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SUMMARY

Cancer stem cell (CSC) identification relies on transplantation assays of cell subpopulations sorted from fresh tumor samples. Here, we
attempt to bypass limitations of abundant tumor source and predetermined immune selection by in vivo propagating patient-derived xe-
nografts (PDX) from human malignant rhabdoid tumor (MRT), a rare and lethal pediatric neoplasm, to an advanced state in which most
cells behave as CSCs. Stemness is then probed by comparative transcriptomics of serial PDXs generating a gene signature of epithelial to
mesenchymal transition, invasion/motility, metastasis, and self-renewal, pinpointing putative MRT CSC markers. The relevance of these
putative CSC molecules is analyzed by sorting tumorigenic fractions from early-passaged PDX according to one such molecule, decipher-
ing expression in archived primary tumors, and testing the effects of CSC molecule inhibition on MRT growth. Using this platform, we
identify ALDH1 and lysyl oxidase (LOX) as relevant targets and provide a larger framework for target and drug discovery in rare pediatric

cancers.

INTRODUCTION

Recent years have witnessed the exciting discoveries of can-
cer stem cells (CSCs)/tumor-initiating cells (TICs) in solid
tumors. These are subpopulations of tumor cells that are
thought to have crucial roles in treatment failure, cancer
recurrence, and metastasis, due to their resistance to drug
therapy, quiescent phenotype, migratory ability, and
evasion of the immune system (Batlle and Clevers, 2017;
Moore, 2011). Identification of CSC/TIC-specific markers
is of great importance and can lead to the development
of new targeted drugs that can be integrated into the cur-
rent protocols and improve survival rates of aggressive
and resistant disease.

Different methodologies are used to identify and isolate
human CSCs/TICs. The most commonly used assays are
prospective isolation based on surface marker expression
followed by functional and tumorigenicity assays (Ailles
and Weissman, 2007; Batlle and Clevers, 2017; Pode-
Shakked et al., 2009). In cases for which surgical samples
are less frequent, patient-derived xenografts (PDXs) have

been utilized to first establish a renewable tissue source
and then analyze for the presence of CSCs/TICs (Pleni-
ceanu et al., 2017; Pode-Shakked et al., 2009, 2013). Impor-
tantly, immune selection from both parental tumors and
early-passage PDX for prospective isolation are usually
done according to predetermined markers imported from
the stem cell literature. We have previously established a
collection of PDX from human Wilms tumors (WT), a pedi-
atric renal malignancy, deciphered molecular events in WT
tumorigenesis and linked them to an arrested renal stem/
progenitor state (Dekel et al., 2006; Metsuyanim et al.,
2009), and then went on to identify CSCs that propagate
and sustain human WT in vivo (Pode-Shakked et al., 2009,
2013; Shukrun et al., 2014). Importantly, when imple-
menting WT-PDX for WT CSC discovery, we utilized early
PDXs (up to passage 4; P4) for prospective isolation of a
tumorigenic cell subset that could initiate multi-lineage
WT in serial xenografts with as few as 200 cells (Pode-
Shakked et al., 2013). Comparably, when analyzing the
in vivo tumorigenicity of unsorted dissociated cells derived
from the P4 WT-PDX as controls, we noted that 10,000 cells
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were required for tumor xenograft initiation and growth.
Further comparison with PO/P1 WT-PDX, in which a signif-
icantly higher number of unsorted cells were required to
initiate a Wilms tumor in the transplantation assay, indi-
cated that some enrichment for CSC activity might be
occurring in the PDX irrespective of cell sorting. Since
enrichment was still limited when analyzing P4 WT-PDX
and an immune selection step was required for further
CSC enrichment, we reasoned that continued PDX
propagation might gradually lead to a point in which
most of the cells within the tumor act as CSCs leading to
significant enrichment of CSC activity and disclosing
new CSC targets. In order to study this hypothesis, we
chose to model malignant rhabdoid tumor (MRT), a
prototypical SMARCB1-deficient tumor that usually arises
in the kidneys but also occurs in soft tissue and the
brain (where it is referred to as atypical teratoid rhabdoid
tumor or ATRT) and runs a lethal course in very young (Par-
ham et al., 1994; Wick et al., 1995). Morphologically, most
MRTs contain a population of "rhabdoid" cells, which are
large cells with abundant cytoplasm and perinuclear spher-
ical inclusions. Despite currently optimized available med-
ical care, MRT maintains a very poor prognosis, generating
aggressive and disseminated disease early on with overall
survival approximating 25% (Bondareva et al., 2009; Olson
et al., 1995; Versteege et al., 1998). Here, we propagated
MRT PDX with characteristic "rhabdoid" morphology and
functionally linked advanced PDX to highly enriched
CSC/TIC activity. Late-passage stem-like MRT PDX af-
forded a screen for CSC-related molecules shown, in turn,
to be relevant in initiation, propagation, and therapeutic

targeting of aggressive MRT. Broadly, late-passage PDX
may represent CSC/TIC hubs relevant for drug discovery
of targets related to aggressive and disseminated disease.

RESULTS

Establishment of the MRT PDX Model

Primary human MRT samples (MRT-01 and MRT-02) were
obtained from patients’ biopsies. Tumor grafts were formed
by subcutaneous transplantations of 2-5 mm tumor pieces
obtained from an MRT-01 sample into immunodeficient
mice (Figure S1). Sequential propagation of MRT PDX was
performed by single-cell suspension grafting utilizing a
fixed number of 1 x 10° cells (Table S1 and Figure S1). Serial
propagation allowed us to establish early- (<P5), intermedi-
ate- (P5-P10), and late-passage (P10-P16) PDX that were
studied for MRT CSC phenotype characterization and
elucidation of pathogenic pathways associated with MRT-
initiating capacity (Table S2).

Xenotransplantation Assays of MRT Shows Increased
CSC Frequency along Serial Propagation

Sequential propagation of MRT PDX correlated with
shorter time to tumor engraftment (Figure 1A) and acceler-
ated tumor growth (Table S2), indicating the promotion of
tumor aggressiveness along passages. We next queried
whether CSC capacity is functionally enhanced with
MRT propagation. We performed limiting dilution (LD)
xenotransplantation assays with MRT cells derived from
early-, intermediate-, and late-passage PDX. This analysis

Figure 1. Long-Term Propagation of MRT Is Associated with an Increase in CSC Frequency

(A) Serial PDX propagation correlated with shorter time to tumor engraftment (mean of 26 days in early PDX passages in comparison with
16 days in late PDX passages. Results are presented as the mean of pooled data from early, intermediate, and late passages. p values were
generated using the Mann-Whitney test, p < 0.001), indicating change in tumor behavior toward a more aggressive phenotype.

(B) Representative images of H&E staining of primary MRT-01 and late-passage PDX (P14). PDX tumors cells maintain the basic rhabdoid-
like cellular morphology with some morphological differences, including the acquisition of spindle-like cells, vast areas of necrosis, less
apoptotic bodies, and more mitoses (white arrows indicate mitoses). Scale bar, 100 pm (top) and 50 um (bottom).

(C) Representative images of IHC of primary MRT-01, early-passage PDX (P2), intermediate-passage PDX (P7), and late-passage PDX (P14) in
serial sections for cytokeratin (AE1/AE3), epithelial membrane antigen (EMA), neurofilament protein (NFP), and vimentin. Late-passage
PDX showed loss of differentiation markers (top three panels) while primary tumor and PDX tissues strongly express vimentin (bottom
panel). Specifically, vimentin staining was 70% in primary tumor as well as in P14 while staining of cytokeratin decreased from 10% to 5%,
EMA decreased from 30% to 0, and NFP decreased from 50% to 5% in primary tumor in comparison with P14, accordingly. Scale bar, 200 um.
(D) gRT-PCR analysis comparing the expression levels of E-cadherin and vimentin between primary tumor, early-passage PDX (P3), and
late-passage PDX (P17). The expression of the epithelial marker, E-cadherin, is downregulated throughout serial propagation while the
expression of vimentin remains permanent. For qRT-PCR analyses, the values for primary tumor cells were used to normalize (therefore = 1),
and all other values were calculated with respect to them. Results are presented as the mean + SEM of triplicates on three separated
experiments. p values were generated using a two-tailed unpaired t test. *p < 0.05.

(E) Representative flow cytometry analysis of PDX cells from early, intermediate and late MRT PDX (MRT-01) passages for the expression of
several CSC markers including CD24, CD34, CD90, CD56, and ALDH1 antigens on single-cell suspensions. The results revealed that ALDH1 is
a good candidate for MRT CSC marker, presenting a pattern of increased expression through PDX serial propagation. Results are presented
as the mean of three separated experiments.

See also Figures S1 and Tables S1-S3.
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shows significant positive selection for CSC frequency in
late-passage PDX (CSC frequency of 1/3,930 in early PDX
passages in comparison with 1/252 in late PDX passages,
p < 0.001) (Table S3).

MRT PDX Retains Rhabdoid Morphology in Advanced
Generations while Adopting an Epithelial-
Mesenchymal Transition Phenotype

Having observed that late-passage MRT PDX enriches for
higher numbers of CSCs, we analyzed the histological
and immunohistochemically changes that accompany
the acquisition of the CSC phenotype along passages (Fig-
ures 1B and 1C). H&E staining revealed that PDX-derived
tumors maintain the basic rhabdoid-like cellular
morphology. Nevertheless, some morphological differ-
ences were observed in late-passage PDX, including the
acquisition of spindle-like cell morphology, vast areas of
necrosis, less apoptotic bodies, and more mitoses (Fig-
ure 1B). Immunohistochemistry (IHC) disclosed both pri-
mary tumor and PDX tissues to strongly express the mesen-
chymal marker vimentin (Figure 1C). However, late-
passage PDX showed loss of differentiation markers,
including cytokeratin, epithelial membrane antigen
(EMA), and neurofilament (Figure 1C). To validate the
IHC results, qRT-PCR and fluorescence-activated cell sort-
ing (FACS) analysis were performed. The gene expression
analysis demonstrated the maintenance of vimentin
alongside the loss of the epithelial differentiation marker,
E-cadherin (Figure 1D). FACS analysis showed decreased
expression of CD34, CD24, and CD90 and increased
expression of the CSC markers ALDH1 and NCAM1 along
PDX serial propagation (Figure 1E). Thus, advanced MRT
PDX harboring significantly enhanced CSC frequency re-
tained the histopathologic rhabdoid features alongside
signs of de-differentiation and a mesenchymal phenotype.

Distinct Gene Signature in Advanced Stem-like PDX
Reveals Putative CSC Biomarkers

We next sought to characterize the global molecular profile
of sequential MRT PDX accompanying the selection for the

CSC phenotype. For this purpose, gene expression profiles
were determined in primary, intermediate, and late MRT
PDXs (from MRT-01) as well as in human embryonic stem
cells (ESCs) and primary MRT of kidney (MRT-02) (Fig-
ure 2A). Unsupervised hierarchical clustering distinguished
primary MRT tissues from PDX tissues. Closer similarity be-
tween all PDX samples and ESCs was demonstrated, sug-
gesting selection for a stem cell phenotype during PDX
propagation. Closer examination of primary MRT and
sequential MRT PDX gene expression profiles identified
1,536 genes that were differentially expressed in a progres-
sive manner throughout the serial propagation: 337 genes
were upregulated and 1,199 genes were downregulated (Fig-
ure 2B and Table S4). To functionally characterize the differ-
entially regulated genes, we performed gene ontology
analysis using the Ingenuity Pathway Analysis software.
The upregulated genes were found to be distributed among
several categories, mostly developmental processes, cell-
cycle regulation, and cancer (Figure 2C). Functional anno-
tation of the downregulated genes demonstrated predomi-
nance of immune response processes as well as processes
related to cell death and regulation of apoptosis (Figure 2D).
Among the most overexpressed genes, we observed CXCLS,
CXCL6, SEMA3C, GPM6A, ALDH1, FSTLS, LOX, TSPAN12,
HGF/MET, which have been implicated in tumorigenicity,
migration/invasion, EMT, proliferation, angiogenesis, and
metastases (Figure 2E). Genes that were found to be exces-
sively downregulated include immune recognition mole-
cules such as HLA class I, II, and co-stimulatory molecules
as well as an immune cluster of differentiation markers (Fig-
ure 2F). This phenomenon may be related to immune
evasion properties of CSC-enriched PDX. Alternatively, im-
mune cell subsets present in the primary tumor are likely
lost with tumor progression, resulting in diminished im-
mune cell markers. Overall, these results support the results
obtained from the H&E and IHC staining that demon-
strated decreased apoptosis, increased mitoses, and loss of
differentiation in advanced MRT PDX compared with
primary tumor. Moreover, gain of the CSC phenotype in
progressive MRT was linked to a gene signature set.

Figure 2. Global Gene Signature Associated with Enhanced Tumor-Initiating Activity Reveals Putative CSC Biomarkers and a New

Therapeutic Target

(A) Microarray gene expression analysis comparing several different samples: primary MRTs (P, primary MRT that was propagated [MRT-01],
and primary MRT of kidney [MRT-02]), Early MRT PDX passage (Xn2, Xn3), intermediate MRT PDX passage (Xn7), late MRT PDX passage
(Xn17, Xn19), and human embryonic stem cells (ESCs). Unsupervised hierarchical clustering revealed great similarity between MRT PDXs

and ESCs, emphasizing their undifferentiated nature.

(B) Comparison of the MRT tissues revealed two distinct gene expression patterns: genes that were upregulated (red) and genes that were

downregulated (green) throughout the sequential propagation.

(Cand D) Functional category grouping of the (C) upregulated and (D) downregulated differentially expressed genes during propagation.
(E and F) Gene heatmaps comparing the expression pattern of (E) several upregulated and (F) several downregulated genes related to

various biological functions.
See also Tables S4 and S5.
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Validation of ALDH1 as MRT CSC Biomarker

ALDH1 has been previously suggested as a CSC marker (Gi-
nestier etal., 2007; Pode-Shakked et al., 2013). Importantly,
our molecular analysis independently pinpointed ALDH1
as a marker related to CSC phenotype gain in progressive
MRT PDX, indicating initial validation of the platform.
We therefore further examined its expression and func-
tional roles. Protein analysis including FACS and IHC stain-
ing demonstrated the proportion of ALDH1 increased
along tumor propagation (Figures 3A-3C) and that the
ALDH1+ expressing cells were mainly the large rhabdoid
cells (Figure 3D). At the gene expression level, qRT-PCR
analysis revealed high ALDH1 expression in late-passage
PDX, about 40 times higher in comparison with primary
tumor (Figure 3E). To validate the relevance of our findings,
we have stained other archived primary MRT tissues and
found that indeed they all express ALDH1 in varying
amounts similar to our findings (Figure 3F). CSCs have
the functional ability to form clones in vitro and reform
tumors upon transplantation into immunodeficient mice
in vivo. We therefore performed colony-forming assays
that showed significantly higher number of clones and
larger colonies in ALDH1+ compared with ALDH1— MRT
cells in accordance with the CSC phenotype (Figure 4A).
To investigate the in vivo tumorigenicity of ALDH1+ cells,
we used the LD xenotransplantation assay (Hu and Smyth,
2009) and injected decreasing amounts of FACS-sorted
ALDH1+ and ALDH1- cells into the flanks of NOD/SCID
mice (Table 1). Only mice injected with ALDH1+ cells
from early PDX (P3) formed tumors compared with none
of the mice injected with ALDH1— cells (p < 0.05), suggest-
ing that indeed the ALDH1 molecule enriched for CSCs/
TICs (Table 1). An additional sorting experiment according
to ALDHI1 expression performed on a small dissociated
fragment from another primary MRT revealed again that
only ALDH1+ cells were able to generate PDX in NOD/
SCID mice (Table 1). All in all, a comparison of ALDH1+

with ALDH1—- cells sorted from primary, early, and late
MRT xenografts demonstrated a highly significant tumor-
initiation potential (p < 0.0001; 19/21 injections of
ALDH1+ cells formed tumors in comparison with 2/21 in-
jections of ALDH1— cells). Importantly, tumors that arose
from ALDH1+ cells could be further serially transplanted
into secondary recipients demonstrating in vivo self-
renewal capacity in addition to tumor-initiation capacity
of ALDH1+ cells (Figure 4B, left panel). Moreover, tumors
generated from ALDH + cells are heterogeneous and
composed of ALDH1+ (24.9%) and ALDH1— cells (Fig-
ure 4B, right panel). In contrast, we show that the ALDH1—
fraction cannot self-renew because once it is sorted from a
xenograft generated from ALDH1+ cells (and differenti-
ating to ALDH1— cells), it fails to initiate a tumor. Alto-
gether, these data functionally confirmed that ALDH1 is
indeed a marker for MRT CSC, validating the link we pro-
posed between long-term PDX propagation and gain of
cancer stemness to specific overexpressed molecules such
as ALDH1.

Finally, we sought to better characterize sorted ALDH1+
CSCs at the molecular level and determine whether they
enrich for the CSC molecules predicted by long-term
PDX propagation. For this purpose, we performed RNA
sequencing experiments on sorted ALDH1+ and ALDH1—
cells. Gene set enrichment analysis (GSEA) was used to
analyze the similarity between differentially expressed
genes in the ALDH1+ cell fraction (in comparison with
ALDH1— cells) versus overexpressed genes in unsorted
PDX cells from passage 17 (in comparison with primary tu-
mor cells). A strong positive correlation was demonstrated
(ES=0.81, nominal p value =0.001), further supporting our
results regarding enhancement of functional CSC capacity
along MRT propagation (Figure 4C). Interestingly, the most
upregulated genes alongside ALDH1 in late-passage MRT
PDX, such as GPM6A, HGF, CXCLS5, TSPAN12, and LOX,
were also enriched in sorted ALDH1+ cells (Figure 4D).

Figure 3. ALDH1 Is a Putative Marker for MRT CSC

(A) Serial propagation of human MRT PDX in NOD/SCID mice results in enrichment of ALDH1-expressing cells (scheme).

(B) Representative FACS analyses of different MRT PDX passages. As tumors progressed the proportion of ALDH1 expressing cells
significantly increased, 4% in cells derived from Xn4 (left) and 25% in cells derived from Xn10 cells (right), indicating an enrichment in
ALDH1* expressing cells through PDX serial propagation.

(C) Representative images of IHC of primary MRT-01, intermediate-passage PDX (Xn7), and late-passage PDX (Xn13) for ALDH1 reveals
increased expression with PDX serial propagation. Scale bar, 200 pm.

(D) Large magnification IHC of primary MRT for ALDH1 demonstrating that high ALDH1 expressing cells are mainly large rhabdoid cells.
Scale bar, 200 pm.

(E) Validation via gRT-PCR revealed high ALDH1 expression in late passages, about 40 times higher in comparison to primary tumor. For
gRT-PCR analyses the values for primary tumor cells were used to normalize (therefore = 1) and all other values were calculated accordingly.
Results are presented as the mean + SEM of triplicates on three separated experiments. p values were generated using a 2-tailed unpaired t
test *p < 0.05; **p < 0.01.

(F) ALDH1 staining of other primary MRT tissues (03, 04, and 05) demonstrates that they all express ALDH1 in varying amounts. Scale bar,
100 pm.
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(A) Colony-forming ability was compared between ALDH1+ and ALDH1— MRT cells. Number of colonies formed by ALDH1+ cells was

significantly higherin comparison with ALDH1— cells (left top bar graph; **p =0.0083). Number of cells/colony was significantly higherin

ALDH1+ compared with ALDH1— cells (left bottom bar graph; **p = 0.0024). Representative images of colonies formed from ALDH1+ and

ALDH1— cells are presented on the right. Results are presented as the means + SEM of triplicates in three separate experiments.
(legend continued on next page)
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Table 1. Sorted ALDH1 Expressing Cells Show an Increased Capacity for MRT PDX Propagation

Frequency of Total Frequency
Passage Cell Type No. of Injected Cells Engrafted Tumors of Engrafted Tumors CSC Frequency® (95% CI)
Primary (MRT-02)" ALDH1+ 1,000 4/4 44 >1/1,000 (1,562, 1)
ALDH1— 1,000 0/4 0/4 -
P3 (MRT-01)° us 2,000 1/1 1/5 1/3,915 (25,830, 593)
1,000 0/2
500 0/2
ALDH1+ 2,000 2/2 4/6 1/745 (2,201, 252)
1,000 2/2
500 0/2
ALDH1— 2,000 0/2 0/6 -
1,000 0/2
500 0/2
P12 (MRT-01) us 500 3/5 7/9 1/242 (61,495)
100 4/4
ALDH1+ 500 3/3 11/11 >1/50 (58, 1)
100 4/4
50 4/4
ALDH1— 500 2/3 2/11 1/773 (2,976, 201)
100 0/4
50 0/4

Sorted ALDH1-expressing cells show an increased capacity for MRT PDX propagation in primary, early (P3), and late (P12) passages.

“In the comparison between ALDH— and ALDH+ PDX passages: p = 0.0285 in primary, p = 0.002 in P3, and p < 0.001 in P12; Fisher exact test.
PPrimary (MRT-02), cells obtained from primary MRT of kidney (RTK) of patient 2.

°P3 and P12 (MRT-01), cells obtained from MRT PDX of patient 1.

We chose LOX for further analysis and validated high LOX  Functional Validation of LOX Inhibitor as MRT CSC
expression in ALDH1+ in comparison with ALDH1- cells Therapeutic Agent

using qRT-PCR (Figure S2A). The high expression of LOX IHC staining analyzing the expression of LOX in the pri-
in progressive MRT PDX and in the sorted ALDH1+ CSC mary MRT tissue (MRT-01) demonstrated focal expression.
fraction led us to examine whether LOX can serve as a Importantly, staining of other primary MRT tissues (MRT-
therapeutic target. 03, MRT-04, MRT-05) for LOX was positive in all tissues

(B) Tumors that arose from ALDH1+ cells could be further serially transplanted into secondary recipients, demonstrating in vivo self-
renewal capacity, consistent with the presence of tumor-initiation capacity in this population (left panel). Moreover, tumors generated
from ALDH+ cell were heterogeneously composed of ALDH+ cells (24.9%) and ALDH— cells (left panel) demonstrating differentiating
capacity of the ALDH+ cells.

(C) GSEA of correlation between differentially expressed genes in P17 (versus primary MRT cells) and genes differentially expressed in
ALDH1+ cells (versus ALDH1— cells). Enrichment score = 0.81, nominal p value = 0.001.

(D) RNA sequencing experiment demonstrates that among the most upregulated genes in the ALDH1+ cells in comparison with ALDH1—
cells were those significantly overexpressed genes in late PDX passages in comparison with the primary tumor (e.g., ANXA1, GPM6A, HGF,
and LOX).
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Figure 5. LOX Expression and Activity in MRT

(A) LOX staining of primary MRT tissues (MRT-01, MRT-03, MRT-04, and MRT-05) demonstrates that they all express LOX in varying
amounts. Scale bar, 100 pm.

(B) LOX staining of MRT PDX passages: early (P2), intermediate (P7) and late (P14), revealed increasing expression along PDX serial
propagation (upper panel, magnification X 20; scale bar, 100 um). LOX was detected in the cytoplasm of cells from early-passage PDX while
in late PDX cells, LOX was detected both in the cytoplasm and in the nucleus (black arrows, lower panel, magnification X100; scale bar,
20 um).

(C) Representative image of IHC staining of Xn obtained from the G401 cell line demonstrates abundant LOX expression.

(legend continued on next page)
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analyzed (Figure SA). IHC staining of LOX expression in
early- (P2), intermediate- (P7), and late- (P14) passage
PDX confirmed our gene profile studies demonstrating
increased expression in late-passage PDX in comparison
with early-passage PDX (Figure 5B). The LOX-expressing
cells were mainly the large rhabdoid cells. Interestingly,
in early-passage PDX cells, LOX was detected in the cyto-
plasm, while in late PDX cells, LOX was detected both in
the cytoplasm and in the nucleus (Figure 5B, lower panel).
Finally, to further confirm our results, we examined LOX
expression in Xn obtained from G401 MRT cell line and
demonstrated again positive LOX staining (Figure 5C).
Since LOX gene was upregulated in PDX during propaga-
tion and CSC phenotype selection as well as in sorted MRT
CSCs, we sought to examine whether treatment with
B-aminopropionitrile monofumarate (BAPN), an LOX in-
hibitor shown to harbor positive effects on various cancer
cells (Bondareva et al., 2009), has an effect on MRT cells.
First, we performed MTS analysis and demonstrated
significantly reduced proliferation following treatment of
MRT-01 PDX cells with 100 uM BAPN. As a control, we
examined the effect of BAPN on WT-PDX cells and showed
no effect on WT cell proliferation, indicating a specific
effect of LOX inhibition on MRT cells (Figure 5D). The
response to the LOX inhibitor BAPN was also demonstrated
in the xenografts derived from the G401 MRT cell line, indi-
cating that the observed effect can be generalized to other
MRTs (Figure SE). Next, we examined the morphology of
MRT cells following BAPN treatment and showed that
treatment induced morphological changes, including
nuclear condensation and cell swelling (Figure 6A). In addi-
tion, we performed migration and invasion assays that
revealed significant inhibition of migration and invasion
capacity in BAPN-treated MRT cells compared with un-
treated cells (Figures 6B and 6C). Since all in vitro results
were obtained using an intermediate-passage PDX (P10),
we set to determine whether BAPN will have a similar effect
on cells more resembling the primary tumor. Similar exper-
iments were conducted on early-passage PDX (P2) cells and
revealed identical results (Figures S2B and S2C). Following
analysis of the in vitro effects of LOX inhibition on MRT, we
assessed whether in vivo MRT initiation can be dampened
via LOX modulation. Usually, MRT engraftment can be
clearly visualized approximately 1 month following cell
injection. Therefore, the growth of BAPN pretreated and
untreated mCherry-expressing MRT PDX (P4) cells was

monitored 1 month following inoculation into the right
flanks of NOD/SCID mice. Results demonstrated that the
mCherry signals of tumors formed from untreated cells
were higher in comparison to the mCherry signals of
tumors formed from pretreated cells (Figures 6D and 6E).
These results suggest that targeting a novel MRT CSC-
related molecule can abrogate in vivo tumor growth and
warrants LOX as a possible MRT therapeutic target.

DISCUSSION

Here, we have generated a progressive human MRT PDX in
which most cells behave as CSCs/TICs. Long-term in vivo
propagation results in vigorously proliferating cells so
that practically each and every one can initiate MRT xeno-
grafts harboring the rhabdoid histopathology features with
no need for immune selection. Accordingly, we divert from
classical PDX studies (Petrillo et al., 2012), which utilize
few passages, and try to show complete similarities to the
primary tumor. Alternatively, by refining stemness in
advanced late-passage MRT PDX, we probe the differences
in comparison with the primary tumor, leading to the for-
mation of a putative CSC-related gene signature set with
the aim of deciphering CSC-related molecules.

Previous studies suggest that the hallmark rhabdoid cells
of MRT may constitute a highly malignant tumor stem cell
population that arises from transformation of an early em-
bryonic multipotent progenitor cell with marked prolifera-
tive and invasive features (Deisch et al., 2011). Importantly,
we observed a predominance of rhabdoid cellularity in
progressive MRT PDX and possibly expansion of an early
stem cell lineage contributing to the stemness phenotype.
Accordingly, an early developmental gene module is
elevated in advanced MRT PDX. These observations may
parallel our previous findings with human WT in which
undifferentiated blastema that preserves the embryonic
renal progenitor state was expanded in WT-PDX models
(Dekel et al., 2006; Pode-Shakked et al., 2017). Neverthe-
less, bearing in mind the plasticity of CSC (non-CSC tran-
siting to CSC), the possibility that the experimental setting
we have generated may just reflect serial selection of tumor
cell populations that adapt to the mouse microenviron-
ment (Batlle and Clevers, 2017) as well as the appearance
of successive activation of tumor-initiating cell clones dur-
ing serial xenotransplantation (Ball et al., 2017), we have

(D) Treatment of MRT-01 PDX cells with 100 uM BAPN resulted in a significantly reduced proliferation. As a control treatment of WT, PDX
with BAPN showed no effect on WT cell proliferation, indicating a specific effect of LOX inhibition on MRT cells. Results are presented as the
means + SEM of triplicates in three separate experiments. p values were generated using a two-tailed unpaired t test. **p < 0.01.

(E) Treatment of MRT G401 cell line with 100 uM BAPN resulted in a significantly reduced proliferation. Results are presented as the
means + SEM of triplicates in three separate experiments. p values were generated using a 2-tailed unpaired t test. *p < 0.05.

See also Figure S2.
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Figure 6. Functional Validation of LOX Inhibitor as a Possible MRT Therapeutic Target

(A) BAPN treatment induced morphological changes on MRT PDX P9 cells, including nuclear condensation and cell swelling. Representative
image: scale bar, 100 um (top) and 50 um (bottom).

(B) Migration assay revealed that 100 uM BAPN treatment for 48 hr significantly inhibited MRT cell’s migration capacity compared with
untreated cells. Scale bar, 1,000 um.

(C) Representative image of 100 pM BAPN treatment for 48 hr demonstrating inhibition of tumor cell’s invasion capacity.

(D) Matrigel invasion assay revealed 17% relative invasion of treated cells compared with 67% in untreated cells. The assay was
performed in triplicate on two separate early PDX. Values are presented as means + SEM. p values were generated using a two-tailed
unpaired t test. **p < 0.01.

(E) In vitro treatment of mCherry-expressing P4 PDX cells, with 100 uM BAPN for 48 hr followed by inoculation of the pretreated cells into
NOD/SCID mice (10 cells/mouse) demonstrated that untreated PDX signals 1 month following injection were higher in comparison with

(legend continued on next page)
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designed a series of experiments to test the relevance of our
platform. First, the putative CSC-related gene signature set
disclosed molecules previously implicated in CSC such as
ALDH1. ALDH], a cytosolic detoxifying enzyme (Bertucci
et al., 2013) has been recognized as an important CSC
marker (Martinez-Cruzado et al.,, 2016; Pode-Shakked
et al., 2013; Tomita et al., 2016) Importantly, analysis of
ALDH1 protein levels during serial MRT PDX propagation
showed distinct staining in primary tumors shifting toward
widespread expression in advanced PDX validating gene
data. Moreover, serial transplantation assays of sorted
ALDH1+ cell populations derived from earlier MRT PDX
as well as from an additional primary MRT, in which
ALDH1 is confined to a relatively small population, func-
tionally validated ALDH1 as a CSC marker in MRT. This
indicated the relevance of the gene signature of late-pas-
sage stemness-enriched PDX in predicting a bona fide
CSC marker. Yet, another level of validation was demon-
strated via RNA sequencing of the sorted ALDH1+ CSCs,
showing overlap and significant enrichment of the genes
that were overexpressed in advanced MRT PDX. This
suggested that the stem-like MRT PDX indeed harbor a
CSC-related gene program and as such may inform on valu-
able therapeutic targets relevant to the human disease.
LOX, overexpressed in advanced MRT PDX (gene and
protein) and in the sorted ALDH1+ cell fraction was further
shown to localize to subpopulations of cells in archived
primary MRT samples and to MRT G401 cell line. Impor-
tantly, the increased nuclear LOX expression in advanced
PDX is consistent with emerging evidence showing that
high nuclear LOX expression is in correlation with tumor
aggressiveness and poor prognosis (De Donato et al.,
2017; Liu et al., 2017). Inhibition of LOX showed effects
on in vitro proliferation, migration, and invasiveness of
MRT cells derived from progressive PDX, G401 cell line,
and G401 xenografts. In addition, blocking LOX activity
in an MRT cell suspension prior to cell inoculation into
mice significantly abrogated MRT-initiating capacity and
xenograft growth. Interestingly LOX, an extracellular
matrix (ECM)-remodeling enzyme has been shown to be
overexpressed in several aggressive malignancies (Bondar-
evaetal., 2009; Melstrom et al., 2008), and to be associated
with tumor progression, metastases, and increased mortal-
ity (Barker etal., 2012; Cox etal., 2015). Moreover, LOX has
been shown to have significant roles in mesenchymal stem
cell-driven breast cancer malignancy, regulating EMT and
potentially controlling the CSC phenotype (Boufragech
et al., 2016; Thomas and Karnoub, 2013) Intriguingly, the

recent demonstration that LOX family members were over-
expressed in a mouse model of MRT (Vitte et al., 2017) and
recent roles clarified for LOX as a histone-modifying
enzyme and in chromatin modifications and remodeling
(Iturbide et al., 2015; Mello et al., 1995, 2011; Millanes-Ro-
mero et al., 2013; Mizikova et al., 2017) may indicate a
more specific role in MRT in which the SWI/SNF chro-
matin-remodeling complex is altered due to lack of
SMARCB1(Kordes et al., 2003; Versteege et al., 1998; Wick
et al., 1995).

Finally, stemness-related molecules upregulated in late-
passage PDX included targets that may be of clinical
importance and relevant to therapeutic strategies; for
instance, DYPD encodes dihydropyrimidine dehydroge-
nase, an enzyme that catalyzes the rate-limiting step in fluo-
rouracil metabolism (Edwards et al., 2016). Accordingly,
high levels of DYPD would preclude a response to 5-fluoro-
uracil and inadvertently lead to CSC enrichment. In addi-
tion, among the most upregulated genes were CXCL6 and
CXCLS, which are NFkB reactive oxygen species-related tu-
mor targets. Thus, blockage with superoxide inhibitors
might prevent CSC activity (Laidlaw et al., 2016). In sum,
this study lays the foundation for targeting stemness and
aggressiveness determinants in MRT. While we concen-
trated our efforts on LOX for proof-of-principle experi-
ments, other molecules that synergize with LOX to control
ECM proteolysis such as matrix metalloproteinase (Fouani
et al.,, 2017) were also overexpressed in advanced MRT
PDX, indicating that combined targeting of the CSC niche
generated in aggressive and disseminated disease might be
of importance. In addition, other pathways, including
HGF/Met or novel CSC-related surface markers such as the
GPM6A, may serve as relevant therapeutic targets. Impor-
tantly, our study provides a template for long-term PDX
propagation and generation of a CSC phenotype to identify
other CSC targets in a variety of tumors.

EXPERIMENTAL PROCEDURES

Tissue Samples and Cell Lines

The primary MRT samples (MRT-01 from soft tissue of the neck and
MRT-02 from primary MRT of kidney) were obtained from the
patients within 1 hr of surgery. Archived formalin-fixed paraffin-
embedded MRT samples (MRT-03, MRT-04, MRT-05) were obtained
from the Department of Pathology, Sheba Medical Center. One
MRT cell line (Garvin et al., 1993) was used in our study. Informed
consent was given by the legal guardians of the patients involved
according to the declaration of Helsinki.

treated PDX. Results are shown as means + SEM: treated (n = 6), untreated (n = 5). p values were generated using the Mann-Whitney

test. *p < 0.05.

(F) Representative image of treated (right) and untreated (left) PDX demonstrating a higher enhancement of the untreated PDX.

See also Figure S2.
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In Vivo Xenograft Formation

The animal experiments were performed in accordance with the
Guidelines for Animal Experiments of Sheba Medical Center. All
animals in the individual experiments were 5- to 8-week-old, fe-
male, non-obese diabetic severe combined immunodeficiency
(NOD/SCID). Time to engraftment (when a tumor was first
palpable), time to resection, weight, and volume for each engrafted
PDX were recorded. Tumor growth was followed by measuring
perpendicular diameters of the tumors with a Vernier caliper. Tu-
mor volume was calculated using the equation 1/2(length x
width?). In addition, tumors were excised postmortem and
weighed. Only tumors that could be excised completely without
additional invaded tissue were used for weight measurements.

Estimation of the Relative Frequency of Tumor-
Propagating Cells

To evaluate and compare the tumorigenic activity of PDX cells
from early and late PDX passage and of sorted ALDH1+ and
ALDH1— cells, serial dilutions (1x10° to 50 cells) of cells sus-
pended in 100 pL of PBS and 100 uL of Matrigel were injected
subcutaneously into the flank of NOD/SCID mice. Estimation of
the relative frequency of cancer-propagating cells was calculated
online using the ELDA software (http://bioinf.wehi.edu.au/
software/elda/).

Gene Set Enrichment Analysis

GSEA was performed to determine whether the differentially ex-
pressed upregulated genes in passage 17 sample (in comparison
with the primary tumor) are enriched within the differentially ex-
pressed genes in the ALDH1+ sample (in comparison with the
ALDH1- sample). GSEA was performed to analyze the enrichment
of the gene sets following the developer’s protocol (Subramanian
et al., 2005) (http://www.broad.mit.edu/gsea/).

MTS Cell Viability Assay

A total of 5 x 10° cells were plated in triplicate and grown in
96-well plates overnight. The following day, the medium was
changed and supplemented with various concentrations of BAPN
(Sigma, St Louis, MO, USA, cat. no. A3134-5G) and the cells were
further incubated for 48 hr. Cell proliferation was measured using
the CellTiter 96 Aqueous One Solution Cell Proliferation Assay
(Promega) according to the manufacturer’s instructions. Three
independent experiments were carried out.

Cell Migration Assay

Cells were grown overnight, after which the medium was changed
and supplemented with 100 pM BAPN. After 48 hr, a scrape was
made through the confluent monolayers with a plastic 1 mL
pipette tip. Treated and control cells were then photographed at
identical time points (24 and 48 hr).

Invasion Assay

The effect of BAPN on the tumor cells’ invasion capacity was deter-
mined by Matrigel invasion assay using a 24-well transwell (pore
size 8 um; Corning Incorporated). Cells were grown in Iscove’s
modified Dulbecco’s medium (IMDM) + 100 uM BAPN. After
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48 hr of incubation including 12 hr of starvation conditions
(serum-free IMDM), the treated and untreated serum-starved cells
were seeded at 10 x 10* cells/well in 350 pL of serum-free IMDM
into the upper chamber of each insert coated with Matrigel
(15 pL). The lower chamber contained 150 pL of IMDM supple-
mented with 10% fetal bovine serum serving as a chemoattractant.
After 24 hr of incubation at 37°C and 5% CO,, the medium was
aspirated, remaining cells and medium from the top of the mem-
brane were removed using a cotton-tipped applicator, and the
invading cells were stained with Giemsa stain. The invading cells
were counted under light microscopy (11 random fields X20
magnification per well). The assay was performed in triplicate
with two sets of independent experiments, on two different PDX
passages (P3, PS5). Data are presented as relative invaded cells.
The fraction of invaded cells counted per area was compared
with the number of expected invaded cells per area, which was
calculated based on the number of cells initially seeded.

In Vivo BAPN Treatment

PDX (P4)-expressing mCherry cells, were treated in vitro with
100 puM BAPN or saline for the control group. Forty-eight hours af-
ter treatment, MRT cells (10° cells/mouse) were subcutaneously
inoculated into the right flanks of NOD/SCID mice. Tumors
volume were analyzed during 1 month, using a CRi Maestro II
in vivo imaging system (Caliper Life Sciences, Hopkinton, MA).
Fluorescence images were obtained with an excitation wavelength
of 465 nm and emission wavelength range of 500-800 nm.

Exclusion of Data
All data from animals that died or had to be killed prior to the
scheduled termination of the experiment were excluded.

Statistical Analysis

Results are expressed as the means + SEM unless otherwise indi-
cated. For animal studies, sample size was estimated to be at least
four mice per group to ensure power with statistical confidence.
Statistical differences in gene expression between MRT PDX cell
populations were evaluated using Student’s t test. Statistical
differences in the in vivo experiments were calculated using
the Mann-Whitney test/chi-squared test or Fisher’s exact test
as indicated in the figure legends. For all statistical analysis,
the level of significance was set as p < 0.05 unless otherwise
indicated.
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Figure S1. Establishment of the MRT Xn model (Related to figure 1). Primary tumor grafts were
formed by a subcutaneous transplantation of 2-5 mm tumor pieces into immunodeficient mice. Tumor
take was observed in all mice allowing tumor propagation. Sequential propagation of MRT PDX in
NOD/SCID mice was performed by tissue samples transplantation or single cell suspensions grafting
utilizing a fixed number of 1x10° cells. Serial propagation allowed us to establish early (<P5),
intermediate (P5-P10) and late-passage (P10-P15) MRT PDX. Tissue fragments were also used for IHC
staining, RNA, DNA and protein isolation. Adherent cells were also used for in vitro studies of the
tumor's cells.
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Figure S2. Functional validation of LOX inhibitor as MRT CIC/CSC therapeutic agent (Related
to figures 5-6.). (a) Validation via qRT-PCR revealed high LOX expression in sorted ALDH1+ in
comparison to ALDH1- cells. For gqRT-PCR analyses the values for ALDH1- cells were used to
normalize (therefore=1) and all other values were calculated accordingly. All results are presented as
the mean + S.E.M of triplicates on three separated experiments. P values were generated using a 2-tailed
unpaired t test * p<0.05; (b). A MTS analysis, examining cell viability, was performed on PDX-01 (P10)
cells grown with different concentration of BAPN (10-1000uM) for 48h. The treatment resulted in
significantly reduced proliferation (47% in treated cells in comparison to UT cells) following treatment
with 100uM BAPN. All results are presented as the mean £ S.E.M of triplicates on three separated
experiments ** p<0.01; (c) Migration assay revealed that 100uM BAPN treatment for 48h significantly
inhibited MRT PDX-01 (P2) cell's migration capacity, as compared to un-treated cells. Scale bar,
1000pm.



Table S1. Generation and establishment of human MRT PDX model in NOD/SCID mice (Related
to figure 1 and figure S1)

Cells Injections*

Tissue transplantations

Passage No. of No. of (%) No. of No. of (%)
injections tumors engraftment | transplantations tissue engraftment
engrafted engrafted

P1 0 0 - 4 4 100
P2 6 4 67 8 8 100
P3 12 10 83 14 13 93
P4 8 7 88 6 6 100
P5 8 8 100 4 3 75
P6 4 4 100 6 4 67
P7 2 2 100 4 2 50
P8 4 2 50 2 1 50
P9 4 4 100 0 0 -
P10 2 2 100 0 0 -
P11 4 4 100 2 2 100
P12 2 2 100 2 2 100
P13 4 4 100 2 2 100
P14 4 4 100 2 2 100
P15 4 4 100 1 1 100
P16 4 4 100 0 0 -
Total 72 65 90 57 50 88

Generation of primary human MRT PDX from serial 1x10%* cell injections and tissue transplantations
(Obtained from MRT-01).




Table S2. MRT PDX frequency and characteristics during propagation (Related to figure 1 and

figure S1)
Passage Engraftment Days to engraftment | PDX Weight/days to resection
rate (%) (mean)* ratio (mean)**
P2 4/6 34 0.04
Early P3 10/12 23 0.07
P4 7/8 24 0.08
21/26 (80) 26 0.06
P5 8/8 15 0.11
P6 4/4 22 0.09
Intermediate P7 2/2 15 0.12
P8 2/4 28 0.10
P9 4/4 23 0.06
P10 212 22 0.06
22/24 (92) 20 0.09
P11 4/4 19 0.05
P12 212 20 0.12
Late P13 4/4 16 0.08
P14 4/4 16 0.11
P15 4/4 14 0.19
P16 4/4 14 0.16
22/22 (100) 16 0.12

Table summarizing the frequency and characteristics of secondary tumor formation from 1x10° cells
obtained from MRT-01 PDX and further propagated. During serial propagation of MRT PDX shorter
time to tumor engraftment and accelerated tumor growth were noticed. In the comparison between
early and late PDX passages *p<0.001 ** p=0.003, Mann-Whitney test. Results are presented as the
mean of pooled data from early, intermediate and late passages.




Table S3: Limiting dilution xenotransplantation summary representing PDX CSC frequency
during propagation (Related to figure 1 and figure S1)

Number of grafted tumors/

Number of Injected Tumor number of injections

Cells Early Intermediate Late
1000 1/10 4/8 9/10
750 - 1/2 212
500 2/10 2/3 3/5
250 - - 2/2
100 1/16 - 6/8
50 0/4 - 1/2
Tumor propagating cell 1/3930 1/1107 1/252
frequency (95% CI)* (10628, 1453) (2392, 512) (453, 151)

Summary of CSC frequency estimated by limiting dilution xenotransplantation of cells isolated from
early, intermediate and late PDX passages (Obtained from MRT-01). The data are presented as the ratio
of injections that formed tumors within 12 weeks. Bold numbers represent the estimated CSC frequency.
In the comparison between low and high PDX passages *p<0.001, Chi-square test.



Table S4. 50 most upregulated differentially expressed genes between Primary tumor (P) and PDX ( Related to figure 2)

Fold-Change

Gene Symbol Description PSP P7>p P17> P

Fold change > 2, p < .05

CXCL6 Chemokine (C-X-C motif) ligand 6 12.22 119.43 287.01
CXCL5 Chemokine (C-X-C motif) ligand 5 12.12 55.80 246.76
SEMA3C Sema domain, (semaphorin) 3C 54.99 105.18 235.41
GPMBGA Glycoprotein M6A 28.48 120.72  169.37
FSTL5 Follistatin-like 5 10.22 110.78 139.89
ALDH1Al Aldehyde dehydrogenase 1 family, member Al 2367 100.75 130.37
ANXA1 Annexin Al 41.88 63.26 115.01
LOX Lysyl oxidase 3248 2539 109.51
DSEL Dermatan sulfate epimerase-like 13.96 38.63 97.57
DLX2 Distal-less homeobox 2 5.68 4.63 75.98
TSPAN12 Tetraspanin 12 2275 30.78 70.46
CXCL1 Chemokine (C-X-C motif) ligand 1 271 31.51 62.47
SCN9A Sodium channel, voltage-gated, type 1X, alpha subunit 12.01 10.61 59.95
MAP2 Microtubule-associated protein 2 9.53 42.35 53.25
DST Dystonin 7.31 19.55 52.11
MSX2 Msh homeobox 2 272 299 4557
DKK1 Dickkopf homolog 1 (Xenopus laevis) 13.31 13.38 44.42
CHN1 Chimerin (chimaerin) 1 2.35 2261 43.43
DIRAS3 DIRAS family, GTP-binding RAS-like 3 15.40 18.69 42.04
HGF Hepatocyte growth factor (hepapoietin A; scatter factor) 17 16 13.83 39.54
DLX1 Distal-less homeobox 1 3.60 4.83 37.81
THBS2 Thrombospondin 2 2.65 2.25 37.41
HMCN1 Hemicentin 1 14.24 17.17 37.11
PDGFC Platelet derived growth factor C 4.40 5.47 3551
ELMOD1 ELMO/CED-12 domain containing 1 4.17 21.90 35.41
TFAP2A Transcription factor AP-2 alpha 19.33 4.06 33.27
GABRA2 Gamma-aminobutyric acid (GABA) A receptor, alpha2 g g3 293 33.01
COL11A1 Collagen, type XI, alpha 1 14.51 14.43 32.05
MYCN V-myc myelocytomatosis viral related oncogene 256 287 31.32
QPRT Quinolinate phosphoribosyltransferase 11.38 13.47 29.88
TSPANS Tetraspanin 8 2.59 20.83 29.04
EPHA3 EPH receptor A3 7.85 20.24 28.91
IF144L Interferon-induced protein 44-like 10.18 7.32 25.87
SMC4 Structural maintenance of chromosomes 4 14.23 21.54 25.09
PCDH7 Protocadherin 7 8.03 20.17 24.67
CADM2 Cell adhesion molecule 2 851 20.82 24.64
UACA Uveal autoantigen with coiled-coil domains and ankyrin

repeats 9.41 16.04 23.98
STAU2 Staufen, RNA binding protein, homolog 2 (Drosophila) 3 49 4.62 23.88



ARHGAP29
FLRT2
LIPG
PLOD2
COL12A1
DEPDC1
MST4
PCDH9
GGH
SLC35F2
FGF2
SLC4AT7

Rho GTPase activating protein 29

Fibronectin leucine rich transmembrane protein 2
Lipase, endothelial

Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2
Collagen, type XIl, alpha 1

DEP domain containing 1

Serine/threonine protein kinase MST4
Protocadherin 9

Gamma-glutamyl hydrolase

Solute carrier family 35, member F2

Fibroblast growth factor 2 (basic)

Solute carrier family 4, sodium bicarbonate
cotransporter, member 7

3.22
7.70
491
8.42
5.17
10.10
2.85
7.71
5.68
6.15
9.56

4.87

11.44
21.07
6.94
8.50
221
14.37
7.99
10.56
7.75
12.23
7.19

14.20

22.46
21.83
21.60
20.98
20.84
20.65
20.05
19.68
18.92
18.92
18.34

16.36



Table S5. 50 most downregulated differentially expressed genes between Primary tumor (P) and PDX ( Related to

figure 2)
o Fold-Change
Gene Symbol Description P2Sp  P7>P p17> P
Fold change > 2, p < .05
HBG1 Hemoglobin, gamma A -363.05 -381.27  -433.42
HBB Hemoglobin, beta -354.41 -291.87  -425.64
SPP1 Secreted phosphoprotein 1 -13951  -20.33 -190.68
FIBIN Fin bud initiation factor homolog (zebrafish) -3.52 331 -138.71
GLUL Glutamate-ammonia ligase 1260  -32.40 -119.90
HBG1 Hemoglobin, gamma A /// hemoglobin, gamma G 14299 -151.48 -105.34
CD163 CD163 molecule -87.44 -96.26 -102.49
CCL4 Chemokine (C-C motif) ligand 4 -91.45 -82.14 -92.12
RNASE1 Ribonuclease, rnase A family, 1 (pancreatic) 69.72  -86.54 -82.32
C1QB Complement component 1, g subcomponent, B chain 9858  -88.44 -82.31
COL4A1 Collagen, type 1V, alpha 1 -62.38 -61.76 -76.29
HLA-DRA Major histocompatibility complex, class 1l, DR alpha 60.00  -45.47 -69.08
SERPINB2 Serpin peptidase inhibitor, clade B (ovalbumin),
member 2 -4.38 -82.31 -68.87
SSTR1 Somatostatin receptor 1 -6.70 -8.13 -68.45
SRGN Serglycin 532 412 -65.45
SHISA2 Shisa homolog 2 (Xenopus lagvis) -3.79 -7.83 -64.46
AGR2 Anterior gradient homolog 2 (Xenopus laevis) 4420  -58.88 -63.35
FCGR3A Fc fragment of igg, low affinity iiia, receptor (CD16a) -56.29 -60.65 -62.06
COL4A2 Collagen, type 1V, alpha 2 -19.45 -26.18 -60.92
IGFBP7 Insulin-like growth factor binding protein 7 232 -5.09 -54.40
NKX3-2 NK3 homeobox 2 -27.78 -50.59 -53.67
LAPTM5 Lysosomal protein transmembrane 5 5098  -48.79 -50.81
HLA-DOA Major histocompatibility complex, class 11, DO alpha 282 -2.28 -46.24
S100A9 S100 calcium binding protein A9 -27.34 -39.34 -42.01
CD14 CD14 molecule -30.95 -42.85 -41.24
F13A1 Coagulation factor XII1, Al polypeptide -39.68 -38.36 -38.51
PAPPA Pregnancy-associated plasma protein A, pappalysin 1 -6.74 -44.51 -37.74
VSIG4 V-set and immunoglobulin domain containing 4 -46.99 -33.11 -36.15
LIN28A Lin-28 homolog A (C. Elegans) -32.23 -30.30 -34.50
VWF Von Willebrand factor -33.17 -29.05 -34.40
MS4AGA Membrane-spanning 4-domains, subfamily A, member
6A -40.03  -33.79 -34.10
LPPR5 Lipid phosphate phosphatase-related protein type 5 -8.92 -19.85 -33.22
LCP1 Lymphocyte cytosolic protein 1 (L-plastin) -29.95 -28.62 -30.75
FOXA1 Forkhead box Al -19.12 -14.49 -30.28
KLK8 /Il KLK9 Kallikrein-related peptidase 8 /// kallikrein-related
peptidase 9 -7.17 -12.94 -29.52
LYz Lysozyme -29.93 2782 -29.41



HBAL /// HBA2 Hemoglobin, alpha 1 /// hemoglobin, alpha 2 3116 -31.23 -29.08

HLA-DPA1 Major histocompatibility complex, class Il, DP alphal 1124  .12.77 -27.20
PALMD Palmdelphin -3.88 -12.57 -26.73
IFI130 Interferon, gamma-inducible protein 30 21103  -23.08 -25.83
IF127 Interferon, alpha-inducible protein 27 -10.11 -27.07 2518
ROBO4 Roundabout homolog 4, magic roundabout (Drosophila) _1g 14 -13.24 -24.98
A2M Alpha-2-macroglobulin 26.60  -27.28 -24.08
CD93 CD93 molecule -21.54 -22.65 -23.81
Clorf130 Chromosome 1 open reading frame 130 1132 -24.20 -23.55
HLA-DRB1//B3//B4//B5 Major histocompatibility complex, class Il, DR beta 1 ///

major histocompatibility comp -11.78 -14.92 -22.99
TMEM158 Transmembrane protein 158 (gene/pseudogene) -4.43 -15.32 -21.48
MAFB V-maf musculoaponeurotic fibrosarcoma oncogene

homolog B (avian) -7.70 -18.33 -21.12
DPPA4 Developmental pluripotency associated 4 1492  -21.80 -20.98
LYVE1L Lymphatic vessel endothelial hyaluronan receptor 1 2229 2061 -20.80
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Supplemental Experimental Procedures

Immunohistochemical staining of primary MRT and MRT PDX.

Immunostainings were performed as previously described (Dekel et al., 2006b). For H&E staining slides
were incubated in Mayer's Hematoxylin solution (Sigma-Aldrich) followed by incubation in Eosin
(Sigma-Aldrich). Anti-human ALDH1 antibody (BD Biosciences, #611195) was used at a dilution of
1:100. Anti-human LOX antibody (Novous, nb 100-2527) was used at a dilution of 1:200. The
immunoreaction was visualized by an HRP-based chromogen/substrate system (liquid DAB substrate kit
— Zymed, San Francisco, CA, USA). All Sections were stained for Vimentin, EMA, SMA, AE1/AE3,
NFP and INI1using conventional immunohistochemical procedures. (Dekel et al., 2006b) All antibody
dilutions were carried out as recommended by the manufacturers of the staining antibodies. Images were
produced using Olympus BX51TF.

Fluorescence-activated cell sorting (FACS) analysis

FACS analysis of primary MRT cells and fresh PDX derived cells was performed as previously described
(Pode-Shakked et al., 2013). The following primary antibodies were used: CD24 (eBiosience, 120247-
42), CD34 (Miltenyi, 3008100), CD56 (eBiosience, 1205942), CD90 (Beckman Coulter, IM3600U) and
7AAD;( eBioscience, San Diego, CA). Detection of cells with high ALDH1 enzymatic activity was
performed using the ALDEFLUOR kit (StemCell Technologies, Durham, NC, USA). FACS sorting
according to ALDH1 activity was performed as previously described (Pode-Shakked et al., 2013).

gRT-PCR analysis

Quantitative reverse transcription PCR (gRT-PCR) was carried out to determine fold changes in
expression of a selection of genes as previously described (Pode-Shakked et al., 2013). Statistical analysis
was performed using a non-paired 2-tails T-test. Statistical significance was considered at P<0.05. All
results are presented as the mean = S.E.M of triplicates on three separated experiments.

Microarray

The microarray data is deposited in publicly library (GEO); accession numbers GSE7269. All
experiments were performed using Affymetrix HU GENEL.0st oligonucleotide arrays. Total RNA from
each sample was used to prepare biotinylated target cDNA, according to the manufacturer’s
recommendations. The target cDNA generated from each sample was processed as per manufacturer’s
recommendation using an Affymetrix Gene Chip Instrument System. Details of quality control measures
can be found online. Significantly changed genes were filtered as changed by at least twofold (p-value:
0.05).

RNA sequencing analysis

The RNA sequencing data is deposited in publicly library (GEO); accession humbers GSE114471.Bulk
total RNA was prepared from ~1.5%10° cells using the Direct-zol™-96 RNA Isolation kit (Zymo
Research) according to the manufacturer’s instructions and stored in -80 °C in nuclease free water. Total
RNA was quantified on an Agilent BioAnalyzer and 1ug of RNA was used to prepare cDNA libraries
using the TruSeq mRNA-Seq library protocol (Illumina). Libraries were sequenced 1 x 50 bases on an
Ilumina HiSeq 2000 machine in two lanes. Data from the high throughput sequencing was analyzed base
on the protocol by Anders et al (Anders et al., 2013).

Genetic Cell Labeling

To establish genetically marked MRT-PDX cells, HEK293 cells were initially transformed. HEK293
cells were maintained in DMEM supplemented with 10% fetal calf serum, I-glutamine, penicillin, and
streptomycin (Biological Industries, Beit-Ha’emek, Israel), at 37°C in a 5% CO2-enriched atmosphere.
Cells were transfected using calcium phosphate with three lentiviral vectors: 7.5ug pHR-CMV-mCherry,
Spug ARS8.2, and 2.5ug pMD2. G. After 6 hours, the supernatants were replaced with SmL of fresh
medium. Supernatants of transfected cells were supplemented with HEPES (pH 7.0; 50mmol/L final
concentration) and filtered through a 0.45-pum pore-size filter; 2 mL was placed on the targeted cells for
2 hours with the addition of 8 pg/mL Polybrene (hexadimethrine bromide; Sigma-Aldrich), and then 3
mL of fresh medium was added. These viral-like particles were used to infect MRT-PDX cells (2 x
105cells in 60-mm-diameter dishes). Expression of the mCherry reporter gene was analyzed at 2 days
after infection.

11



Supplemental References

Anders, S., McCarthy, D.J., Chen, Y., Okoniewski, M., Smyth, G.K., Huber, W., and Robinson, M.D.
(2013). Count-based differential expression analysis of RNA sequencing data using R and Bioconductor.
Nature protocols 8, 1765-1786.

Dekel, B., Zangi, L., Shezen, E., Reich-Zeliger, S., Eventov-Friedman, S., Katchman, H., Jacob-Hirsch,
J., Amariglio, N., Rechavi, G., Margalit, R., et al. (2006b). Isolation and characterization of nontubular
sca-1+lin- multipotent stem/progenitor cells from adult mouse kidney. J Am Soc Nephrol 17, 3300-3314.

Pode-Shakked, N., Shukrun, R., Mark-Danieli, M., Tsvetkov, P., Bahar, S., Pri-Chen, S., Goldstein, R.S.,
Rom-Gross, E., Mor, Y., Fridman, E., et al. (2013). The isolation and characterization of renal cancer
initiating cells from human Wilms' tumour xenografts unveils new therapeutic targets. EMBO molecular
medicine 5, 18-37.

12



	Expansion of Cancer Stemness Affords Novel Cancer Stem Cell Targets: Malignant Rhabdoid Tumor as an Example
	Introduction
	Results
	Establishment of the MRT PDX Model
	Xenotransplantation Assays of MRT Shows Increased CSC Frequency along Serial Propagation
	MRT PDX Retains Rhabdoid Morphology in Advanced Generations while Adopting an Epithelial-Mesenchymal Transition Phenotype
	Distinct Gene Signature in Advanced Stem-like PDX Reveals Putative CSC Biomarkers
	Validation of ALDH1 as MRT CSC Biomarker
	Functional Validation of LOX Inhibitor as MRT CSC Therapeutic Agent

	Discussion
	Experimental Procedures
	Tissue Samples and Cell Lines
	In Vivo Xenograft Formation
	Estimation of the Relative Frequency of Tumor-Propagating Cells
	Gene Set Enrichment Analysis
	MTS Cell Viability Assay
	Cell Migration Assay
	Invasion Assay
	In Vivo BAPN Treatment
	Exclusion of Data
	Statistical Analysis

	Accession Numbers
	Supplemental Information
	Author Contributions
	Acknowledgments
	References


