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ABSTRACT 
 
Plant homeodomain (PHD) fingers are critical effectors of histone post-translational modifications 

(PTMs), acting as regulators of gene expression and genome integrity, and frequently presenting 

in human disease. While most PHD fingers recognize unmodified and methylated states of 

histone H3 lysine 4 (H3K4), the specific functions of many of the over 100 PHD finger-containing 

proteins in humans remain poorly understood, despite their significant implications in disease 

processes. In this study, we undertook a comprehensive analysis of one such poorly 

characterized PHD finger-containing protein, PHRF1. Using biochemical, molecular, and cellular 

approaches, we show that PHRF1 robustly binds to histone H3, specifically at its N-terminal 

region. Through RNA-seq and proteomic analyses, we also find that PHRF1 is intricately involved 

in transcriptional and RNA splicing regulation and plays a significant role in DNA damage 

response (DDR). Crucially, mutagenesis of proline 221 to leucine (P221L) in the PHD finger of 

PHRF1 abolishes histone interaction and fails to rescue defective DDR. These findings 

underscore the importance of PHRF1-H3 interaction in maintaining genome integrity and provide 

insight into how PHD fingers contribute to chromatin biology. 

 
INTRODUCTION 
 
Histone proteins – fundamental to the organization and packaging of the genome – are chemically 

modified by various "writer" and "eraser" enzymes that install or remove histone post-translational 

modifications (PTMs), respectively (1, 2). These histone PTMs play a central role in chromatin 

function, largely through their ability to recruit effector or "reader" domain-containing proteins that 

interact with histones, DNA and other chromatin-associated proteins to regulate gene 

transcription and other DNA templated functions such as DNA repair (2, 3). The diverse patterns 

of histone PTMs, referred to as the Histone Code, are recognized by different reader proteins, 

which modulate chromatin structure and function (2, 3). Dysregulation of the epigenetic 

machinery, notably the readers and writers, is implicated in a wide range of human diseases, 

including cancer (4). Despite significant progress, many annotated reader domains have gone 

uncharacterized, and even less is understood about how tandem readers in chromatin-associated 

proteins function in a combinatorial manner. Given the link between plant homeodomain (PHD) 

fingers and diseases such as breast cancer and leukemia (5–10), there is a pressing need to 

elucidate their histone-binding preferences and roles in chromatin biology. 
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In an effort to elucidate the role of PHD fingers, we recently examined the histone binding 

preference(s) of multiple members of the PHD domain family (11). This work identified several 

PHD-histone interactions that were previously unknown, one of which was the interaction of 

PHRF1 (PHD and RING Finger protein 1) with the unmodified N-terminus of histone H3. PHRF1 

is an E3 ubiquitin ligase that contains a C-terminal SRI (Set2-Rpb1 Interacting) domain known to 

bind the C-terminal tail of RNA polymerase II (RNAPII) (12–14) (Figure 1A). Several reports 

suggest that PHRF1 plays significant roles in cancer biology. For example, overexpression of 

PHRF1 in MCF-7 breast cancer xenografts almost completely abrogates tumor growth (12), 

highlighting its potential therapeutic relevance. Conversely, overexpression of PHRF1 in lung 

cancer showed the opposite effect, suggesting context-dependent roles for this enzyme in 

cancer (15). Additionally, genome-wide association studies have implicated PHRF1 in 

autoimmune diseases such as systemic lupus erythematosus (16, 17), and recent work has 

implicated its ubiquitination activity in non-homologous end joining DNA damage repair (18).  

While these discoveries underscore the biological significance of PHRF1, there remains 

a lack of thorough characterization of this protein’s functions in chromatin biology, particularly in 

human disease. Given that PHRF1 harbors canonical chromatin-interacting domains such as a 

PHD finger, it is crucial to understand how interaction of PHRF1 with histones contributes to its 

biological functions. With this in mind, we sought to further understand the histone binding activity 

of PHRF1 and to ask if this binding is functionally relevant to the biological roles of PHRF1. Since 

our understanding of PHRF1 is also very limited, a holistic approach to define its roles in 

transcription and DNA repair is warranted.  

In this report, we comprehensively examine the histone interactions of PHRF1 and further 

define how this E3 ubiquitin ligase contributes to transcriptional regulation as well as DNA damage 

response (DDR). We provide evidence that H3 reading by PHRF1 plays a critical role in DDR, 

highlighting the importance of PHRF1’s PHD finger to chromatin-based events. As PHRF1 is 

overexpressed in multiple cancers, our findings suggest the PHD-histone reading activity of 

PHRF1 will be important to its contribution to cancer. 

 
MATERIALS AND METHODS 
Antibodies 

 GST (in-house generated, 1:1000), H3 (in-house generated, 1:5000), PHRF1 (in-house 

generated, 1:500), GAPDH (Cell Signaling Technology (CST) 5104, 1:5000), γH2A.X (CST 

80312, 1:200), 53BP1 (CST 4937, 1:400), RNAPII (Active Motif 39497, 1:500), SRSF1 

(ThermoFisher 32-4600, 1:2000), PARP1 (CST 9542, for IB: 1:1000, for IF: 1:250). 
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Structural homology modeling 

 The amino acid sequence for the PHD region of human PHRF1 (Uniprot ID: Q9P1Y6; 

residues 182-233) and the N-terminus of human histone H3.1 (Uniprot ID: P6843; residues 1-8) 

were used as input queries in Alphafold2 (Alphafold-Multimer) (19). Once models were generated, 

the best model was visualized in PyMOL (Schrodinger, LLC). For visualization purposes, 

PHRF1’s PHD was represented as a protein’s globular surface, with electrostatic potentials 

calculated via the APBS plugin in PyMOL. 

 

Generating GST-PHRF1 constructs 

 Constructs shown in Figure 1D were all derived from the GST-PHRF1RP (containing 

residues 107-232 of PHRF1) pGEX6T plasmid initially reported in an earlier study (11). 

Specifically, the RING domain (residues 107-148) was deleted to generate GST-PHRF1 Linker + 

PHD (GST-PHRF1PHD) and P221 was mutated to a leucine residue in the GST- PHRF1RP 

construct to create GST-PHRF1RP(P221L) using a QuikChange II Site-Directed Mutagenesis Kit from 

Agilent Technologies. All constructs were purified and quantified identically, as described 

previously (11). 

 

Histone peptide microarrays 

 Histone peptide microarrays with GST-tagged PHRF1 constructs from Figure 1D were 

performed and quantified as previously reported (11). Experiments were carried out in 

quadruplicate. See Supplementary File 1 for full results. 

 

Histone peptide fluorescence polarization 

 Fluorescence polarization with GST-PHRF1 constructs and a C-terminally fluorescently 

labeled H3 peptide (ARTKQTARKSTGGKAPRKQL-K(5-FAM)-NH2; H3 (1-20)-FAM) was carried 

out similarly to a previously described protocol (20). Briefly, GST-PHRF1RP, GST-PHRF1PHD, and 

GST-PHRF1RP(P221L) proteins were titrated from 50 to 0.0061 μM and 0 μM and incubated with 50 

nM H3 (1-2)-FAM 20 mM Tris (pH 8.0), 250 mM NaCl, 1 mM DTT, and 0.05% NP-40 for 20 

minutes in 40 μL reactions in black, flat-bottomed 384-well plates (Costar). Fluorescence 

polarization was measured on CLARIOstar Plus plate reader (BMG Labtech) using an excitation 

filter of 482 nm and emission filter of 515-530 nm. In order to determine dissociation constants 

(KD), data were graphed and fit to a one-site binding model in GraphPad Prism 10.0. 
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dCypher nucleosome alphascreen binding assays 

 dCypher binding assays were performed using GST-PHRF1RP (3nM) and differentially 

modified biotinylated nucleosomes (10 nM; EpiCypher Inc.). Binding was detected using 

AlphaScreen technology (Revvity) and all reactions were carried out in duplicate and performed 

as in Jain et al. (21). 

 

Nucleosome pulldown assays 

Nucleosome pulldown assays were performed using a binding buffer (NBB) composed of 

50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% bovine serum albumin (BSA), 0.1% NP-40, and 10% 

glycerol. For each binding reaction, 2.5 pmol of protein (GST-PHRF1RP, GST-PHRF1PHD, or GST-

PHRF1RP(P221L)) were diluted in 22.5 µL of NBB and mixed with 12.5 pmol of differentially modified 

biotinylated nucleosomes (EpiCypher Inc.); negative controls without nucleosomes were 

included. The mixtures were rotated at 4°C overnight. Streptavidin magnetic beads (1 µL per 

reaction; Invitrogen Dynabeads M-280 Streptavidin) were washed twice with NBB and 

resuspended in 7.5 µL of NBB per reaction before being added to the samples and rotated for 1 

hour. Beads were then washed three times with 200 µL of NBB, rotating for 5 minutes at 4°C 

during each wash, and finally resuspended in 15 µL of 1× SDS loading dye for immunoblot 

analysis, using an anti-GST antibody to detect PHRF1 and an anti-H3 antibody for 

loading/presence of nucleosomes. 

 

Biolayer Interferometry (BLI) 

Biolayer interferometry (BLI) was carried out using GST-PHRF1RP and GST-

PHRF1RP(P221L) and biotinylated unmodified nucleosomes (25 nM) immobilized on streptavidin 

biosensors (Sartorius). All samples were prepared in 20 mM MOPS (pH 7.0), 150 mM KCl, 1 mM 

DTT, and 0.2 mg/mL BSA as reported previously (22). Streptavidin biosensors were hydrated in 

the BLI buffer for 30 minutes prior to data collection. Experiments were performed at 37°C in 

black, 96-well plates (Greiner Bio-One), while shaking at 1,000 rpm. Importantly, data were 

collected at 10 Hz, with an experimental scheme as follows: 10 minutes of temperature pre-

equilibration, 180s of buffer equilibration, 300s of biotinylated nucleosome loading, 120s of 

baseline equilibration, 300s of GST-protein association with nucleosomes, 300s of dissociation. 

GST-PHRF1RP concentrations used were 20, 10, 5, 2.5, 1.25 and 0 µM. GST-PHRF1RP(P221L) 

concentrations used were 25, 12.5, 6.25, 3.125, 1.625, and 0 µM. Data were collected on a 

ForteBio Octet Red834 BLI instrument and were analyzed using the Octet Analysis Software in 

order to determine KD values. Data was background subtracted using the 0 µM runs. 
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Cell lines and culture conditions 

The following human cell lines were obtained from the American Type Culture Collection 

(ATCC, Manassas, VA, USA): MCF-7 (ATCC HTB-22), BT-20 (ATCC HTB-19), T47-D (ATCC 

HTB-133), NCI-H1299 (ATCC CRL-5803), NCI-H1650 (ATCC CRL-5883), A549 (ATCC CCL-

185), HCT116 (ATCC CCL-247), HEK293T (ATCC CRL-11268), NCI-N87 (ATCC CRL-5822), 

U87-MG (ATCC HTB-14), SKOV3 (ATCC HTB-77), and HeLa (ATCC CCL-2). The SNU1040 cell 

line was obtained from Dr. Tom Smithgall (University of Pittsburgh, Pittsburgh, PA) and the HKC 

cell line was obtained from Dr. Lorraine Racusen (Johns Hopkins Hospital, Baltimore, MD). 

HEK293T, HKC, MCF-7, HeLa, BT-20, and U87-MG cells were cultured in Dulbecco's Modified 

Eagle's Medium (DMEM), with MCF-7 cells additionally supplemented with 0.01 mg/mL human 

recombinant insulin. T47-D cells were grown in RPMI-1640 medium supplemented with 

0.2 units/mL human recombinant insulin. NCI-H1299, NCI-H1650, NCI-N87, and SNU1040 cells 

were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium. A549 cells were grown in 

F-12K. HCT116 and SKOV3 cells were maintained in McCoy's 5A medium. All cell lines were also 

supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL 

streptomycin, and were incubated at 37 °C in a humidified atmosphere containing 5% CO2. 

 

Whole cell lysate preparation 

 For preparation of whole-cell lysates (WCLs) from human cells, cells were resuspended 

in RIPA buffer containing 25 mM HEPES (pH 8.0), 150 mM NaCl, 1% NP-40, 0.1% SDS, and 

0.5% sodium deoxycholate, supplemented with freshly added protease inhibitors 

[phenylmethylsulfonyl fluoride (PMSF), pepstatin, leupeptin, and aprotinin]. Protease inhibitors 

were added from stock solutions at 1,000× concentration for aprotinin, leupeptin, and pepstatin, 

and 100× for PMSF (0.1 M) homogenized by pipetting up and down. Universal Nuclease (250 U 

per sample; Pierce) was added, and the lysates were rotated at 4 °C for 1.5 hours. Lysates were 

then centrifuged at 13,000 rpm for 2 minutes at 4 °C, and the supernatants (WCLs) were collected. 

Protein concentrations were determined using the detergent-compatible Bradford assay 

(ThermoFisher). WCLs were further analyzed by immunoblotting/western blot analysis. 

 

PHRF1 co-immunoprecipitation 

For immunoprecipitation of PHRF1, HeLa cells were lysed in lysis buffer containing 50 mM 

HEPES (pH 8.0), 150 mM NaCl, and 1% NP-40, supplemented with freshly added protease 

inhibitors (PMSF, pepstatin, leupeptin, and aprotinin). Universal Nuclease (1000U per sample) 
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was added, and the lysates were incubated with gentle rotation at 4 °C for 1 hour. After 

centrifugation at 13,000 rpm for 5 minutes at 4 °C, the supernatants (whole-cell lysates, WCLs) 

were collected. WCLs were pre-cleared by incubating with 40 μL of equilibrated Protein G agarose 

beads (ThermoFisher) for 30 minutes at 4 °C, followed by centrifugation to remove the beads. The 

pre-cleared WCLs were then split equally into two samples: one for immunoprecipitation with anti-

PHRF1 antibody and the other with control IgG. Separately, 5 μg of anti-PHRF1 antibody (in-

house) or normal rabbit IgG (CST; 2729) was incubated with 35 μL of Protein G Dynabeads 

(ThermoFisher) in lysis buffer containing 1% BSA for 2 hours at 4 °C to immobilize the antibodies. 

The respective WCLs were added to the antibody-conjugated beads and incubated overnight at 

4 °C with rotation. Beads were washed three times with 1 mL of cold PBS, and bound proteins 

were eluted by resuspending the beads in 100 μL of 1× SDS loading dye. Samples were then 

prepared for SDS-PAGE and Western blot analysis. 

 

Cell line generation for BioID mass spectrometry 

For BioID experiments, Flp-In T-REx HeLa cells were used and a construct encoding 

miniTurbo-tagged PHRF1 was generated via Gateway cloning into pDEST 3′ miniTurbo-3XFlag 

pcDNA5-FRT-TO as per (23). MiniTurbo-3XFlag - and miniTurbo-3XFlag -GFP expressing cells 

were used as negative controls and processed in parallel. BioID stable cell lines were selectively 

grown in the presence of 200 μg/mL hygromycin until 80% confluent, when expression was 

induced via 1 μg/mL tetracycline for 23 h. Then, the cells were treated with 50 μM biotin for 1 h 

and harvested and stored at -80°C until streptavidin purifications. 

 

Proximity-dependent biotinylation (BioID) 

The BioID protocol was adapted from (23), with slight modifications. Cells from two 15 cm 

plates were pelleted, frozen, and thawed in 1.5 mL ice cold radioimmunoprecipitation buffer 

(RIPA; 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% NP-40, 1 mM ethylenediaminetetraacetic 

acid, 1 mM ethylene glycol tetraacetic acid, 0.1% sodium dodecyl sulfate, and 0.5% sodium 

deoxycholate). Phenylmethylsulfonyl fluoride (1 mM), DTT (1 mM), and Sigma-Aldrich protease 

inhibitor cocktail (1:500) were added immediately before use. The samples were sonicated in 30 

s bursts with 2 s pauses every 10 s at 35% amplitude using a Q125 sonicator (QSONICA). Then, 

turbonuclease (100 units, Sigma-Aldrich, T4332) was added and the lysates were rotated at 4°C 

for 1 h. For each sample, 60 μL of Streptavidin Sepharose High Performance Affinity 

Chromatography Medium (Cytiva, Cat 17-5113-01) was prewashed three times with 1 mL of RIPA 

buffer, by pelleting the beads with gentle centrifugation and aspirating the supernatant before 
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adding the next wash. Biotinylated proteins were captured on pre-washed streptavidin beads for 

3 h at 4°C with rotation. The beads were gently pelleted and then washed twice with 1 mL of RIPA 

buffer and three times with 1 mL of 50 mM ammonium bicarbonate (pH 8.0). Following the final 

wash, the beads were pelleted and any excess liquid was aspirated. Beads were resuspended in 

100 μL of 50 mM ammonium bicarbonate, and 1 μg of trypsin solution was added. The samples 

were rotated overnight at 37°C and then an additional 1 μg of trypsin was added, followed by an 

additional 2–4 h of incubation. The beads were pelleted and the supernatant was transferred to a 

fresh tube. The beads were rinsed twice with 100 μL of high-performance liquid chromatography-

grade acetonitrile and the wash fractions were combined with the supernatant. The peptide 

solution was acidified with 50% formic acid to a final concentration of 2% and the samples were 

dried in a SpeedVac. Samples were acidified with formic acid to a final concentration of 2% and 

desalted using homemade C18 Stage Tips as previously described (24). Tryptic peptides were 

stored at -80°C until MS analysis. 

 

Experimental design and statistical rationale for MS experiments 

For each analysis, at least two biological replicates of each tagged proteins were 

processed independently, with negative controls included in each batch of processed samples. 

The order of sample acquisition on the LC-MS/MS system was randomized. Statistical scoring 

was performed against the negative controls using LFQ-Analyst using default settings (25). 

 

Data dependent acquisition MS 

MS analyses were performed at the Proteomics Platform of the Quebec Genomics Center. 

Peptide samples were separated by online reversed-phase nanoscale capillary liquid 

chromatography and analyzed by electrospray MS/MS. The experiments were performed with a 

Dionex UltiMate 3000 RSLCnano chromatography system (Thermo Fisher Scientific) connected 

to an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific) equipped with a 

nanoelectrospray ion source. Peptides were trapped at 20 μL/min in loading solvent (2% 

acetonitrile, 0.05% TFA) on an Acclaim 5μm PepMap 300 μ-Precolumns Cartridge Column 

(Thermo Fisher Scientific) for 5 min. Then, the precolumn was switched online with a laboratory-

made 50 cm × 75 μm internal diameter separation column packed with ReproSil-Pur C18-AQ 3-

μm resin (Dr. Maisch HPLC) and the peptides were eluted with a linear gradient of 5–40% solvent 

B (A: 0,1% formic acid, B: 80% acetonitrile, 0.1% formic acid) over 90 min at 300 nL/min. Mass 

spectra were acquired in data-dependent acquisition mode using Thermo XCalibur software 

version 3.0.63. Full scan mass spectra (350–1,800 m/z) were acquired in the Orbitrap using an 
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AGC target of 4e5, a maximum injection time of 50 ms, and a resolution of 120,000. Internal 

calibration using lock mass on the m/z 445.12003 siloxane ion was used. Each MS scan was 

followed by acquisition of the fragmentation spectra of the most intense ions for a total cycle time 

of 3 s (top speed mode). The selected ions were isolated using the quadrupole analyzer in a 

window of 1.6 m/z and fragmented by higher energy collision-induced dissociation at 35% collision 

energy. The resulting fragments were detected by the linear ion trap in rapid scan rate with an 

AGC target of 1e4 and a maximum injection time of 50 ms. Dynamic exclusion of previously 

fragmented peptides was set for a period of 20 sec and a tolerance of 10 ppm. 

 

Protein identification and enrichment quantification  

MaxQuant (version 2.0.3.0; http://www.maxquant.org/) was used to identify and 

quantify proteins in the dataset, using default parameters with a few exceptions. Peptides were 

identified from MS/MS spectra using UniProt Human Proteome UP000005640_9606 (UniProt 

release 2023_03, containing 20,586 proteins) as a reference database. Fractions from the same 

sample were set as individual experiments in the same parameter group. Replicates were 

processed independently. Methionine oxidation and N-terminal acetylation were set as variable 

modifications. Trypsin was selected as the protease, with up to two missed cleavages allowed. 

The peptide length range was set from 7–25, with a maximum mass of 4600 Da. The false 

discovery rate was set to 0.01 for peptides, proteins, and sites. The analysis was performed using 

label-free quantification with MaxLFQ implemented in MaxQuant (26). The “proteinGroups” .txt 

files produced by MaxQuant were used as input files to analyze and visualize the data in volcano 

plots with LFQ-Analyst using default settings (25). Detailed MS data are provided in 

Supplementary File 2. 

 

CRISPR-Cas9-directed knockout of PHRF1 

 A predesigned synthetic guide RNA (sgRNA) against PHRF1 was purchased from 

Integrated DNA Technologies (IDT) with a sequence of 5’ GGAGAACACCAAAGCGAGCG 3’. 

CRISPR-Cas9 ribonucleoprotein (RNP) complexes were prepared fresh by mixing 50 pmol Cas9 

protein (61µM) with 100 pmol sgRNA, bringing up to a volume of 4 µL in 1X phosphate buffered 

saline (PBS), incubating at room temperature for 20 minutes. 5´105 cells were trypsinized, 

washed in 1X PBS, and resuspended in 20 µL of supplemented SE Nucleofector Solution as per 

the manufacturer’s guidelines for HeLa and HCT116 cells (Lonza Bioscience). The entire RNP 

complex solution and 1 µL 100 µM Alt-R Cas9 electroporation enhancer (IDT) were added to each 

20 µL cell aliquot before being transferred to a nucleocuvette (Lonza Bioscience). The following 
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electroporation protocols were used on a Lonza 4D-Nucleofector System: CN114 for HeLa and 

EN113 for HCT116. Cells were then transferred to the appropriate pre-warmed media in a well 

from a 12-well tissue culture plate and allowed to recover at 37°C. Once the cells were confluent, 

they were diluted in 15cm tissue culture dishes and resultant colonies were picked/screened for 

PHRF1 expression by immunoblotting (data not shown). Clones showing lack of PHRF1 protein 

relative to control/untreated cells were expanded for use as ∆PHRF1 cells. 

 

RNA extraction, sequencing, analysis, and rMATS 

Total RNA was extracted from 1´106 control and ∆PHRF1 cells in biological triplicate (for 

both HeLa and HCT116) using TRIzol reagent (Invitrogen), following the manufacturer’s protocol. 

Purity and concentration were initially assessed using a NanoDrop spectrophotometer. cDNA 

library preparation and next-generation sequencing were performed by Novogene. Specifically, 

150 nt paired-end sequencing was performed with read depth of 80 million reads per replicate 

and 20 million reads per replicate for HeLa and HCT116 cells, respectively. Raw sequencing 

reads in FASTQ format were aligned to the human reference genome (GRCh38) using STAR 

aligner (version 2.7.3a) (27). Alignment and transcript quantification were performed using Partek 

Flow software (version 10.0; Partek Incorporated, St. Louis, MO, USA). Transcript quantification 

utilized the Partek E/M algorithm within Partek Flow. Differential gene expression analysis was 

carried out using DESeq2 (version 1.26.0) (28) within the Partek Flow environment. Lists of 

differentially expressed genes for HeLa and HCT116 cells (∆PHRF1 versus control) can be found 

in Supplementary Files 4 and 8, respectively. For HeLa RNA-seq, alternative splicing events were 

determined using replicate Multivariate Analysis of Transcript Splicing (rMATS, version 4.0.2) 

(29). For full list of differential alternative splicing events, please see Supplementary File 6. 

 

GO-term/Pathway analyses 

Gene ontology (GO)-term and pathway analyses for proteomic and genomic data were 

performed using a variety of tools. For BioID GO-term analysis, proteins that were significantly 

enriched with PHRF1 (p-value <0.05, log2(fold-change) >1; Supplementary File 2) were entered 

into DAVID Bioinformatic Resources (30). Specifically, the following databases were searched: 

UP_KW_Biological_Process, GOTERM_CC_DIRECT, GOTERM_MF_DIRECT, and 

GOTERM_BP_DIRECT (see Supplementary File 3 for full list). Ingenuity Pathway Analysis (IPA; 

Qiagen, Inc.) was used for pathway analysis of RNAseq data from HeLa and HCT116 cells. 

Specifically, for the HeLa RNAseq data, the input differentially expressed genes (DEGs) list was 

generated after applying an FDR cutoff of 0.0001, and for HCT116 cells an FDR cutoff of 0.05. 
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Pathway enrichment was determined using the Ingenuity Knowledge Base within the IPA software 

(see Supplementary Files 5 and 9 for full lists). Finally, after rMATS analysis was performed on 

aligned reads from the HeLa RNAseq experiment, a filtered list (FDR <0.05 and ∆Ψ >0.1) was 

used for functional analysis. The GO Biological Process database on Enrichr (31) was used to 

analyze significantly enriched biological processes (see Supplementary File 7). For all methods 

discussed, the enrichment of select terms/pathways was represented in bubble plots generated 

using RStudio 4.1.1 and the ggplot2 package. 

 

PHRF1 expression in cancer cells and overall survival in cancers 

 PHRF1 expression data were obtained from the DepMap database (24Q2 release) (32, 

33), which provides gene expression profiles for a wide range of cancer cell lines. Lineages 

corresponding to individual cell lines were then categorized into broader tissue types. Specifically, 

each lineage term was assigned to one of the following primary tissue types: Blood/Immune, 

Digestive, Reproductive, Skin/Soft Tissue, Urinary, Respiratory, Nervous, Endocrine, 

Musculoskeletal, or Other. For example, the Breast lineage was categorized under Reproductive, 

while Myeloid and Lymphoid lineages were assigned to the Blood/Immune category. After 

categorization, expression values corresponding to each lineage were aggregated within their 

respective tissue type categories. A box-whisker plot was generated in R using the ggplot2 

package to visualize the distribution of expression values across the categorized tissue types. 

Jittered individual data points were overlaid to highlight the variability within each category. 

Median expression values were calculated and used to sort the tissue types from lowest to 

highest, with plots subsequently saved as SVG files for inclusion in the final manuscript. 

Additionally, a Kaplan-Meier (KM) survival plot for overall cancer survival based on PHRF1 

expression was generated using GEPIA, which utilizes data from The Cancer Genome Atlas 

(TCGA) (34) and Genotype-Tissue Expression (GTEx) (35) projects to assess the prognostic 

value of gene expression in various cancers. 

 

Generation of stable ∆PHRF1 complementation cell lines 

 HCT116 ∆PHRF1 cells were infected with lentivirus containing plasmids expression N-

terminally 3XFlag-tagged PHRF1 (3XFlag-PHRF1WT), PHRF1P221L (3XFlag-PHRF1P221L), or a 

3XFlag containing empty vector (EV), followed by selection with blasticidin (7.5 µg/mL); HCT116 

control cells were also infected with eh EV lentivirus. Selection was conducted alongside HCT116 

cells that were not infected with lentivirus containing blasticidin resistance as a gauge for efficient 

selection. Once selection was confirmed, clones were isolated identically to those for ∆PHRF1 
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cells earlier, through dilution, picking, and assessing of the PHRF1 protein via immunoblotting 

compared to the control and ∆PHRF1 cells (data not shown). Clones showing continued lack of 

PHRF1 protein expression (along with blasticidin resistance) were designated ∆PHRF1+EV and 

clones with similar PHRF1 protein expression to that seen in control HCT116 cells were 

designated as either Control+EV, ∆PHRF1+3XFlag-PHRF1 WT or ∆PHRF1+3XFlag-PHRF1P221L. 

 

Live-cell imaging growth analysis of HCT116 cell lines 

 Control+EV, ∆PHRF1+EV, ∆PHRF1+3XFlag-PHRF1WT, and ∆PHRF1+3XFlag-

PHRF1P221L HCT116 cells were harvested at approximately 70% confluence, counted, and 

seeded into 96-well plates at a density of 1,000 cells per well in 100 µL growth medium (see 

above), with each cell line seeded in biological triplicates. Immediately after seeding, plates were 

placed in the IncuCyte S3 Live-Cell Analysis System for live-cell imaging. Images were captured 

every 4 hours over one week using a 10X objective lens, with four fields of view per well. The 

IncuCyte S3 software quantified cell confluence as the percentage of area occupied by cells; data 

from the four fields per well were averaged at each time point and then averaged across triplicates 

for each cell line. Confluence data were exported to GraphPad Prism 10 for plotting growth curves; 

for each cell line, data were individually normalized to their confluence at time zero to account for 

any initial differences. 

 

Zeocin DNA damage recovery assay, immunofluorescence, and immunoblotting 

To induce DNA double-strand breaks (DSBs), cells were first seeded at a density of 10,000 

cells per well 96-well µClear plates (Greiner Bio-One) in triplicate and grown to confluence for 2 

days. Cells were then treated with zeocin (Invitrogen) under specific conditions. Control and 

∆PHRF1 HeLa cells were exposed to 50 µg/mL zeocin for 30 minutes at 37°C, whereas Control, 

∆PHRF1, and complemented HCT116 cells (Control+EV, ∆PHRF1+EV, ∆PHRF1+3XFlag-

PHRF1WT, and ∆PHRF1+3XFlag-PHRF1P221L) were treated with 10 µg/mL zeocin for the same 

duration and temperature. Following treatment, cells were washed three times with pre-warmed 

phosphate-buffered saline (PBS) to remove residual zeocin. Fresh complete medium was added, 

and the cells were allowed to recover at 37°C. Samples were fixed in 4% methanol-free 

formaldehyde (ThermoFisher) for 15 min at room temperature at designated time points during 

the recovery phase—specifically at untreated, 0, 1, 4, 11, and 26 h for HeLa cells and untreated, 

0, 1, 4, 8, and 12 h for HCT116 cells post-washout—for subsequent analyses. Following fixation, 

the cells were washed three times in 1X PBS and then permeabilized in 0.5% Triton X-100 in 

1XPBS for 10 minutes at room temperature. Cells were subsequently washed three times with 
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PBS. Cells were then blocked in 6% BSA in 1XPBS for 30 min at room temperature before 

incubation in primary antibody for 3 h at room temperature. After washing the cells in PBS again, 

the cells were incubated in secondary antibodies (anti-rabbit AlexaFlour 488 and anti-mouse 

AlexaFluor 594) at 1:500 for 1.5 h at room temperature in the dark. Cells were washed and stained 

with DAPI. Cells were again washed and stored in 1XPBS until imaging. In each cell line 

discussed, PHRF1 protein expression at each time point was assessed by western blot analysis 

of whole cell lysates made in RIPA buffer. 

 

Microscopy and Imaging Analysis 

 For purposes of quantification, widefield images were acquired using a GE IN CELL 

Analyzer 2200 with a 40X/0.95 Plan-Apo objective. Images were processed in ImageJ and 

CellProfiler. For purposes of visualization, confocal images were acquired on a Zeiss 880 confocal 

microscope using a Plan-Apo 20X/0.8 WD 0.55mm at 4X zoom. Z-stacks of 0.9 µm slices were 

taken and maximum intensity projections were made in ImageJ for display. Signal intensities and 

DNA damage foci from widefield microscopy were quantified using CellProfiler (version 4.2.4)(36). 

First, flat-field correction was applied to all images using CellProfiler and ImageJ. From the 

corrected images, nuclei were segmented using DAPI signal. For HeLa cells, γH2A.X integrated 

signal intensity, 53BP1 foci, and PARP1 foci were detected and related to parent nuclei. For 

HCT116 cells, γH2A.X and 53BP1 foci were detected and related to parent nuclei. Quantified 

intensity and foci values were plotted in GraphPad Prism 10.0. 

Statistical analyses were performed using R software. Quantile Generalized Additive 

Modeling (qGAM) (37) was employed to model the time-dependent accumulation of DNA damage 

markers across all cell lines used in the experiments. Baseline differences between the various 

cell lines were assessed using parametric coefficients derived from the qGAM models, and the 

statistical significance of these coefficients was evaluated using Wald’s test. To determine the 

statistical significance of differences in foci accumulation patterns over time among the groups, 

Likelihood Ratio Tests (LRTs) were conducted. The LRTs compared the full qGAM model, which 

allows for different time-dependent patterns between the groups, to a null model that assumes all 

groups follow the same pattern. A Bonferroni test for multiple comparisons was applied when 

comparing the HCT116 complemented cell lines. A p-value less than 0.05 was considered 

indicative of statistical significance. 

 

Colony formation assays 
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 For colony formation assays under DNA damage, Control and ∆PHRF1 (Figure 6) or 

Control+EV, ∆PHRF1+EV, ∆PHRF1+3XFlag-PHRF1WT, and ∆PHRF1+3XFlag-PHRF1P221L 

(Figure 7) HCT116 cells were harvested at approximately 70% confluence, counted, and seeded 

into 6-well plates at a density of 500 cells per well in 2 mL in biological triplicate. Cells were 

allowed to adhere at 37°C overnight. Then old media was replaced with fresh media containing 

0, 0.375, 0.75, and 1.5 µg/mL zeocin. Colonies were allowed to for undisturbed over 9 days. Cells 

were then washed in 1XPBS, fixed in 4% formaldehyde, and stained with 0.5% crystal violet. After 

washing off residual crystal violet and drying, each well was imaged and growth area was 

calculated using ImageJ. Then growth data was at each concentration of zeocin was normalized 

to the growth observed in untreated wells within each cell line. This data was plotted in GraphPad 

Prism 10, using a Kruskal-Wallis test to determine statistical significance. 

 

RESULTS 
The PHD finger of PHRF1 binds the N-terminus of histone H3 

 Our previous examination of the PHD finger domain-containing family for their histone 

interactions identified the PHD finger of PHRF1 as an H3K4me0 reader (11). This result was 

unexpected, as a previous study reported this PHD finger to associate with H3K36me3 (18). To 

address this conflict we started from an in silico structural homology model, creating a structural 

homology model of the PHD finger of PHRF1 bound to the first eight residues of histone H3 using 

Alphafold-Multimer (Figure 1A and 1B) (19). As shown in Figure 1B, the PHRF1 PHD finger 

formed a pocket that was found to primarily engage the extreme N-terminus of H3 (residue A1) 

as well as the side chain of H3K4, which fits into a long, aliphatic groove. This finding is consistent 

with how other PHD fingers associate with H3K4me0 (38). 

Further examination of the aforementioned structural homology model showed that the 

sidechain of H3A1 fits directly into a pocket formed by residue P221 (Figure 1C). P221 is notable, 

as this proline is reported in the COSMIC database to be mutated to leucine in multiple cancers 

(39). To determine if P221L would disrupt PHRF1:H3 interaction, we generated wild-type or 

P221L mutated forms of the PHRF1 RING-PHD region as GST-tagged recombinant fusions 

(GST-PHRF1RP and GST-PHRF1RP(P221L), respectively) for a range of in vitro biochemical 

experiments. Additionally, we also generated a version that possessed just the PHD finger of 

PHRF1 (GST-PHRF1PHD) (Figure 1D). These proteins were applied on our histone PTM peptide 

microarrays, which contain over 300 differentially-modified histone peptides. These analyses 

confirmed our previous finding that the PHD region of PHRF1 binds to H3 peptides that are 

unmodified at H3K4 (Figure 1E top and middle images); quantification of binding is found in Figure 
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1F and Supplementary File 1. Importantly, the GST-PHRF1RP(P221L) fusion showed virtually no 

binding to any histone peptide on the microarray (Figure 1E bottom, 1F, and Supplementary File 

1), validating the importance of P221 in PHRF1 for H3 interaction. We further characterized this 

H3 interaction quantitatively by probing the binding of our PHRF1 constructs with a C-terminally 

5-FAM-labeled peptide comprised of residues 1-20 of histone H3 (H3 1-20 (FAM)) using 

fluorescence polarization. Again, both GST-PHRF1RP and GST-PHRF1PHD bound to H3 1-

20(FAM) to similar degrees (KD = 3.77 ± 0.66 µM, = 2.60  ± 0.29 µM, respectively), while there 

was little to no observable binding with GST-PHRF1RP(P221L) (Supplementary Figure S1A).  

As histone peptides do not always recapitulate how readers engage the physiological 

substrate of chromatin – i.e., the nucleosome – we next sought to determine the histone binding 

preferences of PHRF1 in the context of nucleosomes (40–42). Accordingly, we analyzed our GST-

PHRF1 fusion proteins using dCypher, a proximity-binding assay optimized for nucleosome 

studies (Supplementary Figure S1B). Examination of the wild-type PHD-containing PHRF1 

fragment (GST-PHRF1RP) confirmed PHD finger-H3 tail binding and further, that this PHD fingers 

does not interact with other histone tails or any methylated lysines. However, it is notable that 

adjacent acylation on H3 (e.g., lysine 9ac/cr) increased the interaction of PHRF1 with H3 

(Supplementary Figure S1B). This observation is fully consistent with studies by our lab and 

others that show H3 acylation reduces histone tail-DNA interaction thereby increasing the 

dynamics and accessibility of the H3 tail for the read-write machinery (22, 43). We also observed 

heightened binding between GST-PHRF1RP and H3K9me3 nucleosomes versus unmodified 

nucleosomes as well—an unexpected interaction for a PHD finger. We further validated these 

dCypher findings using solution-based nucleosome pulldown assays, which again confirmed the 

PHD finger of PHRF1 in both GST-PHRF1RP and GST-PHRF1PHD constructs. These proteins also 

exhibited greatly reduced binding to H3K4 methylated nucleosomes relative to unmodified 

nucleosomes. While the alphascreen assay showed increased binding with the PHD finger of 

PHRF1 and H3K9me3 nucleosomes, we did not observe any difference in binding between 

unmodified and H3K9me3 nucleosomes with the pulldown assay. This discrepancy may be an 

effect of the difference in the nature of the experiment (proximity-based versus traditional liquid 

immobilized binding assays). Finally, our studies also confirmed that PHRF1-nucleosomal binding 

was dependent on the intact PHD finger, as the P221L mutation abolished all nucleosome 

interaction. We also note that while an earlier study reported PHRF1’s PHD to read and bind to 

H3K36me3 (18), our alphascreen and pulldown assays (Supplementary Figure S1B and Figure 

1G) show no difference in PHRF1 binding to H3 unmodified versus H3K36me3 nucleosomes, 

indicating that any observed H3K36me3 binding in the earlier study was likely due to sustained 
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interaction at the H3 N-terminus. Finally, like with peptides, we quantified PHRF1 binding to 

unmodified H3 on nucleosomes through biolayer interferometry (BLI). GST-PHRF1RP exhibited 

similar binding affinity towards its binding partner on nucleosomes as on peptides (KD = 1.01 ± 

0.014 µM, Supplementary Figure S1C; similar to that measured by fluorescence polarization with 

H3 1-20 (FAM) peptide)). Again, GST-PHRF1RP(P221L) showed no detectable binding to 

nucleosomes (Supplementary Figure S1D). 

By utilizing orthogonal binding approaches, structural homology modeling, and modified 

histone peptide and nucleosome libraries, our results show PHRF1’s PHD to have distinct 

preference for binding the extreme N-terminus of H3 and that this binding is crucially controlled 

by one residue that is also reported to be mutated in cancer, PHRF1 P221. 

 

BioID reveals PHRF1 interactions with DNA- and RNA-associated proteins 

 Having analyzed how the reader domain of PHRF1 binds to histones in vitro, we next 

sought to determine what kind of interactions the full-length PHRF1 protein makes in cells. This 

was necessary in order to determine the functional role the histone reader domain has in PHRF1. 

To accomplish this, we conducted a BioID mass spectrometry assay in HeLa cells by labeling 

exogenous PHRF1 with the miniTurbo biotin ligase enzyme. A miniTurbo-PHRF1 fusion was 

expressed in HeLa cells and upon addition of biotin, associated proteins were pulled down with 

streptavidin and identified via mass spectrometry (Figure 2A). NLS-miniTurbo- and miniTurbo-

tagged GFP were used as negative controls. This interactome revealed around 150 proteins 

significantly enriched with PHRF1 versus the GFP negative controls – these largely being proteins 

involved in splicing, transcription, DNA damage response, and cell cycle regulation (Figure 2B; 

Supplementary File 2). We also note that as a positive control, PHRF1 itself was identified as one 

of the most highly enriched proteins in this assay (red circle, Figure 2B). 

Further analysis of the gene ontology terms for enriched targets shed light on additional 

and likely mechanisms through which PHRF1 may function in the nucleus.  For example, PHRF1 

was associated with proteins linked to nuclear speckles and Cajal bodies, hubs for splicing and 

transcriptional activity, and p53 binding, a hallmark for cellular DDR signaling (44, 45) (Figure 2C; 

Supplementary File 3). These findings are consistent with the predicted biology of PHRF1, as it 

contains an SRI domain that would make this protein co-transcriptional and associated with 

splicing machinery (46, 47). DNA damage-associated proteins is also consistent with previous 

studies that link PHRF1 to DNA repair (18). Consistent with the gene ontology, we confirmed the 

association of PHRF1 with proteins representative of these processes through co-

immunoprecipitation, which showed that PHRF1 associates with transcription (RNA Pol II), 
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splicing (SRSF1), DDR (PARP1), and chromatin itself (H3) (Supplementary Figure S2). Taken 

together, our comprehensive proteomic analysis of PHRF1’s interactome highlights a number of 

important pathways and binding partners that provide a bird’s eye view of PHRF1’s regulatory 

roles in the cell. 

 

PHRF1 regulates the transcription of DDR- and splicing-associated genes 
 Given PHRF1 interacts with a large number of chromatin- and transcription-associated 

proteins, we next asked what genes would be regulated by PHRF1. By using an sgRNA targeting 

endogenous PHRF1 and CRISPR technology, we generated a PHRF1 knockout in HeLa cells 

(Figure 3A inset; see Materials and Methods for details) and conducted a deep read (80 million 

reads/sample) RNA-seq experiment, comparing steady state transcription of genes in ∆PHRF1 

cells versus control cells. After applying an FDR cutoff of 0.0001, 2,178 genes were upregulated 

compared to 2,598 genes being downregulated in ∆PHRF1 cells as compared to control (Figure 

3A; Supplementary File 4). Ingenuity Pathway Analysis (IPA) (48) was used to amalgamate the 

patterns of significantly differentially expressed genes and the extent of their up or downregulation 

to understand which cellular pathways are regulated by PHRF1. Interestingly, many of the most 

upregulated pathways involve cell cycle checkpoint regulation and DDR while significantly 

downregulated pathways involve transcription and splicing (Figure 3B; Supplementary File 5 for 

full list). Considering the BioID results, these findings imply that PHRF1 may be affecting splicing 

and DDR through direct protein-protein interaction as well as through the regulation of genes in 

these pathways. 

 Particularly, a large portion of hits identified in the BioID experiments were splicing factors 

(Figure 2B and 2C; Supplementary Files 2 and 3) and pathway analysis of the RNA-seq data 

reveals the splicing pathways to be severely downregulated (Figure 3B; Supplementary File 5). 

Thus, we leveraged the high depth with which the RNA-seq was performed to quantify transcripts 

with high confidence and identify differential alternative splicing events in ∆PHRF1 cells through 

replicate multivariate analysis of transcript splicing (rMATS) (29). rMATS enabled us to detect and 

quantify five types of alternative splicing events—skipped exons (SE), alternative 5’ and 3’ splice 

sites (A5SS and A3SS, respectively), mutually exclusive exons (MXE), and retained introns (RI)—

by analyzing both exon junctions and exon bodies. As shown in Figure 3C and Supplementary 

File 6, the majority of differential alternative splicing events observed upon PHRF1 knockout were 

SEs (76.01%), followed by A3SS (6.90%), MXE (6.12%), RI (6.02%), and A5SS (4.92%) (FDR < 

0.05, ∆Ψ (inclusion difference) > 0.1). This represented 1,363 differential alternative splicing 

events which comprised of 1,017 unique genes (Figure 3D). To understand whether there was 
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any significance to the genes whose alternative splicing was affected by the loss of PHRF1, we 

performed GO-term analysis on the 1,017 genes identified from rMATS using Enrichr (31) and 

the GO Biological Process 2023 database. Once again, processes related to DDR, particularly 

involving DNA-RNA interactions such as R-loop processing, were enriched (Figure 3E; 

Supplementary File 7). Our rMATS analysis also identified a statistically significant increase in the 

inclusion levels of A5SS and RI events in ∆PHRF1 cells compared to control cells (p-value < 0.05; 

Figure S3). 

 

∆PHRF1 HeLa cells exhibit defective molecular DNA damage response 

 A recurring theme in our proteomic and genomic analyses of PHRF1 is the enrichment of 

DDR pathways – a finding consistent with work by others who have linked PHRF1 to DDR (18). 

However, the understanding of the precise roles of PHRF1 in DDR remains elusive. Accordingly, 

we developed a DNA damage recovery assay in which control and ∆PHRF1 cells were treated 

with 50 µg/mL zeocin, a double-strand break (DSB)-inducing drug (49–51), for 30 minutes. The 

drug was then washed out and cells were collected along the washout/recovery phase for 

immunoblotting or probed for markers of DNA damage via immunofluorescence (IF) (Figure 4A). 

Interestingly, PHRF1 protein levels in control cells increase during the recovery phase compared 

to the untreated/undamaged cells (Supplementary Figure S4A). γH2A.X (H2A.X S139ph) was 

used as a marker for DNA damage in the IF experiments, and as can be seen through 

representative images, during the recovery phase of the experiment, ∆PHRF1 cells show a much 

higher and sustained accumulation of γH2A.X relative to control cells (Figure 4B). This 

phenomenon was quantified by measuring γH2A.X intensity/nucleus in Cell Profiler (Figure 4C) 

and them performed quantile general additive modeling (qGAM) to determine their statistical 

significance (Figure 4D; Supplementary Table S1). The baseline γH2A.X intensity/nucleus for 

much lower in control cells versus ∆PHRF1 as exhibited by the Parametric Coefficient value of -

345.25 (Supplementary Table S1). We then used a Likelihood Ratio test (LRT) comparing the full 

qGAM model, which allows for different time-dependent patterns between two groups/cell lines, 

with the null model, which assumes both groups follow the same pattern. The LRT indicated that 

the full model was a much better fit for the data than the null model (Supplementary Table S1, 

LRT p-value 3.26 x10-10 This suggests that not only did control cells have much lower levels of 

γH2A.X during the recovery phase than ∆PHRF1, but γH2A.X accumulation also did not change 

as dramatically over time in control cells as in ∆PHRF1 cells. We also probed these cells for other 

hallmarks of DNA damage, namely 53BP1 and PARP1 foci formation (52). Immunofluorescence 

revealed that 53BP1 and PARP1 foci to form in higher quantities 4 hours post zeocin washout in 
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∆PHRF1 cells versus control cells (Supplementary Figure S4B-D), consistent with the overall 

effects observed with γH2A.X accumulation. Taken together, these results clearly indicate that 

HeLa cells lacking PHRF1 accumulate more DNA damage than cells expressing PHRF1, and that 

the kinetics of repair may also be deficient in ∆PHRF1 cells. 

 

PHRF1 is highly expressed in colorectal cancer cells and exhibits similar transcriptional 
effects in HCT116 as seen in HeLa cells 
 Improper or deficient cellular DNA damage response is a hallmark of cancer cells and 

often exploited for therapeutic advantage in the treatment of cancer (44, 53, 54). As such, we 

wanted to determine whether the heightened DNA damage phenotype we observed in ∆PHRF1 

HeLa cells would also be true in other, more cancer-relevant model systems (29). To begin to 

address this, we compared PHRF1 expression levels across different cancer types from the 

Cancer Cell Line Encyclopedia (CCLE) (Figure 5A). From this analysis, PHRF1 was found to be 

most highly expressed in cancers derived from blood, digestive, and reproductive tissue types. 

Consistent with this, a western blot analysis of a panel of representative model cancer cell lines 

showed PHRF1 protein levels to be highest in cell lines from digestive tissues, most notably 

HCT116 cells (Figure 5B). Additionally, high expression of PHRF1 is also linked to poorer survival 

across a wide range of patient cancers (Supplementary Figure S5).  

Given HCT116 cells mimic the genetic and phenotypic characteristics of colorectal cancer 

(30) and are well-suited to study genomic instability and DDR in cancer (55), we generated a 

PHRF1 knockout in HCT116 cells and first conducted an RNA-seq experiment (Figure 5C; 

Supplementary File 8). After applying an FDR cutoff of 0.05, we observed 994 genes to be 

upregulated and 1,129 genes to be downregulated in ∆PHRF1 cells compared to control cells. A 

more stringent cutoff was applied to the HeLa dataset versus HCT116 cells because that 

experiment was performed with much greater read depth than the HCT116 dataset. Ingenuity 

Pathway Analysis was performed on this list of differentially expressed genes (DEGs) and, similar 

to our observations in HeLa cells, pathways related to cell cycle checkpoint regulation and DDR 

were found to be upregulated, while splicing-related pathways were significantly downregulated 

(Figure 5D; Supplementary File 9). Indeed, when we compared the up and downregulated 

pathways identified in the HeLa and HCT116 RNA-seq experiments, we found that a majority of 

up and downregulated pathways in HCT116 cells were also similarly regulated in HeLa cells 

(Figure 5E and 5F), implying the role of PHRF1 fundamentally conserved across diverse tissues. 
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Loss of PHRF1 results in significant defects in cellular DDR and enhanced sensitivity to 
DSB-causing agents 
 Having established that loss of PHRF1 caused similar changes in gene expression in 

HCT116 cells as in HeLa cells, we asked how ∆PHRF1 HCT116 cells responded to DNA damage 

stress compared to control cells using IF. In a similar DNA damage recovery assay as the one 

performed in HeLa cells (Supplementary Figure S6A), ∆PHRF1 and control cells were co-stained 

with antibodies for γH2A.X and 53BP1 (red and green, respectively, Figure 6A). Unlike HeLa cells, 

where only pan-nuclear γH2A.X staining was observed, HCT116 showed distinct γH2A.X foci 

along with 53BP1 foci (yellow foci in “Merge” panels, Figure 6A). This indicates that HeLa cells 

may undergo additional non-DSB-related stress upon zeocin treatment, resulting in broad 

accumulation of γH2A.X, while in HCT116 the major inducer of DNA damage is the formation of 

DSBs by zeocin, resulting in discrete γH2A.X foci. This also supports the use of HCT116 cells to 

study the role of PHRF1 in DDR further. Interestingly, while in control HeLa cells PHRF1 levels 

increased during the washout/recovery phase, they appeared to be relatively stable in HCT116 

cells (Supplementary Figure S6B). As before, once γH2A.X and 53BP1 foci accumulation were 

quantified (Figure 6B and 6C), we performed qGAM analysis. This analysis showed that there 

were significant baseline differences between ∆PHRF1 and control for both γH2A.X foci (Figure 

6D) and 53BP1 foci (Figure 6E) overall. Specifically, parametric coefficients for both γH2A.X and 

53BP1 foci were significantly lower in control cells versus ∆PHRF1 cells, -1.9417 and -3.4801, 

respectively (Supplementary Table S2), consistent with results observed in HeLa cells. Using the 

Likelihood Ratio Test (LRT), we also observed a significant difference in the foci accumulation 

patterns of γH2A.X and 53BP1 over the recovery phase of this assay (Supplementary Table S2, 

LRT p-values). Both observations show that ∆PHRF1 cells exhibit heightened and differential 

response to DNA damage than control HCT116 cells, in agreement with results from HeLa cells. 

We further tested whether these changes in DDR on the molecular level had implications for cell 

viability. Colony formation assays under a titration of zeocin concentration showed that zeocin 

was cytotoxic to a much higher degree for ∆PHRF1 cells versus control HCT116 cells (Figure 6F, 

6G, and Supplementary Figure S6C). 

 

PHRF1-histone reading is important for proper cellular DDR  
 We next sought to determine if the histone reading function of PHRF1 was involved in the 

DDR phenotype we found in ∆PHRF1 HCT116 cells. Accordingly, we performed a 

complementation experiment and expressed either a wild-type (3XFlag-PHRF1WT) or PHD mutant 

form (3XFlag-PHRF1P221L) of PHRF1 into ∆PHRF1 HCT116 cells (Supplementary Figure S7A). 
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We confirmed that expression of these constructs was similar to that of endogenous PHRF1 in 

control HCT116 cells (Supplementary Figure S7B) and cell growth was monitored for four 

HCT116 complimented cell lines: Control+Empty Vector (EV), ∆PHRF1+EV, ∆PHRF1+3XFlag-

PHRF1WT, and ∆PHRF1+3XFlag-PHRF1P221L. Under normal growth conditions, we observed that 

∆PHRF1+EV cells (mustard green) showed the slowest growth relative to Control+EV (gray) 

(Supplementary Figure S7C). This was in contrast to what was observed with the expression of 

the WT PHRF1 construct (green), which largely rescued the growth defects observed in ∆PHRF1 

cells. Our analysis of the P221L-containing PHRF1 construct showed this form of PHRF1 was 

also capable of partially rescuing the growth phenotype found in ∆PHRF1 cells, and further, 

showed slightly better growth in the early phase of the experiment relative to exogenously 

expressed WT (red versus green). The better growth of the P221L-containing cells may be 

explained by the slightly elevated expression levels of the P221L construct compared to the WT 

construct (Supplementary Figure S7B). Therefore, under standard growth conditions, these data 

reveal that the PHD finger of PHRF1 is dispensable for normal cellular growth. These cellular 

growth findings are in stark contrast to our findings (described below) that reveal a role for the 

PHD finger of PHRF1 in DDR. 

 We next sough to determine what role, if any, the PHRF1 PHD finger might have in DDR. 

Similar to Figure 6F and 6G, we performed colony formation assays with our complementation 

HCT116 cell lines and performed a DNA damage experiment as before (Figure 7A; 

Supplementary Figure S7D). Quantification of cellular growth revealed that while ∆PHRF1+EV 

cells grew much slower than Control+EV cells at all concentrations of zeocin (Figure 7B mustard 

green), this defect was rescued by the expression of 3XFlag-PHRF1WT (green). While we 

observed a partial rescue of growth at 0.375 µg/mL by both the WT and P221L constructs, it 

should be noted that such effects were greater with ∆PHRF1+3XFlag-PHRF1WT cells relative to 

∆PHRF1+3XFlag-PHRF1P221L. Moreover, at higher zeocin concentrations, particularly 0.75 

µg/mL, expression of 3XFlag-PHRF1P221L was unable to rescue ∆PHRF1’s growth defect, while 

the cells expressing exogenous WT PHRF1 were able to do so (mustard green versus red; Figure 

7A). This indicates a role for PHRF1 histone reading in DNA damage response. 

 Finally, we performed the same zeocin DNA damage recover assay described in 

Supplementary Figure S6A with our complemented HCT116 cell lines. We confirmed stable 

expression of PHRF1 in both cells with endogenous PHRF1 and those complemented with 

exogenous PHRF1 (Supplementary Figure S8A). Confocal microscopy with γH2A.X and 53BP1 

staining revealed significant accumulation of DNA damage foci in Control+EV (Figure 8A), 

∆PHRF1+EV (Figure 8B), ∆PHRF1+3XFlag-PHRF1WT (Figure 8C), and ∆PHRF1+3XFlag-
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PHRF1P221L (Figure 8D) cells after damage and during recovery, showing different patterns among 

the cell lines. After quantifying γH2A.X (Supplementary Figure S8B) and 53BP1 (Supplementary 

Figure S8C) foci per nucleus, we performed qGAM analysis as in Figure 6 (Figure 8E-J). This 

analysis showed that ∆PHRF1+EV cells had significantly higher foci per nucleus compared to 

Control+EV and ∆PHRF1+3XFlag-PHRF1 WT cells (see Parametric Coefficients in Supplementary 

Table S3), indicating increased DNA damage due to PHRF1 loss. Notably, ∆PHRF1+3XFlag-

PHRF1P221L cells did not show significant improvement over ∆PHRF1+EV cells (Figure 8G and 8J 

and Supplementary Table S3), indicating that PHRF1 histone reading is necessary for DNA 

repair. A Likelihood Ratio Test confirmed that while all cell lines exhibit distinct patterns of foci 

accumulation compared to ∆PHRF1+EV cells, cells expressing WT PHRF1 show the starkest 

pattern changes (see LRT p-values in Supplementary Table S3), indicative of a functioning DNA 

damage response network. In total, our results show an important role of PHRF1 in DNA damage 

repair that depends on its ability to bind to histones. 

 

DISCUSSION 

 Over the last decade, a handful of studies have showcased the biological significance of 

PHRF1 in cancer biology. These studies showed a role for PHRF1 in tumor growth in breast and 

lung cancers (12, 13, 15). PHRF1 has also been linked to cancer cell invasion and migration in 

colorectal and lung cancers (56, 57). Furthermore, one study suggests that PHRF1 may 

accumulate at sites of DNA damage and is involved in NHEJ-mediated DNA damage repair (18). 

While these studies collectively underscore PHRF1's importance as a cancer regulator, they lack 

consistency and a comprehensive understanding of its biochemical functions, particularly 

regarding its chromatin interactions and impacts to gene transcription. Given this gap in 

knowledge, we sought to elucidate the roles of PHRF1 in regulating cancer biology via chromatin-

mediated mechanisms. By conducting proteome- and genome-wide experiments alongside 

rigorous structural and in vitro biochemical analyses, we aimed to provide an unbiased and holistic 

understanding of PHRF1's functions. 

 Our biochemical studies demonstrated that the PHD finger of PHRF1 exhibits exquisite 

specificity for the extreme N-terminus of histone H3, both on peptides and nucleosomes. 

Importantly, a mutation of a conserved residue within the PHD region, P221 to leucine—a 

mutation observed in tumors—completely abolished this interaction (Figure 1 and Supplementary 

Figure S1). Moving into cells, we revealed PHRF1’s interactome, highlighting that this protein 

predominantly associated with splicing, DNA damage, and cell cycle-associated proteins (Figure 

2 and Supplementary Figure S2). This was further corroborated by in-depth genomic and 
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transcriptomic analysis in HeLa and HCT116 cells, again revealing numerous DDR/cell cycle and 

splicing-related pathways to be significantly perturbed by the loss of PHRF1 expression (Figures 

3 and 5 and Supplementary Figure S3). Given the occurrence of DDR pathways in both proteomic 

and genomic analysis, we asked if PHRF1 influenced how cells responded to DNA damage. 

Functional assays demonstrated that ∆PHRF1 cells had significantly higher amounts of DNA 

damage and displayed greater cytotoxicity towards genotoxic agents such as zeocin (phleomycin 

D1) (50, 51)  relative to control cells (Figures 4 and 6). Finally, we showed that complementation 

of exogenous PHRF1 with a P221L mutation (a proxy for a PHD finger unable to bind H3) in a 

∆PHRF1 background could not rescue the DNA damage molecular and growth defects (Figures 

7 and 8) although the PHD finger is dispensable for normal cellular growth (Supplementary Figure 

S7). It is notable that there was a significant difference in the ability of exogenous P221L 

expressing cells to respond to DNA damage depending on the assays used. In the colony 

formation DNA damage assay (Figure 7), there is slow and constant accumulation of damage.  In 

this context, the P221L mutation shows only a partial growth defect upon DNA damage.  However, 

this response was observed in a much more exaggerated manner during acute DNA damage 

(Figure 8), which showed that the P221L mutation completely abrogates the ability of this form of 

PHRF1 to resolve the DNA damage phenotype (accumulation of damage foci).  While both assays 

reveal an important role for PHRF1’s PHD finger in DDR, we surmise that cells under constant 

DNA damage find ways to adapt to these conditions and use additional repair mechanisms for 

survival (however, even in this scenario, the PHD finger and histone reading of PHRF1 is still at 

least partially required).  Nonetheless, these findings highlight the importance of the PHD region 

and PHRF1’s binding to histones in maintaining proper cellular DDR, a well-established avenue 

for targeting cancer therapies. 

Understanding PHRF1's involvement in splicing and DDR is crucial for comprehending 

how it regulates cancer biology. Aberrant splicing is a hallmark of cancer, leading to the production 

of oncogenic splice variants or the loss of tumor suppressor functions (58, 59). Proteins involved 

in splicing regulation, when dysregulated, can contribute to tumorigenesis and cancer progression 

(60, 61). Similarly, defects in DDR pathways result in genomic instability, another hallmark of 

cancer (54, 62). Our findings suggest that PHRF1 may serve as a pivotal coordinator of these 

processes through its interactions with RNA Pol II, chromatin, and other associated protein 

complexes. While we have focused on the impact of PHRF1 deletion or mutation of its chromatin-

binding PHD domain, further studies are warranted on the functional contributions and disease 

relevance of the SRI (Set2-Rpb1 Interacting) and catalytic RING domains. 
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 By conducting such a diverse set of experiments, we were able to confirm, tie together, 

and expand upon several of the reported finding about PHRF1, such as its involvement in DDR 

(18), and also shed new light on mechanisms involving processes such as splicing and cell cycle 

checkpoint regulation. Significantly, we showed that a cancer mutation in the PHD region not only 

ablates PHRF1’s bind to H3, but also functions as poorly as a ∆PHRF1 background in restoring 

proper cellular DDR in HCT116 cells, a completely new finding that links PHRF1’s role in 

chromatin biology to cancer. Based on these findings, we hypothesize that PHRF1 functions in 

two distinct ways: directly through protein-protein interactions with splicing and DDR machinery 

and indirectly by altering transcription, impacting pathways important to cancer biology, like DDR, 

and that PHRF1’s ability to bind H3 is vital to these functions. Having done so, we believe this 

work has identified new ways in which PHRF1 can be targeted for therapeutic studies in cancer, 

especially given the effect high expression has on overall cancer survival (Supplementary Figure 

S5). We have also provided, through comprehensive characterization of PHRF1, new avenues 

for understanding PHRF1, such as splicing and cell cycle mechanisms. Furthermore, work to 

study the roles of the RING catalytic domain and the SRI domain in conjunction with the results 

from this work will provide a better understanding of PHRF1-mediated gene regulation in the 

future, with obvious implications in cancer research. Our findings emphasize the importance of 

integrating biochemical, proteomic, and genomic approaches to unravel the complex regulatory 

networks mediated by chromatin-associated proteins like PHRF1. 
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FIGURES and FIGURE LEGENDS 

Figure 1 

 
Figure 1. The PHD finger of PHRF1 binds to the N-terminus of histone H3. A. Domain 

schematic of the protein PHRF1, highlighting the RING finger (purple oval), PHD finger (brown 

oval), and SRI region (green rectangle). B. Structural homology model of the PHD region of 

PHRF1 (shown as a translucent protein surface with electrostatics calculated through APBS in 

PyMOL) docked to a peptide comprised of the first eight residues of histone H3 (ARTKQTAR), 

shown as a peptide in brown. P221 of PHRF1 and the first 4 residues of the H3 peptide are also 

shown as stick representations. This model was generated in Alphafold-Multimer. C. A zoomed 

in region of the PHRF1 PHD:H3 (1-8) structural homology model highlighting a binding pocket 

formed by PHRF1 P221 for H3 A1 to enter. D. A sequence schematic for GST-tagged PHRF1 

constructs for in vitro experiments. E. Biotinylated histone peptide microarray binding images with 

GST-PHRF1PHD (top), GST-PHRF1RP (middle), and GST-PHRF1RP(P221L) (bottom). Triplicate red 

dots indicate a positive histone peptide binding event (each peptide is arrayed in triplicate). 

Regions outlined by yellow boxes indicate anti-rabbit positive controls. F. A heatmap comparing 

binding intensities observed in the peptide microarrays for each of the three GST-PHRF1 

constructs to select peptides (indicated on the y-axis).  Binding strength is represented on a color 
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gradient from red to blue (stronger to weaker) (n=4). For full peptide microarray data, please see 

Supplementary File 1. G. Representative western blots of biotinylated nucleosomes pulldowns 

between differentially modified nucleosomes (top) and GST-PHRF1 constructs (right). Anti-GST 

blots represent PHRF1 signal and anti-H3 blots are shown as loading controls. Key: H3 N∆2 and 

N∆32 are nucleosomes lacking residues 1-2 pr 1-32 on H3, respectively, and H3 tetra-ac = H3 

K4acK9acK14acK18ac. 
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Figure 2 

 
Figure 2. PHRF1 associates with splicing and DNA damage response (DDR)-related 
proteins in vivo. A. Schematic of miniTurbo-PHRF1 and the experimental approach for the 

proximity-based biotinylation assay. B. Volcano plot of the miniTurbo-PHRF1 BioID MS analysis, 

with splicing-relayed proteins shown in orange, transcription-related proteins shown in mustard 

green, DDR-related proteins shown in blue, cell cycle-related proteins shown in purple, PHRF1 

itself shown in red and labeled, and other significant hits shown in black. The x-axis shows 

enrichment (log2(fold-change)) of proteins in miniTurbo-PHRF1 samples compared to miniTurbo-

GFP and NLS-miniTurbo-GFP negative controls; the y-axis shows significance of enrichment (-

log(p-value)). Dashed lines at log2(fold-change) = 1 and p-value = 0.05 signify cutoffs for statistical 

significance. Experiment done in biological duplicate. C. Pathway analysis of significant hits from 

the BioID assay using DAVID. The x-axis is fold enrichment, GO terms are ordered in decreasing 

fold enrichment along the y-axis. The size of each bubble represents gene count and statistical 

significance is shown as a purple to pink gradient with all terms having a p-value < 0.05.  
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Figure 3 

 
Figure 3. Loss of PHRF1 affects the expression of DDR and splicing-related pathways in 
HeLa cells. A. Volcano plot comparing the expression of genes in ∆PHRF1 and control HeLa 

cells. After applying an FDR cutoff of 0.0001, significant hits that are upregulated in ∆PHRF1 cells 

are shown in red and significant hits that are downregulated in ∆PHRF1 cells are shown in blue. 

The x-axis shows fold change in ∆PHRF1 cells over control cells ((log2(fold-change)) and the y-

axis shows statistical significance (-log(FDR)).  Inset: western blot analysis of PHRF1 protein 

levels in control and ∆PHRF1 HeLa cells. Experiments were done in biological triplicate. B. 
Pathway analysis of statistically significant changes in gene expression (FDR <0.0001) using 

Ingenuity Pathway Analysis (IPA). The x-axis shows activation scores (z-score) of canonical 

pathways listed on the y-axis, with a positive z-score meaning upregulation and a negative z-

score meaning downregulation. Bubble size represents gene ratio and each pathway’s statistical 

significance is indicated by a color gradient from brown to white. C. Summary pie chart of total 

alternative splicing identified by rMATS from the significant reads from panel A after filtering out 
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events with an FDR of > 0.05 and ∆Y values of <0.01. D. Summary table of events represented 

in panel C. Specifically, the number of differential alternative splicing events as well as the number 

of corresponding genes are indicated for each of the five annotated splicing event types. E. GO 

term analysis of differentially alternatively spliced genes from panel D using Enrichr and the GO 

Biological Process 2023 database. The x-axis shows enrichment of each pathway as gene ratio, 

the bubble sizes represent gene count, and significance is denoted by a color gradient from blue 

to white. 
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Figure 4 

 
Figure 4. Loss of PHRF1 results in a defective DNA damage response. A. Experimental 

schematic of zeocin DDR assay in HeLa cells. Time points indicate when cells were collected for 

analysis along the experimental trajectory. B. Representative confocal immunofluorescence of 

control and ∆PHRF1 cells stained with anti-γH2A.X (red) antibody and DAPI (blue) at indicated 

time points along the zeocin DDR assay. Scale bar is 10 μm. C. Quantitative analysis of γH2A.X 

intensity/nucleus in control (gray) and ∆PHRF1 (mustard green) cells in the zeocin DDR assay. 

Median values are shown with solid black lines. D. Quantile general additive modeling (qGAM) of 

γH2A.X signal accumulation over time from panel C for control (gray) and ∆PHRF1 (mustard 

green) cells. Median values are represented as solid, colored circles connected by dashed lines. 

The qGAM generated models are represented with smooth lines and shaded in 95% confidence 

intervals. Statistical significance was determined using a Wald test. **** = p-value < 0.0001. See 

Supplementary Table S1 for full statistical analysis. 
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Figure 5 

 
Figure 5. PHRF1 is highly expressed in HCT116 colorectal cancer cells and is required for 
appropriate expression of genes involved in splicing and DDR-related pathways. A. 
Boxplots illustrate distribution of PHRF1 expression levels (log2(TPM+1)) in cancer cells from the 
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Cancer Cell Line Encyclopedia (CCLE) collapsed into the indicated tissue types on the y-axis. 

The central line in each box represents the median. Each cell line’s individual PHRF1 expression 

is represented as a gray circle. B. Western blot of PHRF1 protein levels in the indicated cancer 

cell lines and their corresponding cancer type category. C. Volcano plot comparing the expression 

of genes in ∆PHRF1 and control HCT116 cells. After applying an FDR cutoff of 0.05, significant 

hits that are upregulated in ∆PHRF1 cells are shown in red and significant hits that are 

downregulated in ∆PHRF1 cells are shown in blue. The x-axis shows fold change in ∆PHRF1 

cells over control cells ((log2(fold-change)) and the y-axis shows statistical significance (-

log(FDR)). Inset: western blot analysis of PHRF1 protein levels in control and ∆PHRF1 HCT116 

cells. Experiments were done in biological triplicate. D. Pathway analysis of statistically significant 

changes in gene expression (FDR <0.05) using IPA, as in Figure 3B. Bubble size represents 

gene ratio and each pathway’s statistical significance is indicated by a color gradient from brown 

to white. E, F. Venn diagram comparison of the number of upregulated (E) and downregulated 

(F) pathways identified from HeLa and HCT116 RNAseq experiments.  
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Figure 6 
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Figure 6. Loss of PHRF1 results in defective cellular DDR and cell survival in HCT116 cells. 
A. Representative confocal immunofluorescence of control and ∆PHRF1 cells stained with anti-

γH2A.X (red), anti-53BP1 (green) antibodies, and DAPI (blue) at indicated time points along the 

zeocin DDR assay, as described in Supplementary Figure S6A. The scale bar is 10 μm. B, C. 
Quantitative analysis of γH2A.X (B) and 53BP1 (C) foci/ nucleus in control (gray) and ∆PHRF1 

(mustard green) HCT116 cells. Median values are shown with solid black lines. D, E. qGAM of 

γH2A.X (D) and 53BP1 (E) foci/nucleus accumulation over time for control (gray) and ∆PHRF1 

(mustard green) cells. Median values are represented as solid, colored circles connected by 

dashed lines. The qGAM-generated models are represented with smooth lines and shaded in 

95% confidence intervals. Statistical significance was determined using a Wald test. **** = p-value 

< 0.0001. See Supplementary Table S2 for full statistical analysis. F. Representative images of 

a colony formation assay (CFA) comparing growth in control and ∆PHRF1 HCT116 cells at the 

indicated concentrations of zeocin. This experiment was conducted in biological triplicate. G. 
Quantification of growth from the CFA in panel F, comparing control (gray) and ∆PHRF1 (mustard 

green) HCT116 cells. Statistical significance was determined through a Kruskal-Wallis test; **** = 

p-value <0.0001, ns = not significant. 
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Figure 7 
 

 

 

 

 

 

 

 

 

Figure 7. PHD finger binding activity of PHRF1 is required for proper cellular DNA damage 
response. A. Representative images of a colony formation assay (CFA) comparing growth in 

Control+EV (empty vector) and ∆PHRF1 + indicated complemented HCT116 cells at the indicated 

concentrations of zeocin. This experiment was conducted in biological triplicate. B. Quantification 

of growth from the CFA in panel A, comparing ∆PHRF1+EV (mustard green) cells to Control+EV 

(gray), ∆PHRF1+3XFlag-PHRF1WT (green), and ∆PHRF1+3XFlag-PHRF1P221L (red) HCT116 

cells. Error bars are S.D. Statistical significance was determined through a Kruskal-Wallis test; 

**** = p-value <0.0001, *** = p-value <0.001, ** = p-value <0.01, * = p-value <0.05, and ns = not 

significant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 20, 2024. ; https://doi.org/10.1101/2024.11.20.623956doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.20.623956
http://creativecommons.org/licenses/by-nc-nd/4.0/


 41 

Figure 8 
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Figure 8. PHD finger binding activity of PHRF1 is required for proper cellular DNA damage 
response. A-D. Representative confocal immunofluorescence of Control+EV (A), ∆PHRF1+EV 

(B), ∆PHRF1+3XFlag-PHRF1WT (C), and ∆PHRF1+3XFlag-PHRF1P221L (D) cells stained with 

anti-γH2A.X (red), anti-53BP1 (green) antibodies, and DAPI (blue) at indicated time points along 

the zeocin DDR assay, as described in Supplementary Figure S6A. The scale bar is 10 μm. E-
J. qGAM of γH2A.X (E-G) and 53BP1 (H-J) foci/nucleus accumulation over time, comparing 

∆PHRF1+EV (mustard green) with Control+EV (gray; E, H), ∆PHRF1+3XFlag-PHRF1WT (green; 

F, I), and ∆PHRF1+3XFlag-PHRF1P221L (red; G, J) cells. Median values are represented as solid, 

colored circles connected by dashed lines. The qGAM-generated models are represented with 

smooth lines and shaded in 95% confidence intervals. Statistical significance was determined 

using a Wald test. **** = p-value < 0.0001, ** = p-value <0.01, and ns = not significant. See 

Supplementary Table S3 for full statistical analysis. 
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