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Wilms’ tumour xenografts unveils
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Keywords: cancer initiating cells; cancer  There are considerable differences in tumour biology between adult and paediatric
stem cells; kidney stem cells; renal cancers. The existence of cancer initiating cells/cancer stem cells (CIC/CSC) in
progenitor cells; targeted therapy paediatric solid tumours is currently unclear. Here, we show the successful propa-
gation of primary human Wilms’ tumour (WT), a common paediatric renal malig-
nancy, in immunodeficient mice, demonstrating the presence of a population of
highly proliferative CIC/CSCs capable of serial xenograft initiation. Cell sorting and
limiting dilution transplantation analysis of xenograft cells identified WT CSCs that
harbour a primitive undifferentiated - NCAM1 expressing — “blastema” phenotype,
including a capacity to expand and differentiate into the mature renal-like cell types
observed in the primary tumour. WT CSCs, which can be further enriched by
aldehyde dehydrogenase activity, overexpressed renal stemness and genes linked
to poor patient prognosis, showed preferential protein expression of phosphorylated
PKB/Akt and strong reduction of the miR-200 family. Complete eradication of WT in
multiple xenograft models was achieved with a human NCAM antibody drug
conjugate. The existence of CIC/CSCs in WT provides new therapeutic targets.
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INTRODUCTION including those of the breast and the brain (Al-Hajj et al, 2003;

Singh et al, 2003). By applying principles derived from stem cell
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Recent years have witnessed the exciting discoveries of cancer
initiating cells/cancer stem cells (CIC/CSCs) in solid tumours,
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models. Similar to normal stem cells, CIC/CSCs are capable of
self-renewal, which can be studied in serial transplantation
assays. Additionally, cancers derived from purified CIC/CSCs
recapitulate the heterogeneous phenotypes of the parental
cancer from which they were derived, reflecting the differentia-
tion capacity of CSCs (Reya et al, 2001; Singh et al, 2004). These
observations suggest that CIC/CSCs contain the complete
genetic programs necessary to initiate and sustain tumour
growth. Additionally, the persistence of these cancer stem/
progenitor cells after standard treatments has been put forward
as an explanation for recurrence of tumours (Clarke et al, 2006;
Reya et al, 2001). Much of the more recent research on CIC/CSCs
has focused on adult cancers derived from highly differentiated
tissues (Al-Hajj et al, 2003; Collins et al, 2005; Ginestier et al,
2007; O’Brien et al, 2007; Schatton et al, 2008).

Paediatric solid tumours are a group of childhood cancers that
recapitulate embryonic/foetal development and are mainly
embryonic in origin. Given the considerable differences in
tumour biology between adult and paediatric solid cancers the
initial question is whether or not CIC/CSCs exist and if so,
whether there may be significant differences in their presence
and behaviour compared to adult counterparts (Gillespie, 2011).
Identification of such cells may promote targeted therapies for
paediatric solid tumours.

Wilms® tumour (WT) is the most frequent tumour of the
genitourinary tract in children and serves as a prototype for
studying the relation between development and tumourigenesis
(Rivera & Haber, 2005). Based on its tri-phasic histology [that
of cell lineages similar to those observed during Kkidney
development; undifferentiated blastema along with stromal
and epithelial derivatives (such as immature tubules and
glumeruloid bodies)], WT is hypothesized to harbour CIC/
CSCs with the capacity for self-renewal and for abnormal and
disorganized differentiation along developmental pathways that
occur during nephrogenesis. Nevertheless, the cancer stem cell
model has yet been applied for WT.

Preliminary evidence for the existence of a tumour stem/
progenitor population in classical tri-phasic human WT comes
from our in vitro work with low-passage WT cultures derived
from primary tumours showing after immunophenotyping that
a sorted NCAM™ cell fraction is highly clonogenic and enriching
for a renal stemness signature set predicted by previous WT
microarray experiments (Dekel et al, 2006; Metsuyanim et al,
2008; Pode-Shakked et al, 2009). In contrast, sorting according
to CD133, a marker proposed to identify embryonic renal
progenitors and paediatric CICs (Gillespie, 2011; Pode-Shakked
et al, 2009; Ronconi et al, 2009), failed to generate a similar
cell phenotype. Nevertheless, in vivo assays, e.g. serial cell
transplantation experiments with animal models are the gold
standard for identifying CIC/CSCs (Clarke et al, 2006). In this
regard, WT cells, as opposed to surgical tissue samples of WT,
are known for their inability to generate tumour xenografts (Xn)
limiting the application of functional definitions of CIC/CSCs to
human WT (Wen et al, 1997). Establishment of WT Xns from
cell suspensions of fresh primary WT has been estimated at 30%
graft take (Wen et al, 1997) and in our experience approximately
10%, while after culture and in vitro growth of WT cells, Xn
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formation is unattainable, making long-term serial transplanta-
tion assays with human cells impossible. Furthermore,
tumourigenic favourable histology WT cell lines are not
available. Therefore, taking into account these inherent
limitations of WT and the fact that cells within WT, as with
other paediatric solid tumours, are less accessible (compared to
adult carcinomas), model systems that allow for in vivo studies
of WT at the single cell level are warranted.

Herein, we have propagated human WT in vivo, demonstrat-
ing the presence of a population of highly proliferative CIC/CSCs
capable of serial xenograft initiation and propagation. This has
allowed, for the first time, a robust definition of the CIC/CSC
phenotype leading to discovery of therapeutic targets for WT
eradication. Molecular analysis of CIC/CSCs in WT Xn revealed
distinct genes, signaling elements and miRNAs likely relevant
to their function as undifferentiated ‘‘blastema’ cells. The
generation of xenografts carrying cell-repopulating human
developmental malignancies with aggressive phenotypes may
serve as a more reliable platform compared to cell-line-based
xenografts or in vitro propagation for the discovery of CICs and
future targeted therapies.

RESULTS

WT xenografts can be established from surgical tissue
samples but not from primary WT cells

To study human WT initiating activity, we injected primary WT
cells into NOD/SCID immunodeficient recipient mice. Primary
WT cells were obtained from a cohort of tri-phasic favourable
histology WT lacking mutations in B-catenin, WT1 or WTX,
which represent genetic alternations in a subset of WT (Maiti
et al, 2000; Rivera et al, 2007). Following digestion of surgical
samples of WT and injection of a single cell suspension (up to
2 x 107 cells) we found an extremely low frequency of xenograft
formation: 2/20 mice injected with tumour cells from four
different WT sources developed tumours 6 months after
transplantation. These numbers are in line with previous
reports (Wen et al, 1997). Furthermore, attempts to use primary
WT cell cultures confirmed the inability of cultured cells
(as low as P1, with up to 108 cells injected) to initiate tumour
Xns in mice (n=0/25 from five WT patients, analysed up to
a year after injection). In contrast, primary Wilms’ tumour
fragments (2 x 2-mm-minced pieces) derived from 10 different
WT patients resulted in robust Xn formation upon grafting; graft
take was observed for 8 out of the 10 WT sources within
2-6 months (altogether, Xns were established in 40/50 mice).
We therefore used these xenograft models containing primary
human WT to determine the existence of CIC/CSCs. Xenografts
are critical for this study because of the difficulty to routinely
obtain paediatric primary solid tumours, which are less frequent
than adult cancers.

Human WT initiation and propagation in vivo via highly
proliferating tumour cells

Having established 1st generation Xns from tissue samples
obtained from eight different WT sources, we then analysed

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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whether these Xns could be initiated and propagated following
dissociation of Xn tissue and injection of the derived single cell
suspension. Interestingly, we found that 1st generation Xns
established from four WT sources (W011, W013, W014 and
W016) could bereadily initiated and propagated in mice through
the injection of 0.5-1 x 10° Xn derived cells. Lower cell numbers
(10* cells) were mostly sufficient to initiate later generation
xenografts (>4th generation). Overall, these Xns, termed
propagatable WT Xns (p-WT Xn) showed increased WT-
initiating activity, serving as a WT reservoir for the study of
tumour-initiating cells. The experimental outline for Xn
generation is depicted in Supporting Information Fig S1.

Having observed that p-WT Xn harbour enhanced WT-
initiating activity, we next determined their characteristics in
comparison with parental tumours. Histological examination of
p-WT Xn (WO013) revealed all WT tri-phasic components
(blastema, stroma, epithelium) but with enriched blastema
compared to parental tumour, indicating the generation of a
blastema-predominant WT. Interestingly, patients with recur-
rent blastema-predominant WT have been classified at very
high risk with low survival rates (Reinhard et al, 2008). We
performed immunostaining of p-WT Xn and parental WT
for the following: WT1, a specific clinical diagnostic marker
for WT; NCAMI1, a putative marker for a tumour progenitor
population previously shown in in vitro assays of primary cell
cultures of WT (Pode-Shakked et al, 2009); and Ki-67, a
cell proliferation marker. We observed NCAM1 and Ki-67
expression in p-WT Xn, mostly within the expanded blastema
component (Fig 1A). Quantification of proliferating cells (Ki67™")
in WT blastema and non-blastema components revealed
significantly higher numbers of Ki-67" cells in the blastema.
This observation was repeated in both primary WTs and their
derived Xn (Fig 1B).

www.embomolmed.org

We further interrogated p-WT Xn at both gene and protein
levels. qRT-PCR analysis for human transcript levels showed
significant elevation of renal ‘“‘stemness’” and progenitor genes
(Dekel et al, 2006) that mark the early renal lineage, including
SIX2 and OSRI, compared to their primary tumour of origin.
Importantly, both SIX2 and OSRI have been shown to identify
self-renewing epithelial stem/progenitor cells in the metaneph-
ric mesenchyme of the developing kidney (Kobayashi et al,
2008; Mugford et al, 2008; Self et al, 2006). OSR1™" cells have
been shown to possess multipotency as they are able to
differentiate into all lineages of all metanephric kidney
components in early development (Mugford et al, 2008). In
addition, p-WT Xn overexpressed genes known to associate
with poor prognosis WT: TOP2A, N-MYC and CRABZP,
correlating with a highly aggressive tumour phenotype (i.e
blastema predominance; Green et al, 1994; Takahashi et al,
2002; Wittmann et al, 2008; Fig 1C). FACS analysis for
NCAM and CD133 levels in cells derived from p-WT Xn and
from parental WT revealed significantly higher NCAM levels
in p-WT Xn (50-90%) while CD133 expression was completely
absent in three out of the four p-WT Xn (n =12 mice; Fig 1D).
This elevation in NCAM levels was observed in comparison
with both PO and P2-4 cultures of primary (parental) WT
cells (Table 1, for patient and tumour characteristics see
Supporting Information Table S1). Interestingly, the one p-WT
Xn with elevated CD133 levels could be propagated only
when large numbers of cells (>5x 109 were continually
used. In contrast, 100-fold fewer CD-133 negative cells were
required to propagate and sustain late generation Xns of p-WT.
Finally, proteasome and proliferating cell nuclear antigen
(PCNA) protein levels increased in p-WT Xn compared to
parental tumour tissue (Fig 1E). Elevated proteasome and
PCNA levels had been previously shown to be associated with

Figure 1. p-WT Xns are enriched for highly proliferating tumour cells capable of serial Xn initiation while np-WT Xn lack these characteristics. >
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Immunohistochemical staining presented in serial sections for NCAM, WT1 and Ki67 in a representative primary tumour (W013) and its derived propagatable
Xn (p-WT Xn). Staining demonstrates recapitulation of the original tumour by the WT Xn with an increase in the number of cells positive for NCAM and Ki67,
markers of undifferentiated blastema and cell proliferation, respectively. WT1, the diagnostic pathologic marker of WT, is expressed in both primary and Xn
tumours on the same structures (mainly blastema). (Scale bars =500 wm and 200 wm for magnifications 10x and 40x, respectively).

. Quantitative comparison of proliferating cells (Ki67+) between WT blastema and non-blastema components in primary WTs and their derived Xn (W013,

WO014 and WO013 Xn, W014 Xn). The number of Ki67+ cells was significantly higher in WT blastema in both primary WTs and WT Xn. (**“p = 1.6025E—05 and
3.82489E—07 respectively).

. qRT-PCR analysis of renal progenitor (i.e. SIX2, OSR1) and poor prognostic (i.e. TOP2A, N-MYC, CRAB2P) genes compering between primary WTs (n = 3) and their

derived WT Xn (n= 3), demonstrates significantly elevated mRNA levels of these genes in WT Xn (*p=0.031). All values were normalized to WT Xn
(therefore = 1). Results are presented as the mean 4 SEM of five separate experiments.

Flow cytometric analyses for CD133 expression and corresponding isotype controls in 4 WT Xn showing negligible levels in 3 of the 4 Xn (W011, W013 and
WO014) while the 4th (WO16) show high percentages of cells expressing CD133.

. Proteasomal levels were examined in primary tumours (1-W014, 3-W019, 5-W020) compared to their derived Xenografts (2- W014 Xn, 4- W019 Xn, 6- W020

Xn). (a) Proteasomal complexes were analysed by nondenaturing page analysis. (b) Total proteasomal subunit protein levels by immunoblot analysis of
polyacrylamide-SDS gel. (c) PCNA levels were analysed by immunoblot in primary tumours versus their derived Xn, showing an increase in PCNA levels in
WT Xn.

Immunohistochemical staining presented in serial sections for NCAM, WT1 and Ki67 in a representative primary tumour (W017) and its derived non-
propagatable Xn (np-WT Xn) demonstrating decreased expression of NCAM, WT1 and Ki67 along with dramatic reduction in the undifferentiated blastema
component in the latter; (Scales bars =200 wm, Magnification 20x).

. Immunobloting analysis for the proliferation marker PCNA showing higher levels in p-WT Xn (2) compared to np-WT Xn (1).
. Average percentage of NCAM expressing cells in tumour sources and their derived Xn showing an increase in cells expressing NCAM in p-WT Xn and a decrease

in np-WT Xn compared to their primary WT source (Left panel). Representative FACS plots showing increased NCAM levels in W016 Xn (p-WT Xn) in comparison
to its tumour source (primary W016) while W017 Xn (np-WT Xn) shows the opposite (Right panel). In all comparison experiments n =2 for each tumour type
and three mice were used for each tumour source (total of 12 mice).

2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. EMBO Mol Med (2013) 5, 18-37
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Table 1. Expression of NCAM and CD133 in various primary Wilms’ tumours (WT) and in respective fresh or cultured xenograft derived cells.

Patient code Passage Total Total Passage
NCAM CD133

Primary WT
WO002 0 33.75 11.3 2-4
w003 0 6.8 0.2 2-4
w004 0 39.7 8.5 2-4
WO005 0 24.8 22.8 2-4
WO006 0 10.9 0.7 2-4
w007 0 33.9 521 2-4
WO009 0 34.7 0.4 2-4
w010 0 39.5 7.1 2-4
wo11 0 ND ND 2-4
w013 0 9.8 ND 2-4
wo14 0 22.6 ND 2-4
wo16 0 18.6 11.3 2-4
wo17 0 38.7 ND 2-4

Tumour source Passage Total Total Total

NCAM CD133 PSA-NCAM

WT xenografts
wo11 0 90.9+6.6 03+04 39.9+30.6
w013 0 72+47.2 0.1%+0.2 9.3+43
w014 0 84.2+249 0.2£0.3 26.8
w016 0 51.9+39.7 75.9 6.3+£3.2
wo17 0 1.9 0.85 1.27

Total Total

NCAM CD133

329+14 34.6 +19.2

6+19 1+0.1

38+13.7 38.7+1.9

20.7+£12.9 324328

18.3+4.9 41+1.5

23.5+5.9 729+11.2

50.7+18.8 2.2+0.9

33.6+13.3 743+13

ND ND

ND ND

ND ND

36.8+2.3 20.7+20.1

ND ND

Total ALDH1 Passage Total Total
CD44 NCAM1 CD133
229+%12.2 43+23 2-4 84.8+8.6 18.1£5.3
22.7%6.7 0.5 2-4 16.2 1.3
103x7.4 4.7+0.9 2-4 17.5+8.2 65.4
16.2 123%£2.2 2-4 10.6 15.6
12.2 ND 2-4 ND ND

increased cell proliferation and in glioblastoma CIC/CSCs
(Monticone et al, 2009; Wang et al, 1998).

Thus, increased WT-initiating activity of p-WT Xn correlated
with blastema-predominant, highly proliferating tumours that are
enriched for markers of renal stem/progenitor cells. In contrast,
the 1st generation Xns that formed via tissue grafting but did not
propagate in mice following dissociation and single cell injections
(termed np-WT Xn), showed an opposite phenotype: np-WT Xn
did not expand the blastema and featured decreased NCAM, WT1
and Ki67 immunostaining (Fig 1F) and lower expression levels of
the proliferation marker PCNA (Fig 1G). FACS analysis of np-WT
Xn revealed lower NCAM levels compared to parental tumour
sources (Fig 1H). In fact, the high NCAM, low CD133 levels
observed on FACS for tumourigenic p-WT Xn were absent from
np-WT Xn as well as from non-tumourigenic primary PO or P2-4
WT cultures (Fig 1H and Table 1).

All subsequent experiments were performed on p-WT Xn.

In vitro growth conditions modulate WT-initiating activity
Since we observed that culture of WT cells derived from
primary tumours abrogates their tumour-initiating capacity, we

determined the effects of short-term culture of p-WT Xn cells as
monolayer or spheres on in vivo WT formation (Supporting
Information Figs S1, S2 and Tables S2 and S3). Fresh p-WT Xn
cells injected to NOD-SCID and SCID-Biege mice, generated
tumours recapitulating the histologic elements found in their
parental tumour source. Concurrently, FACS analysis of
cultured p-WT Xn cells (P2-P4) showed decreased NCAM
levels (Table 1) suggesting depletion of the stem-like component
in the tumour, further supporting the use of fresh p-WT Xn
cells for dissection of WT-initiating activity (Table 2).

The NCAM™ population contains the WT Xn initiating and
propagating cells

Human CICs can be functionally identified by immunosorting
according to surface markers followed by transplantation in
mice in limiting dilutions (Al-Hajj et al, 2003; Clarke et al, 2006;
Lapidot et al, 1994; Pode-Shakked et al, 2009). Taking into
account our previous findings (Pode-Shakked et al, 2009) and
the results described above, we reasoned that NCAM™ cells may
play a role in WT Xn initiation and propagation. We therefore
sorted p-WT Xn cells into NCAM-positive and NCAM-negative

Table 2. Qualitative characteristics of primary WT and WT Xn.

Parent tumour p-WT Xn

Histology Tri-phasic

Low/mid levels of NCAM and CD133
Low levels of KI-67/PCNA/proteosome
Low/mid levels

Surface markers
Proliferation markers
Embryonic renal stem
cell markers

Elevated

Tri-phasic, expanded blastema

High levels of NCAM reduced levels of CD133
Elevated KI-67/PCNA/proteosome

np-WT Xn

Tri-phasic, blastema reduced,
expended epithelia and stroma
Reduced levels of NCAM

Low levels of KI-67/PCNA/proteosome

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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cell populations (Fig S3B). We then injected serial dilutions of
pure cell fractions into the right (NCAM™) and left (NCAM™)
flanks of NOD/SCID mice. Strikingly, only the NCAM™ fraction
was able to form tumours in NOD/SCID mice (Fig 2A).
Moreover, as few as 500 NCAM™ cells were sufficient to initiate
tumours, in comparison with >10* unsorted p-WT Xn cells
required for Xn initiation (Table 3). The tumours generated
from NCAM™* cells could be further propagated upon serial
transplantation in NOD/SCID mice (currently generation 5),
while histology and immunostaining of these tumours disclosed
a blastema compartment that expressed NCAM, but also
NCAM™ differentiated epithelial-like structures and glumeruloid
bodies, recapitulating the histology of both the parental WT and
the p-WT Xn from which they were derived (Fig 2B). Thus, the
NCAM™ cell fraction is enriched for WT-initiating activity and
also contains CSC properties of differentiation and self-renewal
(Clarke et al, 2006; Reya et al, 2001). Characterization of this
fraction by qRT-PCR showed significant elevation of early renal
progenitor transcripts (SIX2, OSRI, SALLI), stemness factors
(BMI1, EZH2, OCT4) and WT poor prognostic factors (TOP2A,
N-MYC, CRAB2P) compared to NCAM™ cells (Fig 2D). Further-
more, the enriched WT-initiating activity of NCAM™ cells might
be related to specific biological pathways. We therefore
performed a panorama antibody array (725 validated antibodies
that detect proteins associated with a variety of key cell signaling
and gene regulation pathways) on extracts of p-WT Xns early
after initiation by sorted NCAM™" cells, un-sorted p-WT Xn and
normal kidneys (Supporting Information Table S4). We
considered differentially expressed proteins only when at least
a fivefold change appeared among samples. For most proteins,
there was little difference in expression; nevertheless, we
detected a small subset of proteins preferentially activated in
NCAM™ derived tumours and confirmed by Western blot
(Fig 2E). Strikingly, in addition to the up-regulation of NF-kB,
among other signaling molecules, we specifically detected up-
regulation of Ser473-phosphorylated Akt (AKTpSer473), which
suggests AKT signaling might contribute to the function of
CICs in WT Xn. (More information on the unique properties of
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NCAM™ cells is presented in Supporting Information Movies S1,
S2, Table S4 and Fig S3C).

These results implicated NCAM as a useful marker for
prospective isolation of a cell sub-population enriched for WT-
cancer initiating activity.

Aldehyde dehydrogenase 1 (ALDH1) expression defines the
CIC/cSC within the NCAM™ cell population

Since the NCAM™ population is expanded in p-WT Xn,
we sought to determine an additional marker to improve the
definition of CICs within the NCAM™ population. We therefore
analysed the expression of additional surface molecules in
p-WT Xn cells by FACS. This survey revealed that PSA-NCAM
(PSA), the embryonic form of NCAM (10%; Roth et al, 1988a,b)
as well as CD44 (10-20%) and aldehyde dehydrogenase
(ALDH1) activity (4-10%), that have recently emerged as
markers for CIC/CSC in several malignancies (Al-Hajj et al,
2003; Ginestier et al, 2007) were solely contained within the
NCAM™ cell population (Fig 3A and Supporting Information
Fig S4). We therefore initially isolated NCAM PSA-NCAM™* or
NCAM*CD44" cell fractions from p-WT Xn by sorting and
analysed their tumour initiating capabilities in mice as well as
additional stemness characteristics. We found that these cell
fractions did not enrich for WT-initiating activity/CSCs within
the NCAM™ WT cells (Table 3 and Supporting Information
Fig S4). We next sorted p-WT Xn according to NCAM expression
and ALDH1 activity to generate NCAM'ALDH1' versus
NCAM'"ALDH1~ cell fractions. In contrast to PSA-NCAM or
CD44, NCAMTALDHI™ cells reduced the number of p-WT Xn
cells required to initiate tumours in mice to as few as 200, while
NCAM*ALDHI "~ cells lacked this ability, (Table 3). Histology
and immunohistochemistry revealed that these tumours
recapitulated the tri-phasic WT phenotype and demonstrated
widespread expression of the cell proliferation marker Ki-67
(Fig 3B). qRT-PCR of NCAM*ALDHI" cells demonstrated, in
addition to their highly enriched WT-initiating activity,
significant elevation of early renal progenitor transcripts,
stemness factors and WT poor prognostic factors compared

Figure 2. WT initiating and propagating cells are contained within the NCAM™ population.

A.

EMBO Mol Med (2013) 5, 18-37

Representative images of NOD-SCID mice injected with 1000 and 500 NCAM™ cells that developed tumours and of a tumour extracted from a mouse injected
with NCAM™ cells showing encapsulation of the tumour mass that separate it from host tissues (Scales bars =100 um, magnification x10 and x20).

. Immunohistochemical staining presented in serial sections for NCAM, WT1 and Ki67 in a representative primary tumour and its derived xenografts generated

from unsorted cells or from NCAM™ cells showing recapitulation of the original tumour. The NCAM™ cells formed tumours that contain both undifferentiated
NCAM™* blastemal structures and well-differentiated NCAM ™~ tubular structures. WT1, the marker used in clinical practice for histopathoplogic diagnosis of WT,
isabundantly expressed in both WT xenografts on similar structures as in the primary tumour. Ki67 is more abundant in the WT Xn than in their primary source.
T-Tubules; B-Blastema; GB-Glomeruloid bodies; St-Stroma. (Scales bars =200 um; Magnification 20x).

. A scheme illustrating the putative derivation of NCAM™ WT cells from the transformed MM of the human foetal kidney and their capability to initiate p-WT

xenografts that recapitulate the histology of their parental tumour, consisting of NCAM™ blastema cells (possibly formed by self renewal) as well as the
differentiated features seen in primary human WTs (immature tubular epithelia, stroma and glomeruloid bodies).

. qRT-PCR analysis for the expression of renal progenitor (i.e. NCAM, SALL1, SIX2, OSR1), stemness (i.e. BMI1, EZH2, OCT4) and poor prognostic (i.e. TOP2A, N-MYC,

CRAB2P) genes between NCAM™* and NCAM~ WT Xn cells (n = 3), demonstrate significantly elevated mRNA levels of these genes in NCAM™ compared to NCAM ™~
cells (p=0.031). The values for the NCAM ™" cells were used to normalize (therefore = 1) and all other values were calculated with respect to them. Results are
presented as the mean 4 SEM of five separate experiments.

. Increased expression of TWEAK-R/TGFb/PKBpSer473/14-3-3/NF-kB specifically in WT xenografts derived from NCAM™ cell. (a) Heat map of Panorama™

Antibody Array illustrating expression of differentially expressed proteins in early WT xenograft generated from NCAM™ cells (WO14 Xn NCAM '), WT xenograft
generated from cells that were not separated (W014 Xn), human adult kidney (AK) and human foetal kidney (hFK) tissues; (b) Western Blot analysis of NF-kB
and AKTpSer473.

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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Table 3. Summary of WT formation in NOD-SCID mice by WT Xn derived sorted cells.

Tumour code  Cells injected Tumours/injection

200 500 1x10° 15x10° 25x10° 5x10° 75x10° 1x10* 4x10* >1x10°
Wo011 NCAM™ - 2/3 - 2/3 - - - 3/3 - -
NCAM™ - 0/3 - 0/3 - - - 0/3 - -
Non-sorted - - - - - - - 1/2 - 1/2
w013 NCAM™ - 0/3 1/3 - - - - - - -
NCAM ™ - 0/3 0/3 - - - - - - -
Non-sorted - 0/1 0/1 - - - - - - 2/2
w014 NCAM™ - 2/4 3/4 - - 1/1® - - - -
NCAM ™~ - 0/4 0/4 - - 0/1* - - - -
Non-sorted - 0/2 1/3 - - - - 0/2 2/2° 2/2
w013 NCAMTPSA-NCAM* - - 1/2 - - 2/2 - 3/3 - -
NCAM*PSA-NCAM~ - - 1/2 - - 2/2 - 3/3 - -
Non-sorted - - - - - 1/1 - - - 4/4
WO011 NCAM*CD44* 0/2 - - - 2/3 - - - 1/2 -
NCAM™CD44~ 0/2 - - - 1/3 - - - 0/2 -
Non-sorted 0/2 - - - - - - - - 2/2¢
w013 NCAM*CD44™ - 0/3 - 2/3 - - 1/3 - - -
NCAM*CD44~ - 0/3 - 0/3 - - 0/3 - - -
Non-sorted - 0/3 - - - - 0/1 - - 2/2
Wo014 NCAM*CD44* 0/2 - - - - 2/2 - - 1/2¢ -
NCAM™CD44~ 0/2 - - - - 0/2 - - 1/2¢ -
Non-sorted 0/2 - - - - - - - 1/2 -
wo11 NCAMALDH1" 5/8° 6/11  8/11 - - - - 2/3 - -
NCAM*ALDH1™ 0/8 0/11  0/11 - - - - 0/3 - -
Non-sorted 0/1 2/5 - - - - 1/3 - 2/2
Wo013 NCAM*ALDH1" 1/4*  1/4 3/4 - - 2/37 - - - -
NCAMTALDH1~ 0/4 0/4 0/4 - - 0/3* - - - -
Non-sorted - 2/4 - - 0/2° - 1/1 - 1/1
w014 NCAMALDH1™ 4/6* - - - - - - - - -
NCAM*ALDH1~ 0/6 - - - - - - - - -
Non-sorted - - 1/2 - - - - 1/1 - 1/1

24 x 10 cells were injectedl.
£2.5 x 10* cells were injected.

5 x 10* cells were injected.

96 x 10* cells were injected.
*p=0.008 for accumulated data.

to NCAM"ALDHI ~ cells (Fig 3C), indicating that this smaller
cell fraction might be responsible for the expression profile
observed in the wider NCAM™ cell population confounded by
other cell phenotypes (NCAM*ALDH1 ). We also observed
NCAM'"ALDH1" cells to overexpress PBX1, a renal stromal
lineage marker (Schnabel et al, 2003). FACS analysis of tumours
that were immediately initiated by NCAM*ALDH1™" cells
revealed approximately 20% of ALDH1™" cells (higher percen-
tage than unsorted p-WT Xn cells which contained 4-10%
ALDH™ cells) and a large fraction of ALDH1~ cells supporting
the differentiation capacity of injected ALDH1" cells. (Fig 3D
and Supporting Information Fig S5C). Colony forming assays
showed significantly higher number of clones and larger
colonies in NCAM*ALDH1" compared to NCAMTALDHI "~ cells
in accordance with the CSC phenotype (Fig 3E). In addition,
xenograft tumours initiated from NCAM"ALDHI1" cells were
further sorted into NCAM"ALDH1" and NCAM"ALDH1~ WT
cells and injected to secondary recipients (s.c. in NOD-SCID
or NOG mice), in serial dilutions. Consequently, only the

EMBO Mol Med (2013) 5, 18-37

NCAM'ALDH1" were capable of tumour initiation suggestive of
their in vivo self-renewal capacity (Table 4). Having elucidated
that ALDH1 pinpoints a smaller cell population within the
NCAM™ fraction capable of initiating and propagating WT,
we immunostained human foetal kidneys and primary WT
for NCAM1 and ALDHI to determine possible lineage relation-
ships. In the human foetal kidney, NCAMI, as previously
reported, was found to predominantly localized to the capping
mesenchyme of the nephrogenic zone (Roth et al, 1988a,b).
In contrast, ALDH1 localizes to mature tubules and is absent
from the nephrogenic zone in the human foetal kidney (Fig 3F
upper panel), while in WT it shares localization in both distinct
cells of blastema as well as differentiated tubular elements
(Fig 3F, lower panels). Thus, while NCAM is likely to serve as
the onco-developmental marker of WT CIC, ALDHI may be
most relevant to the CIC phenotype (Armstrong et al, 2004; Chen
et al, 2009; Ginestier et al, 2007; Ma et al, 2008; Metsuyanim
et al, 2009; Roth et al, 1988a,b) with no specific connection to
nephrogenesis.

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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Table 4. Self renewal - summary of WT formation in NOD-SCID and NOG mice by sorted NCAM-+ALDH-+ p-WT Xn derived cells.

Number of cells injected Type of cells injected Tumours/injection p-values
NOD-SCID mice NOG mice
WO011 p-WT Xn WO013 p-WT Xn WO011 p-WT Xn
200 NCAM*ALDH1™ 2/4 1/4 3/4 <200 cells
NCAMALDH1~ 0/4 0/4 0/4 0.007
500 NCAM*ALDH1" 3/4 1/4 2/4 <500 cells
NCAM*ALDH1™ 0/4 0/4 0/4 0.0002
1x10° NCAM*ALDH1* 3/4 3/4 3/4 <1000 cells
NCAMTALDH1™ 0/4 0/4 0/4
Non-sorted 2/4 2/4 - 0.0001

Specific regulatory pathways in NCAMTALDH1™ WT Xn CICs
provide insight into WT oncogenesis

We next determined that biological properties of the
NCAM'ALDH1" CIC/CSCs in WT. Since Xn tumours initiated
from NCAM™ cells differentially expressed specific proteins
such as AKTpSer473 (Fig 2E and Supporting Information Table
S4), the protein profile of tumour Xn early after initiation by
NCAM*ALDH1* cells might provide insights into CIC/CSCs
biology. Nondenaturing PAGE and immunoblot analysis for the
expression of proteasomal subunits 19s and 20s revealed
overexpression of the subunits in comparison to both tumour
xenografts generated from unsorted p-WT Xn cells and parental
WT (Fig 4A). Moreover, Western blot analysis demonstrated
differential protein expression in the NCAM"ALDH1" tumour,
specifically AKTpSer473 but not p-ERK and c¢-FOS, which have
been recently implicated in WT and were strongly expressed in
the primary parental WT (Fig 4B). c-Jun seemed to be activated
in WT in general while B-catenin was similarly observed in
NCAM*ALDH1* tumour and hFK and therefore does not
necessarily specify CIC pathways. c-MYC, SRC and YAP1 were
expressed in most samples (WT and control rhabdoid tumours)
with ¢-MYC elevated in NCAM'"ALDH1" tumour. Other
proteins, such as NQOI1, and to a lesser extent P53, were

increased in control paediatric rhabdoid tumour, further
indicating the specificity of the pathways active in WT and
importantly in the NCAMTALDH1" CIC derived tumour
xenografts. Thus, highly enriched WT CIC/CSCs are likely to
feature signaling molecules and oncogenes distinct from those
generally observed in WT and other closely related paediatric
tumours.

To gain further insight into regulatory processes in WT CICs,
human Agilent miRNA arrays covering 1349 small noncoding
RNAs were applied to tissue extracts of unsorted p-WT Xn,
NCAM'ALDH1" derived p-WT Xn and human foetal kidney,
resulting in the identification of 71 statistically significant,
differentially expressed microRNAs (Supporting Information
Table S5 and Fig S5D). The expression pattern was similar
among all WT Xns, with 35 down-regulated and 36 up-
regulated microRNAs (miRs) compared to the hFK tissues
(Fig 4C and Supporting Information Table S5). Importantly,
the most significantly reduced microRNAs families: let7
and 200, as well as miR-204, are related to control of epithelial
cell differentiation and epithelial-mesenchymal transition
(EMT; Gregory et al, 2008; Li et al, 2009; Paterson et al,
2008; Peter, 2009; Wang et al, 2012) while miR-337 has
been linked to apoptosis, (Ovcharenko et al, 2007) osteoblast

4 Figure 3. Analysis of additional markers within the NCAM™ cell population reveals that ALDH1 activity identifie a CIC/CSC population

A.

EMBO Mol Med (2013) 5, 18-37

Representative FACS analysis showing PSA-NCAM, CD44 and ALDH1, to be expressed or active solely in cells within the NCAM™ population (See also Supporting
Information Fig S4).

. Immunohistochemical staining presented in serial sections of tumours formed by NCAM"ALDH1" cells (lower panels) and of their primary tumour source

(upper panels) for NCAM, WT1 and Ki67, shows recapitulation of the parental tri-phasic tumour histology in NCAMTALDH1 ™" derived Xn. (Scales bars = 200 um;
Magnification 20x).

. qRT-PCR analysis of renal progenitor, stemness and poor prognostic genes in NCAMTALDH1" and NCAM"ALDH™ WT Xn cells, demonstrates significantly higher

mRNA levels of these genes in NCAMALDH" (*p =0.031). All values were normalized to NCAM"ALDH1" cells (therefore = 1. Results are presented as the
mean + SEM of five separate experiments.

. Representative FACS plots of ALDH1 activity and NCAM expression in p-WT Xn generated from unsorted cells and Xn generated from the same p-WT Xn (W014)

sorted according to NCAM expression and ALDH1 activity (NCAMTALDH1™ cells). Plots show an enrichment for NCAMALDH1 " cells in the sorted compared to
unsorted xenografts, as well as the appearance of cells lacking ALDH1 activity (ALDH1") that originate from NCAM*ALDH1" cells.

. Colony forming ability was compared between NCAM™ALDH1" cells and NCAMTALDH1~ WT cells. Number of colonies formed by NCAMTALDH1" cells was

higher than that from NCAMALDH1 " cells (top bar graph). Number of cells/colony was significantly higher in NCAMALDH1" compared to NCAM *ALDH1
cells (bottom bar graph; ***p=0.000017). Representative phase-contrast images of colonies formed from NCAM*ALDH1" and NCAMTALDH1 ™ cells are
presented on the right. Experiments were repeated twice in triplicates.

Immunohistochemical staining for NCAM (red) and ALDH1 (brown) of foetal kidney shows a predominant expression of NCAM in the cap mesenchyme with a
distinct expression of ALDH in tubules. In primary WT, ALDH1 is expressed by some immature tubular structures and also by a small number of cells within the
blastema. (CM-Cap mesenchyme; SB-S shaped body; CB-Coma shaped body; G-glomerulous; Ints-Interstitium; T-Tubules; B-Blastema; IT-Immature Tubules,
Scales bars are indicated in the figure).

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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Figure 4. Specific regulatory pathways in NCAM*ALDH1" WT CICs provide insight into WT oncogenesis.

A. Proteasomal levels were examined in a primary tumour (1) compared to un-sorted p-WT Xn (2) and p-WT Xn generated from NCAM*ALDH1" cells (3), showing
increased levels in the latter. Proteasomal complexes were analysed by (a) nondenaturing page analysis and total proteasomal subunit protein levels and by

(b) immunoblot analysis of polyacrylamide-SDS gel.

B. Immunoblot analysis of polyacrylamide—SDS gel for the expression of the following proteins: AKTpSer473, p-ERK, c-FOS, c-JUN, B-Catenin, NQO1, p53, c-MYC,
SRC and YAP1 in parental tumour (1), NCAM*ALDH1" derived Xn (2), foetal kidney (3) and rhabdoid tumour (4). Showing that AKTpSer473, but not p-ERK and

c-FOS, are differentially expressed in NCAMTALDH1" derived p-WT Xn.

C. Agilent microRNA microarray comparison of un-sorted p-WT Xn, NCAM"ALDH1" derived p-WT Xn and human foetal kidneys. (a) Heat map of 71 miRNAs
differentially expressed between p-WT Xns and human foetal kidneys. Expression pattern was similar among all p-WT Xns, with 35 down-regulated and 36
up-regulated microRNAs (miRs) compared to the hFK tissues. (b) Expression of microRNA families let-7 and 200 (miRs 200a and 200b), miR-204 and miR-337

is markedly reduced in NCAMTALDH1" derived p-WT Xn compared to un-sorted p-WT Xn and human foetal kidney.

D. Suggested schematic representation of the regulatory pathways governing WT CIC phenotype and function. For array experiments four sources (n=4) for

each tissue type were used.

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. EMBO Mol Med (2013) 5, 18-37



www.embomolmed.org

differentiation and was shown to be epigenetically silenced
in oral cancers (Kozaki et al, 2008). Moreover, further
analysis revealed that changes in miR expression were
enhanced in NCAM"ALDH1" derived p-WT Xn compared
to unsorted p-WT Xns. Accordingly, microRNA family let-7,
miR-200a and miR-200b, miR-204 and miR-337 showed
approximately 2-, 8- and 18-fold reduction, respectively,
in NCAM"ALDH1" derived p-WT Xn compared to unsorted
p-WT Xn and a larger reduction when compared to human
foetal kidneys (Fig 4Cb, Supporting Information Fig S5D
and Table S5). Thus, tumour extracts enriched with
NCAMTALDHI" cells revealed a microRNA signature that
indicates the highest degree of loss of epithelial differentiation
and EMT, providing new insight into the pathophysiology
of WT (Fig 4D).

First line chemotherapy fails to eradicate WT CIC/CSCs

in vitro

WT is currently treated both pre- and post-operatively with
a combination of the two chemotherapic drugs vincristine
and actinomycin D, to which other drugs may be added
(Green et al, 1996). Relapsing WT patients have reduced
survival rates and often show resistance to conventional first
line treatment (Pinkerton et al, 1991). A combination of the
topoisomerase II inhibitor, etoposide and cisplatin improves
survival rates in these patients (Sparano et al, 1991). There-
fore, following calibration of IC50 for chemotherapeutic
combination and treatment of primary WT cells in culture,
we analysed by FACS the changes in NCAM*ALDH1" cells in
comparison to untreated controls. We found a substantial
reduction in the NCAM"ALDHI1" fraction only after second-
line WT chemotherapy treatment (Supporting Information
Fig S6).

Figure 5. Specific targeting of NCAM™* WT cells with lorvotuzumab-mertansine induces in vivo eradication of WT xenografts. Anti NCAM specific effect of>

lorvotuzumab-mertansine on WT cell survival and stemness properties.
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In vivo targeting of NCAM™* WT cells with a humanized anti-
NCAM antibody-drug conjugate (lorvotuzumab-mertansine)
eliminates WT xenografts

Based on our observation that the NCAM™" cell fraction was
enriched for WT-initiating activity and contained WT Xn CICs,
as well as on the fact that chemotherapy might not efficiently
target the WT CIC population, (Campbell et al, 2004; Pode-
Shakked et al, 2009), we performed proof-of-principle experi-
ments to evaluate the therapeutic effects of lorvotuzumab-
mertansine, an anti-NCAM antibody-cytotoxic drug conjugate
currently in clinical development (Jensen & Berthold, 2007;
Ricart, 2011). First, we determined the in vitro IC50 for this
compound on WT Xn (WO011) populations in which approxi-
mately 80% of cells express NCAM. As an antigen-negative
control, we used the DLD cell line, which does not express
NCAM (Supporting Information Fig S7). All consequent in vitro
assays were performed using fourfold the IC50 to ensured
eradication of all NCAM™ cells in the culture. WT cell death was
significantly higher following application of lorvotuzumab-
mertansine in comparison to treatment with the unconjugated
antibody (HuN901) or with saline only (Fig 5A). To examine
whether lorvotuzumab-mertansine targeted preferentially
NCAM-expressing cells within the W011 Xn cell populations,
we compared NCAM expression in untreated and treated W011
cell populations by FACS analysis. These experiments were
conducted using the allophycocyanin (APC)-labeled anti-NCAM
(anti-CD56) antibody MEM188 that binds to an epitope that is not
blocked by HuN901 antibody binding. We observed a dramatic
reduction in NCAM expression after treatment of W011 cells with
lorvotuzumab-mertansine from 42 to 5% (Fig 5B). In accordance,
there was a significant reduction in colony forming capacity of the
WT cell cultures following treatment (Fig 5Ca) and fewer cells per
colony (Fig 5Ca lower panel and 5Cb). These results suggested

A.
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Cells derived from three different WT Xn (W016, W027 and W028) were exposed to the immunoconjugate, unconjugated huN901 antibody or saline. Cell
survival was significantly reduced in the lorvotuzumab-mertansine treated compared with HUN901 or saline treated controls. Cell survival was measured
using an MTS assay. Data is presented as mean + SEM of triplicate experiments from the three different WT Xn sources. “p =0.03 from saline and p=0.034
from unconjugated HuN901 controls.

. FACS analysis for NCAM expression in cultured W011 WT Xn-derived cells either treated with 0.18 wM lorvotuzumab-mertansine or with saline for 5 days.

NCAM expressing cells were preferentially eliminated from the WO011 cell population exposed to lorvotuzumab mertansin.

. Colony forming ability (CFU) was compared between primary WT cells from three different patients (W006, WO07, WO027) either treated with 0.18uM

lorvotuzumab-mertansine or untreated control for 5 days. (a — upper panel) Number of colonies formed by lorvotuzumab-mertansine treated cells was
significantly lower than that of untreated cells ("p = 0.08, 0.02, 0.04, respectively). (a — lower panel) The number of cells per colony was significantly lower in Ab
treated compared to untreated cells. Data is presented as mean + SEM of at least two experiments performed in triplicates. ("p = 3E—06, 4E—06, 0.0002,
respectively). (b) Representative phase-contrast images of colonies formed from treated and untreated WT cells from three patients (Scale bars =100 pum).
in vivo activity of huN901-DM1 in tumour xenograft models of human WT.

. Mice were treated intravenously with either (1) normal saline; (2) lorvotuzumab-mertansine (360 g DM1/kg or 18 mg conjugate/kg). Tumour volume was

assessed in three dimensions using an electronic caliper once-twice a week (using the formula V=L x W x H), and the volume is presented in mm?. (a) Mice
bearing palpable xenografts (W011 Xn, WO013 Xn and WO014 Xn) that contained high NCAM levels (HNWT) and were treated with saline (n =6), showed
exponential tumour growth, while those treated with lorvotuzumab-mertansine (n = 10) demonstrated complete or near complete tumour eradication

3 weeks after the initial treatment was administered (p =0.03). (b) Mice bearing LNWT treated with saline (n = 3) showed similar results, while treatment
with lorvotuzumab-mertansine (n = 4), showed significant initial reduction in tumour volume (>50%) followed by a plateau (p =0.03).

. (a) Mice bearing palpable tumours were randomized into three treatment groups: (1) Lorvotuzumab-mertansine (360 p.g DM1/kg; n = 15); (2) unconjugated Ab

(HuN901-13.3 png/kg; n=12); (3) saline as a control (n = 11). Tumours treated with Lorvotuzumab-mertansine were completely eradicated following 3 weeks
of treatment while tumours treated with either unconjugated Ab or saline showed rapid tumour growth (p-values are 1.29E—07 and 5.75E—08, respectively).
(b) Mouse weights during treatment.

© 2012 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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that lorvotuzumab-mertansine specifically targets the NCAM™"
WT cell fraction. We next examined the anti-tumour activity of
lorvotuzumab-mertansine on WT subcutaneous xenograft models
in NOD/SCID mice. We utilized four xenograft sources established
in 60 mice, three of which (W011 Xn, W013 Xn and WO014 Xn)
with high NCAM expression levels (HNWT), with an average of
90, 72 and 84 % positive cells, respectively, and one (W016 Xn)
with a relatively low NCAM expression level (LNWT) with an
average of 50% NCAM-positive cells. For the initial experiments
mice bearing tumours of each tumour type were divided into
three treatment groups: (1) high doses of lorvotuzumab-
mertansine (360 ng DM1/kg or 18 mg conjugate/kg); (2) low
doses of lorvotuzumab-mertansine (180 ug DM1/kg or 9mg
conjugate/kg); (3) saline control. All groups were treated
intravenously once a week for three consecutive weeks and
monitored for tumour growth once-twice a week. Preliminary
results determined the optimal dose (360 ng DM1/kg or 18 mg
conjugate/kg), which was used in all subsequent larger scale
experiments. To determine the effect of lorvotuzumab-mertansine
on both HNWT and LNWT, mice were randomized into
saline treated and lorvotuzumab-mertansine treated groups
(Fig 5D). In the control mice (n=9) injected with saline, both
HNWT and LNWT tumours grew in an exponential pattern. A
complete to nearly complete regression of tumours was observed
in mice bearing HNWT (n = 10) after 3 weeks of lorvotuzumab-
mertansine injections (Fig 5Da). In treated mice bearing LNWT
(n=4), we detected an initial significant reduction of tumour size
(>50%) followed by a plateau, possibly due to residual NCAM™
cells that remained post treatment but lacked WT-initiating
activity and hence failed to resume tumour growth (Fig SDb). We
next randomized mice bearing palpable tumours into three
treatment groups: (1) lorvotuzumab-mertansine (360 g DM1/kg;
n=15); (2) unconjugated antibody (HuN901-13.3 ng/kg; n=12);
(3) saline as a control (n=11). Tumour treated with
lorvotuzumab-mertansine were completely eradicated follow-
ing 3 weeks of treatment while tumours treated with HuN901 or
saline showed rapid tumour growth (Fig 5Ea). Comparison of
mice weights revealed that while weight increased dramatically
in both saline and unconjugated Ab treatment groups as a
result of rapid tumour growth, immunoconjugate treated mice
underwent weight loss during the first 2 weeks following total
eradication of the tumours. However, in the 3rd week weights
stabilized, indicating the lack of toxic effects caused by the
treatment (Fig SEb). Intriguingly, of all mice treated with
lorvotuzumab-mertansine two tumours relapsed after response.
FACS analysis of NCAM and ALDHI levels in these tumours
revealed the presence of a NCAMTALDH1" cell population,
possibly explaining their re-appearance (Supporting Information
Fig S8). Treatment of these relapsed tumours with lorvotuzumab-
mertansine at the initial dose (360 g DM1/kg or 18 mg conjugate/
kg) resulted in their complete eradication.

DISCUSSION

Using a WT xenograft model, we have identified a cell sub-
population that unequivocally functions as human tumour-
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initiating cells/cancer stem cells. We generated WT xenografts
that are continually initiated and propagated in mice by serial
cell transplantation and recapitulated the primary tumour’s tri-
lineage morphology. While being able to form all lineages in the
tumour (blastema, stroma and epithelium), close examination
of the propagatable xenografts revealed a shift towards
highly proliferating blastemal predominant tumours that over-
expressed renal stemness genes and those known to predict
poor outcome in WT patients. The validity of using these
xenografts is supported by clinical observations that tumours
with a predominant blastemal component are aggressive, while
tumours with blastemal predominance after chemotherapy
are classified as ‘“‘high risk” and patients with blastemal
predominant tumours after chemotherapy have a high relapse
and low survival rates (Kaste et al, 2008; Reinhard et al, 2008).
Thus, the establishment of human WT in immunodeficient
mice selected and expanded a more aggressively malignant
phenotype, reminiscent of the process of aggressive disease and
relapse in patients.

While the serial propagation of human WT by unsorted cells
may serve by itself as a method to enhance a more tumourigenic
CIC/CSC phenotype, we failed, even in later generation
xenografts, to go below 10,000 cells for continual WT initiation.
After prospective isolation of the NCAM™ fraction, however,
tumour initiation could be obtained from as few as 500 cells. Our
own previously published immuno-histochemical analysis of
primary human WT sections, localized NCAM predominantly to
the blastemal component indicating that an undifferentiated
“blastemal cell” and NCAM™" cell might be interchangeable
(Pode-Shakked et al, 2009; Roth et al, 1988a,b). Nevertheless, a
“blastemal” cell has never before been shown to generate a tri-
phasic WT and qualify for the functional definition of CIC/CSC.
Thus, although NCAM was relatively abundant in the blastema
predominant p-WT Xn (it is significantly less frequent in
primary tri-phasic WTs), functional experiments showed the
NCAM™ population to unequivocally contain enhanced WT-
cancer initiating activity, while NCAM™ cells did not. Indeed,
divergent and high frequencies of tumourigenic cells with
enriched cancer-initiating activity have been suggested for
certain malignancies (Quintana et al, 2008).

While blastemal cells appear as a homogeneous population,
we further analysed cell fractions within the NCAM™ population
and discovered that 200 purified NCAMTALDH1™ cells were
able to initiate WT xenografts, recapitulate the heterogeneous
phenotype of their parental WT and further propagate in mice,
reflecting both the differentiation and self-renewal capacities of
CSCs (Li et al, 2007). ALDH1 has recently been shown to play a
pivotal role in mediating chemo resistance in CSCs where it acts
to detoxify harmful substances such as aldehydes that would
otherwise damage stem/progenitor cells (Dylla et al, 2008;
Tanei et al, 2009). High ALDHI activity levels have been used to
better identify CSCs in a variety of tumours including liver (Ma
et al, 2008), head and neck (Chen et al, 2009), colorectal (Dylla
et al, 2008) and breast (Ginestier et al, 2007) tumour-initiating
populations. The localization of ALDHI1 to a fraction of WT
blastema cells but not to the undifferentiated blastema of
the human foetal kidney (located in differentiated structures),
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indicates that ALDH1 is likely to be associated with stem cell
activity and CSCs, similarly to other cancers (Ginestier et al,
2007; Ma et al, 2008; Pearce et al, 2005; Silva et al, 2011),
rather than being a specific renal lineage blastema marker
(Metsuyanim et al, 2009; Roth et al, 1988a,b).

The discovery of CIC/CSCs in WT Xns provided the proof-of-
principle that differences in signaling pathways between CICs
and the general tumour cell population do exist. Analysis of
tumour xenografts generated from the sorted CIC/CSC popula-
tion early after initiation, with a protein array/Western blotting
disclosed few preferentially-expressed pathway components
with protein kinase B (PKB)/Akt signaling signified in all of
our analyses. Of note, it is now apparent that the Akt/mTOR
signaling network plays a key role in cancer stem cell biology
and that CIC/CSCs display preferential sensitivity to the
inhibition of this pathway (Martelli et al, 2010), a feature that
can be exploited in future investigations of WT CIC/CSCs.
Moreover, global microRNA analysis showed specific micro-
RNAs to be differentially expressed identifying a strong miRNA
signature for the NCAM"ALDH1" WT CICs. We found that
microRNA-200 family, let-7 family and miR-204 were markedly
downregulated in propogated WT xenografts but to a greater
extent in those Xn initiated by, and enriched for, NCAM"ALDH*
cells (miR-204 was reduced 226-fold compared to hFK). These
microRNAs have been closely linked with epithelial differentia-
tion or maintenance and regulation of EMT in several
malignancies (Gregory et al, 2008; Kong et al, 2011; Li et al,
2009). EMT has been shown to transform early tumours into
invasive, metastatic and recurrent neoplasms and to be closely
associated with a cancer stem cell phenotype (Mani et al, 2008).
In fact, in inducible oncogenesis models, the miR-200 family is
inhibited during CIC/CSC formation (Iliopoulos et al, 2010).
Furthermore, the PKB/Akt pathway activated in WT CICs
has been shown to regulate the EMT process independently
(Grille et al, 2003) or by modulation of the miR-200 family
(Iliopoulos et al, 2009). Taken together, these observations
suggest that EMT and lack of proper mesenchymal-epithelial
transition are likely to promote WT CIC/CSC function,
generating highly tumourigenic undifferentiated cancer cells
with a mesenchymal phenotype and contribute to WT
propagation in vivo. Expression of mesenchymal cell regulators
that prevent epithelial differentiation and enhance self-
renewal of renal stem/progenitor cells (OSR1, SIX2) alongside
the acquisition of stemness through expression of pluripotent
(OCT4) and Polycomb (BMII, EZH2) genes (Kashyap et al,
2009), all found to be overexpressed in WT Xn CICs, may
contribute to this phenotype.

Our findings with respect to the CIC population may provide
insight into the cell lineage of origin for WT. Given our
observation that WT Xn CICs can give rise to blastemal, stromal
and epithelial elements (including tubular and glomeruloid
bodies, indicative of abortive nephrogenesis), one can assume a
common undifferentiated renal mesenchymal cell of origin for
all three cell types. Indeed, it is generally accepted that both the
stroma and the nephron progenitors arise from the metanephric
mesenchyme (Kobayashi et al, 2008; Oliver et al, 2002). In
lineage studies, Osr1* intermediate mesoderm is shown to give
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rise to almost all cell populations within the kidney, including
stromal/interstitial cells as well as the nephron progenitor
population, the cap mesenchyme (Mugford et al, 2008). We
found that WT Xn CICs were enriched for nephron progenitor
markers (SIX2/SALL1/0OSR1) and that there was an intimate link
between WT-initiating activity and enrichment level for these
genes. In addition, a number of the genes found to be elevated
in the WT CIC population (SALLI, NCAM) are expressed in the
Osr1™ metanephric mesenchyme and are not restricted to the
nephron progenitor population (Evseenko et al, 2012; James
et al, 2006; Metsuyanim et al, 2009). Similarly, PBX1, enriched
in WT CICs, is expressed in the metanephric mesenchyme that
gives rise to both stroma and epithelium. This would support a
simplified model in which the WT CIC population represents a
transformed intermediate mesoderm/metanephric mesenchy-
mal cell prior to EMT.

Alternatively, WT CICs may relate to the more committed
nephron progenitor cells, a population shown to self-renew
and differentiate exclusively to nephron epithelia throughout
nephrogenesis, fulfilling the criteria of a true committed
stem cell (Kobayashi et al, 2008). In this scenario, the
nephron stem/progenitor cell would give rise to partial
nephrogenesis (tubular and glomeruloid bodies) but also
assume a stromal and primitive mesenchymal fate through
the trans-differentiation/de-differentiation signals illustrated
above. Finally, the WT CIC may represent an entity entirely
distinct from the tumour cell of origin. In this regard,
transformation studies of human renal stem/progenitor popula-
tions and differentiated cell types derived from the developing
kidney leading to WT initiation and oncogenesis or transgenic
WT animal models (Hu et al, 2011) are likely to clarify the
relationship between the two.

Perhaps the most important translational contribution of
human CSC/CIC research is that it unveils specific biomarkers
that can be targeted in vivo by antibody therapy to disrupt
tumour growth. The most investigated example is the acute
myeloid leukaemia (AML) CSCs, isolated more than a decade
ago (Bonnet & Dick, 1997) leading to further identification of
markers for targeting hematopoietic cancer stem/progenitor
cells (Chan et al, 2009; Jin et al, 2006). Many biomarkers have
been known to be expressed in specific cancers long before their
implication in CIC/CSC activity. Indeed, only later was the
eradication of the cancer cell population they identify, proposed
as a means to treat human malignancies (Jin et al, 2006; Naor
et al, 1997). Accordingly, NCAM which was known to be
expressed in WT is also a marker for functional WT-initiating
activity; hence the importance of its targeting. This is also
supported by our data showing that 1st line chemotherapy
used to treat WT patients is less effective on NCAM" or
NCAM*'ALDH1" cells in vitro while 2nd line drugs used to
treat WT relapse have a more profound effect but do no
eradicate all WT CICs. This data should be interpreted in light of
the fact that the IC50 of these drugs limits escalation of drug
dosage in vitro, while in vivo treatment might allow a higher
dosage bearing an effect on the CIC population even by first-line
chemotherapies. Indeed, current chemotherapy regimens in WT
patients, which cure 85% of WT patients, are employed at doses
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resulting in, among other adverse effects, devastating secondary
malignancies occurring in adulthood (Geenen et al, 2007;
Moss et al, 1989; Vane et al, 1984). Therefore, from a clinical
standpoint, a combined regimen involving the eradication of
the WT-initiating activity via targeting the NCAM molecule
might prove useful in reducing chemotherapy toxicity in these
patients, as well as in those that do not respond to conventional
treatment or have a relapsing disease. Our proof-of-principle
experiments targeting this human cell fraction with the anti
NCAM antibody-drug conjugate lorvotuzumab-mertansine,
might ultimately pave the way for such an approach. In our
experiments, lorvotuzumab-mertansine inhibited the in vitro
stemness properties (CFU capacity, proliferation) of WT cell
cultures that varied in the extent of NCAM expression and the
in vivo targeting of multiple WT xenograft models lead to
dramatic results: WT bearing high NCAM expression were
completely or significantly eradicated (n=10). Two tumours
that relapsed were associated with elevated NCAM levels
and a residual NCAM"ALDH" fraction and were completely
eradicated by an additional course of lorvotuzumab-mertansine
suggesting the NCAM™ cells were indeed responsible for tumour
recurrence. Treatment of low NCAM expressing WT xenografts
(LNWT) with low dose lorvotuzumab-mertansine resulted in
attenuation of tumour growth, however without reduction in
tumour size, possibly due to incomplete abolition of NCAM™
cells harbouring WT-initiating capacity. However, treatment of
LNWT with high dose lorvotuzumab-mertansine resulted in
reduction of tumour size followed by a plateau suggesting
that once all NCAM" cells were eliminated, the remaining
NCAM™ cells comprising most of these xenografts lacked CIC
capacity. Since LNWT xenografts and primary WT mostly
harbour similar NCAM levels, utilization of the immuno-
conjugate to eliminate WT-initiating activity and conventional
chemotherapy for non-CIC cancer cells is likely to be more
clinically relevant.

We propose that our findings may be relevant to other
paediatric solid tumours representing a distinct biological
entity, with great similarities among themselves and marked
differences from adult counterparts. Accordingly, taking into
account that NCAM marks stem/progenitor cell compartments
in various developing human organs (Schmelzer et al, 2006;
Thomas et al, 2008; Tsokos et al, 1987) and that the
corresponding paediatric solid tumours (e.g. hepatoblastoma,
neuroblastoma and mesodermal tumours as rhabdomyo-
sarcoma) recapitulate development, NCAM targeting might
prove useful in a wide spectrum of developmental malignancies.

MATERIALS AND METHODS

In vivo xenograft experiments

Primary WT samples were obtained from 18 WT patients (Supporting
Information Table S1) within 1 h of surgery from both Sheba Medical
Center and Hadassah-Ein Kerem Hospital. The local ethical committee
approved all studies and informed consent was given by the legal
guardians of the patients involved according to the declaration of
Helsinki.
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Initial WT xenografting to 5-8 weeks old, female, nonobese
nondiabetic immunodeficient mice (NOD/SCID) was performed as
previously described (Dekel et al, 2006). Briefly, primary WT tissue was
cut into 2-5mm pieces and implanted subcutaneously in the back of
the mice. In all the surgical procedures, mice were anaesthetized with
i.p. injections of 100 mg/kg ketamine and 10 mg/kg xylazine. Tumours
were harvested approximately 3—6 months post implantation or when
they reached a size of 1.5cm diameter, and tumour tissue was
processed for immunohistochemical (IHC) staining and formation
of single cell suspension. Single cells suspensions were obtained by
mincing the samples in Iscove’s modification of Dulbecco’s medium
(IMDM) containing antibiotics (penicillin and streptomycin), followed
by treatment with collagenase IV for 2h at 37°C. Enzymatically
treated tissue was triturated using IMDM at twice the volume of the
collagenase solution and the suspension filtered (100 wm cell strainer)
and washed twice with IMDM containing antibiotics. Erythrocytes
were removed by ACK RBS lysis buffer. WT xenograft derived cells thus
generated were used for all subsequent assays. Serial transplantation
of dissociated cells from freshly retrieved WT Xn tumours was
performed by injecting approximately 10° cells in 100 wl 1:1 serum
free medium/Matrigel (BD Biosciences, San Jose, CA) subcutaneously
into the flanks of 5-8-week old NOD/SCID mice. This procedure was
attempted for tumour cells dissociated from the primary tumour as
well; however, engraftment rates were less than 10%, in contrast to
the 100% engraftment obtained with dissociated cells from WT
propagated in Xn. In an attempt to optimize conditions for WT, Xn
formation in immunodeficient mice from dissociated single cells, in
addition to transplanting freshly dissociated cells, Xn-derived cells
were cultured as adherent cultures in Iscove’s Modified Dulbecco’s
Media (IMDM) supplemented with 10% foetal bovine serum (FBS) or
as in suspension as “spheres” in serum-free medium (SFM; see below).
Cells that had been grown as adherent cultures and those grown as
spheres were resuspended in 100 wl SFM/Matrigel and injected into
either NOD/SCID or SCID/BEIGE mice in triplicate, as described above.
To assess tumourigenicity of WT Xn cell subpopulations dissociated
tumour cells were counted, sorted according to the chosen markers,
then re-suspended in 100 pl 1:1 SFM/Matrigel, and injected s.c. in
serial dilutions into the right (* cells) and left (~ cells) flanks of 5—
8 week old female NOD/SCID mice. Engrafted mice were inspected bi-
weekly for tumour appearance by visual observation and palpation.
Mice were sacrificed by CO, inhalation at a tumour diameter of 1.5 cm
or at 6-month post transplantation. Following resection, WT xenograft
tumours were divided into five pieces, one was fixed and paraffin
embedded for histologic staining of NCAM, WT1 and Ki67 to
determine recapitulation of the parental tumour phenotype, three
small pieces were kept in liquid nitrogen for RNA, DNA and protein
extraction and the fifth piece was taken for formation of single cell
suspension, followed by serial injections into the flanks of secondary
mice (n = 3 in each passage). This was repeated at least three times. All
animal experiments were conducted in accordance with the National
Institutes of Health guidelines for the care and use of animals and
with an approved animal protocol from the Sheba Medical Center
Animal Care and Use Committee.

Primary WT and WT Xn cell cultures

Single cell suspensions from primary WT or WT Xn tissues were grown
in two culture conditions as mentioned above: in SFM under low
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The paper explained

PROBLEM:

Cancer initiating cells/cancer stem cells (CICs/CSCs) are thought
to be primarily responsible for tumour initiation, their persis-
tence after conventional chemo/radiotherapy may lead to
disease recurrence and hence their therapeutic targeting may be
essential to ensure complete tumour eradication. WT, the most
frequent tumour of the genitourinary tractin children, has served
for decades as a general biologic model to study the intersection
of cancer and development. Given the considerable differences in
tumour biology between adult and paediatric cancers, the
existence of cancer initiating and propagating cells in paediatric
solid tumours including in WT is questionable. Identification of
CICs in human WT is especially challenging due to minimal

in vivo tumourigenicity of primary WT cells and lack of cell lines,
hampering the ability to functionally define CICs via their
enriched capacity to regenerate cancers in xenograft mouse
models.

RESULTS:

Our article reports the establishment of a human WT xenograft
model system mimicking aggressive malignancy in patients and
affording the opportunity to isolate undifferentiated “blastemal”

attachment conditions where they formed free-floating spheres, or
in SCM as adherent cultures for in vivo and in vitro assays. For
sphere formation, single cells were plated in ultra low attachment
six-well plates (Corning Life Sciences, Wilkes Barre, PA, USA) at
20,000 cells/well in serum-free DMEM-F12 (Invitrogen), supplemen-
ted with 10 ng/ml basic fibroblast growth factor (bFGF) and 20 ng/ml
epidermal growth factor (EGF; R&D systems). For adherent growth,
cells were cultured on conventional tissue culture plastic in IMDM
medium supplemented with 10% FBS and the following growth
factors: 50 ng/ml bFGF, 50 ng/ml EGF and 5 ng/ml.

Treatment of WT xenograft models with lorvotuzumab-
mertansine

WT xenografts were formed in 5-8 week old, female NOD-SCID mice
(NOD.CB17-Prkdc/NcrCrl) by s.c. inoculation of Xn-derived freshly
dissociated cells with either high (HNWT - W011, W013, W014 WT
Xn) or low (LNWT —WO016 WT Xn) NCAM expression. Four weeks later,
mice bearing palpable tumours of each tumour type were randomized
in the first series of experiments into three groups: saline treated, high
dose lorvotuzumab-mertansine treated (360 g DM1/kg or 18 mg
conjugate/kg) and low dose lorvotuzumab-mertansine treated
(180 ng DM1/kg or 9 mg conjugate/kg). Each mouse received bolus
injections into the tail vein once a week for three consecutive weeks.
Tumour size was calculated in three dimensions: L (length) x W
(width) x H (height), using a caliper. Tumour dimensions were
measured twice a week from the first conjugate injection until either
tumours size reached 7000mm?® or mouse death. Following
determination of the preferred dose of lorvotuzumab-mertansine
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CICs in WT, their prospective isolation in line with the functional
criteria of CIC/CSCs and in depth molecular characterization
showing elevated transcript levels of renal “stemness” and poor
WT prognosis genes, preferential protein expression of phos-
phorylated PKB/Akt and strong reduction of the miR-200 family a
known regulator of EMTs. Finally, targeting of a cancer cell
population enriched for CIC activity leads to dramatic tumour
eradication or attenuation in human WT xenograft models.

IMPACT:

In this paper, we report for the first time the discovery of
CIC/CSCs in human WT xenografts, their characterization and
therapeutic targeting. This both provides molecular insights into
tumour biology and opens practical new venues to explore in the
treatment of WT patients; Even though there have been
successes in good prognosis WT treatment, our ultimate goal is to
reduce the burden of conventional chemotherapy so as to
decrease its long-term complications in this patient group. For
the group of patients with relapsing bad prognosis disease
treatments developed to eradicate CICs may have direct impact
on morbidity and mortality.

(360 wg DM1/kg or 18 mg conjugate/kg), in all the following larger
scale experiments, mice were treated and followed as described above.
To determine the effect of lorvotuzumab-mertansine on HNWT and
LNWT, mice bearing tumours were randomized into two groups, either
treated with lorvotuzumab-mertansine or with saline as control. To
compare the effect of lorvotuzumab-mertansine with that of the
unconjugated form of this Ab (HuN901) as well as to determine
possible toxic effects, mice bearing palpable tumours were rando-
mized into three treatment groups: saline, lorvotuzumab-mertansine
(360 ug DM1/kg), and unconjugated Ab (HuN901-13.3 pg/kg). During
the experiment, mice weights were measured and documented.

Statistical analysis

Error bars represent the mean =+ SEM, unless otherwise indicated.
Statistical differences in gene expression (QRT-PCR) between WT cell
populations were evaluated using the non-parametric, one-sided Sign
test. Statistical differences of all the “in vivo” experiments were
determined using chi-square test. Statistical differences between
additional data groups were determined using Student’s t-test. For all
statistical analysis, the level of significance was set as p < 0.05 unless
otherwise indicated.

For more information

http://omim.org/entry/100640

http://omim.org/entry/116930
http://theoncologist.alphamedpress.org/content/10/10/815.long
http://eng.sheba.co.il/PediatricStemcCell/
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