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Abstract

The MYC protein is an oncogenic transcription factor that binds globally to active promoters and
promotes transcriptional elongation by RNAPII1:2, Deregulated expression of the paralogous
MYCN protein drives the development of neuronal and neuroendocrine tumors and is often
associated with a particularly poor prognosis3. Here we show that, like MYC, activation of MYCN
in human neuroblastoma cells induces promoter escape of RNAPII. If pause release of RNAPII
fails, MYCN recruits the BRCA1 protein to promoter-proximal regions. Recruitment of BRCA1
prevents MY CN-dependent accumulation of stalled RNAPII and enhances transcriptional
activation by MYCN. Mechanistically, BRCA1 stabilizes mRNA de-capping complexes and
enables MYCN to suppress R-loop formation in promoter-proximal regions. Recruitment of
BRCAL requires the ubiquitin-specific protease, USP11, which binds specifically to MYCN that is
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de-phosphorylated at Thr58. USP11, BRCAL and MYCN stabilize each other on chromatin,
preventing proteasomal turnover of MYCN. Since BRCAL is highly expressed in neuronal
progenitor cells during early development* and since MYC is less efficient than MYCN in
recruiting BRCAL, our findings argue that a cell lineage-specific stress response enables MYCN-
driven tumors to cope with deregulated RNAPII function (176 words).

To study MYCN’s transcriptional function, we expressed a MYCNER chimeric protein in
SH-EP neuroblastoma cells, which do not express endogenous MYCN (Figure 1a). RNA-
sequencing of cells treated with 4-hydroxytamoxifen (4-OHT) revealed that activation of
MYCN generated an expression profile that discriminated A/YCAN-amplified neuroblastoma
from non MYCN-amplified tumors independent of tumor stage (Extended Data Figure 1a,b).
A strongly increased expression of canonical MY C-activated genes in MYCN-amplified
relative to non-amplified tumors of the same stage accounted for the discrimination
(Extended Data Figure 1c). MYCN-amplified tumors also displayed a suppression of genes
specifically expressed in T-cells, which likely reflects a low number of T-cells in these
tumors (Extended Data Figure 1c)°.

Activation of MYCN led to both activation and repression of genes (Figure 1b). Chromatin-
immunoprecipitation coupled with sequencing (ChIP-sequencing) showed that promoters of
both activated and repressed genes were bound by MYCN (Extended Data Figure 1d).

MY CN-activated genes bound more MYCN and had a higher basal expression than MYCN-
repressed genes (Extended Data Figure 1d,e)%-8. Sequencing of 4sU-labelled nascent RNA
showed that changes in RNA synthesis paralleled those in steady-state mMRNA levels (Figure
1b; Extended Data Figure 1)8. Activation of MYCN caused a shift in overall RNAPII
occupancy at actively expressed genes from the promoter into the gene body that has been
observed previously in response to MYC (Figure 1c and Extended Data Figure 2a,b)°.
RNAPII occupancy data were identical whether data were read-normalized or normalized
using a spike-in control (Extended Data Figure 2c). ChlP-sequencing of RNAPII that is
phosphorylated at Ser2 (pSer2) confirmed that activation of MYCN caused an increase in
transcriptional elongation when averaged over all genes (Extended Data Figure 2a).
Stratifying the alteration in RNAPII occupancy to MYCN activation by the change in
MRNA expression showed that the decrease in RNAPII occupancy at the promoter occurred
uniformly on activated, repressed and non-regulated genes expressed to a similar level
(Figure 1c and Extended Data Figure 2d). In contrast, the MY CN-dependent change in
RNAPII and pSer2 occupancy in the body of the gene or at the transcription end site was
highly regulated: RNAPII-pSer2 increased strongly on MY CN-activated genes, did not
change on non-regulated genes and decreased on MY CN-repressed genes (Figure 1d,e and
Extended Data Figure 2d). Over all genes, the amount of elongating RNAPII paralleled the
MY CN-dependent change in mRNA levels (Figure 1e). A strong G/C-skew? correlated
closely with a positive regulation by MYCN (Figure 1f).

We reasoned that activation of MYCNER would increase the dependence on genes that
control transcriptional functions of MYCN and screened for sShRNAs that decrease the
fitness of MYCNER cells in the presence, but less in the absence of 4-OHT (Extended Data
Figure 3a). Out of a total of 12,931 shRNAs, this screen identified 104 shRNAs targeting 99
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genes that were more strongly depleted upon growth in the presence of 4-OHT
(Supplementary Table 1). Intriguingly, activation of MYCN strongly enhanced the selection
against three out of six ShRNAs targeting BRCA1 that were present in the screen (Extended
Data Figure 3b). Independent shRNAs targeting BRCAZ1 suppressed colony formation more
strongly in the presence of 4-OHT (Extended Data Figure 3c,d). The expression of genes
targeted by hits from this screen was enhanced in MYCN-amplified neuroblastomas
(Extended Data Figure 3e). Indeed, BRCA1 expression closely correlated with MYCN-
amplification (Extended Data Figure 3f) and is a strong indicator of poor prognosis
(Extended Data Figure 3g). Available datasets of copy number variation did not show
increases for BRCAIin MYCN-amplified tumors (not shown). In contrast, genome-wide
DNA methylation data identified BRCA1 as the most significant differentially methylated
gene in high-risk and MYCN-amplified neuroblastoma (Figure 2a). Specifically, the BRCAI
promoter was significantly hypo-methylated in high-risk neuroblastoma, whereas hyper-
methylation was observed in low-risk patients (Extended Data Figure 3h), arguing that there
is selective pressure for high BRCAL expression in MYCN-amplified neuroblastoma.

Since BRCAL1 stabilizes replication forks and promotes homologous recombination!?, we
tested whether depletion of BRCAL interferes with DNA replication or causes double-strand
breaks in a MY CN-dependent manner. Depletion of BRCA1 slowed cell cycle progression
and led to an increase in cells in the G1-phase of the cell cycle (Extended Data Figure 4a,b).
Staining with BrdU showed that BRCAL depletion reduced the percentage of cells in S-
phase and that activation of MYCNER stimulated S-phase entry both in control and in
BRCAZ1-depleted cells (Extended Data Figure 4b). Depletion of BRCAL did not induce
apoptosis before or after MYCNER activation (Extended Data Figure 4c). DNA fiber assays
showed that depletion of BRCA1 reduced the average speed of replication fork progression,
but activation of MYCNER had no significant effect (Extended Data Figure 4d,e). Depletion
of BRCAL1 also led to an increase in the number of yH2A.X and 53BP1 foci, indicators of
double-strand DNA breaks (Extended Data Figure 4f), while prolonged activation of MYCN
(24 h) led to only a small and statistically insignificant increase in foci number. This argued
that MYCN-induced perturbance of DNA replication or double-strand breaks are unlikely to
be the main reason for the increased dependence on BRCAL.

No association of BRCAL was found within promoter-proximal regions in control cells
(Figure 2b). Activation of MYCNER led to a strong increase in BRCA1 association with
promoter-proximal regions with the extent of recruitment paralleling expression of the
downstream gene (Figure 2b,c). In addition, MYCN recruited BRCAL to intergenic sites
(Extended Data Figure 5a). BRCAZ1-binding sites closely overlapped with MYCN-binding
sites (Figure 2b,d). Consistently, a consensus MY C-binding sequence (E-box) was enriched
around BRCAL1 binding sites (Extended Data Figure 5b) and a de novo search for DNA
binding motifs in BRCAL binding sites identified this sequence as the most strongly
enriched DNA motif upon activation of MYCN (Extended Data Figure 5c). Both siRNA-
and shRNA-mediated depletion of BRCAL reduced the signal observed in ChIP-experiments
(Extended Data Figure 5d,e). ChlP-experiments using a second a-BRCAL antibody also
confirmed the validity of the results (Extended Data Figure 5f). Stable constitutive
expression of MYCN also recruited BRCA1 to promoter-proximal regions (Extended Data
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Figure 5g,h). In contrast, addition of 4-OHT to SH-EP cells that do not express MYCNER
had no effect on BRCAL chromatin occupancy (Extended Data Figure 5i).

MYCN activation strongly increased the association of BRCA1 with RNAPII that is
phosphorylated at Ser5, while the association with non-phosphorylated RNAPII or with
RNAPII phosphorylated at Ser2 was only slightly increased (Figure 2e)12. Inhibition of the
CDKO9 kinase that phosphorylates RNAPII at Ser2, further enhanced recruitment of BRCA1
by MYCN to promoters (Figure 2f and Extended Data Figure 6a), while it decreased
recruitment to joint MYCN/BRCAL sites not localized in promoters, indicating a
competition for limited pools of BRCAL (Extended Data Figure 6b)2. Inhibition of the
CDKZ7 kinase that phosphorylates RNAPII at Ser5, led to only a small increase in
recruitment (Extended Data Figure 6c). Inhibition of CDK9 in IMR-5 neuroblastoma cells,
which harbor amplified MYCN, enhanced recruitment of BRCAL in a MYCN-dependent
manner (Extended Data Figure 6d). We concluded that stalling of RNA polymerase at the
pause site strongly enhances recruitment of BRCA1 by MYCN 13,

Depletion of BRCAL altered the response of RNAPII to MYCN activation (Figure 3a and
Extended Data Figure 7a). In BRCA1-depleted cells, MYCN activation led to an
accumulation of RNAPII at the pause site instead of promoting pause release (Figure 3a and
Extended Data Figure 7a). This was not due to BRCA1-dependent changes in
phosphorylation of RNAPII (Extended Data Figure 7b). Consistently, activation of MYCN
reduced NELF-E promoter occupancy in control cells, but increased it in BRCA1-depleted
cells (Extended Data Figure 7c). As consequence, activation of MYCN increased rather than
decreased the traveling ratio of RNAPII in BRCA1-depleted cells (Extended Data Figure
7d). A bin plot confirmed that MY CN activation broadly decreased RNAPII association
within promoter-proximal regions in control cells but increased the association in BRCA1-
depleted cells (Figure 3b). RNAPII-pSer2 showed an increase at the termination site upon
stimulation of MYCNER in control cells, but a decrease in BRCA1-depleted cells (Extended
Data Figure 7e). Consistent with these observations, depletion of BRCAL attenuated
activation of multiple MYCN target gene sets and overall changes in gene expression in
response to activation of MYCN (Extended Data Figure 7f,g).

Since the G/C-skew of promoters correlates closely with their propensity to form R-loops0
and since BRCAL1 can suppress R-loop formation at promoter-proximal regions!4 and at
transcription end sites!®, the data suggested that BRCA1 might suppress R-loop formation
upon MYCN activation. Available datasets'® showed that 85 % of genes annotated to have
promoter-proximal R-loops have joint MYCN/BRCAL sites in promoter-proximal regions,
whereas only 50 % of genes with distal R-loops do (Proximal: 1,328/1,749 promoters; >2kb:
1,987/3,978 genes; p<0,0001). Intriguingly, promoters in which MYCN is localized 5’ of the
transcription start site (TSS) often display an R-loop on the antisense strand, whereas this is
not observed if the MYCN/BRCAL site is localized 3" of the TSS (Figure 3c), suggesting
that there is selective pressure for the presence of a MYCN binding site in the immediate
vicinity of an R-loop. We chose 22 R-loop containing promoters and validated the presence
of an R-loop on 14 of them by DNA-RNA-immunoprecipitation (DRIP) using well-
characterized R-loops in the ACTB gene as positive control (Figure 3d and Extended Data
Figure 8a,b)15. On 13/14 of these, activation of MYCN suppressed R-loop formation in
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control cells. In BRCAL-depleted cells, MYCN-dependent R-loop suppression was strongly
compromised on all promoters and activation of MYCN enhanced R-loop formation on 8/14
promoters.

BRCAL promotes R-loop resolution at transcription end sites by recruiting senataxin, an R-
loop specific DNA/RNA helicasel®. However, depletion of BRCA1 enhanced senataxin
binding to promoter-proximal regions (Extended Data Figure 8c). Two termination pathways
can limit promoter-proximal accumulation of RNAPII: mRNA de-capping, which occurs at
the pause sitel” and promoter-proximal poly-adenylation8. Upon BRCA1 depletion,
activation of MYCN promotes RNAPII accumulation at the pause site, upstream of the most
5’-located polyadenylation site (Extended Data Figure 8d). Consistently, GRO-Seq showed a
drop in nascent transcription close to the pause site (Extended Data Figure 8e). BRCAL
binds to EDC4, an assembly factor for mRNA de-capping complexes!®. ChIP-sequencing of
DCP1A, which forms catalytically active de-capping complexes with DCP2 upon EDC4-
mediated assembly20, showed that depletion of BRCA1 had no effect on chromatin
association of DCP1A in control cells. Activation of MYCN led to a moderate decrease in
DCP1A chromatin association in control cells, but to a complete loss of DCP1A from
promoter-proximal regions in BRCAZ1-depleted cells, arguing that recruitment of BRCA1 by
MYCN enables mRNA de-capping when RNAPII stalls (Figure 3e,f).

Proteomic analyses did not show an interaction of BRCA1 with MYCN, suggesting that
BRCAL recruitment is indirect?l, BRCA1 can be recruited to chromatin by the ubiquitin-
specific protease USP11 in a cell cycle-dependent manner?2, MYCN recruited BRCAL to
promoter-proximal regions during S- and G2-phase, but not in G1 (Extended Data Figure
9a), and the association of MYCN with BRCAL1 followed a similar regulation (Extended
Data Figure 9b,c,d). USP11 is present in MYCN complexes (Figure 4a)%1. USP11
heterodimerizes with USP723, which also associates with MYCN (Extended Data Figure
9e)24, shRNA-mediated depletion showed that USP11 promotes MY CN-dependent
recruitment of BRCAL (Figure 4b). Indeed, depletion of USP11 strongly reduced expression
of both BRCA1 and MYCN (Figure 4c), arguing that USP11 stabilizes MYCN/BRCAL1
complexes. Incubation with the proteasome inhibitor, MG-132, reverted the decrease in
MYCN levels and partially that in BRCAL levels in response to USP11 depletion, arguing
that the de-ubiquitinating activity of USP11 contributes to stabilization of MYCN and
BRCAL (Extended Data Figure 9f). Conversely, MYCN promoted complex formation of
endogenous USP11 with BRCA1 (Figure 4d).

Consistent with the observation that USP11 stabilizes MYCN, depletion of BRCA1 reduced
chromatin association of MYCN (Figure 4e). The data show that USP11, MYCN and
BRCAL1 form a stable complex in neuroblastoma cells.

Pause-release of RNAPII by MYC requires its proteasomal turnover2®, suggesting that
turnover of MYCN limits accumulation of the MYCN/BRCA1/USP11 complex. Turnover of
MYCN is controlled by phosphorylation of two residues, Ser62 and Thr58, in a highly-
conserved domain called MY CBoxl; phosphorylated Thr58 is recognized by the FBXW?7
ubiquitin ligase, which targets MYCN for degradation?5. Alternatively, Thr58 can be de-
phosphorylated by EYA phosphatases, preventing FBXW?7-dependent turnover?’. Mass
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spectrometry demonstrated that all four possible phosphorylated forms, including MYCN
that is non-phosphorylated or mono-phosphorylated at Ser62, are present in neuroblastoma
cells (Extended Data Figure 9g). Binding of USP11 to MYCN was enhanced by a Thr58/
Ser62 double alanine substitution (Figure 4f) and by individual substitutions of Ser62 and
Thr58 (Extended Data Figure 9h). Since phosphorylation at Ser62 primes phosphorylation at
Thr58 by GSK3, the S62A-mutated allele of MYCN shows reduced phosphorylation at
Thr58, but not vice versa (Extended Data Figure 9i). The data show that de-phosphorylation
of MYCN at Thr58 is critical for binding of USP11; consistently, proteasomal turnover of
MYCN limited accumulation of MYCN/BRCA1-complexes (Extended Data Figure 9j).

BRCAL is part of the cellular stress response suggesting that transcription-induced stress
contributes to BRCAL recruitment. Inhibition of ATR using VE-821 had no effect on
recruitment of BRCAL, while it suppressed phosphorylation of CHK1 at serine 345
(Extended Data Figure 10a,b). MYCN interacts with poly-ADP-ribose polymerase (PARP1),
and PARP1 regulates BRCA1 function in homologous recombination2:28, However,
inhibition of PARP1 had no effect on BRCAL recruitment (Extended Data Figure 10c).
Together with the observation that BRCA1 is recruited not only in S-phase, these findings
argue that replication/transcription conflicts are not the major cause for BRCA1 recruitment.
Transcriptional activation induces torsional stress?®. MYCN interacts with TOPO2A and
may relieve torsional stress at promoters2L. Indeed, inhibition of type 11 topoisomerases
induced BRCAL accumulation downstream of active promoters and activation of MYCN
enhanced the recruitment (Extended Data Figure 10d,e).

MY C was able to bind USP11, but unable to promote association of USP11 with BRCAL
(Extended Data Figure 10f). Consistently, MYCN was more efficient than MYC in
recruiting BRCAL to chromatin (Extended Data Figure 10g). MYC and MYCN differ in
their response to transcriptional stress since MYC, unlike MYCN, is able to recruit MIZ1 to
buffer excessive transcriptional activation3. We hypothesize that MYC and MYCN engage
different mechanisms of coping with deregulated transcription elongation and that MYCN-
amplified neuroblastoma tumors are characterized by the ability of MYCN to engage an
USP11/BRCAL-dependent pathway that suppresses the accumulation of stalled RNAPII
(Extended Data Figure 10h).

Detailed information about cell lines, antibodies, reagents, commercial Kits, primers,
siRNAs, shRNA-sequences and used software is reported in Supplementary Table 2.

Neuroblastoma cell lines (IMR-32, IMR-5, SH-EP, SMS-KAN) were verified by STR
profiling and grown in RPMI-1640 (Sigma-Aldrich and Thermo Fisher Scientific).
HEK?293TN, Plat-E, KPC and NIH-3T3 mouse cells were grown in DMEM (Sigma-Aldrich
and Thermo Fisher Scientific). Media were supplemented with 10 % fetal calf serum
(Biochrom and Sigma-Aldrich) and penicillin/streptomycin (Sigma-Aldrich). All cells were
routinely tested for mycoplasma contamination. Where indicated cells were treated with 4-
OHT (Sigma-Aldrich), flavopiridol (Sigma-Aldrich), THZ1 (Hycultec) or etoposide (Sigma-
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Aldrich). For double-thymidine block, cells were treated for 16 h with 2 mM thymidine
(Sigma-Aldrich), released for 8 h into normal medium and then blocked again (2 mM, 16 h).
For release, cells were washed with PBS before medium was added.

For the clonogenic assay, 1x10"5 SH-EP MY CNER cells previously infected and selected as
described below were plated and treated from the following day on with 200 nM 4-OHT and
EtOH for six days. Fresh medium with 4-OHT and EtOH was added every second day. Cells
were fixed with 3.7 % formaldehyde for 20 min. After aspirating the medium, crystal violet
solution (0.1 % crystal violet, 20 % EtOH, ddH20) was added for overnight staining and
cells were washed next day with ddH20.

Transfection and lentiviral infection

Transfection of siRNA was performed using RNAIMAX reagent according to
manufacturer’s protocol. Cells were harvested 72 h after transfection. Transfection of cDNA
was performed using PEI (Sigma-Aldrich). Cells were harvested 48 h after transfection. For
lentivirus production, HEK293TN cells were transfected using PEI. Lentivirus expressing
shRNA targeting BRCA1 was produced by transfection of pGIPZ plasmid together with the
packaging plasmid psPAX.2, and the envelope plasmid pMD2.G. Lentivirus expressing
shRNA targeting USP11 was produced by transfection of pLKO plasmid. Virus-containing
supernatant was harvested 48 h and 72 h after transfection. SH-EP cells were infected with
lentiviral supernatants in the presence of 4 pg mi-1 polybrene for 24 h. Cells were selected
for two days with puromycin (2 pg mI1; IMR5 0,5 pg mi-1) and afterwards plated for the
experiment.

Immunoblots and immunoprecipitations

Whole-cell extracts were prepared using NP-40 buffer (50 mM Tris (pH 8.0), 150 mM NacCl,
1 % NP-40) with three rounds of freeze/thaw cycles or RIPA buffer (50 mM HEPES, 140
mM NaCl, 1 mM EDTA,; 1 % Triton X-100, 0.1 % Sodium Deoxycholate, 0.1 % SDS)
containing protease and phosphatase inhibitor cocktails (Sigma-Aldrich). Lysates were
cleared by centrifugation, separated on SDS or Bis-Tris gels and transferred to a PVDF
membrane (Millipore).

For immunoprecipitation, cells were re-suspended in lysis buffer containing 20 mM HEPES-
KOH (pH 7.8), 140 mM KCI, 0.2 mM EDTA, 0.1 % NP-40 supplemented with a cocktail of
protease and phosphatase inhibitors. After brief sonication, samples were incubated on ice
for 30 min and cleared by centrifugation. Co-immunoprecipitation was carried out in lysis
buffer using 2 pg of antibodies and 1-2 mg lysate.

For immunoblots showing multiple proteins with similar molecular weight, one
representative loading control is shown. As loading control vinculin, actin, tubulin or CDK2
was used. For gel source data, see Supplementary Figure 1.

Flow cytometry analysis (FACS)

FACS analysis were performed as described previously32. Subconfluent cells were labelled
with 20 pM 5-Bromo-2’-deoxyuridine (BrdU, Sigma-Aldrich) for 1 h. Cells were harvested,
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washed with ice-cold PBS and fixed in 80 % ethanol overnight at -20 °C. Cells were washed
with cold PBS and incubated in 2 M HCI/0.5 % Triton X-100 for 30 min at room
temperature. Cell pellets were neutralized by incubating with Na2B40O7. The pellet was
incubated with Anti-BrdU-FITC antibody (BioLegend) diluted in 100 ul 1 % BSA, 0.5 %
Tween-20 in PBS for 30 minutes at room temperature in the dark. After washing with PBS,
the cells were re-suspended in PBS with RNase A (24 ug ml-1) and propidium iodide (PI, 54
uM) and incubated for 30 min at 37 °C.

For PI-FACS cells were harvested by trypsinization, washed with cold PBS and fixed in 80
% ethanol overnight at -20 °C. After washing with PBS, the cells were re-suspended in PBS
with RNAse A (24 pg mI1) and P1 (54 pM) and incubated for 30 min at 37 °C.

For AnnexinV-PI-FACS, the supernatant of the respective culture was combined with cells
harvested by trypsinization and washed with cold PBS. Cell pellet was re-suspended in 100
ul 1x AnnexinV-binding buffer (10 mM HEPES pH 7.4, 140 mM NacCl, 2.5 mM CacCls) and
2 ul AnnexinV/Pacific Blue dye and incubated for 15 min at room temperature in the dark.
Afterwards 400 pl 1x binding buffer and PI (54 uM) was added and the samples were stored
cold and dark until analysis.

Subsequent analysis of all FACS experiments was performed on a BD FACSCanto |1 flow
cytometer using BD FACSDIVA™ Software.

DNA-RNA-Immunoprecipitation (DRIP)

DRIP was performed as described in33. Briefly, cells were digested with 0.5 % SDS and
proteinase K overnight. DNA was extracted with phenol/chloroform and precipitated with
ethanol. DNA was digested using a cocktail of restriction enzymes (Bsrgl, EcoR1, Hindlll,
Sspl, Xbal) overnight at 37 °C. For RNaseH-treated sample DNA was additionally incubated
with RNaseH overnight. DNA was purified as described above. S9.6 antibody, which detects
RNA/DNA hybrids34, was coupled to A/G-Dynabeads® (Invitrogen). DNA in 1 x binding
buffer (L0 mM NaPOy4 ph7.0, 140 MM NaCl, 0.05 % Triton X-100) was added to the
antibody-coupled beads overnight. After extensive washing, DNA was eluted with elution
buffer (50 mM Tris-HCI pH 8.0, 10 mM EDTA, 0.5 % SDS) and treated for 2 h at 45 °C
with proteinase K. After DNA extraction, locus-specific DRIP signals were assessed by
gPCR.

High-throughput sequencing

ChIP and ChIP-sequencing was performed as described previously3®. For spike-in
experiments (ChIP-Rx) 10 % of fixed NIH-3T3 or KPC mouse cell lines were added before
lysis. Cells were treated with 1 % formaldehyde for 10 min at room temperature following 5
min of incubation with glycine. After cell lysis (5 mM PIPES pH 8.8, 5 mM KCI, 0.5 %
NP40), nuclei were re-suspended in RIPA buffer (50 mM HEPES pH 7.9, 140 mM NaCl, 1
% Triton-X-100, 0.1 % deoxycholic acid (DOC), 0.1 % SDS, 1 mM EDTA containing
protease and phosphatase inhibitor cocktail) and DNA was fragmented to a size <500 bp
using a Branson sonifier. Antibodies were bound to Protein A/G-Dynabeads® (Invitrogen)
and immunoprecipitated. After extensive washing, chromatin was eluted with 1 % SDS and
crosslinking was reverted overnight. Chloroform/phenol extraction was used for DNA
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purification. After DNA extraction occupancy of different proteins were assessed by gPCR.
Shown analysis of gPCR show mean and standard deviation of technical triplicates as well
as an overlay of each data point to indicate the distribution of the data.

ChIP-sequencing was performed as described before36. Purified DNA was end-repaired, A-
tailed, ligated to lllumina adaptors, size-selected (200 bp) and purified with a gel extraction
kit. DNA fragments were amplified by 15-18 cycles of PCR and library size and amount of
library was specified with the Biorad Experion™ Automated Electrophoresis system or
Fragment Analyzer (Advanced Analytical). The library was subjected to Illumina GAIIx or
Illumina NextSeq 500 sequencing according to the manufacturer’s instructions. After base
calling with the CASAVA software (GAIIx sequencing) or Illumina’s FASTQ Generation
software v1.0.0 (NextSeq 500 sequencing), high quality PF-clusters were selected for further
analyses.

RNA-sequencing was performed as described previously2® using an Illumina NextSeq 500.
RNA was extracted using RNeasy mini columns (Qiagen) including on-column DNase |
digestion. mMRNA was isolated using the NEBNext® Poly(A) mMRNA Magnetic Isolation
Module (NEB) and library preparation was performed with the NEBNext® Ultra™ RNA
Library Prep Kit for lllumina following the instruction manual. Libraries were size-selected
using Agencourt AMPure XP Beads (Beckman Coulter) followed by amplification with 12
PCR cycles. Library quantification and size determination was performed with the Biorad
Experion™ Automated Electrophoresis system or Fragment Analyzer (Advanced
Analytical).

For 4sU labelled nascent RNA-sequencing, SH-EP MYCNER cells were cultured at density
of 5 million cells per plate 24 h before treatment with 4-OHT. Before harvest of RNA using
Qiagen miRNeasy kit, nascent RNA was labelled by adding 200 uM of 4sU (Sigma-Aldrich)
in RPMI media to the cells for 15 min under normal culture conditions. After extraction and
quantification of total RNA by Nanodrop, equal amount was labelled with biotin (Pierce) in
presence of DMF-HPDP buffer. Free biotin removal was carried out by chloroform-isoamyl
alcohol extraction after which RNA was re-suspended into nuclease free water.
Dynabeads™ MyOne™ Streptavidin T1 beads (Life Technologies) were used for
enrichment of biotinylated RNA, which was then eluted by 100 mM DTT and cleaned by
RNeasy MinElute cleanup kit. Nascent RNA concentration was then measured using
RiboGreen RNA assay kit and equal amount was used for library preparation. Before library
preparation, rRNA was depleted using NEB rRNA depletion kit and then all eluted material
was used for NEB Ultra Directional kit with 17 PCR cycles. The libraries were then finally
sequenced for 75 cycles using lllumina NextSeq 500 system.

Global run-on followed by next-generation sequencing (Gro-Seq) was carried out as
previously described with a few modifications3’. Briefly, cells were washed two times with
cold 1x PBS and harvested in 1x PBS. Cells were re-suspended in 10 ml swelling buffer (10
mM Tris-HCI pH 7.5, 2 mM MgCI2, 3 mM CaCl2) and incubated for 5 min on ice. After
centrifugation (400 xg, 10 min) cells were re-suspended in 10 ml swelling buffer containing
10 % glycerol. 10 ml lysis buffer (10 mM Tris-HCI pH 7.5, 2 mM MgCl,, 3 mM CacCly, 10
% glycerol, 1 % lgepal) was added with gently swirling and incubated for 5 min on ice. The
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volume of cell suspension was brought to 45 ml with lysis buffer. Resultant nuclei were
washed with 10 ml freezing buffer (40 % glycerol, 50 mM Tris-HCI pH 8.0, 5 mM MgCly,
0.1 mM EDTA). The pellet was resuspended in 100 ul freezing buffer per 1x107 of nuclei.

For run-on reaction, resuspended nuclei were mixed with the same amount of run-on
reaction buffer (10 mM Tris-HCI pH 8.0, 5 mM MgCI2, 300 mM KCI, 1 mM DTT, 500 uM
ATP, 500 pM GTP, 500 uM Br-UTP, 2 uM CTP, 200 U/ml Superase In, 1 % N-
Laurylsarcosine) and incubated 7 min at 30 °C. The reaction was blocked by adding 600 pl
Trifast, thoroughly vortexing and incubating for 5 min. RNA was extracted by adding 160 pl
chloroform, precipitated with ethanol and resuspended in 20 ul H,O. RNA was next
subjected to DNAse treatment (Turbo DNA-free kit, Thermo fisher) for two times according
to manufacturer’s protocol. RNA was fragmented using Ambion RNA fragmentation kit and
end repaired by T4 PNK (NEB).

Anti-BrdU agarose beads (Santa-Cruz, 50 pl per sample) were twice washed and then
blocked for 1 h with blocking buffer (1 x binding buffer, 0.1 % polyvinylpyrrolidone, 0.1 %
BSA). Beads were washed twice with binding buffer (0.25 x SSPE, 0.05 % Tween20, 37.5
mM NaCl, ImM EDTA) and mixed with RNA in 700 ul binding buffer for 1 h on a rotating
wheel. After binding, beads were washed twice with binding buffer, twice with low-salt
wash buffer (0.2 x SSPE, 0.05 % Tween20, 1 mM EDTA), one time with high-salt wash
buffer (0.2 x SSPE, 137.5 mM NacCl, 0.05 % Tween20, 1 mM EDTA) and twice with TE
with 0.05 % Tween20. Finally, RNA was eluted four times with 100 pl elution buffer (50
mM Tris pH 7.5, 150 mM NacCl, 0.1 % SDS, 20 mM DTT, 1 mM EDTA) at 37 °C. RNA was
purified with Trizol and Chloroform as described above. RNA was decapped using RppH
(NEB) with 10 x NEB Thermopol buffer for 1 hour at 37 °C. Reaction was stopped by
adding EDTA and incubation at 65 °C for 5 min. Afterwards RNA was extracted as
described above. Library preparation was done according to manufacturer’s instructions
using NEBNext Multiplex Small RNA Library Prep Kit for IHlumina.

shRNA screening

A total of 18,290 shRNAs of the Open-Biosystems (Dharmacon; GE Lifesciences) pGIPZ
shRNA library (releases 6.1-6.12) were screened in two pools (consisting of 9,589 and 8,701
individual shRNAs) and each pool in two independent biological replicates. Upon re-
annotation using the human transcriptome hg19 (Homo_sapiens.GRCh37.74.cDNA .all.fa),
12,931 shRNAs were found to target 9,601 genes. Of these, 1, 8, 10, 96, 429, 2,098 and
6,959 were targeted with 7, 6, 5, 4, 3, 2 or one individual ShRNAs, respectively. Following
lentiviral packaging of the plasmids, SH-EP MYCNER cells were transduced with the viral
library at a multiplicity of infection of 0.1. Infected cells were selected with puromycin for
three days and the screen was started immediately after selection was completed. Cells were
harvested prior to the treatment with EtOH or 4-OHT (condition “start”) and after two weeks
of treatment with either EtOH (control) or 4-OHT (activation of MYCN). Cell number were
counted regularly over the entire course of the screening experiment to verify an equal
number of population doublings in both conditions. Every two to three days the cells of both
conditions were split and supplied with fresh 4-OHT or EtOH. The number of cells was
always kept at a minimum of 1.0x107 cells to guarantee a sufficient minimum representation
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of all shRNAs. Genomic DNA was isolated using DNAzol (Invitrogen) followed by an
ethanol precipitation. ShRNA hairpin sequences were recovered from the genomic host cell
DNA in an amplification reaction using custom PCR-primers that specifically bind to pGIPZ
vector sequences flanking the shRNA sequences. For each condition, 70 identical PCRs of
24 cycles and with 1 ug of genomic DNA each were carried out and corresponding products
were pooled and gel-purified. The quantity and size of the purified PCR products was
determined using the Experion Automated Electrophoresis System (Bio-Rad). Sample-
specific DNA-libraries were subjected to Illumina GAIIx single-read sequencing according
to manufacturers instructions. Mapping of the sample-specific reads and initial
bioinformatics analyses were done as described below (Bioinformatical analysis and
statistics). Using Z-score statistics for the effect strengths, we identified 104 shRNAs
targeting 99 genes that were strongly depleted upon growth of SH-EP MYCNER cells in the
presence of 4-OHT, but much less depleted in the absence of 4-OHT.

In Situ Proximity Ligation Assay

Proximity Ligation Assay (PLA) was performed using the Duolink® In Situ Kit (Sigma-
Aldrich) according to manufacturer’s protocol. For counterstaining Hoechst 33342 (Sigma-
Aldrich) and Alexa Fluor®568 Phalloidin (Thermo Fisher Scientific) were used. Pictures
were taken with a confocal microscope (Nikon Ti-Eclipse) in a 60x magnification and on
Operetta® High-Content Imaging System in a 40x magnification. For quantification, not less
than 300 cells were analyzed using ImageJ (Wayne Rasband, NIH). Images from Operetta®
were analyzed using Harmony® High Content Imaging and Analysis Software. P-values
were calculated using a two-tailed Wilcoxon rank-sum test.

DNA fiber assay

DNA fiber assays to analyze replication fork progression and origin firing were essentially
carried out as described previously38. Cells were first incubated with 4-OHT for 6 h and
afterwards with 5-chloro-2-deoxyuridine (CldU, 25 pM) for 20 min, followed by 5-iodo-2-
deoxyuridine (1dU, 25 uM; both from Sigma-Aldrich) for 1 h. DNA fibers were spread on
glass slides. After acid treatment, CldU- and IdU-labeled tracts were detected by 1 h
incubation at 20 °C with rat anti-BrdU antibody (dilution 1:400 detects BrdU and CldU;
AbD Serotec) and mouse anti-BrdU antibody (1:150, detects BrdU and 1dU; Becton
Dickinson). Slides were fixed in 4 % paraformaldehyde/PBS and incubated for 2 h at 20 °C
with Alexa Fluor 555-conjugated goat anti-rat antibody (dilution 1:150) or Alexa Fluor 488-
conjugated goat anti-mouse antibody (dilution 1:150; both from Molecular Probes/
Thermofisher). Fiber images were acquired by fluorescence microscopy using the Axio
Scope Al running with the microscope software ZEN (both from Zeiss) for image
acquisition and processing. For analysis of fiber images, the imaging software ImageJ was
used. Statistical analysis of replication fork progression was performed using the two-tailed,
unpaired t-test with additional Welch’s correction in Prism5.0 due to unequal variances
between samples.

Immunofluorescence staining

Cells were infected and selected by puromycin treatment as described previously. After
selection, cells were plated in a 96-well plate and incubated with EtOH or 4-OHT from the
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following day on for 24 h (200 nM). The last two hours, etoposide was added as positive
control (25 uM). Cells were fixed with 3.7 % paraformaldehyde/PBS. After removing PFA
and washing, cells were permeabilized with 0.2 % Triton-X-100/PBS and blocked with 3 %
BSA/PBS. Samples were stained with primary antibodies for yH2A.X (1:400) and 53BP1
(1:500) in 3 % BSA/PBS overnight at 4°C and after washing incubated with secondary
antibody (1:400) for 1 h at room temperature. Pictures were taken with an Operetta® High-
Content Imaging System in a 20x magnification. Images were analysed using Harmony®
High Content Imaging and Analysis Software.

Bioinformatical analysis and statistics

Base calling was performed using Illumina’s FASTQ Generation software v1.0.0 and
sequencing quality was tested using the FastQC script.

For ChIP-sequencing, reads were mapped to hg19 using Bowtie13° with default parameters
and samples were normalized to the number of mapped reads in the smallest sample. Peak
calling for BRCA1, MYCN and total RNAPII with MACS1440 was performed with the
corresponding input sample as control and with variable settings for duplicates (*--keep-
dup”; (“antibody”/”biological condition”/"value”): BRCAL1 +/-4-OHT 5; BRCA1 +/-4-
OHT,+/-flavopiridol,+/-etoposide 3; MYCN +/-4-OHT 5; DCP1A +/-4-OHT,+/-shBRCA1 1,
MYCN pRRL-MYCN: 1; BRCAL pWZL-MYCN/pWZL-empty 5; total RNAPII EtOH 5)
and p-value (“--pvalue”; (“antibody”/”biological condition”/"value”): BRCAL +/-4-OHT
le-6; BRCA1 +/-4-OHT,+/-flavopiridol,+/-etoposide 1e-7; MYCN +/-4-OHT 1e-11;
DCP1A +/-4-OHT,+/-shBRCAL 1le-6; MYCN pRRL-MYCN 1e-9; BRCAL pWZL-MYCN/
pWZL-empty 1le-9; total-RNAPII EtOH 1e-14). Bedgraph files were generated using the
genomecov function from BEDtools*! and the Integrated Genome Browser#2 was used to
visualize these density files. Annotation of peaks to the next RefSeq gene was done with
BEDtools closestBed and a promoter was defined as a region +/- 1 kb relative to the
transcriptional start site (TSS). Read density graphs were obtained using the computeMatrix
function from DeepTools*3 at a resolution of 10 bp. For de novo motif analysis the DREME
algorithm implemented in the MEME Suite** was used with default settings and similarity
of identified motifs to known motifs was examined with TOMTOM and three databases
(“JASPAR Core vertebrates 2014”, “Jolma 2013”, “Uniprobe mouse”). Relative motif
frequencies of E-boxes were counted with an in-house script and curves were smoothed with
a moving window of 50 bp. Traveling ratios for RNAPII ChlIP-seq were calculated by
counting reads with BEDtools “coverage” function (parameter: -F 0.51) around TSS (-30 to
+300 bp), within gene bodies (+300 bp to TES) and at transcriptional end sites (“TES”; TES
to +1 kb) of Ensembl genes. A pseudocount/kb was added, gene body counts were
normalized to the length of the gene and finally, TSS counts were divided by gene body
counts. Metagene window plots were generated with NGStools*® of the indicated gene
group. MY CN-activated and repressed genes are defined by positive and negative log, FC
respectively of genes with Benjamini-Héchberg g-value (+/-4-OHT) less than 0.05 with an
expression filter rejecting genes with less than 2 counts per million.

Classification of genes with strong, weak or no G/C skew was done with skewR33 using the
human hg19 genome, all expressed genes and the parameters: -z 60 -s hg19.fa -m model/

Nature. Author manuscript; available in PMC 2021 July 19.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Herold et al.

Page 13

GC_SKEW_1mil.hmm -g UCSC_Main_on_Human_refGene_hg19 TSS toTES.bed -b
UCSC_hg19 CpGislands.bed. Gene expression changes of SH-EP MYCNER cells after
activation of MYCN of the respective class of genes was plotted as kernel density with a
bandwidth of 0.05. p-values were calculated with a two-tailed Wilcoxon one-sample signed-
rank test with p=0.

To correlate BRCAL occupancy in promoter-proximal regions before and after activation of
MYCNER with gene expression, 7,812 expressed genes (log, CPM>1.28, CPM: counts per
million) with a BRCAL peak in the promoter (+/- 1 kb relative to the TSS) were grouped
into 15 equally sized bins and the mean of BRCAL occupancy in a region of +/- 100 bp
around the peak summit was plotted including +/- 95 % confidence interval.

For ChIP-Rx-sequencing, reads were mapped independently to the human hg19 and murine
mm10 (spike-in) genome and a spike-in normalization factor was calculated by dividing the
number of mapped reads of the spike-in of the smallest sample by the number of mapped
reads of the spike-in for each sample. For each sample, this factor was multiplied by the
number of reads that map to the human genome and all bam files for subsequent analysis
were adjusted to this read count. Peak calling of the MYCN-ChIP-Rx sample “+4-OHT/-
shBRCAZ1” was done with MACS14 (keep-dup: 1, p-value: 1e-10) with a separate peak
calling for the corresponding input sample using same parameters as the “treat” sample.
Overlapping peaks in the input were then subtracted from the MYCN-ChIP-Rx sample
resulting in 692 peaks in promoters of RefSeq genes (+/-1 kb relative to TSS). Read density
plots around these TSS were then drawn with a resolution of 10 bp using the
“computeMatrix” and “plotProfile” function from DeepTools.

For GRO-seq, reads of all biological conditions (+/-4-OHT, +/-shBRCA1) were pooled and
the 3’ adapter was trimmed using Cutadapt*6 keeping at least 30 bp. Untrimmed and
trimmed reads passing the filter were then mapped to hg19 using Tophat24” and Bowtie248
including spliced reads. TSS with a called RNAPII-peak (“EtOH” condition) maximal 250
bp downstream were used as view point for a heat map drawn with “computeMatrix” and
“plotHeatmap” from DeepTools at a resolution of 1 bp. The resulting heat map is sorted
based on the distance of the TSS to the RNAPII-peak and additionally contains read
coverage from mRNA- (sample: “EtOH”) and ChlP-seq (samples: “total RNAPII (N20)
EtOH” and corresponding input).

Raw data from DRIPc-sequencing3! were downloaded from GEO (GSE70189, sample
GSM1720613), strand-specific mapped to hg19 with Bowtiel and read density around
transcriptional start sites of genes with either up- or downstream MYCN peaks was
calculated with DeepTools. Bidirectional genes and genes with multiple annotated TSS were
removed before the density matrix was calculated and the mean profile was drawn. To
identify the number of BRCAL1/MY CN-bound genes with R-loops, coordinates of R-loops
from DRIP-seq experiments from NT2 (two replicates), K562, E14 and 3T3 cells were
obtained from GEO (GSE70189) and converted to hgl9 if necessary. A consensus R-loops
data set was generated as defined by (1) overlap by at least 1 bp in all samples, (2) overlap
by at least 1 bp in an RNaseA-treated sample and (3) not overlapping with an RNaseH-
treated sample. The resulting R-loops were then annotated to the next transcriptional start
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site, MYCN- and BRCA1-peak and filtered as indicated. p-values were calculated with a
permutation test (n=10,000).

Coordinates of polyA-sites were downloaded from UCSC (“UHR”, two replicates)®,
extended in both directions by 15 bp and overlapping polyA-sites from both replicates were
extracted. For each annotated RefSeq TSS, the first downstream intronic polyA-site in a
region of TSS to +5 kb that is not in a window of +/-1 kb around a transcriptional end site
was used to analyze RNAPII density.

For mRNA-sequencing, reads were mapped to hg19 using Tophat24” and Bowtie248 and
samples were normalized to the number of mapped reads in the smallest sample. Reads per
gene were counted using the “summarizeOverlaps” function from the R package
“GenomicAlignments” using the “union”-mode and Ensembl genes. Non- and weakly
expressed genes were removed (mean count over all samples <1 (shBRCAL experiment) or
<1.28 (MYCNER +/-4-OHT; GSE78957)). Differentially expressed genes were called with
edgeR and p-values were adjusted for multiple-testing using the Benjamini-Héchberg
procedure. Gene set enrichment analysis (GSEA)®° were done with the “Hallmark”, “C2”
and “C7” databases from MSigDB®?, 1,000 permutations and default settings. For bin plots,
genes were sorted based on the indicated criterion, grouped into equally-sized bins and the
mean or median was calculated. p-values for the difference in slopes were calculated using a
linear model and ANOVA (analysis of variance). To calculate p-values comparing the
median of different groups in box plots a two-tailed Wilcoxon signed-rank test (for paired
data) or a two-tailed Wilcoxon rank-sum test (unpaired data) was used.

To correlate MY CN-dependent gene expression changes with gene expression in
neuroblastoma tumor samples, normalized expression values from GSE6256452 were
downloaded from GEO, row-wise median-centered and the top 400 differentially expressed
genes between stage 4 and stage 1/2/3/4s were defined with: (mean[stage4]-
mean|[stagel,2,3,4s])/(sd[stage4]+sd[stagel,2,3,4s]). For each tumor sample the Pearson’s
correlation coefficient between the median-centered expression and the gene expression
changes between shSCR 4-OHT vsshSCR EtOH was calculated. Kaplan-Meier survival
curves stratified by BRCAL expression from the same dataset were calculated using the R2:
Genomics Analysis and Visualization Platform (http://r2.amc.nl) in “scanning” mode.

Methylation data from human neuroblastoma tumor samples and corresponding meta
information were taken from GSE76269 and the R2 platform was used for visualization of
the methylation status of probes within the BRCAI genomic locus. The ratio of methylation
is defined as signal (methylated) / signal (methylated+unmethylated).

For 4sU-seq, fastq generation, quality check, read mapping, normalization of mapped reads
and differential analysis expression analysis was carried out the same way as mRNA-
sequencing, with the difference being that the reads falling in exons were not considered.
18,213 genes were grouped into 39 equally sized bins.

For analyzing the ShRNA screen, fastq files were mapped to a custom reference database
containing the guide-stem sequences of all screened sShRNAs. Mapping was done using
Bowtie v0.12.8 not allowing any mismatches. Mapped reads per sample were counted and
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combined in one count matrix. Average values of size-normalized counts for corresponding
conditions from replicate experiments were used to calculate relevant fold changes (FC) to
determine enrichment or depletion of individual ShRNAs between conditions. A Z-score
statistic was applied to all calculated log2FC (indicating the number of standard deviations
an effect is above or below the mean of the overall population of sShRNAs), in order to
compare the results from the two separately screened shRNA pools and to determine cut-off
values for a combined hit selection. ShRNAs with Z-scores <(-3) for the change in
abundance between the EtOH treated and the 4-OHT treated condition were defined as
“synthetic lethal hits” as long as the Z-score for the change in abundance between the
starting condition and the EtOH treated control condition was >(-3).

In box plots, the central line reflects the median and the borders of the boxes show the
interquartile range of the plotted data. The whiskers extend to 1.5x of the interquartile range
and outliers are shown as dots.
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Extended Data Figure 1.
a: (Top) Heat map showing 400 most differentially expressed genes between 498 low- and

high-grade neuroblastomas (GSE62564). MY CN-amplification status of the tumors and
survival of the patients is indicated by the horizontal bars on top and the right panel
illustrates gene expression changes after MYCNER-activation (3 h 4-OHT) in SH-EP cells
of the same genes. (Bottom) Correlation between relative gene expression in tumors and
changes in response to MY CNER-activation.
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b: Box plots showing expression of 294 MY CNER-activated genes (SH-EP MYCNER,
FDR<0.01 and log, FC (4-OHT vs EtOH)>0 in 3 biological replicates) in neuroblastomas of
the indicated tumor stage with or without MYCN amplification (GSE62564). Number of
tumor samples is indicated at the bottom and p-values were calculated using a two-tailed
Wilcoxon rank-sum test. In the box plot, the central line reflects the median and the borders
of the boxes show the interquartile range of the plotted data. The whiskers extend to 1.5x of
the interquartile range and outliers are shown as dots.

c: Expression of selected gene sets from GSE analysis in SH-EP cells after MYCNER-
activation (3 h 4-OHT, n=3) and in 65 MYCN-amplified versus 116 non-amplified stage 4
neuroblastomas (GSE62564). p-values were calculated using a Kolmogorov-Smirnov test
with 1,000 permutations and corrected for multiple testing using Benjamin-Héchberg
procedure (FDR)®C,

d: Box plot illustrating MY CN-binding in promoters (-30 to +300 bp relative to TSS) of 914
MY CN-activated and 615 repressed genes (n=3). As control, a randomly selected group of
1,000 non-regulated expressed genes was chosen. p-values were calculated with a two-tailed
Wilcoxon test. For description of the box plot, see legend to Extended Data Figure 1b.

e: Box plot illustrating mRNA levels in gene groups described above (activated, repressed
and non-regulated; n=3). For description of the box plot, see legend to Extended Data Figure
1b.

f: Box plot showing the exon/intron ratio for 27,369 genes in 4sU-seq (n=6) compared to
RNA-seq data (n=6). For description of the box plot, see legend to Extended Data Figure 1b.
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Extended Data Figure 2.
a: Metagene plots (mean+SEM as shadow) of total RNAPII (top) and RNAPII-pSer2

(bottom) in SH-EP MYCNER cells after 4-OHT treatment (3 h) for 14,488 expressed genes
(n=4).

b: Empirical cumulative distribution function of RNAPII traveling ratio after MYCNER-
activation (4-OHT) of 14,488 expressed genes (n=4).

c: 2D kernel density plot of total RNAPII occupancy at the TSS of 14,945 expressed genes
in SH-EP MYCNER cells treated with EtOH (top) or after activation of MYCN (bottom).
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d: Metagene plots (mean+SEM as shadow) of total RNAPII (top) and RNAPII-pSer2
(bottom) in SH-EP MYCNER cells after 4-OHT treatment (3 h; n=4) of 1,000 non-regulated

genes.
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a: Schematic overview of the ShRNA screen in SH-EP MYCNER cells. Samples were
analyzed in duplicates after 14 days of cell culture.

b: Waterfall plot (left) visualizing the depletion of the six screened shRNAS targeting
BRCAL in SH-EP MYCNER cells with activated MYCN (Z-score for the log2 fold-change
(4-OHT vs start)). From all 12,931 individual shRNA, only the 1,000 shRNAs are shown
that were most strongly depleted in the screen following OHT treatment. Z-scores for the
depletion of all individual ShRNAs were calculated based on the population mean and SD of
the log, FC of all screened shRNAs (n=2). Box plot (right) comparing depletion of all
shRNAs targeting BRCAL in SH-EP MYCNER cells upon activation of MYCN. Shown are
the median and the lower and upper quartiles of the log, FC (4-OHT vs start and EtOH vs
start) for n=6 independent shRNAs targeting BRCA1 mRNA. Whiskers extend to 1.5x
interquartile range (IQR) above and below the upper and lower quartiles, respectively.

c: Immunoblot (left) of BRCAL in SH-EP MYCNER and in MYCN-amplified IMR5 and
SMS-KAN cells showing the knockdown of BRCA1 by two shRNAs. Note the high BRCA1
levels in MYCN-amplified neuroblastoma cell lines (IMR5 and SMS-KAN) relative to the
non-MYCN amplified cell line (SH-EP). The arrow points to the BRCAL band, asterisks
denote unspecific bands. Vinculin was used as loading control. For all gel source data, see
Supplementary Figure 1. gPCR (right) of BRCA1 mRNA levels in BRCA1-depleted SH-EP
MYCNER cells. Shown is mean of technical triplicates (n=3).

d: Clonogenic assay in SH-EP MYCNER cells after ssRNA-mediated knockdown of
BRCAL1 and induction of MYCN for six days. Colonies were stained with crystal violet
(n=3).

e: Expression of a gene set of the 99 genes, identified in the ShRNA screen, in primary
neuroblastoma patients. Each patient is ranked using a defined gene set of MYCN-amplified
tumors®3, M YCN-amplification status of all 498 patients is indicated on the right.

f: BRCA1 gene expression in 498 neuroblastoma samples (GSE62564). Tumors are sorted
based on BRCA1 expression.

g: Survival of 498 human neuroblastoma patients (GSE62564) stratified by BRCA1
expression. Data were obtained from GEO and the R2 platform was used for grouping tumor
samples by ,,scanning” mode based on BRCA1 expression. The g-value reflects a
Bonferroni-corrected p-value (log-rank test).

h: BRCAI genomic region around the transcription start with average methylation status in
high versus low risk neuroblastoma.
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a: Quantification (top) and representative FACS profiles (bottom) documenting cell cycle
distribution of bromodeoxyuridine (BrdU) / propidium iodide (PI)-stained control and
BRCA1-deficient cells with shBRCA1#2 after 6 h of 4-OHT treatment. Pl-staining was used
for quantification. Shown is the mean and error bars indicate SD of biological triplicates.

b: Same experimental setup as panel a after 48 h 4-OHT treatment.
c: Percentage of apoptotic cells in control and BRCAZ1-deficient cells with shBRCA1#2
measured in a PI/AnnexinV FACS after treatment with 4-OHT for 48 h. Shown is the mean
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and error bars indicate SD of biological triplicates. p-values were calculated using an
unpaired, two-tailed t-test.

d: (Top) Fork progression rates during both labels based on the track length under the
indicated conditions in control and BRCA1-deficient cells for s BRCAL1#1. The number of
analyzed DNA fibers are shSCR: EtOH 130, 4-OHT 131; shBRCA1#1: EtOH 161, 4-OHT
139. Fork progressions are

displayed as boxplots with the central line reflecting the median and the borders of the boxes
show the lower and upper quartile of the plotted data with 10 to 90 percentile whiskers.
Outliers are shown as dots. P-values were calculated using a two-tailed, unpaired t-test with
additional Welch’s correction. Shown is one representative experiment (n=3). (Bottom)
Scheme of DNA fiber experiment labeled with CldU (red) and IdU (blue).

e: Same experimental setup as above with shBRCA1#2. The number of DNA fibers are
shSCR: EtOH 95, 4-OHT 69; shBRCA1#2: EtOH 109, 4-OHT 90. For description of the
box plot, see legend to Extended Data Figure 4d. P-values were calculated using a two-
tailed, unpaired t-test with additional Welch’s correction. Shown is one representative
experiment (n=3).

f: Number of yH2A.X (left) and 53BP1 (right) foci per cell/cell per well indicating DNA
damage in control and BRCA1-deficient cells with sShBRCA1#2 after 24 h of 4-OHT
treatment. Etoposide (25uM) was used as positive control and added for the last 2 h. Shown
is the mean and error bars indicate SD of biological triplicates. p-values were calculated
using an unpaired, two-tailed t-test. Shown is one representative experiment (n=3).
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Extended Data Figure5.
a: Venn diagram documenting genome-wide overlap of BRCAL and MYCN peaks.

b: Relative E-box (CACGTG) frequency around BRCA1 peaks in promoter regions (+/- 1 kb
relative to the TSS). The curve is smoothed using a sliding window of 50 bp.

c¢: Enriched DNA motifs in 12,161 BRCAL peaks located in promoter (+/- 1kb relative to the
TSS) identified by de novo motif search. A region of +/- 50 bp around the BRCAL1 peak
summit was analyzed and similarity to known motifs was assigned with TOMTOM and the
JASPAR vertebrate motif database. E-values are calculated with Fisher’s Exact test corrected
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for the number of input sequences and g-values for the comparison to known motifs are
FDR-corrected p-values calculated with a null model based on sampling motif columns from
all the columns in the set of target motifs#4. Shown are the top 3 motifs from DREME
analysis (n=3).

d: ChlIP of BRCA1 from SH-EP MYCNER cells transfected either with a control siRNA or
SiRNA targeting BRCA1. Selected promoters have both a robust MYCN and an overlapping
BRCAL peak. 1gG was used as control. Where indicated, 4-OHT or EtOH was added for 5 h.
Shown is the mean and error bars indicate SD of technical triplicates (n=1).

e: ChlP of BRCA1 from SH-EP MYCNER cells stably expressing either a control ShRNA or
shRNA targeting BRCAL. 1gG was used as control. The experiment was carried out as
above. Shown is the mean and error bars indicate SD of technical triplicates (n=1).

f: ChlP of BRCA1 from SH-EP MYCNER cells using two different BRCA1 antibodies. 4-
OHT was added for 5 h. Shown is the mean of the enrichment over 1gG (+SD of technical
triplicates) (n=1).

g: Browser track of the LDHA locus of a BRCA1 and MYCN ChlP-sequencing experiment
documenting BRCAL binding to the LDHA promoter in SH-EP MYCNER cell after

MY CN-activation (5 h), and in SH-EP cells expressing ectopic MYCN or empty vector as
control. For ectopically expressing cells the MYCN browser track is shown.

h: Heat map showing occupancy of BRCA1 and MYCN in SH-EP MYCNER cells and SH-
EP cells expressing ectopic MYCN or empty vector as a control. Plot is centered to TSS.

i: ChIP of BRCA1 from control SH-EP and from SH-EP MYCNER cells treated either with
4-OHT or EtOH (5 h). Shown is the mean and error bars indicate SD of technical triplicates
of one representative experiment (n=2).
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a: (Left) ChiP of BRCAL at the indicated loci upon treatment of SH-EP MYCNER cells
with 4-OHT (5 h) and flavopiridol (100 nM, 3 h) where indicated. Shown is the mean and
error bars indicate SD of technical triplicates of one representative experiment (n=2). (Right)
Immunoblot of cells treated as described. Asterisk denotes an unspecific band. Vinculin was

used as loading control (n=1).
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b: Density plots (mean+SEM as shadow) of BRCA1 occupancy in 6887 intergenic regions
after treatment with either 4-OHT or EtOH (5 h) in (left) DMSO and (right) flavopiridol
(100 nM, 3 h) treated cells (n=1).

c: (Left) ChIP of BRCAL in SH-EP MYCNER cells treated with CDK7 inhibitor THZ1 (200
nM, 4 h) or DMSO as control together with 4-OHT or EtOH. Shown is the mean and error
bars indicate SD of technical triplicates. (Right) Immunoblots for pSer5, pSer2 and total
RNAPII after treatment as described above. Actin was used as loading control (n=1).

d: (Left) ChIP of BRCAL1 at the indicated loci in MYCN-amplified IMR-5 neuroblastoma
cells expressing a doxycycline-inducible shRNA targeting MY CN. Where indicated, cells
were treated with flavopiridol (200 nM, 4 h) or doxycycline (1 ug/ml, 48 h). Shown is the
mean and error bars indicate SD of technical triplicates of one representative experiment
(n=2). (Right) Immunoblot of cells treated as described above. Asterisks denote unspecific
bands. CDK2 was used as loading control (n=2).
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a: Metagene plots (mean+SEM as shadow) of total RNAPII after 4-OHT treatment (3 h) in
control (top) and BRCA1-depleted cells with shBRCA1#1 (bottom) on 14,488 expressed

genes.

b: Immunoblot of total RNAPII (RBP1) and phosphorylated forms after knockdown of

BRCAL and activation of MYCN. Shown is one representative experiment (n=2). The arrow
points to the BRCA1 band, asterisks denote unspecific bands.
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c: ChIP of NELF-E in control and BRCA1-depleted SH-EP MYCNER cells after 4-OHT
treatment (4 h). Shown is the mean and error bars indicate SD of technical triplicates of one
representative experiment (n=3 using two different ShRNAS).

d: Empirical cumulative distribution function of RNAPII traveling ratio after MYCNER-
activation (3 h) in control (top) and BRCA1-depleted (bottom) cells with shBRCA1#2 of
14,488 expressed genes.

e: Metagene plots (mean+SEM as shadow) of RNAPII-pSer2 in control (top) and BRCA1-
depleted (bottom) cells with sShBRCA1#2 upon treatment as described above on 14,488
expressed genes.

f: Gene-set enrichment analysis upon activation of MYCN (5 h) in BRCAZ1-depleted and
control conditions (n=3). Significantly enriched gene sets are highlighted in black (FDR g-
value <0.25), MY C-activated gene sets are marked in red and MY C-repressed in blue. FDR
was calculated using a Kolmogorov-Smirnov test) with 1,000 permutations using a
Benjamini-Hochberg correction for multiple testing.

g: 2D kernel density plot correlating gene expression changes after MY CNER-activation (5
h) in BRCA1-depleted and control cells. Results are shown for two shRNAs of 19,429
expressed genes. r: Pearson’s correlation coefficient.
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Extended Data Figure 8.
a: DNA-RNA-Immunoprecipitation (DRIP) using the S9.6 antibody, indicating R-loops at

known loci within the ACTB gene. Digestion with RNaseH1 was used as control for
specificity of the antibody and IgG as control for unspecific chromatin binding. Shown is the
mean and error bars indicate SD of technical triplicates of one representative experiment
(n=2).

b: DRIP documenting binding of the S9.6 R-loop antibody to the indicated loci upon
depletion of BRCAL1 and activation of MYCN for 4 h. Shown is the mean and error bars

Nature. Author manuscript; available in PMC 2021 July 19.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Herold et al.

Page 30

indicate SD of technical triplicates of one representative experiment (n=4). The panel shows
the non-normalized data of Figure 3d.

c: ChlP of Senataxin at the indicated loci in SH-EP MYCNER cells after 4-OHT treatment
(3 h) in control or BRCA1-depleted cells. Shown is the mean and error bars indicate SD of
technical triplicates of one representative experiment (n=2 with two different antibodies).

d: RNAPII density (mean+SEM as shadow) around the first downstream polyA site in SH-
EP MYCNER cells after BRCA1-depletion with sShBRCA1#2 and MY CN-activation for 3h:
1,713 genes are shown. One representative experiment is shown (n=3).

e: Heat map of 8,077 TSSs of genes with an RNAPII-peak downstream of the start site.
Reads originate from GRO-seq, mRNA-seq and total RNAPII-ChIP-seq samples and genes
are sorted based on the distance from the TSS to the RNAPII-peak.
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Extended Data Figure 9.
a: ChlP of BRCAL in SH-EP MYCNER cells synchronized by a double thymidine block.

Cells were released and harvested in the indicated cell cycle phase after 4 h of 4-OHT
treatment. 1gG was used as control. Shown is the mean and error bars indicate SD of
technical triplicates (n=1).

b: Bar plot summarizing the proximity ligation assays of MYCN and BRCAL in G1-, S- and
G2-phase in SH-EP MYCNER cells synchronized as described above and upon 3 h 4-OHT
treatment. The plot shows mean and error bars indicate SD of biological triplicates. For each
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cell cycle phase, between 74 and 276 cells were counted. P-values were calculated using an
unpaired, two-tailed t-test (n=1).

c: Representative pictures of proximity ligation assay from panel b showing proximity of
MYCN and BRCAL in G1-, S- and G2-phase (green dots). Nuclei were stained with
Hoechst, cytoskeleton was stained using phalloidin indicated in violet (n=1).

d: Representative FACS profiles of propidium-iodide stained SH-EP MYCNER cells used
for the experiments above (n=1).

e: Immunoblot of a-MYCN immunoprecipitates from IMR-5 MYCN-amplified
neuroblastoma cells. The input corresponds to 0.75 % of the amount used for the
precipitation. Shown is one representative experiment (n=2).

f: Immunoblot of indicated proteins after knockdown of USP11 in SMS-KAN cells and
treatment with MG-132 (10 pM, 6 h) where indicated. Vinculin was used as loading control
(n=1).

g: Extracted ion chromatogram of MYCN phosphorylation status from SH-EP cells
expressing ectopic MYCN. Values in brackets indicate m/z ratio for each peak and the
normalized target level (NL) is given for each chromatogram (n=1).

h: Immunoblot of a-USP11 immunoprecipitates from SH-EP cells stably expressing wild-
type MYCN (“wt”), Thr58Ala (“TA”) or Ser62Ala (“SA”) mutants of MYCN. Asterisk
denotes an unspecific band. Shown is one representative experiment (n=3).

i: Immunoblot documenting phosphorylation status of the indicated alleles of MYCN. Actin
was used as loading control. Shown is one representative experiment (n=2).

j: (Left) Quantification of a proximity ligation assay illustrating complex formation of
BRCAL with MYCN in SH-EP cells expressing ectopic MYCN or empty vector as control.
Between 749 and 1854 cells were counted for each condition. p-values were calculated with
a two-tailed Wilcoxon test. In the box plot, the central line reflects the median and the
borders of the boxes show the interquartile range of the plotted data. The whiskers extend to
1.5x of the interquartile range and outliers are shown as dots. (Right) Quantification of the
corresponding immunofluorescence signals of the indicated antibodies (n=1).
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Extended Data Figure 10.
a: ChlIP of BRCAL in SH-EP MYCNER cells that were pre-treated with ATR inhibitor

VE-821 (1 M, 2 h), 4-OHT or EtOH was added for 4 h. Shown is the mean and error bars
indicate SD of technical triplicates of one representative experiment (n=2).

b: Immunoblot of pSer345-CHK1 after treatment with ATR inhibitor VE-821 as described
above. Cells were treated with HU (5 mM) for 4 h as positive control. Asterisk denotes an
unspecific band. Vinculin was used as loading control. Shown is one representative
experiment (n=2).
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c: ChIP of BRCA1 in SH-EP MYCNER cells at the indicated loci after treatment (9 h) with
olaparib (10 uM), talazoparib (1 pM) or DMSO as control. Shown is the mean and error bars
indicate SD of technical triplicates of one representative experiment (n=3).

d: Immunoblot of pSer1981-ATM after treatment with etoposide (5 UM, 3 h). Actin was
used as loading control (n=1).

e: Density plots of BRCA1 occupancy after treatment with either 4-OHT or EtOH (5 h) in
DMSO (left) and etoposide-treated (right) SH-EP MYCNER cells.

f: Immunoblots of a-USP11 immunoprecipitates from either control SH-EP cells or cells
expressing transiently transfected MY C. CDK2 was used as loading control, asterisks denote
unspecific bands. The input corresponds to 2 % of the amount used for the precipitation.
Shown is one representative experiment (n=3).

g: (Left) ChlP of BRCAZ1 at the indicated loci in SH-EP MYCNER or SH-EP MYCER cells
treated with 4-OHT (5 h) or EtOH. Shown is the mean and error bars indicate SD of
technical triplicates of one representative experiment (n=2). (Right) Immunoblot performed
with the ER-antibody to detect MYCNER and MYCER in SH-EP, SH-EP MYCNER or SH-
EP MYCER cells treated with 4-OHT or EtOH. CDK2 was used as loading control (n=2).

h: Model illustrating our findings. We propose that BRCAL is recruited jointly by MYCN
and Ser5-phosphorylated RNAPII. BRCAL recruitment is strongly enhanced by blockade of
CDK®9, which blocks pause release, and by increasing torsional stress using etoposide,
suggesting that it is predominantly a stress response to stalling of RNAPII. BRCAL in turn is
required to prevent an MY CN-dependent accumulation of stalling RNAPII and R-loop
formation via a mRNA de-capping complex. The critical signal in MYCN that enables
recruitment of BRCAL is the de-phosphorylation of T58, a residue that, when
phosphorylated, is recognized by FBXW?7 and promotes turnover of MY CN.
Dephosphorylation of T58 allows binding of USP11, which stabilizes MYCN and BRCA1
on chromatin, suggesting that a kinetic competition between MYCN turnover and
dephosphorylation/de-ubiquitination controls the fate of RNAPII at promoters.
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Figure 1. Effectsof MYCN on gene expression and RNAPI | function.
a: Immunoblot documenting MY C and MYCNER levels in SH-EP cells. Cells were treated

with 200 nM 4-OHT or EtOH for 3 h. CDK2 is loading control (n=3; in all legends, n
indicates the number of independent biological replicates).

b: Correlation between regulation by MYCN measured by nascent and steady-state RNA
levels. 18,213 genes were binned and the mean including the 95 % confidence interval is

plotted (n=3).
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c: Metagene plots of total RNAPII after 4-OHT treatment (3 h) for the 914 most strongly
MY CN-activated (top) and 615 repressed genes (bottom). For each genomic bin, the mean is
plotted and the shadow illustrates SEM. RPM: reads per million mapped reads (n=4).

d: Metagene plots (mean+SEM as shadow) of RNAPII-pSer2 for MY CN-activated and -
repressed genes (n=4).

e: Correlation of transcriptional changes and RNAPII occupancy at promoters and
transcriptional end sites (TES) after MY CNER activation. 11,093 expressed genes were
binned based on log,FC. Plots show median with bootstrapped 95 % confidence intervals
with 1,000 re-samplings as error bars.

f: Kernel density plot regulation by MYCN of gene with promoters that have different G/C
skews (strong:4,003; weak:3,381; no:1,377) (n=3). p-values were calculated with a two-
tailed Wilcoxon one-sample signed-rank test with p=0.
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Figure 2. Status of BRCA1in MYCN-amplified neuroblastoma cellsand its M Y CN-dependent
recruitment to chromatin.

a: BRCA1 genomic region with average methylation status of 67 primary neuroblastomas
and organoids.

b: Genome browser tracks of the MNCL locus upon 3 h (RNAPII and MYCN) and 5 h
(BRCAL) of 4-OHT treatment (n=2).

¢: BRCA1 occupancy in promoter-proximal regions. 7,812 expressed genes (logy
CPM>1.28; CPM: counts per million) with a BRCAL peak in the promoter were binned. The
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mean (+/- 95 % confidence interval) is shown. p-values for the difference in slopes between
-OHT and +OHT were calculated using a linear model and ANCOVA.

d: Position of BRCAZL, MYCN and RNAPII on chromatin relative to transcriptional start
sites (TSS). The heat map is sorted by the position of the MYCN-binding site.

e: Quantification of proximity ligation assays documenting complex formation of BRCA1
with non-phosphorylated, Ser5- and Ser2-phosphorylated RNAPII upon activation of
MYCNER (4 h). p-values were calculated using a two-tailed Wilcoxon rank-sum test (n=3).
In the box plot, the central line reflects the median and the borders of the boxes show the
interquartile range of the plotted data. The whiskers extend to 1.5x of the interquartile range
and outliers are shown as dots.

f: BRCA1 occupancy after treatment with 4-OHT or EtOH (5 h) in DMSO (top) and
flavopiridol-treated (bottom) cells with SEM as shadow.
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Figure 3. BRCAlisrequired for MY CN-dependent elongation by RNAPII.
a: Metagene plots (mean+SEM as shadow) of total RNAPII after 4-OHT treatment (3 h) in

control and BRCA1-depleted cells with sShBRCA1#2 for 914 MY CN-activated genes (n=2).
b: Correlation of gene expression (n=3) with RNAPII occupancy at promoters in control and
BRCA1-depleted cells with shBRCA1#2. Genes were grouped into 30 bins (300 genes/bin)

and the mean for each bin is plotted with 95 % confidence interval.
c: Strand-specific DRIPc-seq data stratified by position of MYCN binding site.
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d: DRIP documenting R-loops at the indicated loci upon depletion of BRCAL and activation
of MYCN (4 h). Data are normalized to control (shSCR, EtOH). Shown is the mean of
technical triplicates with SD (n=4).

e: Density plot (mean+SEM as shadow) of DCP1A occupancy after 4-OHT treatment (5 h)
in control or BRCAL-depleted cells with ShBRCA1#2.

f: Genome browser tracks of the 7£4P4 locus show chromatin association of DCP1A in
cells treated as above.
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Figure4. MYCN, USP11 and BRCA1 stabilize each other on chromatin.
a: Immunoblot of a-MYCN immunoprecipitates from MYCN-amplified (IMR32)

neuroblastoma cells. Where indicated, EtBr (1 mg/ml) was added to the lysate to disrupt
DNA-mediated interactions. The input corresponds to 1 % (n=3).

b: (Left) ChIP of BRCAL in SH-EP MYCNER cells expressing either shSCR or shUSP11
upon 4-OHT treatment (5 h). Shown is the mean and error bars indicate SD of technical
triplicates (n =2). (Right) Immunoblot of cells described above. Actin is loading control
(n=2).

¢: Immunoblots of indicated proteins after knockdown of USP11 in MYCN-amplified
neuroblastoma cells. Asterisk denotes an unspecific band. Tubulin is loading control (n=3).
d: Immunoblots of a-USP11 immunoprecipitates from control cells or cells expressing
constitutive MYCN. CDK2 is loading control. The input corresponds to 2 % (n=2).

e: Density plot of MYCN occupancy after 4-OHT treatment (3 h) in control (top) or
BRCAL1-depleted (bottom) cells with sShBRCA1#2 around transcriptional start sites (TSS).
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f: Immunoblots of a-USP11 and a-MYCN immunoprecipitates from SH-EP cells stably
expressing wildtype (“wt”) MYCN or T58AS62AMYCN (“mut”) as indicated. CDK2 is
loading control. The input corresponds to 1 % (n=3).
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