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Abstract   
The PHF6 protein is a presumed chromatin reader implicated in disease through germline loss-of-
function mutations causing cognitive disability syndromes and somatic mutations are predominantly 
observed in acute T-cell leukemia. Previous reports support a role for PHF6 in DNA damage repair, 
replication fork restart as well as hematopoietic precursor cell self-renewal capacity and lineage 
commitment. To explore better how PHF6 mediates these functions, we mapped the PHF6 interactome 
and identified RRM2 as a consistent binding partner across different normal and malignant cell types. 
Next, PHF6 knockdown imposed increased replicative stress/DNA damage and suggested possible 
binding of PHF6 to H3K56ac, a marker for nascent DNA at sites of DNA damage repair. Genome-wide 
mapping of PHF6 chromatin binding indeed revealed overlap with sites of active DNA damage, binding 
sites of replication fork proteins and functional crosstalk with the neuroblastoma transcription core 
regulatory circuitry. Altogether, we show a canonical PHF6-RRM2 interaction enabling active transport 
of RRM2 to genomic sites of PHF6 mediated fork restart and PHF6 localization to H3K56ac at highly 
transcribed genes facilitating fork restart following replication-transcription conflicts.   
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Introduction  
Previous studies have shown a functional connection between replicative stress resistance, DNA 
damage repair and nucleosome remodeling in control of chromatin dynamics (Kotsantis et al, 2018; 
Rother & van Attikum, 2017). The chromatin reader ‘plant homeodomain zinc finger protein 6’ (PHF6) 
is an interactor of various well-established nucleosome remodeling complexes including NuRD (Todd & 
Picketts, 2012), PAF1 (Zhang et al, 2013) and SWI-SNF (Alvarez et al, 2022) and has been shown to 
mediate replication fork restart and DNA damage repair (Alvarez et al, 2022; Warmerdam et al, 2019). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 2, 2024. ; https://doi.org/10.1101/2023.03.08.531704doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.08.531704


However, the histone post-translational modifications (PTMs) recognized and bound by PHF6 as well as 
the molecular basis for the functional involvement of PHF6 in these processes still remain elusive. The 
PHF6 protein structure contains four nuclear/nucleolar localization signals (NLS) as well as two nearly 
identical extended PHD-like zinc finger domains (ePHD). In addition to PTMs, these ePHD domains also 
mediate protein-protein interactions (Aasland et al., 1995; Mellor, 2006).  
 
Mutations in PHF6 were first described in the Börjeson-Forssman-Lehman syndrome (BFLS), an X-linked 
mental retardation disorder (Chao et al, 2010; Lower et al, 2002). Later, PHF6 mutations were also 
identified in patients with the Coffin-Siris syndrome (Wieczorek et al, 2013), which show overlapping 
phenotypic features with BFLS and in which mainly mutations in several components of the SWI/SNF 
chromatin remodeling complex were previously reported. These observations suggest a critical  role for 
PHF6 in neuronal development, which is further supported by the high expression of Phf6 in the 
developing central nervous system in mice and its functions in regulation of neuronal proliferation, 
neurite outgrowth and migration by interacting with the PAF1 complex (Zhang et al, 2013; Fliedner et 
al, 2020; Franzoni et al, 2015; Voss et al, 2007). Of further interest, previous work pointed to a key role 
for PHF6 as a tumor suppressor, predominantly in T-cell acute lymphoblastic leukemia (T-ALL) (Van 
Vlierberghe et al, 2010).  Later, mutations were also reported in other cancer entities including AML 
(Van Vlierberghe et al, 2011), CML (Li et al, 2013), mixed phenotype acute leukemia (MPAL) (Xiao et al, 
2018) and hepatocellular carcinoma (Yoo et al., 2012). In contrast to this apparent tumor suppressor 
role, PHF6 is overexpressed in other cancer types including breast cancer, colorectal cancers and T-ALL 
without evidence for PHF6 mutations (Hajjari et al, 2016), suggesting that PHF6 may act both as either 
tumor suppressor or tumor promoting gene depending on the cellular lineage context. 
 
In order to understand how PHF6 is linked to these seemingly unrelated functionalities, we followed an 
unbiased approach by mapping the PHF6 interactome in normal and malignant cells. Surprisingly,  RRM2 
emerged as a consistent interaction partner. RRM2 forms heterodimers with RRM1 and acts as catalytic 
subunit of the ribonucleotide reductase (RNR) enzyme, which produces essential dNTPs for DNA 
replication/repair and is critically regulated under replicative stress by the ATR-CHK1 pathway. Using a 
bioluminescence resonance energy transfer (BRET)-based assay, we confirmed the PHF6-RRM2 complex 
and mapped the interaction interface. Using neuroblastoma cells with high PHF6 and RRM2 expression 
levels, we revealed overlap of PHF6 genome-wide binding sites with DNA damage sites and chromatin 
co-localization with several proteins acting at replication forks. Transcriptome profiling following PHF6 
knockdown suggested a functional connection of PHF6 with H3K56ac, a known nascent DNA chromatin 
mark which suppresses break-induced DNA repair and controls expression homeostasis during S-phase 
(Whale et al, 2022). We confirmed the potential of PHF6 to bind at this epigenetic mark and high density 
of H3K56ac at the coding region of highly transcribed neuroblastoma core regulatory circuit lineage 
specific transcription factors. 
 

Results  
PHF6 interacts with RRM2 in multiple cancer and non-malignant cell lines 
In follow-up of our previous work on PHF6 in the context of T-ALL (Van Vlierberghe et al, 2010; Loontiens 
et al, 2020), we aimed to gain further insight into the functional role of PHF6 through identification of 
its interacting partners. For this interactome analysis, we applied immunoprecipitation coupled mass 
spectrometry (IP-MS) in HEK293T cells using endogenous PHF6 as bait and identified the ribonucleotide 
reductase subunit M2 (RRM2) as top-ranked PHF6 interaction partner (Figure 1A). RRM2 is part of the 
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ribonucleotide reductase complex (RNR), the rate-limiting enzyme involved in the synthesis of dNTPs 
and involved in replication, DNA damage and replicative stress responses (Nunes et al, 2022). Given the 
hitherto unexplained role of PHF6 in fork restart (Warmerdam et al, 2019), we hypothesize that the 
PHF6-RRM2 interaction could be crucial to provide sufficient local dNTPs, thereby facilitating timely fork 
restart at genomic regions affected by replicative stress. In view of our recent discovery of RRM2 as an 
important replicative stress resistance dependency factor in high-risk neuroblastoma (Nunes et al, 2022) 
and high PHF6 expression levels in this tumor entity, we decided to further investigate the role of PHF6 
and PHF6-RRM2 interaction in neuroblastoma cell lines. IP-MS experiments in MYCN amplified (IMR-32, 
SK-N-BE(2)-C)) and MYCN non-amplified (CLB-GA, SH-SY5Y) neuroblastoma cell lines, confirmed 
consistent interaction of PHF6 with RRM2 (Figure 1B and S1). Furthermore, we further validated this 
interaction in additional tumor entities and cellular contexts including acute T-cell leukemia (ALL-SIL), 
colorectal cancer (HCT116) as well as normal immortalized retinal pigmented epithelial cells (RPE) 
(Figure S1).  
Gene Ontology (GO) analysis for the PHF6 interactor hit list (FDR < 0.05) using ENRICHR (Xie et al, 2021) 
and ConsensusPathDB (Kamburov et al, 2009) tools showed for proteins involved in ribosomal RNA 
processing, cell cycle regulation, DNA repair and HDAC1/2 mediated signaling events, in accordance 
with previously reported functions of PHF6 (Todd et al., 2015).  Interestingly, also proteins involved in 
nuclear transport of proteins and maturation of mRNA, as well as SUMOylation, a PTM associated with 
nuclear protein import (Hay, 2005), were enriched (Figure 1C and 1D). Taken together, we identify 
RRM2 as a consistent PHF6 interacting protein across multiple cell types suggesting a critical role for 
PHF6 bound RRM2 in PHF6 mediated DNA repair processes.  
 
PHF6 binds to RRM2 through its first PHD domain. 
Endogenous co-immunoprecipitation (co-IP) using PHF6 as bait, followed by immunoblotting for RRM2 
and PHF6 in HEK293T and IMR-32 neuroblastoma cells, confirmed the protein-protein interaction of 
PHF6 with RRM2 as observed by IP-MS (Figure 2A). Next, we used the bioluminescence resonance 
energy transfer (NanoBRET™) technology (Dale et al, 2019) as orthogonal method to further investigate 
the PHF6-RRM2 interaction (Figure 2B). In brief, plasmids with N-terminal fusion of the NanoLuc® 
luciferase to PHF6 (Nluc-PHF6) and a C-terminal fusion of the HaloTag® to RRM2 (RRM2-HT) were co-
transfected in HEK293T cells and resulted in the highest BRET ratios (Figure S2A), which were not 
significantly dependent on the amount of transfected plasmids (Figure 2C). The donor saturation assay 
curve of Nluc-PHF6 and RRM2-HT reaches hyperbolic saturation (Figure 2D), confirming the specificity 
of the interaction. The protein structure of PHF6 is characterized by two zinc finger domains called ‘zinc 
knuckle, atypical PHD’ (ZaP) domains and four localization signals for the nucleus and nucleoli (N(o)LS). 
Since this atypical PHD domain is unstable in solution, the N-terminal pre-PHD domain was proposed to 
stabilize the PHD domains, hence referred to as enhanced PHD (ePHD) domains (Figure 2E, full length 
PHF6)29. To identify the domain(s)/region(s) of PHF6 important for the interaction with RRM2, we 
generated a series of deletion constructs of the PHF6 coding sequence that were also N-terminally fused 
to the Nluc donor protein (Figure 2E). To validate our experimental set-up, we confirmed fusion protein 
expression from all transfected constructs (Figure S2B). The fragments that did not contain the first 
PHD domain (Fr1, Fr7 and Fr8) resulted in lower BRET ratios compared to fragments comprising the first 
PHD domain, except for Fragment 6, which contains only the second PHD domain. Moreover, fragments 
of the first PHD domain alone (Fr11) or together with the NLS following this domain (Fr10), show 
approximately the same BRET ratios as full length PHF6, suggesting that PHF6 interacts with RRM2 
through its first PHD domain (Figure 2E). Previous studies indicated that the two zinc fingers of PHF6 
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are nearly identical (Todd & Picketts, 2012). Indeed, overlap between the deletion Fragment 6 
(containing only the second PHD domain) and Fragment 10 (containing only the first PHD) showed high 
sequence similarity (73%) (Figure S2C). We postulate that, given this high protein sequence similarity, 
RRM2 can also bind to the second PHD domain, only if it is not structurally hindered by the pre-PHD2 
domain, as is the case in Fragment 7 and Fragment 8. Since previous studies revealed that the second 
PHD domain of PHF6 can bind dsDNA in vitro (Liu et al, 2014), we propose that the first PHD domain of 
PHF6 attracts RRM2 towards DNA for replication/repair through its second PHD domain, potentially as 
part of the previously reported “replitase” complex (Murthy & Reddy, 2006; Técher et al., 2017).  
  
PHF6 and RRM2 knockdown result in overlapping transcriptional signatures  
Our data converge towards RRM2 as a robust novel PHF6 interactor and we previously established a 
critical role for RRM2 as replicative stress resistance factor in high-risk neuroblastoma (Nunes et al, 
2022), while the functional role of PHF6 in neuroblastoma tumor development remains elusive. 
Interestingly, PHF6 is highly expressed in neuroblastoma cell lines (Figure 3A) and upregulated during 
TH-MYCN driven neuroblastoma tumor formation compared to the expression in ganglia from wildtype 
mice (Weiss et al, 1997) (p = 2.43 x 10-6) (Figure 3B). Moreover, high PHF6 expression in neuroblastoma 
patients correlates with poor prognosis (event free and overall survival, p = 2.59 x 10-8 and p = 3.62 x 
10-8 respectively) (Figure 3C). In addition, PHF6 expression is increased in high-risk (stage 4) classified 
neuroblastoma patients and MYCN-amplified cases (Figure 3D).  
In view of these findings, we sought to explore whether overlapping molecular responses were observed 
upon perturbed RRM2 or PHF6 expression in this cellular context. To this end, we selected a panel of 
four neuroblastoma cell lines to perform transcriptome profiling following PHF6 knockdown. 
Knockdown of PHF6 was validated through RT-qPCR (Figure 4A) and immunoblotting (Figure 4B). A 
robust and overlapping PHF6 knockdown transcriptome signature was identified using ‘Gene set 
enrichment analysis’ (GSEA) between all four neuroblastoma cell lines (Figure S3). Comparison of gene 
signatures following PHF6 knockdown with our previously published RRM2 knockdown data 
(GSE161902 (Nunes et al, 2022)) revealed significant overlap in direct transcriptional effects as well as 
with pharmacological RRM2 inhibition using triapine (3AP) (Figure 4C). Indeed, common enriched gene 
sets following RRM2 and PHF6 knockdown were mainly related to amongst others the p53 pathway, 
G2/M checkpoint, E2F targets and MYC targets (Figure 4D).  
Next, overlap between the significantly differentially expressed genes (DEG) (adjusted P-value < 0.05) 
upon PHF6 knockdown in at least two out of the four cell lines revealed upregulation of 730 genes and 
downregulation of 717 genes (Figure 4E). Interestingly, genes involved in replication and replication 
stress response pathways comprising FANCD2, CDC25A, CHK1 and AURKA were downregulated (Figure 
4F). Enrichment analysis using the ConsensusPathDB (Kamburov et al, 2009) tool for the 717 common 
down regulated genes, shows enrichment for genes involved in G2/M transition, ATR signaling, DNA 
damage responses and cell cycle regulation (Figure 4G).  
 
PHF6 knockdown induces replicative stress and DNA damage in neuroblastoma cells 
Given the recently described role for PHF6 as important factor in fork restart after DNA damage 
(Warmerdam et al, 2019) and the above data suggesting a link between PHF6 and replicative stress, we 
hypothesized that elevated PHF6 levels could contribute to alleviating replicative stress levels. In line 
with previous studies in B-ALL (Feliciano et al, 2017), knockdown of PHF6 did not significantly affect 
neuroblastoma cell confluence as measured by Incucyte live cell imaging (Figure 5A). Interestingly, 
accordingly to what we have previously shown for RRM2 (Nunes et al, 2022), pCHK1S345 , pRPA32 and 
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gH2AX levels were elevated upon knockdown of PHF6, indicative of replicative stress and DNA damage 
induction (Figure 5B). Previous studies reported CHK1 as a synthetic lethal target in MYCN-amplified 
neuroblastoma and neuroblastoma was ranked as the most sensitive pediatric cancer for CHK1 
inhibition using prexasertib (Cole et al, 2011). Therefore, we scored publicly available gene signatures 
related to prexasertib sensitivity and resistance in a large cohort of primary neuroblastoma patients 
(GSE62564) (Blosser et al, 2020), revealing that low PHF6 expression correlates with prexasertib 
resistance (p = 1.25 x 10-7) while high PHF6 expression levels are  correlated with sensitivity for 
prexasertib treatment (p < 2 x 10-16), indicating ATR-CHK1 dependency in neuroblastoma tumor cells 
with high PHF6 expression (Figure 5C).  
 
PHF6 binds to acetylated histone 3 at lysine 53 (H3K56ac) at regions of DNA damage and fork stalling 
Enrichment analysis using the ENRICHR (Xie et al, 2021) tool for the 717 common down regulated genes 
upon PHF6 knockdown in at least two out of the four neuroblastoma cell lines also revealed overlap 
with amongst others H3K9ac and H3K56ac ChIP-seq marked target genes (Figure 6A), both previously 
identified as DNA-damage responsive histone modifications (Tjeertes et al., 2009). Interestingly, H3K9ac 
has been implicated in regulating transcriptional repression following DNA damage, mediated by CHK1 
(Shimada et al, 2008). In contrast, H3K56ac is a histone modification marking nascent chromatin or sites 
of replication fork stalling (Whale et al, 2022), but is also deposited at sites of transcriptional activation 
(Williams et al., 2008; Yuan et al., 2009). To test this, co-IP experiments were performed and indeed 
showed PHF6 binding with H3K56ac, while no evidence for binding to H3K9ac was found. We also 
observed slightly increased binding upon low-dose etoposide treatment (0.1µM) in IMR-32 cells (Figure 
6B), in keeping with our proposed role for PHF6 in DNA replication and repair. Acetylation of H3K56 
results from amongst others CBP/EP300 activity predominantly at highly transcribed regions (Das et al, 
2009). In view of our finding that PHF6 binds to H3K56ac, we performed CUT&RUN to map PHF6 and 
H3K56ac sites in IMR-32 and CLB-GA neuroblastoma cells and observed overlap between the binding 
sites for PHF6 and H3K56ac in both cell lines (Figure 6C). To further investigate the role of PHF6 in 
relation to dsDNA breaks and stalled replication forks, we performed additional CUT&RUN analyses for 
fork associated proteins BRCA1, DDX11, ATR and FANCD2 and double strand DNA damage marker gH2AX 
in IMR-32 cells. Also, for these markers significant overlap with PHF6 bound regions was noted (Figure 
6D). These results support the critical role of PHF6 at the crossroad of DNA damage and replicative 
stress responses.  
 
The PHF6 chromatin binding landscape overlaps with adrenergic core regulatory circuitry 
transcription factor binding in neuroblastoma 
Next, we performed enrichment analysis using ENRICHR (Xie et al, 2021) on the overlapping binding 
sites between PHF6 and H3K56ac. This revealed significant enrichment of ChIP-seq identified targets of 
CTCF and FOXM1 as well as ISL1, PHOX2B, GATA3, HAND2, MYCN and TBX2, which are members of the 
previously described adrenergic neuroblastoma ‘core regulatory circuitry’ (CRC) (Boeva et al, 2017; Van 
Groningen et al, 2017; Shendy et al, 2022). Notably, also EP300 ChIP-seq targets were found to be 
enriched in the set of overlapping sites (Figure 7A). Neuroblastoma tumors display cellular 
heterogeneity, comprising both adrenergic and neural crest like (mesenchymal) cell types. Both cell 
identities are characterized by super-enhancer marked transcription factors, which are controlling the 
gene expression program of the two neuroblastoma cell identities (Shendy et al, 2022). Interestingly, 
among the 730 common upregulated genes after siRNA mediated PHF6 knockdown in two out of the 
four neuroblastoma cell lines, we found GATA2, GATA3 and HAND2 (Figure 4F). Using the ENRICHR tool 
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(Xie et al, 2021) for enrichment analysis on the 717 common down regulated genes, we also found a 
significant overlap with ChIP-seq identified targets of E2F1, FOXM1 and different adrenergic CRC 
transcription factors, including ISL1, PHOX2B, GATA3, HAND2, MYCN and TBX2 (Figure 7B). Moreover, 
motif analysis using HOMER also revealed significant enrichment for CTCF and adrenergic CRC 
transcription factor motifs of ASCL1, PHOX2A, ISL1, PHOX2B, HAND2, GATA3 and GATA2 in the PHF6 
binding sites (Figure 7C), further supporting significant overlap between PHF6 and the CRC transcription 
factors in neuroblastoma. Indeed, when comparing ChIP-seq data from the studies of Boeva et al. 
(Boeva et al, 2017) and Durbin et al. (Durbin et al, 2018), we observed significant overlap in the binding 
sites of PHF6 with HAND2, PHOX2B, GATA3, ASCL1 and MYCN, predominantly at the PHF6 enhancer 
associated peaks (Figure 7D). As these CRC members are known to be highly transcribed in 
neuroblastoma, these regions are inherently at higher risk to suffer from replicative stress due to head-
on collisions between the replication and transcription machinery (Shendy et al, 2022). Therefore, we 
propose that PHF6 is recruited to these regions, possibly through the presence of H3K56ac positive 
collapsed replication bubbles (Whale et al, 2022), attracting RRM2 to relief transcription-associated 
DNA damage. Indeed, binding of PHF6 and H3K56ac was confirmed at the PHOX2B, GATA3, HAND2 and 
MYCN loci (Figure 7E).  
Previously, we performed CasID experiments in SK-N-BE(2)-C to identify upstream regulators of RRM2 
expression (Nunes et al, 2022). This revealed that PHF6 as well as NuRD and PAF1 protein complex 
members, both previously described as PHF6 interactors (Todd & Picketts, 2012; Zhang et al., 2013), are 
binding to the RRM2 promotor (Figure S4A, top). In light of this finding, we also performed CUT&RUN 
for PHF6 in SK-N-BE(2)-C, and confirmed binding of PHF6 to the RRM2 promotor in all three cell lines 
that we tested (Figure S4A, bottom). In addition, we observed strong overlap between the PHF6 binding 
sites (Figure S4B), resulting in 3171 genes that are bound by PHF6 in all three cell lines (Figure S4C, 
top). ENRICHR (Xie et al, 2021) analysis on these overlapping PHF6 binding sites revealed significant 
enrichment for binding sites of FOXM1, CTCF and those of the adrenergic CRC transcription factors 
PHOX1B, ISL1, MYCN, GATA3, TBX2, amongst others (Figure S4C, bottom).  Peak annotation distribution 
analysis shows that PHF6 mainly binds to intron and intergenic regions (Figure S4D, top), which are 
significantly overlapping with active promotor/enhancer histone marks (Figure S4D, bottom and S4E). 
Moreover, we also observed strong overlap between the binding profiles of PHF6 and differentially 
expressed genes after siRNA mediated PHF6 knockdown, showing gene expression regulation at PHF6 
bound regions (Figure S4F)
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Discussion 
Rapidly dividing cancer cells are more prone to elevated replication stress levels, resulting from 
increased replication fork stalling. This may be triggered amongst others through nucleotide depletion, 
replication-transcription conflicts and R-loop formation. Replication stress occurs in normal cells mainly 
during early S-phase (Buisson et al, 2015) and can drive tumor initiation and progression, but can also 
impede tumor growth due to accumulation of excessive DNA damage. In response to these stress levels, 
cancer cells upregulate DNA damage signaling and the expression of factors enabling to tolerate 
replication stress. Previous studies (Gaggioli et al, 2023) support an important role for the epigenetic 
machinery in DNA repair processes and chromatin dynamic re-organization when DNA replication forks 
are challenged. In this context, the hitherto presumed chromatin reader PHF6 has been identified as a 
major replication fork restart factor (Warmerdam et al, 2019). This is in line with earlier observations 
that PHF6 is a substrate for ATM and ATR phosphorylation (Matsuoka et al, 2007) and more recently as 
R-loop modulator (Yan et al, 2022), the latter being recognized as a potent source of replication stress 
(Saxena & Zou, 2022). It remains enigmatic thus far how PHF6 functionally contributes to replication 
fork restart and whether its association with chromatin is involved in this process. Using an unbiased 
approach, we identified RRM2 as robust PHF6 interactor in both normal and malignant cell types, 
suggesting that this interaction has a generic function in cells. Through NanoBRETTM based deletion 
mapping, we could identify the critical interface for the physical interaction of PHF6 with RRM2 to the 
first PHD domain of PHF6. Given that RRM2 is the catalytic and rate-limiting factor of the RRM1-RRM2 
heterodimer, referred to as the ribonucleotide reductase enzyme, we postulate that the interaction of 
RRM2 with PHF6 installs a functional replitase (Técher et al, 2017) which has been proposed for a long 
time, but remains thusfar unrecognized.  

 
To further understand the role of the PHF6-RRM2 interaction, we selected neuroblastoma cells which 
exhibit strong expression levels of both proteins and renown for high intrinsic MYCN oncogene induced 
replication stress. Differential gene expression analyses following PHF6 knockdown hinted towards a 
possible functional connection with histone H3 lysine 56 acetylation. Through further co-IP analysis, we 
could indeed reveal PHF6 as a H3K56ac reader. This chromatin modification is found at sites of nascent 
DNA, linked to suppression of DNA polymerase activity and elongation during break-induced DNA repair 
(Che et al, 2015) and controls gene expression homeostasis during S-phase (Topal et al, 2019). Recent 
work from the Houseley team pointed out that H3K56ac sites are enriched in the coding sequence of 
highly transcribed genes due to collapse of replication bubbles forming so-called H3K56ac ‘scars’ (Whale 
et al, 2022). Previously, H3K56ac was also shown to be a critical factor required for cell cycle re-entry 
following DNA repair (Battu et al., 2011), preferentially deposited in nucleosomes with a short turn-over 
(Masumoto et al, 2005). In this respect, we speculate that PHF6 facilitates and controls high 
transcriptional rates of super-enhancer associated genes in cancer cells and that PHF6 chromatin 
binding, through association with H3K56ac, is required to ensure finalization of DNA repair and 
subsequent release from checkpoint inhibition in response to replication stress. In line with these 
findings, PHF6 binding sites also overlap with gH2AX, FANCD2, DDX11 and BRCA1 bound chromatin 
regions. This observation suggests a prominent function for PHF6 in DNA damage repair and fork 
protection under stress (Mahtab et al, 2021; Qiu et al, 2021). Previous studies showed that BRCA1 is 
recruited by MYCN to promoter-proximal regions to prevent MYCN-dependent accumulation of stalled 
RNA polymerase II (RNAPII) (Herold et al, 2019). Moreover, BRCA1 was also reported to regulate RRM2 
expression (Rasmussen et al, 2016). Furthermore, the Ferrando team suggested recently that PHF6 is 
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involved in nuclear retention of BRCA1 upon DNA damage, with direct implications in homologous 
recombination mediated DNA repair (Warmerdam et al, 2019). Interestingly, DDX11 also acts 
downstream of 53BP1 to mediate HR repair (Jegadesan & Branzei, 2021). Furthermore, our CUT&RUN 
analysis also revealed for the first time that genome-wide binding sites of PHF6 significantly overlap with 
those for previously described neuroblastoma specific CRC factors including MYCN, HAND2, PHOX2B, 
GATA3 and ISL1. In addition, these binding sites were strongly enriched at H3K4me1/H3K27ac marked 
active enhancers. 
 
Our IP-MS experiments also displayed enrichment for other putative relevant factors in these processes. 
Amongst others we found a consistent enrichment for the chromatin interacting protein and DNA 
damage responsive factor PATZ1. Although its functional role in pediatric cancer remains enigmatic thus 
far, PATZ1 has been shown to be overexpressed as fusion transcript with EWSR1 in glioma (Siegfried et 
al, 2019), while a genome-scale CRISPR-Cas9 screen in MYCN amplified neuroblastoma cells revealed 
dependency of neuroblastoma on PATZ1 expression as well (Durbin et al, 2018). Other recurrent PHF6 
interacting hits in our IP-MS experiments included TOP2B that is recruited to stalled forks (Tian et al, 
2021), ABCF1 described as sensor of genomic integrity (Choi et al, 2021) and two components of the 
nuclear pore complex (NPC), i.e. RANBP2, a SUMO E3 ligase and ELYS, an important factor for assembly 
of the NPC. Interestingly, these latter two factors also functionally connect to replicative stress 
resistance (Franz et al., 2007; Sarangi & Zhao, 2015; Xiao et al., 2015). The NPC is a very dynamic 
structure. In addition to its role as gateway between the nucleoplasm and cytoplasm, it actively 
participates in regulating replication fork dynamics, protection to replicative stress and DNA repair 
(Kuhn & Capelson, 2019; Whalen et al., 2020).  
 
In summary, we propose PHF6 as a key novel chromatin adaptor protein in functional concertation with 
RRM2 under replicative stress and as component of the earlier proposed ‘replitase’ (Técher et al, 2017), 
implicated in active regulation of RRM2 function during replication and DNA repair (Figure 8).  In this 
context, PHF6 potentially brings RRM2 as essential rate-limiting factor for dNTP production in the 
immediate vicinity of these sites, requiring unperturbed DNA synthesis in order to allow for 
uninterrupted S-phase transition and protect rapidly dividing cancer cells from toxic accumulation of 
transcription-coupled DNA damage.
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Materials and methods 
Cell culture 
The human neuroblastoma cell lines (CLB-GA, IMR-32, SH-SY5Y and SK-N-BE(2)-C), the retinal 
pigmented epithelial cell line (RPE) and human fetal kidney–derived cell line (HEK293T) were grown in 
RPMI 1640 supplemented with 10% fetal calf serum (FCS), penicillin/ streptomycin (100 IU/ml), and 2 
mM L-glutamine. The leukemia cell line ALL-SIL was grown in RPMI 1640 supplemented with 20% fetal 
calf serum (FCS), penicillin/ streptomycin (100 IU/ml), and 2 mM L-glutamine. HCT116 cells were 
cultured in McCoy’s 5A medium also supplemented with 10% fetal calf serum (FCS), penicillin/ 
streptomycin (100 IU/ml), and 2 mM L-glutamine. All cell lines used were cultured in 5% CO2 
atmosphere at 37°C on plastic cultured plates. Short Tandem Repeat (STR) genotyping was used to 
validate cell line authenticity prior to performing the described experiments and Mycoplasma testing 
was done on a monthly basis. Origin of the cell lines and products used for cell culture can be found in 
Table S1 and Table S2 respectively.   
 
Co-immunoprecipitation followed by mass-spectrometry or Western Blot analysis 
Co-immunoprecipitation (co-IP) with PHF6 as bait protein was performed by lysing 10M cells/sample in 
1ml cold radioimmunoprecipitation assay (RIPA) buffer (12.7 mM; 150 mM NaCl, 50 mM Tris-HCl (pH 
7.5), 0.01% SDS solution, and 0.1% NP-40) supplemented with protease and phosphatase inhibitors. 
Lysates were incubated with 2µg antibody (PHF6 or human IgG) for 4 hours. After adding 20 µl Protein 
A UltraLink® Resin (Life Technologies, 53139), the mixture was rotated overnight at 4°C.  
After the overnight incubation, peptides were re-dissolved in 20 µl loading solvent A (0.1% TFA in 
water/ACN (98:2, v/v)) of which 2 µl was injected for LC-MS/MS analysis on an Ultimate 3000 RSLC nano 
LC (Thermo Fisher Scientific, Bremen, Germany) in-line connected to a Q Exactive mass spectrometer 
(Thermo Fisher Scientific). Trapping was performed at 10 μl/min for 4 min in loading solvent A on a 20 
mm trapping column (made in-house, 100 μm internal diameter (I.D.), 5 μm beads, C18 Reprosil-HD, 
Dr. Maisch, Germany). The peptides were separated on a 25 cm in needle packed column (made in-
house, 75 μm internal diameter (I.D.), 3 μm beads, C18 Reprosil-HD, Dr. Maisch, Germany) kept at a 
constant temperature of 50°C). For ALL-SIL, CLB-GA and IMR-32, peptides were eluted by a non-linear 
gradient starting at 2% MS solvent B reaching 55% MS solvent B (0.1% FA in water/acetonitrile (2:8, 
v/v)) in 123 min, 99% MS solvent B in 12 minutes followed by a 6-minute wash at 70% MS solvent B and 
re-equilibration with MS solvent A (0.1% FA in water). For the other cell lines, peptides were eluted by 
a linear gradient reaching 30% MS solvent B (0.1% FA in water/acetonitrile (2:8, v/v)) after 74 (SK-N-
BE(2)-C, SH-SY5Y and HCT116)/ 104 (HEK293T and RPE, 50% MS solvent B after 99 min (SK-N-BE(2)-C, 
SH-SY5Y and HCT116) / 121 min (HEK293T and RPE) and 99% MS solvent B at 100 min (SK-N-BE(2)-C, 
SH-SY5Y and HCT116) / 125 min (HEK293T and RPE) , followed by a 5-minutes wash at 99% (SK-N-BE(2)-
C, SH-SY5Y and HCT116) / 70% (HEK293T and RPE)  MS solvent B and re-equilibration with MS solvent 
A (0.1% FA in water). The first 9 min the flow rate was set to 750 nl/min after which it was kept constant 
at 300 nl/min. The mass spectrometer was operated in data-dependent mode, automatically switching 
between MS and MS/MS acquisition for the 5 (IMR-32) / 10 (other cell lines) most abundant ion peaks 
per MS spectrum. Full-scan MS spectra (400-2000 m/z) were acquired at a resolution of 70,000 in the 
Orbitrap analyzer after accumulation to a target value of 3,000,000. The 5 (IMR-32) / 10 (other cell 
lines) most intense ions above a threshold value of 13,000 (IMR-32) / 17,000 (other cell lines) were 
isolated with a width of 2 m/z for fragmentation at a normalized collision energy of 25% after filling the 
trap at a target value of 50,000 for maximum 80 (IMR-32) / 60 (other cell lines). MS/MS spectra (200-
2000 m/z) were acquired at a resolution of 17,500 in the Orbitrap analyzer.  
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Analysis of the mass spectrometry data was performed in MaxQuant (version 2.2.0.0) with mainly 
default search settings including a false discovery rate set at 1% on PSM, peptide and protein level. 
Spectra were searched against the human reference proteome (version of 01_2023, UP000005640). 
The mass tolerance for precursor and fragment ions was set to 4.5 and 20 ppm, respectively, during 
the main search. Enzyme specificity was set as C-terminal to arginine and lysine, also allowing cleavage 
at proline bonds with a maximum of two missed cleavages. Variable modifications were set to oxidation 
of methionine residues and acetylation of protein N-termini. Matching between runs was enabled with 
a matching time window of 0.7 minutes and an alignment time window of 20 minutes. Only proteins 
with at least one unique or razor peptide were retained. Proteins were quantified by the MaxLFQ 
algorithm integrated in the MaxQuant software. A minimum ratio count of two unique or razor peptides 
was required for quantification. Further data analysis of the results was performed with an in-house R 
script, using the proteinGroups output table from MaxQuant. Reverse database hits were removed, 
LFQ intensities were log2 transformed and replicate samples were grouped. Proteins with less than 
three valid values in at least one group were removed and missing values were imputed from a normal 
distribution centered around the detection limit (package DEP (Zhang et al, 2018)). To compare protein 
abundance between pairs of sample groups (IgG vs PHF6 sample groups), statistical testing for 
differences between two group means was performed, using the package limma (Ritchie et al, 2015). 
Statistical significance for differential regulation was set to a false discovery rate (FDR) of <0.05 
and|log2FC| ≥ 0.6. The mass spectrometry proteomics data have been deposited to the 
ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al, 2022) partner repository with the 
dataset identifier PXD041025 and 10.6019/PXD041025. 
For the co-IP based validation of the PHF6-RRM2 interaction through immunoblotting, the mixtures 
were centrifugated, after overnight incubation on 4°C, for 2min at 2000 rpm and washed in RIPA buffer 
three times. The samples were denaturated in 1X Laemli denaturation buffer supplemented with b-
mercaptoethanol and incubated at 95°C for 10minutes. The denatured samples were loaded on 10% 
SDS–polyacrylamide gel electrophoresis (SDS- PAGE) gels with 10× Tris/Glycine/SDS buffer and run for 
1 hour at 100 V, blotted on nitrocellulose membranes in 10% of 10× Tris/Glycine buffer for 1 hour at 
100 V. The membranes were blocked during 1 hour in 5% milk in Tris-buffered saline with 0.1% Tween® 
20 detergent (TBST). Primary antibody incubations with the RRM2, H3K56ac or PHF6 antibody (Table 
S3) were done in blocking buffer overnight at 4°C. Blots were washed three times with TBST before the 
incubation for 1 hour with Veriblot secondary antibodies. The immunoblots were visualized by the 
enhanced chemiluminescent West Dura or West Femto (Bio-Rad) using the Amersham Imager 680. 
Origin of products used for Western Blotting can be found in Table S2, antibodies used can be found in 
Table S3. 
 
NanoBRET™ analysis   
The NanoBRET™ Nano-Glo detection System (Promega) was used according to the manufacturer’s 
instructions. In short, expression plasmids with RRM2 or PHF6 fused to HaloTag® or NanoLuc® at N or 
C terminal site, were made using the NanoBRET™ PPI MCS Starter System (Promega, cat n° N1811). The 
RRM2 fragments were amplified by PCR using Phusion polymerase (NEB, M0530L) and OriGene clone 
GC-Z9335-GS as template. For PHF6 fragments, OriGene clone GC-Z2633-CF served as template. All 
fragments and vectors pNLF1-C (CMV/Hygro), pNLF1-N (CMV/Hygro), pHTN HaloTag® CMV-neo and 
pHTC HaloTag® CMV-neo were digested with restriction enzymes and subsequently ligated (Takara, cat 
n°6023). Primers and corresponding restriction digests can be found in Table S4. The sequences of the 
constructed plasmids were verified by Sanger DNA sequencing (Eurofins Genomics, SupremeRun Tube 
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Service) and the overexpression in HEK293T was validated using a Simple Western™ automated blot 
system (WES™ system, ProteinSimple, Bio-Techne) according to manufacturer’s instructions. In total, 
1.2 µg of protein lysate was used, primary antibodies anti-PHF6, anti-RRM2 and anti-NanoLuc® antibody 
were used (see Table S3 for antibody information). Next, HEK293T cells were co-transfected with 
HaloTag and Nluc fusions using FuGENE reagent (Promega). After 20h, the transfected cells were 
trypsinized, washed with PBS, resuspended in assay medium (Opti-MEM I Reduced Serum Medium, no 
phenol red, supplemented with 4% FBS), re-plated to a 96-well plate, and incubated overnight with 
HaloTag NanoBRET™ 618 Ligand (100 nmol/L final concentration) or DMSO as negative control. 
NanoBRET™ Nano-Glo Substrate was added, donor emission (460 nm) and acceptor emission (618 nm) 
signals were measured using the GloMax Discover System (Promega). Raw NanoBRET™ ratio values 
with milliBRET units (mBU) were calculated as RawBRET = (618 nm Em/460 nm Em) × 1000. Corrected 
NanoBRET™ ratio values with milliBRET units were calculated as corrected BRET = RawBRET of 
experimental sample – RawBRET of negative control sample, which reflected energy transfer from the 
bioluminescent protein donor to the fluorescent protein acceptor reflecting the protein-protein 
interaction. 
 
siRNA-mediated knockdown of PHF6  
IMR-32, CLB-GA, SH-SY5Y and SK-N-BE(2)-C neuroblastoma cells were transfected using the Neon 
transfection system (MPK10096) with two siRNAs toward PHF6: siPHF6-48 (s38848, Life technologies, 
#439242) and siPHF6-SP (SMARTPool 84295, Dharmacon, L-014862-00-0005). As negative control, a 
scrambled siRNA (Ambion, #AM4635) was used. After transfection, cells were seeded in a T-25 flask at 
a density of 2 x 106 cells per flask. For proliferation analysis, 14000 cells/well were seeded in a 96-well 
plate, treated with either DMSO or 3AP and analyzed using the IncuCyteTM Live Cell Imaging System. 
Each image was analyzed through the IncuCyte Software and cell proliferation was determined by the 
area (percentage of confluence) of cell images over time. The cells seeded in a T-25 flask were collected 
for RNA and protein isolation, 48 hours after transfection. Knockdown of PHF6 was evaluated by RT-
qPCR and immunoblotting.  
 
Western Blotting 
Cells were lysed in RIPA supplemented with protease and phosphatase inhibitors and rotated for 1 hour 
at 4°C. The lysates were cleared by centrifugation at 10,000 rpm in a microcentrifuge for 10 min at 4°C. 
Concentrations were determined using the Pierce BCA Protein Assay Kit. The lysates were denaturized 
before loading on a gel, by adding 5X Laemli denaturation buffer supplemented with 
b-mercaptoethanol. 30µg of protein extracts were loaded on SDS-PAGE gels with 10× Tris/Glycine/SDS 
buffer and run for 1 hour at 100 V. Samples were blotted on nitrocellulose or polyvinylidene difluoride 
(PVDF) membranes in 1x Tris/Glycine buffer and 20% of methanol. The membranes were blocked 
during 1 hour in 5% nonfat dry milk or 5% BSA in TBST. Primary antibody incubations for PHF6, 
pCHK1(Ser345), CHK1, pRPA32, RPA32, gH2AX, b-actin and vinculin were done in blocking buffer 
overnight at 4°C. Blots were washed three times with TBST and incubated for 1 hour with secondary 
antibodies. The immunoblots were visualized by using the enhanced chemiluminescent WES Dura or 
WES Femto (Bio-Rad) using the Amersham Imager 680. Quantification was performed through ImageJ 
software, where the area from each protein was normalized to the loading protein in respect to each 
blot. Products used for Western Blotting can be found in Table S2, antibodies can be found in Table S3.  
 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 2, 2024. ; https://doi.org/10.1101/2023.03.08.531704doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.08.531704


 

RNA-seq and RT-qPCR validation 
RNA was isolated using the miRNeasy kit from QIAGEN including an on-column deoxyribonuclease 
treatment. Concentrations were measured using NanoDrop (Thermo Fisher Scientific). Libraries for 
mRNA-seq were prepared using the QuantSeq 3ʹ mRNA library prep kit (Lexogen, Vienna, Austria) with 
UMI barcoding according to the manufacturer’s protocol. The libraries were equimolarly pooled and 
sequenced on an Illumina NextSeq 500 high-throughput flow cell, generating single-end 75-bp reads. 
Adequate sequencing quality was confirmed using FastQC version 0.11.8 (Andrews, 2010). To remove 
the “QuantSEQ FWD” adaptor sequence, the reads were trimmed using cutadapt version 1.18. The 
trimmed reads were mapped to the human reference genome (GRCh38.89) using the STAR aligning 
software v 2.6.0c. The RSEM software, version v1.3.1, was used to generate count tables. Genes were 
only retained if they were expressed at counts per million (cpm) above one in at least three samples. 
Counts were normalized using the TMM method (R-package edgeR, v3.36.0), followed by Voom 
transformation and differential expression analysis using Limma (R-package limma, v3.503.3). Principal 
component analysis showed that sample “CLBGA siPHF6a replicate 3” is an outlier so this sample was 
removed from further analysis. A general linear model was built with the treatment groups and the 
replicates as a batch effect. Gene Set Enrichment Analysis (GSEA) was performed on the genes ordered 
according to differential expression statistic value (t). Signature scores were conducted using a rank-
scoring algorithm. GSEA was done using the Hallmark gene set collection from MSigDB (gsea-
msigdb.org) or gene lists compiled from this or our previous study (GSE161902). All RNA-seq data are 
available through the Gene Expression Omnibus (GEO) repository (GSE228959). Signature scores were 
calculated based on the combined, ranked expressions levels of the genes in the geneset and then 
scored in the expression data. 
For RT-qPCR, complementary DNA (cDNA) synthesis was done using the iScript Advanced cDNA 
synthesis kit from Bio-Rad. The PCR mix was composed out of 5 ng of cDNA, 2.5 µl of SsoAdvanced SYBR 
qPCR super mix (Bio-Rad), and 0.25 µl of forward and reverse primers (to a final concentration of 250 
nM; Integrated DNA Technologies). The RT-qPCR cycling analysis was performed using a LC-480 device 
(Roche). qBasePlus software 3.2 (www.biogazelle.com) was used for the analysis of the gene expression 
levels. B2M, HPRT1, TBP, and HMBS were used as reference genes. The error bars in figures represent 
SD after error propagation, with mean centering and scaling to control. The primer designs are provided 
in Table S5. 
 
CUT&RUN   
CUT&RUN coupled with high-throughput DNA sequencing was performed on isolated nuclei using 
Cutana pA/G-MNase (Epicypher, 15-1016) according to the manufacturer’s manual. Briefly, nuclei were 
isolated from 0.5M cells/sample in 100µl nuclear extraction buffer per sample and incubated with 
activated Concanavalin A beads for 10 min at 4°C while rotating. Nuclei were resuspended in 50µl 
antibody buffer containing a 1:100 dilution of each antibody (see Table S3 for antibody information) 
and kept in an elevated angle on a nutator at 4°C overnight. Next, targeted digestion and release was 
performed with 2.5 µl Cutana pA/G-MNase (15-1116) and 100mM CaCl2 for 2 hours at 4°C on the 
nutator. After chromatin release by incubation on 37°C for 10 minutes, DNA was purified using the 
CUTANA DNA purification kit (14-0050) and eluted in 12µl of elution buffer. Sequencing libraries were 
prepared with the NEBNext Ultra II kit (Illumina, E7645), followed by paired-end sequencing on a 
Nextseq2000 using the NextSeq 2000 P2 Reagents 100 Cycles v3 (Illumina, 20046811). Prior to mapping 
on the human reference genome (GRCh37/hg19) with bowtie2 (v.2.3.1), quality of the raw sequencing 
data of CUT&RUN was evaluated using FastQC and adapter trimming was done using TrimGalore 
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(v0.6.5). Quality of aligned reads were filtered using min MAPQ 30 and reads with known low 
sequencing confidence were removed using Encode Blacklist regions. For sample with a percentage 
duplicated reads higher then 10%, deduplication was performed using MarkDuplicates (Picard, 
v4.0.11). Peak calling was performed using MACS2 (v2.1.0) taking a q value of 0.05 as threshold and 
default parameters. Homer (v4.10.3) was used to perform motif enrichment analysis, with 200 bp 
around the peak summit as input. Overlap of peaks, annotation, heatmaps and pathway enrichment 
was analysed using DeepTools (v3.5.1), the R package ChIPpeakAnno (v3.28.1), and the web tool 
ENRICHR. The R package igvR (v1.19.3) was used for visualization of the data upon RPKM normalization. 
All CUT&RUN data are available through the Gene Expression Omnibus (GEO) repository (GSE228959). 
The detailed implementation is now available within in a Nextflow pipeline, accessible at 
https://github.com/PPOLLabGhent/nf_Pipeline_CUTandRUN. 
 
 

Data availability  
• RNA seq data: Gene Expression Omnibus GSE226288 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE228959)  
• CUT&RUN seq data: Gene Expression Omnibus GSE228958 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE228958)  
• Modeling computer scrips: GitHub 

(https://github.com/PPOLLabGhent/nf_Pipeline_CUTandRUN)  
• Protein Interaction IP-MS data: PXD041025  
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Figure legends 
 
Figure 1. PHF6 interacts with RRM2 and proteins involved in nuclear transport, SUMOylation and 
cell cycle regulation. (A) Volcano plot displaying significantly enriched putative PHF6 interactors by 
means of immunoprecipitation-coupled mass spectrometry (IP-MS) in HEK293T cells; (B) Venn diagram 
showing  PHF6 interactors commonly identified between IP-MS experiments in HEK293T and CLB-GA, 
IMR-32, SK-N-BE(2)-C and SH-SY5Y neuroblastoma cell lines; (C) ENRICHR and (D) ConsensusPathDB 
over-representation analysis showing functional enrichment of PHF6 interacting proteins in processes 
such as cell cycle regulation, gene expression, rRNA processing, SUMOylation, nuclear transport and 
replication. 
 
Figure 2. PHF6 interacts with RRM2 through its first PHD domain. (A) Immunoblotting for RRM2 
(right) and PHF6 (left) following co-immunoprecipitation analysis using PHF6 as bait in HEK293T (top) 
and IMR-32 (bottom) cells. (B) Schematic overview of the NanoBRET™ assay for detecting protein-
protein interactions by measuring the energy transfer between a NanoLuc® luciferase (Nluc) donor 
fusion protein with PHF6 and a HaloTag® (HT) acceptor fusion protein with RRM2. Energy transfer only 
occurs when the fusion proteins are in close proximity to one another (<10nm); (C) Mean corrected 
NanoBRET™ ratios resulting from different amounts of transfected Nluc-PHF6 and RRM2-HT encoding 
constructs in HEK293T cells; (D) Donor saturation assay for the Nluc-PHF6 + RRM2-HT combination 
results in hyperbolic increase in NanoBRET™ signal; (E) (left) Mean corrected NanoBRET™ ratios from 
transfecting 11 different deletion constructs of PHF6 fused to Nluc (Fr1-Fr11) together with the RRM2-
HT fusion. Error bars represent the mean ± SEM of 2 to 4 biological replicates (represented by dots) 
and (right) schematic representation of the deletion constructs, sorted from highest to lowest mean 
NanoBRET™ ratio. 
 
Figure 3. High PHF6 expression is correlated with poor prognosis in primary neuroblastoma. (A) Log2 
expression of PHF6 mRNA throughout different cancer cell lines from the ‘Cancer Cell Line 
Encyclopedia’ (CCLE) database.  The boxplots represent the 1st to 3rd quartile of the data values, with 
the line representing the median value. Whiskers represent values of the outer two quartiles maximized 
at 1.5 times the size of the box (‘x’ indicates one or more values outside of the whiskers);  (B) Phf6 
mRNA expression is up-regulated during TH-MYCN–driven neuroblastoma tumor development (De 
Wyn et al, 2021) (p = 2.43 x 10-6); (C) High PHF6 expression levels correlate to poor event-free (p = 2.59 
x 10-8) and overall (p = 3.62 x 10-8) neuroblastoma patient survival [Kocak cohort (n = 649); 
hgserver2.amc.nl, cutoff mode: first_vs_last_quartile]; (D) PHF6 expression is higher in Stage 4 
neuroblastoma patients compared to other risk groups (left, p < 0.001) and in MYCN-amplified 
neuroblastomas compared to MYCN non amplified cases (right, p = 2.7 x 10-20) [Kocak cohort (n = 283); 
hgserver2.amc.nl]. 
 
Figure 4. Overlapping gene signatures following knockdown support a functional link between PHF6 
and RRM2 . (A) PHF6 mRNA expression levels and (B) PHF6 protein expression levels upon siRNA 
mediated PHF6 knockdown in IMR-32, CLB-GA, SK-N-BE(2)-C and SH-SY5Y neuroblastoma cell lines 
using two different siRNAs (siPHF6_48 and siPHF6_SP) and one no template control siRNA (siNTC). Error 
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bars represent the mean ± SEM of 4 biological replicates (represented by dots); (C) Gene set enrichment 
analysis (GSEA) shows a significant overlap between up- and down regulated genes upon PHF6 
knockdown using siRNAs and genes downregulated following either RRM2 knockdown pharmacological 
RRM2 inhibition using 3AP (GSE161902 (Nunes et al, 2022)); (D) GSEA of the RNA-seq based 
transcriptome profiles after PHF6 knockdown in CLB-GA cells using the Hallmark MSigDB gene sets (E) 
Venn diagram showing the overlap of up- and downregulated genes identified by RNA-sequencing upon 
PHF6 knockdown in CLB-GA, SK-N-BE(2)-C, SH-SY5Y and IMR-32 neuroblastoma cells compared to the 
siRNA control; (F) Volcano plot displaying significantly upregulated (red) and downregulated (blue) 
genes upon siRNA mediated knockdown of PHF6 in CLB-GA cells; (G) ConsensusPathDB over-
representation analysis of downregulated genes upon PHF6 knockdown showing enrichment in 
amongst others DNA damage response and cell cycle checkpoint regulation processes. 
 
 
Figure 5. High PHF6 expression leads to increased replicative stress. (A) Time-resolved monitoring 
of cell confluence following siRNA mediated PHF6 knockdown in neuroblastoma cells using Incucyte 
live cell imaging; (B) Immunoblotting for various DNA damage markers in IMR-32 cells upon siRNA 
mediated knockdown of PHF6 (top), quantification of the blot using ImageJ is shown (bottom) panel; 
(C) Signature score analysis of prexasertib sensitivity and resistance gene signatures in a large primary 
cohort of neuroblastoma cases (GSE62564). 
 
Figure 6. PHF6 binds to the H3K56ac chromatin mark at regions of DNA damage and fork stalling. 
(A) Enrichment analysis using ENRICHR of the downregulated genes upon PHF6 knockdown shows 
enrichment for ChIP-sequencing identified targets of H3K27ac, H3K4me3, H3K9ac and H3K56ac 
associated genes; (B) Immunoblotting for PHF6 (top) and H3K56ac (bottom) after co-
immunoprecipitation analysis with H3K56ac as using two different antibodies (ab1 and ab2) in IMR-32 
neuroblastoma cells upon DMSO and etoposide treatment (0.1µM). (C) Heatmap profiles −4kb and 
+4kb around the summit of PHF6 CUT&RUN peaks showing the significant overlap (min overlap = 10 
bp) between PHF6 and H3K56ac CUT&RUN peaks in IMR-32 (Fisher’s Exact Test p-value < 2.2 x 10-16) 
and CLB-GA (Fisher’s Exact Test p-value < 2.2 x 10-16) cells. Peaks were ranked according to the sums of 
the peak scores across the datasets in the heatmap; (D) Heatmap profiles -4kb and +4kb around the 
summit of PHF6 CUT&RUN peaks, representing overlap of PHF6 CUT&RUN peaks in IMR-32 cells with 
BRCA1, DDX11, ATR, FANCD2 and gH2AX. Peaks were ranked according to the sums of the peak scores 
across all datasets in the heatmap. 
 
Figure 7. CUT&RUN reveals binding of PHF6 to members of the adrenergic CRC in neuroblastoma. 
(A) Venn diagram (top) showing overlap between PHF6 and H3K56ac CUT&RUN peaks in IMR-32 cells 
and enrichment analysis (bottom) using ENRICHR of the PHF6 and H3K56ac overlapping peaks, showing 
enrichment for ChIP-seq identified targets of CTCF, FOXM1 and ADR CRC members ISL1, PHOX2B, 
HAND2, TBX2, GATA3 and MYCN; (B) Venn diagram showing the overlap of downregulated genes 
identified by RNA-sequencing upon PHF6 knockdown in CLB-GA, SK-N-BE(2)-C, SH-SY5Y and IMR-32 
neuroblastoma cells compared to the siRNA control (top) and enrichment analysis using ENRICHR of 
the downregulated genes upon PHF6 knockdown shows enrichment (bottom) for ChIP-sequencing 
identified targets of E2F1, FOXM1 and neuroblastoma adrenergic core regulatory circuitry members 
(ADR CRC) including ISL1, PHOX2B, GATA3, HAND2, MYCN and TBX2; (C) Homer motif analysis of the 
PHF6 CUT&RUN peaks in IMR-32 cells; (D) Heatmap profiles −2kb and +2kb around the summit of PHF6 
CUT&RUN peaks, representing overlap of PHF6 CUT&RUN peaks in IMR-32 cells with MYCN CUT&RUN 
peaks as well as publicly available ChIP-seq peaks of HAND2, PHOX2B and GATA3 in CLB-GA [GSE90683], 
ASCL1 in SK-N-BE(2)-C [GSE159613] which were grouped for promoters or enhancers (using homer 
annotation), and ranked according to the sums of the peak scores across all datasets in the heatmap; 
(E) PHF6 and H3K56ac binding activity at the PHOX2B, GATA3, HAND2 and MYCN loci in IMR-32 cells. 
Signals represent log likelihood ratio for the CUT&RUN signal compared to control signal (RPKM 
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normalized). All peaks are called by MACS2 (q < 0.05). 
 
Figure 8. PHF6 directs RRM2 to regions of stalled replication forks and DNA damage to relieve 
transcription-associated DNA damage 
We hypothesize that PHF6 is a crucial component of the so-called ‘replitase’ complex to direct RRM2 
to regions of stalled replication forks or DNA damage, mediated by binding to the  DNA damage related 
H3K56ac histone mark with a potential role in suppressing transcription-associated DNA damage, 
mainly at highly transcribed, so-called cell identity genes.  
 
 
 
Supplementary Figure Legends 
 
Supplementary Figure S1. The PHF6-RRM2 interaction is robust pan-cancer as well as in non-
malignant cell lines. Volcano plot of the immunoprecipitation coupled mass spectrometry (IP-MS) 
enriched hits in CLB-GA, IMR-32, SH-SY5Y, SK-N-BE(2)-C neuroblastoma cells, HCT116 colon cancer cells, 
ALL-SIL T-cell acute leukemia (T-ALL) cells and RPE, retinal epithelial cells using PHF6 as bait. 
 
Supplementary Figure S2. NanoBRET™ analysis confirms PHF6-RRM2 protein-protein interaction. 
(A) Mean corrected NanoBRET™ ratios resulting from transfecting different conformations of Nluc and 
HT fusion proteins in HEK293T cells. This revealed that the Nluc-PHF6 + RRM2-HT combination results 
in the highest NanoBRET™ ratio, which was selected for further experiments. (B) HEK293T cells were 
transfected with 2µg RRM2-HT, 0.2µg Nluc-PHF6 and 0.2µg of the deletion constructs Fr1-F11 fused to 
Nluc. Protein expression levels were analyzed with Simple WES using anti-RRM2, anti-PHF6 and anti-
Nluc antibodies respectively.  (C) Part of the protein sequence of the PHF6 deletion construct ‘fragment 
10’ (Fr10, top) containing the first PHD domain and ‘fragment 6’ (Fr6, bottom) containing the second 
PHD domain of PHF6. 
 
Supplementary Figure S3. RNA-seq transcriptional profiles upon PHF6 knockdown in four 
neuroblastoma cell lines overlap significantly. GSEA shows a significant overlap between up- and 
down regulated genes upon PHF6 knockdown using siRNAs between all four neuroblastoma cell lines, 
CLB-GA, IMR-32, SK-N-BE(2)-C and SH-SY5Y.  
 
Supplementary Figure S4. CUT&RUN analysis of PHF6 shows binding to active enhancers and 
promotors, including the RRM2 promotor. (A) Volcano plot of the Cas-ID experiment for the 
identification of RRM2 upstream regulators in SK-N-BE(2)-C cells (FDR < 0.05) (Nunes et al, 2022). PHF6 
is depicted in red, PAF1 complex members in orange and NuRD complex members in blue (top), PHF6 
and H3K3me3 binding activity at the RRM2 locus in IMR-32, CLB-GA and SK-N-BE(2)-C cells from 
CUT&RUN experiments, confirming binding of PHF6 to the RRM2 promotor region. Signals represent 
log likelihood ratio for the CUT&RUN signal compared to control signal (RPKM normalized). All peaks 
are called by MACS2 (q<0.05) (bottom); (B) Heatmap profiles −2kb and +2kb around the summit of 
PHF6 CUT&RUN peaks in IMR-32, CLB-GA and SK-N-BE(2)-C neuroblastoma cells, representing overlap 
of PHF6 binding sites in the three neuroblastoma cell lines. Peaks were ranked according to the sums 
of the peak scores across all datasets in the heatmaps; (C) Venn diagram showing the overlapping peaks 
between the three neuroblastoma cell lines (Fisher’s Exact Test p-value < 2.2 x 10-16) (top) and 
enrichment analysis using ENRICHR of the 3171 overlapping peaks in all cell lines reveals enrichment 
for ChIP-seq identified targets of amongst others FOXM1 and ADR CRC members ISL1, PHOX2B, HAND2, 
TBX2, GATA3 and MYCN (bottom); (D) Peak annotation distribution analysis of PHF6 binding sites in 
IMR-32 cells (top) and Venn diagram showing overlap of PHF6 annotated peaks with peaks associated 
with the active promotor histone mark, H3K4me1 and active enhancer histone mark, H3K4me3 
(Fisher’s Exact Test p-value < 2.2 x 10-16) (bottom); (E) Heatmap profiles −4kb and +4kb around the 
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summit of PHF6 CUT&RUN peaks, representing overlap of PHF6 with CUT&RUN peaks of H3K4me3, 
H3K27ac, H3K4me3 and H3K4me1 in IMR-32 neuroblastoma cells, grouped for promoters or enhancers 
(using homer annotation), and ranked according to the sums of the peak scores across all datasets in 
the heatmap; (F) Heatmap profiles −4kb and +4kb around the transcription start site of differentially 
expressed genes upon siRNA mediated PHF6 knockdown in IMR-32. On these regions, IgG control and 
PHF6 CUT&RUN data in IMR-32 are mapped and ranked according to the sums of the peak scores across 
all datasets in the heatmap. 
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Supplementary Tables 
 
Supplementary Table 1. Origin of cell lines used in this manuscript.  
 

ALL-SIL Leibniz Institut DSMZ (Germany) 
CLB-GA Centre Leon Bérard (Lyon, France) 
HCT116 De Wever (Ghent, Belgium) 
HEK293T Eyckerman (Ghent, Belgium) 
IMR-32 Versteeg (The Netherlands) 
RPE Speleman (Ghent, Belgium) 
SH-SY5Y Schulte (Germany) 
SK-N-BE(2)-C Northern Institute for Cancer Research (UK) 

 
 
Supplementary Table 2. Products used for cell culture and Western Blotting in this manuscript.  
 

Product Obtained 
10x Tris/Glycine buffer Bio-Rad Laboratories S.A.-N.V. 
10x Tris/Glycine/SDS buffer Bio-Rad Laboratories S.A.-N.V. 
384- well plates Corning 
96- well plates Corning 
b-mercapto-ethanol Merck Life Science 
BSA Merck Life Science 
Etoposide Merck Life Science 
Fetal bovine serum (FBS) Merck Life Science 
Immuno-Blot PVDF Membrane  Bio-Rad Laboratories S.A.-N.V. 
L-Glutamine Thermo Fisher Scientific BVBA 
McCoy’s 5A LGC Standards SARL 
Methanol Thermo Fisher Scientific BVBA 
Nitrocellulose membrane Bio-Rad Laboratories S.A.-N.V. 
Opti-MEM I Reduced Serum, no phenol red Life Technologies Europe 
PBS Life Technologies Europe 
Pen/Strep Thermo Fisher Scientific BVBA 
Phosphatase inhibitor mixture Roche Molecular Biochemicals 
PierceTM BCA Protein Assay Kit Life Technologies Europe 
RPMI 1640 medium Life Technologies Europe 
SDS-PAGE gels, pre-cast Bio-Rad Laboratories S.A.-N.V. 
T25 flask VWR 
T75 flask VWR 

 
Supplementary Table 3. Antibodies used in this manuscript. 
 

Protein Company, antibody ID Application & dilution 
ATR Bethyl Laboratories, A300-138A CUT&RUN, 1/100 
b-actin Sigma-Aldrich, A2228 Simple Wes, 1/150 
BRCA1 Santa cruz, sc-646 CUT&RUN, 1/100 
CHK1 Santa cruz, sc-8408 Western Blotting, 1/1000 
DDX11 Abcam, ab230017 CUT&RUN, 1/100 
FANCD2 Biotechne, NB100-182 CUT&RUN, 1/100 
H3K27ac Thermo Fisher, MA5-24617 CUT&RUN, 1/100 
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H3K27me3 Cell Signaling Technologies, #9733S CUT&RUN, 1/100 
H3K4me1 Abcam, ab8895 CUT&RUN, 1/100 
H3K4me3 Abcam, ab8580 CUT&RUN, 1/100 
H3K56ac Millipore, 07-677-I coIP (ab1), 2µg 
H3K56ac Activ Motiv, 39281 coIP (ab2), 2µg 

CUT&RUN, 1/100 
Western Blotting, 1/1000 

gH2AX Abcam, ab11174 Western Blotting, 1/2000 
gH2AX Bio-connect, GTX127342 CUT&RUN, 1/100 
IgG Abcam, ab2410 IP-MS/coIP, 2µg 
IgG Cell Signaling Technologies, #3900  CUT&RUN, 1/100 
MYCN Santa Cruz, sc53993 CUT&RUN, 1/100 
NanoLuc® Promega, N7000  Simple Wes, 1/50 
pCHK1 Thermo Scientific, MA5-15145 Western Blotting, 1/1000 
PHF6 Bethyl Laboratories, A301-451A IP-MS/coIP, 2µg 

Western Blotting, 1/1000 
CUT&RUN, 1/100 

PHF6 Santa Cruz, sc365237 Simple Wes, 1/100 
pRPA32/RPA2 
(S33) 

Abcam, ab211877 Western Blotting, 1/500  

RPA32/RPA2 Abcam, ab2175 Western Blotting , 1/1000 
RRM2 Abcam, ab154964 Western Blotting, 1/1000 
RRM2 Abcam, ab172476 Simple Wes, 1/100 
Secondary Anti-
Mouse Detection 
Module 

Protein Simple, DM-002 Simple Wes, undiluted according to 
manufactures protocol 

Secondary Anti-
Rabbit Detection 
Module 

Protein Simple, DM-001 Simple Wes, undiluted according to 
manufactures protocol 

Secondary mouse 
HRP 

Cell Signaling Technologies, #7076S Western Blotting, 1/50 000 
Simple Wes, 1/200 

Secondary rabbit 
HRP 

Cell Signaling Technologies,, #7074S Western Blotting, 1/50 000 

Veriblot rabbit 
secondary 
antibody 

Abcam, ab131366 Western Blotting, 1/5000 

Veriblot mouse 
secondary 
antibody 

Abcam, ab131368 Western Blotting, 1/5000 

Vinculin Cell Signaling Technologies, #13901 Western Blotting, 1/10000 
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Supplementary Table 4. Primers and corresponding restriction digests used to clone the NanoBRET expression plasmids. 
 
plasmid Fw primer Rv primer restriction digest 
pNLF1-C (CMV/Hygro)_RRM2 TAGGGCTAGCATGGGAAGGGTCGGA CCGCTCGAGTTGAAGTCAGCATCCAAGGTAA NheI/XhoI 
pNLF1-C (CMV/Hygro)_PHF6 GGCTAGCATGTCAAGCTCAGTTGAAC CGCTCGAGGAGTTTCCATTAAGTTGCTG NheI/XhoI 
pNLF1-N (CMV/Hygro) _RRM2 TCAGAGCTCGCATGGGAAGGGTCGGA CAAATCTAGACTAGAAGTCAGCATCCAAGGTAA sacI/XbaI 
pNLF1-N (CMV/Hygro) _PHF6 TCAGAGCTCGTATGTCAAGCTCAGTT CAAATCTAGACTAGTTTCCATTAAGTTGCTG sacI/XbaI 
pHTC HaloTag CMV-neo _RRM2 TAGGGCTAGCATGGGAAGGGTCGGA GTTGGCTCGAGGAAGTCAGCATCCAAG NheI/XhoI 
pHTC HaloTag CMV-neo _PHF6 GGCTAGCATGTCAAGCTCAGTTGAAC TGGCTCGAGGTTTCCATTAAGTTGC NheI/XhoI 
pHTN HaloTag CMV-neo _RRM2 TCAGAGCTCGCATGGGAAGGGTCGGA CAAATCTAGACTAGAAGTCAGCATCCAAGGTAA sacI/XbaI 
pHTN HaloTag CMV-neo _PHF6 TCAGAGCTCGTATGTCAAGCTCAGTT CAAATCTAGACTAGTTTCCATTAAGTTGCTG sacI/XbaI 
     
plasmid Fw primer Rv primer restriction digest 
pNLF1_N_PHF6 _Fr1 TCAGAGCTCGTATGTCAAGCTCAGTT CAAATCTAGACTACGTGCCTCTTTTAATTTCC sacI/XbaI 
pNLF1_N_PHF6 _Fr2 TCAGAGCTCGTATGTCAAGCTCAGTT CAAATCTAGACTACTCCAGTTCATGTTCATTA sacI/XbaI 
pNLF1_N_PHF6 _Fr3 TCAGAGCTCGTATGTCAAGCTCAGTT CAAATCTAGACTAGTCACTAGGGCTGCTTC sacI/XbaI 
pNLF1_N_PHF6 _Fr4 TCAGAGCTCGTATGTCAAGCTCAGTT CAAATCTAGACTATGTTGTTGTGAGCTGG sacI/XbaI 
pNLF1_N_PHF6 _Fr5 TCAGAGCTCGTATGTCAAGCTCAGTT CAAATCTAGACTACTCATCTTCTTCATCTCTCTC sacI/XbaI 
pNLF1_N_PHF6 _Fr6 TCAGAGCTCGTCTTCAGGAGATTAAAC CAAATCTAGACTAGTTTCCATTAAGTTGCTG sacI/XbaI 
pNLF1_N_PHF6 _Fr7 TCAGAGCTCGTGATAGGTCTCCAC CAAATCTAGACTAGTTTCCATTAAGTTGCTG sacI/XbaI 
pNLF1_N_PHF6 _Fr8 TCAGAGCTCGTACTGCACATAACTCC CAAATCTAGACTAGTTTCCATTAAGTTGCTG sacI/XbaI 
pNLF1_N_PHF6 _Fr9 TCAGAGCTCGTATGCTCTTTTCATC CAAATCTAGACTAGTTTCCATTAAGTTGCTG sacI/XbaI 
pNLF1_N_PHF6 _Fr10 TCAGAGCTCGTCTGATGTGTTCTTTGTG CAAATCTAGACTATTTCTTGTGTTTTCGGCAATAG sacI/XbaI 
pNLF1_N_PHF6 _Fr11 TCAGAGCTCGTCTGATGTGTTCTTTGTG CAAATCTAGACTAGCAATAGACCATGTAAATTCCTT sacI/XbaI 
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Supplementary Table 5.  Sequences of primers used in this manuscript. 
 
Primers used for qPCR 
 

Gene Forward Primer Reverse Primer 
B2M (human)  TGCTGTCTCCATGTTTGATGTATCT TCTCTGCTCCCCACCTCTAAGT 
HMBS (human) GGCAATGCGGCTGCAA GGGTACCCACGCGAATCAC 
HPRT1 (human) TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT 
PHF6 (human) AAAAGGGCCTACAAGACAG ACAATGGCACAAAGAACAC 
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Dataset: PHF6 knockdown in SH-SY5Y
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