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ABSTRACT
Wilms tumor (WT) is an embryonal malignant neoplasm of the kidney that
accounts for 6–7% of all childhood cancers. WT seems to derive from multipotent
embryonic renal stem cells that have failed to differentiate properly. Since mechanisms
underlying WT tumorigenesis remain largely unknown, the aim of this study was
to explore the expression of embryonic stem cell (ESC) markers in samples of WT
patients after chemotherapy treatment SIOP protocol, as the gene expression
patterns of ESC are like those of most cancer cells. We found that expression of ESC
markers is heterogeneous, and depends on histological WT components. Interestingly,
among ESC markers, HMGA2 was expressed significantly stronger in the blastemal
component than in the stromal and the normal kidney. Moreover, two subsets of
patients of WT blastemal type were identified, depending on the expression levels of
HMGA2. High HMGA2 expression levels were significantly associated with a higher
proliferation rate (p=0.0345) and worse patient prognosis (p=0.0289). The expression
of HMGA2 was a stage-independent factor of clinical outcome in blastemal WT
patients. Our multivariate analyses demonstrated the association between LIN28B–
LET7A–HMGA2 expression, and the positive correlation between HMGA2 and SLUG
expression (p=0.0358) in blastemal WT components. In addition, patients with a
poor prognosis and high HMGA2 expression presented high levels of MDR3 (multidrug
resistance transporter). Our findings suggest that HMGA2 plays a prominent role in
the pathogenesis of a subset of blastemal WT, strongly associated with relapse and
resistance to chemotherapy.

before the age of 5 years [1]. Treatment with surgery,
chemotherapy, and/or radiotherapy has greatly improved
the prognosis of children with WT and the 5-year diseasefree survival rate has increased from 30% to 85% [2–6].
However, these therapies are associated with significant

INTRODUCTION
Wilms tumor (WT) or nephroblastoma is the most
common pediatric renal tumor and represents 6% of all
childhood cancers. About 75% of WT are diagnosed
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short- and long-term morbidity and there remain a
substantial proportion of children who relapse [7–10].
Two groups have made major contributions to the
management of WT, the National Wilms Tumor Study
Group (NWTS) and updated by the Children’s Oncology
Group (COG), and the International Society of Pediatric
Oncology (SIOP). Each developed a different protocol
for the diagnosis and treatment of WT [11–13]. The
COG in North America developed a protocol based on
upfront surgery (nephrectomy) to accurately assess the
tumor stage and histology [14–15]. In Europe, SIOP
delays nephrectomy for 4–6 weeks, favouring upfront
chemotherapy to minimize complications of surgery and
tumor spillage [14, 16]. Although different, both treatment
approaches have shown almost equivalent clinical
outcomes [15, 17–18].
WT is an embryonal tumor that is thought to
arise from aberrant differentiation of multipotent renal
progenitors that are fated to become the kidney and
escape pathways of normal epithelial conversion [19]. WT
emerges within precursor lesions known as nephrogenic
rests that resemble embryonic developmental stages not
found in the postnatal kidney [20]. An expression analysis
study with a wide set of WTs identified five subsets of
WT with different clinical and pathologic features that
showed evidence of disruption at different times during
normal development [21]. This evidence suggests that
the block in the nephrogenic process is an early, maybe
even initiating, step in the formation of WT. Thus,
several studies have shown an overlap between WT and
embryonic kidney gene expression profiles [22–24],
linking Wilms tumorigenesis to defective embryonic
development [25–26]. In fact, the blastemal component
has been described as resembling the metanephric
mesenchyme of the human fetal kidney, where embryonic
renal stem cells reside [27].
It has been described that the comparison of gene
expression patterns between embryonic stem cells (ESC)
and cancer cells reveals shared features [28]; and different
types of tumors have shown an increase in ESC markers
(such as HMGA2 (High-mobility group AT-hook 2), KLF4
(Kruppel Like Factor 4), NOTCH1) that play a role in
pluripotency, self-renewal and tumorigenic effects [29–
32]. Hmga2 is expressed in a variety of malignant tumors
[33–34] and in undifferentiated cells during embryogenesis
[29]. The overexpression of HMGA2 is correlated with the
down-regulation of let-7 miRNAs and the overexpression
of LIN28B [35–36]. The tumor-suppressive role of the
let-7 miRNA family is antagonized by the self-promoting
oncogenic triangle composed of the transcription factor
HMGA2, the Insulin-like growth factor-2 mRNA-binding
proteins (IGF2BP1) and LIN28B [37]. The LIN28-Let-7HMGA2-IGF2BP pathway has been broadly implicated in
the regulation of stem cell function and is active in a broad
range of cancers [38–39] induces aberrant proliferation,
self-renewal and 2D/3D migration [37].
www.impactjournals.com/oncotarget

115291

Given the similarity between cancer cells and ESC
on the one hand and the link between kidney development
and Wilms tumorigenesis on the other hand, we proposed
that ESC markers play a role in tumor aggressiveness
and that there are pathways that remain active after
neoadjuvant therapy. To our knowledge, this study
represents the first report of Let7 targets of the oncogenic
triangle of Lin28B-HMGA2-IGF2BP1 in WT, and the
strong association of HMGA2 with relapse and resistance
to chemotherapy. It suggests that this pathway is an
emerging and potential therapeutic target in WT treatment.

RESULTS
Differential expression of embryonic stem cell
markers between normal kidneys and Wilms
tumor samples
To characterize ESC marker expression in WT, we
compared it between kidneys and tumors. A total of 83
formalin-fixed paraffin-embedded (FFPE) samples in the
tissue microarray (TMAs) (Series 2) were analysed using
immunohistochemical detection with antibodies against
the selected ESC markers: High-mobility group AT-hook
2 (HMGA2), Kruppel Like Factor 4 (KLF4), NOTCH1,
Octamer-binding Transcription factor 3/4 (OCT3/4) and
SRY-Box 9 (SOX9). Those ESC markers are known to
play a key role in pluripotency, self-renewal [29–32],
kidney development and tumorigenesis by maintaining
stem cell-like features [40–42]. We found that expression
of KLF4, NOTCH1, and OCT3/4 was significantly lower
in WT samples than in their normal kidney counterparts.
However, we did not find any significant differences in
HMGA2 and SOX9 expression between normal kidney
and WT (Figure 1A).
Then we proceeded to evaluate differential
expression of ESC markers in the components (epithelial,
stromal, and blastemal) of WT samples. We observed a
differential expression pattern in each tumor component.
KLF4 and OCT4 had a very low expression in all
the tumor components with respect to the kidney; in
contrast, there were expression differences between
components for the other three markers. The expression
of HMGA2 was significantly higher in the blastemal
components with respect to the other WT components
and the kidneys. NOTCH1 and SOX9 showed a similar
expression level in the epithelial WT component with
respect to the kidneys, whereas there was no expression
in the stromal and blastemal WT components (Figure 1B
and 1C). Of note, NOTCH1 and SOX9 were expressed
in the epithelial WT component with a significant
correlation (p=0.0061) between them (data not shown).
Many studies showed the relationship and role of a
Notch1-Sox9 signaling axis [43–44] in different tumors.
These TMA results indicate the relevance of ESC
expression in the WT components.
Oncotarget

HMGA2 expression can be used to stratify
blastemal Wilms tumor patients

by Reverse transcription polymerase chain reaction
(qRT-PCR) and immunohistochemistry (IHC) in two
independent series of blastemal WT patients.
First, we performed gene expression analysis of
HMGA2 in 11 WT and 11 kidneys frozen samples (Series
1). Then, the levels of mRNAs encoding HMGA2 in WT
were compared with their kidney-paired samples by qRTPCR. The dot graph shows (Figure 2A) that HMGA2

A previous study suggested that two subsets of
patients with blastemal WT exist, each one presenting
a different sensitivity to chemotherapy [45]. To confirm
if there were two subsets of blastemal WT with regards
to expression of HMGA2, we studied its expression

Figure 1: Analysis of the expression levels of embryonic stem cell markers showed differences between normal kidneys
and WT samples. (A) Expression analyses of 13 kidneys versus 70 WT samples (regardless of subcomponents conformation) by tissue
microarray. (B) Differential embryonic stem cell expression in the epithelial, stromal, and blastemal WT components. (C) Representative
immunohistochemical detection of embryonic stem cell markers in different WT components from tissue microarray (20X magnification).
For all ANOVA analyses, * p<0.05; ** p<0.01; *** p<0.001. NS, not significant.
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The last step was to correlate these two subsets of
blastemal WT patients with prognosis. In Series 1, we
analysed the relationship between disease-free survival
and HMGA2 transcript expression levels by Kaplan–
Meier test. We used a median cut-off because it is more
representative and less biased. We observed that patients
with high HMGA2 transcript expression showed a higher
relapse rate than patients with low HMGA2 expression in
the blastemal WT component (p=0.0133) (Figure 2D). An
analogous result was obtained in Series 2 studying protein
expression levels by IHC.
Our results showed that WT patients with high
expression of HMGA2 had a significantly worse prognosis
than WT patients with low mRNA levels (p=0.0289). In
fact, the patients in the subgroup with low expression did
not relapse in any series (Figure 2D). The results obtained
in the epithelial WT component failed to show any impact
of HMGA2 expression in clinical outcome (Supplementary

mRNA levels were significantly higher in blastemal WT
than kidneys (p=0.0003). Applying the median HMGA2
cut-off in blastemal WT included in Series 1, we identified
a blastemal WT group with high HMGA2 expression
(equal or greater than a 9-fold change) and a group with
low HMGA2 expression (similar to kidney) (Figure 2A).
Next, we analysed HMGA2 expression in Series 2 by IHC
in blastemal WT samples (Figure 2B and 2C). Similar to
the analysis of mRNA levels, we observed a differential
expression between kidneys and blastemal WT, in which
100% of kidney samples showed low HMGA2 expression,
whereas the blastemal WT component was divided into
two groups showing statistically significant differences
in HMGA2 expression (p=0.001): 65.4% of blastemal
WT samples had high levels of HMGA2 compared with
34.6% with low expression (Figure 2B and 2C). Therefore,
HMGA2 expression could be useful for distinguishing two
subgroups of blastemal WT.

Figure 2: Differential HMGA2 expression distinguishes two types of blastemal WT component. (A) Significant

differences between the expression of HMGA2 in kidneys and two blastemal WT components by qRT-PCR. The median cut-off value in
blastemal WT samples was 9.2 (fold change). (B) Differential HMGA2 expression between kidneys and two blastemal WT components
by immunohistochemistry. (C) HMGA2 immunohistochemical detection in blastemal WT patient samples from tissue microarray (20X
magnification). (D) HMGA2 Kaplan–Meier plot with disease-free survival according to the transcript and IHC expression in blastemal WT
components showed statistically significant differences between low and high HMGA2-expressing tumors. For all the analyses, * p<0.05;
**
p<0.01; *** p<0.001. NS, not significant.
www.impactjournals.com/oncotarget
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HMGA2 significantly correlates with LIN28B–
LET7A and SLUG expression

Figure 1A). In conclusion, HMGA2 overexpression
could be an important prognostic biomarker in blastemal
WT patients associated with shortened recurrence-free
survival.

It is known that HMGA2 overexpression is
correlated with the down-regulation of let-7 miRNAs
[36] and with overexpression of LIN28B [35] in several
tumor types. HMGA2 has also been implicated in the
regulation of the expression of transcription factors such
as Snail, Slug, ZEB1, and ZEB2 [48]. Urbach et al.,
described that LIN28B overexpression sustains early renal
progenitors and promotes WT formation [49], thus we
analysed the gene expression of LIN28 (A, B), LET7 (A,
B, C), HMGA2, and SLUG genes in frozen blastemal WT
samples (Series 1).
We performed a multivariate analysis and the
principal component analysis showed that HMGA2,
LIN28A, LIN28B, and SLUG had a positive relation and
that these genes had a negative relation with LET7A,
B, and C. To confirm these results, we analysed the
correlation between gene pairs using the multivariate
Spearman’s test. We observed a positive correlation
between LIN28B and HMGA2 (p<0.0001) but not between
LIN28A and HMGA2 (p=0.3430) (Figure 4A). So, LIN28B
is differentially expressed in blastemal WT like HMGA2,
but LIN28A does not appear to play a relevant role. On
the other hand, only LIN28B significantly suppressed the
expression of LET7A (p=0.0402) and only LET7A had a
significant negative correlation with HMGA2 (p=0.0389)
(Figure 4B).
In addition, the multivariate analysis showed a
significantly positive correlation between HMGA2 and
SLUG expression levels (p=0.0018). We evaluated SLUG
expression in low and high HMGA2-expressing blastemal
WT samples from Series 2 by IHC. High-HMGA2
blastemal tumors showed a high SLUG expression,
whereas low-HMGA2 blastemal tumors showed low
SLUG expression levels. We confirmed the positive
correlation between HMGA2 and SLUG (p=0.0358) in
the blastemal WT component (Figure 4C). Therefore,
we defined two blastemal WT subgroups according to
HMGA2 expression and identified a potential regulatory
pathway HMGA2-LIN28B–LET7A as well as a correlation
between HMGA2 and SLUG.

HMGA2 expression was independent of tumor
stage and SIOP-treatment
Stage is a classical prognostic factor for WT patients
[46], we then evaluated whether HMGA2 expression was
related with tumor stage. On the one hand, we confirmed
that stage correlated with worse prognosis in our patient
Series 2 by Kaplan–Meier test (Supplementary Figure
2A). One the other hand, we analysed the relation between
HMGA2 expression and tumor stage, and we observed
that HMGA2 expression did not correlate with stage in all
WT subtype (p=0.9797) and in blastemal WT component
(p=0.6604) (Figure 3A and 3B). So, HMGA2 was a tumor
stage independent prognostic factor associated with high
incidence of tumor recurrence in blastemal WT patients.
Then, we wanted to determine whether HMGA2
expression could be modified by treatment, since our
study was based on SIOP protocol. We were able to
found in our Biobank four paired samples before and
after treatment. One paired sample was the pre- and
post-treatment tumor, and the other three paired samples
were fine-needle aspiration cytopathology samples taken
prior to neoadjuvant chemotherapy and their post-treated
tumors. We observed: i) low HMGA2 expression in
paired pre- and post-treatment sample 1; ii) high HMGA2
expression mainly in the blastemal component in both type
of paired samples 2 and 3, and iii) moderate expression
in epithelial and blastemal component in paired sample
4 (Figure 3C). These results would suggest that the
expression of HMGA2 does not seem to depend on the
specific treatment protocol (SIOP vs COG) for WT.
Finally, we evaluated Ki-67 expression as a
proliferative marker in WT [47] in Series 2. Ki-67
immuno-stain was semi-quantitatively scored as <10%
or >10% for nuclear expression in WT components. We
obtained a significantly positive correlation (p=0.0077)
between Ki-67 and HMGA2 expression in the blastemal
WT component (Figure 3D). Fisher’s exact test confirmed
a statistically significant difference in proliferation in
high-HMGA2 expressing blastemal tumors – 91.67% of
high-HMGA2 blastemal tumors were more proliferative
(>10% Ki-67 expression) compared with only 8.33% of
low-HMGA2 blastemal tumors (Figure 3E). Nevertheless,
HMGA2 expression in the epithelial component did not
correlate with proliferation rate (Supplementary Figure
1B). So, only blastemal WT samples with high HMGA2
expression were more proliferative.
In conclusion, HMGA2 overexpression was not
correlated with stage and SIOP treatment protocol, and its
high expression was associated with a higher proliferation
rate in blastemal WT.
www.impactjournals.com/oncotarget

The blastemal WT subgroup with HMGA2 and
MDR3 overexpression shows a higher relapse
rate
We previously identified two types of blastemal WT
dependent on MDR3 (multidrug resistance transporter)
expression, and reported that blastemal WT patients with
high MDR3 expression had a poor prognosis [45]. In this
study, we evaluated if there was a relationship between
HMGA2 and MDR3 in the blastemal WT component
using two independent patient series. Based on expression
levels (mRNA and protein), we performed a multivariate
115294
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Figure 3: The expression of HMGA2 did not correlate with tumor stage and SIOP-treatment protocol, but correlated
with Ki-67 expression. (A) Relation between HMGA2 expression and stage in all WT subtypes. (B) No significant relationship between

high and low expression of HMGA2 and stage in blastemal WT component. (C) Similar HMGA2 expression between pre- and posttreatment paired WT samples by immunohistochemistry. (D) Immunohistochemical detection and significant positive correlation between
HMGA2 and Ki-67 in blastemal WT components (20X magnification) (upper panel). Correlation analyses between HMGA2 and Ki-67
(lower panel). (E) Significant relationship between high and low expression of HMGA2 and Ki-67 in blastemal WT component.
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Figure 4: HMGA2 correlated with LIN28B, LET-7A, and SLUG gene expression in the blastemal WT component. (A)
Principal component analysis represented by biplot showed the possible relations between genes. (B) Multivariate correlations between
the expression of HMGA2, LIN28A, LIN28B, LET7A, LET7B, LET7C, and SLUG genes. (C) Immunohistochemical correlation between
HMGA2 and SLUG in two blastemal WT components from tissue microarray (20X magnification).
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analysis with HMGA2, MDR3, and WT relapse. Principal
component analysis showed a positive relationship
between the three parameters, and multivariate Spearman’s
test confirmed the positive correlation between MDR3HMGA2 (p=0.0002 and p<0.0001), relapse-HMGA2
(p=0.0074 and p=0.0491), and relapse-MDR3 (p=0.0138
and p=0.0057), for RNA and protein, respectively (Figure
5A and 5B). Thus, we demonstrated in two independent
series that patients with high expression of HMGA2

also expressed high levels of MDR3 and these patients
relapsed.
Boyerinas et al., described in ovarian cancer cells
that let-7 could be implicated in the regulation of drug
resistance, mainly in patients with recurrent disease who
had undergone chemotherapy. They identified MDR1 as
an indirect target of let-7 through the down-regulation
of IGF2BP1 [50]. To this end, we analysed if MDR3
expression correlated with LIN28, LET7, and/or IGF2BP1

Figure 5: Description of relationship between LIN28, LET7, HMGA2, and MDR3 as a possible relapse regulatory
pathway in blastemal WT. (A) Significantly positive correlation by multivariate analysis (principal component and multivariate

correlation) between HMGA2, MDR3 and relapse in two blastemal WT patients according to mRNA tumor expression. (B) Significantly
positive correlation by multivariate analysis (principal component and multivariate correlation) between HMGA2, MDR3, and relapse
in two blastemal WT patients from tissue microarray (20X magnification). (C) Multivariate analysis between MDR3 and LIN28–LET7–
IGF2BP1 in two blastemal WT patients according to the transcript tumor expression. (D) Representation of the HMGA2 alternatives
pathways in different subgroups of blastemal WT with respect to prognosis.
www.impactjournals.com/oncotarget
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genes. By multivariate analysis we observed that MDR3
expression in the blastemal component had a significant
negative correlation with LET7A (p=0.0203) and LET7B
(p=0.0422); the other genes (LIN28A and B and IGF2BP1)
did not show any relationship with MDR3 (Figure 5C).
Therefore, high HMGA2 expression in the blastemal WT
component correlated with high MDR3 and relapse, and
high MDR3 expression correlated with low LET7A and
LET7B expression.

did not observe a differential expression of HMGA2
in a previous gene expression analysis of blastemal
WT components [61]. This fact could be explained
because they compared fetal kidney (a good control to
identify conserved genes in the earliest stages of kidney
embryogenesis) with WT in COG American protocol [61].
Thus, HMGA2 could be a useful marker for stratifying
blastemal WT into two groups with different clinical
outcomes. However, further studies are necessary to
clarify if the specific treatment protocol (SIOP vs COG)
for WT would modify or not the expression of HMGA2
and its prognostic value.
One key result from this study was the multivariate
analysis between different components of the oncogenic
triangle Lin28B-HMGA2-IGF2BP1 and Let7 in the
WT blastemal component. HMGA2 overexpression is
correlated with the down-regulation of let-7 miRNAs and
the overexpression of LIN28B [35–36], and multivariate
analyses showed that LIN28B, but not LIN28A, was
negatively correlated with LET7A. Moreover, the downmodulation of microRNA LET7A up-regulated HMGA2
expression in blastemal components in which HMGA2
was overexpressed (the expression was reversed in
blastemal components with low HMGA2 expression).
In accordance with our results, Urbach et al. revealed
LIN28B upregulation in 19% of WT in two independent
series of patients, compared with normal kidneys, but
did not detect LIN28A expression in any sample. They
suggested an association between LIN28B expression and
relapse and death [49]. In our blastemal WT patient series,
LIN28B was not involved in prognosis (Supplementary
Figure 3A). As HMGA2 overexpression associated with
a poor outcome (more proliferation and relapse), but the
upregulation of LIN28B was not involved in the outcome,
our data suggest the existence of a feedback loop in which
HMGA2 regulates the Lin28B-let7 pathway. In agreement
with our hypothesis, several groups described a positive
feedback loop in which HMGA2 further augments Lin28let7-mediated gene expression in vitro [62] and others
showed that HMGA2 regulated Lin28 genes [63]. Our
results suggested that HMGA2 could have a predominant
role in the oncogenic triangle, at least compared with
LIN28B, due to its correlation with poor prognosis.
The major problems for WT patients with poor
prognosis are relapse [7–10] and resistance to standard
chemotherapy [58]. High MDR3 expression is associated
with blastemal WT and poor prognosis, and to support this,
we observed a significantly positive correlation between
HMGA2-MDR3-relapse in two independent series of
WT patients. In addition, HMGA2 has been described
to induce SLUG expression [64], and in this study, we
observed a positive correlation between HMGA2 and
SLUG. In accordance with our results, both HMGA2 and
SLUG overexpression have been reported to promote
and contribute to cancer progression [64–67]. Moreover,
human ESC express multidrug resistance transporters

DISCUSSION
WT is classified as an embryonal tumor and is
postulated to derive from multipotent embryonic renal
stem cells that have failed to differentiate properly
[51–52]. The differentiation failure results in a similar
histologic appearance of WT components to the fetal
kidney [22, 53] (blastemal, stromal, and epithelial
components). Embryogenesis and tumorigenesis share
multiple regulatory mechanisms in several tumors,
including WT [22–24]. Accordingly, embryonic stem
cells and cancer cells have been reported to share a
common gene expression pattern [28], and the expression
of ESC markers (such as HMGA2, KLF4, NOTCH1,
OCT3/4 and SOX9) that are known to play a key role
in pluripotency, self-renewal [29–32], and cancer, is
increased in many tumors [54–55]. Our results show
that only KLF4, NOTCH1, and OCT3/4 were downregulated in the whole tumor compared with normal
kidney samples. However, a differential ESC expression
pattern was observed in different WT components. In fact,
we observed overexpression of HMGA2 in the blastemal
WT component.
We focused our attention on the high HMGA2
expression in the blastemal and epithelial components
and found that tumors with high HMGA2 expression in
the blastemal component were more proliferative and
presented a poor outcome with a higher patient relapse
rate. These results could be explained because the
blastemal, but not the epithelial component resembles
the metanephric mesenchyme of the human fetal kidney
where embryonic renal stem cells arise [27], and only
the blastemal component preserves the molecular events
implicated in WT onset [56]. Hence, this study and
previous publications highlight the relevant role of the
blastemal component in WT [53, 56–60].
We have described two groups of blastemal WT
patients according to HGMA2 expression. We observed
that HMGA2 expression is a stage-independent predictive
factor of clinical outcome in blastemal WT patients, and
relapse is correlated with a higher HMGA2 expression
in blastemal WT (confirmed in both independent patient
series used in this study). Several studies on human
cancers have indicated that HMGA2 overexpression
predicted poor prognosis without a significant correlation
with tumor stage [33–34]. In contrast, Maschietto et al.
www.impactjournals.com/oncotarget
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[68]. Therefore, high HMGA2 expression might promote
disease progression through the up-regulation of SLUG,
and HMGA2-MDR3 up-regulation could be related
with resistance to chemotherapy. All these events may
contribute to a poor prognosis in relapsed WT patients.
In terms of the resistance to chemotherapy, other groups
demonstrated a correlation between loss of let-7 and
resistance to either chemotherapeutic drugs or radiation
[64, 69–71]. Boyerinas et al., described in vitro that let-7
could be implicated in the regulation of MDR1-mediated
resistance through the down-regulation of IGF2BP1 [50].
However, our multivariate analysis revealed that IGF2BP1
was not implicated in the regulation of MDR3 in WT.
In summary, our findings suggest that HMGA2
plays a prominent role in the aggressiveness of blastemal
WT component and could be a new biomarker for
stratification. We propose a HMGA2 pathway in
blastemal WT patients in which patients with high
levels of HMGA2 exhibit poor prognosis (Figure 5D).
In the model, HMGA2 induces LIN28B expression and
consequently down-regulates LET7A, driving a regulatory
loop. The down-regulation of LET7A and up-regulation
of HMGA2 correlate with (and possibly induce) high
MDR3 expression levels leading to an enhanced resistance
to chemotherapy in those patients. Moreover, HMGA2
increases SLUG expression, promoting or contributing
to tumor progression. It is interesting to note that the
pro-oncogenic activity of the triangle is demonstrated
in many types of tumors. Pathways that remain active
after neoadjuvant therapy such as the oncogenic triangle
Lin28B-HMGA2-IGF2BP1 and Let7, can be present in
WT. Specifically, HMGA2 has a strong association with
relapse and resistance to chemotherapy in blastemal WT,
so it could be an emerging and potential therapeutic target
in WT treatment.

(Seville, Spain) and HUVR-IBiS Biobank. Approval of
the Ethics Committee of our institution was obtained,
and written informed consent was obtained before
including samples and data in the HUVR-IBiS Biobank.
Two experienced pathologists analysed (E.A. and C.S.),
identified and confirmed by H&E that the samples
were correctly identified as WT and kidneys, and the
predominant component in the tumors. Kidneys consisted
of renal tissue from the non-tumoral part of the resected
specimen following tumoral nephrectomy. Pathologists
selected the farthest region from the tumor. Histological
stratification of the samples was performed according to
SIOP [72] classification. Patients and tumor characteristics
are summarized in Supplementary Table 1.

mRNA and microRNA expression analysis
The expression of selected genes (Supplementary
Table 2) was analysed by qRT-PCR using TPT1 as the
endogenous control. RNA was isolated from all 22 frozen
samples (11 kidneys and 11 blastemal WT), from series
1, with the mirVana miRNA Isolation Kit (Ambion; Life
Technologies, NY, USA). The quantity and quality of the
total RNA was determined with a Nanodrop ND-2000
Spectrophotometer (Thermo Scientific). Prior reverse
transcription was performed using the TaqMan Reverse
Transcription Kit (Applied Biosystems; Life Technologies)
in the GeneAmp PCR 9700 system and qRT-PCR
amplification with the TaqMan Universal PCR Master Mix
(Applied Biosystems). We also used qRT-PCR to measure
expression of the miR-Let7 family (miR-let7a/b/c) with
RNU44 and RNU48 as endogenous controls. Prior reverse
transcription was performed using the TaqMan MicroRNA
Reverse Transcription Kit (Applied Biosystems) in the
GeneAmp PCR 9700 system and qRT-PCR amplification
with the TaqMan Universal PCR Master Mix (Applied
Biosystems). All qRT-PCR measurements were obtained
in a 7900HT Fast Real Time PCR System with the
Expression Suite Software v1.0 (Applied Biosystems).
Supplementary Table 2 summarizes the genes/transcripts
explored and Taqman probes utilized in this study.

MATERIALS AND METHODS
Patients and clinical samples
This retrospective study includes two independent
series of samples with favorable histology (no foci of
anaplasia), obtained between 1993 and 2016. Series
1 comprised 11 kidneys and 11 WT blastemal type
frozen samples (paired samples). Series 2 comprised
a tissue microarray (TMA) with samples from 70 WT
(blastemal without anaplasia foci, epithelial and stromal
WT type) and 13 normal kidneys. All patients (Series 1
and 2) were treated by neoadjuvant chemotherapy before
nephrectomy according to the SIOP-93-01; SIOP 2001
protocol. Patients with localized disease were treated with
vincristine and actinomycin D during 4 weeks and those
with metastatic disease received vincristine, actinomycin
D and doxorubicin during 6 weeks.
All samples were obtained from the Department of
Pathology at the Hospital Universitario Virgen del Rocío
www.impactjournals.com/oncotarget

Tissue microarray (TMA) and
immunohistochemistry (IHC)
Formalin-fixed paraffin-embedded (FFPE) tissue
sections (5 μm) were stained with hematoxylin and eosin.
Representative malignant areas from 70 WT patients
and 13 kidneys were carefully selected from the stained
sections of each tumor. Two tissue cores of one millimeter
of diameter were obtained from each sample to build up
the TMA.
Five micron-thick TMA sections were dewaxed,
rehydrated, and immersed in 3% H2O2 aqueous solution
for 30 minutes to exhaust endogenous peroxidase. Heatinduced epitope retrieval was performed with 1 mM
115299
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EDTA (pH 9.0) in a microwave oven. Sections were
incubated overnight at 4°C with the primary antibodies
anti-HMGA2 (Sigma ref.SAB2701959; overnight at
1:4000 dilution); anti-KLF4 (Santa Cruz Biotechnology
ref.Sc-20691; overnight at 1:600 dilution); anti-OCT3/4
(Santa Cruz Biotechnology ref.Sc-9081, overnight at
1:400 dilution); anti-NOTCH1 (Santa Cruz Biotechnology
ref.Sc-6014, overnight at 1:100 dilution); anti-SOX9
(Santa Cruz Biotechnology ref.Sc-20095, overnight at
1:250 dilution); Snail2/Slug (Cell Signaling Technology
ref.9585S, overnight at 1:300 dilution); anti-ABCB4
(MDR3) (Sigma ref.HPA053288; overnight at 1:20
dilution) and anti-Ki-67 (30-9) (Dako ref.IR626; overnight
prediluted). Peroxidase-labelled secondary antibodies
and 3,3'-diaminobenzidine were applied according to
manufacturer’s protocol (EnVision, Dako). Slides were
then counterstained with hematoxylin and mounted.
Immuno-stains were scored as low/high expression
according to the stain intensity and proportion of stained
cells. Sections where the primary antibody was omitted
were used as negative controls. Only tumoral cells
evaluated as clearly stained were considered to be positive.
The IHC results were evaluated by two pathologists (E.A.
and C.S.) who scored the average expression of markers
in duplicate samples.

of the study and in the critical discussion of data. All
authors revised and edited the manuscript.
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Statistical analysis
Differential expression between kidney and WT
were evaluated with the Mann–Whitney U test for two
groups, and with the Kruskal–Wallis test for more than
two groups, followed by Dunn’s multiple comparison
post-test. The Spearman’s Rank test was used to quantify
the correlation of expression between different genes and
markers. Fisher’s and Chi-Square’s exact test were used
to evaluate for categorical data. The disease-free survival
time was analysed using the Kaplan–Meier estimator, and
the differences were evaluated using the log-rank test.
Biplots associated with principal component analysis
was used to determine the relationship between different
variables and Multivariate Spearman’s test was used to
determine the correlations between different variables.
For all analyses, data represent mean ± SD; pvalues of ≤0.05 were considered statistically significant.
Univariate analyses were performed using the Prism 4.0
software (GraphPad) and multivariate analyses were
performed using the JMP 10 statistical software (SAS
Institute, Inc., Cary, NC, USA).

REFERENCES
1. Breslow NE, Beckwith JB, Perlman EJ, Reeve AE.
Age distributions, birth weights, nephrogenic rests, and
heterogeneity in the pathogenesis of Wilms tumor. Pediatr
Blood Cancer. 2006; 47: 260-7. https://doi.org/10.1002/
pbc.20891.
2. Sarin YK, Thakkar NC, Sinha S. Synchronous ipsilateral
Wilms' tumor and neuroblastoma in an infant. APSP J Case
Rep. 2016; 7: 2.
3. Dome JS, Cotton CA, Perlman EJ, Breslow NE,
Kalapurakal JA, Ritchey ML, Grundy PE, Malogolowkin
M, Beckwith JB, Shamberger RC, Haase GM, Coppes MJ,
Coccia P, et al. Treatment of anaplastic histology Wilms'
tumor: results from the fifth National Wilms' Tumor Study.
J Clin Oncol. 2006; 24: 2352-8. https://doi.org/24/15/2352.
4. Metzger ML, Dome JS. Current therapy for Wilms' tumor.
Oncologist. 2005; 10: 815-26. https://doi.org/10/10/815.

Author contributions

5. Sonn G, Shortliffe LM. Management of Wilms tumor:
current standard of care. Nat Clin Pract Urol. 2008; 5: 55160. https://doi.org/ncpuro1218.

LHP and DJGD conceived the study and its design,
analysed the data, and wrote the manuscript. S. The
experimental work was performed by LHP, DJGD, CS, and
RGM. CS and EDA participated in the conceptualization

www.impactjournals.com/oncotarget

6. Tournade MF, Com-Nougue C, de Kraker J, Ludwig R, Rey
A, Burgers JM, Sandstedt B, Godzinski J, Carli M, Potter
R, Zucker JM. Optimal duration of preoperative therapy in

115300

Oncotarget

unilateral and nonmetastatic Wilms' tumor in children older
than 6 months: results of the Ninth International Society
of Pediatric Oncology Wilms' Tumor Trial and Study. J
Clin Oncol. 2001; 19: 488-500. https://doi.org/10.1200/
JCO.2001.19.2.488.

Tumor Studies. Cancer. 2004; 101: 1072-80. https://doi.
org/10.1002/cncr.20433.
19. Hohenstein P, Pritchard-Jones K, Charlton J. The yin and
yang of kidney development and Wilms' tumors. Genes
Dev. 2015; 29: 467-82. https://doi.org/29/5/467.

7. Green DM, Grigoriev YA, Nan B, Takashima JR, Norkool
PA, D'Angio GJ, Breslow NE. Congestive heart failure
after treatment for Wilms' tumor: a report from the National
Wilms' Tumor Study group. J Clin Oncol. 2001; 19: 192634. https://doi.org/10.1200/JCO.2001.19.7.1926.

20. Beckwith JB, Kiviat NB, Bonadio JF. Nephrogenic rests,
nephroblastomatosis, and the pathogenesis of Wilms' tumor.
Pediatr Pathol. 1990; 10: 1-36.
21. Gadd S, Huff V, Huang CC, Ruteshouser EC, Dome JS,
Grundy PE, Breslow N, Jennings L, Green DM, Beckwith
JB, Perlman EJ. Clinically relevant subsets identified by
gene expression patterns support a revised ontogenic model
of Wilms tumor: a Children's Oncology Group Study.
Neoplasia. 2012; 14: 742-56.

8. Green DM, Peabody EM, Nan B, Peterson S, Kalapurakal
JA, Breslow NE. Pregnancy outcome after treatment for
Wilms tumor: a report from the National Wilms Tumor
Study Group. J Clin Oncol. 2002; 20: 2506-13. https://doi.
org/10.1200/JCO.2002.07.159.

22. Dekel B, Metsuyanim S, Schmidt-Ott KM, Fridman E,
Jacob-Hirsch J, Simon A, Pinthus J, Mor Y, Barasch J,
Amariglio N, Reisner Y, Kaminski N, Rechavi G. Multiple
imprinted and stemness genes provide a link between
normal and tumor progenitor cells of the developing
human kidney. Cancer Res. 2006; 66: 6040-9. https://doi.
org/66/12/6040.

9. Jones DP, Spunt SL, Green D, Springate JE. Renal late
effects in patients treated for cancer in childhood: a report
from the Children's Oncology Group. Pediatr Blood Cancer.
2008; 51: 724-31. https://doi.org/10.1002/pbc.21695.
10. Taylor AJ, Winter DL, Pritchard-Jones K, Stiller CA,
Frobisher C, Lancashire ER, Reulen RC, Hawkins
MM. Second primary neoplasms in survivors of Wilms'
tumour—a population-based cohort study from the British
Childhood Cancer Survivor Study. Int J Cancer. 2008; 122:
2085-93. https://doi.org/10.1002/ijc.23333.

23. Li CM, Guo M, Borczuk A, Powell CA, Wei M, Thaker
HM, Friedman R, Klein U, Tycko B. Gene expression
in Wilms' tumor mimics the earliest committed stage
in the metanephric mesenchymal-epithelial transition.
Am J Pathol. 2002; 160: 2181-90. https:// doi.org/
S0002-9440(10)61166-2.

11. Scott RH, Walker L, Olsen OE, Levitt G, Kenney I, Maher
E, Owens CM, Pritchard-Jones K, Craft A, Rahman
N. Surveillance for Wilms tumour in at-risk children:
pragmatic recommendations for best practice. Arch Dis
Child. 2006; 91: 995-9. https://doi.org/adc.2006.101295.

24. Li W, Kessler P, Williams BR. Transcript profiling of Wilms
tumors reveals connections to kidney morphogenesis and
expression patterns associated with anaplasia. Oncogene.
2005; 24: 457-68. https://doi.org/1208228.

12. Stiller CA, Allen MB, Eatock EM. Childhood cancer in
Britain: the National Registry of Childhood Tumours
and incidence rates 1978-1987. Eur J Cancer. 1995; 31A:
2028-34.

25. Bruening W, Bardeesy N, Silverman BL, Cohn RA, Machin
GA, Aronson AJ, Housman D, Pelletier J. Germline intronic
and exonic mutations in the Wilms' tumour gene (WT1)
affecting urogenital development. Nat Genet. 1992; 1: 1448. https://doi.org/10.1038/ng0592-144.

13. Wu HY, Snyder HM 3rd, D'Angio GJ. Wilms' tumor
management. Curr Opin Urol. 2005; 15: 273-6. https://doi.
org/00042307-200507000-00015.

26. Kreidberg JA, Sariola H, Loring JM, Maeda M, Pelletier
J, Housman D, Jaenisch R. WT-1 is required for early
kidney development. Cell. 1993; 74: 679-91. https://doi.
org/0092-8674(93)90515-R.

14. Spreafico F, Bellani FF. Wilms' tumor: past, present and
(possibly) future. Expert Rev Anticancer Ther. 2006; 6:
249-58. https://doi.org/10.1586/14737140.6.2.249.
15. Szychot E, Apps J, Pritchard-Jones K. Wilms'
tumor: biology, diagnosis and treatment. Transl
Pediatr. 2014; 3: 12-24. https://doi.org/10.3978/j.
issn.2224-4336.2014.01.09tp-03-01-012.

27. Pode-Shakked N, Dekel B. Wilms tumor—a renal stem cell
malignancy? Pediatr Nephrol. 2011; 26: 1535-43. https://
doi.org/10.1007/s00467-011-1858-1.
28. Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells,
cancer, and cancer stem cells. Nature. 2001; 414: 105-11.
https://doi.org/10.1038/3510216735102167.

16. Pritchard-Jones K. Controversies and advances in the
management of Wilms' tumour. Arch Dis Child. 2002; 87:
241-4.
17. Bhatnagar S. Management of Wilms' tumor: NWTS vs
SIOP. J Indian Assoc Pediatr Surg. 2009; 14: 6-14. https://
doi.org/10.4103/0971-9261.54811.

29. Nishino J, Kim I, Chada K, Morrison SJ. Hmga2 promotes
neural stem cell self-renewal in young but not old mice by
reducing p16Ink4a and p19Arf Expression. Cell. 2008; 135:
227-39. https://doi.org/S0092-8674(08)01139-2.

18. Breslow NE, Ou SS, Beckwith JB, Haase GM, Kalapurakal
JA, Ritchey ML, Shamberger RC, Thomas PR, D'Angio
GJ, Green DM. Doxorubicin for favorable histology,
Stage II-III Wilms tumor: results from the National Wilms

30. Parisi S, Passaro F, Aloia L, Manabe I, Nagai R, Pastore
L, Russo T. Klf5 is involved in self-renewal of mouse
embryonic stem cells. J Cell Sci. 2008; 121: 2629-34.
https://doi.org/jcs.027599.

www.impactjournals.com/oncotarget

115301

Oncotarget

31. Pesce M, Scholer HR. Oct-4: control of totipotency
and germline determination. Mol Reprod Dev. 2000;
55:
452-7.
https://doi.org/10.1002/(SICI)1098-2795
(200004)55:4<452::AID-MRD14>3.0.CO;2-S.

42. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T,
Tomoda K, Yamanaka S. Induction of pluripotent stem cells
from adult human fibroblasts by defined factors. Cell. 2007;
131: 861-72. https://doi.org/S0092-8674(07)01471-7.

32. Pesce M, Scholer HR. Oct-4: gatekeeper in the beginnings
of mammalian development. Stem Cells. 2001; 19: 271-8.
https://doi.org/10.1634/stemcells.19-4-271.

43. Capaccione KM, Hong X, Morgan KM, Liu W, Bishop
JM, Liu L, Markert E, Deen M, Minerowicz C, Bertino
JR, Allen T, Pine SR. Sox9 mediates Notch1-induced
mesenchymal features in lung adenocarcinoma. Oncotarget.
2014; 5: 3636-50. https://doi.org/10.18632/oncotarget.1970.

33. Fang CY, Liew PL, Chen CL, Lin YH, Fang CL, Chen
WY. High HMGA2 expression correlates with reduced
recurrence-free survival and poor overall survival in oral
squamous cell carcinoma. Anticancer Res. 2017; 37: 18919. https://doi.org/37/4/1891.

44. Martini S, Bernoth K, Main H, Ortega GD, Lendahl U, Just
U, Schwanbeck R. A critical role for Sox9 in notch-induced
astrogliogenesis and stem cell maintenance. Stem Cells.
2013; 31: 741-51. https://doi.org/10.1002/stem.1320.

34. Na N, Si T, Huang Z, Miao B, Hong L, Li H, Qiu J.
High expression of HMGA2 predicts poor survival in
patients with clear cell renal cell carcinoma. Onco Targets
Ther. 2016; 9: 7199-205. https://doi.org/10.2147/OTT.
S116953ott-9-7199.

45. Hontecillas-Prieto L, Garcia-Dominguez DJ, Pascual Vaca
D, Garcia-Mejias R, Marcilla D, Ramirez-Villar GL, Saez
C, de Alava E. Multidrug resistance transporter profile
reveals MDR3 as a marker for stratification of blastemal
Wilms tumour patients. Oncotarget. 2017; 8: 11173-86.
https://doi.org/10.18632/oncotarget.14491.

35. Heo I, Joo C, Cho J, Ha M, Han J, Kim VN. Lin28
mediates the terminal uridylation of let-7 precursor
MicroRNA. Mol Cell. 2008; 32: 276-84. https://doi.org/
S1097-2765(08)00660-6.

46. Breslow N, Sharples K, Beckwith JB, Takashima J,
Kelalis PP, Green DM, D'Angio GJ. Prognostic factors in
nonmetastatic, favorable histology Wilms' tumor. Results
of the Third National Wilms' Tumor Study. Cancer. 1991;
68: 2345-53.

36. Park SM, Shell S, Radjabi AR, Schickel R, Feig C,
Boyerinas B, Dinulescu DM, Lengyel E, Peter ME. Let-7
prevents early cancer progression by suppressing expression
of the embryonic gene HMGA2. Cell Cycle. 2007; 6: 258590. https://doi.org/4845.

47. Krishna OH, Kayla G, Abdul Aleem M, Malleboyina R,
Reddy Kota R. Immunohistochemical expression of Ki67
and p53 in Wilms tumor and its relationship with tumor
histology and stage at presentation. Patholog Res Int. 2016;
2016: 6123951. https://doi.org/10.1155/2016/6123951.

37. Busch B, Bley N, Muller S, Glass M, Misiak D, Lederer
M, Vetter M, Strauss HG, Thomssen C, Huttelmaier S. The
oncogenic triangle of HMGA2, LIN28B and IGF2BP1
antagonizes tumor-suppressive actions of the let-7 family.
Nucleic Acids Res. 2016; 44: 3845-64. https://doi.org/
gkw099.

48. Montserrat N, Mozos A, Llobet D, Dolcet X, Pons C,
de Herreros AG, Matias-Guiu X, Prat J. Epithelial to
mesenchymal transition in early stage endometrioid
endometrial carcinoma. Hum Pathol. 2012; 43: 632-43.
https://doi.org/S0046-8177(11)00293-0.

38. Molenaar JJ, Domingo-Fernandez R, Ebus ME, Lindner S,
Koster J, Drabek K, Mestdagh P, van Sluis P, Valentijn LJ,
van Nes J, Broekmans M, Haneveld F, Volckmann R, et
al. LIN28B induces neuroblastoma and enhances MYCN
levels via let-7 suppression. Nat Genet. 2012; 44: 1199-206.
https://doi.org/ng.2436.

49. Urbach A, Yermalovich A, Zhang J, Spina CS, Zhu H,
Perez-Atayde AR, Shukrun R, Charlton J, Sebire N, Mifsud
W, Dekel B, Pritchard-Jones K, Daley GQ. Lin28 sustains
early renal progenitors and induces Wilms tumor. Genes
Dev. 2014; 28: 971-82. https://doi.org/gad.237149.113.

39. Nguyen LH, Robinton DA, Seligson MT, Wu L, Li L,
Rakheja D, Comerford SA, Ramezani S, Sun X, Parikh MS,
Yang EH, Powers JT, Shinoda G, et al. Lin28b is sufficient
to drive liver cancer and necessary for its maintenance in
murine models. Cancer Cell. 2014; 26: 248-61. https://doi.
org/S1535-6108(14)00269-4.

50. Boyerinas B, Park SM, Murmann AE, Gwin K, Montag
AG, Zillhardt M, Hua YJ, Lengyel E, Peter ME. Let-7
modulates acquired resistance of ovarian cancer to Taxanes
via IMP-1-mediated stabilization of multidrug resistance 1.
Int J Cancer. 2012; 130: 1787-97. https://doi.org/10.1002/
ijc.26190.

40. Fedele M, Battista S, Kenyon L, Baldassarre G, Fidanza
V, Klein-Szanto AJ, Parlow AF, Visone R, Pierantoni
GM, Outwater E, Santoro M, Croce CM, Fusco A.
Overexpression of the HMGA2 gene in transgenic mice
leads to the onset of pituitary adenomas. Oncogene. 2002;
21: 3190-8. https://doi.org/10.1038/sj.onc.1205428.

51. Brown KW, Malik KT. The molecular biology of Wilms
tumour. Expert Rev Mol Med. 2001; 2001: 1-16. https://
doi.org/10.1017/S1462399401003027S1462399401003027.
52. Velasco S, D'Amico D, Schneider NR, Timmons C,
Chappell E, Lee D, Nisen PD. Molecular and cellular
heterogeneity of Wilms' tumor. Int J Cancer. 1993; 53:
672-9.

41. Kang HM, Huang S, Reidy K, Han SH, Chinga F, Susztak
K. Sox9-positive progenitor cells play a key role in renal
tubule epithelial regeneration in mice. Cell Rep. 2016; 14:
861-71. https://doi.org/S2211-1247(15)01525-9.

www.impactjournals.com/oncotarget

53. Shukrun R, Pode Shakked N, Dekel B. Targeted therapy
aimed at cancer stem cells: Wilms' tumor as an example.

115302

Oncotarget

Pediatr Nephrol. 2014; 29: 815-23; quiz 21. https://doi.
org/10.1007/s00467-013-2501-0.

embryonic stem cells and regulates let-7-independent
events. FASEB J. 2017; 31: 1046-58. https://doi.org/
fj.201600848R.

54. Ben-Porath I, Thomson MW, Carey VJ, Ge R, Bell GW,
Regev A, Weinberg RA. An embryonic stem cell-like gene
expression signature in poorly differentiated aggressive
human tumors. Nat Genet. 2008; 40: 499-507. https://doi.
org/ng.127.

64. Yang N, Kaur S, Volinia S, Greshock J, Lassus H, Hasegawa
K, Liang S, Leminen A, Deng S, Smith L, Johnstone CN,
Chen XM, Liu CG, et al. MicroRNA microarray identifies
Let-7i as a novel biomarker and therapeutic target in human
epithelial ovarian cancer. Cancer Res. 2008; 68: 10307-14.
https://doi.org/68/24/10307.

55. Wong DJ, Liu H, Ridky TW, Cassarino D, Segal E, Chang
HY. Module map of stem cell genes guides creation of
epithelial cancer stem cells. Cell Stem Cell. 2008; 2: 33344. https://doi.org/S1934-5909(08)00073-8.

65. Alves CC, Carneiro F, Hoefler H, Becker KF. Role of the
epithelial-mesenchymal transition regulator Slug in primary
human cancers. Front Biosci (Landmark Ed). 2009; 14:
3035-50. https://doi.org/3433.

56. Maschietto M, de Camargo B, Brentani H, Grundy P, Sredni
ST, Torres C, Mota LD, Cunha IW, Patrao DF, Costa CM,
Soares FA, Brentani RR, Carraro DM. Molecular profiling
of isolated histological components of wilms tumor
implicates a common role for the Wnt signaling pathway in
kidney and tumor development. Oncology. 2008; 75: 81-91.
https://doi.org/000155210.

66. Sun M, Song CX, Huang H, Frankenberger CA,
Sankarasharma D, Gomes S, Chen P, Chen J, Chada KK,
He C, Rosner MR. HMGA2/TET1/HOXA9 signaling
pathway regulates breast cancer growth and metastasis.
Proc Natl Acad Sci U S A. 2013; 110: 9920-5. https://doi.
org/1305172110.

57. Barroca H. Nephroblastoma is a success of paediatric
oncologic therapy. How further can we go?: results of a
cyto-histologic correlation study. Diagn Cytopathol. 2010;
38: 477-81. https://doi.org/10.1002/dc.21221.

67. Wang X, Liu X, Li AY, Chen L, Lai L, Lin HH, Hu S,
Yao L, Peng J, Loera S, Xue L, Zhou B, Zhou L, et al.
Overexpression of HMGA2 promotes metastasis and
impacts survival of colorectal cancers. Clin Cancer
Res. 2011; 17: 2570-80. https://doi.org/1078-0432.
CCR-10-2542.

58. Dome JS, Graf N, Geller JI, Fernandez CV, Mullen EA,
Spreafico F, Van den Heuvel-Eibrink M, Pritchard-Jones K.
Advances in Wilms tumor treatment and biology: progress
through international collaboration. J Clin Oncol. 2015; 33:
2999-3007. https://doi.org/JCO.2015.62.1888.
59. Sehic D, Ciornei CD, Gisselsson D. Evaluation of CITED1,
SIX1, and CD56 protein expression for identification of
blastemal elements in Wilms tumor. Am J Clin Pathol.
2014; 141: 828-33. https://doi.org/AJCPQ8Q0YTHSYZTX.
60. Wegert J, Ishaque N, Vardapour R, Georg C, Gu Z, Bieg
M, Ziegler B, Bausenwein S, Nourkami N, Ludwig
N, Keller A, Grimm C, Kneitz S, et al. Mutations in the
SIX1/2 pathway and the DROSHA/DGCR8 miRNA
microprocessor complex underlie high-risk blastemal type
Wilms tumors. Cancer Cell. 2015; 27: 298-311. https://doi.
org/S1535-6108(15)00017-3.
61. Maschietto M, Piccoli FS, Costa CM, Camargo LP, Neves
JI, Grundy PE, Brentani H, Soares FA, Camargo B, Carraro
DM. Gene expression analysis of blastemal component
reveals genes associated with relapse mechanism in Wilms
tumour. Eur J Cancer. 2011; 47: 2715-22. https://doi.org/
S0959-8049(11)00369-8.

69. Blower PE, Chung JH, Verducci JS, Lin S, Park JK,
Dai Z, Liu CG, Schmittgen TD, Reinhold WC, Croce
CM, Weinstein JN, Sadee W. MicroRNAs modulate the
chemosensitivity of tumor cells. Mol Cancer Ther. 2008; 7:
1-9. https://doi.org/1535-7163.MCT-07-0573.
70. Chen GQ, Zhao ZW, Zhou HY, Liu YJ, Yang HJ. Systematic
analysis of microRNA involved in resistance of the MCF-7
human breast cancer cell to doxorubicin. Med Oncol. 2010;
27: 406-15. https://doi.org/10.1007/s12032-009-9225-9.
71. Weidhaas JB, Babar I, Nallur SM, Trang P, Roush S, Boehm
M, Gillespie E, Slack FJ. MicroRNAs as potential agents to
alter resistance to cytotoxic anticancer therapy. Cancer Res.
2007; 67: 11111-6. https://doi.org/67/23/11111.

62. Morshedi A, Ren Z, Li J, Droge P. Probing into the
biological processes influenced by ESC factor and
oncoprotein HMGA2 using iPSCs. Stem Cell Rev. 2013; 9:
514-22. https://doi.org/10.1007/s12015-012-9373-8.

72. Vujanic GM, Sandstedt B. The pathology of Wilms' tumour
(nephroblastoma): the International Society of Paediatric
Oncology approach. J Clin Pathol. 2010; 63: 102-9. https://
doi.org/jcp.2009.064600.

63. Parisi S, Passaro F, Russo L, Musto A, Navarra A, Romano
S, Petrosino G, Russo T. Lin28 is induced in primed

www.impactjournals.com/oncotarget

68. Apati A, Orban TI, Varga N, Nemeth A, Schamberger
A, Krizsik V, Erdelyi-Belle B, Homolya L, Varady G,
Padanyi R, Karaszi E, Kemna EW, Nemet K, et al. High
level functional expression of the ABCG2 multidrug
transporter in undifferentiated human embryonic stem cells.
Biochim Biophys Acta. 2008; 1778: 2700-9. https://doi.org/
S0005-2736(08)00241-1.

115303

Oncotarget

