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Abstract

Diversification at the transcriptome 3'end through alternative polyadenylation (APA) is
an important and evolutionarily conserved layer of gene regulation associated with
differentiation and dedifferentiation processes. Here we identify extensive
transcriptome-3’end-alterations in neuroblastoma, a tumour entity with a general
paucity of recurrent somatic mutations and an unusually high frequency of
spontaneous regression. In an extensive RNAi-screening we reveal the landscape
and drivers of transcriptome-3’end-diversification. We discover PCF11 as critical
regulator of transcriptome-3’end-diversification, directing APA of hundreds of
transcripts including a differentiation RNA-operon. PCF11 shapes inputs converging
on WNT-signalling, and governs cell cycle, proliferation, apoptosis and
neurodifferentiation. Postnatal PCF11 down-regulation induces a neurodifferentiation
program, and low-level PCF11 in neuroblastoma is associated with favourable
outcome and spontaneous tumour regression. Our findings document a critical role
for APA in tumourigenesis and describe a novel mechanism for cell fate
reprogramming in neuroblastoma with important clinical implications. An interactive
data repository of transcriptome-wide APA covering >170 RNAis, and an APA-

network map with regulatory hubs, is provided.
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Introduction

Neuroblastomas are the most common solid tumour in infants accounting for ~15%
of all cancer deaths in children. They arise from incompletely committed precursor
cells derived from neural-crest tissues, and can present as tumour lesions in the
neck, chest, abdomen or pelvis. The clinical presentation is heterogeneous, ranging
from an asymptomatic tumour disease to a critical illness as a result of local invasion,
or as widely disseminated disease. Remarkably, this tumour entity is generally
characterized by a lack of recurrent somatic mutations, and exhibits one of the
highest proportions of spontaneous and complete regression of all human cancers by

as yet unknown mechanisms*?.

Next generation RNA sequencing has led to the discovery of a perplexingly complex
metazoan transcriptome architecture arising from the alternative use of transcription
start sites, exons and introns and polyadenylation sites®*. The combinatorial use,
and incorporation, of such elements into mature transcript isoforms considerably
expands genomic information and is subject to dynamic spatial and temporal
modulation during development and adaptation. Recently, diversification of the
transcriptome at the 3’end through alternative polyadenylation (APA) evolved as an
important and evolutionarily conserved layer of gene regulation®. It results in
transcript isoforms varying at the RNA 3' end, which can have profoundly different
physiological effects, by encoding proteins with distinct functions or regulatory
properties, or by affecting the mRNA fate via the inclusion or exclusion of regulatory

elements®.

Constitutive RNA 3’end maturation relies on a complex macromolecular machinery,
which catalyses endonucleolytic cleavage and polyadenylation of pre-mRNA

molecules’. This involves the assembly of four multicomponent protein complexes
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(CPSF, CSTF, CFI and CFIl)® on the pre-mRNA at dedicated processing sites’.
Differential expression of individual complex components can direct dynamic

modulation of APA resulting in transcript isoforms with alternative 3’ends’®*. |

n
addition, other mechanisms including epigenetic events can affect APA, illustrating a
previously unanticipated complex crosstalk between various cellular processes in the
control of transcriptome diversity*®. Interestingly, BARD1, one of the few factors
affected by recurrent somatic mutations in neuroblastoma®?, forms a heterodimer with
CSTF subcomponents to modulate mRNA 3’end processing™. Although difficult to
detect by standard high throughput profiling techniques®®, dynamic changes at the

16-1
t68

transcriptome 3’end are prevalen (Fig. 1a). They are often associated with

differentiation and dedifferentiation processes™*®.

However the underlying
mechanisms and functional consequences for development and disease remain

poorly understood?.

Here we identify extensive transcriptome 3’end architecture alterations during
neuroblastoma differentiation. By combining a genome-wide high throughput analysis
with a comprehensive RNAI-screening targeting more than 170 potential components
involved in the definition of RNA 3’ends, we delineate the dynamic landscape of and
explore mechanisms influencing transcriptome 3’end diversification in this tumour
entity. We identify PCF11, a CFIl complex component involved in transcription

termination and RNA 3’end maturation?:??

, as a critical regulator pervasively
directing APA of hundreds of transcripts in neuroblastoma. By generating and
applying an inducible shRNA mouse model targeting PCF11 complemented by
studies of neuroblastoma patient samples, we discover an unexpected critical role for

PCF11-dependent APA regulation in neuronal differentiation with potentially

important implications for spontaneous tumour regression.
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Results
Massively deregulated transcriptome 3’end diversity in neuroblastoma

To explore the dynamics of transcriptome 3’end diversity (TREND) in the context of
neuroblastoma biology (Fig. 1a) we used a cellular model system (BE(2)-C), which
faithfully recapitulates critical features of this type of malignancy in children. A subset
of these tumours can be differentiated into benign lesions by employing retinoid
drugs (such as all-trans-retinoic acid (ATRA)), which is standard of care in children
with high-risk neuroblastoma?®. Exposing BE(2)-C cells to ATRA results in neuronal
differentiation phenotypically and molecularly (Fig. 1b). By employing a tailored
approach based on RNA 3' region extraction and deep sequencing®®, we observed a
significant change of transcripts with alternative 3’ends upon BE(2)-C differentiation
with a trend towards shorter transcript isoforms, predominantly affecting 3’

untranslated regions (UTRs) (Fig. 1c).

Thus in neuroblastoma, undifferentiated neuronal cells do not only display typical
properties of malignant tumour cells (i.e. absence of neurites and MYCN
overexpression, Fig. 1b); they also express a substantial fraction of shortened and
lengthened transcript isoforms compared to a differentiated state. This invites
speculations that deregulated TREND may be functionally linked to the dynamically

regulated program shown here (Supplementary Table 1).
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PCF11 is a key driver of TREND by regulating alternative polyadenylation

(APA) in neuroblastoma

We next sought to identify drivers of TREND in neuroblastoma by applying RNAI
screening coupled to a newly designed high-throughput sequencing approach suited
to capture polyadenylated transcript 3’ ends of numerous experimental conditions in
a highly multiplexed fashion (TRENDseq; Fig. 2a). We depleted 174 proteins
including all known factors involved in pre-mRNA 3’end cleavage and
polyadenylation in eukaryotes® and selected key factors regulating transcriptional

activities, splicing, RNA turnover and other functions®*

which could directly or
indirectly modulate TREND (Supplementary Table 2)>*°. Probing the efficiency of
RNAi-mediated depletion revealed a dropout rate (i.e. poor RNAi-effect) below 5%
(Supplementary Figure 1b). Applying TRENDseq, we identified in our screening in
total 9,168 TREND-events (out of 20,156 expressed transcripts, Fig. 2b)
corresponding to more than 3,600 genes significantly affected by TREND in
neuroblastoma cells (BH-adjusted p-value < 0.05, Fig. 2c). Upon depletion, almost
all tested factors show TREND-regulation (Fig. 2b,c) with key factors affecting up to
1400 genes (e.g. NUDT21, CPSF6, PCF11, Supplementary Table 2; average effect
130 genes). Directly comparing the effects quantitatively and qualitatively, we
observe that (i) TREND is predominantly driven by components of the RNA 3’end
processing machinery (Fig. 2b,c) and that (ii) their function is mainly non-redundant
(Fig. 2c, Supplementary Figure 2a). However, a significant proportion of TREND is
controlled by components involved in transcription and other co- and post-
transcriptional events (e.g. splicing, RNA-turnover) or epigenetic modification — to a

guantitatively comparable extent as individual splicing factors affect alternative

splicing®®. Interestingly, our screening also identifies TREND regulation to be
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associated with factors involved in genome surveillance or known to drive tumour
suppressive programs (e.g. TP53), and other processes involved in the coupling
between oncogenic signals and 3’end processing (such as BARD1'; details on
TREND-affected targets, regulated GO terms and executing TREND-regulators are

provided online, TREND-DB: http://shiny.imbei.uni-mainz.de:3838/trend-db).

Applying a phylostratigraphy approach we find that almost all transcripts showing a
dynamic regulation at the 3’end are encoded by ancient genes, as most of the
executing TREND-regulators are (Supplementary Figure 2b,c). Phylogenetically
conserved genes control basic processes and are more likely associated with overt
phenotypes when deregulated®. Interestingly, depletion of numerous TREND-
regulators results in TREND of targets enriched with cancer-associated genes. Most
of these TREND-regulators belong to the RNA cleavage and polyadenylation
machinery (p=0.0195), while other functional categories (as a whole) are not
significantly enriched (Fig. 2c (inlet), Supplementary Table 3). This suggests that
cleavage and polyadenylation factors control TREND in a conserved manner with

several of them potentially playing important roles in cancer.

Among the top 3 drivers of TREND, which regulate several hundreds of genes
(Supplementary Table 2), we identify components of the CFIm and CFlim
complexes (CPSF6, NUDT21 and PCF11) belonging to the RNA 3’ end cleavage and
polyadenylation machinery®® (Fig. 2b,c). Interestingly, unlike the depletion of many
other factors screened their depletion directs TREND in an almost exclusive
unidirectional manner resulting in uniformly shortened (CPSF6, NUDT21) or
lengthened (PCF11) transcript isoforms compared to control knockdowns
(Supplementary Figure 2d). Thus in (undifferentiated) neuroblastoma PCF11

promotes proximal polyadenylation site choice, while CPSF6 and NUDT21 facilitate
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processing at distal polyadenylation sites.

To further explore the functional hierarchy of TREND-regulators we made use of the
high reproducibility of TRENDseq (Supplementary Figure 3a). This allowed us to
construct a high-confidence network of TREND-regulators (‘APA-network map’) to
visualize their synergistic and antagonistic actions (considering the genes affected
and directionality of transcript isoform regulation i.e. shortening or lengthening;
Supplementary Figure 3b). Remarkably, the clustering observed in this analysis
corresponds to known protein complexes involved in RNA processing®. Further it
uncovers a strong antagonistic effect between NUDT21 and CPSF6 (CFIm
components) and PCF11 (CFlim complex component). This suggests that they play
an important regulatory role in the global organization of the transcriptome 3’end in
neuroblastoma. Aberrant expression of these components can thus lead to profound

TREND-perturbations by affecting APA most quantitatively.

To further define the role of TREND-regulators in the clinically relevant context
studied here, we examined their regulation in neuroblastoma upon ATRA-
differentiation. We probed the protein abundances of all 3’end processing factors and
further key candidates by Western blotting. Among 82 proteins profiled
(Supplementary Figure 4) we observe PCF11 to be the most strongly affected
candidate (that is a 1.9-fold down-regulation upon differentiation, Fig. 3a) compared
to other potent TREND-regulators (e.g. NUDT21, CPSF6). Notably, co-depletion of
PCF11 together with other key TREND-regulators establishes PCF11 as a dominant
factor in the functional hierarchy of transcriptome 3’end diversification
(Supplementary Figure 5a). PCFllacts as a dominant repressor of APA at distal
sites (i.e. promoting processing at proximal sites), and counteracts the dominant

repression of APA at proximal sites executed by CPSF6. Accordingly, PCF11-
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depletion leads to massive lengthening of the transcriptome, predominantly by de
novo activation of previously un-annotated polyadenylation sites far downstream in
the 3’ flanking sequence (Supplementary Figure 3a,c). PCFll-directed APA
thereby results in a significant production of transcript isoforms harbouring ‘new’
regulatory elements in their 3’'UTRs (such as miRNA- or RBP-binding sites). This in
turn can influence important cellular functions e.g. by modulating the protein output of
the affected target RNAs***°. Altogether, PCF11 thus represents a global key driver
of TREND by directing APA in the BE(2)-C neuroblastoma model system most
effectively and in a direct manner (Fig. 3a, Supplementary Figure 5a-c); PCF11
down-regulation reshapes the transcriptome 3’end architecture reminiscent to that
observed in mature neurons that typically show a more prevalent expression of long
transcript isoforms* (Fig. 2b,c, Supplementary Figure 3c). However we also note
that PCF11 is likely not the only factor regulated during neurodifferentiation (Fig. 3a).
This corresponds to the mixed TREND-pattern of transcript lengthening and
shortening during neurodifferentiation in the simplistic neuroblastoma BE(2)-C model

(Fig. 1c).

PCF11 controls APA of a module of transcripts with a role in WNT-signalling

and neurodifferentiation

The pervasive mode of PCF11 in directing TREND suggests an important role in
basic cellular programs, including a potential function in tumorigenesis
(Supplementary Table 2, cancer enrichment score 2.98*E-09, Supplementary
Figure 6a). To further substantiate this in the context of neuroblastomas, we profiled
the proteome of BE(2)-C cells upon PCF11-depletion using mass spectrometry. We

identified 5,903 proteins out of which 330 showed a regulation of more than 1.5-fold
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(p-value < 0.05). Merging this with the dataset of APA-regulated transcripts upon
PCF11-depletion, we observed 54 regulated genes (Supplementary Table 4)
enriched in GO-terms related to ‘neurodifferentiation’ (Fig. 3b). Thus PCF11-
depletion regulates APA and protein output of a module of transcripts controlling
features of the cellular process i.e. neurodifferentiation, in which we observed the

down-modulation of PCF11 (Fig. 3a).

We next validated representative APA-affected targets reflecting the discovered
signalling pathways and GO terms (Fig. 3b, Supplementary Figure 6a). We focused
on targets that (i) are involved in neuronal and brain development (IGF1R*) (ii) have
previously been associated with signal transduction in neural cells or neuroblastoma
regression (AES, GNB1*) or (iii) play a role in other pathways more globally involved
in tumorigenesis and the ER stress response (EIF2-signalling). We observed that
PCF11-directed APA results in a significant up-regulation of IGF1R, EIF2S1 and AES
protein abundance, while GNBL1 is down-regulated upon PCF11-depletion (Fig. 4a).
These changes are likely functional as we also noted the expected downstream
alterations of the IGF1R, PI3K/Akt and ER stress response signalling pathways. In
addition some of the observed changes upon PCF11 depletion (i.e. activation of the
PI3K/Akt pathway) are surprisingly consistent with their reported role for
neuroblastoma differentiation®*. Most notably however, all four validated APA-
affected targets (IGF1R, EIF2S1, AES and GNB1) constitute a highly enriched
protein interaction network impinging on WNT-signalling (i.e. beta-catenin (CTNNB1),
p-value 1.86*10, Fig. 4b). This is consistent with the predicted function of the entire
set of APA-affected target genes regulated by PCF11 depletion, which show a role in

WNT-signalling (Supplementary Figure 6a).

WNT-signalling is essential for embryonic development and cell fate specification by

11
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executing various programs®. We therefore studied whether depletion of PCF11
‘translates’ into functional alterations of the WNT pathway and associated cellular
programs. Interestingly, PCF11-depletion abrogates WNT-signalling in reporter
assays (Fig. 4c), and results in cell cycle retardation, increased rate of apoptosis,
reduced cell proliferation (Fig. 4d-f, Supplementary Figure 6b) and ultimately
differentiation of neuroblastoma (Fig. 4g). Importantly, this effect is not limited to the
BE(2)-C cell model and similar results were obtained in CHP-134 neuroblastoma
cells (Supplementary Figure 6c). Thus PCF11 depletion mimics an ATRA-induced
neurodifferentiation phenotype, which is associated with the activation of essential
pathways for neuroblastoma differentiation (Fig. 4a)*. Vice versa, constitutive
overexpression of PCF11 inhibits ~ ATRA-induced neurodifferentiation

(Supplementary Figure 6d).

PCF11-directed APA regulation drives neuroblastoma differentiation and is

associated with spontaneous tumour regression and favourable outcome

Based on these observations linking PCF11 to hallmark features of cancer, we
hypothesized that PCF11 may determine a malignant phenotype. In order to assess
this further, we generated stable cell lines expressing an IPTG-inducible shRNA
against PCF11 (further details see supplementary materials and methods). Indeed,
depletion of PCF11 abolished colony formation, reduced cell invasiveness and
resulted in retarded tumour growth in a neuroblastoma xenograft model (Fig. 5a-c).
This recapitulates our findings obtained with the BE(2)-C and CHP-134
neuroblastoma models (Fig. 4d-g, Supplementary Figure 6¢) and corroborates an

important role of PCF11 in tumour fate specification.
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Neuroblastomas originate from incompletely committed sympathetic neural precursor
cells. We thus reasoned that PCF11l expression should specify distinct
developmental stages. Mirroring PCF11 down-regulation during neuronal
differentiation (Fig. 3a), we also observed significantly higher PCF11 expression
prenatally compared to postnatal human and murine brain samples (p-value < 8.1*10
7. Supplementary Figure 7a,b). Accordingly, mature brain tissues show a
significant TREND-lengthening phenotype compared to embryonic stem cells
(Supplementary Figure 7c) including all four representative transcripts from the
APA-affected module with a role in neurodifferentiation (GNB1, AES, IGF1R, EIF2S1;
Fig. 4b). Thus, although neuroblastomas derive from sympathetic nervous system
precursor cells, it appears that they share neurodevelopmental features with neurons

in the central nervous system with PCF1l1l-dependent APA regulation being an

important mechanism in this process.

To further corroborate the role of PCF11 for APA and neurodifferentiation, we
generated a transgenic TET-inducible PCF11-shRNA mouse model (further details
see material and method section). Briefly, in this model system doxycycline
supplementation induces the expression of a short hairpin RNA designed to
specifically ablate PCF11 expression (Fig. 5d, upper panel). Using this system, we
observed APA with a predominating transcript lengthening phenotype upon PCF11-
depletion in embryonic stem (ES) cells and, to a lesser extent, as expected, in
mature brain samples (Fig. 5d, lower panel). Strikingly PCF11-depletion in primary
murine neurons obtained from the central nervous system of these animals led to
neurodifferentiation (Fig. 5e), which is consistent with the neurodifferentiation
phenotype upon depletion of PCF11l in the BE(2)-C and CHP-134 model system

(Fig. 49, Supplementary Figure 6c). Thus, although BE(2)-C and CHP-134
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represent only one of the three genetic subgroups of neuroblastoma (i.e. high risk
MYCN amplified tumors), our data indicate that this phenomenon is not confined to
MYCN amplified cells nor restricted to neuroblastoma. This suggests a more global
role of PCF11 in coordinating the timely switch to fully committed neuronal fate (Fig.
4g and Fig. 5e) thereby preventing uncontrolled embryonic proliferative programs

that may eventually give rise to neuroblastic tumours.

We next explored whether these findings obtained with various cell models can be
generalized and ‘translate’ into a clinical phenotype. To this end, we made use of a
previously thoroughly validated cohort of 498 neuroblastoma samples®. In this data
set we observed a significantly more adverse outcome in patients showing high-level
compared to low-level PCF11 expression (BH-adjusted p-value: 0.00275; Fig. 5f). In
light of PCF11l controling APA of a module of transcripts associated with
neurodifferentiation (Fig. 3b), we speculated that the expression of PCF11 may be
associated with spontaneous neuroblastoma regression. Although metastatic, stage
4S neuroblastomas diagnosed in children <12 months show an excellent prognosis
(approximately 90% survival) even without chemotherapy due to a high rate of
spontaneous tumour regression. In contrast, stage 4 neuroblastomas displaying an
almost comparable metastatic spread rarely regress and have a poor outcome (30-
50% survival) despite intensive multimodal therapy*’. When comparing stage 4S with
stage 4 neuroblastomas, we identified a significantly higher PCF11 expression in the
latter (p-value=1.15*10°, Fig. 5g). Furthermore, low-level PCF11 expression also
appears to be unique for stage 4S when compared to the localized stage 1 or 2 (that
normally do not spontaneously regress; Supplementary Figure 7d). Thus low-level
PCF11 is associated with a better outcome and a greater likelihood for spontaneous

tumour regression. This reflects our in vitro and in vivo observations (Fig. 4c-g, 5a-e
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and Supplementary Figure 6a-e) and is corroborated by the respective expression
signature of established markers for spontaneous neuroblastoma regression (that is

a higher expression of HOXC9*® and CHD5", Fig. 5g).

In view of the central role of PCF11 for neurodifferentiation (Fig. 4g, 5e,
Supplementary Figure 6c¢), for the regulation of APA of a neurodifferentiation
operon (Fig. 3b) and the association with neuroblastoma prognosis (Fig. 5f,
including high risk neuroblastomas, Fig. 6a), we expected to identify corresponding
TREND-alterations in neuroblastoma patients, which mirror this functional
association. To this end, we programmed a bioinformatic pipeline suited to extract
transcript isoforms from conventional MRNA expression array data and queried the
fraction and identity of transcripts differing at the 3’end. Indeed, we identified a high
prevalence of transcript lengthening (332 genes vs. 93 genes showing transcript
shortening) in conditions with low- (stage 4S) compared to high-level PCF11
expression (stage 4; Fig. 6b). This is reminiscent to the TREND-phenotype showing
mostly a switch to longer transcript isoforms after PCF11-depletion (in vitro and in
vivo, Fig. 2b,c and 5d). We further identified a substantial fraction of APA-affected
genes (n=74) that are shared in the clinical cohort (stage 4S vs. 4; Fig. 6b) with
those regulated upon PCF11-depletion in BE(2)-C cells (hyper-geometric test of
enrichment p-value=0.004; Supplementary Table 5). Surprisingly, this also extends
to 17 out of 26 detectable APA-affected genes belonging to the neurodifferentiation
module identified in the PCF11-depletion setup (Fig. 3b, 4a), including AES, IGF1R
and GNB1 (Fig. 6b). Specifically, the relative lengthening of the transcript isoforms
encoding GNB1, a critical modulator of various transmembrane signalling
pathways>>*!, is significantly associated with a better clinical outcome in

neuroblastoma patients (Fig. 6c). Thus, in line with our observations in the
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reductionist BE(2)-C cell model system (Fig. 2-4, Fig. 5a-c), this finding corroborates
the dominant nature of PCF11 in regulating APA in neuroblastoma specimens. It also

suggests a potential oncogenic function of deregulated APA in this tumour entity.

Alternative polyadenylation of GNB1 is central to PCFll-mediated

neurodifferentiation

Transcripts differing at the 3' end can have profound physiological effects by
encoding proteins with distinct functions or regulatory properties or by affecting the
mRNA fate via the inclusion or exclusion of regulatory elements®. However,
expression modulation of key factors involved in RNA metabolism, such as PCF11,
can have pleiotropic and/or indirect effects (unrelated to APA) that may contribute to
the phenotypes observed in this study. To further substantiate the direct role of
PCF11-directed APA for neurodifferentiation, we explored the function of GNB1
3’end transcript isoforms in this process. To this end, we used luciferase reporter
assays allowing to study the effect of the long and short GNB1 3'UTR on protein
output (Fig. 6d). Consistent with GNB1 transcript lengthening and lower GNB1
protein expression following PCF11-downregulation (Fig. 4a), the long GNB1
transcript isoform appears to harbour a repressive element residing in the long 3’'UTR
that reduces GNB1 protein expression (Fig. 6d). In contrast, the short isoform is
more efficiently translated, which corresponds to high-level GNB1 protein expression

in the presence of PCF11 (Fig. 4a).

We next performed combinatorial depletion experiments to selectively manipulate the
abundance of GNB1 transcript isoforms and to disentangle their function. To this end,
we used a stable BE(2)-C line expressing an IPTG-inducible shRNA against PCF11

(Fig. 5a-c) and specifically depleted the long GNB1 transcript isoform under
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conditions with and without IPTG supplementation (Fig. 6e). While PCF11-depletion
induced GNB1 transcript lengthening, down-modulation of GNB1 protein and
neurodifferentiation (Fig. 6e, f), co-depletion of the long GNB1 transcript isoform
restored GNB1 protein abundance, and, surprisingly, antagonized
neurodifferentiation induced by PCF11-depletion (Fig. 6e, f). Further, in line with our
preceding observations demonstrating a functional role in WNT-signalling (Fig. 4b,c,
Supplementary Figure 6a) these manipulations are associated with corresponding
alterations of the WNT pathway (Fig. 6e, reflected by the regulation of TCF7°?). Thus
selectively shifting the relative proportion of the long versus the short GNB1 transcript
isoform towards a ‘PCF11-high-level’ phenotype (that is a more prevalent short
isoform) reverts a neurodifferentiation program induced by PCF11-downmodulation.
This directly corroborates the functional importance of PCF11-directed APA-
regulation, in which alterations of GNB1 transcript isoforms appear to play a central
and causative role. It provides a mechanistic explanation for the observed clinical
phenotypes, showing a particularly poor patient outcome under conditions of high-
level PCF11 expression, predominant expression of short TREND isoforms of a
neurodifferentiation operon (including AES, IGF1R and GNB1), followed by
downstream aberrations of WNT-signalling and defective terminal differentiation of

neuroblastomas.

To investigate the clinical implications of these findings, we finally explored whether
the functional importance of PCF11-directed APA for neurodifferentiation is more
generally reflected in patient outcome, and whether perturbed TREND-signatures
might thus have prognostic potential. Applying receiver operating characteristics
(ROC) curve analysis reflecting the relative abundance of PCF11-regulated long and

short transcript isoforms, we identify that individual PCF1l1l-mediated TREND-
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signatures (including GNB1) appear to discriminate high and low risk neuroblastomas
as well as death surprisingly better than common clinically used predictive markers of
tumour progression (e.g. MYCN amplification; Fig. 7a, Supplementary Table 6, p-
value comparison between predictive power of established risk marker expression
and combined TREND-patterns Supplementary Table 7, Cox modelling
Supplementary Figure 7d). In contrast, the mere RNA abundance of these APA-
affected candidates fails to be predictive and shows a comparatively poor prognostic
power (Fig. 7b). Of note, this highly prognostic module also includes GNG2, a

functionally important dimerization partner of GNBL1.

Altogether, these data illustrate the functional role and prognostic importance of
perturbations at the mRNA 3’end of an APA-affected set of transcripts with a role in
neurodifferentiation in neuroblastoma. They establish PCF11 as a critical regulator of
neurogenesis with aberrant PCF11 causing pervasive (de)regulation of APA bearing
detrimental consequences for normal neurodifferentiation and a functional role in
neuroblastoma tumorigenesis. Intriguingly, alterations of the PCF11-GNB1 axis with
downstream perturbations of WNT-signalling seem to play a central role in this

process.
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Discussion
Diversification at the transcriptome 3’ end is a widespread and evolutionarily
conserved gene regulatory mechanism. Although TREND has been associated with

16,17

differentiation and dedifferentiation processes (and refs. therein), the underlying

d>?°. Here we

mechanisms and functional consequences are still poorly define
identify massive alterations of the transcriptome 3’end architecture in neuroblastoma.
This tumour entity is characterized by a general paucity of somatic mutations® and a
comparatively high, yet mechanistically enigmatic, incidence of spontaneous tumour
regression®’. By applying a global RNAi screening of a rationally chosen set of
factors controlling various facets of RNA metabolism, we delineate the dynamic
landscape of TREND in neuroblastoma. While depletion of most TREND-regulators
leads to an even distribution of transcript isoform shortening and lengthening, the
depletion of CFIm and CFlim complex components belonging to the 3’end

processing machinery results in an almost uniform shortening or lengthening

phenotype, respectively (TREND-DB: http://shiny.imbei.uni-mainz.de:3838/trend-db).

This suggests an important regulatory function of these TREND-regulators in global
transcriptome 3’end organization (with individual factors regulating 1000 and more
genes, Supplementary Table 2). Interestingly both, TREND-regulators and TREND-
affected genes, share high phylogenetic conservation, and numerous components of
the canonical 3’end processing machinery control RNA 3’end diversification of genes

with an important role in tumorigenesis.

Mechanistically, PCF11, together with CLP1 (both of which form a functional
heterodimer), constitute the only TREND-regulators whose down-regulation
predominantly results in APA far downstream. This is consistent with the role of

PCF11 in modulating Pol Il processivity and transcription termination®®, and thereby
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provides a possible mechanistic explanation for the widespread lengthening of 3’
UTRs in the mammalian brain**. Neuronal PCF11 expression drops around birth and
during neuronal differentiation, but appears to be high in neuroblastomas and,
interestingly, other paediatric cancer entities with embryonic origin (Fig. 7c). Thus,
sustained (postnatal) PCF11 expression may drive highly proliferative embryonic
programs by arresting cells in an undifferentiated state. This could also explain the
high frequency of microscopic neuroblastic lesions in fetuses® or young infants®

compared to older ages

This study puts PCF11 at centre stage as it affects TREND in neuroblastoma most
guantitatively and in a dominant manner. PCF1ll-directed APA controls a
neurodifferentiation RNA operon. Downregulation of PCF11 induces neuronal
differentiation of BE(2)-C and CHP-134 neuroblastomas and murine neuronal
precursors, conversely forced overexpression halts neurodifferentiation. This
suggests a more general critical function of PCF11 and the resulting downstream
organization of TREND in this process. In line with these findings, we identify
(de)regulated APA as a pivotal mechanism linking aberrant PCF11 expression with
neuroblastoma formation and prognosis; high level PCF11 specifies a poor prognosis

(p=0.00275) and a low likelihood of spontaneous tumour regression (p<0.001).

Our data suggest the WNT-signalling pathway to represent an important
convergence point for neurodifferentiation, which, when deregulated through
aberrations of APA, contributes to neuroblastoma genesis. Interestingly, aberrant
WNT-signalling has been implicated in neuroblastoma formation®*®3. Among the
APA-affected transcripts, the G,-complex component GNB1 appears to have a
decisive function in this process. In addition to its function in heterotrimeric G-protein

signalling with a role in pathways essential to development, it modulates WNT-
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signalling (Fig. 4c, Fig. 6e)”"™", and selective depletion of its long transcript isoform
abolishes an otherwise dominantly driven neurodifferentiation-phenotype induced by
PCF11-downregulation. Notably GNB1 was previously identified as a marker for
spontaneous neuroblastoma regression*®. GNBL1 is also affected by APA in a PCF11-
like manner upon depletion of BARD1 (see TREND-DB), one of the few factors in
which germline mutations have been linked to neuroblastoma formation®®. Apart from
its global role in development®, constitutive activation of GNB1 has been shown to
promote malignant transformation®® and neurodevelopmental disorders®®. Thus,
together with IGF1IR™, AES™*"® and EIF2S1 (at least) four members of the
neurodifferentiation APA-RNA operon converge on WNT-signalling (Fig. 4b,c,
Supplementary Figure 6a) with important functional implications (Fig. 4c-g, 5a-e,
6e-f). This reflects the critical role of WNT in directing cell fates during
embryogenesis and in a variety of human cancers’. Aberrant PCF11, therefore,
could functionally ‘compensate’ for lack of germline mutations in WNT-signalling
molecules of (hitherto unidentified) WNT-driven pathologies. This could account for
neuroblastomas, and may also explain why many cancers without mutations in the
WNT pathway still rely on aberrant WNT-signalling for proliferation or survival’,

offering an interesting and to be further explored possible mechanism for the effect of

APA on neurodifferentiation and beyond.

Posttranscriptional perturbances are increasingly recognized to play a critical role in
tumorigenesis, including childhood neuroblastomas’™. The 3’'UTR aberrations
identified here in neuroblastoma can be easily dismissed as irrelevant and/or remain
undetected as they affect non-coding elements. Our data highlight the functional
potential of these non-coding elements in driving most devastating processes. They

also illustrate that functionally most relevant alterations at the transcriptome 3’end
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are prone to escape conventional gene expression profiling?®. Our observations
suggest that TREND-signatures could represent powerful biomarkers for
neuroblastoma risk stratification and may have the potential to explain previously
counterintuitive (clinical and basic research) findings. However comprehensive
studies based on larger and independent patient cohorts are required to further
illuminate the clinical implications. In addition the identification and analysis of
aberrations of the transcriptome 3'-end is likely to have far-reaching implications for
the elucidation of disease mechanisms beyond neuroblastoma formation** and the

quest for novel tailored therapies’®.
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Methods

SiRNA library
A custom siGENOME library was purchased at Dharmacon (GE Healthcare) and

consisted of siRNA smartpools to deplete targets listed in Supplementary Table 2.

Cell culture based assays

Maintenance and transfection of cell culture cells, Western and Northern blotting
were carried out as previously described’’. Further details, including the generation
of stable cell lines, the WNT signalling reporter assays, cell cycle analysis,
proliferation, colony formation and matrigel invasion assays, mouse tumour
xenotransplantation and proteomic studies see Supplementary Materials and

Methods.

Neuroblastoma TREND annotation assembly
3'READS was carried out as previously described™. Further details see

Supplementary Material and Methods.

TRENDseq. Library preparation and sequencing

Total RNA (100 ng) was reverse transcribed in presence of oligonucleotide (RT)
primer containing T7 promoter, lllumina 5’ adapter, individual in-lane barcode and an
anchored oligo-dT stretch, as described previously’®. Further details see

Supplementary Material and Methods.
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TRENDseq. Bioinformatical analysis

Raw sequencing data (fastq format) were demultiplexed using in-lane RT primer
barcode with the average per base quality score above 20, followed by A- and T-
stretches trimming as described previously’®. Resulting sequences with average
length of 25-35 nucleotides were mapped to human hg38 genome using bowtie2
aligner. Mapped reads were filtered from internal priming events using the assembly
of TREND annotation (see above). Number of reads associated with each TREND-
isoform was calculated using HTSeq (htseg-count command, intersection-strict
option). Number of reads aligned to each site represent expression of individual 3’

end isoform.

For statistical analysis, the expression level of each transcript isoform was examined
by Fisher’s exact test in comparison to the respective other alternative 3’end isoforms
expressed by the same gene. Contingency table included the number of reads of
tested isoform and total amount of reads of all the other isoforms of the gene (for the
knockdown and control samples, respectively). Obtained p-values were adjusted
using Benjamini-Hochberg method, and adjusted p value < 0.05 filter was applied. To
calculate fold-regulation per isoform, total amount of reads for each gene was
normalized to 100%, and percentage of individual isoform in the knockdown sample

was divided by the percentage of the same isoform in the control.

The most 3’end position and fold-change of regulated transcript isoforms (Fig. 2b
and Supplementary Figure 3c) was calculated relative to the “Zero-isoform”, which
is defined as the longest significantly affected (BH-adjusted p < 0.05) and annotated
transcript isoform expressed by the respective gene. To describe the overall
tendency of a given gene to express shortened (or lengthened, respectively)

transcript isoforms, a proxy of two most significantly affected isoforms was applied
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(Supplementary Figure 2c, Fig. 3b, Supplementary 3b, d). The shortening index
was calculated as the fold-regulation of the shorter isoform normalized to the fold-
regulation of the longer isoform of the same gene (a positive log2 shortening index
represents a higher abundance of the shorter transcript isoform upon depletion of the
respective TREND-regulator, and vice versa). Gene Ontology (GO) analysis was
performed using DAVID functional annotation tool (version 6.7). The network analysis
(Supplementary Figure 3b) is built according to the Fruchterman-Reingold
algorithm based on force directed nodes placement, wherein the distance between
the nodes reflects the total number of affected genes and significance of antagonistic

or synergistic action by repulsion or attraction, respectively).

Inducible PCF11-RNAiI mouse model

For reversible depletion of PCF11, an inducible knock-down allele of the PCF11 gene
was generated via targeted transgenesis of a doxycycline-inducible shRNA cassette
into the ROSA26 locus (Gt(ROSA)26Sor; further details see supplementary materials
and methods). Briefly, to that end a recombination-mediated cassette exchange
vector harbouring an inducible H1 promoter (H1tetO)-driven shRNA cassette along
with a genetic element for the constitutive expression of the codon-optimized
tetracycline repressor protein (iTetR), and a neomycin resistance cassette was
transfected into C57BL/6 ES cell line equipped with RMCE docking sites in the
ROSA26 locus. Recombinant clones were isolated using neomycin resistance
selection and positive clones harbouring six different ShRNAs targeting PCF11 were
pretested for knockdown potency in ES cells (by Tagman , and by western blotting).
The clone with highest knock-down efficiency was used for the generation of the
mouse line. For in vitro differentiation of murine neurons and image acquisition see

Supplementary Materials and Methods.
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For details on bioinformatic analyses including the extraction of TREND-signatures

from microarray data see supplementary Materials and Methods.

All animal experiments were approved by local authorities, and animals' care was in

accordance with institutional guidelines.

Data and materials availability
Processed TRENDseq data is available at the TREND-DB web explorer

http://shiny.imbei.uni-mainz.de:3838/trend-db

Raw sequencing and processed data is accessible on GEO repository (GSE95057).

Additional Information
Supplementary information including supplementary methods accompanies this

paper online at ...

Supplementary Material

Supplementary Figure 1

Targeting the drivers of transcriptome 3’end diversity (TREND) in a model of

neuroblastoma.

Supplementary Figure 2

TREND is phylogenetically conserved and controlled by various mechanisms

affecting RNA life.
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Supplementary Figure 3
Global TREND-patterns uncover central regulatory hubs and reveal synergistic and

antagonistic TREND-regulation.

Supplementary Figure 4
Protein profiling revealing protein abundance changes of TREND regulators during

neuronal differentiation.

Supplementary Figure 5

PCF11 is a key driver of TREND in neuroblastoma.

Supplementary Figure 6
PCF11 regulates critical programs impinging on WNT linking TREND to

tumorigenesis and neurodifferentiation.

Supplementary Figure 7

Down-regulation of PCF11 during brain development is associated with a TREND-
lengthening phenotype in vivo and spontaneous neuroblastoma regression in
patients; with PCF11-dependent TREND alterations having superior prognostic value

compared to established stratification markers.

Supplementary Table 1
Gene Ontology (GO) terms enrichment for TREND-affected genes upon BE(2)-C

neuroblastoma differentiation triggered by ATRA.

Supplementary Table 2
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RNA. targets to identify key drivers controlling transcriptome 3'end diversity.

Supplementary Table 3
List of depleted TREND-regulators and enrichment p-value of TREND-affected genes

in cancer.

Supplementary Table 4

Set of genes significantly affected by TREND.

Supplementary Table 5
TREND-affected genes and statistical significance of difference between long vs
short TREND-isoform abundance ratio in stage 4s samples compared to stage 4

samples.

Supplementary Table 6
Area Under Curve (AUC) values for TREND alterations of detectable genes

belonging to the neurodifferentiation TREND-operon.

Supplementary Table 7

P-values of bootstrap comparison between the predictive power of established risk

marker expression and combined TREND-patterns.
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Fig. 1. Pervasive alteration of transcriptome 3’ end diversification in childhood
neuroblastoma.

a The genome complexity is considerably expanded by co- and posttranscriptional
processes. Various mechanisms including alternative polyadenylation (APA) can result in
transcriptome 3’ end diversification (TREND) affecting the coding sequence and/or 3’
untranslated regions (UTR). More than 70% of all genes expressed have alternative 3’ ends,
thus shaping the transcriptome complexity to a similar extent as alternative splicing (95%) or
alternative transcription initiation (65%). b BE(2)-C neuroblastoma model for all-trans
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retinoic-acid (ATRA) induced neurodifferentiation (scale bar 100 um). Western blot of
molecular markers reflecting neuronal differentiation in response to ATRA treatment (mean
+/- SEM for 3 replicates, one-sided t-test p value < 0.05; cells are stained with an antibody
directed against TUBB3 (red), nuclei are stained with DAPI (blue)). ¢ Differentiation results in
a widespread TREND-regulation leading to the expression of lengthened (red) and shortened
(blue) transcript isoforms, mainly affecting the 3'UTR (‘tandem’; also depicted in the scatter
plot on the right) compared to relatively fewer events affecting the open reading frame
(‘internal’; FC = fold change).
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Fig. 2. Massive RNAIi screening reveals key regulators of TREND in
neuroblastoma with a potential role in tumorigenesis.

a TRENDseq library-preparation (top) and bioinformatical pipeline (bottom) for highly
multiplexed genome-wide analysis of the TREND-landscape. The IGV of two sequence read
alignments (lower right corner) illustrates two different TREND-phenotypes that correspond
to a more prevalent use of distal (condition shown in red, reflecting ‘lengthening’ compared to
the respective other condition) and proximal polyadenylation (condition shown in blue;
reflecting ‘shortening’ compared to the respective other condition). b Relative proportion of
TREND-types discovered in neuroblastoma BE(2)-C (upper left diagram), and isoforms
effectively altered upon RNAi-depletion of at least 1 out of 174 putative TREND-regulators
(upper right diagram). ‘Tandem’ and ‘Internal’ events affect annotated 3'UTRs or protein C-
termini, ‘Novel’ assign transcript isoforms exceeding the annotated gene 3’end and ‘Non-
Coding’ depict TREND-alterations affecting non-coding RNAs. Individual TREND-regulation
per RNAi-candidate is shown in the bar diagram (the colour code indicates the functional
category to which the depleted factor belongs to). ¢ Landscape of TREND upon RNAI
(KD=knockdown) of 174 individual putative TREND-regulators (x-axis; functional categories
to which the RNAi-candidates belong to are the same indicated for panel b; see
Supplementary Figure 2a). Each spot in the heat map reflects a gene significantly affected
by TREND (the colour code in the heat map indicates the directionality of TREND; for
example a negative shortening index indicates a relatively more prevalent lengthened
transcript isoform expressed by the respective gene upon depletion of the respective
TREND-regulator). Inlet: pie chart showing overrepresentation of cancer-associated genes
affected by TREND upon depletion of 3’end processing components (for individual p-values
see Supplementary Table 3).
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Fig. 3. PCF11 is a key driver of TREND in neuroblastoma with a potential role in
neurodifferentiation.

a Protein profiling of BE(2)-C cells by Western blotting (Supplementary Figure 4) reveals
down-regulation of PCF11 during ATRA-induced neuroblastoma differentiation (highlighted
are the top 3 TREND-regulators; y-axis, fold-change protein abundance; x-axis, percentage
of TREND-affected genes; mean +/- SEM, 2 independent replicates; inlet shows
representative PCF11 western blot with equal loading). b PCF11-depletion regulates TREND
of target genes with a role in neuronal differentiation (GO enrichment analysis of TREND-
affected target genes with a protein change upon PCF11-depletion (obtained by differential
mass spectrometry of BE(2)-C cells with and without depletion of PCF11) Supplementary
Table 4).
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Fig. 4. PCF11-directed APA regulation converges on WNT signalling and
modulates cell cycle progression, proliferation, apoptosis and neuronal
differentiation.

a Effect of PCF11l-mediated APA-regulation on protein expression of APA-affected targets
(red) and down-stream signalling pathways compared to a control knockdown. b Protein-
protein interaction network of validated APA-affected candidates (red) impinging on WNT-
signalling (i.e. CTNNB1, bold; String-DB). This corresponds to the predicted function of the
entire cohort of APA-affected genes with a role in neurodifferentiation (compare
Supplementary Figure 5a). ¢ shRNA-mediated depletion of PCF11 induced by IPTG (see
materials and methods) inhibits canonical WNT-signalling in reporter assays (compare bar 2
with 6. WNT antagonists BML286 and NSC668039, and WNT5A (a non-canonical WNT-
ligand) confirm specificity of pathway activation and functionality of the beta-catenin
TCF/LEF-driven gene-reporter construct, respectively (for PCF11-APA-directed regulation of
WNT-signalling and its specific control via different transcript isoforms encoding GNB1 see
endogenous TCF7 expression in Fig. 5e). PCF11-depletion results in d cell cycle retardation
e reduced proliferation f increased apoptosis (ELISA-DNA fragmentation assay; n=3) and g
triggers neuronal differentiation morphologically and molecularly (for PCF11-depletion
induced neuronal differentiation of neuroblastic CHP-134 cells see Supplementary Figure
5c. Error bars in panels a-g show mean +/- SEM of at least 3 independent experiments, one-
sided t-test p-value; FC = fold change, cells are stained with an antibody directed against
TUBB3 (red), nuclei are stained with DAPI (blue).
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Fig. 5. PCF11 orchestrates neuroblastoma progression and neuronal

differentiation in vitro and in vivo in mice and neuroblastoma patients.
a Colony formation- and b matrigel invasion assays of BE(2)-C cells with and without
depletion of PCF11. ¢ Neuroblastoma xenograft transplantation model with and without
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depletion of PCF11 (mean +/- SEM, one-sided t-test p-value; scale bars 1 cm). d In vivo
effect of PCF11-depletion on TREND in murine ES cells and in neuronal tissues obtained
from a mouse model transgenic for a TET-inducible PCF11-shRNA. e Differentiation
phenotype of murine neuronal precursors with and without Doxycycline-induced depletion of
PCF11 (scale bar 100 um; cells are stained with an antibody directed against TUBB3 (red)). f
Kaplan-Meier curve showing low PCF11 expression being associated with higher survival
rate in neuroblastomas (BH-adjusted p-value, log-rank test, GEO GSE49711%). g Low-level
PCF11 expression in patients with spontaneously regressing stage 4S (n=48) compared to
fatal stage 4 (n=65) neuroblastoma tumours. High-level expression of neuroblastoma
regression markers in stage 4S (n=48) versus stage 4 (n=65) neuroblastoma tumours
(HOXC9*® p=2.3*10® and CHD5* p=2.8*10"), confirming validity of patient cohorts (two-
sided t-test p-values; GSE49710%; for comparison of PCF11 expression in spontaneously
regressing stage 4S with low risk neuroblastoma tumours (i.e. stage 1 and 2) see
Supplementary Figure 7d).
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Fig. 6. Lengthening of the Ggy-complex component GNBL1 transcript is a central
checkpoint in PCF11-TREND-mediated neuroblastoma differentiation.

a PCF11 is significantly lower in low-risk compared to high-risk neuroblastoma patients
(p=0.005172; two-sided t-test; GSE49710%, ordered according to PCF11 expression; 10th
percentile). b Low PCF11 in stage 4S neuroblastoma patients (compare Fig. 5g) is
associated with pervasive TREND-lengthening (Supplementary Table 5; stage 4S, n=48;
stage 4, n=65) including AES, IGF1R and GNB1. ¢ GNB1 transcript-lengthening correlates
with a superior outcome in neuroblastoma patients (two-sided t-test). d GNB1 protein
abundance (recorded by luciferase reporter assay) is determined by the GNB1 3'UTR
transcript isoform (middle; scheme of GNB1 3'UTR luciferase reporter is shown in top). ‘Full’
and ‘Short’ denote 3'UTR-luciferase reporter constructs harbouring the (full-length) GNB1
3'UTR processed at the distal or proximal polyadenylation signal (compare IGV track on the
bottom before and after PCF11-depletion, for details see also legend to Fig. 2A). ‘Long’
indicates a construct with a 3’UTR corresponding to sequences unique for the long transcript
isoform. e Depletion of the long GNB1 transcript isoform (SiGNB1-L) in a low- or high-level
PCF11 background (siRNA target sites highlighted in IGV tracks on top) results in reciprocal
GNB1 mRNA isoform expression (middle panel) and protein output (lower panel) and
counteracts a PCF11-KD-driven inhibition of WNT-signalling (TCF7, compare Fig. 4c) and
differentiation of neuroblastoma molecularly (TUBB3) and f phenotypically (cells are stained
with an antibody directed against TUBB3 (red), nuclei are stained with DAPI (blue)).
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Fig. 7. PCF11-derived TREND-signhatures predict superior patient outcome.

a Predictive potential of TREND-signatures (red) compared to common stratifiers in
neuroblastoma (blue, Supplementary Table 6) with (n=493, left) or without (n=401, right)
MYCN-amplification (for p-value, Supplementary Table 7, for Cox-modelling,
Supplementary Figure 7e). Receiver Operating Characteristics (ROC) curve reflecting the
ratio of short-to-long isoform-abundance of PCF11-TREND-regulated genes (passing an
AUC>0.7) for predicting death (upper panels) or association with high risk (lower panels).
The red line depicts the predictive power of a combined TREND-pattern (multifactor ROC)
compared to the ROC based on expression of established risk markers (MYCN and ALK':
grey lines reflect the ROC for 3’end isoform-patterns of individual TREND-affected genes,
GSE49710; Supplementary Table 6). b ROC curves reflecting TREND-alterations (red) of
genes belonging to the neurodifferentiation TREND-operon highlight the predictive power of
deregulated TREND-signatures compared to the poor sensitivity and specificity of the mere
MRNA abundance (orange; n=493, raw data is the same as for panel (A); the TREND-
isoforms and mRNA abundance of RBM17, ELP2 and AKT2 (lower row) serve as control
confirming the absence of an analytical bias in favour of TREND). ¢ High-level PCF11 mRNA
expression in other paediatric malignancies (grey) with embryonic origin including
medulloblastomas (two-sided t-test p=0.0026; GSE35493), Ewing sarcomas (two-sided t-test
p=2*10" GSE17679) and primitive neuroectodermal tumours (PNET; two-sided t-test p-
value=1.1*10"% GSE17679) compared to respective controls (red; expression data obtained
from R2 (http://r2.amc.nl)). d Integrated model for PCF11-dependent TREND-regulation in
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neuroblastoma governing neurodifferentiation (for further details see text).

Briefly, (1.) postnatal downregulation of PCF11 is believed to (2.) reduce the efficiency of
transcription termination®*?%. This (3.) facilitates alternative polyadenylation (APA) at distal (3’
located) polyadenylation (pA) signals (red), regulating TREND of more than 900 RNAs (4.).
This includes a neurodifferentiation TREND-operon (Fig. 3b), which (5.) shapes WNT-
signalling to induce neurodifferentiation. In contrast, sustained (postnatal) high-level PCF11
expression arrests neuronal precursors in an undifferentiated state by promoting
polyadenylation at proximal pA sites (blue), which controls the protein output of the
neurodifferentiation TREND-operon. Of note transcript isoform regulation of GNB1, a critical
modulator of various transmembrane signalling pathways®*** with a role in development®’,
malignant transformation®® and neurodevelopmental disorders® is a prerequisite for PCF11-
dependent regulation of neurodifferentiation. Notably GNB1 was previously identified as a
marker for spontaneous neuroblastoma regression®.
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