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of replicative stress due to DNA replication fork stalling and decreased 
cell proliferation. Replicative stress activates the ATR (Ataxia 
Telangiectasia and Rad3-Related Protein)-CHK1 (Checkpoint Kinase 1) 
DNA damage response to control cell cycle checkpoints, origin 
firing, and replication fork stability to ensure genomic stability. This 
response includes RRM2 up-regulation through CHK1-E2F Transcrip-
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end, we used the unique dataset of Blosser et al. (41) to score gene 
signatures related to sensitivity or resistance to pharmacological 
CHK1 inhibition by prexasertib in a large cohort of primary neuroblas-
tomas (GSE62564). We observed that high RRM2 expression indeed 
confers stronger sensitivity to prexasertib treatment, indicative of 
high ATR-CHK1 activity (Fig.  3H). The top-ranking gene sets in 
this transcriptional sensitivity signature include E2F transcriptional 
targets, G2-M cell cycle, and spindle-associated checkpoint genes (41).

To investigate the relation of RRM2 levels to replicative stress 
and ATR-CHK1 signaling activity, we also performed bulk RNA 
sequencing (RNA-seq) on emerging tumor from 6-week-old single and 
double transgenic fish. The volcano plot (Fig. 3I) shows top- scoring 
down- and up-regulated genes between the two groups [Padj < 0.05; 
log fold change < −1 (down) or log fold change > 1 (up)]. GSEA (Fig. 3J) 
for the differentially expressed genes between the double MYCN; 
RRM2 and MYCN-only transgenic fish shows up-regulated en-
richment in the double transgenic group for DNA repair genes. Ten 
(DDX11, TRIP13, POLQ, FOXM1, RAD41L, MMS22L, ERCC8, 
FANCB, PARPBP, and RAD51AP1) of 31 highest-ranked genes from 
both DNA repair gene sets overlapped with the top-ranked CHK1- 
correlated genes in the Kocak neuroblastoma patient cohort 
(n = 649; GSE45545), suggesting that MYCN-RRM2–driven neuro-
blastomas in the double transgenic zebrafish model are also marked 
by enhanced ATR-CHK1 signaling activity. This includes FOXM1, 
a critical regulator of S-G2 transition and DNA repair; POLQ impli-
cated in replication stress response (42); and the DNA helicase DDX11, 
which interacts with the fork protection complex to preserve repli-
cation fork integrity in stressful conditions (43). Of further interest, 
the differentially expressed RAD51D (44) plays a noncanonical role 
in sensing dNTP pool changes. We also find positive enrichment of 
genes related to cilium organization and movement, with 53 of pre-
viously reported cilia genes among the top 200 up-regulated genes 
from our analysis. In addition, the FOXJ1 (Forkhead Box J1) mas-
ter regulator transcription factor controlling the expression of cil-
ia genes was also among the top 50 regulated genes (log2 FC of 4.5, 
Padj of 2.15 × 10−8). It is highly intriguing that human ciliopathies 
have been brought into context of replicative stress, thus further 
pointing toward a functional role of increased RRM2 levels in 
MYCN-driven neuroblastoma in relation to replicative stress in our 
zebrafish model (45). In addition, recent studies point toward an 
association between primary cilia and cancer, as they play a role in 
the interactions between cancer cells and the tumor microenviron-
ment (46). In addition, a direct link between ciliary signaling and 
regulation of tumor growth and response to treatment has been 
described, with an impact on core cancer signaling pathways, in-
cluding DNA damage response (47). FOXJ1 and concomitant re-
duction of the ciliogenesis program have been previously linked to 
aggressive ependymoma tumor development (48). Further studies 
are warranted to clarify the possible role of FOXJ1 and cilia genes 
in connection to RRM2-enhanced MYCN-driven neuroblastoma 
formation.

Pharmacological RRM2 inhibition suppresses growth 
of high-risk neuroblastoma-derived cell lines
Several compounds targeting RRM2 or RNR activity have been 
reported, including the iron chelator triapine (further referred to as 
3AP) for which positive safety and tolerability data are available 
from several clinical trials (49–51). First, to assess 3AP sensitivity, 
we determined average inhibitory concentration (IC50) values in 

a panel of eight neuroblastoma cell lines and compared the effects 
with the deoxycytosine analog and the RRM1 inhibitor gemcitabine 
(52), a commonly used chemotherapeutic in cancer treatment, as 
well as the effects of hydroxyurea (further denoted as HU) (53), a 
well-established RRM2 inhibitor in the same cell line panel. Cell viabil-
ity was most effectively reduced with 3AP compared to gemcitabine 
or HU (Fig. 4A). MYCN-amplified cell lines and the nonamplified 
CLB-GA cell line responded well in the nanomolar range, while the 
other MYCN-nonamplified cell lines were poor responders to 3AP 
treatment. Correlation analysis of RRM2 expression levels with the 
area under the curve (AUC) values as obtained for 3AP (Fig. 4A) 
indicated that cell lines with high RRM2 expression display reduced 
sensitivity to 3AP (Fig. 4B). We next selected MYCN-amplified IMR-32 
and MYCN-nonamplified CLB-GA neuroblastoma cells to study 
further the phenotypic and molecular effects of 3AP treatment. A 
significant reduction in cell confluence (Fig.  4C) and increased 
apoptosis could be observed for both cell lines (Fig. 4D) when ex-
posed to respective IC5050
of
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analysis, we could show that 3AP-induced transcriptome chanbould s  
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showed up-regulation of S345pCHK1 and yH2AX levels, together 
with reduced RRM2 and total CHK1 protein levels (fig. S3F), in 
line with the observations in IMR-32 and CLB-GA neuroblastoma 
cells. The effects of nucleotide inhibition by RNR inhibitors or 
RRM2 knockdown on CHK1 levels have been reported by several 
teams (61, 62). Particularly instructive is the recent work of Ohmura 
et al. in Ewing sarcoma (23), who demonstrated that, upon exposure 
to the gemcitabine RNR inhibitor, total CHK1 is down-regulated 
together with down-regulation of global protein levels. These 

authors also showed that, upon RRM2 knockdown, similar results 
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pharmacological RRM2-CHK1 inhibition. Our data indeed show a 
decrease in p4E-BP1 levels, which indicates activation of this trans-
lational inhibitor, in keeping with the observed reduction of both 
CHK1 and RRM2 protein levels (fig. S4B).

In a next step, we further explored the 3AP-prexasertib drug 
synergism using four different primary human neuroblastoma- 
derived 3D spheroid cultures, representative for three major adren-
ergic neuroblastoma subtypes: MYCN amplified (NB129; ALK mutated 
and AMC717T, ALK wild-type), MYCN nonamplified (NB139; ALK 
wild-type), and MYCN nonamplified and ATRX deleted (AMC772T2; 
ALK wild-type). The 3AP-prexasertib synergism could be achieved 
in all tested spheroids (Fig. 7F).

Combined 3AP-prexasertib drugging induces expression 
of the nucleotide stress–induced transcriptional regulator 
and tumor suppressor HEXIM1 (Hexamethylene  
Bis-Acetamide-Inducible Protein 1)
To gain further mechanistic insight into the observed drug syner-
gism, we performed gene signature analysis following transcriptome 
profiling by RNA-seq. GSEA revealed a significant down-regulation of 
G2-M cell cycle genes and E2F targets (Fig. 8A). The set of up-regulated 
genes was also strongly enriched for p53 target genes and revealed 
that combined 3AP-prexasertib treatment significantly reduced the 
expression of various oncogenes with an established role in neuro-
blastoma, including TWIST1 (a direct MYCN target and interac-
tion partner) (28, 63) and PBK (a converging target gene of LIN28B/
let-7 and MYCN) together with a strong induction of expression of 
tumor suppressor HEXIM1, a negative regulator of the transcrip-
tional regulator pTEFb (Fig. 8B). Transcriptional up-regulation of 
HEXIM1 was confirmed by RT-qPCR (Fig. 8C). To gain further in-
sight into the upstream regulators of RRM2 expression, we per-
formed an unbiased landscaping of RRM2 upstream regulators using 
CasID as a proximity-based labeling approach for RRM2 promotor 
interactome mapping (64). A total of four different single guide 
RNAs (sgRNAs) were designed that cover the RRM2 promotor in a 
tiling approach [300 base pairs (bp) upstream to transcription start site] 
versus a control sgRNA against lacZ. Following biotin-streptavidin 
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observed strong transcriptional HEXIM1 induction. HEXIM1 was 
reported to respond to nucleotide stress and acts as a negative regu-
lator of transcription elongation regulator at oncogenic loci and 
stabilizes mRNAs of tumor suppressor genes in melanoma (69). Of 
further importance, we used programmable DNA binding of dCas9 
with the promiscuous biotin ligase BirA* (CasID) for proximity 
biotinylation of proteins (table S1), and we identified HEXIM1 as 
one of the RRM2 promotor–bound proteins that, together with ATR- 
induced E2F1 degradation, may further attenuate RRM2 transcrip-
tion. In addition, several epigenetic regulatory protein complexes 
were identified at the RRM2 promotor, including NurD, PAF, and 
COMPASS chromatin factors. Furthermore, CHD5 is encoded on 
the commonly deleted 1p36 chromosomal region in neuroblastoma 
and known to replace CHD4 in NurD complexes during neuronal 
differentiation (70), suggesting that tight RRM2 regulation may also 
be an important factor in normal differentiation of sympathoblasts. 
In addition, HMGB2 was one of the top enriched factors in this as-
say, recently described as a master regulator of the chromatin land-
scape during senescence (71), with loss of its nuclear expression 
being instructive to CTCF (CCCTC-binding factor) clustering (72), 
the latter also strongly enriched in our CasID assay.

RRM2 expression and function is tightly regulated by various 
factors. Several of these regulators are also affected by copy number 
changes, further suggesting that these highly recurrent chromo-
somal and focal genomic imbalances exert effects that support 
tumor initiation and/or maintenance. To the best of our knowledge, 
RRM2 is the first copy number–driven dependency gene for which 
direct impact of transcriptional up-regulation has been successfully 
modeled in the zebrafish MYCN-driven neuroblastoma model. We 
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Cell viability measurements for a single 
compound treatment
The adherent cell lines were plated in 96-well plates at a density of 
2 × 103 to 1.5 × 104 cells per well, depending on the cell line. Cells were 
allowed to adhere overnight, after which different compounds—3AP, 
HU, and gemcitabine—were added in a range of concentrations. 
Cytotoxicity assays were performed at 48 and 72 hours after treat-
ment with CellTiter-Glo reagent. In addition, the apoptosis levels 
were measured, at 72 hours after treatment, using the Caspase-Glo 3/7 
Assay System. Both protocols were adapted, adding 50 l of reagent 
for each assay. The results were normalized to vehicle (0.1% DMSO), 
and the different inhibitory concentration values and AUC were 
computed using GraphPad Prism Software (version 9.2). The dose- 
response curve analysis was performed through ECanything equa-
tion assuming a standard slope of −1.0. For the caspase analysis, 
each caspase signal was normalized to the area of occupancy, given 
by the IncuCyte Software. The error bars in figures represent the SD 
from three biological replicates.

Combination and synergism measurements
To find synergism, cells were seeded in 384-well plates at a density of 
1.5 × 103 to 2 × 103 cells per well, depending on the cell line. Cells were 
allowed to adhere overnight, after which these were exposed in a range 
of concentration of different compounds, alone or in a combination 
matrix or in fixed combination (3AP, prexasertib, and BAY1895344). 
The treatment was performed using a D300 TECAN instrument. Cell 
proliferation was monitored for 72 hours, in which pictures were 
taken through IncuCyte Live Cell Imaging System. Each image was 
analyzed through the IncuCyte Software. Cell proliferation was moni-
tored by analyzing the occupied area (percentage of confluence) of 
cell images over time. The synergism was computed according to the 
Bliss independent (BI) method (75) using the HTSplotter tool (75). 
Once the combinations with the highest BI score were selected, the 
adherent cell lines were plated in 96-well plates at a density of 2 × 103 to 
1.5 × 104 cells per well, depending on the cell line. These ones were 
allowed to adhere overnight, following their exposure to a deter-
mined concentration of each different compound as mentioned 
above. The proliferation was monitored for 72 hours by the same sys-
tem, as well as the analyses of each image. From the same plate, once 
the latest time point was scanned by the IncuCyte software, the apop-
tosis levels were measured using the Caspase-Glo 3/7 Assay; however, 
this protocol was adapted by adding 50 l of reagent for each assay. 
The caspase analysis was performed as mentioned above. Proliferation 
plots were generated using our recently published HTSplotter tool 
(76), in which the SD from three or more biological replicates is rep-
resented as error bars. As for the caspase assay, the data was mean- 
centered and autoscaled.

Organoid cell viability screening
Patient-derived neuroblastoma tumor organoids were harvested us-
ing Accutase solution (Sigma-Aldrich), made single cell, filtered using 
a 70-m nylon cell strainer (Falcon), and resuspended in an appropriate 
growth medium. Subsequently, cells were plated at densities ranging 
from 1000 to 6000 cells per well using the Multi-drop Combi Reagent 
Dispenser on repellent black 384-well plates (Corning). Following 
24 hours of recovery time, cells were treated with 0 to 10 nM prexas-
ertib and/or 0 to 10 M 3AP or DMSNM.F(J
/T1(Tc he proliferationals wereCn)-)0.5 (DMulti-d )0.5 (ex
-0.014 Tw 0 -1.04w 0.506561.1588.559[(T)-8 (h)-8 (ehe  D300e Digites n repell). HPng )Two technates is rep
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Cell culture for fluorescence-activated cell sorting, RNA, 
and protein collection
The neuroblastoma cell lines were seeded in a T-75 flask at a density 
of 2 × 106 to 2.25 × 106 cells per flask, depending on the cell line. As for 
the inducible CLB-GA RRM2 overexpressing cell line, doxycyclin 
was added at 1 g/ml immediately upon seeding. Cells were allowed 
to adhere for 48 hours, after which the medium was replaced by 
fresh medium and the treatment was added. Upon the selected 
treatment time points, the cells were scraped and centrifuged for 
5 min at 1200 rpm, and the pellet was washed twice with ice-cold 
PBS. During each wash, the cells were pelleted during 5 min at 
1200 rpm. The samples were divided for RNA and protein isolation 
and/or for flow cytometric analysis for cell cycle measurements.

was addedp9 (min at)18Stivap9 (531.5 (with )s were a43rotein isolation 3.0 23 Tm
[(g. Cf 2 )0.5 (× 10)]TJ
0 Tc 0 T9657 5-0. 0 6.74035ng. Cells were a43rote)Tj
-0.02 Tc 
7.85 551 -
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Holm-Šídák method for multiple comparison testing were applied to 
DNA combing fibers using GraphPad Prism 9.2.0 software.

For the in vivo xenograft, the Mantel-Cox method was applied for 
the survival analysis using GraphPad Prism 9.2.0 software. For all 
the analyses, the P value lower than 0.05 was considered as statisti-
cally significant. For the significance, P values lower than 0.05 were 
represented as “*,” P values lower than 0.01 as “**,” P values lower 
than 0.001 as “***,” and, lastly, P values lower than 0.0001 as “****.”

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn1382

View/request a protocol for this paper from Bio-protocol.
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