molecular characterization of aggressive tumors or
high-risk populations beyond described markers. Matrix Assisted Laser Desorption
Ionization Time of Flight (MALDI-TOF) Imaging Mass Spectrometry (IMS) has been
shown recently to be an innovative, high-throughput means to analyze the proteome of
formalin fixed, paraffin embedded (FFPE) tissues, the only currently available means of
tissue preservation in resource-constrained regions of sub-Saharan Africa.36 This tool
enables the characterization of high-risk molecular signatures, as well as the potential
discovery of novel therapeutic targets. We have recently characterized the proteome of stage
and histology matched North American WT tissues using IMS37 and, in the current study,
we compare our established signature to that of WT from Sub-Saharan Africa.

Although much of the poor outcome for WT patients residing in resource-constrained
regions of sub-Saharan Africa can be attributed to inadequate access to therapy, we
hypothesized that WT from these regions show evidence of more biologically aggressive
disease, warranting therapy designed for higher-risk categories. In addition, given the high
incidence of WT in Africa, we questioned whether these patients exhibit unique disease
biology on the proteomic level when compared with North American WT patients.

Materials and Methods
Acquisition of WT specimens and epidemiologic data

A surgical resident in our laboratory traveled to Kenya to query the electronic records of all
WT patients treated from January 1, 1992 to July 1, 2010 at a faith-based mission hospital in
Kenya. This mission hospital also provides regional pathology services to healthcare
facilities in eastern Africa.

60 total WT patients were identified, and 21 had available FFPE tissue specimens. The
available patient specimens originated from five different hospitals in this region.
Regardless of treating institution, the medical records were absent or incomplete because of
patient loss to follow-up in nearly every case. When possible, Children’s Oncology Group
(COG) criteria were used to stage patients based on pathologic characteristics and clinical
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details.10 When complete clinical details were not available, a minimum stage was
calculated using COG criteria based on the pathology report alone.

A control group of 20 North American WT (NAWT) patient specimens was assembled from
our institutional pathology archives. This control group contained 10 consecutive Black and
White patients treated at our institution, respectively. NAWT controls were matched to the
KWT specimens in terms of patient age, gender, and percentage of unfavorable histology;
however, we could not match the controls exactly stage-for-stage to the KWT specimens
because of incomplete clinical data from Africa.

Pathologic Review of Acquired Specimens
A dedicated, board-certified pediatric pathologist reviewed all acquired KWT and NAWT
specimens. For KWT, we received 70 total tissue blocks from 21 patients, with 67 tissue
blocks requiring deparaffinization and re-embedding. Because of significant tumor necrosis
on H&E staining, tissue blocks from 6 patients were excluded from further analysis.

The 15 remaining specimens were reviewed and assessed for integrity of tissue fixation,
diagnosis, favorable or unfavorable histology (diffuse anaplasia), triphasic histology, and
cellular predominance. No fresh tissue specimens were available for molecular analysis.

Immunohistochemistry
To characterize expression of p53, Ki67, β-catenin, WT1, CITED1, and SIX2 in Kenyan
WT, we performed immunoperoxidase staining of the aforementioned 15 FFPE KWT
tissues. All samples were subjected to heat-induced epitope retrieval in 10mM citrate buffer.
As described previously, 5-μm sections were incubated in affinity-purified rabbit anti-
CITED1 (1:50 dilution; Lab Vision Corp., Fremont, CA) or rabbit anti-SIX2 (1:25 dilution;
US Biological Corp., Marblehead, MA) for 1 hour at room temperature.35 Goat-anti-rabbit
secondary antibody (1:200 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) was
applied to tissues at room temperature for 45 minutes. Tissues were visualized with a
Vectastain ABC kit (Vector Laboratories, Burlingame, CA). Tissues were similarly
incubated in rabbit anti-β-catenin (1:50 dilution; Cell Signaling, Danvers, MA), rabbit anti-
WT1 (1:500 dilution; Santa Cruz), or rabbit anti-p53 (1:50 dilution; Cell Signaling)
overnight at 4°C. Tissues were then visualized with an anti-rabbit Dako EnVision kit
(DakoCytomation; Carpinteria, California). For Ki67, sections were rehydrated and placed
in heated Target Retrieval Solution (Labvision, Fremont, CA). Endogenous peroxidase was
neutralized with 0.03% hydrogen peroxide followed by a casein-based protein block
(DakoCytomation) to minimize nonspecific staining. The sections were incubated with
Ki-67 (Catalog #VP-K451, Vector Laboratories) diluted 1:2000 for 60 minutes. The Dako
Envision+ HRP/DAB System (DakoCytomation) was used to produce localized, visible
staining.

Positive immunostaining was defined as either crisp nuclear or cytoplasmic
immunoperoxidase positivity by light microscopy. For Ki67, a marker of cellular
proliferation, Photoshop software (Adobe, San Jose, CA) was used to quantify the percent
area of immunoperoxidase positivity relative to the total area of nuclei per slide. A
proliferative index was estimated and defined as the percent positive staining Ki67 cells
averaged over 5 high power fields (400X magnification). Counting of individual Ki67-
labeled cells was deemed imprecise due to the inability to distinguish one nucleus from
another because of high cellular density in blastemal predominant regions.
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Characterization of β-catenin and WT1 mutations in Kenyan Specimens
To characterize the mutational status of β-catenin and WT1 in KWT specimens, we
sequenced exons 3, 7, and 8 of CTNNB1 gene and exons 2–10 of WT1 using previously
described techniques.20, 25, 38–40 Given the critical importance of phosphorylation residues
in CTNNB1 exon 3 on Wnt signaling pathway activation, analysis of exon 3 was conducted
using two previously described primer sets.20, 25 All PCR and sequencing primer sequences
are available on request and are also included as supplementary data. Briefly, four 10μm
paraffin-embedded sections from each KWT specimen were deparaffinized and digested in
proteinase K (Qiagen; Germantown, MD) for 12 hours. Genomic DNA was isolated using a
QIAamp DNA FFPE tissue kit (Qiagen). From isolated genomic DNA, we amplified the
aforementioned exons of the CTNNB1 and WT1 genes using PCR with Taq DNA
polymerase (Sigma-Aldrich Corp; St. Louis, MO). PCR products were gel purified using a
QIAquick gel extraction kit (Qiagen) and subsequently directly sequenced using BigDye
Terminator chemistry (Applied Biosystems; Foster City, CA), resolved on an ABI 3730
DNA Analyzer (Applied Biosystems). Generated sequences and chromatographs were
compared to wild-type CTNNB1 and WT1 sequences using the Basic Local Alignment
Search Tool (BLAST; NCBI; Bethesda, MD) to determine the mutational status of each
specimen. Suspected mutations were confirmed by repeating both the PCR and sequencing
reactions. Base pair references are made with respect to sequence NM_001098209.1 for
CTNNB1 and NM_000378.4 (Wilms tumor protein isoform A) for WT1.

Imaging Mass Spectrometry
To identify unique biological features of Kenyan WT, we compared the proteome of these
specimens to previously characterized ethnic-specific WT signatures.37 Using IMS as
previously described,36, 41 we analyzed a single tissue section from each of two distinct
specimen blocks from 5 KWT. Two 6μm serial sections from each specimen block were cut,
one of which was H&E stained. Photomicrographs of these 6 H&E slides were marked for
300μm diameter histologic regions of interest (Figure 5A). Corresponding tissue sections for
mass spectrometry analysis were deparaffinized and subjected to heat-induced antigen
retrieval. Coordinates of the histological annotations were transferred to an acoustic robotic
microspotter for deposition of trypsin and α-cyano-4-hydroxycinnamic acid matrix(10 mg/
ml in 50:49.9:0.1 acetonitrile:water:trifluoroacetic acid) onto corresponding unstained serial
sections. Spectra were collected using a Bruker AutoFlex Speed mass spectrometer
equipped with a SmartBeam™ laser (Bruker Daltonics, Billerica, MA). Each spectrum was
the sum of 1600 laser shots collected throughout the entire area of each matrix spot. The
data were preprocessed (baseline subtraction, noise level estimation, and alignment to
common peaks). Data were statistically analyzed using ClinPro Tools statistical analysis
software package (Bruker Daltonics). Peak picking was performed manually to assure
proper peak boundaries and selection of only the monoisotopic peak. Unsupervised
clustering and principal component analysis were performed to classify peptide spectra in
KWT and NAWT. To control for differences in peptide spectra between histologic
compartments, comparisons were made between specific cell compartments only (e.g.,
blastema versus blastema; Figure 5A). All experiments were completed in duplicate.

Results
Clinical Features of Wilms tumors

Gender, age at diagnosis, COG stage at presentation, disease-relapse, and vital status are
reported for the Kenyan WT patients and compared to NAWT controls in Table 1. For the
KWT specimens, obtaining complete patient data was rendered difficult due to incomplete
medical records and a majority of patients having been lost to follow-up. Three of 15 KWT
patients (20%) received postoperative follow-up and were documented to be alive in the
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year before this study was initiated (Table 1). There are no known survivors of disease-
relapse among the KWT patients. Of those patients who had documented disease-relapse,
two are known to be dead, while two others were lost to follow-up and are presumed dead.
Using available data, a conservative estimate of survival among KWT patients is 44% and
the rate of known disease relapse was 50% (Table 1).

Only 1 of 20 (5%) NAWT patients was lost to follow-up (Table 1). Excluding documented
mortalities and unavailable data, we detected significant differences in loss to follow-up
(p=0.028) between KWT and NAWT patients (Table 1). Excluding patients for whom
clinical details were not available, we detected significant differences in disease relapse
(p=0.044) and mortality (p=0.001) between KWT patients and controls (Table 1). No
differences were detected in age at diagnosis or gender between groups.

Histologic features of aggressive disease
Of the 15 KWT tumors analyzed, two patients (13%) were determined to have diffuse
anaplasia (unfavorable histology) (Figure 1, C–D). Nuclear unrest was present in 8 of 13
(61.5%) favorable histology KWT tumor specimens, but only in 1 of 19 (5.6%) favorable
histology NAWT (p=0.001; Figure 1B). Blastemal predominance was present in 8 of 15 WT
specimens (53.3%; Figure 1A), a rate that was similar to controls (45%; Table 1).

Markers of treatment resistance and poor prognosis (p53/Ki67)
Immunoperoxidase staining detected p53 in 40% of KWT (Table 1) and was most intense
and extensive in the two unfavorable histology specimens (Figure 1F). p53 was also
detected in 4 favorable histology KWT, but was considerably less widespread and intense
when compared with unfavorable histology (Table 1; Figure 1E). Due to incomplete clinical
outcome data, we were unable to correlate p53 positivity with stage of disease at diagnosis,
disease-relapse or last known vital status (Table 1). We did not detect a difference in p53
immunopositivity between KWT specimens and NAWT controls (p=1.00; Table 1).

A proliferative index was estimated by the percent of blastemal or epithelial Ki67 positive
cells averaged over 5 high power fields for both KWT specimens and NAWT controls
(Table 1). Fourteen of 15 KWT (93%) had estimated proliferative indices > 5%, and 8 of 15
(53%) KWT had estimated proliferative indices > 20% (Table 1). For NAWT, 17 of 20
(85%) of tumors had estimated proliferative indices > 5%, and 12 of 20 (60%) > 20% (Table
1). The mean proliferative index was trivially higher in KWT specimens (0.28) compared to
NAWT controls (0.23; p=0.79; Table 1).

β-catenin presence and subcellular localization
All 15 KWT specimens exhibited strong β-catenin immunostaining (Figure 2, Table 1).
Nuclear detection of β-catenin was present in 14 of 15 KWT (93%, Table 1) and was present
in both favorable and unfavorable histology specimens (Figure 2). In 13 of 15 (86.7%)
KWT, nuclear β-catenin was detected in the blastemal compartment. Nuclear β-catenin was
detected in the epithelial compartment in 10 of 15 (66.7%) KWT. There was often
significant heterogeneity within each tumor specimen, and nuclear positive β-catenin was
sometimes limited to very discrete areas of blastema or epithelia (<10% of cells). KWT β-
catenin staining, as stratified by favorable histology, nuclear unrest, and unfavorable
histology, is shown in Figure 2. No difference was detected in percentage of blastemal
nuclear β-catenin between KWT and controls (p=0.560), however a significant difference
was detected in epithelial nuclear β-catenin positivity (66.7% KWT nuclear positive, 20.0%
NAWT controls; p=0.013; Table 1).
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Mutational analysis of CTNNB1 and WT1
Sequencing exons 3, 7, and 8 of the CTNNB1/β-catenin gene revealed wild-type β-catenin
in all 15 KWT (Table 1; Figure 3A). Since CTNNB1 and WT1 mutations often cluster in
WT, we also performed a mutational analysis of WT1 in these specimens. A single WT
contained a homozygous nonsense mutation at position 1244 of exon 7 (Figure 3B), which
resulted in a transition from an arginine to a stop codon (p.Arg352X; c.1244 C>T). This
mutation was not detected in adjacent areas of normal kidney (Figure 3C). A synonymous
single nucleotide polymorphism (SNP; rs2234590) was detected at a single position of exon
6 in 3 specimens (specimens 2, 5, and 15; Table 1): p.Gln336Gln; c.1198 A>G.
Additionally, a synonymous SNP (rs16754) was detected in exon 7 of specimen 5 (Table 1):
p.Arg352Arg; c.1246 A>G.

Expression of embryonic nephronic progenitor markers
WT1 was detected by immunohistochemistry 100% of KWT (Figure 4A–D). Staining was
predominantly nuclear and exclusively in the blastemal and epithelial compartments of
tumors (Figure 4A–D). CITED1 was detected in 80% of KWT overall. 66% of tumors
showed intense blastemal CITED1 staining, while 47% had epithelial CITED1 staining
(Figure 4E–H). CITED1 was detected exclusively in the epithelial compartment of two
specimens. Epithelial staining overall was more frequently cytosolic and was less intense
than blastemal staining. SIX2 was detected in 80% of KWT specimens, predominantly
labeling the blastemal compartment (Figure 4I–L). In 4 of 15 KWT specimens (27%) SIX2
expression was detected in the epithelial compartment of tumors; all tumors with epithelial
SIX2 positivity also showed blastemal SIX2 positivity. CITED1 and SIX2 staining patterns
overlapped considerably (Figure 4F–L); however, rare circumstances were observed in
which blastema expressed CITED1 or SIX2, but not both. A summary of WT1, CITED1,
and SIX2 staining in KWT is included in Table 1.

Imaging mass spectrometry
Unsupervised hierarchical clustering of KWT and NAWT specimens according to blastemal
peptide spectra is shown in Figure 5B. This method clusters tumor specimens based on all
peptide peaks collected from the blastemal compartments in each WT sample. The KWT
specimens clustered distinctly with one another, yet separately from stage and histology
matched North American specimens that were analyzed based on patient race (Figure 5B).
Principal component analysis was used to identify pairs of peptide peaks (e.g. 1661 Da and
1762 Da) that revealed distinct separation between KWT and NAWT (Figure 5C). Black
NAWT clustered closer to KWT on unsupervised hierarchical clustering (Figure 5B) and
marginally closer on principal component analysis (Figure 5C).

Discussion
Our study not only establishes the feasibility of conducting molecular research on WT
tissues originating from a resource-constrained region of sub-Saharan Africa, but also
highlights the obstacles and limitations of this endeavor. Using available clinical data,
immunohistochemistry, DNA sequencing, and imaging mass spectrometry, we were able to
preliminarily characterize a unique and aggressive biological phenotype in WT originating
from Kenya. Although these Kenyan WTs show many of the classical and typical features
associated with this embryonal renal cancer, our findings of disease aggressiveness,
treatment resistance, and a distinct molecular signature suggest a unique tumor phenotype in
patients native to this region, which may contribute to the high incidence and adverse
behavior of WT in sub-Saharan Africa.
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To explore molecular features that might contribute to the poor WT outcomes realized in
this region of the world, we investigated whether this subset of KWT expressed known
features of aggressive biology and treatment resistance. Diffuse anaplasia is detected in
approximately 5% of NAWT10 and, notably, was present in 13.3% of KWT analyzed in this
study. Anaplasia is more common in older children presenting with WT10, and, indeed, the
two Kenyan patients having diffuse anaplasia in our study were among the oldest in the
cohort. This observation perhaps implicates diagnostic and treatment delays in the
accumulation of aggressive disease features in African WT. The NAWT control group was
selected to contain a similar number of unfavorable histology specimens, and thus no fair
comparison can be made between these two groups in this regard. Nuclear unrest, previously
reported to be present in approximately 15% of WT14, was detected in 61.5% of KWT and
5.6% of NAWT controls in our study. Nuclear unrest has been noted to appear in specimens
with disease relapse and is thought to represent an intermediary between favorable and
unfavorable histology. Although WTs with nuclear unrest have been noted to exhibit clinical
features similar to favorable histology14, the high proportion of this histologic feature in
KWT is suggestive of a biological difference between this population and NAWT.

Consistent with previous reports, immunostaining for p53, a marker of unfavorable
histology, was intensely detected in the two anaplastic KWT examined.15 We also detected
p53 in 4 favorable histology KWT (31% of favorable histology tumors); however, when
compared with diffusely anaplastic WTs, p53 positive cells were less frequent and stained
less intensely in the favorable histology specimens. Although our finding of p53
accumulation in 31% of favorable histology KWT appears to contradict prior reports, these
studies, such as that by Govender et. al., used widespread (>50%) positivity to define p53
accumulation and detected it in only 3 of 86 (3%) favorable histology WT specimens
examined.15 Therefore, our results are likely consistent with prior reports. Lahoti, et. al.
reported a strong association between p53 immunopositivity and metastatic or recurrent
tumors.42 P53 accumulation in WT implies mutation of this protein and potential loss of
tumor suppressor function.17,43 We did not detect a difference in p53 expression between
KWT specimens and NAWT controls. Our results suggest that unfavorable histology also
correlates with p53 mutations in KWT and illustrate that p53 immunostaining is a
straightforward application that can be used to identify treatment resistance in this
population.

High cellular proliferation is associated with poor prognosis in WT, and Ki67 detection in
over 5% of cells has been identified as a marker of disease progression and decreased
survival.18 However, that study was conducted on WT specimens having been treated with
neoadjuvant chemotherapy and the results suggest that cellular proliferation despite
chemotherapy is a poor prognostic indicator. In our study, estimated proliferative index, as
determined from percent Ki67 positive cellular area averaged over 5 hpf, was greater than
5% in all but two KWT analyzed. The rate of Ki67 positivity was slightly greater in KWT
compared to NAWT controls. Only one patient was pretreated with chemotherapy prior to
resection in our control group, however; we do not know the proportion of patients who
received neoadjuvant chemotherapy among the KWT patients. Although these KWT appear
to express features of high cellular turnover and self-renewal when compared to previous
reports, the similar proliferation detected between KWT and NAWT patients in this study
emphasizes the importance of determining the patient’s chemotherapy status when
interpreting these numbers in WT.

In addition to markers directly linked to adverse clinical disease features, we also aimed to
explore dysregulation of developmental pathways linked to Wilms tumorigenesis. In light of
all studied KWT containing wild-type β-catenin by DNA sequencing of CTNNB1 exons 3,
7, and 8 (which have previously been associated with WT)20, 24, the intense detection of β-
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catenin and its propensity for nuclear enrichment in this cohort signify aberrant canonical
Wnt signaling by another mechanism. Since CTNNB1 and WT1 mutations often cluster in
WT, our rate of 1 in 15 (6.7%) KWT found to have function-altering WT1 mutations
supports our findings of wild-type CTNNB1 in these specimens. The SNP rs16754 detected
in specimen #5 has been shown to correlate with higher WT1 mRNA expression and may
have prognostic significance in pediatric acute myeloid leukemia, however, its role in WT
has not been previously studied.44 Furthermore the SNP rs2234590 detected in 3 specimens
in the current study has been associated with focal segmental glomerulosclerosis in the
African American population.45 All KWT in our study strongly expressed β-catenin, and
93% of tumors showed nuclear localization. Although nuclear positive cells were
predominantly located in the blastemal compartment of these KWT, which was not different
from NAWT controls, we detected a markedly increased proportion (66.7%) of tumors
showing epithelial nuclear β-catenin in KWT specimens. Notably, Koesters et. al detected
nuclear β-catenin in 56% of WT examined. One-third of tumors examined in their study
showed β-catenin mutations in exon 3, and all of these tumors revealed nuclear localization
of β-catenin. However, the majority of tumors having nuclear positive staining harbored
wild-type nuclear β-catenin, signifying β-catenin stabilization via canonical Wnt pathway
activation.20 They noted nuclear positivity in approximately 5–10% of cells per tumor and
only detected nuclear β-catenin in the epithelial compartment of 1/36 tumors. Our results
differ from those and also from our control group observations in that we detected nuclear β-
catenin in the epithelial compartment of 10/15 Kenyan WT. The high incidence of nuclear
β-catenin and its increased frequency of detection in the epithelial compartment of these
Kenyan specimens suggest a unique biology related to constitutive Wnt signaling pathway
activation.

The African WTs in our study showed widespread expression of WT1, CITED1, and SIX2,
factors that label a population of self-renewing nephronic progenitor cells in kidney
development. We have shown previously that increased expression of CITED1 in untreated,
favorable histology WT correlates with advanced stages of disease.35 The presence of WT1
immunopositivity is found in both WT1 wild-type and mutant tumors.46 The expression of
SIX2 in WT often parallels that of CITED1 and provides an additional ontogenic link to the
metanephric mesenchyme of the developing kidney.47 Taken together, broad expression of
these three genes that label a self-renewing stem cell population in kidney development may
also define a population of malignant cells with a stem-like phenotype and the capacity to
self-renew or differentiate. These genes and their associated pathways may represent
potential future targets for therapies that promote terminal differentiation of WT.

To investigate differences between Kenyan and North American WT beyond these described
tumor markers, we utilized imaging mass spectrometry (IMS). We have previously studied
proteomic differences in stage and histology matched White and Black patients in a biologic
analysis of race disparities in North American WT.48 In the current study, we compared the
proteome of 5 Kenyan WT to this previously established signature. Our preliminary IMS
results contained herein demonstrate the feasibility of performing a proteomic analysis on
FFPE tissues archived in resource-constrained regions of sub-Saharan Africa. Furthermore,
unsupervised hierarchical clustering of the total collected blastemal peptide spectra
demonstrated distinct separation between KWT and NAWT specimens. Principal
component analysis was used to select the two peptide peaks (1661 Da and 1762 Da) that
together represent the greatest statistical difference in expression between the KWT and
NAWT. Interestingly, North American Black patients clustered closer to Kenyan patients on
unsupervised hierarchical clustering and marginally closer by principal component analysis.
We can only speculate on the reason for this phenomenon; however, it may represent ethnic-
specific biology in the development of Wilms tumor that is conserved among patients of
Black African heritage. Future areas for investigation include validating these signatures in
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larger patient groups and sequencing peptides that are uniquely expressed or downregulated
in African WT. Such knowledge may enable detection of novel biomarkers or therapeutic
targets in WT.

The incomplete clinical data in this report highlight the need for more comprehensive tumor
registries and tissue repositories in resource-constrained regions of the world and principally
sub-Saharan Africa. While the clinical data are incomplete for our cohort of Kenyan WT
patients, the conservatively estimated survival rate of 44% in this study parallels previously
documented outcomes in this region and continues to differ drastically from the
approximately 90% overall survival attainable by North American WT patients and the 95%
survival rate detected in our control group.4–7, 10 Even for children who receive
chemotherapy and aggressive surgical resection, recent reports from resource-constrained
regions of sub-Saharan Africa indicate poor survival (approximately 40%) when compared
to series from the developed world.8 The role of delayed presentation in the accumulation of
aggressive tumor features is assumed, based on knowledge of cancer biology, but remains
unreported in this at-risk population until now. Whether accumulation of aggressive tumor
features represents an inherent biological difference in the pathogenesis of WT in Africa or
is related to a delay in diagnosis, the presence of these features at the time of initial therapy
seems to warrant broader implementation of high-risk treatment protocols in this patient
population.

Our results indicate that WT from sub-Saharan Africa may indeed have a more aggressive
and unique biological phenotype, displaying features that associate with higher mortality,
disease-relapse, and treatment resistance in other regions of the world. In conclusion, we
have shown the feasibility of conducting molecular research on WT in a resource-
constrained region of sub-Saharan Africa, where this otherwise treatable embryonal tumor is
a highly lethal childhood disease. However, considerable efforts must be made to enable
translational application and potential benefit of these studies to enhance outcomes of WT
patients in Africa. Our findings not only underscore the need for more adequate therapies in
this resource-constrained region, but also signify that even current and standard risk
protocols may under treat this population.
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MALDI-TOF-IMS matrix assisted laser desorption ionization time of flight imaging
mass spectrometry

IMS imaging mass spectrometry

H&E hematoxylin and eosin

LOH loss of heterozygosity
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Statement of Novelty/Impact

This is the first molecular characterization of Wilms tumor (WT) from a resource-
constrained region of sub-Saharan Africa, where the WT incidence and mortality are
notably higher than in the developed world. We detected an aggressive/unique biologic
phenotype in African WT that may warrant more intensive or alternative therapies. Most
importantly, we call attention to the need for tumor registries and implementation of
standardized treatment protocols in this developing region of the world.
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Figure 1. Favorable and unfavorable histology Kenyan WT
(A) Favorable histology WT showing monophasic blastemal predominance (400X). (B)
Triphasic favorable histology WT with nuclear unrest (400X). (C) WT from Patient #3
shows diffuse anaplasia with hyperchromatic nuclei and nuclear gigantism (600X). (D) WT
from patient #15 shows diffuse anaplasia, displaying hallmark multipolar mitoses
(arrowhead) and nuclear gigantism (600X). (E) Nuclear detection of p53 in favorable
histology triphasic WT (400X). Detection is present in both blastema and epithelia, but not
stroma. p53 detection was more sparse and less intense in favorable histology specimens
when compared with unfavorable histology. (F) Nuclear p53 detection in unfavorable
histology WT from Patient #15 (400X).
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Figure 2. β-catenin expression patterns in Kenyan WT
(A) β-catenin expression in blastemal and epithelial elements of favorable histology
triphasic WT (100X). (B) High power photomicrograph of same specimen shows nuclear
detection in blastemal elements and membrane detection in epithelial elements (400X).
(C,D) β-catenin expression in two different specimens of favorable histology having nuclear
unrest (400X). β-catenin is richly detected in the nucleus of blastema and is mixed between
the nucleus and membrane of epithelial elements. (E,F) β-catenin shows rich nuclear
expression in blastema of unfavorable histology WT (200X, 400X).

Murphy et al. Page 16

Int J Cancer. Author manuscript; available in PMC 2013 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Mutational analysis of CTNNB1 and WT1 in Kenyan WT
(A) Despite high levels of β-catenin nuclear expression, mutational analysis revealed wild-
type β-catenin in all cases at exons 3, 7, and 8. The wild-type sequence coding Serine 45
(S45), a critical phosphorylation residue in exon 3, is highlighted. (B) A single mutation
(p.Arg352X; c.1244 C>T) predicted to alter the function of WT1 was detected in specimen
10. The homozygous C to T mutation responsible for conversion of Arginine to a stop codon
is highlighted. (C) The wild-type sequence corresponding to (B) was detected in adjacent
areas of normal kidney.
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Figure 4. Expression of nephronic progenitor markers in Kenyan WT
WT1 expression in favorable histology (A,B) and unfavorable histology (C,D) triphasic WT
(200X, 400X). CITED1 expression in favorable histology (E,F) and unfavorable histology
(G,H) triphasic WT (200X, 400X). SIX2 expression in triphasic WTs with favorable
histology (I,J) and unfavorable histology (K,L) (200X, 400X). Serial sections of the same
favorable histology (F,J) and unfavorable histology (G,K) WTs show similar expression
patterns of CITED1 and SIX2.
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Figure 5. Imaging mass spectrometry analysis of Kenyan WT
(A) Image guided selection of histologic areas of interest in two Kenyan WT (KWT). To
control for differences in peptide spectra between histologic compartments, comparisons
were made between specific cell compartments only (e.g., blastema versus blastema; stroma
versus stroma). (B) Unsupervised hierarchical clustering of peptide spectra from blastema
only. Kenyan (K) WT specimens cluster together and separately from North American
specimens (B, Black patient; W, White patient; numbers identify duplicate specimens from
same patient WT). (C) Principal component displays two peptides detected in the blastemal
compartment that distinguish Kenyan from North American WT.
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