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ABSTRA Relapse rates in high-risk neuroblastoma remain exceedingly high. The malignant

cells that are responsible for relapse have not been identified, and mechanisms
of therapy resistance remain poorly understood. In this study, we used single-nucleus RNA sequenc-
ing and bulk whole-genome sequencing to identify and characterize the residual malignant persister
cells that survive chemotherapy from a cohort of 20 matched diagnosis and definitive surgery tumor
samples from patients treated with high-risk neuroblastoma induction chemotherapy. We show that
persister cells share common mechanisms of chemotherapy escape, including suppression of MYC(N)
activity and activation of NF«B signaling, and the latter is further enhanced by cell-cell communi-
cation between the malignant cells and the tumor microenvironment. Overall, our work dissects the
transcriptional landscape of cellular persistence in high-risk neuroblastoma and paves the way to the
development of new therapeutic strategies to prevent disease relapse.

SIGNIFICANCE: Approximately 50% of patients with high-risk neuroblastoma die of relapsed re-
fractory disease. We identified the malignant cells that likely contribute to relapse and discovered
key signaling pathways that mediate cellular persistence. Inhibition of these pathways and their down-

stream effectors is postulated to eliminate persister cells and prevent relapse.

See related commentary by Wolf et al., p. 2308

INTRODUCTION

Chemotherapy resistance and disease relapse remains the
leading cause of mortality among children with cancer. In
high-risk neuroblastoma, a childhood cancer derived from
the developing sympathetic nervous system, relapse rates are
approximately 40% to 60% even when there is an apparent
complete radiographic remission, suggesting that a subset
of malignant cells can persist through multimodal intensive

!Division of Oncology and Center for Childhood Cancer Research, Chil-
dren’s Hospital of Philadelphia, Philadelphia, Pennsylvania. 2Division of
Hematology-Oncology, Edmond and Lily Safra Children’s Hospital, Sheba
Medical Center, Tel-Hashomer, Israel. 3Cancer Research Center, Sheba
Medical Center, Tel-Hashomer, Israel. “Department of Pediatrics, Penn
State College of Medicine, Philadelphia, Pennsylvania. *Department of
Biochemistry and Molecular Biology, Penn State College of Medicine, Phil-
adelphia, Pennsylvania. Cancer Institute, Penn State College of Medicine,
Philadelphia, Pennsylvania. Department of Pediatrics, Perelman School
of Medicine at the University of Pennsylvania, Philadelphia, Pennsylvania.
8Department of Pediatrics, Cancer and Blood Diseases Institute, Children’s
Hospital Los Angeles and the University of Southern California, Los Angeles,
California. °Department of Pathology and Laboratory Medicine, Perelman
School of Medicine at the University of Pennsylvania, and the Children’s
Hospital of Philadelphia, Philadelphia, Pennsylvania. 1°Department of
Hematology, The First Affiliated Hospital of Xi'an Jiaotong University,
Xian, China. 1'Department of Pathology, University of Southern California,
Los Angeles, California. 2Department of Biochemistry and Molecular
Medicine, University of Southern California, Los Angeles, California.

Corresponding Authors: John M. Maris, Children’s Hospital of Philadelphia,
CTRB Room 9008, 3501 Civic Center Building, Philadelphia, PA 19104.
E-mail: maris@chop.edu; and Kai Tan, Children’s Hospital of Philadelphia,
CTRB Rm. 4004, 3501 Civic Center Building, Philadelphia, PA 19104.
E-mail: tank1@chop.edu

Cancer Discov 2024;14:2387-406
doi: 10.1158/2159-8290.CD-24-0046

This open access article is distributed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0) license.

©2024 The Authors; Published by the American Association for Cancer Research

therapy, which includes induction chemotherapy followed by
definitive surgery, myeloablative autologous stem cell trans-
plant, external beam radiation therapy, systemic radiotherapy
with 13]-metaiodobenzylguanidine (3!I-MIBG), differentiat-
ing agents, and immunotherapy (1).

Multiple mechanisms of chemotherapy resistance have
been proposed over the years, and our knowledge about ther-
apy resistance in children with high-risk neuroblastoma is
derived primarily from in vitro and in vivo models as well as
a limited number of diagnostic and relapse patient samples.
These include the upregulation of drug efflux transporters
(2), acquisition of mutations in drug resistance-conferring
genes, in particular, genes of the RAS-MAPK pathway (3, 4),
and epigenetic reprogramming from an adrenergic toward a
more chemoresistant mesenchymal cell state (5-10). However,
these data have yet to be leveraged therapeutically to prevent
neuroblastoma recurrence, and the cells responsible for re-
lapse have not been identified. This is in part due to the diffi-
culty in detecting rare malignant cells that survive therapy in
patient samples, which are often highly necrotic and consist
primarily of cells from the tumor microenvironment (TME).
We therefore hypothesized that identification and character-
ization of the residual persisting malignant cells that survive
chemotherapy in patient samples can lead to the discovery of
novel therapeutic vulnerabilities to eliminate persister cells
and prevent neuroblastoma relapse and/or inform on more
precise relapsed neuroblastoma therapeutic interventions.

Recent advances have allowed the use of single-cell tech-
nologies to detect rare cellular subpopulations at an unprec-
edented level and dissect malignant from nonmalignant cells
(11). The majority of neuroblastoma single-cell/nucleus RNA
sequencing (RNA-seq) studies using patient samples focused
on the developmental origin and intratumoral heterogene-
ity of neuroblastoma (12-14) as well as the TME (15-17). In
addition, several studies leveraged single-cell technologies to
investigate therapy resistance in cell lines and patient derived
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Mechanisms of Neuroblastoma Cellular Persistence

xenografts (PDX; refs. 18, 19), but the relevance of these mod-
els in patients is yet to be determined. Importantly, although
a “pure” malignant mesenchymal population has not yet been
identified in patient samples and PDXs, an aggressive tran-
sitional state (20) and a subpopulation of adrenergic cells
with mesenchymal features have been reported in patient
tumor samples (14, 21), linking intratcumoral heterogeneity
with therapy resistance. Furthermore, Thirant and colleagues
have also proposed CD44, a stem cell marker, as a cell-surface
marker to identify this subpopulation of more chemoresis-
tant cells in patients (21).

Although the abovementioned studies have tremendously
advanced our understanding of neuroblastoma intratumoral
heterogeneity, the ability to study cellular changes under the
pressure of chemotherapy in patient samples requires serially
paired samples. In this study, we used single-nucleus RNA-seq
(snRNA-seq) coupled with bulk whole-genome sequencing
(WGS) from 20 matched diagnostic neuroblastoma tumor
samples paired with definitive surgery tumor samples ac-
quired after 4 to 5 cycles of induction chemotherapy to iden-
tify and characterize chemotherapy-resistant persister cells.

RESULTS

Chemotherapy Remodels the Cellular Composition
of Neuroblastoma Tumors

To identify neuroblastoma persister cells, we studied a co-
hortof matched diagnosis and definitive surgery samples from
20 patients with high-risk neuroblastoma who were treated at
the Children’s Hospital of Philadelphia (CHOP) from 2007
to 2022 (all patients ended their therapy by the end of 2022);
the database was locked in January 2024. The key clinical
characteristics of these patients are summarized in Fig. 1A,
and additional clinical and genetic information is provided
in Supplementary Tables S1 and S2. Of note, patients were
treated on our institutional or Children’s Oncology Group
(COQG) frontline studies for high-risk neuroblastoma with
induction chemotherapy generally consisting of alternating
cycles of topotecan and cyclophosphamide, cisplatin and
etoposide, and vincristine, doxorubicin, and cyclophospha-
mide (ANBL1531, NCT03126916; refs. 22-25). Three patients
(CNS, CN11, and CN17) received 3![-MIBG therapy, and one
patient (CN11) received two cycles of irinotecan, temozolo-
mide, and the monoclonal anti-GD2 antibody, dinutuximab,
prior to surgery. Patients received 1 to 2 additional cycles of
induction chemotherapy after surgery and prior to response
evaluation by !%’I-MIBG imaging. Responses were classified
into complete response, partial response, stable disease, or
progressive disease, defined according to the International
Neuroblastoma Response Criteria (26).

Whenever available, two regions from each tumor sample
were obtained, resulting in a total of 68 samples (30 from di-
agnostic biopsies and 38 from surgical resection specimens),
which were then subjected to snRNA-seq using 10x Genom-
ics droplet sequencing platform. After stringent filtering, we
classified nuclei into malignant and nonmalignant using
previously published cell type markers and copy-number in-
ference from RNA with InferCNV (Supplementary Fig. SIA
and S1B; ref. 27). We further excluded nuclei that belonged

to adjacent nonmalignant tissues, such as hepatocytes and
the adrenal cortex, and integrated a total of 248,591 nuclei
representing both malignant and nonmalignant cells, such
as immune, mesenchymal, endothelial, and Schwann cells
(Fig. 1B). Of note, using our stringent criteria for malignant
cell identification, we did not identify “pure” malignant mes-
enchymal cells in our cohort, i.e., cells characterized by mesen-
chymal markers that harbor typical neuroblastoma recurrent
copy-number aberrations (CNA; Supplementary Fig. S1B), in
accordance with previous studies (13, 14, 21).

To examine the effect that multiagent chemotherapy exerts
on the cellular composition of neuroblastoma tumors, we
compared the frequency of different cell types at the initial
diagnostic biopsy and subsequent definitive surgery. Over-
all, there was an expected statistically significant reduction
in malignant nuclei percentage following induction therapy
(Fig. 1C). Specifically, 16 (80%) tumor pairs demonstrated a
decrease in tumor percentage across different radiographic
responses, whereas 4 tumor pairs displayed an increase in
malignant nuclei percentage following chemotherapy in a
patient achieving complete response, a patient with stable
disease, and two patients with progressive disease (Supple-
mentary Fig. S1C). Of note, response to therapy was measured
by MIBG after surgical resection of the primary tumor and
thus, tumors demonstrating complete radiographic response
but only slight decrease or even increase in malignant nuclei
percent at the time of definitive surgery could be explained
by discordance of response in primary compared with meta-
static compartments and/or differentiation effect, resulting
in MIBG nonavid disease.

Consistent with previous single-cell studies (12-14, 21),
we observed a paucity of Schwann cells in our high-risk co-
hort of neuroblastomas and a statistically significant increase
of Schwann cells after the time of definitive surgery (Fig. 1C).
Importantly, the identified Schwann cells did not have CNAs
(Supplementary Fig. S1B) and were therefore not defined as
malignant cells, consistent with previous reports (28). Of note,
at the time of definitive surgery, the proportion of Schwann
cells displayed a statistically significant increase in patients
with MYCN-non-amplified tumors compared with patients
with MYCN-amplified tumors (Supplementary Fig. S1D).
We validated this observation using immunohistochemistry
(IHC) staining for S100A, a marker of Schwann cells, in MYCN-
amplified and non-amplified surgical specimens of two pa-
tients in our cohort (Supplementary Fig. S1E). Furthermore,
as the presence of Schwann cells has been associated with dif-
ferentiating tumors (28, 29), we observed a statistically signifi-
cant increase in expression of differentiation markers, such as
synaptophysin, synaptic vesicle protein II, and neuron-specific
enolase in the malignant cells of definitive surgery specimens
with abundant Schwann cells (Supplementary Fig. S1F).

To dissect the heterogeneity within cancer-associated fibro-
blasts (CAF), we reclustered the mesenchymal compartment
and identified seven clusters (Supplementary Fig. S1G).
Importantly, the CAF subclusters did not harbor inferred
CNAs (Supplementary Fig. S1B), confirming that the CAFs are
derived from nonmalignant cells. The clusters were then an-
notated using recently described CAF signatures (30), resulting
in four subpopulations: matrix-generating CAFs, inflamma-
tory CAFs (iCAF), vascular CAFs, and dividing CAFs (Fig. 1D).
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Figure 1. Chemotherapy remodels the cellular composition of neuroblastoma tumors. A, Patients characteristics of a paired matched cohort of 20
patients with high-risk neuroblastoma at diagnosis and surgical resection. Response was determined at the end of induction therapy, typically after
1-2 additional cycles of chemotherapy following definitive surgery. B, Uniform Manifold Approximation and Projection for Dimension (UMAP) of 248,591
nuclei integrated from diagnostic and surgical specimens from 20 patients with high-risk neuroblastoma showing the main cellular components of tumors.
C, Stacked bar plot of average percent of cell type at diagnosis and definitive surgery. Malignant cells showed a statistically significant decrease (P=0.013;
paired Wilcoxon test) whereas Schwann cells demonstrated a statistically significant increase (P=0.006; paired Wilcoxon test) at definitive surgery.
D, UMAP of CAFs annotated according to recently identified CAF subtypes (30). E, Connected pairs plot showing the percent of relative iCAFs at
diagnosis and definitive surgery in 20 tumor pairs. Lines are colored by MYCN amplification status. F, Stacked bar plot of average percent of immune cell
types at definitive surgery (P = 2.96e9°; Wilcoxon test). G, UMAP of TAMs annotated according to recently identified neuroblastoma TAM subtypes (17).
H, Connected pairs plot showing the percent of relative APO TAMs (APO) at diagnosis and definitive surgery in 20 tumor pairs. I, Connected pairs plot
showing the percent of relative IL10 TAMs (iL10) at diagnosis and definitive surgery in 20 tumor pairs. J, Gene set enrichment analysis (GSEA)
analysis of DEGs between TAMs at definitive surgery and diagnosis shows enrichment for M2 signatures (15). %, P < 0.05; **, P < 0.01;*** P < 0.001.
A, laive; AMP, amplified (red) ; C, censor; CR, complete remission; D, death; DS, definitive surgery; D, diagnosis; M, metastatic; MUT, mutated; NES,
normalized enrichment score; NA; not amplified (blue); NA, not available (patient died before end of induction response evaluation); NS, not significant;
P, progression; PD, progressive disease; PR, partial response; R, relapse; SD, stable disease; TD, toxic death; WT, wildtype.
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iCAFs exhibited a statistically significant increase in relative
frequency following induction chemotherapy (Fig. 1E), con-
sistent with a recent study (17). In line with this observation,
differentially expressed genes (DEG) between CAFs at defin-
itive surgery and diagnosis were enriched in inflammatory
CAF signature (Supplementary Fig. S1H).

Within the immune compartment, tumor-associated mac-
rophages (TAM) constituted the most abundant subpopu-
lation following induction therapy (Fig. 1F) and exhibited
a statistically significant increase in both MYCN-amplified
and -non-amplified tumors compared with diagnosis (Sup-
plementary Fig. S1I). To further investigate their hetero-
geneity, we reclustered TAMs and identified six clusters
(Supplementary Fig. S1J), which were subsequently anno-
tated according to recently published neuroblastoma-specific
TAM signatures (17). This resulted in four major TAMs sub-
types: APO, IL10, MAF, and S100 (Fig. 1G), with APO TAMs
demonstrating a statistically significant decrease (Fig. 1H)
whereas IL10 TAMs exhibiting a statistically significant in-
crease in relative frequency at the time of definitive surgery
(Fig. 1I). In addition, DEGs between TAM definitive surgery
and diagnosis were enriched in the M2 signature (Fig. 1J),
supporting an immunosuppressive role of TAMs at the time
of definitive surgery.

Finally, lymphocytes (T, B, and NK cells) were rare at diagno-
sis except from samples obtained from lymph nodes, consis-
tent with previous reports (14, 31, 32). Moreover, we did not ob-
serve a statistically significant change in lymphocyte frequency
at the time of definitive surgery (Supplementary Fig. S1K).

Pathway-Based Clustering Identifies Four Major
Transcriptional Programs of Cellular Persistence

Next, we focused on the malignant cells that survived in-
duction chemotherapy in our patient cohort, which we refer to
hereon as persister cells, and sought to identify mechanisms of
cellular persistence. Reclustering a total of 86,901 persister nu-
clei from the 38 definitive surgery samples of 19 tumors (CN19
had no malignant nuclei identified at the time of definitive
surgery) resulted in a Uniform Manifold Approximation and
Projection for Dimension (UMAP) in which nuclei were clus-
tered by patient (Fig. 2A), a phenomenon that has been previ-
ously reported in single-cell RNA-seq studies of other cancer
types (27). To determine whether persister cells from different
patients can be grouped according to the signaling pathway
that they activate, we used VISION to calculate the scores of
52 hallmark pathways for individual persister cells (33, 34) and
noted that certain pathways varied in a nonrandom fashion
across patients with similar clinical outcomes (Supplementary
Fig. S2A). For example, MYC(N) target genes were high in three
of the four patients who died from disease (Fig. 2B). We use
the term MYC(N) here and throughout as the pathway classi-
fier cannot distinguish between c-MYC (MYC) and MYCN target
genes signatures. We then selected the top 9 most informative
pathways (see “Methods” section for our stringent selection cri-
teria) to cluster the persister cells, yielding a cell-cell similarity
map whereby persister cells are largely distinguished by their
MYC(N) target genes signature scores (Fig. 2C). On one end
of the UMAP, persister cells with high MYC(N) target scores
activated E2F targets, oxidative phosphorylation, and mTOR

signaling, whereas persister cells with low MYC(N) target genes
scores activated TNFo via NF«B signaling, IFNa. signaling, and
myogenesis (Supplementary Fig. S2B).

To identify recurrent transcriptional programs in persister
cells that activate similar pathways, we used Hotspot (35),
a computational tool that identifies genes that act in con-
cert, i.e.,, modules, within a given cell-cell similarity map.
Hotspot identified four nonoverlapping transcriptional
meta-modules that were largely distinguished by their cell-
cycle state (Fig. 2D; Supplementary Fig. S2C and S2D). We
then used pathway enrichment analysis to further annotate
each meta-module and identified a cycling meta-module
(meta-module #1) that was characterized by high expression
of genes regulated by the E2F family and MYC(N) transcrip-
tion factors as well as genes involved in oxidative phosphor-
ylation and mTOR signaling (TOP2A, MKI67, TPX2, DTL,
and BRIPI). Two noncycling meta-modules exhibited high
expression of NFkB target genes, one associated with stem-
ness (meta-module #2 - ATF3, BCL6, KLF6, CD44) and one as-
sociated with stress response (meta-module #3 - FOS, GCH1,
NR4A1, EGRI). A third noncycling meta-module (meta-
module #4) was characterized by genes enriched with neuro-
nal lineage specification signature (ERBB4, GABRB1, MAOA,
and GFRAZ2; Supplementary Fig. S2E; Supplementary Table S3).
Thus, our analysis identified four transcriptional programs
of persister cells: cycling, NFkB/stemness, NFkB/stress, and
neuronal. We performed IHC that validated the protein
expression in the relevant subcategories of key markers be-
longing to the first three meta-modules which are the main
focus of our study: MKI67 and TOP2A (cycling), ATF3 and
CD44 (NFxB/stemness), and FOS and EGRI (NFkB/stress;
Fig. 2E-G).

Persister Subtypes Are Associated with Clinical
Outcome

We next classified persister cells according to their highest
scoring meta-module and decomposed the malignant com-
partment of each definitive surgery tumor into four transcrip-
tional persister subtypes, revealing both intertumoral and
intratumoral heterogeneity (Fig. 2H). Importantly, patients
whose tumors consisted of high cycling persister cells fraction
had the shortest survival time and died from progressive or
relapse refractory disease (Fig. 2I). Of note, we did not observe
statistically significant differences in spatial distribution of
persister subtypes when we compared their frequency in dif-
ferent samples obtained from the same tumors at definitive
surgery (Supplementary Fig. S2F).

Genetic Alterations at Diagnosis Shape Persister
Cell Phenotype

To determine whether the observed intratumoral het-
erogeneity of persister subtypes is driven by genetic events,
we subjected tumor pairs to bulk WGS and compared both
copy-number variations (CNV) and single-nucleotide variants
(SNV) at diagnosis and definitive surgery. For diagnostic sam-
ples, CNVs and SNVs were validated using SNP array and a
next-generation sequencing targeted panel, respectively, per-
formed as part of the patients’ clinical care.
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Figure 2. Pathway-based clustering identifies four persister cell subtypes. A, UMAP of 86,901 persister nuclei from 38 surgical resection specimens.
Specimens from the same patient cluster together. Numbers correspond to patient CN sample ID. B, UMAP showing the score of MYC(N) target
genes [MYC(N) activity] for each persister nucleus. Yellow, high score; dark blue, low score. Three of four patients with high MYC(N) activity at

time of definitive surgery died of their disease, with two patients experiencing progressive disease (CN8 and CN10), and one experiencing relapse
(CN6). DoD, dead of disease. C, UMAP showing 86,901 persister nuclei clustered according to the pathway-based clustering algorithm using the top

9 most autocorrelated pathways (C > 0.5; FDR < 0.01; see “Methods” for definition of C), here with MYC(N) target genes pathway score shown.
Yellow - high score, dark blue - low score. D, Gene to gene (426 genes x 426 genes) correlation heatmap. Rows and columns corresponding to the genes
in the meta-modules identified by Hotspot. Red, high correlation; blue, low correlation. Meta-modules were annotated using cell-cycle and pathway
enrichment analyses and are numbered as follows: 1-cycling, 2-NFkB/stemness, 3- NF«kB/stress, and 4-neuronal. Genes enriched in each meta-module
are depicted on the left. E, IHC staining for TOP2A and MKI67, two markers of cycling persister meta-module (#1), of a tumor with low frequency of cycling
persister cells at time of definite surgery (left) and tumor with high frequency of cycling persister cells obtained from patient CN8 (right). F, IHC staining
for CD44 and ATF3, two markers of the NFkB/stemness meta-module (#2), of a tumor with high NF«kB/stemness cells at time of definite surgery obtained
from patient CN9. G, IHC staining for FOS and EGR1, two markers of the NFkB/stress meta-module (#3), of a tumor with high NFkB/stress cells at time of
definite surgery obtained from patient CN13.H, Bar plot of persister subtypes fraction of 19 surgical specimens (CN19 had no malignant nuclei identified
at the time of definitive surgery) ordered in increasing order of the corresponding patients’ survival times. I, Bar plot of patients’ survival times with
corresponding tumors assigned to the most abundant persister subtypes. The malignant nuclei of definitive surgery specimens from each patient were
decomposed into persister subtypes as in H, and each tumor was classified according to its most abundant persister subtype. The patients’ survival times
were then assigned to the corresponding tumors.
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We did not observe obvious major changes in recurrent
copy number changes in high-risk neuroblastoma, including
MYCN amplification, partial deletions of chromosome arms
1p, 3p, 4p, and 11q, and partial gain of 2p, 7q, and 17q
(36, 37), between matched diagnosis and definitive surgery
samples in pairs in which reliable CNVs could be detected at
both timepoints (N = 12; Fig. 3A; Supplementary Fig. S3A). Of
note, the treated tumors of two patients, CN7 and CN15, har-
bored 11q deletion and 4p deletion, respectively, which were
not present at diagnosis; however, the corresponding diagnos-
tic samples were obtained from readily accessible metastatic
lymph nodes rather than abdominal primary tumors. Thus, it
is possible that the observed differences reflect spatial rather
than temporal heterogeneity.

In addition, we did not observe a statistically significant
difference in mutational burden from diagnosis to defini-
tive surgery (Fig. 3B) and therefore focused our analysis on
frequency changes occurring in known driver mutations of
neuroblastoma (36, 37). At diagnosis, canonical somatic ALK
mutations were identified in five patients (four with F1174L
and one with R1275Q), and a TP53 mutation (C135F) was
present in one patient tumor, whereas no mutations in other
neuroblastoma-associated genes were detected in our co-
hort. ALK mutations in four tumors were clonal at diagnosis,
whereas one diagnostic tumor had a subclonal ALK mutation
[F1174L; variant allele frequency (VAF) = 1.5%] that was not
originally called in clinical sequencing of tumors using a cus-
tom gene panel (38) and was subsequently enriched in the
surgical specimen (VAF = 30%), indicating clonal evolution as
described by our group and others (Supplementary Fig. S3B
and S3C; refs. 39-41).

As our data do not support the acquisition of new genetic
aberrations during induction therapy as a major driver of
cellular persistence, we sought to determine the association
between persister subtypes and genetic events present at di-
agnosis. We found that cycling persister cells were almost
exclusively present in MYCN-amplified tumors also carrying
either TP53 or ALK mutations. Consistent with a previous
report (42), patients with tumors harboring MYCN amplifi-
cation with either ALK or TP53 mutation at diagnosis had the
shortest survival time. Importantly, the NFxB/stemness sub-
type was predominant in patients with MYCN-non-amplified
tumors, especially in tumors harboring 11q deletion with distal
11p/proximal 11q gain, whereas NFkB/stress and neuronal
subtypes were more prevalent in MYCN-amplified tumors with-
out additional mutations (Fig. 3C; Supplementary Fig. S3D).
Persister cells in tumors harboring 1p deletion displayed a
slight bias toward NFkB/stress and neuronal subtypes, whereas
persister subtypes did not differ across tumors harboring
2p gain and 17q gain.

To validate the association between MYCN amplification
status at diagnosis and persister subtypes after induction che-
motherapy, we used an independent dataset of post-induction
chemotherapy definitive surgery samples obtained from 14
patients with high-risk neuroblastoma that were subjected to
snRNA-seq as part of the Human Tumor Atlas Pilot Project
(HTAPP). Using the signatures of the four persister subtypes
defined above, we decomposed the malignant compartment of
each tumor in the HTAPP dataset into persister subtypes and
observed a similar pattern of persister subtypes distribution

in MYCN-amplified and -non-amplified tumors (Fig. 3D).
Collectively, our data suggests that the genetic background
at diagnosis is a major determinant of response to therapy
and clinical outcome.

Noncycling Persister Cells Suppress MYC(N) Activity

To determine the transcriptional changes that occur in
malignant cells in response to induction chemotherapy, we
decomposed the malignant compartment of diagnostic tu-
mors into persister subtypes (Supplementary Fig. S4A) and
compared the changes in their frequency between matched
diagnosis and definitive surgery pairs. Cycling and neuronal
malignant cells demonstrated a statistically significant de-
crease whereas NFkB/stemness and NF«B/stress exhibited a
statistically significant increase at the time of definitive sur-
gery (Fig. 4A; Supplementary Fig. S4B)

We focused on the dynamics of cycling persister cells first
and validated the decrease in protein expression from diag-
nosis to definitive surgery of two cycling markers, TOP2A and
MKI67, in both MYCN-amplified and -non-amplified tumor
pairs from our patient cohort using immunofluorescence
(IF) and IHC staining (Fig. 4B; Supplementary Fig. S4C). We
then sought to model the redistribution of cycling persister
cells in response to chemotherapy in clinically relevant ani-
mal models. We selected two PDX murine models—one from
a diagnostic MYCN-amplified tumor lacking TP53 or ALK
mutation but harboring BRAF V600E mutation (COG-424x)
and another obtained from a diagnostic MYCN-amplified tu-
mor harboring TP53 R342T mutation (COG-496x). To mimic
the clinic schedule, mice were treated with a combination of
topotecan and cyclophosphamide for five days in two 21-day
cycles, and tumors were collected prior to therapy and at the
time of maximal tumor shrinkage following the second cycle
of chemotherapy (Supplementary Fig. S4D). The tumors of
COG-424x were subjected to snRNA-seq and malignant nu-
clei were classified into persister subtypes at each time point,
revealing a profound decrease in cycling persister cells after
two cycles of chemotherapy, with a proportionate increase
in neuronal and NFkB/stress modules (Fig. 4C). Of note,
although we noted an overall decrease in neuronal subtypes
following chemotherapy in our patients’ cohort (Supplemen-
tary Fig. S4B), few patients’ tumors, such as CN5, showed a
similar increase in neuronal subtypes at the time of definitive
surgery. To validate the difference in the frequency of cycling
persister cells between treated tumors with MYCN amplifica-
tion and MYCN amplification + TP53 mutation, we performed
IF and IHC staining for MKI67 and TOP2A of the treated tu-
mors from our PDX models. Staining confirmed that cycling
persister cells were indeed rare in the MYCN-amplified treated
tumor (COG-424x) but abundant in the MYCN-amplified +
TP53 mutation-treated tumor (COG-496x; Fig. 4D).

As MYCN amplification drives proliferation in neuro-
blastoma (43) and MYC is overexpressed in many MYCN-
non-amplified tumors (44), we hypothesized that MYC(N)
activity, as measured by the score of MYC(N) target genes
signature, must be suppressed in noncycling persister cells.
To test our hypothesis, we performed gene set enrichment
analysis (GSEA) of the DEGs between noncycling and cycling
persister cells and found that indeed MYC(N) target gene
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Figure 3. Persister cell phenotype is shaped by genetic alterations present at diagnosis. A, Heatmap of logz copy ratio of chromosomes 1,2, 3, 4,7,
11,and 17 for 11 matched pairs with malignant cells percentage at diagnosis and definitive surgery sufficient to identify reliable copy number. Red, gain; blue,
loss. B, Connected pairs plot showing the mutational burden, measured as the number of mutations per Mb, in 17 matched pairs at diagnosis and definitive
surgery. C, Heatmap of median percent persister subtype fraction as a function of genetic alterations at diagnosis. del - deletion, NA - Non-Amplified.
D, Bar plots of persister subtypes percentages for the CHOP and HTAPP cohorts in MYCN-amplified tumors (left) and -non-amplified tumors (right).
Plots do not include tumors with MYCN amplification and TP53/ALK (N =3, CHOP cohort). A, Amplified; NA, non-amplified; del, deletion; D, diagnosis;
DS, definitive surgery; HTAPP, Human Tumor Atlas Pilot Project; ns, not significant.

signature was the most negatively enriched pathway (Fig. 4E;
Supplementary Table S4). The same negative enrichment
was observed in separate analyses for MYCN-amplified and
MYCN-non-amplified tumors (Supplementary Fig. S4E).
Moreover, the scores of the cycling persister subtype signature

were strongly and positively correlated with the scores of
MYC(N) target genes signature for individual nuclei in
MYCN-amplified tumors (Fig. 4F), further suggesting that
MYC(N) activity must be suppressed in noncycling persister
cells even in the presence of MYCN amplification.
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Figure 4. Noncycling persister cells suppress MYC(N) activity. A, Connected pairs plot showing the decrease in percentage of cycling persister
subtype at diagnosis and definitive surgery in 19 matched pairs. B, Dual IF staining for the cycling marker, TOP2A (red), and neuroblastoma marker, PHOX2B
(turquoise), at diagnosis and definitive surgery ina MYCN-amplified tumor of patient CN13. Blue represents DAPI nuclear staining. C, Bar plot of persister
subtypes decomposition from tumors obtained from a PDX model with MYCN-amplification (COG-424x) before and after treatment with two cycles of topo-
tecan and cyclophosphamide. D, Dual IF staining for the cycling marker, TOP2A (red), and neuroblastoma marker, PHOX2B (turquoise), in two PDX models, one
with MYCN amplification (COG-424x; left) and one with MYCN amplification and TP53 mutation (COG496x; right). Blue represents DAPI nuclear staining.
E, Gene set enrichment analysis (GSEA) of DEGs between noncycling and cycling persister cells. F, Pearson correlation between MYC(N) activity score and
cycling persister subtype scores (meta-module #1). G, Violin plots for MYCN mRNA expression in the malignant cells of MYCN-amplified tumors obtained from
patients CN13 and CN14 at diagnosis and definitive surgery. H, IHC staining for MYCN protein in tumors obtained from patient CN13 at diagnosis and definitive
surgery. I, Violin plots for MYCN mRNA expression in the malignant cells of MYCN-amplified tumors obtained from patients CN5 and CN20 at diagno-
sis and definitive surgery. J, IHC staining for MYCN protein in tumors obtained from patient CN5 at diagnosis and definitive surgery. K, Violin plots of
MYC(N) activity scores of the malignant cells of a tumor obtained from a patient with an intermediate-risk neuroblastoma with high-risk features at diagnosis,
definitive surgery, and relapse. L, Western blots for MYCN and MYC proteins of two MYCN-amplified cell lines (LANS and IMR5) and a MYCN-non-amplified,
MYC overexpressing cell line (SKNSH) before treatment, at the end of treatment with etoposide, and at regrowth after 3 weeks. M, Dual IF staining for
MYCN (red) and MKI67 (turqoise) of LANS prior to treatment (top) and at the end of treatment with etoposide (bottom). Blue represents DAPI nuclear
staining. Green represents phalloidin staining for actin. D, diagnosis; DS, definitive surgery; U, untreated; T, treated with etoposide; R, regrowth.
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In addition, we used our previously published neuroblas-
toma chromatin immunoprecipitation sequencing (ChIP-seq)
dataset for MYCN and MYC (45) to validate that both MYCN
and MYC bind to the promoters of the cycling persister mark-
ers MKI67 and TOP2A (Supplementary Fig. S4F). Thus, the low
protein expression of MKI67 and TOP2A (Fig. 4B) could be
attributed, at least in part, to the low MYC(N) activity level.

Transcriptional and Post-Transcriptional
Mechanisms Regulate MYC(N) Activity in
Noncycling Persister Cells

To explore the potential mechanisms of MYC(N) activity
suppression in noncycling persister cells, we examined the
mRNA and protein levels of MYCN and MYC in our patients’
samples. In two out of five tumors with MYCN amplification
and low MYC(N) activity at definitive surgery, there was a
decrease in MYCN mRNA expression, with a proportionate
decrease in protein expression in response to chemotherapy
(Fig. 4G and H). In contrast, three MYCN-amplified tumors
displayed little to no change in MYCN mRNA expression, but
MYCN protein expression was absent in the samples available
for IHC staining (Fig. 4] and J; Supplementary Fig. S4G), sug-
gesting that post-transcriptional regulation might mediate
MYC(N) activity suppression in noncycling persister cells. Of
note, a similar pattern of downregulation was observed in two
MYCN-non-amplified tumors with MYC overexpression (Sup-
plementary Fig. S4H and S4I).

The decrease in MYC(N) protein in the presence of high
MYCN/MYC mRNA levels was further validated in PDXs and
neuroblastoma cell lines treated with multiagent chemother-
apy in intervals that mimic the clinical schedule (Supplemen-
tary Fig. S4J, S4K, and S4L). Importantly, we did not observe
a decrease in MYCN protein levels after treatment in cell
lines with MYCN amplification and ALK/TP53 mutation (e.g.,
KELLY; Supplementary Fig. S4M), consistent with the high
MYC(N) activity observed in patients with MYCN amplification
and ALK/TPS53 mutation.

MYC(N) Activity Is Restored Upon Relapse

Next, we investigated the dynamics of MYC(N) activity
from diagnosis through relapse. We obtained serial samples
from a tumor of a patient with intermediated-risk neuroblas-
toma and with high-risk features (including 11q deletion and
17q gain) who suffered from local relapse. Samples from three
time points—diagnosis, definitive surgery, and relapse—were
subjected to snRNA-seq, and malignant cells were identified
and classified into persister subtypes at each time point, as de-
scribed above (Supplementary Fig. S4N). We then compared
the MYC(N) activity scores at diagnosis, definitive surgery,
and relapse and observed high MYC(N) activity at diagnosis
followed by an expected decrease at definitive surgery and an
increase in MYC(N) activity at the time of relapse (Fig. 4K).

To model the restoration of MYC(N) activity upon relapse,
we treated MYCN-amplified and -non-amplified neuroblas-
toma cell lines with chemotherapy as outlined above and
allowed the residual cells to regrow for additional 3 weeks
after drug wash. Consistently, MYCN/MYC protein levels
were high before treatment, low during treatment, and high
3 weeks after treatment (Fig. 4L).

The above findings raise two possible and nonmutually
exclusive mechanisms for MYC(N) activity restoration upon
relapse. One, by which chemotherapy primarily selects for
pre-existing noncycling, low-MYC(N) activity malignant
cells, while at the same time, a rare subpopulation of high-
MYC(N) activity cells escapes chemotherapy and outgrows
after drug wash. The other potential mechanism is one by
which individual malignant cells downregulate MYCN mRNA
and/or MYCN protein under the pressure of chemotherapy
and upregulate its expression during drug holiday and re-
lapse. Although lineage tracing experiments are required to
definitively study these two mechanisms, we show that at least
in seemingly homogenous cell lines, the latter is more likely.
We performed dual IF staining for MYCN and MKI67 in LANS,
a MYCN-amplified cell line, before and after 3 days of etopo-
side treatment. We did not detect pre-existing noncycling,
low-MYC(N) activity cells prior to therapy or cycling, high-
MYC(N) activity cells during treatment (Fig. 4M), suggesting
that plasticity in MYCN expression might account for the res-
toration of MYC(N) activity during relapse.

Constitutive NFkB Activation Mediates Cellular
Persistence

We next investigated the transcriptional programs that
are activated rather than suppressed in noncycling persister
cells and focused on the two NF«B subtypes, namely, NFxB/
stemness and NFxB/stress. The NFkB/stemness subtype
demonstrated a high expression of stem cell markers, such
as CD44 and KLFG6, suggesting that this subtype may repre-
sent constitutive NFkB activation that is present even prior to
therapy. Indeed, four patients’ tumors displayed a high per-
centage of the NFkB/stemness subtype at diagnosis [median
70.4%, range (40.26%, 99.88%)] which remained high during
definitive surgery [median 69.1%, range (65.04%, 99.94%)]
and persisted through relapse in a patient (CN18) whose re-
lapse sample was available (Fig. S5A). We further validated the
persistence of the NFkB/stemness subtype from diagnosis
through relapse using NFxB /stemness markers CD44 and
ATF3 (Supplementary Fig. S5A). Importantly, none of these
patients achieved complete radiographic response and three
patients experienced relapse/progression of disease while on
therapy, implying that constitutive NF«B activation confers
de novo resistance to therapy. Indeed, in vitro measurements
of NFkB activity using the GFP reporter showed high correla-
tion between basal NFkB activity and resistance to topotecan
in various neuroblastoma cell lines (Fig. 5B). Furthermore,
CRISPR-CAS9 knock-out of RelA (p65) in SKNSH and SHEP,
two cell lines with high basal NF«B activity, resulted in a sta-
tistically significant decrease in cell viability (up to 30%) in re-
sponse to chemotherapy (Fig. 5C and D), supporting the link
between constitutive NF«B activation and therapy resistance.

The Mesenchymal Cell State Is Associated with High
NFkB Activity

We next investigated the association between NFkB activa-
tion and the recently described adrenergic and mesenchymal
transcriptional states, of which the latter has been shown to be
more chemoresistant (5-10). As these two subtypes were pri-
marily described in cell lines, we focused our studies first on
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Figure 5. Constitutive NFkB activation mediates cellular persistence. A, Bar plots of persister subtypes percent of three tumors obtained from three
patients (CN3, CN11, and CN12) at diagnosis and definitive surgery and a tumor obtained from one patient (CN18) at diagnosis, definitive surgery, and
relapse. B, Scatter plot showing NF«B basal activity, measured as the log of the median fluorescence intensity (MFI), in five cell lines as a function of their
corresponding ICqp dose of topotecan. C, Dose-response curve of cell viability plot as a function of etoposide dose (log scale) for SKNSH (left) with and
without RelA CAS9-CRISPR knockout. D, Dose-response curve of cell viability plot as a function of etoposide dose (log scale) for SHEP with and without
RelA CAS9-CRISPR knockout. E, Scatter plot showing the NFkB/stemness score as a function of the mesenchymal score in 39 neuroblastoma cell lines (46).
F, Violin plots of NFkB/stemness score in persister nuclei with high mesenchymal and reduced adrenergic scores vs. persister nuclei with low mesen-
chymal and high adrenergic scores. G, Western blot of mesenchymal and adrenergic markers in an adrenergic cell line, BE2C, with doxycycline-inducible
PRRXI expression along the transdifferentiation trajectory. Day O is day of doxycycline administration, and day 14 represents the end of assay. H, NFkB
luciferase activity, measured as the relative luminescence, following induction of PRRX1 expression in BE2C. I, GSEA of DEGs between PRRX1-transduced
and -untransduced BE2 and KPNYN (47) J, Senescence signature (50) scores of the persister nuclei classified according to the four persister subtypes.
ADRN, adrenergic; D, diagnosis; DS, definitive surgery; MES, mesenchymal; MFI, median fluorescence intensity; ns, not significant.
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in vitro models. We calculated the NFxB/stemness signature
scores and the mesenchymal transcriptional state scores of 39
neuroblastoma cell lines from our publicly available bulk RNA-
seq dataset (46) and observed a strong and positive correlation
between NFkB/stemness scores and the mesenchymal state
scores of the cell lines (Fig. SE). This observation was replicated
in our snRNA-seq dataset and the TARGET bulk RNA-seq
cohort, although perhaps not surprisingly to a lesser extent
(Supplementary Fig. S5B). This is likely explained by the pau-
city of mesenchymal malignant cells in patients’ neuroblas-
toma samples in accordance with previous studies that did not
identify a “pure” mesenchymal malignant subpopulation, that
is, cells characterized by a mesenchymal transcriptional state
that also harbored recurrent chromosomal aberrations typical
of neuroblastoma (12-14, 21). Nevertheless, similar to these
studies, we identified malignant nuclei in our patients’ defin-
itive surgery samples with reduced adrenergic and increased
mesenchymal signature scores. These persister nuclei displayed
statistically significant higher NFxB/stemness signature scores
compared with persister nuclei with low mesenchymal and
high adrenergic signature scores (Fig. SF).

To functionally establish the association between the mes-
enchymal state and NFxB activation, we conditionally trans-
duced three adrenergic cell lines, BE2C, IMRS, and SYSY, with
PRRX1, a mesenchymal transcription factor, and cotrans-
fected them with an NFkB luciferase reporter. In parallel to
the transdifferentiation from the adrenergic to the mesen-
chymal state upon PRRXI expression (Fig. 5G), we observed
a statistically significant increase in NFxB activity, indicating
a close association between the mesenchymal state and NFxB
activation (Fig. SH; Supplementary Fig. S5C and SSD). Fur-
thermore, we used a publicly available bulk RNA-seq dataset
from transdifferentiation assays of two additional adrenergic
cell lines (47), BE2 and KPNYN, and performed differential
gene expression analysis between PRRX1-transduced and
-untransduced cells. Consistent with our observations, up-
regulated genes in the mesenchymal state were enriched in
NF«B /stemness signature (Fig. 5I).

In addition, CD44, a marker of NFkB/stemness, has been
recently proposed as a marker of the mesenchymal state in
cell lines, PDXs, and patient samples (21), further supporting
the association between NFkB/stemness and the mesenchy-
mal state. We validated the surface expression of CD44 in neu-
roblastoma cell lines with high basal NFxB activity and noted
that whereas SHEP exhibited a homogeneous CD44 surface
expression, CD44 expression in SKNSH was heterogenous
(Supplementary Fig. SSE). This likely reflects the presence
of two subpopulations with different basal NF«kB activities,
namely, SYSY with low CD44 and baseline NF«B activity (Sup-
plementary Fig. S5F) and SHEP with high CD44 and baseline
NFkB activity.

Activation of NFkB has been shown to induce senescence
(48), which in turn can promote cancer stemness (49). We
therefore asked whether the NF«kB/Stemness subtype may be
associated with senescence. Using a recently published senes-
cence RNA-based signature (50), we compared the senescence
scores of the persister cells corresponding to each persister
subtype and observed that the NFkB/stemness subtype dis-
played a statistically significant higher senescence score than
the other three persister subtypes (Fig. 5J).

TAMs and CAFs Promote NFxB Activation in
Persister Cells

Lastly, we sought to identify potential activators of NFxB
signaling in persister cells. The NFxB/stress subtype was pre-
dominantly present in surgical specimens (Fig. 6A) and exhib-
ited a high expression of immediate early genes, such as EGRI,
FOS, and NR4A1, suggesting that NFkB signaling could be
activated in response to chemotherapy. Using clinically rele-
vant doses of chemotherapy (IC;y and above), we treated both
MYCN-amplified and MYCN-non-amplified cell lines with to-
potecan followed by etoposide and confirmed a statistically
significant increase of NFxB activity following chemotherapy
across MYCN amplification status (Supplementary Fig. S6A).
Combination of chemotherapy with the specific IkB kinase
B inhibitor ML120B (51) resulted in increased killing of per-
sister cells, supporting a prosurvival role for NFkB activation
(Supplementary Fig. S6B). Thus, chemotherapy alone is suffi-
cient to trigger NFkB activation in both MYCN-amplified and
-non-amplified neuroblastoma cell lines.

We next asked whether certain cellular components of the
TME may contribute to NFxB activation in persister cells. We
focused on CAFs and TAMs, which constituted the majority of
TME cells during induction chemotherapy and noted that the
observed increase in iCAFs frequency correlated positively with
the increase in frequency of NFkB/stemness persister nuclei
at definitive surgery, whereas the frequency increases of IL10
TAMs and NFkB/stress demonstrated a positive correlation
with the increased frequency of NFkB/stress persister nuclei
at definitive surgery Fig. 6B). We did not observe statistically
significant correlations between other types of TAMs or CAFs
with NFxB persister subtypes (Supplementary Fig. S6C). In
light of their known protumorigenic role in neuroblastoma
(52, 53), we hypothesized that CAFs and TAMs could promote
resistance to chemotherapy via activation of NFxB signaling in
persister cells. To test our hypothesis, we cultured neuroblas-
toma cell lines in the presence of conditioned medium (CM)
obtained from triple cocultures of neuroblastoma cell lines,
TAMs, and CAFs, as we previously described (54). We observed
a robust increase in NFkB activity in cell lines cultured in CM
compared with those cultured in standard medium (Fig. 6C). In
addition, there was a statistically significant increase in the vi-
ability of neuroblastoma cells that were treated with etoposide
in the presence of CM compared with cells that were cultured
in standard medium (Fig. 6D), supporting the hypothesis that
TAMs and CAFs may trigger NFkB activation in persister cells
that lead to therapy resistance.

To validate that NFkB mediates therapy resistance in the
presence of TAMs and CAFs, we treated MYCN-amplified and
-non-amplified cell lines with a combination of etoposide and
JSH-23, a specific NFxB inhibitor, which inhibits NFkB nu-
clear translocation without affecting IkBo. degradation (55),
in the presence and absence of CM for 3 days. Inhibition of
NF«B nuclear translocation resulted in a statistically signif-
icant decrease of cell viability in response to etoposide in the
presence of CM and was comparable to the cellular viability in
response to etoposide in standard medium (Fig. 6E). To estab-
lish the role of NFkB signaling inhibition in eradicating the
persister cells in vivo, we used our recently developed murine
model (Fig. 6F). Briefly, NOD/SCID gamma (NSG) mice
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Figure 6. Multiple signals trigger NFkB activation in persister cells. A, Bar plots of persister subtypes percent of three tumors obtained from patients
(CN13,CN15, and CN20) at diagnosis and definitive surgery. B, Scatter plots showing the relative changes in percentage of NFkB/stemness from diagno-
sis to definitive surgery (left) and relative changes in percentage of NFkB/stress (right) from diagnosis to definitive surgery as a function of the relative
changes in iCAFs and IL10 TAMs percentages from diagnosis to definitive surgery, respectively. C, Flow cytometry histograms for the GFP (FITC) reporter
under NF«B consensus sequence in MYCN-amplified or overexpressing neuroblastoma cell lines (IMRS and NBLS; top) and MYCN-non-amplified neuro-
blastoma cell lines (SKNSH and SHEP; bottom) in standard medium and conditioned medium (CM). Grey, untransduced cell line, standard medium; light
green, GFP-transduced cell line, standard medium; dark green, GFP-transduced cell line, CM. D, Bar plots of cell viability of six neuroblastoma cell lines,
three MYCN-amplified (IMR5, LANS, and BE2) and three MYCN-non-amplified (NBLS, SKNSH, and SHEP,) treated with etoposide (100 nmol/L for IMRS5,
LANS, and BE2 and 1 pmol/L for NBLS, 5 pmol/L for SKNSH, and 10 pmol/L for SHEP) for 3 days in standard medium and in the presence of CM from neu-
roblastoma, TAMs, and CAFs triple cocultures. E, Bar plots of cell viability of three neuroblastoma cell lines, BE2, NBLS, and SHEP, treated with etoposide
for 3 days as above in standard medium and in the presence of CM from triple cocultures with and without the NF«B nuclear translocation inhibitor JSH-23
(1 pmol/L for BE2, 35 pmol/L for NBLS, and 100 pmol/L for SHEP). F, Bioluminescence images of NOD/SCID gamma mice arms which were subcutaneously
implanted with BE2-LUC neuroblastoma cells in the presence of human TAMs and CAFs (TME) treated with etoposide + vehicle (E + V; group 1) or etopo-
side + JSH-23 (E + J; group 2). Top, untreated in each group. G, Bar plots of bioluminescence levels of untreated mice in each group and treated mice (E +V;
group 1 and E + J; group 2). H, Bar plots of tumor size in of treated mice (E +V; group 1 and E + J; group 2). D, diagnosis; DS, definitive surgery; U, untreated.
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were subcutaneously injected with the luciferase transduced
human neuroblastoma cell line BE2-LUC together with hu-
man TAMs and CAFs obtained as previously described (54).
The mice were then treated with etoposide and vehicle (nor-
mal saline; group 1) or with a combination of etoposide and
JSH-23 (group 2), and tumor size was quantified by biolumi-
nescence as well as manually measured. Following 7 days of
treatment, tumors from mice treated with etoposide alone
progressed on therapy, whereas tumors from mice treated
with etoposide and JSH-23 did not grow (Fig. 6G and H).

Altogether, our human snRNA-seq data coupled with in vitro
and in vivo functional validations nominate NFkB signaling
as a potential therapeutic target to eradicate persister cells.

DISCUSSION

In this study, we dissected the cellular composition of
high-risk neuroblastoma tumors at diagnosis and after sev-
eral cycles of induction chemotherapy using snRNA-seq of
approximately a quarter of a million malignant and nonmalig-
nant cells from a cohort of 20 paired tumors from untreated
and treated specimens. We identified the malignant persister
cells and defined four transcriptional subtypes that are associ-
ated with cell-cycle state, genetic alterations, certain TAM and
CAF subpopulations, and clinical outcome.

Leveraging these subtypes, we show that chemotherapy
remodels the malignant and TME compartments of neuro-
blastomas, resulting in both intercumoral and intratumoral
heterogeneity. Our data suggest that the malignant compart-
ment remodeling is driven by nongenetic mechanisms, at
least initially, as we did not identify acquisition of new CNVs
and SNVs during therapy in the majority of our patients.
This stands in contrast to the previously reported increase in
resistance-conferring mutations at the time of relapse (3, 4).
The role of nongenetic mechanisms in mediating cellular
persistence is becoming increasingly recognized, and studies
supporting such mechanisms have recently been proposed in
various types of cancers (56, 57). Therefore, a model whereby
malignant cells initially escape chemotherapy via nongenetic
mechanisms and subsequently acquire resistance-conferring
mutations upon additional genotoxic therapy is likely in
high-risk neuroblastoma and warrants further investigation.

Our findings demonstrate that a large subset of persister
cells enter a noncycling cell state that is characterized by
suppressed MYC(N) activity and high NFkB signaling activ-
ity. Suppression of MYC(N) activity has been described in
the context of development and cancer as a means of cellu-
lar adaptation in response to stress (58); however, the exact
mechanism remains elusive. Our in vitro studies demonstrate
that MYCN and MYC could be transcriptionally and/or post-
transcriptionally repressed even in tumors with MYCN ampli-
fication or MYC overexpression, and it is, therefore, possible
that epitranscriptomic modifications govern this suppres-
sion (59). Indeed, recent studies demonstrated the role of N-6
methyl-adenosine (m6A) in mediating MYCN suppression
during developmental pausing (60) and in the stabilization
of the MYCN transcript in neuroblastoma (61). Future stud-
ies are planned to decipher the exact mechanisms of MYCN/
MYC post-transcriptional modulation in response to chemo-
therapy and other cellular stresses and track MYC(N) activity

at the single-cell level. In addition, using tumor samples ob-
tained at three different time points from one patient and
several cell lines, we have shown that although MYC(N) activ-
ity is suppressed during therapy, it is restored upon relapse,
suggesting that chemotherapy may select for low-MYC(N)
activity malignant cells that pre-exist at diagnosis and/or that
MYC(N) activity may be regulated in response to chemo-
therapy. Lineage tracing experiments have the potential to
address these important questions, and additional relapse
samples, acquired via national and international collabora-
tions, are required to study the dynamics of MYC(N) activity
from diagnosis to relapse at the single-cell level, although
such samples are rare.

The role of NF«B signaling in tumorigenesis and therapy
resistance has been well established in multiple types of can-
cer (62), including several pediatric tumors, such as ependy-
moma (63) and lymphoma (64). In neuroblastoma, activation
of NFkB has been studied primarily in in vitro models in which
it has been implicated in differentiation (65), migration (66),
MHC I expression (67), and response to genotoxic agents,
including chemotherapy and radiation (68, 69). In this study,
using patients’ samples, we identified two NFkB transcrip-
tional programs, NFkB/stemness and NFxB/stress. The former
represents a constitutive mode of NFkB activation, whereas the
latter represents an acquired mode of NFkB activation.

The NFkB/stemness subtype is characterized by the stem
cell marker, CD44, and is also associated with the mesenchy-
mal transcriptional cell state. These findings are consistent
with a recent work of ours that links the mesenchymal state to
an inflammatory state in neuroblastoma cells (9) as well as pre-
vious studies reporting NF«B activation in S-type cell lines (70)
and during an adrenergic to mesenchymal transition induced
by TNFa (71). Our findings also highlight the importance of
CD44 surface expression as a marker of NFkB activating cells
with mesenchymal features in patient samples, in agreement
with a recent study that reported its role in identifying in vitro
and in vivo malignant cells with mesenchymal features (21). In
addition, our WGS data revealed that all tumors with a high
frequency of the NFkB/stemness subtype harbored distal 11q
deletion and gain of the 11p distal-11q proximal region. The
genes encoding CD44 and RelA (p65) are located on 11p13
and 11q13.1, respectively, and it is therefore possible that
these recurrent segmental chromosomal aberrations drive
constitutive NFkB activation.

The NFkB/stress subtype represents an acquired mode
of NFkB activation which can be triggered by both chemo-
therapy and TAMs and CAFs, of which the latter two play a
protumorigenic role in neuroblastoma. Recently, our group
showed that TAMs and CAFs cooperate via TGFp signaling
to promote the survival of neuroblastoma cells (54). Here, we
show that the frequency of both TAMs and CAFs with immu-
nosuppressive phenotypes are increased following induction
chemotherapy in both MYCN-amplified and -non-amplified
tumors and validate both in vitro and in vivo that TAMs and
CAFs can stimulate NFxB activation in persister cells and in-
crease their resistance to therapy.

Targeting NF«kB pathways has been challenging due to
their critical role in normal cells, primarily immune cells, lack
of specific inhibitors, and toxicity. Nevertheless, in a comple-
mentary study conducted by our group (72), we have identified
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TGE as a trigger for NFkB signaling in neuroblastoma cells
by TAMs and CAFs and demonstrated that inhibition of
TGEFp leads to partial inhibition of NF«B signal transduction
and restoration of neuroblastoma chemosensitivity.

In addition, targeting downstream effectors of NFkB,
which are overexpressed in persister cells and are required
for their sustenance, could potentially eradicate the persister
cells and prevent relapse, a strategy that is currently under in-
vestigation by our team. Finally, we have recently showed the
feasibility of targeting intracellular oncoproteins with pep-
tide-centric chimeric antigen receptor-engineered T cells (73)
and plan to define the immunopeptidome of persister cells as
an orthogonal therapeutic strategy.

METHODS
Patient Samples and Ethics

The de-identified tissues of 20 patients with high-risk neuroblas-
toma treated at CHOP between 2009 and 2022 were obtained from
the Pathology Department of CHOP. Written informed consents
were obtained from all patients according to the CHOP biobank pro-
tocol approved by the CHOP Institutional Review Board and was con-
ducted in accordance with recognized ethical guidelines. The clinical
data were collated from CHOP clinical databases by an honest broker.
Whenever available, two regions from each tumor sample were ob-
tained, and samples were embedded in optimal cutting temperature
compounds. The samples were then reviewed by a pediatric patholo-
gist (LFS) to assess for tumor viability at diagnosis and definitive sur-
gery. All samples contained microscopically viable malignant cells at
the time of definitive surgery expect the tumor from CN19 in which
no malignant cells were visualized.

Sample Dissociation and Nuclei Isolation

Samples were received from pathology either cryosectioned from
frozen tissues or embedded in optimal cutting temperature blocks.
A measure of 500 pL of Nuclear Extraction Buffer (20 mmol/L Tris
at pH 8, 320 mmol/L sucrose, 5 mmol/L CaCl,, 3 mmol/L MgAc,,
0.1 mmol/L Ethylenediaminetetraacetic acid (EDTA), 0.01% dig-
itonin, 0.1% Triton X-100, and ddH,O) was added to dissociate the
tissues. The samples were then transferred to a clean, prechilled 2-mL
Dounce homogenizer (Millipore Sigma, D8938), and additional 500 puL
of Nuclear Extraction Buffer was added to a total volume of 1 mL.
Five to -ten slow strokes with pestle A were applied on ice until the
pestle could easily go through the grinder. Additional 5 to 10 slow
strokes with pestle B were applied on ice until the pestle could easily
go through the grinder. Nuclei were examined by light microscopy
to determine whether additional stroking was required. The samples
were transferred from the homogenizer to a 1.7-mL low-binding tube
with filtration using a 40-pm Falcon cell strainer (Falcon, 352340).
Nuclei suspensions were then centrifuged at 500 x g for 5 minutes at
4°C, and the supernatant was removed without disturbing the pel-
let. A measure of 1.5 mL of Nuclei Wash and Resuspension Buffer
(0.2 U/pL RNase inhibitor and 1% BSA) was added to each sample,
and the samples were allowed to incubate for 2 minutes, after which
we gently and slowly resuspended the nuclei. The samples were then
centrifuged at 500 x g for 5 minutes at 4°C, and the supernatant was
removed without disturbing the pellet. The last two steps were repeated
three times. A measure of 150 pL of the final resuspension buffer was
then added, and samples were incubated on ice for at least 2 minutes,
after which we gently and slowly resuspended the nuclei. Nuclei were
filtered using a 40-pm Flowmi cell strainer with a 1-mL tip to a new
1.7-mL low-binding tube. Nuclei concentration was determined using
a Countess machine.

snRNA-seq Library Preparation and Sequencing

snRNA-seq libraries were prepared using 10x Genomics Chromium
Single Cell 3 Kit (version 3 and 3.1) according to the 10x Genomics
protocol. The libraries were sequenced using the IIlumina Novaseq
6000 sequencing platform. Sequencing reads were aligned to the hu-
man genome reference hg38 using CellRanger v.6.0 (10x Genomics).

Quality Control and Preprocessing

The count matrix of each sample was processed using the follow-
ing pipeline. First, nuclei with high ambient RNA as detected by De-
ContX [celda, R pacakge (v1.14.2; ref. 74)] were removed. Doublets
were detected and filtered with DoubletFinder R package [v2.0.3 (75)]
with default settings. We then used Seurat R package (v4.3.0) to re-
move low-quality cells and perform normalization, feature selection,
dimensionality reduction, and clustering. Specifically, we removed
nuclei with less than 1,000 counts, 200 genes, or greater than 3% mito-
chondrial genes, which likely represented apoptotic low-quality cells
(76). The resulting count matrix was scaled and normalized using the
ScaleData and NormalizedData functions. The most highly variable
genes were selected using the FindVariableFeatures function with
methods = “vst,” and principal component analysis was performed
using these genes and the RunPCA function. The top 30 principal
components were used as input to RunUMAP and FindNeighbors
functions. Clusters were identified with the FindClusters function.

Integration and Cell-Type Annotation

We used the Harmony R package (v1.0) with the RunHarmony func-
tion to integrate the diagnostic and definitive surgery samples from 20
patients. Following integration, cell types were annotated using two
complementary approaches to assign cell types to individual nuclei.
First, we used the FindAlIMarker function to identify gene markers
for each cluster obtained by Harmony. The following gene markers
were identified: PHOX2B, PHOX2A, DBH, ALK, TH, and ISL1 for neu-
roendocrine cells, MPZ, PLP1, and CDH19 for Schwann cells, CD2,
CD3D, and CD247 for T cells, CD22, CD79A, PAXS, and BANKI for
B cells, GZMB for NK cells, CDI14 and CD68 for M1 macrophages,
MRCI and CD163 for M2 macrophages, C7, COL1A1, LAMA2, and
COL3A1 for fibroblasts, VWF, CALCRL, and FLT1 for endothelial cells,
ALB for hepatocytes, and CYP11A1 for the adrenal cortex.

We then used SingleR R package (v2.0.0) to annotate individual
nuclei. Nuclei with a cell type assignment by SingleR that was dis-
concordant from their cluster assignment were excluded from down-
stream analysis.

Identification of Malignant Cells

We used InferCNV (v 1.14.0) to infer the CNVs from single nuclei
RNA with a cutoff value of 0.1, denoise = TRUE, HMM = FALSE, and
the GRCH38 reference gene positions. To avoid potential batch ef-
fects, InferCNV was run for individual samples with immune cells
and endothelial cells as reference cells.

To increase our confidence in the classification of malignant cells
using RNA inference only, we applied a stringent approach and ex-
cluded nuclei with inferred copy numbers that belonged to non-
malignant clusters. Specifically, nuclei were identified as malignant
if they (i) belonged to a cluster with inferred recurrent segmental
chromosomal aberrations, such as 1p, 3p, 4p, or 11q deletions and
as 2p or 17q gain by InferCNV or (ii) belonged to a cluster expressing
marker genes of neuroblastoma, such as PHOX2B, PHOX2A, ALK,
DBH, and ISL1.

Pathway-Based Clustering

To identify shared mechanisms among persister nuclei across dif-
ferent patients, we took a pathway-based clustering approach. The
pathway-based clustering algorithm consists of three sequential
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steps: (i) calculation of 52 signature scores for each nucleus, (ii) se-
lection of the topmost informative signatures among all nuclei, and
(iii) clustering of nuclei in the latent space represented by the selected
signatures.

For the first step, we calculated the scores of 52 Hallmark pathways
signatures (34) for each nucleus using VISION (33). The output of the
first step is a matrix of 86,901 x 52 elements, in which the element i,
corresponds to the score of the jth Hallmark pathway in the ith nu-
cleus. To select the most informative pathways, we used the notion of’
autocorrelation, denoted by C, to measure how randomly a pathway
score is distributed across nuclei within the manifold. We calculated
the autocorrelation scores of the 52 Hallmark pathways and selected
the ones with C > 0.5 and FDR < 0.01, resulting in N = 9 pathways:
MYC_TARGETS_V1 (C=0.788), OXIDATIVE_PHOPHORYLATION
(C = 0.69), G2M_CHECKPOINT (C = 0.66), E2F_TARGETS (C = 0.63),
UV_RESPONSE (C = 0.58), MITOTIC_SPINDLE (C = 0.57),
UV_REPSONSE (C = 0.56), MTORC1_SIGNALING (C = 0.55),
and TNFA_SIGNALING_VIA_NFKB (C = 0.54). The output of this
step is a matrix of 86,901 x 9 elements, in which the element 7,j cor-
responds to the score of the jth Hallmark pathway in the ith nucleus.
We normalized this matrix using z-scores of the columns to account
for different scales of the signatures scores. In the step 3, we used
Louvain clustering of the persister nuclei with the normalized ma-
trix as the latent space.

Identifications of Gene Module and Persister Subtype
Assignment

To identify genes that act in concert (modules) in persister nuclei
that activate similar pathways, we used Hotspot with the cell-cell sim-
ilarity map that is defined by the latent space of the pathway-based
clustering algorithm, which in our case are derived from the topmost
informative pathways. Thus, persister cells that activate similar path-
ways are considered similar in the cell-cell similarity map. Hotspot
was run with the above latent space matrix and following parameters:
model = “normal,” min_gene_thershold = 100, and n_neighbors =
295 (square root of the number of persister nuclei). To ensure that
modules were robust with respect to the cell-cell similarity map, we
first ran Hotspot using increasing numbers of the topmost informa-
tive pathways, and hence different cell-cell similarity maps derived
from different Geary cutoffs (we used Geary scores of 0.3, 0.4, and 0.5
as there was no difference in the number of informative signatures
below a Geary score of 0.3) and a FDR of less than 0.01. The Jaccard
similarity between the modules was used to cluster modules from
different Hotspot runs, resulting in five meta-modules. Only genes
recurring in all modules with in a meta-module were retained. We cal-
culated the module scores of persister nuclei using VISION and ob-
tained the Spearman correlation coefficients between module scores,
revealing that meta-modules #2 and #3 are highly correlated (r = 0.6;
FDR < 0.0001). As meta-module #2 genes were enriched with house-
keeping genes, we omitted meta-module #2 from further analyses and
retained only modules #1, 3,4, and 5.

We then calculated the scores of the four meta-modules for each
nucleus using VISION and assigned the module with the highest
score to each persister nucleus.

Cell-Cycle and Pathway Enrichment Analysis

The signatures of G2M and S from were used to determine the
cell-cycle scores of individual persister cells using VISION. Pathway
enrichment analysis was performed using the enrichPathway func-
tion in clusterProfiler (v4.6.0) R package with P value cutoff= 0.1 and
Hallmark and Reactome signatures obtained from msigdbr (v7.5.1)
R package. Gene set enrichment analysis was performed using the
GSEA function in clusterProfiler with P value cutoff = 0.1 and Hall-
mark and Reactome signatures obtained from msigdbr.

Analysis of the Bulk RNA-seq Dataset

We used VISION to calculate the persister subtype scores of tu-
mors in the bulk RNA-seq TARGET dataset. We excluded patients
with low and intermediate risks, resulting in 151 patients. Tumor
phenotype was determined by the maximum persister subtype
score. Raw counts of the transdifferentiation experiments were ob-
tained (GSE180516; ref. 47) and normalized and analyzed using the
DESq2 pipeline (77).

Analysis ChIP-Sequencing Dataset

ChIP-seq data were obtained from three datasets (45): MYCN-
amplified cell lines (GSE94782), MYCN-non-amplified cell lines
(GSE138295), and histones (GSE138314). We used MACS3 to per-
form peak calling for two datasets, GSE138295 and GSE138314.
Specifically, we used the bigwigCompare function on the IP and cor-
responding input (control) BigWig files to generate Bedgraph files
containing the log, ratio between the IP and input. We then used
the bdgpeakcall function with cutoff of 0.5 for GSE138295 and 2
for GSE138314, corresponding to the enrichment level. For dataset
GSE94782, peaks were already called by ref. 45. Integrative Genomics
Viewer was used to visualize the peaks for the selected genes.

WGS

Genomic DNA was extracted from nuclei isolated from human
pediatric neuroblastoma samples using Quick-DNA Microprep Plus
Kit (Zymo Research, D4074). Illumina DNA Prep, (M) Tagmentation
Kit (Illumina, 20018705) was used to prepare WGS libraries accord-
ing to the manufacturer’s instructions. Tagmentation of gDNA and
addition of adapter sequences was carried out at 55°C for 15 min-
utes using bead-linked transposomes. The reaction was terminated
by the addition of tagmentation stop buffer, which was followed by
post-tagmentation cleanup to separate adapter tagged, tagmented
DNA from beads. Index adapters, i7 and i5 from Nextera DNA CD
Indexes Kit (Illumina, 20018707) were used to amplify tagmented
DNA, followed by double-sided size selection to obtain the fragments
of interest. WGS libraries were paired-end sequenced on Novaseq
6000 as per the user guide. WGS reads were aligned to hg38 with
BWA, and base recalibration was performed with GATK (v4.1.9).

Copy Number Detection in WGS Data

CNVEkit (v0.9.9) software was used to compare CNA profiles us-
ing the aligned reads from WGS of pre- and post-treatment pairs
of tumor samples. Sequencing coverage of genome’s sequencing-
accessible regions of matched normals was used as reference for pre-
and post-treatment tumor samples. For tumors without matched
normals, a flat reference with a neutral copy-number profile was
used. The circular binary segmentation algorithm was used to in-
fer copy-number segments. Copy number segments were annotated
to genes, and regions bearing a log, ratios were rescaled to account
for the difference in tumor purities observed across tumor samples.
Log, ratios of at least +0.2 were indicative of shallow amplifications
or deletions. Segments with log, less than -1.1 were indicative of
deep deletions, and those with log, higher than 0.7 were identified
as amplifications. Germline variants were used to calculate average
B-allele frequencies for segments containing the variants. Log, copy
ratios for every pair were visualized using the cnSpec() function from
GeneVisR (v1.29.3) R package, and karyoploteR (v1.20.3) R package
was used to visualize B-allele frequencies across pre- and post-treated
pairs of tumors.

SNV Calling in WGS Data

Somatic variant calling was run on the tumor normal pairs us-
ing Mutect (v2.2) and Strelka2 (v2.9.9). The calls were annotated
using SnpEff v5.1 and Annovar (v20200608). High/moderate effect
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variants with Ref and Alt allele depth greater or equal to 10 were
kept. Variants with gnomAD (v3.1) allele frequency greater than
0.01 were removed.

Clonal Evolution Inference

We used PyClone-Vi (Python v3.8.5) to infer the clonal population
structure at diagnosis and definitive surgery in patients with either
ALK or TP53 mutation. For each pair, the union set of all of SNVs
called at both time points was taken. The allele counts for ALK and
TP53 were extracted using Integrative Genomics Viewer (v2.14.1) to
include mutations with VAFs below the level of detection of the vari-
ant caller. Tumor purity was estimated from the snRNA-seq data of
the corresponding samples. Fishplot package was drawn using the
fishplot (v0.5.1) R package.

Cell Lines

Human-derived neuroblastoma cell lines were obtained from the
CHOP cell line bank and cultured in RPMI containing 10% FBS,
2 mmol/L L-glutamine, and 1% streptomycin/penicillin (RPMI com-
plete) at 37°C under 5% CO,. The cell lines were routinely genotyped
(GenePrint 24 System; Promega) and Mycoplasma-tested, both routinely
before cells were placed into the cell bank. The cells were typically uti-
lized for the described experiments <5 passages from thawing, geno-
typing, and Mycoplasma testing.

Drug Studies

We performed serial dilutions of the stock concentration and
determined the cell viability after 5 days for topotecan (Teva, stock
1 mg/mL) and 3 days for etoposide (Teva, stock 20 mg/mL). Spe-
cifically, cells were plated in 96-well plates at a density of 7,000
and 10,000 cells per well for topotecan and etoposide, respectively.
We examined 10 different drug concentrations corresponding to 10
columns, and four technical replicates were used for each concen-
tration. Each well contained 90 pL of RPMI medium, and wells at
the edge contained 200 pL of PBS. The day after plating, 10 pL of
drug from each concentration was added to the corresponding well.
Cell viability was determined using CellTiter-Glo Luminescent Cell
Viability Assay (G7570, Promega). The ICsq doses for each drug and
cell lines were obtained using nonlinear regression analysis in Prism
(v9.1.1). IC and ICgg doses were calculated using the Hill equation.
For MYCN/MYC RNA and protein studies, we treated cell lines with
5 days of topotecan at inhibitory concentrations of 90% (ICp), and
the residual cells were allowed to regrow for 2 to 3 weeks. We then
retreated the growing cells with etoposide for 3 days at the ICgg con-
centration, thus mimicking the clinical schedule in which multiagent
chemotherapy is delivered in 3-week intervals. Live residual cells were
then selected by flow sorting, and RNA and protein levels of MYCN
and MYC were subsequently measured.

Similar experiments were performed to determine the viability of
neuroblastoma cells in the presence of NFkB inhibition with either
ML120B or JSH-23. Specifically, ML120B (Tocris, #4899) was added
to reach a final concentration of 40 pmol/L in 100 pL of medium per
well, and JSH-23 (MedChemExpress, 10 mmol/L, #13982) was added
to reach a final concentration of 1 pmol/L (BE2), 35 pmol/L (NBLS),
and 100 pmol/L (SHEP) in 100 pL of medium.

PDX

Mice, ages 6 to 12 weeks old, were subcutaneously implanted with
tumor material for tumor growth and randomized into control and
treatment groups (six mice per arm). Enrollment size was reached
when the xenografted tumor reached approximately 0.2 cm?. Follow-
ing enrollment, control mice were administered normal saline and
treated mice were given topotecan at 0.5 mg/kg and cyclophospha-
mide at 20 mg/kg via i.p. route for five consecutive days, and tumors

were allowed to regrow. Body weights and implanted tumor volumes
were measured bi-weekly. A 2 cm? tumor volume was considered the
study endpoint for a mouse after it was euthanized. Tumors were
collected at enrollment and maximal shrinkage following the second
administration of chemotherapy.

Western Blotting

Whole-cell protein lysates were prepared with cell lysis buffer [Cell
Signaling Technology (CST), #9803], PMSF (Sigma-Aldrich), and
phosphatase inhibitor cockrails 2 (Sigma-Aldrich, #P5726) and 3
(Sigma-Aldrich, P0044), briefly sonicated, rotated for 15 minutes at
4°C, and centrifuged for 10 minutes. The supernatant was removed,
and protein concentration was quantified by Pierce BCA Protein As-
say Kit (Thermo Fisher Scientific, #23225). Samples were prepared
from lysates with NuPage LDS sample buffer (#NP0007, Thermo
Fisher Scientific) and B-mercaptoethanol. Then the samples were
separated on a 4% to 12% Bis-Tris gels (Life Technologies), transferred
to a PVDF membrane, blocked in 5% non-fat milk in Tris-buffered
saline and Tween-20 (TBS-T), and blotted using standard protocols.
Membranes were typically incubated at 4°C overnight in primary
antibodies, washed x three with TBS-T, then incubated in 1:2,000 di-
luted a horseradish peroxidase-labeled secondary antibody at room
temperature for 1 hour, washed additional x 3 with TBS-T, and then
developed with a chemiluminescent reagent (SuperSignal West
Femto, Thermo Fisher Scientific). The following primary antibod-
ies were used: B-actin (1:5,000; CST, #4967), GAPDH (1:5,000; CST,
#2118), c-MYC (1:1,000; CST, #18583), N-MYC (1:5,000; CST, #9405),
p65 (1:5,000; CST, #4767), PRRX1 (1:2,000; OriGene TA803116), YAP
(1:1,000; CST, #14074), PHOX2B (1:200, sc-376997), DLK1 (1:1,000;
CST, #2069), and TUB (1:10,000; Calbiochem CPO06).

RT-PCR Analysis

Total RNA was isolated utilizing Direct-zol RNA MicroPrep Kit
(R2062, Zymo Research), and mRNAs were converted to cDNA us-
ing High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific, 4368814). Taqgman gene expression assays were used to
quantitate MYCN (#Hs00232074), MYC (#HS00153408), and GAPDH
(#HS999905). RT-PCR analysis was performed on Applied Biosystems
7900HT Sequence Detection System using standard cycling condi-
tions, and relative expression values were calculate using the AA Ct
method.

NFxB GFP Reporter Assay

NFkB GFP lentivirus was purchased form BPS Bioscience (#79926),
with the response element sequence that drives eGFP reporter ex-
pression being GGGAATTTCC. Virus was added to the cells in the
presence of 8 pg/mL polybrene (Sigma-Aldrich). Media was changed
the next day, and puromycin (Sigma-Aldrich) was added for selection
for 48 hours prior to further experiments. Cell lines with and with-
out the NFkB GFP reporter were plated in 35-mm plates (400,000 per
plate) and treated with ICo topotecan for S days, allowed to regrow,
and, upon reaching 80% confluency, were treated with ICgg etoposide
for 3 days.

CRISPR-CAS9 Knockout

CAS9 plasmids were obtained from Ophir Shalem Laboratory and
used to generate CAS9 viruses with Lipofectamine 3000 and p3000,
PMD2.G (Addgene, #12259), and psPAX2 (Addgene, #12260) plas-
mids in 293T cells incubated in optiMem medium. Similarly, RelA
plasmids (Addgene, #83944) were used to generate RelA viruses. Then
SKNSH and SHEP were stably transduced with CAS9 virus and se-
lected with 1 pg/pL of puromycin. RelA virus was then used to stably
transduce SKNSH and SHEP. Knockout cells were validated by
Western blotting for RelA.
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Transdifferentiation Assays

BE2C, IMRS, and SYSY cells were infected with lentivirus pre-
pared from PRRX1 in the pLVX-TetOne vector (Takara, #631847)
and selected with puromycin, as previously described (9). The cells
were then transfected with the NFxB pNifty2-Luc reporter plas-
mid (Invivogen) using Lipofectamine 3000 transfection reagent
(L3000008) followed by Zeocin selection. PRRX1 expression was
induced with doxycline (1 pg/mL, Sigma-Aldrich, #D9891) and
luminescence-detected using Bright-Glo Luciferase Assay System
(Promega, #E2610).

IF Confocal Microscopy

Cell lines were plated in 3-mm plates in a density of 300,000
cells per plate and incubated in 2 mL of RPMI medium. The medium
was removed, and cells were fixed with Fixation (4x formaldehyde
buffer) at room temperature for 10 minutes. The plates were washed
with PBS 3 times for 5 minutes. The cells were then permeabilized
in 0.1% Triton (100x) for 10 minutes at room temperature, and the
plates were washed in PBS three times. The plates were then incubat-
ed in detection buffer (1% BSA and 0.1% Tween-20) for 15 minutes at
room temperature. A measure of 70 to 130 pL of primary antibody
mix (CD44, CST# 3579, 1:400) was added to the plate and allowed to
incubate for 2 hours at room temperature. Following incubating, the
plates were washed with TBS-T (91414-10TAB, Sigma-Aldrich) for
15 minutes 3 times. A secondary anti-mouse antibody (Alexa Fluor,
Invitrogen, #A32744) was then added to detection buffer at 1:500 ratio,
and plates were incubated for 1 hour, after which they were washed
with TBST for 15 minutes 3 times. 4,6-diamidino-2-phenylindole
(DAPI) stain was added to the detection buffer at 1:10,000 for S min-
utes of incubation. The plates were imaged by confocal microscopy
(TCS SP8, Leica).

Coculture Experiments

Coculture experiments were performed in transwell (0.4 pm pore
membranes, Corning). Triple coculture was used a 4:4:1 ratio for
NB:MN: MSC, as previously described (54). NB cells [SK-N-BE(2)]
and mesenchymal stem cells (MSC) were seeded separately the first
day, and fresh monocyte (MN) was added after 24 hours in the pres-
ence of Iscove’s Modified Dulbecco’s Medium and 2% FBS. Cultures
were maintained for 72 hours in the presence or absence of JSH-23
(NFkB nuclear translocation inhibitor, 1-100 pmol/L, Selleckchem).
The CM used is the combination of technical triplicate, and biologi-
cal duplicate was performed.

Drug Response of the Xenotransplanted Model

Animal experiments were performed in accordance with a pro-
tocol approved by the Institutional Animal Care Utilization Com-
mittee at The Saban Research Institute of Children’s Hospital Los
Angeles (Protocol #41-23 approved on October 25, 2023). A drug-
response protocol was developed (54). NOD/SCID gamma mice,
ages 8 to 12 weeks old, both males and females, were divided into
two groups of 10 to 11 mice each and subcutaneously implanted
with SK-N-BE(2)-LUC cells (1.2 x 10° cells) alone or mixed with MN
and MSC (TME; ratio 4:4:1 for NB:MN:MSC) in a total volume of
100 pL. The mice treated with etoposide (5 mg/kg) received i.p. in-
jections every 2 days on days 6, 8, and 10. The mice treated with
JSH-23 received i.p. injections with 5 mg/kg of JSH-23 suspended in
DMSO (Sigma-Aldrich) during 7 days (days 5-11). Following tumor
implantation, the mice were monitored before and after treatment
by bioluminescence imaging (Xenogen IVIS 100, Caliper Life Sci-
ence) to measure luciferase intensity and tumor growth, and tumor
volume was measured after treatment using the following formula:
Tv = width x 2 x length x g

Statistical Analysis

For comparisons between medians, precents, and proportions,
we used the Wilcoxon rank test (paired or unpaired, as appropriate).
Correlations between scores of individual nuclei or cells were calcu-
lated using the Pearson method in which the test statistic is based
on Pearson’s product moment correlation coefficient and follows a
t-distribution. For cell viability assays, we used two-tailed, unpaired,
Student ¢ test to compare between control and treatment groups or
CAS9 empty vector versus CAS9 knockout cells.

Data Availability

The snRNA-seq and WGS data are available at https://humantu-
moratlas.org/explore under HTAN-CHOP for the discovery dataset
and HTAN-HTTAP for the validation cohort.
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