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LIN28B is highly expressed in neuroblastoma and promotes
tumorigenesis, at least, in part, through inhibition of let-7 micro-
RNA biogenesis. Here, we report that overexpression of either
wild-type (WT) LIN28B or a LIN28B mutant that is unable to inhibit
let-7 processing increases the penetrance of MYCN-induced neu-
roblastoma, potentiates the invasion and migration of trans-
formed sympathetic neuroblasts, and drives distant metastases
in vivo. Genome-wide chromatin immunoprecipitation coupled
with massively parallel DNA sequencing (ChIP-seq) and coimmu-
noprecipitation experiments show that LIN28B binds active gene
promoters in neuroblastoma cells through protein-protein inter-
action with the sequence-specific zinc-finger transcription factor
ZNF143 and activates the expression of downstream targets, in-
cluding transcription factors forming the adrenergic core regula-
tory circuitry that controls the malignant cell state in neuroblastoma
as well as GSK3B and L1CAM that are involved in neuronal cell ad-
hesion and migration. These findings reveal an unexpected let-
7-independent function of LIN28B in transcriptional regulation
during neuroblastoma pathogenesis.
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N euroblastoma is an intractable solid tumor of the peripheral
sympathetic nervous system (PSNS) that arises in children
and accounts for 15% of childhood cancer deaths (1). High-risk
neuroblastoma patients have a 5-y event-free survival rate below
50%, and patients who relapse have a dismal prognosis (2).
Neuroblastoma derives from the sympathoadrenal lineage of
neural crest cells and typically arises in the adrenal medulla or
paraspinal ganglia (1). Over half of neuroblastomas exhibit me-
tastases at diagnosis with frequent spread to bone marrow, cor-
tical bone, lymph nodes, liver, brain, orbital sites, and lung (1-5).
It is, therefore, critical to devise new strategies for the treatment
of this high-risk pediatric malignancy.

MYCN amplification is present in ~20-25% of neuroblasto-
mas and is the most common genetic aberration associated with
poor disease outcome (2). A genome-wide association study
identified an association between single-nucleotide polymor-
phisms in the LIN28B locus and the development of neuro-
blastoma, suggesting that LIN28B may function as a
predisposition gene or oncogenic driver during neuroblastoma
pathogenesis (6). Furthermore, genome-wide CRISPR analysis
has implicated LIN28B as a selective genetic dependency in
MYCN-amplified neuroblastoma (7), indicating that therapies
designed to inactivate the neoplastic functions of LIN28B may
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be particularly beneficial for patients with MYCN-amplified
neuroblastomas.

LIN28B and its homolog LIN28A are important regulators of
mammalian stem cell self-renewal, and LIN28A is one of four
factors in a mixture capable of reprogramming differentiated
somatic cells into pluripotent stem cells (8). LIN28B has been
implicated in malignant transformation and is highly expressed in
a variety of solid tumors and hematological malignancies in-
cluding neuroblastoma (6, 9-11), Wilms’ tumor (12), hepato-
cellular carcinoma (13), colon cancer (14, 15), peripheral T-cell
lymphoma (16), pediatric leukemia (17), and malignant germ-
cell tumors (18). Both LIN28A and LIN28B are known to se-
lectively block the processing of le-7 microRNA (miRNA)
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precursors into mature miRNAs by directly binding primary let-7  (22-24), the nature of the let-7-independent functions of
transcripts (19, 20). LIN28B may promote neuroblastoma, at ~LIN28B during neuroblastoma tumorigenesis remains elusive.

least, in part, through suppression of let-7 because LIN28B In this study, we demonstrate that stable transgenic zebrafish
overexpression has been shown to enhance MYCN expression in  lines coexpressing MYCN and either WT or let-7-suppression—
the sympathoadrenal lineage of cells in mice (10). LIN28B also  deficient mutant LIN28B in the PSNS enhance the penetrance
promotes neuroblastoma tumorigenesis through a LIN28- and promote metastasis of MYCN-induced neuroblastoma.
B-RAN-AURKA signaling network by mechanisms that are both ~ Genome-wide chromatin immunoprecipitation coupled with
let-7-dependent and let-7-independent (21). We found that massively parallel DNA sequencing (ChIP-seq) experiments re-
LIN28B overexpression is one of multiple mechanisms that dis- veal a novel le-7-independent function for LIN28B. It binds
rupt the ler-7 miRNA family to promote neuroblastoma (11). active gene promoters in neuroblastoma cells through an in-
Although let-7-independent functions of LIN28B have been teraction with a zinc-finger transcription factor ZNF143 and
implicated in neurogenesis and tumorigenesis of the PSNS regulates the transcription of genes involved in neuroblastoma
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Fig. 1. Overexpression of WT or mutant LIN28B increases the penetrance of MYCN-induced neuroblastoma. (A and B) Schematic of the WT (A, LIN28B_WT)
and mutant (B, LIN28B_MU) human LIN28B proteins. CSD; NoLS, nucleolar localization signal; CCHC zinc-finger domain; NLS, nuclear localization signal. Five
point mutations (arrowheads) were created in the LIN28B_MU. (C-H) Lack of detectable EGFP expression in the IRG of a 17-wpf EGFP transgenic fish (C) and
39-wpf LIN28B_WT (D) and LIN28B_MU (E) fish; and EGFP expression in the tumors (arrows) arising from the IRG of 17-wpf EGFP;MYCN (F), LIN28B_WT;MYCN
(G) and LIN28B_MU;MYCN (H) fish. (Scale bar, 1 mm.) (/) Kaplan—-Meier analysis of cumulative frequency of neuroblastoma in transgenic lines. Statistical
analysis was performed using the logrank test. (J and K) The relative expression of zebrafish let-7b (J) and let-7f (K) miRNAs in EGFP;MYCN (M),
LIN28B_WT;MYCN (WT), and LIN28B_MU;MYCN (MU) tumors by qRT-PCR. Five independent tumors from 6-mo-old fish were analyzed for each group. Each
dot represents the expression levels of the indicated gene normalized to U6 snRNA. Horizontal bars indicate means + SD. Statistical analysis was performed
using the two-tailed unpaired t test. ***P < 0.001.
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cell migration and survival. The LIN28B-associated transcrip-
tional network may, therefore, provide a source of “druggable”
targets for neuroblastoma tumors that require LIN28B for
malignancy.

Results

Overexpression of WT or Mutant LIN28B Accelerates MYCN-Induced
Neuroblastoma. Large scale experiments have shown that LIN2SB
is highly expressed in neuroblastoma (SI Appendix, Fig. S14),
and elevated LIN28B expression is strongly associated with a
lower probability of overall survival in neuroblastoma patients
(SI Appendix, Fig. S1B). To investigate the le-7-dependent and
let-7-independent functions of LIN28B during neuroblastoma
pathogenesis, we generated stable transgenic zebrafish lines that
coexpress enhanced green fluorescent protein (EGFP) with human
WT LIN28B (LIN28B_WT) or let-7-suppression—deficient mutant
LIN28B (LIN28B_MU) in the PSNS by the zebrafish dopamine-
pB-hydroxylase gene (dph) promoter. The mutant LIN2SB contains
five point mutations spread across the cold shock domain (CSD) and
CysCysHisCys (CCHC) zinc-finger RNA-binding motifs (Fig. 1.4 and
B) that render the protein incapable of let-7 suppression in the
closely related LIN28B paralog LIN28A (22, 25). The transgenes
were cointegrated into the genome such that EGFP marks expres-
sion of the transgene and facilitates visualization of tumor develop-
ment (26). Two stable transgenic zebrafish lines were identified,
Tg(dph:EGFP,dph:LIN2SB_WT) and Tg(dph:EGFP:dph:LIN28B_MU)
and designated LIN28B_WT and LIN28B_MU hereafter. Fish
transgenic for EGFP [Tg(dph:EGFP)], LIN28B_WT or LIN28B_MU
alone did not develop neuroblastoma in this assay (Fig. 1 C-E and ).

To determine whether LIN28B collaborates with MYCN
during neuroblastoma development, we first analyzed available
databases for coexpression of LIN28B and MYCN in patient
tumors. Indeed, we found a positive correlation between LIN2§B
and MYCN expressions in human primary neuroblastomas (S/
Appendix, Fig. S1 C and D) and neuroblastoma cell lines (S
Appendix, Fig. SIE). We then bred a zebrafish neuroblastoma
model Tg (dph:EGFP-MYCN) (designated MYCN) (27) with
both LIN28B_WT and LIN28B_MU lines as well as the EGFP
control line. Both LIN28B_WT;MYCN and LIN28B_MU;-
MYCN compound transgenic lines developed tumors in the in-
terrenal gland (IRG), the zebrafish counterpart to the human
adrenal medulla (Fig. 1 F-H). These tumors arose with an earlier
onset at 5-wk postfertilization (wpf) and increased penetrance of
50-60% by 25 wpf, compared to ~30% in EGFP;MYCN control
fish (P = 0.0050 and P = 0.0004 for LIN28B_WT;MYCN and
LIN28B_MU;MYCN lines, respectively) (Fig. 1/). In addition,
tumors arising in the LIN28B_WT;MYCN line but not the
LIN28B_MU;MYCN line had dramatically reduced levels of the
mature ler-7 miRNA family members let-7b and let-7f compared
to those arising in the EGFP;MYCN line (Fig. 1 J and K).
LIN28B can, therefore, collaborate with MYCN to induce neu-
roblastoma through a mechanism that does not involve pro-
cessing of the le-7 miRNA.

Nontransformed cells of the IRG predominantly exist as
chromaffin cells that express tyrosine hydroxylase (TH) (S Ap-
pendix, Fig. S2 A-C, E-G, and I-K) and do not have detectable
LIN28B unless transgenically expressed in the LIN28B_WT and
LIN28B_MU stable lines (SI Appendix, Fig. S2 D, H, and L).
By contrast, all MYCN-induced tumor cells, with or without
LIN28B_WT/MU overexpression, were composed of TH-expressing
undifferentiated small and round neuroblasts with hyperchromatic
nuclei and scant cytoplasm (SI Appendix, Fig. S2 M-O, Q-S, and
U-W). Human LIN28B was highly expressed in the tumor cells of
LIN28B WT;MYCN and LIN28B MU;MYCN transgenic fish but
not of EGFP;MYCN fish (SI Appendix, Fig. S2 P, T, and X). Notably,
while WT LIN28B was found in both the cytoplasm and the nucleus,
mutant LIN28B appeared to be specifically enriched in the nucleus
(ST Appendix, Fig. S2 H, L, T, and X), which is in agreement with
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previously reported findings (25). These results suggest that both WT
and mutant versions of LIN28B accelerate the development of
MYCN-induced neuroblastoma but do not cause overt changes af-
fecting the tumor-cell histology.

Both WT and Mutant LIN28B Promote Distant Metastases of
MYCN-Induced Neuroblastoma. Overexpression of LIN28B has
been shown to enhance cellular proliferation, migration, in-
vasion, and metastasis in colorectal cancer xenograft mouse
models (14, 15). To investigate whether LIN28B also promotes
the metastasis of neuroblastoma, five tumor-bearing fish at 6 mo
of age were randomly selected from each of the experimental
groups: i) EGFP;MYCN, ii) LIN28B_WT;MYCN, and iii)
LIN28B_MU;MYCN. Hematoxylin and eosin (H&E) staining
and immunohistochemical staining for the neuronal marker TH
(characteristic of neuroblastoma) and LIN28B revealed tumor-
cell masses in the IRG and the adjacent kidney marrow of all 15
fish (Fig. 2 A-E" and SI Appendix, Fig. S3). Disseminated tumor
metastases were also present in multiple additional organs and
sites in LIN28B_WT;MYCN and LIN28B_MU;MYCN lines but
only very rarely in the EGFP;MYCN line (P = 0.0476, Fig. 24
and ST Appendix, Fig. S3).

The most common metastatic site for neuroblastoma in hu-
mans is the bone marrow (3) where hematopoietic stem and
progenitor cells normally reside. Hematopoiesis in zebrafish
takes place in the kidney marrow (28), accounting for the fact
that all of the fish had involvement of kidney marrow due to local
invasion extending from the IRG. LIN28B_WT;MYCN and
LIN28B_MU;MYCN fish harbored metastases in the spleen (the
zebrafish equivalent of human lymph nodes, Fig. 2 F-F"), liver
(Fig. 2 G-G"), bony orbit (Fig. 2 H-H"), and gill (the zebrafish
equivalent of human lung, Fig. 2 I-I"), corresponding to the most
prevalent sites of neuroblastoma metastases in humans. Of note,
metastases in bone marrow, bony orbit, and lung are associated
with poor prognosis and decreased survival in neuroblastoma
patients (3-5). Tumor cells from both LIN28B_WT;MYCN and
LIN28B_MU;MYCN lines were also identified in sites that are
less commonly associated with human neuroblastoma metastasis,
such as the pancreas (Fig. 2 J=J"), intestine (Fig. 2 K-K"), and testis
(Fig. 24). The identification of tumor cells in the cardiac ventricle
and atrium in both LIN28B_WT;MYCN and LIN2§B_MU;MYCN
zebrafish lines (Fig. 2 A and L-L") suggests that metastases
developed through the hematogenous spread of tumor cells.
These data indicate that LIN28B promotes the colonization of
MYCN-induced neuroblastoma in multiple tissues in a manner that
is independent of let-7 regulation.

Both WT and Mutant LIN28B Promote Human Neuroblastoma Cell
Invasion and Migration. To determine whether WT or mutant
LIN28B promotes the invasion and migration of human neuro-
blastoma cells, we engineered a doxycycline-inducible Flag-
tagged LIN28B_WT or LIN28B_MU overexpression system in
the human MYCN-amplified neuroblastoma cell lines BE2C and
CHP134 (designated BE2C-TET and CHP134-TET lines, re-
spectively). Both LIN28B_WT and LIN28B_MU were strongly
induced by doxycycline treatment (Fig. 34 and SI Appendix, Fig.
S44) but did not affect the proliferation of BE2C-TET or
CHP134-TET cells (Fig. 3B and SI Appendix, Fig. S4B). How-
ever, transwell migration and invasion assays (Fig. 3C) showed
that doxycycline-treated BE2C-TET or CHP134-TET cells
expressing either LIN28B_WT or LIN28B_MU exhibited ~1.6-2
fold more cells that pass through collagen-coated permeable
membranes (Fig. 3 D and E and SI Appendix, Fig. S4 C and D)
compared to control cells with inducible expression of red fluo-
rescent protein (SI Appendix, Fig. S4 C and D). Importantly, the
expression of let-7d and let-7i were both robustly inhibited in
BE2C-TET cells by overexpression of WT but not mutant
LIN28B (Fig. 3F). These data suggest that overexpression of
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LIN28B_WT and LIN28B_MU promotes the migration and in-
vasion of human neuroblastoma cells.

LIN28B Binds Active Promoters in Human Neuroblastoma Cells.
Superenhancer-regulated and cell-requisite transcription fac-
tors may compose elements of a core regulatory circuitry (CRC),
which is required for both the survival and the establishment of
the unique transcriptional profile of a particular cell type (29).
We have shown that LIN28B represents a selective gene de-
pendency in MYCN-amplified neuroblastoma and is associated
with a superenhancer (7). Furthermore, endogenous LIN28B
protein is localized to both the cytoplasmic and the nuclear
fractions of BE2C, CHP134, and Kelly neuroblastoma cells (S/
Appendix, Fig. S54). Therefore, we tested the hypothesis that
LIN28B functions as a transcriptional cofactor associated with
the CRC in the adrenergic subtype of neuroblastoma cells (7, 30,

16520 | www.pnas.org/cgi/doi/10.1073/pnas.1922692117

31). ChIP-seq experiments revealed that many high-confidence
genomic regions of enrichment for LIIN28B (P value cutoff of
1le-9) were shared among BE2C, CHP134, and Kelly cells
(Fig. 44 and SI Appendix, Table S1), which are neuroblastomas
of the adrenergic subtype that have MYCN gene amplification,
indicating that LIN28B is associated with particular DNA se-
quences. However, we quickly ascertained that LIN28B is not
consistently recruited to the adrenergic CRC as a cofactor by one
of the DNA-binding members of the CRC. CRC members typ-
ically bind very closely to each other on DNA, forming dense
clusters of transcription factors within their own enhancer re-
gions, collectively regulating the expression of each gene, and
creating an interconnected feed-forward autoregulatory loop (7,
32). We found that LIN28B co-occupies a subset of genomic
regions with the CRC transcription factors (HAND?2, ISL1,
PHOX2B, GATA3, TBX2, and MYCN) and may regulate the
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expression of a number of genes (SI Appendix, Fig. S5 B and C).
However, LIN28B is not consistently present at either its own
enhancer or the known CRC enhancers (marked by H3K27ac; SI
Appendix, Fig. SS5B), effectively ruling out involvement of
LIN28B as a bona fide cofactor of the neuroblastoma CRC.
Rather, LIN28B is a member of the extended regulatory network
(ERN) (32) of the adrenergic CRC because each of the other
CRC transcription factors is localized to the LIN28B super-
enhancer (SI Appendix, Fig. S5B).

Further analysis showed that more than 70% of the genomic
regions with specific enrichment of LIN28B are located at
promoter-proximal regions within 1 kilobase (kb) from the
transcription start site (TSS) in all three cell lines, indicating that
LIN28B could be involved in the transcriptional regulation of the
associated genes (Fig. 4 B and C and SI Appendix, Fig. S5 D-F).
In addition, RNA polymerase II/POLR2A and histone marks
that are associated with active transcription, such as H3K4me3
and H3K27ac, are highly enriched at LIN28B-binding sites
(Fig. 4D and SI Appendix, Fig. S5G). Motif analysis using the
MEME-ChIP and HOMER programs predicted a major bi-
partite consensus sequence 5-TGGGA-RW-TGTAGTYC-3'
with a distribution that is centered near the summits of peak
enrichment in all three cell lines (Fig. 4E and SI Appendix, Table
S2). Gene ontology term analysis using Enrichr (33) revealed
that LIN28B-bound genes in BE2C, CHP134, and Kelly cells are
significantly enriched for genes that function in the regulation of
transcription, RNA binding, and mRNA splicing (SI Appendix,
Fig. S5 H and I), indicating that LIN28B may regulate multiple
aspects of RNA metabolism through transcriptional activation in
addition to its well-known roles in suppression of miRNA pro-
cessing (19) and direct binding to messenger RNAs with effects
on splicing, stability, and translation (34).

To determine how LIN28B is localized to specific genomic
regions, we performed a motif enrichment analysis (35) and
found that a ZNF143-binding motif (36) is significantly enriched
in the top 500 LIN28B ChIP-seq peaks (AUROC = 0.97 and P <
0.001), present in 94% compared to 2% of a genomically matched
reference set and centered around the peak summits in BE2C cells.
We, therefore, performed ChIP-seq with an anti-ZNF143 antibody
in BE2C cells and found that LIN28B binds coordinately with
ZNF143 to promoter regions (Fig. 4F). The ZNF143-binding motif
predicted by the MEME-ChIP program revealed the consensus
sequence 5'-RKGCMTKC-TGGGA-RW-TGTAGT-3' (Fig. 4G),
which is highly similar to the consensus sequence for LIN28B
(Fig. 4E). We also demonstrated a protein—protein interaction be-
tween endogenous LIN28B and ZNF143 proteins in BE2C cells by
reciprocal coimmunoprecipitation (co-IP) experiments (Fig. 4H and
SI Appendix, Fig. S64). ZNF143 also interacts with exogenously
expressed WT or mutant LIN28B in BE2C cells (Fig. 41 and SI
Appendix, Fig. S6B). Furthermore, Western blotting of chromatin-
bound protein extracts demonstrated that while a doxycycline-
inducible knockdown of LIN28B did not affect ZNF143 binding
to chromatin, a doxycycline-inducible knockdown of ZNF143 de-
creased LIN28B binding to chromatin (Fig. 4/ and SI Appendix, Fig.
S6C). These data indicate that LIN28B is predominantly enriched
in genomic regions located near gene promoters due to its specific
association with the zinc-finger transcription factor ZNF143.

WT and Mutant LIN28B Activate Transcriptional Programs that Promote
Neuroblastoma Pathogenesis. To understand how LIN28B promotes
the development of MYCN-induced neuroblastoma, we sought to
identify direct or indirect target genes with an expression that is
significantly altered due to LIN28B binding to ZNF143 within gene-
specific promoter regions. BE2C-TET cell lines engineered to ex-
press Flag-tagged LIN28B_WT or LIN28B_MU were treated with
doxycycline for 3 d, and samples were analyzed by ChIP-seq and
RNA sequencing (RNA-seq). ChIP-seq with an anti-Flag antibody
revealed that both LIN28B_WT and LIN28B_MU share similar
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genome-wide occupancy at the promoter regions as the endogenous
LIN28B (Fig. 5 A and B). Immunofluorescence staining showed
that LIN28B_WT is distributed to both the cytoplasm and the nu-
cleus, while LIN28B_MU is predominantly found in the nucleus
(Fig. 5C). These observations are consistent with our findings in
zebrafish (SI Appendix, Fig. S2 T and X). RNA-seq demonstrated
that 76.5% of the differentially expressed genes (15,251 of 19,929)
were either co-up-regulated or co-down-regulated by LIN28B_WT
and LIN28B MU compared to untreated controls (Fig. 5D).
Moreover, there was a large overlap between genes that were dif-
ferentially expressed (P < 0.01) in LIN28B_WT- and LIN28B_MU-
expressing cells (Fig. 5 E and F). For the genes that were
co-up-regulated or co-down-regulated by LIN28B_WT and
LIN28B_MU, most of the LIN28B-bound genes were also bound
by ZNF143 (Fig. 5 E and F), consistent with a role for ZNF143 in
localizing LIN28B within the genome. Furthermore, genes up-
regulated by LIN28B_WT only but not those up-regulated by
LIN28B_MU only were enriched for let-7 targets (SI Appendix, Fig.
S7A), indicating that the LIN28B mutant is unable to inhibit lez-7
processing. Gene set enrichment analysis (GSEA) revealed that a
subset of common gene signatures related to tumor metastasis and
the epithelial-to-mesenchymal transition were enriched in LIN28B
WT- and mutant-expressing BE2C-TET cells (SI Appendix, Fig.
S7B), while gene signatures involved in cell adhesion were nega-
tively enriched (SI Appendix, Fig. S7C). These data suggest that
LIN28B activates transcriptional programs that drive tumor me-
tastasis in a let-7—independent manner.

To further analyze the individual genes that are regulated by
LIN28B, we performed GSEA using all of the LIN28B and
ZNF143 cobound genes in BE2C cells as a gene set and found
that they were more likely to be up-regulated upon LIN2§B_WT
or LIN28B_MU overexpression (P = 1.04e-21 for LIN28B_WT
and P = 4.58e-14 for LIN28B_MU by the Kolmogorov—-Smirnov
test) (Fig. 5G). This finding suggests that LIN28B acts more
frequently as a transcriptional activator than a repressor. To
identify high-confidence let-7-independent LIN28B target genes
(n = 508; Fig. 5H and SI Appendix, Table S3), we selected
LIN28B and ZNF143 cobound genes that show significant
changes in expression in response to overexpression of WT and
mutant LIN28B (P < 0.01 with an absolute log,-fold-change >
0.2 for both). Interestingly, many of these LIN28B-regulated
genes are selective neuroblastoma gene dependencies and tran-
scription factors that comprise the adrenergic core regulatory
circuitry, including ISL1, PHOX2A, and HAND?2 (7). Other di-
rectly up-regulated genes have been shown to regulate neural
crest development and cell lineage specification, such as GSK3B,
DBH, and HDAC9 (37-39), and several are associated with tu-
mor metastasis, including GSK3B, LICAM, and ETVI (37,
40-43). To validate these findings, we analyzed both human and
zebrafish neuroblastoma cells by qRT-PCR. We detected in-
creased expression of GSK3B, L1CAM (zebrafish homolog /1.1)
and ETVI in BE2C-TET cells overexpressing LIN28B_WT or
LIN28B_MU (Fig. 64) as well as in tumors derived from the
LIN28B_WT;MYCN or LIN28B_MU;MYCN fish compared to
EGFP;MYCN-derived tumors (Fig. 6 B-D). These data suggest
that aberrant overexpression of LIN28B induces the expression
of key mediators of neuroblastoma metastasis.

Previous studies have shown that GSK3B promotes cell mi-
gration during neural crest development and cancer cell pro-
gression and invasion (37, 40, 41). An analysis of publicly
available datasets revealed that GSK3B is highly expressed in
neuroblastoma (SI Appendix, Fig. S84) and is positively corre-
lated with the expression of LIN28B (SI Appendix, Fig. S8 B and
C). We also found that the 50 most significantly down-regulated
genes upon treatment of IMR32 neuroblastoma cells with the
GSK3B inhibitor BIO-acetoxime (44) were enriched in LIN28B
WT- or mutant-expressing BE2C-TET cells compared to con-
trols (SI Appendix, Fig. S8D), suggesting that GSK3B is an
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important target of LIN28B. To test the possibility that LIN28B
interacts via protein—protein binding with ZNF143 at the GSK3B
promoter, we cloned the putative consensus sequence upstream
of a firefly luciferase reporter gene and transfected the construct
into BE2C-TET cells. We observed an ~1.4-fold increase in re-
porter activity in response to overexpression of WT or mutant
Flag-LIN28B compared to the BE2C parent cells (Fig. 6F),
suggesting that GSK3B expression is activated by LIN28B
through its interaction with ZNF143. To evaluate whether
GSK3B functions in neuroblastoma-cell invasion and migration,
we treated BE2C-TET cells with a small molecule inhibitor of
GSK3B known as SB415286 (45). In the absence of doxycy-
cline, SB415286 treatment robustly inhibited invasion and
migration. The addition of doxycycline in cells engineered to
overexpress WT or mutant LIN28B was able to partially res-
cue this phenotype, presumably through up-regulation of
GSK3B (Fig. 6 F and G). Our results, therefore, indicate that
GSK3B is an important let-7-independent transcriptional
target of LIN28B that contributes to neuroblastoma invasion
and migration.

Discussion

LIN28s have previously been shown to influence development,
metabolism, and disease processes in a manner that can be either
dependent or independent of their effects on let-7 processing.
LIN28A is normally substantially down-regulated upon the dif-
ferentiation of mouse P19 neuronal cells into glial cells, but
constitutive expression of either WT or a mutated version of
LIN28A that fails to suppress lez-7 maturation completely blocks
neurogliogenesis (22). Furthermore, let-7-dependent and let-
7-independent functions of LIN28 synergize to regulate glu-
cose metabolism and tissue repair (46, 47). In neuroblastomas,
LIN28B coordinates expression of the oncogenes RAN and
AURKA through both let-7-dependent and /let-7-independent
mechanisms (21). High LIN28B expression is one of multiple
mechanisms that disrupt the ler-7 and, consequently, results in
elevated MYCN protein expression to promote neuroblastoma
pathogenesis in mice, at least, in part, through suppression of let-
7 (10, 11). In our zebrafish model, MYCN cDNA lacking the 3’
untranslated region is overexpressed in the PSNS under the dfh
promoter so that direct effects of LIN28B on let-7 processing
would not affect MYCN protein levels. We find that both WT
and [et-7-suppression—deficient LIN28B promote MYCN-
induced neuroblastoma by a mechanism that does not require
suppression of let-7 but, instead, is due to LIN28B-mediated up-
regulated expression of genes that are essential for neuroblas-
toma cell survival and migration. LIN28B is recruited to the
promoters of these genes not through an intrinsic DNA binding
but rather through protein—protein interactions with the zinc-
finger transcription factor ZNF143. In the future, it will be im-
portant to determine how the loss of function of LIN28B affects
both global gene expression and the expression of ZNF143 target
genes in MYCN-amplified neuroblastoma.

The adrenergic neuroblastoma CRC contributes to the for-
mation of hundreds of superenhancers at additional transcrip-
tional regulators and genes critical for neuroblastoma cell
identity (7). The ERN is composed of the downstream genes
regulated by superenhancers and the CRC transcriptional factors
(32). The proteins encoded by these genes are not necessarily
transcription factors, do not bind to the superenhancers of the
CRC genes, or are not likely autoregulatory. Thus, genes regu-
lated by superenhancers that are bound by the CRC proteins can
be either CRC or ERN genes, depending on whether their
products bind to the CRC gene enhancers and autoregulate
themselves and the other CRC members. In this context, while
the LIN28B superenhancer is driven by the CRC, LIN28B itself
is not part of the CRC as it does not bind through ZNF143 to the
enhancers of all of the CRC genes and, thus, does not reinforce
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their expression. Rather, LIN28B facilitates the expression of its
own targets (e.g., GSK3B and L1CAM). While LIN28B is not a
CRC gene, its status as a superenhancer-driven downstream
target gene of the CRC proteins qualifies it as a member of
the ERN.

The CSD found in LIN28A and LIN28B is thought to be one
of the most ancient nucleic acid-binding domains in existence,
and all CSD-containing proteins bind to RNA (48). The CCHC
zinc-finger domain, a prominent feature of both LIN28A and
LIN28B, is also found in many RNA-binding proteins (48). Here,
we show that point mutations of the CSD and CCHC domains in
LIN28B abrogate its ability to block let-7 processing but do not
dramatically affect the transcriptional program induced by
LIN28B, indicating that these mutations are, therefore, likely to
be dispensable for LIN28B’s ability to regulate transcription.
Instead, we found that both WT and mutant LIN28B bind to
chromatin through binding to the zinc-finger transcription factor
ZNF143 (Fig. 4 H-J). ZNF143 has been shown to be a regu-
lator of chromatin loops and to secure chromatin interactions
at gene promoters (36, 49), suggesting that LIN28B acts as a
cofactor with ZNF143 to regulate chromatin looping and gene
expression.

LIN28B overexpression has been shown to promote colon
cancer and pancreatic ductal adenocarcinoma cell migration and
invasion and is correlated with reduced patient survival and in-
creased tumor recurrence (14, 15, 50). A recent study in zebra-
fish showed that overexpression of LIN28B increases neural
crest cell migration and supports neuroblastoma onset (23). In-
deed, our model showed neuroblastomas arising in both
LIN28B_WT;MYCN and LIN28B_MU;MYCN transgenic fish
exhibited a clear increase in tissue invasion and distant metas-
tases compared to tumors arising from the MYCN-only fish
(Fig. 2). Our paper has also revealed that LIN28B activates a
subset of genes that have previously been shown to promote
tumor metastasis, including GSK3B, LICAM, and ETVI (37,
40-43). Consistent with previous studies implicating a role for
GSK3 in controlling migration of the neural crest lineage (37,
51) and cancer cell migration and invasion (41), our data suggest
that GSK3B serves as an important target of ZNF143 and its
cofactor LIN28B, whose up-regulated activity promotes the mi-
gration and invasion of neuroblastoma cells. However, many
questions remain unanswered. For example, what are the critical
residues that mediate LIN28B binding to ZNF143? Does
LIN28B form transcriptional complexes with other factors? How
does the cell coordinate both the le-7-dependent and let-
7-independent functions of LIN28B? The resolution of these
questions will undoubtedly advance our understanding of the
important and diverse roles of LIN28B in normal development
and malignant transformation.

Materials and Methods

A detailed description of zebrafish lines and maintenance, tumor watch,
nucleic acid, and protein analysis methods, tissue processing and staining,
cell culture and analysis methods, ChIP-seq and analysis methods, and
RNA-seq and analysis methods are provided in S/ Appendix, Materials and
Methods.
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