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Summary

A genome-wide association study identified LAMO1, which encodes a LIM-domain-only
transcriptional cofactor, as a neuroblastoma susceptibility gene that functions as an oncogene in
high-risk neuroblastoma. Here we show that g8/ promoter-mediated expression of LMOL1 in
zebrafish synergizes with MYCN to increase the proliferation of hyperplastic sympathoadrenal
precursor cells, leading to a reduced latency and increased penetrance of neuroblastomagenesis.
The transgenic expression of LMOL1 also promoted hematogenous dissemination and distant
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metastasis, which was linked to neuroblastoma cell invasion and migration, and elevated
expression levels of genes affecting tumor cell-extracellular matrix interaction, including /ox/3,
ftgaZb, itga3and ftgas. Our results provide /n vivo validation of LMO1 as an important oncogene
that promotes neuroblastoma initiation, progression, and widespread metastatic dissemination.

Graphical abstract

High expression of LMOL is associated with neuroblastoma (NB) metastases. Zhu et al. show that
LMOL1 synergizes with MYCN to promote NB development and metastasis in zebrafish and that
LMOL1 elevates expression of genes affecting tumor cell-extracellular matrix interaction and
promotes NB cell invasion.

Keywords
neuroblastoma; zebrafish model; metastasis; tumorigenesis; LMO1, MYCN

Introduction

Neuroblastoma is the most common extracranial solid tumor in children (Brodeur, 2003;
Maris, 2010), accounting for 7% of all malignancies and 10% of cancer-related deaths in this
age group (Park et al., 2013). It is derived from the developing sympathoadrenal (SA)
lineage of neural crest cells, which give rise to the peripheral sympathetic nervous system
(PSNS). The most common site of primary tumors is in the adrenal medulla (~45% of
patients) with tumors also arising within ganglia along the sympathetic chain in the neck,
chest, abdomen and pelvis (Maris, 2011; Park et al., 2013). Neuroblastoma is highly
metastatic with about half of all affected children having distant metastasis to the bone
marrow, cortical bone, noncontiguous lymph nodes, and liver (Maris et al., 2007). Long-term
survival rates for high-risk neuroblastoma patients remain less than 40%, even with intensive
treatment including multiagent chemotherapy, surgery, high-dose myeloablative therapy with
autologous hematopoietic stem cell rescue, retinoids, and GD2-directed immunotherapy
(Park et al., 2013).

Amplification of MYCN is present in about 20% of cases of neuroblastoma and is
significantly associated with a poor outcome (Brodeur, 2003; Maris et al., 2007). Aside from
MYCN, the next most frequently mutated gene in high-risk neuroblastoma is ALK, with
inherited activating mutations of the kinase identified in ~1% of cases and acquired somatic
mutations in 14% of all high-risk cases (Bresler et al., 2014; Pugh et al., 2013). Transgenic
animal models of neuroblastoma, characterized by g8/ promoter-mediated expression of
MYCN and activated ALK, faithfully recapitulate the features of high-risk neuroblastoma,
including its molecular pathology (Berry et al., 2012; Heukamp et al., 2012; Zhu et al.,
2012). We have used a zebrafish model to show that activated ALK synergizes with MYCN
by blocking a developmentally-timed apoptotic response that typically occurs in MYCN-
overexpressing sympathoadrenal precursors (Zhu et al., 2012), opening the way for analysis
of other oncogenes that potentiate the activity of MYCN during neuroblastoma
pathogenesis.
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Using a genome-wide-association study (GWAS) approach, we have shown that common
polymorphic alleles at the LIM-domain-only gene (LMOI) locus are markedly enriched in
neuroblastoma patients in general, with further enrichment in patients with metastatic
disease, advanced age, an unfavorable pathological grade and a high-risk status (Wang et al.,
2011). LMO1 is a member of a family of transcriptional cofactor genes that encode two
zinc-finger LIM domains, forming protein-protein interaction domains (Bach, 2000;
Matthews et al., 2013). Depletion of LMO1 was cytotoxic to neuroblastoma cells harboring
the risk haplotype, suggesting that this cofactor functions as a dominant oncogene in
neuroblastoma cells (Wang et al., 2011). Recently, we have demonstrated that a
polymorphism in the first intron of LMOX influences neuroblastoma susceptibility through
differential GATA transcription factor binding. The allele that promotes high-risk
neuroblastoma contains a GATA binding motif in this position, which results in a large
super-enhancer driving high levels of LMO1 expression, leading to an oncogenic
dependency in tumor cells. In human populations, a protective allele, TATA, blocks
formation of the super-enhancer and results in dramatically lower levels of LMO1
expression and a significantly lower risk of developing neuroblastoma (Oldridge et al.,
2015).

LMO1 synergizes with MYCN in neuroblastomagenesis

To investigate the role of LMOL1 in the pathogenesis of neuroblastoma in a vertebrate
experimental system, we generated transgenic zebrafish lines that stably express human
LMO1 in the PSNS under control of the zebrafish dopamine-B-hydroxylase gene (g3h)
promoter. Two transgenic constructs, the ggh:LMO1 and the gjgh-mCherry, were coinjected
into zebrafish embryos at the one-cell stage of development, so that these two transgenes
would cointegrate in the transgenic fish (Langenau et al., 2008), aiding in the visualization
of tumor development in vivo. Two transgenic lines expressing both the LMO1 and mCherry
transgenes were identified and designated “LMO1” (Figures 1A, 1B, and S1A).

Although LMO1 expression is upregulated in high-risk neuroblastomas due to an inherited
regulatory single nucleotide polymorphism (SNP) and somatic copy number gains (Wang et
al., 2011), tumors did not develop over 6 months in either of our fish lines with transgenic
expression of LMO1 alone (Figure 1A). This is expected for a gene identified by GWAS that
requires cooperating events to induce neuroblastomagenesis (Wang et al., 2011). To
determine whether endogenous /moZ expression is dynamically regulated during PSNS
development at the neuroblastoma initiation stage, we performed quantitative RT-PCR
analyses on sorted control mCherry-expressing PSNS cells or LMO1-expressing cells from
transgenic fish at 2 and 5.5 weeks of age. Interestingly, we found that endogenous /mo1 is
expressed at similar levels in sorted PSNS cells from control dgh.mCherry and LMO1
transgenic fish at both 2 weeks of age and 5.5 weeks of age (Figure S1B), suggesting that
endogenous /moZ is expressed at a constant level during this window of PSNS cell
development. In addition, the expression of human LMOL1 transgene in the sorted PSNS
cells from LMO1 transgenic fish but not the control ggh:mCherry transgenic fish was
confirmed by quantitative RT-PCR (Figure S1C). Therefore, we hypothesize that permissive
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polymorphisms lead to relatively constant high levels of LAMOZ expression in the PSNS
cells, accounting for the influence of these polymorphisms on neuroblastoma susceptibility.

Given the strong association of LAMO1 and MYCN expression levels in high-risk
neuroblastoma without MYCN amplification (Figures 1C and S1D), we next tested whether
high levels of LMO1 expression cooperate with MYCN to affect the onset and penetrance of
neuroblastoma. Of note, our transgenic zebrafish model of neuroblastoma was developed to
express MYCN under control of the gjg/ promoter and thus represents a model of high levels
of MYCN expression in the absence of gene amplification.

After interbreeding LMO1 and MYCN transgenic fish, we observed tumor development in
80% of the MYCN;LMOL1 progeny by 24 weeks of age, compared to an overall penetrance
of 20-30% for the fish with MYCN expression alone (Figure 1A, p<0.0001). Thus, our
results support the original prediction based on GWAS studies of children with
neuroblastoma: that high levels of LMOI expression contribute to the initiation of
neuroblastoma /n vivo.

To examine whether transgenic expression of MYCN or MYCN plus LMO1 might affect
endogenous gph expression, we performed quantitative RT-PCR analysis on the sorted
mCherry* PSNS cells from adult control gBh.mCherry transgenic fish and EGFP* tumor
cells from MYCN-only and MYCN;LMO1 transgenic fish. As shown in the Figure S1E,
endogenous g expression is significantly upregulated in both MYCN-only and
MYCN;LMO1 tumor cells compared to that in the control PSNS cells, suggesting that
expression of this gene is upregulated directly or indirectly by MYCN. Expression levels of
dphare similar in MYCN-only and MYCN;LMO1 neuroblastoma cells, indicating that
differences in time of onset, penetrance and metastatic potential of the neuroblastomas
between these two transgenic lines are not due to differences in the g/ expression levels.

Transgenic expression of LMO1 promotes hyperplasia of sympathoadrenal cells in the IRG

We previously showed that transgenic expression of MYCN alone induces sympathoadrenal
neuroblast hyperplasia in the zebrafish IRG at 5 weeks of age (Zhu et al., 2012). However,
the penetrance of neuroblastoma in transgenic fish expressing MYCN alone was low,
resulting from a wave of apoptosis beginning at 5.5 weeks of age that removed the
hyperplastic cells. Since this developmentally timed apoptotic response could be blocked by
ectopic expression of activated ALK (Zhu et al., 2012), we asked whether the role of LMO1
in collaboration with MYCN differs from that of activated ALK in neuroblastoma
pathogenesis.

Figure 2 shows the results of immunohistochemical analyses of fish with transgenic
expression of LMO1 or controls. In sagittal sections through the IRG of 5-week-old
transgenic fish expressing LMO1 alone, the number of mCherry* sympathoadrenal cells was
similar to that of control ggh:mCherry transgenic fish, indicating that expression of LMO1
alone does not affect the numbers of sympathoadrenal cells at 5 weeks of age (Figures 2A
and 2B). By contrast, MYCN and MYCN;ALK fish had ~50% more GFP* sympathoadrenal
cells than the mCherry™ cells in control fish (Figures 2A and 2B). However, MYCN;LMO1
transgenic fish had even more markedly increased numbers of GFP* or mCherry™*
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sympathoadrenal cells compared to MYCN-only and MYCN;ALK fish, indicating a much
faster neuroblast growth rate in MYCN;LMOL transgenic fish (Figures 2A and 2B). Indeed,
coexpression of LMO1 and MYCN resulted in markedly increased numbers of MYCN-
expressing cells in nearly every fish at 5 weeks, consistent with the rapid onset and high
penetrance of disease in MYCN;LMOL transgenic fish.

To directly test whether the increased numbers of GFP*/mCherry* sympathoadrenal cells in
the transgenic fish coexpressing MYCN and LMOL at 5 weeks of age reflect increased
proliferation, we performed EdU pulse-labeling experiments in the control ggh-EGFP,
MYCN, LMO1, and MYCN;LMO1 transgenic fish. In the control gBh.EGFP animals, there
was very little EdU incorporation into GFP* sympathoadrenal cells in the IRG after 2 hours
of EdU pulse-labeling (Figures S2 and 2C). The fraction of EdU-incorporating GFP*
sympathoadrenal cells was significantly increased in the transgenic fish coexpressing
MYCN and LMO1 as compared to those expressing MYCN alone or LMO1 alone (Figures
S2 and 2C). These results indicate that transgenic expression of LMOL synergizes with
MYCN to induce neuroblastoma by increasing the proliferation of hyperplastic
sympathoadrenal cells in the IRG.

To determine whether transgenic expression of LMO1 can rescue the MYCN-induced
developmentally-timed apoptotic response in the IRG at 5.5 weeks of age, we assessed the
expression of activated Caspase-3 as an indicator of apoptotic cell death. In 4 of 10
transgenic fishes expressing MYCN alone, we identified apoptotic sympathoadrenal cells
coexpressing activated Caspase-3 and GFP in the IRG (Figure S3A and S3B). A similar
number of MYCN;LMOL1 transgenic fish showed activated Caspase-3*, GFP* and mCherry™*
apoptotic sympathoadrenal cells in the IRG region (Figure S3A and S3B), suggesting that
transgenic expression of LMO1 does not rescue MYCN-induced developmentally-timed
apoptosis at 5.5 weeks of age. However, the total number of GFP* or mCherry™*
sympathoadrenal cells was significantly higher at 5.5 weeks of age in the fish coexpressing
MYCN and LMOL1 than in fish expressing MYCN alone (Figure S3C). Together, these
findings suggest that the increased proliferation of sympathoadrenal cells caused by
transgenic expression of LMO1 can overcome the MY CN-induced developmentally-timed
apoptotic response at 5.5 weeks of age in the transgenic fish expressing both MYCN and
LMOL. This, in turn, leads to the continued accumulation of the hyperplastic
sympathoadrenal cells and highly penetrant and fully transformed neuroblastomas.

LMOL1 collaborates with MYCN to promote metastases

Risk alleles within the LMO1 locus leading to a predisposition for the development of
neuroblastoma in children are associated with tumors expressing high levels of LMOI and
an increased frequency of metastatic disease at diagnosis (Wang et al., 2011). Thus, we
asked whether simultaneous expression of LMO1 and MYCN might promote tumor cell
metastasis in our zebrafish model. For this analysis, we studied sagittal sections of MYCN,
MYCN;LMO1, and MYCN;ALK transgenic fish at 5 to 7 months of age with GFP* tumors
of similar size. Sections from five fish per group were examined by pathologist in a blinded
fashion for the presence of metastatic disease. All of the primary tumors in these transgenic
zebrafish lines arose in the IRG (Figures 3A, 3B, 3H, 3N, and S4A). These tumors were
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composed of small, undifferentiated, and round tumor cells with hyperchromatic nuclei,
often forming nests that were comparable histologically to the human neuroblastomas we
described earlier (Zhu et al., 2012). Multifocal nests of tumor cells were also detected
interspersed among the renal tubules in the transgenic fish in all genotypes expressing
MYCN that developed tumors in the IRG (Figures 3A, 3C, 3I, 30, and data not shown).

Strikingly, in three of five transgenic fish coexpressing MYCN and LMO1, we observed
widespread tumor masses in multiple regions distant from the IRG and kidney, which were
not observed in fish transgenic for MYCN-only or MYCN plus activated ALK (five fish per
genotype, p<0.05, two-tailed probability by Fisher's exact test). Interestingly, each of these
three fish harbored metastases in the orbit (Figures 3A, 3D, 3J, 3P and S4B), a metastatic
site in children with neuroblastoma that is associated with a poor prognosis (Ahmed et al.,
2006; Maris et al., 2007; Smith et al., 2010). We also identified metastases in the gill
[functions in oxygen exchange, analogous to the mammalian lung (Menke et al., 2011)]
(Figures 3A, 3E, 3K, 3Q and S4C) and spleen [analogous to the mammalian lymph node
(Renshaw and Trede, 2012)] of transgenic fish expressing both MYCN and LMO1 (Figure
3A, 3F, 3L and 3R). Furthermore, in two fish, metastases were detected within the inner wall
of the atrial chamber of the heart, an indication of hematogenous dissemination (Figures 3G,
3M, 3S and S4D). The metastatic tumor cells at all sites were readily detected by
immunohistochemistry with the antibody against tyrosine hydroxylase (TH) (Figure 3H-M),
which identified cells in the PSNS neuroblast lineage; the antibody against GFP (Figure 3N-
S), which indicated cells expressing the transgenic MY CN-GFP fusion protein; and the
antibody against LMO1 (Figure S4), which revealed cells expressing the human transgene.
Of note, we observed similar levels of transgenic LMO1 protein expression in both primary
tumors and metastatic tumor cells (Figure S4), suggesting that LMO1 expression levels are
sufficient to optimally promote expression of downstream genes involved in enhanced
invasion and migration without selection for higher expression levels in metastatic
subclones. These findings indicate that transgenic expression of LMO1 in the PSNS of
transgenic fish promotes the hematogenous dissemination of neuroblastoma, consistent with
an association of the risk allele of LAMOZ1 with metastasis in high-risk neuroblastoma (Wang
etal., 2011).

Increased LMO1 expression promotes the invasive and migratory properties of human
neuroblastoma cells

Widespread hematogenous metastasis depends first on the ability of tumor cells to invade the
surrounding stroma and migrate toward the blood stream (Clark and Vignjevic, 2015). To
explore the effect of high levels of LMO1 expression on the invasive and migratory
properties of neuroblastoma cells, we first evaluated two M YCN-amplified human
neuroblastoma cell lines with different levels of endogenous LMO1 expression. We have
previously shown that the Kelly neuroblastoma cell line has a G/- genotype at the rs2168101
locus, and that the G allele is associated with a functional GATA-binding site, leading to the
formation of a super-enhancer that drives high levels of LMO1 expression (Oldridge et al.,
2015). By contrast, the BE2C cell line has a T/- genotype at this locus, and the T allele
prevents formation of a functional GATA-binding site, leading to the lack of a strong
enhancer and barely detectable LAMO1 expression (Oldridge et al., 2015). We first measured
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the LMOI1 expression in these two cell lines by semi-quantitative RT-PCR and
immunoblotting. These experiments confirmed that LMO1 expression is significantly higher
in the Kelly cell line than in the BE2C cell line at both mRNA (Figure 4A) and protein
(Figure 4B) levels.

Next, we performed a transwell invasion and migration assay by culturing both Kelly and
BE2C cell lines in serum-free media in the apical chamber over a collagen-coated transwell
permeable membrane. The membrane is in contact with a lower basolateral chamber filled
with media containing 10% FBS (Figure 4C). After 16 hours, the number of Kelly cells
passing through the membrane was 3-fold higher than the BEC2 cell line as assessed by
crystal violet staining of cells on the lower surface of the membrane (Figure 4D). Thus, the
Kelly cell line with higher levels of LMOI expression has a greater ability to invade and
migrate across a collagen-coated membrane. In addition, Kelly cells also migrated
significantly faster than BE2C cells toward a region that had been scraped with a pipette
along the bottom of the petri dish in a wound-healing assay (Figure 4E). These results
indicate that Kelly cells with high levels of endogenous LMOI expression have increased
invasive properties and higher levels of motility and greater migratory capacity than the
BE2C cells with low levels of endogenous LMO1 expression.

We then asked whether the lower levels of invasiveness, motility and migratory capacity of
the BE2C cell line could be attributed to its low levels of LMOI expression. We transduced
a MSCV-promoter-mediated LMO1 expression vector that also expresses GFP into the
BE2C cells by retrovirus infection, enabling us to detect significantly higher levels of LMO1
expression in the infected BE2C cells by RT-PCR (Figure 5A) or by immunoblotting (Figure
5B). Compared to the vector-expressing control cells, stable overexpression of LMO1
significantly increased the numbers of cells that invaded and migrated across the collagen-
coated membrane in the transwell assay (Figure 5C). The LMO1-expressing BE2C cells also
migrated faster toward the lesion in a wound-healing assay in which the cells were treated
with a proliferation inhibitor, mitomycin C (Di et al., 2015; McCarroll et al., 2004; Pullar et
al., 2003), prior to the scratch assay, indicating that the accelerated wound healing is
independent of cell proliferation (Figure 5D). We also detected faster random movement of
BE2C cells stably expressing LMOL1 than those expressing control vector when grown as
monolayers /n vitro (Figure 5E). These data indicate that increased levels of LMO1
expression can augment the invasiveness, motility and migratory capacity of BE2C cells,
establishing the role of LMOL in promoting these critical components of the metastatic
phenotype.

To further evaluate whether silencing LMO1 can attenuate the invasiveness and migratory
capacity of neuroblastoma cell lines with endogenous high levels of LMOZI expression, we
first knocked down LMO1 expression in two neuroblastoma cell lines, Kelly (G/-; MYCN
amplified) (Figure 4A) and SHEP-Tet/21N (G/G; MYCN nonamplified with a doxycycline
regulated Tet-off MYCN expression vector) (Lutz et al., 1996) (Figure S5A), using the
lentiviral-based shRNA that has been successfully used to knock down LMO1 expression in
a previous study (Wang et al., 2011). In contrast to cells infected with scrambled control
lentiviral ShRNA, Kelly cells (Figure S5B) and SHEP-Tet/21N cells treated with
doxycycline to silence MYCN expression (Figure S5C and S5D) underwent rapid cell death
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after LMOL lentiviral sShRNA infection, in agreement with previous reports that LMO1
expression is required for tumor cell survival in neuroblastomas with permissive risk alleles
(Oldridge et al., 2015; Wang et al., 2011). Due to dramatically reduced numbers of tumor
cells after LMO1 knockdown, we were unable to perform cell invasion and migration assays
after LMO1 knockdown in these lines.

Molecular pathways altered by increased LMO1 expression

To identify key genes affected by increased LMO1 expression, we first used RNA
sequencing to interrogate global gene expression profiles in BE2C cells expressing LMOL1 or
a control vector. By Gene Set Enrichment Analysis (GSEA), the LMO1-expressing BE2C
cells showed enrichment for a gene signature encoding “matrisome-associated proteins”
(Figure 6A), which consists of structural extracellular matrix (ECM) proteins together with
ECM-associated enzymes (Hynes and Naba, 2012; Naba et al., 2012). Also enriched in
LMO1-expressing BE2C cells were the related gene signatures for “ECM regulators”
(Figure 6B) and “integrins” (Figure 6C). We also performed transcriptome analyses between
Kelly cells (expressing high levels of endogenous LMOI) and BE2C cells (expressing low
levels of endogenous LMOJ). Finally, there was robust enrichment of the signature of genes
encoding “matrisome”, “extracellular matrix”, and “integrin” in Kelly cells compared to
BE2C cells by GSEA (Figure S6A-C).

To extend this analysis, we examined expression levels of the representative enriched genes
from these datasets. Using quantitative RT-PCR analyses of both human neuroblastoma cell
lines and zebrafish neuroblastomas, we detected increased expression of LOXL3, ITGAZB,
ITGAS3, and ITGA5in BE2C cells overexpressing LMOL (Figure 6D) and Kelly cells
(Figure 6E). In addition, we also detected downregulation of these candidate genes in Kelly
cells infected with LMOZ1 lentiviral-shRNA as compared to those infected with control
shRNA (Figure S6D), indicating that these genes are important downstream targets of
LMOL1. To examine the expression association of these genes with LMOZ in primary
neuroblastomas, we analyzed publically available microarray data and found a significant
correlation between expression levels of LAMO1 and all of the aforementioned genes in Stage
4 neuroblastomas with single-copy MYCN (Figure 6F), further supporting that these genes
are indeed crucial LMOL1 target genes that contribute to neuroblastoma dissemination. The
zebrafish homologues of these representative genes were also upregulated in zebrafish
neuroblastomas cells expressing transgenic LMO1 and MYCN vs. those expressing MYCN
alone (Figure 7A), supporting the idea that ECM-associated genes secreted by the
neuroblastoma cells with high levels of LMOL1 expression contribute to the increased
hematogenous dissemination and widespread metastasis in MYCN;LMO1 transgenic fish.

Among the upregulated ECM-associated genes, those in the lysyl oxidase (LOX) family
encode enzymes that crosslink collagen, leading to increased matrix stiffness and promoted
cancer cell invasion (Kagan and Li, 2003; Smith-Mungo and Kagan, 1998). To determine
whether collagen deposition within neuroblastoma is affected by upregulated L OX family
genes in LMO1-expressing tumors, we performed staining on the paraffin sections from
three MY CN-only and three MYCN;LMO1 tumors with picrosirius red (PSR), a highly
selective and widely used stain for collagen fibers to assess collagen deposition and ECM
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stiffness (Junqueira et al., 1978; Sweat et al., 1964). This assay showed significantly
increased numbers of PSR-stained collagen fibers, which also form thicker bundles, in the
tumors expressing both MYCN and LMO1, compared to the tumors expressing MYCN
alone (Figure 7B-F). These results support our findings that upregulation of ECM-associated
genes driven by high levels of LMO1 expression lead to increased collagen deposition and
remodeling of the matrix in ways that increase ECM stiffness and facilitate tumor cell
dissemination.

To further investigate whether suppression of LOX enzymatic activity could abolish the
enhanced invasive and migratory capacity of BE2C cells with stable overexpression of
LMO1, we treated the LMO1- or vector-expressing BE2C cells with an irreversible inhibitor
of LOX enzymes, p-aminopropionitrile (BAPN). In the control vector-expressing BE2C
cells, BAPN treatment did not change the numbers of cells that invaded and migrated across
the collagen-coated membrane in the transwell assay (Figure 7G and 7H). By contrast, the
numbers of LMO1-expressing BE2C cells passing through the membrane were significantly
reduced in the BAPN treated group compared to the control untreated group (Figure 7G and
7H). In addition, the monoamine oxidase assay showed that the LOX activity was
significantly reduced in both LMO1-and vector-expressing BE2C cells treated with the
BAPN (Figure 71). Hence, these findings support our findings that members of the LOX
family are critical downstream targets of LMO1, which contribute to metastasis in
neuroblastoma by promoting tumor cell invasion and migration.

Discussion

Here we show that high levels of LMO1 expression cooperate with MYCN to accelerate the
onset of neuroblastoma /n vivo and markedly increase its penetrance. These results provide
independent support in an animal model for recent GWAS findings implicating LMO1 as a
neuroblastoma susceptibility gene whose high levels of expression promote the initiation of
neuroblastoma in high-risk patients (Wang et al., 2011). We also provide evidence that
LMOL1 acts synergistically with MYCN to promote increased proliferation of hyperplastic
sympathoadrenal precursor cells in the IRG. LMO1 belongs to a family of transcriptional
cofactors that act as bridges to link master transcription factors together to control cell state
during development, leading to the formation of large enhancers that are themselves further
amplified by interacting with MYC family proteins. Importantly, transgenic expression of
LMO1 also promotes hematogenous dissemination of neuroblastoma in the form of multiple
distant metastases in transgenic zebrafish that also overexpress MYCN. As shown in this
report, the mechanism for this effect appears to be the upregulation of genes associated with
the ECM, providing insight into the connection between high levels of LAMO1 expression
and widespread metastasis in human neuroblastomas (Wang et al., 2011).

In our RNA-sequencing and GSEA analyses, we found that the gene signature defined as
“matrisome-associated-proteins” is significantly enriched in the BE2C cells with stable
overexpression of LMO1 and the Kelly cells with high levels of endogenous LMO1
expression. The “matrisome” consists of ECM proteins (core matrisome) and associated
factors (matrisome-associated proteins), as first defined by Hynes and colleagues based on in
silico analysis of genes encoding ECM-associated proteins (Hynes and Naba, 2012; Naba et
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al., 2012). Representative enriched genes from these processes, including LOXL3, ITGAZB,
ITGAS3, and ITGAS, were significantly upregulated in both human neuroblastoma cell lines

and zebrafish neuroblastomas with increased levels of LMOL1 expression, suggesting that the
dynamic remodeling of the ECM might be involved in LMO1-induced tumor metastasis.

The ECM supports cell proliferation, survival, differentiation, and migration by providing
architectural support and biophysical/biochemical cues (Hay, 1981; Hay, 1989). Tumor-
associated ECM remodeling, such as increased collagen deposition, fiber alignment and
crosslinking, results in increased ECM stiffness and mechanical force, leading to enhanced
metastasis (Levental et al., 2009; Paszek et al., 2005). The LOX family, including LOX and
LOX-like 1-4 genes, encode secreted copper-dependent amine oxidases that are the key
regulators for cross-linking of collagen and elastin and stiffening of cancer tissue (Kagan
and Li, 2003; Smith-Mungo and Kagan, 1998). Elevated expression of LOX family genes
has been reported to be associated with invasion and metastasis of high-grade tumors of
various cancer types (Hoye and Erler, 2016; Naba et al., 2012), including breast (Erler et al.,
2006; Kirschmann et al., 2002), colorectal (Baker et al., 2011), prostate (Lapointe et al.,
2004), hepatocellular carcinoma (Wong et al., 2014) and head and neck cancers (Barker et
al., 2012). Consistent with this mechanism, we found that a member of the lysyl oxidase
family genes, LOXLS3, is significantly upregulated in the BE2C cells with stable
overexpression of LMOL, and Kelly cells with endogenous high levels of LMO1 expression,
as well as neuroblastomas arising in MYCN;LMO1 transgenic fish. We also observed
significantly increased numbers of PSR-stained collagen fibers, suggesting increased
deposition of collagen in the zebrafish tumors coexpressing MYCN and LMO1. Hence,
these findings suggest that the remodeling of tumor microenvironment by upregulated ECM
regulators, including increased deposition of collagens and augmented stiffness of the ECM
induced by LOX family members, might facilitate LMOZ1-induced neuroblastoma invasion
and metastasis.

Moreover, ECM stiffness can promote focal adhesion assembly, which also enhances cell
migration. Focal adhesions are membrane-associated multiprotein complexes that form
mechanical links between intracellular actin bundles and the extracellular substrate through
integrins, which are transmembrane glycoproteins (Hynes, 2002). Stiffened ECM can
activate integrins to form heterodimers at the cell surface and subsequently the intracellular
domain of integrins that bind to the cytoskeleton via adapter proteins, thus triggering
signaling cascades that result in remodeling of the cytoskeleton (Miranti and Brugge, 2002).
The dynamic assembly and disassembly of focal adhesions plays a central role in cell
migration. We found that many members of the integrin family genes, such as /TGAZB,
ITGAS3, and ITGAS, were upregulated in LMO1-expressing BE2C cells, Kelly cells, and
neuroblastomas in the transgenic fish-coexpressing MYCN and LMOL.

Upregulation of integrins has been shown to be associated with invasion and motility in
many types of tumor cells (Ganguly et al., 2013). For example, integrin a5 acts downstream
of Runtrelated transcription factor 2 (RUNX2) and steroid receptor coactivator-1 (SRC-1)
to promote breast cancer cell adhesion and metastasis to the bone (Li et al., 2016; Qin et al.,
2011). A high /TGA3/CD9expression ratio is associated with a high rate of lymph node
metastasis and invasive histopathology of oral squamous cell carcinoma (Nagata et al.,
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2013), while enhanced ITGA3/ITGBL1 signaling by downregulation of miR-223 contributes
to migration and invasion of PCa cancer cells (Kurozumi et al., 2016). In addition, high
levels of /TGAZB expression have been shown to correlate with poor prognosis for overall
survival of clear cell renal cell carcinoma (Lu et al., 2016). Taken together, these findings
indicate that the increased cell migration in human neuroblastoma cell lines with high levels
of LMO1 expression or tumor metastasis in transgenic fish coexpressing MYCN and LMO1
could be in part due to enhanced assembly of focal adhesion complex and rearrangement of
actin cytoskeleton by upregulated integrins. Hence, our zebrafish model of neuroblastoma
with coexpression of LMO1 and MY CN should provide a valuable platform for evaluating
the effect of integrin inhibitors to prevent or inhibit neuroblastoma metastasis /n vivo
(Dennis et al., 1990; Hartman et al., 1992; Neely et al., 2010; Tcheng et al., 2001).

Our results suggest a model of the underlying molecular mechanisms that explain the
synergy between LMO1 and MYCN in neuroblastoma metastasis (Figure 8). Very briefly,
LMO1 upregulates the expression of ECM regulatory genes, leading, in turn, to remodeling
of the extracellular matrix, assembly of focal adhesion complexes and rearrangement of the
actin cytoskeleton, which together result in enhanced invasion, motility and metastasis of
cells with high levels of LMO1 expression. It will be important in the future to extend these
studies to investigate /77 vivo how neuroblastoma cells with high levels of LAMO1 expression
interact with the microenvironment to promote metastasis. Our studies provide mechanisms
through which LMO1 expression driven by the risk G allele contributes to tumor invasion
and dissemination, which remain as major problems in two-thirds of children with high-risk
forms of this disease.

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Shizhen Zhu (zhu.shizhen@mayo.edu).

Experimental Model and Subject Details

Cell Lines and Cell Culture

The human neuroblastoma Kelly cell line was obtained from Sigma-Aldrich; the
neuroblastoma BE2C cell line was obtained from the American Type Culture Collection
(ATCC); the neuroblastoma SHEP-Tet/N21 cell line was a generous gift from Dr. M.
Schwab at the German Cancer Research Center, Heidelberg, Germany (Lutz et al., 1996).
These human neuroblastoma cell lines were cultured in RPMI 1640 medium (Gibco 22400)
supplemented with 10 % (v/v) fetal bovine serum (FBS) (Gibco, 26140079), penicillin (100
U/ml), and streptomycin (100 mg/ml) at 37°C with 5% CO,. Medium was changed once
every two days. The cell lines were authenticated by ATCC using STR profiling.

Animal models

Zebrafish were all of the AB background strain. Embryos were staged according to Kimmel
et al. (Kimmel et al., 1995). All zebrafish studies and maintenance of the animals were in
accord with Dana-Farber Cancer Institute IACUC-approved protocol #02-107 and Mayo
Clinic IACUC-approved protocol # A41213.
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Method Details

DNA constructs for transgenesis

To generate dBh:LMOI DNA constructs for the Tg(@Bh:LMO1), Tg(aph.-mCherry)
transgenic lines, we first amplified the coding region of human LMO1 using PCR with
following program:1 cycle of 94 °C for 2 min, followed by 30 cycles of (94°C, 30 sec, 55°C,
30 sec, 72°C, 1 min),72°C, 7 min (forward LMO1 ATTB1 primer: 5’-
GGGGACAAGTTTGTACAAAAAAGCAGGCTACACCATGATGGTGCTGGACAAGGA
GGA-3" and reverse LMO1 ATTB2 primer: 5’-
GGGGACCACTTTGTACAAGAAAGCTGGGTTTACTGAACTTGGGATTCAAAGGT-3")
. The PCR product was cloned into the pDONRZ221 gateway donor vector by BP reaction.
Then, the expression construct was generated by combining three entry clones --- g5/~
PDONRPA-PIR, L MO1-pDONR2Z21 and p3E-polyA--- with a modified destination vector
containing /-Sce/ recognition sites using the multisite Gateway system (Invitrogen, CA)
(Zhu et al., 2012). The aBh:mCherry DNA construct was generated with the Multisite
Gateway System by combining entry clones of a 5.2-kb g8/ promoter (Zhu et al., 2012),
PME-mCherry and p3E-polyA into the modified destination vector containing /-Sce/
recognition sites.

To generate stable lines that overexpress LMOL in the PSNS, we linearized the aph:LMO1
DNA construct and the aBh:mCherry DNA construct (3:1 ratio) with the /-Sce/ enzyme.
Total DNA (50-80 pg) was then injected into one-cell-stage wild-type embryos. The
T9(aBh.LMO1), Tg(aph:mCherry) zebrafish line is designated the “LMO1” transgenic line
in the main body of text. F1 offspring were first screened by fluorescent microscopy for
mCherry expression, and the germline transmission of the LMO1 gene was confirmed by
genomic PCR of the mCherry* embryos using the following primers: LMO1 FW1: 5’-
GATGGTGCTGGACAAGGAGGACGGCG-3” and LMO1 RV: 5’-
GGTGCCATTGAGCTGCCCTTCCT-3’ and the following PCR program: 1 cycle of 94°C
for 5 min, 30 cycles of (94°C for 30 s, 55°C for 30 s, and 72°C for 60 s). A 450-bp fragment
of the LMOL1 transgene fragment was amplified and confirmed by sequencing. A portion of
the linearized gBh:mCherry DNA construct (50-80 pg) was injected into one-cell-stage wild-
type embryos to develop stable transgenic line overexpressing mCherry alone in the PSNS.

Tumor watch and genotyping of transgenic fish

MYCN and LMOL1 heterozygous transgenic fish were interbred, and the offspring were
grown under identical conditions and then screened every 2 weeks, starting from 5 weeks
postfertilization (wpf) for fluorescent EGFP- or mCherry-expressing cell masses indicative
of tumors. Fish with tumors were separated, genotyped and analyzed further by H&E
staining and immunohistochemical assays. For genotyping, genomic DNA extracted from
finclips was PCR-amplified with the following primers: LMO1 FW1: 5~
GATGGTGCTGGACAAGGAGGACGGCG -3"; LMO1RV: 5'-
GGTGCCATTGAGCTGCCCTTCCT -3”; MYCN-test F1: 5'-CTG CTT GAG AAC GAG
CTG TG-3’; and MYCN-R3: 5"-AGG CAT CGT TTG AGG ATC AG-3’. LMO1
genotyping PCR was performed with Tag DNA Polymerase (New England Biolabs, MA)
using the program described above, while MYCN genotyping was performed with the GC-
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RICH PCR System (Roche Applied Science, IN) using the following program: 1 cycle of
95°C for 3 min, 25 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 3 min.

EdU pulse-labeling

For EdU pulse-labeling, 1 pl of 2.5 mg/ml Edu solution from the Click-iT Alexa Fluor 647
imaging kit (Life technologies, Cat# C10340) was injected retro-orbitally into anesthetized
transgenic fish at 5 weeks of age. Two hours after injection, the fish were fixed for
cryosectioning according to the protocol below, with immunostaining according to the
manufacturer's protocol.

Cryosectioning

Embryos or juvenile fish at indicated stages were fixed with 4% paraformaldehyde at 4°C
overnight, washed with phosphate-buffered saline with 0.1% Tween 20 (PBST), embedded
in 1.5% agar / 5% sucrose, and sunk in 30% sucrose at 4°C overnight. Sagittal sections (12
um each) through the whole fish were taken from the embedded specimens using a
conventional cryostat.

Immunostaining and picrosirus red staining

Imaging

For immunofluorescence assays, primary antibodies against GFP (Thermo Fisher Scientific,
Cat# A6455, 1:500; and Cat# A11120, 1:500) and activated Caspase-3 (BD Biosciences,
Cat# 559565, 1:250) were incubated on slides at 4°C overnight, washed with PBST,
visualized with secondary antibodies conjugated with Alexa 488, 633 or 647 (Thermo Fisher
Scientific, 1:500), and counterstained with DAPI for nuclear staining.

Paraffin sectioning followed by H&E staining was performed at the DF/HCC or Mayo
Clinic Research Pathology Core. Immunohistochemistry of paraffin sections was performed
using a Leica BOND-MAX instrument and BONDTM reagents with primary antibodies
against TH (Pel-Freez, Cat# P40101, 1:500), GFP (Thermo Fisher Scientific, Cat# A6455,
1:500) and LMO1 (Abcam, Cat# ab84456, 1:250) using standard protocols. Collagen
accumulation was detected by picrosirius red staining using the picrosirius red stain kit
(Polysciences, 24901-250). The picrosirius red-positive collagen fibers were counted in at
least three random fields for each section using ImageJ software.

A Zeiss Lightsheet Z.1 microscope and a Leica MZ10F Stereo fluorescence microscope
were used for capturing the bright field and fluorescent images of tumor fish. Confocal
images of the EGFP*, mCherry* or immunostained sections were collected with a Zeiss
LSM 780 laser scanning confocal microscope at the Microscopy and Cell Analysis core
facility at Mayo Clinic. For the bright-field images of H&E stained, picrosirius red stained
or immunostained paraffin sections, we used an Olympus AX70 compound microscope
equipped with an Olympus DP71 camera. For the wound-healing assay, 10x phase-contrast
images were acquired every 2 hours over a 24-26 hours period using a Zeiss Observer. Z1
microscope equipped with an AxiaCam MRm camera. At least 10 representative fields per
well were imaged. The acquired images were processed and compiled with Zeiss ZEN 2012,
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Leica Application Suite X (v. 2.0.0), Adobe Photoshop, Illustrator CS3 (Adobe), Image-Pro
and Image J software.

Cell counts on sections

To analyze the development of the sympathoadrenal cells before tumor onset, the
aph:mCherry, LMO1, MYCN and MYCN;LMO1 transgenic fish were cryosectioned,
stained with primary antibodies against GFP or activated Caspases-3 and imaged with
confocal microscopy at 5 and 5.5 wpf. All sections from each individual fish were scanned,
a single representative section containing the largest number of sympathoadrenal cells or
activated Caspases-3 positive sympathoadrenal cells in the IRG was selected, and the
resultant cell numbers were quantified.

To assess the proliferative capacity of the sympathoadrenal cells in the IRG of gph-EGFP,
MYCN, LMO1 and MYCN;LMOL1 transgenic fish at 5 weeks of age, we cryosectioned the
transgenic fish that had undergone 2-hour EdU pulse-labeling, followed by immuostaining
with primary antibody against GFP and confocal imaging. A single representative section
with the highest ratio of EdU* sympathoadrenal cells to the total number of GFP* or
mCherry* sympathoadrenal cells in the IRG was selected, and the numbers of those cells
were quantified.

Virus production and infection

The MSCV-IRES-GFP (MIG) retroviral expression vector containing LMOZ1 cDNA was a
gift from Dr. Sanda Takaomi at the Cancer Science Institute of Singapore. The retroviral
construct containing LMO1 or empty vector was co-transfected into 293T cells with
packaging plasmid pMD-MLVogp and envelope plasmid VsVg using FUGENE 6 reagent
(Roche). Supernatants containing the retrovirus were collected, filtered through a 0.45 pm
filter and infected BE2C cells in the presence of polybrene (8 pg/mL). MSCV-promoter-
mediated expression of LMOL in the stable cell lines was verified by gRT-PCR and western
blot analyses.

For LMO1 knockdown, Kelly and SHEP-Tet/N21 cells were infected with control scrambled
shRNA lentiviral particles (Santa Cruz, sc-108080) or LMO1 shRNA (h) lentiviral particles
(Santa Cruz, sc-38025-v). The infected cells were treated with puromycin (Sigma P9620) for
36 hours, and mRNA was harvested at 96 hours post infection to determine the level of
LMO1 knockdown and the expression of candidate LMO1-target genes. The numbers of
cells in 6-well plates were counted manually once every two days from day 3 to day 9 after
infections. All the values were normalized to the numbers of infected cells at day 3 to
generate the growth curve.

Transwell migration and invasion assay

5 x 10% cells were seeded on an insert coated with collagen (8 um pore size) in the upper
chamber with serum free medium. Media containing 10% fetal bovine serum was added to
the lower chamber. After 16~20 hours of incubation, the cells remaining on the upper
membrane were removed with cotton wool. The cells that had migrated through the
membrane were fixed with 100% pre-chilled methanol, stained with crystal violet and
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imaged using an Olympus AX70 compound microscope. At least 5 representative fields per
membrane were imaged. Experiments were independently repeated three times.

For the LMO1 or vector-overexpressing BE2C cells subjected for the LOX inhibitor BAPN
treatment, they were first incubated with 500 uM BAPN (A3134-5G, Sigma) for 24 hours
and then seeded on an insert coated with collagen in the upper chamber with serum free
medium. The cell culture supernatant was collected for measuring LOX activity using the
Amplex Red Monoamine Oxidase Assay Kit (Life Technologies, A12214).

Wound-healing assay

1.5 x 10° cells were seeded in a well of 6-well plate and incubated for 24 hours to achieve
90-100% confluence. Sterile yellow pipette tips were used to create wounds. After being
rinsed with phosphate-buffered saline (PBS) 3 times, cells were further cultured in RPMI
1640 medium supplemented with 10% FBS for 22-26 hours at 37°C. Assays were repeated
three times for each cell line. Cells migrated into wound area were quantified by relative
percentage of wound area covered by migrated cells to the original wound area. To
distinguish the effect of migration from proliferation, LMO or vector-expressing BE2C
cells were incubated with 20 pg/ml mitomycin C (Sigma M4287) for 2 hours prior to the
scratch assay to inhibit proliferation.

Time-lapse microscopy and cell motility measurement

Neuroblastoma cells were sparsely seeded in single wells with a glass bottom. 10x phase-
contrast time-lapse images were acquired every 30 minutes over 24 hours using a Zeiss
Observer. Z1 microscope equipped with an AxiaCam MRm camera. At least 10
representative fields per well were imaged. Cell centroids of each cell throughout the time
sequence were determined manually. A nearest neighbor algorithm (Huth et al., 2010) was
applied to track cell movements.

Western blotting

Protein lysates were prepared from neuroblastoma cell lines in pre-chilled RIPA buffer (150
mM NaCl, 50 mM Tris-HCI pH 8, 5 mM EDTA, 50 mM PMSF, 1% Igepal CA 630, 0.5%
sodium deoxycholate, 0.1% SDS and 1x Halt protease inhibitor cocktail). Protein
concentrations were determined by Bradford assay (BioRad). About 80 g of protein lysates
were separated by 12% gel electrophoresis, transferred to PVDF membranes (Millipore) and
probed overnight at 4°C with the following primary antibodies: anti-LMO1 (Bethyl
Laboratories, 1:1000), anti-GFP (Abcam; ab6556, 1:5000), anti-p-ACTIN (Biolegend,
Poly6221; 1:500). Primary antibody binding was visualized on X-ray film using anti-mouse-
HRP (Cell Signaling 7076; 1:5000) or anti-rabbit-HRP (Cell Signaling 7074; 1:5000)
secondary antibodies along with Pierce ECL western blotting substrate or SuperSignal West
chemiluminescent substrates (Thermo Fisher Scientific).

RNA extraction and real-time PCR analysis

Total RNA was isolated from neuroblastoma cell lines (~ 10,000 cells), sorted PSNS cells or
tumors of control gBh.mCherry, MY CN-only and MYCN;LMO1 transgenic fish using
Trizol (Sigma-Aldrich). RNA was reverse-transcribed using Superscript™ I11 reverse
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transcriptase (Thermo Fisher Scientific, Cat# 18080044) with oligo (dT) primer. The real-
time PCR was performed using CFX96 Touch™ Real-Time PCR Detection System (BIO-
RAD) with the SYBR Supermix (BIO-RAD). Sequences of primer sets are available in
Supplemental table 1. All reactions were performed in triplicate. Quantitative data were
calculated from the Ct-values for each reaction using the mean reaction efficiency for each
primer pair. Data were normalized to the expression levels of ACT/N for human genes and
the e/fafor zebrafish genes, respectively.

Gene expression correlation analysis

The TARGET RNAseq cohort is available from the Sequence Read Archive (SRA) study
(accession phs000467). Gene expression is quantified as transcripts per million (TPM) by
using Kallisto (Bray et al., 2016). Multiple transcriptions were aggregated into gene
expression level. The SEQC RNA-seq cohort is available from Gene Expression Omnibus
(GEOQ), accession code GSE62564. Gene expression was quantified as Fragments Per
Kilobase (FPKM) as described earlier (Wang et al., 2014). The TARGET HumanExon
cohort is available from the data matrix portal (https://ocg.cancer.gov/programs/target/data-
matrix). The NRC HumanExon microarray expression data is available from GEO,
accession code GSE85047. The gene expression correlation between LMOZ1 and MYCN was
computed using the Spearman's rank correlation coefficient.

The Westermann-105-custom-ag44kcwolf microarray expression data is available from
GEO, accession code GSE73517. Expression intensities were normalized using Robust-
Multichip Analysis (RMA). High-risk cases are those categorized as Stage 4 (INSS) tumors
in patients diagnosed older than 18 months old. The gene expression correlations between
LMO1and LOXL3, ITGAZB, ITGAS3, or ITGA5were computed using the Pearson
correlation coefficient.

RNA-sequencing analysis

Fastq files containing paired RNA-seq reads were aligned using Tophat 2.0.14 software
(Kim et al., 2013) and then analyzed against the UCSC hg19 reference genome using Bowtie
2.2.6 software (Langmead and Salzberg, 2012) with default settings. The gene counts from
uniquely mapped, non-discordant read pairs were obtained using the subRead featureCounts
program (v1.4.6) and these genes were annotated based on the UCSC hg19 Illumina
iGenomes annotation package. Read counts were further normalized using size factors from
the DESeq package (Anders and Huber, 2010). The data were then log2 transformed after
the addition of +1 to all counts. The genes with log2 [nCounts+1]> 1 (~ 17577 genes) were
subjected for differential expression analysis using the DESeq package.

Gene set enrichment analyses (GSEA)

Genes from whole transcriptomic data were ranked based on the fold changes of gene
expression (in log2 scale) in LMO1-epxressing BE2C cells vs. vector-expressing Be2C cells,
or Kelly cells vs. BE2C cells. Pre-ranked option of GSEA (Subramanian et al., 2005) was
performed using canonical pathway (CP) gene signatures with 1000 permutations for
statistical evaluation. Curated genesets (CP) corresponding to canonical pathways (1330

Cancer Cell. Author manuscript; available in PMC 2018 September 11.


http://https://ocg.cancer.gov/programs/target/data-matrix
http://https://ocg.cancer.gov/programs/target/data-matrix

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhu et al. Page 17

pathways) under C2 category in MSigDB (http://software.broadinstitute.org/gsea/msigdb/
index.jsp) were used. Pathways with nominal p value <0.05 were deemed enriched.

Quantification and Statistical Analysis

Statistical analysis was performed using GraphPad Prism software version 5.0 (La Jolla,
CA). The method of Kaplan and Meier was used to estimate the rate of tumor development.
Fish that died without evidence of EGFP* or mCherry* masses were censored. The log-rank
test was used to assess differences in the cumulative frequency of neuroblastoma between
MY CN-only transgenic fish and MYCN;LMOL transgenic fish. To address the possibility of
unequal variances, the Welch t-test followed by the Bonferroni correction was used to
compare the differences between two groups in fish studies. One-way ANOVA with Tukey's
post-hoc test was performed to compare the differences among groups in cell line studies.
Unpaired t-test (two-tailed) was used when two groups were compared. For all experiments
with error bars, the standard error of the mean was calculated and the data were presented as
mean £ SD. The sample size for each experiment and the replicate number of experiments
were included in the figure legends.

Data and Software Availability

All RNA-sequencing data generated in this study have been deposited in the GEO under ID
code GSE90087.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Neuroblastoma is an embryonal tumor of the peripheral sympathetic nervous system that
is widely disseminated at diagnosis and accounts for 10% of all pediatric cancer-related
deaths. A genome-wide association study (GWAS) identified LMO1 as a neuroblastoma
susceptibility gene that is upregulated in high-risk neuroblastoma. Using our zebrafish
model of tumorigenesis, we substantiate the role of LMO1 in the initiation and
progression of neuroblastoma, demonstrating that the oncogenic mechanism is an
increase in neuroblast cell proliferation during tumor initiation. Coexpression of LMO1
and MYCN also deregulates genes promoting tumor cell-extracellular matrix interaction,
leading to metastasis.
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Highlights
1 Coexpression of LMOI1 with MYCN promotes neuroblastomagenesis.

2. Transgenic expression of LMO1 promotes neuroblastoma metastasis /n vivo.

3. Increased LMOL1 expression enhances neuroblastoma cell invasion and
migration.
4, Increased LMO1 expression upregulates genes affecting tumor cell-matrix

interactions.
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Figure 1. Coexpression of LMO1 and MYCN isassociated with an earlier onset and increased
penetrance of neuroblastoma
(A) Kaplan-Meier analysis of the cumulative frequency of neuroblastoma development over

6 months in stable transgenic zebrafish lines. MYCN represents heterozygous stable
transgenic fish [ 7g(aBh.EGFP-MYCN)]; LMO1#1 and LMO1#2 represent two individual
heterozygous stable transgenic fish line [ 7g(dBh.L MO1), Tg(gjph-mCherry) line #1 and #2].
The differences in cumulative frequency of neuroblastoma between MY CN-only transgenic
fish and MYCN;LMO1#1 or #2 transgenic fish is statistically significant (p<0.0001, by the
log-rank test).

(B) Top: MYCN transgenic fish with EGFP-expressing tumor (arrows) at 14 weeks post
fertilization (wpf). Bottom. MYCN;LMOL1 transgenic fish with EGFP and mCherry-
expressing tumor (arrowheads) at 5 weeks post fertilization (wpf). Scale bar, 1 mm.

(C) Spearman's correlation analysis of LAMO1 and MYCN expression in high-risk
neuroblastomas with single-copy MYCN. Data were derived from TARGET RNAseq
cohort, the Sequence Read Archive (SRA) study accession phs000467. See also Figure S1.
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Figure 2. Transgenic expression of LM O1 promotes MY CN-induced hyperplasia of
sympathoadrenal cellsin theinterrenal gland (IRG) at 5 weeks

(A) Sagittal sections through the IRG regions of the indicated transgenic fish at 5 wpf
(dorsal up, anterior left). GFP, green; mCherry, red; Merge, combined green, red and blue.
MCherry*/GFP*sympathoadrenal cells are indicated by brackets. Dotted lines indicate the
head kidney (HK)boundary. Scale bar, 10 pm.

(B) Comparison of numbers of mCherry* or GFP* sympathoadrenal cells in the IRG of
aph.mCherry, LMO1, MYCN, MYCN;ALK and MYCN;LMO1 transgenic fish at 5 wpf.
(C) Ratio of EdU-labeled sympathoadrenal cells to the total number of GFP* or mCherry*
sympathoadrenal cells in dBh:EGFP, MYCN, LMOL1, and MYCN;LMO1 transgenic fish at
5 weeks.

Data are mean values of minimum five fish per group (B and C, horizontal bars). See also
Figures S2 and S3.
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Figure 3. Coexpression of LMO1 and MYCN promotes distant metastases of neuroblastoma
(A-G) H&E-stained sagittal sections of MYCN;LMOL1 transgenic fish at 6 months of age.

(H-S) Immunohistochemical analyses of the sagittal sections of MYCN;LMOL transgenic
fish in magnified views, using tyrosine hydroxylase (TH) antibody (H-M) or GFP antibody
(N-S). White box outlines the interrenal gland (b, h), magnified in panels B, H and N.
Disseminated tumor cells were detected in the kidney marrow (c, i, C, | and O, solid black
arrowheads), the sclera of the eye (d, j, D, J and P, open arrow), the gill (e, k, E, K and Q,
open arrowhead), the spleen (f, I, F, L and R, solid black arrow), and the heart chamber (G,
M and S, double arrowheads). Scale bars, 100 pm (A) and 50 um (B-S). See also Figure S4.
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Figure 4. Increased LM O1 expression promotes theinvasive and migratory properties of human
neuroblastoma cells

(A) Relative expression of LMOIto ACTIN in the BE2C and Kelly cell lines, by semi-
guantitative RT-PCR analysis.

(B) Immunoblot of LMO1 expression (arrow) in the BE2C and Kelly cell lines. The levels of
ACTIN expression serve as loading control.

(C) Schematic diagram of transwell invasion and migration assay.

(D) Transwell invasion and migration assay of the BE2C and Kelly cell lines. Left: Crystal
violet-stained migrated cells. Right: Number of migrated cells through the membrane per
field (real number). Scale bar, 200 pm.

(E) Wound-healing assay of the BE2C and Kelly cell lines. Left: representative brightfield
pictures of cells at 0 or 24 hour (hr) time-point. Right: quantification of cells migrated into
wound area. Scale bar, 200 pm. Data are represented as mean + SD of triplicate experiments
(A, D and E). See also Figure S5.
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Figure5. Increased LMOL1 expression in BE2C cells promotes cell invasion and migration
(A) Q RT-PCR analysis of LMO1 expression in the BE2C cells with stable overexpression

of LMO1 (+LMO1) or control vector (Ctl).

(B) Immunoblot of LMOZ1 (arrow) and control GFP expression in the BE2C cells with stable
overexpression of LMO1 (+LMOZ1) or control vector (Ctl). The levels of GFP and ACTIN
expression serve as loading control.

(C) Transwell migration assay of the BE2C cells with overexpression of LMO1 (+LMO1) or
control vector (Ctl). Left: Crystal violet-stained migrated cells. Right: Number of migrated
cells through the membrane per field (real number). Scale bar, 200 pum.

(D) Wound-healing assay of the BE2C cells with overexpression of LMO1 (+LMO1) or
control vector (Ctl). Left: representative brightfield pictures of cells at 0 or 26 hour (hr)
time-point. Right: quantification of migrated cells into wound area. Scale bar, 200 pm. The
data are represented as mean + SD of triplicate experiments (A, C and D).

(E) Comparison of the speed of random migration of human neuroblastoma cell lines,
including BE2C cells with stable overexpression of LMO1 (+LMO1) or control vector (Ctl)
and Kelly cells. Mean values (horizontal bars) were compared by One-way ANOVA with
Tukey's post-hoctest.
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Figure 6. Increased LM OL1 expression upregulates genes affecting tumor cell-ECM interaction
(A-C) Left panels: GSEA of the gene expression profile of BE2C cells with stable

overexpression of LMOL1 (+LMO1) or control vector (Ctl). Representative significantly
enriched gene signatures include the matrisome-associated proteins (A, NABA Matrisome-
Associated gene set, p<0.001), extracellular matrix regulators (B, NABA ECM Regulators
gene set, p=0.003) and integrins (C, HGNC INTEGRIN Family, p=0.002). Genes are ranked
by score and plotted on the x-axis by vertical black bars, and the normalized enrichment
score is plotted in green. Right panels: Heat maps of the expression of genes that constitute
to the given processes. Each row corresponds to a gene whose expression is normalized
across the row. Representative enriched genes that subjected for gRT-PCR analysis are
marked in the heat maps.

(D,E) Relative expression values of the representative genes identified from enriched
biological processes in LMO1-expressing (+LMO1) vs. vector-expressing control (Ctl)
BE2C cells (D), or in Kelly vs. BE2C cells (E) by qRT-PCR analyses. All the values were
further normalized to the mean of each given gene in the vector-expressing control BE2C
cells (D) or in the BE2C parental cells (E). The data are represented as mean + SD of
triplicate experiments; * p<0.05, **p<0.01 and ***p<0.001 by two-tailed t-test.

(F) Correlation analyses between LMOI and LOXL3, ITGAZB, ITGAS3, or ITGA5S
expression in stage 4 neuroblastomas with single-copy MYCN. Data were derived from
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Westermann-105-custom-ag44kcwolf microarray expression data GSE73517. See also
Figure S6.
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Figure 7. Increased LMOL1 expression promotes collagen deposition and L OX-dependent cell
migration and invasion

(A) Relative expression values of /ox/3, itga2b, itga3, and itga5to elfain neuroblastoma
from three MY CN-only or three MYCN;LMO1 transgenic fish by gRT-PCR analysis. All
the values were further normalized to the mean of each given gene in MYCN-only tumors.
The data are represented as mean + SD; *p<0.05 and **p<0.01 by two-tailed t-test.

(B-E) Representative light microscopy images of picrosirius red (PSR)-stained collagen
fibers on the tumor sections from MYCN-only (B, C) or MYCN;LMOL1 (D, E) transgenic
fish. Boxed area in B and D were magnified in C and E, with arrows (B, C) and arrowheads
(D, E) indicating the PSR-positive collagen fibers, respectively. Scale bars, 100 um (B, D)
and 50 um (C, E).

(F) Quantification of PSR-stained area on MYCN-only or MYCN;LMO1 tumor sections.
Results were normalized to the mean of PSR-stained area in MYCN-only tumors. The data
are represented as mean + SD of three MYCN-only or three MYCN;LMO1 tumors; p=0.02
by two-tailed t-test.

(G) Transwell migration assay of the BE2C cells with overexpression of LMO1 (+LMO1) or
control vector (Ctl) in the absence (Control) or presence of LOX inhibitor BAPN (500 uM)
(BAPN). Scale bar, 200 pm.

(H) Quantification (real number) of migrated cells through the membrane per field in (G).
() Amplex Red assay to determine LOX enzymatic activity in media of the control (Ctl) or
LMOZ1-expressing (+LMO1) BE2C cells with or without treatment of BAPN. Data are
represented as mean + SD of triplicate experiments (H and I), **p<0.01 and ***p<0.001 by
one-way ANOVA with Tukey's post-hoc test.
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Figure 8. Hypothetical modd for the synergy between LM O1 and MYCN in neuroblastoma
metastasis

When neuroblastoma cells coexpress high levels of MYCNand LMOJ, the expression of
ECM regulator genes, including LOXL3, ITGAZB, ITGA3, and ITGAS, is upregulated. This
could lead to the remodeling of extracellular matrix, the assembly of focal adhesion
complexes, and the rearrangement of actin cytoskeleton, subsequently resulting in enhanced
invasion, motility and metastasis of these neuroblastoma cells.
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