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SART1 modulates poly-(ADP-ribose) chain
accumulation and PARP1 chromatin localization

Samuele Lodovichi,1,2,6,* Thales C. Nepomuceno,1 Nicholas T. Woods,3 Uwe Rix,4 John M. Koomen,5

Achille Pellicioli,6 Alvaro Galli,2 and Alvaro N.A. Monteiro1,7,*
SUMMARY

PARP1 inhibitors (PARPis) are used for treatment of cancers with mutations in BRCA1 or BRCA2 that are
deficient in homologous recombination. The identification ofmodulators of PARP1 activity is critical to un-
derstand and overcome resistance to PARPis. We integrated data from three omics-scale screens to
discover new regulators of PARP1 activity. We identified SART1 and show that its silencing leads to an
increase in poly-ADP ribosylation and chromatin-bound PARP1. SART1 is recruited to chromatin following
DNA damage and limits PARP1 chromatin retention and activity. The SART1 N-terminus is sufficient to
regulate the accumulation of PAR chains and PARP1 on chromatin, an activity dependent on the RGG/
RG box. Silencing of SART1 leads to an increased sensitivity of cells to DNA damage induced by IR, irre-
spective ofBRCA1 status and to PARPis only in absence ofBRCA1. These results suggest that SART1 could
be clinically utilized to improve PARPi efficacy.

INTRODUCTION

The poly(ADP-ribose) polymerase 1 (PARP1) gene encodes a nuclear protein that transfers ADP-ribose residues from the oxidized form of

nicotinamide adenine dinucleotide (NAD+) onto target substrates.1 Poly(ADP-ribosyl)ation (PARylation) reactions are widely used in eukary-

otes and only a small number of eukaryotic species lack the PARP1 gene.2

PARP1 is able to both PARylate target proteins, including itself, and to regulate a wide variety of cellular processes such as DNA repair,

chromatin remodeling, DNA replication, RNAmetabolism, and cell cycle control.1,3–5 Several amino acid residues, such as Lys, Arg, Glu, Asp,

Cys, Ser, Thr, His, and Tyr can be a target of PARylation and interaction with cofactors can switch preference for specific residues.6–8 PARP1 is

involved in repair of single and double strandDNAbreaks (SSB andDSB) by acting as a dockingplatform through the generation of longADP-

ribose chains and regulating several downstream factors involved in the DNA damage response (DDR).9

Recognition of exposed bases at DNA damage sites by PARP1 induces conformational changes, which lead to NAD+ binding and allows

the activation of its PARylation activity.10 A variety of amino acid residues can act as acceptors of PARylation.11–13 During DNA damage repair,

histone PARylation factor 1 (HPF1) is recruited to DNA damage sites in a PARP1-dependent manner, modifying PARP1 target specificity to

favor serine residues.14 PAR chains are recognized by diverse proteins through several PAR-bindingmodules, such as the BRCT (BRCA1C-ter-

minal), PBZ (PAR-binding zinc finger), the OB-fold and the PIN (PilT N-terminus) domains.15 More recently, PAR-reading motifs enriched in

arginine and glycine residues, named RGG/RG boxes, have been identified in RNA-binding proteins mediating their recruitment to DNA

damage sites.16

Inhibition of PARP1 is now widely used in cancer therapy to treat cancers where DNA repair, particularly through homologous recombi-

nation (HR), is defective, such as ovarian, breast, prostate, and pancreatic cancers caused by inactivation of BRCA1 or BRCA2.17 In addition,

PARP1 inhibitors (PARPis) may provide a benefit even in the absence of inactivating mutations in BRCA1/2, likely due to epigenetic inactiva-

tion or to pathogenic variants in other DNA repair-related genes.18 Recently, a limiting role of PARP1 on BRCA1 activity has been shownwhere

PARylation of BRCA1 is essential to avoid excessive DSBs resection, which could also explain PARPi sensitivity in BRCA1-proficient cells.19

To date, four PARPis have been approved by the Food and Drug Administration (FDA): olaparib, rucaparib, niraparib, and talazoparib,

which act as NAD+ mimetic binding to PARP1 catalytic site.20,21 However, the underlying molecular mechanism of action by which PARPis

induce their anti-cancer activities is still incompletely understood. Currently, proposed modes of action involve inhibition of SSB repair
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and trapping of PARP1 protein on chromatin leading to the collapse of replication forks. Both actions lead to a common outcome: the accu-

mulation of lethal DSB in the absence of BRCA1 or BRCA2.22

Despite their demonstrated clinical efficacy, primary, and acquired resistance are current limitations.23–26 Although several mechanisms of

resistance have been described including reversion of inactivatingmutations in BRCA1 and BRCA2, epistatic mutations in TP53BP1 and REV7,

and upregulation ofmultidrug efflux transporters, a significant portion of these cases are not explained by knownmechanisms.20,27Moreover,

BRCA status has been shown to be an imperfect predictor of PARPi response and there is a need for additional mechanism-based biomarkers

and targets to enhance efficacy of PARPis to be used in combinatorial approaches.28

Here, we integrate results from two previous omics-scale independent genetic and biochemical experimental datasets to identify mod-

ulators of PARP1 activity29,30 with a new PARP1 BRCT-protein interaction network generated by tandem affinity purification coupled to mass

spectrometry.We then focus on the role of the top candidate in our approach, spliceosome associated factor 1 (SART1), inmodulating PARP1

activity. SART1 was initially identified as a gene coding for two distinct proteins which contain tumor rejection epitopes capable of inducing

cytotoxic T lymphocytes in cancer patients.31 Both SART1 proteins, a nuclear 800 aa and a cytosolic 259 aa protein were later found to be

required for the assembly of mature spliceosomes as components of the U4/U6-U5 tri-snRNP.32 SART1 (800 aa), the subject of our study,

was also found to be implicated in 5-fluorouracil and SN38 drug resistance in colorectal cancer.33
RESULTS
Identification of PARP1 BRCT interactors

To identify candidate protein-protein interactions relevant for theDDRwe focused on the BRCT domain, a self-foldingmodular domain found

in 26 human proteins critical to cellular signaling in the cellular response to DNA damage.34,35 Purification of the BRCT domain from human

PARP1 (aa 375–486) and its interacting proteins was obtained by tandem affinity purification followed bymass spectrometry (TAP-MS), as pre-

viously described.34 TAP-tagged green fluorescent protein (GFP) served as a negative control. All affinity purifications used lysates from 293FT

cells collected 2 h after exposure to 20Gy ionizing radiation (IR) to enrich for post-translationalmodifications inducedbyDNAdamage such as

phosphorylation and PARylation. A total of 271 high confidence PARP1 BRCT interacting proteins were identified in the PARP1 BRCT TAP-MS

experiments (Figure 1A) (Table S1).
Identification of modulators of PARP1 inhibitor sensitivity

To identify interactors more likely to be novel modulators of PARPi sensitivity, we searched for targets present in two additional omics-scale

datasets relevant for PARP1 activity. The second dataset (n = 88) contains proteins coded by human homologs of yeast genes that display a

genetic interaction with PARP1 (Figure 1A) (Table S2).29 It contains a set of genes whose deletion is required for rescuing the small colony

phenotype resulting from ectopic expression of a human PARP1 cDNA,36 and therefore required for PARP1 function. The third dataset con-

tains human proteins (n = 118) that biochemically interact with talazoparib directly or indirectly by engaging the PARPi/PARP1/2 complexes in

cellulo.30 We posited that genes/proteins present in more than one dataset would increase the likelihood to identify a significant contributor

to PARPi sensitivity. Only one protein, SART1, was present in all three datasets (Figure 1B) (Table S2). SART1 (also known as SNUT1) has been

previously implicated in RNA splicing as a component of the spliceosome.32
Expression of SART1 mRNA across normal human tissues

To inform the choice of cancer models in which to explore the role of SART1 in PARPi sensitivity, we first examined the levels of expression of

SART1mRNA across normal human tissues (GTEx; https://www.gtexportal.org/home/). Interestingly, tissues of the female reproductive tract

(uterus, endocervix, ectocervix, ovary, and fallopian tube) have the highest expression levels of SART1 mRNA across all normal tissues.

Ovarian and fallopian tube tissue display the highest level of SART1mRNA expression among the tissues of origin of tumors linked to inac-

tivation of BRCA1/2 (i.e., breast, ovarian, prostate, and pancreatic cancer) as shown in Figure S1A.
Alterations in SART1 across human cancers

Next, we probed for SART1 somatic alterations in cancer samples through cBioPortal (https://www.cbioportal.org/) focusing our attention

on cancers where PARPis were used as a therapy. We queried the portal selecting samples from ovarian serous cystadenocarcinoma

(TCGA, Firehose Legacy), breast invasive carcinoma (TCGA, PanCancer Atlas), pancreatic adenocarcinoma (TCGA, Firehose Legacy), prostate

adenocarcinoma (TCGA, Firehose Legacy) where copy number alteration and mutation data are available. Ovarian samples (fallopian tube

has a small sample size) display the highest rate of SART1 alteration (10%) and the highest rate of amplification among all the tissues analyzed

(Figures S1A and S1B), leading to higher SART1 mRNA levels (Figures S1A–S1D). These data prompted us to explore the role of SART1 in

PARP1 activity and PARPi sensitivity in ovarian cancer cells.
SART1 localization and binding to PARP1 are modulated by DNA damage

Our TAP-MS screen for interactors of the PARP1 BRCT domains suggested that SART1 and PARP1 interacted in a BRCT-mediated manner.

Notably, the interaction between the endogenous SART1 and PARP1 proteins is detectable only in the presence of IR-induced DNA damage

(Figure 2A). Next, we investigated the extent to which SART1 sub-cellular localization is influenced byDNAdamage. The ratio between SART1
2 iScience 27, 111252, November 15, 2024
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Figure 1. Assays intersection results and data from publicly available databases

(A) Study design and approaches to obtain each dataset. IR, ionizing radiation, PAGE, polyacrylamide gel electrophoresis; PARP1i, PARP1 inhibitors; SAINT,

Significance Analysis of INTeractome.

(B) UpSet plot showing number of targets identified in each assay analyzed in this study and their intersections. Vertical bars represent the size of the intersection.

The three leftmost bars represent the number of elements in each set that does not intersect with the other datasets. The other bars represent the intersection

between datasets indicated in the matrix below the graph. Horizontal bars indicate the size of each dataset.
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nuclear and cytoplasmic signal is increased 1 h after IR treatment. Staining cells for Cyclin B1 to determine whether nuclear localization could

be a function of cell cycle showed that the IR-induced nuclear localization is independent of cell cycle phase (Figure 2B).
SART1 silencing leads to lower PARP1 protein levels

To assess the role of SART1 in ovarian cancer cells we generated UWB1.289 (UWB) ovarian cancer cell line stably silenced for SART1,

combining two shRNAs targeting the coding and non-coding sequences. UWB1.289 cells are null for BRCA1. We obtained a reduction to

less than 30% of the original protein expression (Figure 3A). Interestingly, silencing of SART1 also led to a reduction in PARP1 levels

(Figures 3A and 3B). This effect is reproducible in other cell types, suggesting it is a general phenomenon (Figure S2).
SART1 silencing increases PARylation pre and post IR treatment

To assess SART1’s role inDNAdamage-induced PARylation, SART1-proficient or -deficient (silenced for SART1) cells were treatedwith 4Gy of

IR and cellular PARylation was analyzed before IR, 4 and 8 h after irradiation. In cells proficient for SART1, SART1, and PARP1 protein levels
iScience 27, 111252, November 15, 2024 3
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Figure 2. SART1 interaction with PARP1 and cellular localization are modified by DNA damage

(A) SART1-PARP1 interaction is induced by DNA damage as measured by immunoprecipitation in the presence or absence of DNA damage (6 Gy IR).

(B) Immunofluorescence analysis of HeLa cells untreated or treated with 4 Gy of IR. Cells were fixed on coverslips 4 h after treatment and blotted with anti-SART1

antibody, DAPI staining was performed to visualize the nuclei of cells. DAPI and SART1 signal weremerged to discriminate cytoplasmic and nuclear localization of

SART1. One hundred cells were counted and assessed for nuclear or cytoplasmic SART1 signal. Results of the counts are shown as histograms on the right part of

the figure. Scale bar, 1 mm. Two independent experiments are shown (Repeat 1 and 2).
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increase in tandem at 4 h after IR treatment induction, and after 8 h returns to a pre-IR level (Figure 3C). Interestingly, SART1-deficient cells

have higher levels of PARylation when compared with SART1-proficient cells in the absence or in the presence of DNA damage, even with

lower PARP1 levels (Figure 3C), suggesting that SART1 is required for the control of PARP1 PARylation activity.

SART1 silencing influences PARP1 chromatin localization pre and post IR treatment

Next, we fractionated nuclear lysates into nucleoplasm and chromatin fractions at the same time points after DNA damage induction as

described previously. In SART1-proficient cells, PARP1 decreases in the nucleoplasm and has the highest chromatin localization at 4 h after

DNA damage induction and it returns to a level comparable to the untreated sample after 8 h (Figures 3D and 3E). Upon DNA damage in-

duction, SART1 levels increase in the nucleoplasm and in the chromatin fraction. Chromatin-associated SART1 levels are the highest level at

the 8-h time point, concomitant with the decrease of chromatin-associated PARP1 (Figure 3E). On the other hand, chromatin-bound PARP1 in

untreated SART1-deficient cells was higher than in SART1-proficient cells, and treatment with IR led to a reduction in chromatin-associated

PARP1 associated with its accumulation in the nucleoplasm (Figures 3D and 3E). These data show that SART1 modulates PARP1 chromatin

association.

Distinct protein domains control SART1 chromatin localization

Since SART1 is detected in the chromatin concomitant with increases in both PARylation and the chromatin-bound PARP1 (Figures 3C and

3D), we hypothesized that SART1 was being recruited to the chromatin via an RG/RGG-rich motif, which recognizes PAR polymers.37

Multiple sequence alignment of SART1 revealed two conserved RG/RGG-rich motifs, one close to the N-terminal (aa 59 to 69) with three
4 iScience 27, 111252, November 15, 2024
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Figure 3. Silencing of SART1

(A) Blot showing efficiency of SART1 silencing and effect on PARP1 protein level. UWB cells were transduced with two SART1 shRNAs and silencing and PARP1

levels were assessed by western blot.

(B) Fold change in PARP1 levels is represented as mean G SE of three independent experiments.
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Figure 3. Continued

(C–E) PARylation levels in presence or absence of SART1 with and without DNA damage induction are shown in whole cell lysates (C), nucleoplasm (D), and

chromatin (E) fractions. UWB cells proficient or silenced for SART1 were mock treated or treated with 4 Gy of IR and collected at 4 h and 8 h after treatment. PAR

levels have been evaluated using an anti-PAR antibody and their intensity has beenmeasured using ImageJ software. An anti-g-H2AX antibody has been used to

monitor DNA damage. Data are shown as meanG SE of three independent experiments and analyzed with Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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repeats (RGG/RG/RG) and the second in the central part of the protein (aa 438 to 446) with two repeats (RG/RG) (Figure 4A). Furthermore, the

SART1N-terminal region is predicted (1% FP rate) to contain an intrinsically disordered region encompassing the first 125 amino acid residues

(Figure S3). The C-terminal part of SART1 contains a cluster of serine residues (S667, S738, S787, S789, and S792) which could be the target of

PARylation by PARP1.8,12,38 Based on these features, we divided SART1 in three fragments (Figure 4A): fragment 1 (F1) from residue 1 to 250,

fragment 2 (F2) from residue 235 to 490 and fragment 3 (F3) from residue 480 to 800. All fragments were expressed in SART1-silenced cell lines

using only the shRNA targeting the 30UTR of the sequence (Figure 4A).

While all three fragments are detectable in the cytoplasmic and nucleoplasmic fraction, only F1 and to a lesser extent F3, localize to chro-

matin (Figures 4B and 4C). Interestingly, F1 association to chromatin is DNA damage independent, whereas F3 chromatin localization is

increased upon DNA damage (Figure 4C). Cells expressing fragments that localize to chromatin (F1 and F3) have a pattern of chromatin-

bound PARP1 similar to the one observed in SART1-proficient cells, suggesting that they can restore, at least in part, SART1 regulation of

PARP1 chromatin association (Figure 4C). Conversely, cells expressing F2, which is unable to localize to chromatin, do not show a DNA dam-

age-induced PARP1 chromatin association (Figure 4C).

Interestingly, while F2 weakly interacts with PARP1 in a DNA damage-independent fashion, F1 and particularly F3 shows increased PARP1

binding after DNAdamage induction (Figure 4D). Notably, no interaction was detected between F1 and PARP1 in untreated cells, suggesting

that F1 chromatin association does not require interaction with PARP1.
The SART1 N-terminal RG/RGG-rich motif suppresses the accumulation of PAR polymers

To further explore the relationship between different domains of SART1 and PARylation, we transfected cells stably silenced for endogenous

SART1 and reconstituted with either SART1 fragments or the full-length SART1, as control we transfected both the silenced and the SART1-

proficient cell lines with the empty plasmid. The day after transfection, cells were treated with IR and samples were collected before irradi-

ation, and 4 h and 8 h after irradiation and PARpolymers formationwas assessed (Figure 5A). Expression of SART1 fragments or the full-length

SART1 did not change PARP1 levels nor PARP1 cellular localization (Figure S4).

SART1-proficient and -deficient cells transfected with the empty vector recapitulate the results observed in Figure 3C (left panel). Over-

expression of full length SART1 results in a marked reduction of PAR polymer accumulation (Figure 5B), consistent with the data showing that

SART1 silencing increases PAR polymer formation.

Interestingly, expression of F1, which localizes to chromatin independently of DNA damage, leads to a reduction in PAR accumulation

comparable to that obtained by the ectopic expression of the full-length protein in the presence or absence of DNAdamage (Figure 5B; lanes

1–3, right panel and lanes 3–5, left panel). Expression of F2, which fails to localize to chromatin, does not change the pattern of PAR accumu-

lation in mock-treated or IR-treated SART1-deficient cells (Figure 5B; lanes 4–6, right panel and lanes 7–9, left panel). Expression of F3, which

localizes to chromatin only after DNA damage induction, leads to a different pattern of PAR accumulation. Baseline (mock-treated cells) PAR

levels are relatively low and progressively increase after treatment with DNA damage reaching the highest level in the series at 8 h after IR

(Figure 5B; lanes 7–9, right panel).

To determine the role of the RG/RGG-rich motif in the ability of F1 to localize to chromatin and to regulate PARylation, we mutated the

R59GGmotif to A59AA (F1-ALA) (Figure 5C). Themutated F1 fails to suppress the accumulation of PAR polymers, but it is still able to localize to

chromatin. Disruption of this motif leads to its progressive accumulation in chromatin after DNA damage (Figures 5D and 5E).

These data indicate that the N-terminal RG/RGG-rich motif containing R59 is required for the SART1-mediated control of PAR polymer

accumulation and its chromatin retention.
SART1 silencing sensitizes cells to PARPis and to DNA damage while reducing RAD51 and increasing RIF1 recruitment to

DNA damage sites

Next, we assessed the role of SART1 in sensitivity of ovarian cancer cells to PARP1 inhibitors and DNA damage caused by IR. We compared

the SART1-deficient (UWB shSART1) with SART1-proficient (UWB control shRNA) cells. Silencing SART1 significantly increased sensitivity to

rucaparib, talazoparib, or DNA damage caused by IR (Figures 6A and S6A).

Interestingly, while silencing SART1 in BRCA1-reconstituted cells (UWB+B) did not modulate sensitivity to olaparib, rucaparib, or talazo-

parib, it increased sensitivity to IR (Figures 6B and S6B). Analysis in an additional ovarian cancer cell line (HEY A8) proficient for BRCA1 gener-

ated comparable results, showing a slight increase in sensitivity to olaparib and talazoparib treatment when SART1 is downregulated

(Figure S5A).

Next, to address the feasibility of a combination treatment, we combined IR to PARPi treatment to see if this would enhance sensitivity to

the latter. Combinationwith IRmakes the difference between SART1-deficient and -proficientmore pronounced in cells treatedwith olaparib,

rucaparib, or talazoparib, suggesting that a combination treatment with PARPi and DNA damaging agents could be feasible (Figures 6

and S5).
6 iScience 27, 111252, November 15, 2024
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(A) SART1 sequence analysis and fragment design. Left panel, multiple sequence analysis (ClustalW). Residues in yellow are conserved and red boxes indicate

RG/RGG-rich motifs. Central panel, schema of the full length SART1 (WT), the three fragments created, the location of RG/RGG-rich motifs, and the cluster

PARylated serine residues (F3). Right panel, western blot showing expression of each fragment in 293T cells.

(B) SART1 fragments’ cellular localization. UWB cells were transfected with vectors expressing SART1 F1, F2, F3 or empty plasmid. Tubulin, lamin-B1, and histone

H2AX have been used as cytoplasm, nuclear, and chromatin references, respectively.

(C) Chromatin fraction in UWB cells after expression of SART1 fragments and then untreated or treated with 4 Gy of IR. UWB cells were transfected with vector

expressing SART1 F1, F2, F3 or empty plasmid, the day after cells were mock-treated or irradiated with 4 Gy of IR and collected after 4 h. Change in PARP1

chromatin level between treated and untreated sample was measured with ImageJ and normalized on chromatin loading control.

(D) SART1 fragments-PARP1 interaction in presence or absence of DNA damage. 293T cells were transfected with plasmids expressing SART1 fragments or

empty vector and cells collected untreated or 4 h after 8 Gy irradiation.
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Finally, to investigate themolecular underpinnings underlying the increase in PARPi sensitivity, we indirectly analyzed the efficiency of DNA

repair using the recruitment of RAD51 and RIF1 to bleomycin-inducednuclear foci, as proxies for HR andNHEJ repair, respectively (Figure 7A).

RAD51 and RIF1 focus formation was assessed in SART1-proficient and -deficient G2/M cells (Cyclin-B1-positive). In the presence of DNA

damage, SART1 silencing led to a reduction in RAD51 foci formation with a concomitant increase in RIF1 signal (Figures 7B and 7C). These

results, using recruitment of RAD51 and RIF1 as proxies for HR andNHEJ repair, respectively, suggest SART1 downregulation shifts the choice

of repair from an error-free to an error-prone pathway.
DISCUSSION

The identification of targets that can modulate PARP1 activity is critical to understand the mechanisms of action of PARPis and to circumvent

resistance. Previous work has identified targets implicated in the DDR such as ataxia telangiectasia and rad3-related kinase (ATR), ataxia tel-

angiectasiamutated kinase (ATM), DNAdependent protein kinase (DNA-PK), and thewee-like kinase 1 (WEE1).39–44 Small molecule inhibitors

of these proteins are already in early phase clinical development and the efficacy of their combinationwith PARPis is currently under study.45,46

Here, we build on previous work and identify spliceosome associated factor 1 (SART1), a component of the U4/U6-U5 tri-snRNP, as a

modulator of PARP1 function and PARPi sensitivity. Other RNA-binding proteins have been shown to be recruited to DNA damage sites

via binding to PAR chains.47–49 Recently, another component of spliceosomal complex has been shown to localize to DNA lesions in a

PAR-dependent manner.50

Our data are consistent with a model in which SART1, progressively recruited to chromatin following DNA damage, limits PARP1 chro-

matin retention and activity at late stages of DNA repair preventing the formation of cytotoxic PARP1-DNA complexes. Interestingly,
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(A) Experimental design to analyze SART1 fragments effect on PARylation. UWB cells silenced for SART1 with a shRNA targeting the 30UTR of the sequence were

seeded on day 1. The next day cells were transfected with a plasmid expressing either a SART1 fragment, a silencing-resistant full-length protein, or with an empty

plasmid. On day 3, cells were reseeded. On day 4, they were mock-treated or irradiated with 4 Gy IR and collected at 4 h and 8 h after IR.

(B) PAR chains in samples transfected with empty plasmid, full-length SART1, or SART1 fragment in presence or absence of DNA damage. PAR levels were

evaluated using an anti-PAR antibody and their intensity was measured using ImageJ software. Data are shown as mean G SE of three independent

experiments and analyzed with Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001. If not noted, the difference was not significant.

(C) Mutagenesis of first RGG sequence in F1.

(D and E) PAR chains in samples transfected with SART1 F1, mutated F1 (F1-ALA) and empty plasmid in presence or absence of DNA damage. UWB cells silenced

for SART1 and transfected with SART1 F1, mutated F1 (F1-ALA) and empty plasmid were irradiated with 4 Gy of IR and collected at 4 h and 8 h after IR. PAR levels

were evaluated using an anti-PAR antibody. Fragment expression has been evaluated with anti-FLAG antibody and anti-tubulin as loading control. An anti-

gH2AX antibody has been used to visualize DNA damage and an anti-H2AX antibody has been used as loading control. Whole cell (D) and chromatin (E) extracts.
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SART1 depletion decreases PARP1 protein levels while increasing PAR levels in whole cell lysates. This imbalance could be due to downre-

gulation of PARG activity, or to an increase of nucleoplasm and chromatin-bound catalytically active PARP1, compensating for the observed

reduction of PARP1 levels in the context of SART1 downregulation. Further experiments will be necessary to determine themechanism for this

modulation.

SART1 also co-localizes with PARP1 at stressed replication forks.51 Treatment with IR induces the accumulation of SART1 in the nucleus and

promotes interaction with the PARP1 BRCT domain. Our experiments with SART1 fragments suggest that this interaction involves the coop-

erativity between theDNAdamage-dependent (C-terminal) and -independent (N-terminal) interactions. TheN-terminal fragment is sufficient

to regulate the accumulation of PAR chains and PARP1 on chromatin, an activity dependent on the RG/RGG-rich motif, but largely indepen-

dent of DNA damage. We hypothesize that SART1 acts to dampen PARP1 basal activity in normal conditions. Upon DNA damage, the

increase in PARP1 activity and chromatin association is followed by an accumulation of SART1 on chromatin, presumably mediated by its

C-terminal region, accompanied by dissociation of PARP1 from the chromatin and return of PAR accumulation to pre-damage levels.
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Figure 6. Sensitivity of UWB and UWB+BRCA1 cell lines deficient or proficient for SART1 to different PARP inhibitors and to IR

Clonogenic assays for UWB (A) or UWB+B (B) proficient (control shRNA, shC) or deficient for SART1 (SART1-targeting shRNA, shSART1) (blue and green lines,

respectively) treated with Olaparib and Rucaparib at concentrations 0 (vehicle), 0.016, 0.08, 0.4, 2, 10 mM, Talazoparib at concentrations 0 (vehicle), 0.16, 0.8, 4, 20,

100 nM for 10 days, in the presence or absence of IR (1 Gy). Viability after IR treatment wasmeasured at doses 0, 0.25, 0.5, 1, 2, 4 Gy. Results from cells treated with

PARPi and IR were normalized using the sample treated with IR only. Data are shown as mean G SD of three independent experiments. Areas under the curve

(AUCs) were calculated and compared with a t test (p values are indicated; ns, not significant).
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SART1 is predicted to contain a disordered region in its N-terminal region and a mechanism for disordered proteins containing RG/RGG-rich

motifs to recognize and bind PAR has been suggested52 and may involve the formation of membrane-less compartments at DNA lesions by

liquid demixing,53 but additional experiments are needed to determine whether SART1 uses a similar mechanism.

The identification of SART1 via tandemaffinity purification using only the PARP1 BRCT as bait suggests that this domain is important for the

interaction with SART1 although it does not rule out the possibility that other regions of PARP1 contribute to stabilize it. Interestingly, several

auto-PARylation sites have been identified in regions flanking or at the BRCT domain,54 raising the possibility that PAR polymers couldmodu-

late the PARP1:SART1 interaction. Further experiments will be necessary to dissect the role of PARP1 domains in SART1 function and whether

the interaction is direct or mediated by DNA/RNA or other proteins.

Importantly, silencing of SART1 led to an increased sensitivity of cells to DNA damage induced by IR irrespective of BRCA1 status and to

PARPis only in absence of BRCA1. The effects of short-term SART1 silencing on cell viability after PARPi treatment is modest and only robustly

detected in BRCA-deficient cells, which may limit its clinical applicability. However, these experiments were performed on a backdrop of

incomplete silencing and relative short PARPi treatment, which may lead to an underestimate of its effects. Furthermore, it is not unusual

that even knock-out of genes coding for proteins that modulate the DDR, presumably due to redundancy, causes modest effects with

more robust effects only obtained with disruption of additional genes.55 It is unclear what the mechanism underlying increased sensitivity

is. Our results, similar to those obtained by Kim et al.,50 lead us to hypothesize that a shift from error-free to error-prone in cells silenced

for SART1 repair may contribute to this effect. However, further experiments directly measuring HR and NHEJ are needed to test this hypoth-

esis. PARP1 has been implicated in R-loop resolution56 and RNA can be used as template for DSB repair.16 Therefore, SART1 could be

involved in these PARP1-related mechanisms and influence DNA repair efficiency. Recently, several positive and negative regulators of
iScience 27, 111252, November 15, 2024 9
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(A) Experimental design to assess choice of DNA repair pathway (homologous recombination or non-homologous end-joining) in SART1-deficient and -proficient
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PARP1 activity have been identified displaying a variety of different mechanisms.57 Interestingly, some regulators are, like SART1, involved in

RNAmetabolism (e.g., SNORA73, SNORA74A) or alternative splicing after DNA damage (e.g., EWS).57,58 Further studies will be necessary to

dissect the mechanism of SART1 regulation of PARP1, PARPi sensitivity, and the clinical applicability of SART1 downregulation.

The role of SART1 in modulation of repair is supported by its identification in transcriptomics analysis of clinical samples, as a determinant

of sensitivity to 5FU and SN38.33 These results, together with the significant fraction of ovarian tumors that overexpress SART1, suggest that its

downregulation could be clinically exploited to improve PARPi efficacy in ovarian cancer as an additional mechanism-based biomarker of

PARPi response or as a target to further sensitize BRCA-deficient tumors to PARPis.

Limitations of the study

Limitations to our study are that experiments were conducted with partial but not complete depletion of SART1 levels and that we focus on

ovarian cancer cell lines. Attempts to generate SART1-knock out in UWB1.289 cells failed, consistent with findings that SART1 is an essential

protein.59,60 Further studies will be necessary to validate the generalizability of our findings to other cancers and to extend the analysis to

earlier events (e.g., before 1 h after DNA damage). Another limitation was the use of relatively high levels of IR in the TAP-MS experiments.

Although samples were collected at an early time point (2 h) after IR exposure, it is possible that some interactions identified may have been

triggered by activation of cell death pathways.
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AUTHOR CONTRIBUTIONS

Conceptualization: S.L. and A.N.A.M. data curation: S.L., N.T.W., and J.M.K. resources: S.L., N.T.W., and J.M.K. formal analysis: S.L., T.C.N., N.T.W., J.M.K., and
A.N.A.M. funding acquisition: S.L., U.R., A.P., and A.N.A.M. investigation: S.L., T.C.N., N.T.W., J.M.K., U.R., and A.N.A.M. visualization: S.L., N.T.W., and A.N.A.M.
supervision: A.P. and A.N.A.M. writing original draft: S.L. and A.N.A.M. writing review and editing: all authors.

DECLARATION OF INTERESTS

The authors state that they have no conflict of interest to disclose.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE
d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
d METHOD DETAILS
B Tandem affinity purification
B Mass spectrometry
B SAINTexpress processing and filtering of mass spectrometry data
B Public databases analysis
B Lentiviral transduction for stable silencing
B Western blot
B Immunoprecipitation
B Cell fractionation
B Immunofluorescence
B Fragment cloning and expression
B Site-directed mutagenesis
B Clonogenic assay

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2024.111252.

Received: March 15, 2023

Revised: February 23, 2024

Accepted: October 22, 2024

Published: October 24, 2024
REFERENCES

1. Ray Chaudhuri, A., and Nussenzweig, A.

(2017). The multifaceted roles of PARP1 in
DNA repair and chromatin remodelling. Nat.
Rev. Mol. Cell Biol. 18, 610–621. https://doi.
org/10.1038/nrm.2017.53.

2. Perina, D., Miko�c, A., Ahel, J., �Cetkovi�c, H.,
�Zaja, R., and Ahel, I. (2014). Distribution of
protein poly(ADP-ribosyl)ation systems
across all domains of life. DNA Repair 23,
4–16. https://doi.org/10.1016/j.dnarep.2014.
05.003.
3. Jelinic, P., and Levine, D.A. (2014). New
insights into PARP inhibitors’ effect on cell
cycle and homology-directed DNA damage
repair. Mol. Cancer Ther. 13, 1645–1654.
https://doi.org/10.1158/1535-7163.MCT-13-
0906-T.

4. Kim, D.S., Challa, S., Jones, A., and
Kraus, W.L. (2020). PARPs and ADP-
ribosylation in RNA biology: from RNA
expression and processing to protein
translation and proteostasis. Genes Dev.
34, 302–320. https://doi.org/10.1101/gad.
334433.119.

5. Huang, D., and Kraus, W.L. (2022). The
expanding universe of PARP1-mediated
molecular and therapeutic mechanisms. Mol.
Cell 82, 2315–2334. https://doi.org/10.1016/j.
molcel.2022.02.021.

6. Bonfiglio, J.J., Fontana, P., Zhang, Q., Colby,
T., Gibbs-Seymour, I., Atanassov, I., Bartlett,
E., Zaja, R., Ahel, I., andMatic, I. (2017). Serine
ADP-Ribosylation Depends on HPF1. Mol.
iScience 27, 111252, November 15, 2024 11

https://doi.org/10.1016/j.isci.2024.111252
https://doi.org/10.1038/nrm.2017.53
https://doi.org/10.1038/nrm.2017.53
https://doi.org/10.1016/j.dnarep.2014.05.003
https://doi.org/10.1016/j.dnarep.2014.05.003
https://doi.org/10.1158/1535-7163.MCT-13-0906-T
https://doi.org/10.1158/1535-7163.MCT-13-0906-T
https://doi.org/10.1101/gad.334433.119
https://doi.org/10.1101/gad.334433.119
https://doi.org/10.1016/j.molcel.2022.02.021
https://doi.org/10.1016/j.molcel.2022.02.021


ll
OPEN ACCESS

iScience
Article
Cell 65, 932–940.e6. https://doi.org/10.1016/
j.molcel.2017.01.003.

7. Hendriks, I.A., Larsen, S.C., and Nielsen, M.L.
(2019). An Advanced Strategy for
Comprehensive Profiling of ADP-ribosylation
Sites Using Mass Spectrometry-based
Proteomics. Mol. Cell. Proteomics 18, 1010–
1026. https://doi.org/10.1074/mcp.TIR119.
001315.

8. Buch-Larsen, S.C., Hendriks, I.A., Lodge,
J.M., Rykær, M., Furtwängler, B., Shishkova,
E., Westphall, M.S., Coon, J.J., and Nielsen,
M.L. (2020). Mapping Physiological ADP-
Ribosylation Using Activated Ion Electron
Transfer Dissociation. Cell Rep. 32, 108176.
https://doi.org/10.1016/j.celrep.2020.
108176.

9. Wei, H., and Yu, X. (2016). Functions of
PARylation in DNADamage Repair Pathways.
Dev. Reprod. Biol. 14, 131–139. https://doi.
org/10.1016/j.gpb.2016.05.001.

10. Dawicki-McKenna, J.M., Langelier, M.F.,
DeNizio, J.E., Riccio, A.A., Cao, C.D., Karch,
K.R., McCauley, M., Steffen, J.D., Black, B.E.,
and Pascal, J.M. (2015). PARP-1 Activation
Requires Local Unfolding of an Autoinhibitory
Domain. Mol. Cell 60, 755–768. https://doi.
org/10.1016/j.molcel.2015.10.013.

11. Zhang, Y., Wang, J., Ding, M., and Yu, Y.
(2013). Site-specific characterization of the
Asp- and Glu-ADP-ribosylated proteome.
Nat. Methods 10, 981–984. https://doi.org/
10.1038/nmeth.2603.

12. Larsen, S.C., Hendriks, I.A., Lyon, D., Jensen,
L.J., and Nielsen, M.L. (2018). Systems-wide
Analysis of Serine ADP-Ribosylation Reveals
Widespread Occurrence and Site-Specific
Overlap with Phosphorylation. Cell Rep. 24,
2493–2505.e4. https://doi.org/10.1016/j.
celrep.2018.07.083.

13. Leslie Pedrioli, D.M., Leutert, M., Bilan, V.,
Nowak, K., Gunasekera, K., Ferrari, E., Imhof,
R., Malmström, L., and Hottiger, M.O. (2018).
Comprehensive ADP-ribosylome analysis
identifies tyrosine as an ADP-ribose acceptor
site. EMBO Rep. 19, e45310. https://doi.org/
10.15252/embr.201745310.

14. Suskiewicz, M.J., Zobel, F., Ogden, T.E.H.,
Fontana, P., Ariza, A., Yang, J.C., Zhu, K.,
Bracken, L., Hawthorne, W.J., Ahel, D., et al.
(2020). HPF1 completes the PARP active site
for DNA damage-induced ADP-ribosylation.
Nature 579, 598–602. https://doi.org/10.
1038/s41586-020-2013-6.

15. Teloni, F., andAltmeyer, M. (2016). Readers of
poly(ADP-ribose): designed to be fit for
purpose. Nucleic Acids Res. 44, 993–1006.
https://doi.org/10.1093/nar/gkv1383.

16. Bader, A.S., Hawley, B.R., Wilczynska, A., and
Bushell, M. (2020). The roles of RNA in DNA
double-strand break repair. Br. J. Cancer 122,
613–623. https://doi.org/10.1038/s41416-
019-0624-1.

17. Dziadkowiec, K.N., Gąsiorowska, E., Nowak-
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M.T., Fischer, J.M.F., Veith, S., Rossatti, P.,
et al. (2018). The C-terminal domain of p53
orchestrates the interplay between non-
covalent and covalent poly(ADP-ribosyl)ation
of p53 by PARP1. Nucleic Acids Res. 46,
804–822. https://doi.org/10.1093/nar/
gkx1205.

53. Altmeyer, M., Neelsen, K.J., Teloni, F.,
Pozdnyakova, I., Pellegrino, S., Grøfte, M.,
Rask, M.B.D., Streicher, W., Jungmichel, S.,
Nielsen, M.L., and Lukas, J. (2015). Liquid
demixing of intrinsically disordered proteins
is seeded by poly(ADP-ribose). Nat.
Commun. 6, 8088. https://doi.org/10.1038/
ncomms9088.

54. Ayyappan, V., Wat, R., Barber, C., Vivelo,
C.A., Gauch, K., Visanpattanasin, P., Cook, G.,
Sazeides, C., and Leung, A.K.L. (2021).
ADPriboDB 2.0: an updated database of
ADP-ribosylated proteins. Nucleic Acids Res.
49, D261–D265. https://doi.org/10.1093/nar/
gkaa941.

55. Fugger, K., Bajrami, I., Silva Dos Santos, M.,
Young, S.J., Kunzelmann, S., Kelly, G., Hewitt,
G., Patel, H., Goldstone, R., Carell, T., et al.
(2021). Targeting the nucleotide salvage
factor DNPH1 sensitizes BRCA-deficient cells
to PARP inhibitors. Science 372, 156–165.
https://doi.org/10.1126/science.abb4542.

56. Laspata, N., Kaur, P., Mersaoui, S.Y., Muoio,
D., Liu, Z.S., Bannister, M.H., Nguyen, H.D.,
Curry, C., Pascal, J.M., Poirier, G.G., et al.
(2023). PARP1 associates with R-loops to
promote their resolution and genome
stability. Nucleic Acids Res. 51, 2215–2237.
https://doi.org/10.1093/nar/gkad066.

57. Zhu, T., Zheng, J.Y., Huang, L.L., Wang, Y.H.,
Yao, D.F., and Dai, H.B. (2023). Human PARP1
substrates and regulators of its catalytic
activity: An updated overview. Front.
Pharmacol. 14, 1137151. https://doi.org/10.
3389/fphar.2023.1137151.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-SART1 antibody Novus Biological NBP1-89024

Rabbit anti-PARP1 antibody Cell Signaling 9542

Mouse anti-TUBULIN antibody Sigma-Aldrich T5168

Mouse anti-ACTIN antibody Sigma-Aldrich A5316

Mouse anti-FLAG antibody Sigma-Aldrich F4049

Mouse anti-PAR antibody RD-Systems 4335-MC-100

Rabbit anti-H2AX antibody Millipore-Sigma 07–627

Rabbit anti-gH2AX antibody Millipore-Sigma 07–164

Rabbit anti-LaminB1 antibody Sigma-Aldrich SAB1410759

Rabbit anti-RIF1 antibody Thermo Fischer Scientific PA5-57857

Rabbit anti-RAD51 antibody Calbiochem PC-130

Mouse anti-CYCLIN-B1 antibody BD pharmingen 554176

Bacterial and Virus Strains

DH5alpha competent cells Thermo Fisher Scientific 18265017

Takara Stable Competent Cells Takara 9132

HIV-1-based lentivirus Thermo Fischer Scientific N/A

Chemicals, Peptides, and Recombinant Proteins

Bleomycin Merck B7216

Penicillin-Streptomycin Euroclone ECB3001

Puromycin Thermo Fischer Scientific A1113802

Formaldehyde Sigma-Aldrich P6148

Olaparib TargetMOL TMO-T3015

Rucaparib TargetMOL TMO-T4463

Talazoparib TargetMOL TMO-T6253

HindIII restriction enzyme NEB R0104S

XhoI restriction enzyme NEB R0146S

RIPA Lysis and Extraction Buffer Thermo Fischer Scientific 89900

A/G PLUS–agarose beads Santa-Cruz Biotechnology sc-2003

ANTI-FLAG � M2 Affinity Gel Sigma-Aldrich A2220

cOmplete� ULTRA Tablets, Mini, Protease Inhibitor Cocktail Roche 5892970001

Proteinase K Amsbio 120493–1

RNase A Sigma-Aldrich R6513

ProlongGold with DAPI Thermo Fischer Scientific P36931

Trypsin Promega V5111

Critical Commercial Assays

Qiagen Spin Miniprep Kit Qiagen 27106

FuGENE� HD Transfection Reagent Promega E2311

Lipofectamine RNAiMAX Transfection Reagent Thermo Fischer Scientific 13778150

Lipofectamine 3000 Transfection Reagent Thermo Fischer Scientific L3000001

ViraPower� Lentiviral Packaging Mix Thermo Fischer Scientific K4975-00

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

NucleoSpin Tissue, Mini kit for DNA from cells and tissue Macherey-Nagel 740952.250

QuikChange II Site-Directed Mutagenesis Kit Agilent 200523

Clarity Western ECL Substrate Biorad 1705061

InterPlay Mammalian TAP Purification Kit Agilent 240107

Deposited Data

MS proteomics data ProteomeXchange Consortium PXD047970

Experimental Model: cell lines

Human: HEK293T ATCC CRL-1573

Human: HEK293FT ATCC N/A

Human: HEY A8 ATCC N/A

Human: UWB1.289 ATCC CRL-2945

Human: UWB1.289+BRCA1 ATCC CRL-2946

Human: HeLa ATCC CCL-2

Oligonucleotides

List of oligonucleotides used in the study: Table S1 N/A

Recombinant DNA

pCMV6-Entry Expression Vector Origene PS100001

pFRT/TO/HIS/FLAG/HA-SART1 Addgene 38087

pLKO-puro-SART1shrnaCDS Sigma-Aldrich TRCN0000001088

pLKO-puro-SART1shrnaUTR Sigma-Aldrich TRCN0000320692

pLP1 Thermo Fischer Scientific K4975-00

pLP2 Thermo Fischer Scientific K4975-00

pLP/VSVG Thermo Fischer Scientific K4975-00

pNTAP Agilent 240101

Software and Algorithms

ImageJ https://imagej.nih.gov/ij N/A

Graph-pad Prism 8 https://www.graphpad.com N/A

ClustalW https://www.genome.jp/tools-bin/clustalw N/A

PrDOS https://prdos.hgc.jp/ N/A

Other

Trans-Blot� Turbo� Transfer System Bio-Rad 1704150

SP8 Laser Scanning Confocal Microscope Leica N/A

LTQ Orbitrap Thermo Fischer Scientific BRE725536
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

We used the human embryonic kidney cell lines HEK293T and HEK293FT, the cervical cancer cell line HeLa, and human ovarian cancer cell

lines HEY A8 and the isogenic pair UWB1.289 (BRCA1-null) and UWB1.289+BRCA1 (BRCA1-reconstituted) obtained from ATCC. HEK293T,

HEK293FT, and HeLa cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, GIBCO), and HEY A8 cells were maintained in

RPMI (GIBCO). Media were supplemented with 10% (v/v) fetal bovine serum (FBS, GIBCO). UWB1.289 and UWB1.289+BRCA1 were main-

tained in 50% Mammary Epithelial Growth Medium (MEGM Bullet Kit, ATCC) and 50% RPMI-1640 Medium (ATCC) supplemented with 3%

(v/v) FBS. All cell lines were cultured at 37�C, 5% CO2 in a humidified incubator and penicillin/streptomycin antibiotics added to each culture

media to a final concentration of 1% (v/v). Cell lines were authenticated by Short Tandem Repeat (STR) and preriodically tested for

mycoplasma.
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METHOD DETAILS

Tandem affinity purification

PARP1 BRCT (aa 375–486) and control GFP constructs were subcloned into the pNTAP vector (Agilent) which contains calmodulin binding

peptide and streptavidin binding peptide epitope tags. Transfectionswere performed using amodified calciumphosphatemethod.62 Briefly,

293T cells in 150 mm culture dishes were grown to 40% confluency and transfected with 30 mg vector. Ten hours post transfection, culture

medium was replaced with fresh DMEM. After 24 h, cells were exposed to 20 Gy IR or mock treated and incubated for 2 h. Cells were

harvested in TAP lysis buffer (aqueous 0.5% Nonidet P-40, 20 mM Tris pH 8.0, 50 mM NaCl, 50 mM NaF, 100 mM Na3VO4, 1 mM DTT, and

50 mg/mL PMSF). Lysates contained approximately 1 x 108 cells. TAP-tagged PARP1 BRCT and associated protein complexes were purified

using the InterPlay TAP purification kit (Agilent) with NETN buffer used for lysis.34 Lysates were then cleared by centrifugation at 13,000 x g for

5 min at 4�C and washed three times with 1 mL of NETN. After elution, the supernatant was heated for 5 min at 95�C with XT sample buffer

(Bio-Rad) and subjected to XT-MOPS polyacrylamide gel electrophoresis. Correct folding was inferred from protein stability determined by

western blot and through the identification of interactors described in the literature through independent experiments.
Mass spectrometry

Protein fractions were excised from the XT-MOPS gel, cut into 3–5 cubes, washed with deionized water, destained with 1 mL aqueous

50 mM ammonium bicarbonate with 50%MeOH, reduced with 2 mM tris-carboxyethylphosphinein aqueous 50 mM ammonium bicarbonate

23 15 min at 37�C, alkylated with 20 mM iodoacetamide in aqueous 50 mM ammonium bicarbonate 23 20 min at 37�C in the dark, washed

three times with aqueous 50 mM ammonium bicarbonate with 50% MeOH and digested overnight with 200 ng sequencing-grade trypsin

(Promega) after rehydration with aqueous 30mM ammoniumbicarbonate in volumes sufficient to keep all of the gel submerged. Tryptic pep-

tides were eluted twice from the gel using 100 mL of aqueous 50% acetonitrile containing 0.1% trifluoroacetic acid and concentrated to 20 mL

by vacuum centrifugation. A nanoflow ultra-high-performance liquid chromatograph coupled to interfaced with an electrospray ion trapmass

spectrometer (Dionex U3000 and LTQ Orbitrap, Thermo) were used for tandem mass spectrometry (MS/MS) peptide sequencing

experiments.

In this study, two independent replicates were run for PARP1 BRCT and four independent replicates were run for TAP-tagged GFP which

were used to remove non-specific binding protein contaminants in later analysis using SAINTexpress. All MS/MS samples were analyzed

using Mascot (Matrix Science, London, UK; version Mascot) set up to search the Sprot_20130501 database (selected for Homo sapiens,

20330 entries) assuming the digestion enzyme trypsin. Fragment ion mass tolerance of 0.80 Da (for ion trap MS/MS data) and a parent ion

tolerance of 1.2 Da (to accommodate selection of the incorrect isotope) were used. Oxidation of methionine and carbamidomethylation

\of cysteine were specified in Mascot as variable modifications.

Scaffold (version Scaffold_2_04_00, Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein iden-

tifications and peptide identifications, which were accepted if they had >95.0% probability as specified by the Peptide Prophet algorithm.63

Protein identifications were accepted if they had >95.0% probability and contained at least one identified peptide. Protein probabilities were

assigned by the Protein Prophet algorithm64 and proteins that contained similar peptides and could not be differentiated based on MS/MS

analysis alone were grouped to satisfy the principles of parsimony. The MS proteomics data have been deposited to the ProteomeXchange

Consortium via the PRIDE61 partner repository with the project accession number PXD047970 (Project https://doi.org/10.6019/PXD047970).
SAINTexpress processing and filtering of mass spectrometry data

Total spectral counts for each protein identified by the mass spectrometry processing were used as input into the probabilistic scoring algo-

rithm SAINTexpress (version 3.6.1).65,66 A total of 289 control datasets were used to calculate the probability of true interactions for each iden-

tified protein. The 289 control databases include six TAP-GFP purifications (one mock treated and one IR treated from,34 two IR treated, and

two Sodium Butyrate-treated in this study) and 283 control datasets from the CRAPome (crapome.org).67 Proteins with a Bayesian False Dis-

covery Rate (BFDR)% 0.05 were considered further. Proteins were excluded from further analysis if they contained gene ontology association

of calmodulin binding (GO:0005516), which could arise from non-specific associations with calmodulin beads as part of the TAP purification

protocol, or if they were tubulin proteins.
Public databases analysis

We focused our analysis on cancers where PARPis are used in therapy. Information on SART1 expression in normal tissue have been obtained

querying GTEx portal (https://gtexportal.org/home/), while data regarding genetic alterations and survival in patients with ovarian, breast,

pancreatic and prostate cancer with alteration in SART1 have been obtained using cBioPortal (https://www.cbioportal.org/) and querying

for data from the TCGA database on 10/13/2021 for Ovarian Serous Cystadenocarcinoma (TCGA, Firehose Legacy), n = 600; Breast Invasive

Carcinoma (TCGA, PanCancer Atlas), n = 994; Prostate Adenocarcinoma (TCGA, Firehose Legacy), n = 491; Pancreatic Adenocarcinoma

(TCGA, Firehose Legacy), n = 149. Specifically, we queried by SART1 gene by searching for samples with CNA andmutation data and select-

ing genomic profiles with mutations, putative copy-number alterations, and mRNA expression.
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Lentiviral transduction for stable silencing

pLKO-puro plasmid expressing shRNAs targeting the coding region or the untranslated region (UTR) of SART1 were obtained from SIGMA-

ALDRICH (Figure S7). pLP1, pLP2, and pLP/VSVG ViraPower (Thermo Fisher) viral packaging vectors were used along with pLKO-puro-

SART1shrnaCDS and pLKO-puro-SART1shrnaUTR to make virus particles in HEK293FT cells following the manufacturer’s instruction. Virus

particles were used to transduce HEK293T, HeLa, HEY A8, UWB1.289 and UWB1.289+BRCA1 cells, followed by 1 mg/mL puromycin selection.

Cells were expanded maintaining the puromycin selection, and in every experiment SART1 silencing has been verified by Western blot.

Western blot

Whole cell extracts were obtained lysing cells with NETN buffer (0.5% NP-40, 20 mM Tris pH 8.0, 50 mM NaCl, 50 mMNaF, 100 mMNa3VO4,

1 mM DTT) supplemented with 1 3 cOmplete, Mini Protease Inhibitor Cocktail (Roche) and 1 mM PMSF for 30 min in ice and then centri-

fuging extract at 4�C, 15,300 x g for 15 min. Supernatants were quantified using Bio-Rad Protein Assay Dye Reagent, following the manufac-

turer’s instructions and �20 mg of proteins were loaded per lane on polyacrylamide gels ranging from 8% to 12% of acrylamide percentage

based on the molecular weight of the protein of interest.

Proteins were transferred to methanol-activated PVDFmembrane using the TransBlot Turbo system (Bio-Rad Laboratories, Hercules, Cal-

ifornia) and membranes were blocked for 1 h at room temperature with 5% skim milk solution prepared in TBS-Tween (0.1%). Membranes

were incubated with primary antibodies at 4�C, overnight and with secondary antibodies at room temperature for 1 h. We used the following

antibodies: rabbit anti-SART1 (NBP1-89024, Novus Biological), rabbit anti-PARP1 (9542, Cell Signaling), mouse anti-TUBULIN (T5168, Sigma-

Aldrich), mouse anti-ACTIN (A5316, Sigma-Aldrich), mouse anti-FLAG (F4049- Sigma-Aldrich), mouse anti-PAR (4335-MC-100, RD-Systems),

rabbit anti-H2AX, rabbit anti-gH2AX (07–164,Millipore-Sigma), rabbit anti-LaminB1 (SAB1410759, Sigma-Aldrich), rabbit anti-pAKT (4058, cell

signaling), rabbit anti-AKT.

Immunoprecipitation

Immunoprecipitations were performed using 500–1000 mg of whole cell protein extracts. Protein extracts were incubated with 1 mg of primary

antibody or anti-IgG antibody, as negative control, together with 30 mL protein A/GPLUS–agarose beads (Santa Cruz Biotechnology) for 2 h at

4�C in a rocking platform. Samples were then centrifuged at 2,000 x g, 4�C for 5 min and pellets were washed four times with RIPA buffer

(Thermo Fisher Scientific). Finally, proteins were eluted by boiling samples at 100�C for 3 min with 2x Laemmli buffer and 5–10 mL of sample

was resolved on poly-acrylamide gel. For pulldown of FLAG-tagged proteins we followed the same protocol using 30 mL of anti-FLAG M2

affinity gel (Sigma-Aldrich, A2220).

For phosphorylation dependency IP experiments, protein extracts were incubated with 1 unit of Calf intestinal alkaline phosphatase (CIP)

per mg of protein (Quick CIP, NEB) or with CIP + EDTA (50mM) to inhibits its activity per mg of protein at 37� for 1 h; before performing the

regular IP protocol.

Cell fractionation

To collect proteins enriched in different cellular compartments, cell pellets were resuspended in different buffers to separate cytoplasm, nu-

clear, and chromatin fractions. Extraction of the cytoplasmic fraction was performed by incubation for 2 min on ice in lysis buffer A (20 mMTris

pH 7.4, 10%glycerol, 10mMKCl, 0.2%NP-40, 1mMEDTA, 0.6mM b-mercaptoethanol) supplementedwith 1X protease inhibitor cocktail and

1 mM PMSF. Following centrifugation at 11,300 x g, 4�C, the supernatant containing the cytoplasmic fraction was collected and the pellets

were re-suspended in nuclear extract buffer B (20 mM Tris (pH 7.4), 20% glycerol, 10 mM KCl, 0.4 M NaCl, 1 mM EDTA, 0.6 mM b-mercap-

toethanol) supplementedwith 1mMPMSF and 1X protease inhibitor cocktail. Resuspended cells were incubated for 30min on ice and centri-

fuged at 11,300 x g, 4�C and following centrifugation the supernatant containing the nuclear fraction was collected and the pellets

were re-suspended in acid extraction buffer (aqueous 2 M HCl, 50% Glycerol, 250 mM b-Mercaptoethanol) for 3 min and centrifuged at

11,300 x g, both at room temperature. Following centrifugation, the supernatant containing the chromatin fraction was collected and neutral-

ization buffer (1 M Tris pH 7.4, 1 M NaOH) supplemented with 1X protease inhibitor cocktail was added to each extract.

Immunofluorescence

For SART1 subcellular localization analysis, SART1-proficient and -deficient (silenced) HeLa cells were seeded in 4-well plates (5 x 104 per well)

and were mock-treated or treated with 4 Gy of ionizing radiation (IR) to induce DNA damage 24 h after plating. Four hours after IR treatment,

cells were washed once with PBS and fixed with paraformaldehyde (4%) for 15 min at room temperature, then washed again with PBS and

stored at 4�C for 24 h.

For RIF1 and RAD51 recruitment analysis, HeLa cells were first seeded in 6-well plates (3 x 104 cells per well) and transfected with a siRNA

targeting SART1 or with a non-targeting siRNA as control using the Lipofectamine RNAiMAX Reagent (Thermo Fisher Scientific) following the

manufacturer’s instruction. One day after transfection, cells were trypsinized and reseeded in 24-well plates (5 x 104 cells per well) containing

glass coverslips. In the next day, cells were treated with bleomycin (20 mg/mL) for 3 h. After treatment, cells were washed once with PBS and

fixed with paraformaldehyde (4%) for 15 min at room temperature, then washed again with PBS and stored at 4�C for 24 h.

For both analyses, cells were then treated with permeabilization buffer (PBS/Triton X-0.1%) for 3 min and washed with PBS for 5 min, af-

terward cells were treated with blocking solution (PBS/BSA 3%) for 30 min. After blocking, primary antibodies were added to each well for 3 h
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and then fluorescent AlexaFluor secondary antibodies were added for 1 h. Primary antibodies used were rabbit anti-SART1 (NBP1-89024,

Novus Biological), Rabbit anti-RIF1 (PA5-57857, Thermo Fisher) Rabbit anti-RAD51 (PC-130, Calbiochem). All antibodies were diluted in

PBS/BSA (1%). Finally, glass coverslips were positioned on glass slides with a drop of ProLong Gold antifade reagent with DAPI per coverslip

on it and analyzed using a confocal microscope. To identify cells in S/G2 phase of the cell cycle, we used a mouse anti-Cyclin-B1 antibody

(554176, BD-Pharmingen).
Fragment cloning and expression

To facilitate biochemical analysis, we generated three fragments of SART1. SART1 protein sequences from Homo sapiens, Mus musculus,

Rattus norvegicus, Danio rerio, and Xenopus laevis were retrieved from UniProt. ClustalW algorithm was used to obtain a multiple alignment

and identify the most highly conserved regions to guide the choice of functional SART1 regions. Based on the alignment result, a search for

common PAR reader motifs (RGG/RG), prediction of disordered regions, and a literature search for known PARylated Serine residues, we

divided SART1 proteins in three regions: fragment 1 (aa 1–250) containing the first putative PAR reader motif (R59GGERGSGRRG69) sequence

and a coiled-coil motif (aa 157–231), fragment 2 (aa 235–490) containing a second putative PAR reader motif (R440LRGRGRRR446) sequence,

and fragment 3 (aa 480–800) containing a cluster of known PARylatable Serine residues and a second coiled-coil motif (aa490-533).8,12,38,68

Prediction of intrinsically disordered regions in SART1 was performed using PrDOS (https://prdos.hgc.jp/).

Each cDNA coding for fragments 1–3 was obtained by PCR using primers listed in Figure S7 and pFRT-HA-SART1 (38087, Addgene) as

template. After purification, they were cloned in frame with a C-terminal FLAG tag into the multiple cloning site of pCMV6-entry using

HindIII (NEB) and XhoI (NEB). Plasmids were Sanger sequenced to verify correct frame insertion and absence of mutations. Western blots

using an anti-FLAG antibody were performed after transfection to confirm fragment size, expression, and stability.
Site-directed mutagenesis

Site-directed mutagenesis was performed to mutate R59GGERGSGRRG69 sequence identified on the first part of SART1 sequence into

A59AAERGSGRRG69 using theQuikChange II Site-DirectedMutagenesis Kit (Agilent) followingmanufacturer’s instructions and primers listed

in Figure S7.
Clonogenic assay

UWB1.289 and UWB1.289+BRCA1 cell lines were used for clonogenic assays to assess sensitivity to DNA damage by ionizing irradiation and

to three PARP inhibitors (olaparib (TMO-T3015, TargetMOL), rucaparib (TMO-T4463, TargetMOL) and talazoparib (TMO-T6253, TargetMOL)

in SART1-proficient or -deficient (silenced) cells. For clonogenic assays performed to assess PARPi sensitivity in the UWB+B cell line, 4500 cells

were seeded in each well in a 6-well plate; while for UWB, 6000 cells have been seeded in each well in a 6-well plate. The next day after plating,

medium was changed with fresh medium containing a range of drug concentrations or fresh medium with vehicle (DMSO) as control. For

olaparib and rucaparib the concentrations used were: 0.016, 0.08, 0.4, 2 and 10 mM; for talazoparib, the concentrations used were: 0.16,

0.8, 4, 20 and 100 nM.

For clonogenic assays performed to assess Ionizing Radiation (IR) sensitivity for UWB+B 8,000 cells were seeded in 60 mmplates, while for

UWB 12,000 cells were seeded in 60 mm plates. The next day after plating, each plate was mock-exposed, or exposed to a range of IR doses:

0.25, 0.5, 1, 2, and 4 Gy.

For the analysis of combination (PARPi and IR) treatment, we followed the protocol for PARPi sensitivity testing with the following modi-

fication. Before adding media with vehicle (DMSO) or different drug concentrations, cells were exposed to IR (1 Gy). To avoid confounding

due to the reduced viability caused by the IR treatment alone, results from cells treated with PARPi and IR were normalized using the sample

treated with IR only.

In all cases, 7–10 days after treatment cells were fixedwithmethanol for 10min at room temperature, stainedwith crystal violet 1X in PBS for

30min at room temperature and washedwith water. The day after, crystal violet has been extractedwithmethanol, transferred to 96 wells and

absorbance measured at 540 nm.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as meanG standard error of the mean (SEM) unless otherwise stated. Areas under the curves (AUCs) were calculated and

statistical tests were performed using the Student’s t test using Graph-pad Prism 8 and assuming normal distribution of the data. p values

were determined by an unpaired two-tailed t-test. Intersections between different datasets were visualized using an Upset graph.69
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