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TSG101 associates with PARP1 and is essential
for PARylation and DNA damage-induced
NF-jB activation
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Jens Peter von Kries2 & Claus Scheidereit1,*

Abstract

In a genome-wide screening for components of the dsDNA-break-
induced IKK-NF-jB pathway, we identified scores of regulators,
including tumor susceptibility gene TSG101. TSG101 is essential for
DNA damage-induced formation of cellular poly(ADP-ribose) (PAR).
TSG101 binds to PARP1 and is required for PARP1 activation. This
function of TSG101 is independent of its role in the ESCRT-I endo-
somal sorting complex. In the absence of TSG101, the PAR-
dependent formation of a nuclear PARP1-IKKc signalosome, which
triggers IKK activation, is impaired. According to its requirement
for PARP1 and NF-jB activation, TSG101-deficient cells are defec-
tive in DNA repair and apoptosis protection. Loss of TSG101 results
in PARP1 trapping at damage sites and mimics the effect of phar-
macological PARP inhibition. We also show that the loss of TSG101
in connection with inactivated tumor suppressors BRCA1/2 in
breast cancer cells is lethal. Our results imply TSG101 as a thera-
peutic target to achieve synthetic lethality in cancer treatment.
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Introduction

Endogenous and exogenous sources of DNA damage compromise the

genomic integrity of organisms (Jackson & Bartek, 2009). To prevent

genome instability or tumorigenesis, cells developed a highly con-

served DNA damage response (DDR) that coordinates a network of

signaling pathways required for sensing and repairing damaged DNA

(Goldstein & Kastan, 2015). Several effector proteins and post-

translational modifications (PTM) tightly regulate the DDR (Polo &

Jackson, 2011). ADP-ribose modification is one of the most crucial

regulatory PTMs found in eukaryotes (Gibson & Kraus, 2012). The

poly(ADP-ribose) polymerase (PARP) family of enzymes catalyzes

ADP ribosylation by using NAD+ as a substrate (D’Amours et al,

1999) and generates the highly negatively charged poly(ADP-ribose)

(PAR) polymer (Luo & Kraus, 2012). Poly(ADP-ribose) polymerase 1

(PARP1) is the principal PARP that is involved in DNA damage sig-

naling and produces most cellular PAR (Kim et al, 2005). PARP1 is

activated by binding to DNA strand breaks and catalyzes PARylation

of target proteins, including itself, histones, and chromatin-

associated proteins (Mortusewicz et al, 2007). Enrichment of PAR

near the DNA damage site serves as a docking platform for the

recruitment of DNA repair factors (Krishnakumar & Kraus, 2010).

PARP1 auto-PARylation inhibits its DNA binding capacity and leads

to its release from the DNA lesions into the nucleoplasm where it ini-

tiates further downstream signaling events (Ahel et al, 2009).

As part of the PARP1-mediated genotoxic stress response, cells

activate the NF-jB pathway (Stilmann et al, 2009). Following acti-

vation, auto-modified PARP1 forms a transient nuclear complex

with IKKc, PIASy, and ATM (Stilmann et al, 2009). IKKc is sequen-

tially SUMOylated and phosphorylated in the signalosome complex

by PIASy- and ATM (Huang et al, 2001; Mabb et al, 2006; Stilmann

et al, 2009). Shortly after the IKKc modifications, both ATM and

IKKc are exported to the cytoplasm (Wu et al, 2006). ATM triggers

autoubiquitination of TRAF6, which recruits cIAP1 and TAB2-TAK1,

leading to TAK1-dependent activation of IKKb (Hinz et al, 2010).

After IKK activation, the downstream signaling events occur similar

to the classical NF-jB cascade, in which phosphorylation of IjBa by

IKK is followed by its ubiquitination and proteasomal degradation,

permitting liberated NF-jB dimers to translocate to the nucleus

(Hinz et al, 2010; Wang et al, 2017).

The NF-jB pathway upregulates the expression of anti-apoptotic

genes, including Bcl-XL (Stilmann et al, 2009). Although DNA
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damage-induced NF-jB has crucial physiological roles, important

steps in this signaling cascade are still unexplored. Identification of

essential regulators of the DNA damage-induced IKK-NF-KB pathway

is the basis for the development of directed cancer therapeutics.

Here, we systemically identified regulators of the genotoxic stress-

induced NF-KB pathway by using genome-wide siRNA screens. Among

numerous candidate regulators, we have identified Tumor Susceptibil-

ity Gene 101 (TSG101) as an essential component of the DNA damage-

induced NF-jB pathway and of PARP1 function in the DNA damage

response in general. TSG101 is a member of the endosomal sorting

complexes required for the transport complex I (ESCRT-I) (Ferraiuolo

et al, 2020); however, its role in the DDR was unexpected. Via bio-

chemical pathway mapping of TSG101 in the IKK-NF-jB signaling cas-

cade, we discovered that TSG101 is essential for enzymatic activation

of PARP1. TSG101 interacts through its coiled-coil domain with PARP1

and stimulates PARylation in vitro and intact cells. Depletion of

TSG101 completely abrogates cellular PARylation and causes trapping

of PARP1 in DNA lesions due to loss of its auto-PARylation. Because

of failed PARylation of PARP1, cH2AX foci indicating unrepaired DNA

damage accumulate. TSG101 is required for activation of the PAR-

dependent IKK-NF-jB pathway by DNA damage. Targeting the

TSG101-PARP1 axis sensitizes cells to apoptosis due to impaired anti-

apoptotic NF-jB driven gene expression. We also demonstrate a co-

dependency of TSG101 and BRCA1/2 for the survival of breast cancer

cells, similar to the synthetic lethality observed for PARP inhibitor ola-

parib and BRCA1/2 deficiency.

Results

Systematic identification of essential components and regulators
of the DNA damage-induced NF-jB pathway via genome-wide
siRNA screens

For a systematical identification of regulators required for the DNA

damage-induced NF-jB pathway, we performed a high-content

genome-wide siRNA screen. We used a transcription activity-based

luciferase assay as a readout for stimulus-dependent NF-jB pathway

activation (Figs 1A and EV1A). After delivery of the siRNA library,

etoposide served as DNA damage-inducing agent to activate NF-jB.
Cells transfected with IKBKG siRNA, which abolished NF-jB-driven
luciferase activity, served as positive controls (Fig EV1B). We

selected the 1,000 top hits as candidate activators of the pathway and

100 further hits, which, on the contrary, suppressed NF-jB activation

(Fig 1B and Dataset EV1). The putative positive regulatory hits cov-

ered many previously described members and regulators of the NF-

jB pathway (Fig 1C and Dataset EV1). For example, RELA, a princi-

pal transactivating NF-jB subunit, topped the list. Moreover, top hits

included ATM, TIFA, CHUK, TRAF6, and IKKc, all known compo-

nents of the DNA damage-induced NF-jB pathway (Fig 1C). The

other side of the screening curve revealed several previously

described negative regulators, whose depletion unleashed NF-jB
activation (Fig 1B), including NFKBIA, CYLD, TRAF3, VPS28, and

N4BP1. Furthermore, we identified TANK, and SENP1, suppressors

specifically of genotoxic stress-induced IKK-NF-jB signaling (see

Fig 1C for details). Poly(ADP-ribose) glycohydrolase (PARG) is also

classified as a negative regulator. Overall, the screening assay

revealed a high degree of robustness (Z0 > 0.5, Dataset EV2) and

technical reproducibility (Fig EV1C).

We further refined the group of 1,000 candidates to 320

(Dataset EV3), by excluding genes encoding members of general tran-

scription or RNA processing machineries, the proteasome, and ribo-

some, which are generally required for NF-jB-dependent gene

expression. The selected 320 hits were subjected to a counter screen

with TNFa in comparison with etoposide as inducer. Targeting of

known components of the DNA damage-induced IKK-NF-jB pathway,

such as TRAF6, which have no documented prominent role in TNFa-
induced NF-jB signaling, was included to establish an arbitrary thresh-

old (Fig 1D). Following the counter screen, 60 hits remained, which

were highly selective for the DNA damage-induced pathway

(Dataset EV4). To determine functional protein networks, these hits

were analyzed in ENRICHR (Kuleshov et al, 2016), REACTOME (Jassal

et al, 2020), and STRING (Szklarczyk et al, 2019) databases. The

curated networks revealed that the multifunctional tumor susceptibility

gene product TSG101 (Ferraiuolo et al, 2020) clusters with several

other hits from the primary screen (Fig EV1D), implying a crucial bio-

logical function of TSG101 for DNA damage-induced NF-jB signaling.

The candidate hits also included NAA15, an auxiliary subunit of

the N-terminal acetyltransferase A (Nat A) complex 15 (Fig EV1E)

(Arnesen et al, 2005) (Fig 1C), and several mitochondrial enzymes

(Table EV2).

TSG101 is essential for the DNA damage-induced NF-jB pathway

To validate the contribution of TSG101 to the DNA damage-

induced IKK-NF-jB pathway, we knocked down TSG101 and, as

▸Figure 1. Genome-wide siRNA screening.

A Schematic diagram of the two consecutive siRNA screens. NF-jB-driven luciferase activity served as a readout for pathway activation. The primary screen was per-
formed using a genome-wide siRNA library. A total of 320 candidates were selected for a secondary counter screen with TNFa to narrow down DNA damage-specific
regulators of the NF-jB pathway. Responsiveness of the reporter cell line to NF-jB activating stimuli was analyzed by western blotting (Fig EV1A).

B Cumulative distribution of Z-scores of the genome-wide siRNA screening. Candidates with low Z-scores are putative positive regulators as their depletion abrogated
NF-jB activation by DNA damage (red circle). Putative negative regulators with high Z-scores exhibited elevated NF-jB activity (blue circle).

C Z-scores of the best-scoring siRNAs for selected previously known and newly identified pathway regulators. Hits include VPS28 (Mami�nska et al, 2016), CYLD (Trom-
pouki et al, 2003), NFKBIA (Haskill et al, 1991), TRAF3 (Vallabhapurapu et al, 2008), N4BP1 (Shi et al, 2021), TANK (Wang et al, 2015), SENP1 (Lee et al, 2011; Shao et al,
2015), PARG (Cortes et al, 2004), RELA (Li et al, 2001), TIFA (Fu et al, 2018), CHUK (Colomer et al, 2019), TRAF6 (Hinz et al, 2010) and IKBKG (Mabb et al, 2006) for
expected factors.

D Representative relative luciferase units (RLU) of the differential counter screen of the 320 preselected hits are shown. The RLU of hits is displayed for etoposide and
TNFa screens (left and right panels). See Dataset EV4 for details. RLU levels of treatment controls are indicated with red lines. Hits that abrogated etoposide-induced
NF-jB activity were classified as group I. Hits in the TNFa counter screen with higher activity than in siTRAF6-transfected cells constituted group II. The intersection
of the two groups indicates putative DNA damage-selective positive regulators. Note that TNFa may trigger secondary NF-jB activation events through autocrine/-
paracrine mechanisms. See Dataset EV4 for luminescence values.
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a positive control, ATM (Piret et al, 1999). Indeed, depletion of

TSG101 or ATM equivalently abrogated NF-jB-driven reporter

gene activation (Figs 2A and EV2A). Furthermore, IKK-

dependent phosphorylation of p65 at serine 536, a key step in

NF-jB activation after DNA damage (Kolesnichenko et al,

2021), was abolished in TSG101 or ATM-deficient cells

(Fig 2B). Importantly, the TSG101 knockdown did not affect

activation or protein level of ATM (Fig 2B). As a second line of

evidence, knockdown TSG101 by two additional siRNAs also

resulted in complete loss of DNA damage-induced p65

phosphorylation (Fig EV2B) and ruled out possible off-target

effects of the siRNAs.

TSG101 is required in the same manner as ATM for the induced

expression of selected NF-jB target genes (CCL2, CXCL10, ICAM1,

CXCL8, and NFKBIA) following irradiation (Fig 2C) or etoposide

treatment (Fig EV2C). In agreement with these results, the knock-

down of TSG101 blocked genotoxic stress-induced DNA binding

activity of NF-jB (Fig 2D). Taken together, our data demonstrate

that TSG101 is essential for the activation of the NF-jB pathway by

DNA damage.
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TSG101 is required for PARylation

The formation of a transient nuclear PARP1 signalosome complex

involving ATM, IKKc, and PIASy (Stilmann et al, 2009) and a cyto-

plasmic ATM-TRAF6 module, where ATM is exported to the cyto-

plasm (Hinz et al, 2010) are cornerstones of the DNA damage-

induced IKK pathway. We next analyzed how and where TSG101

acts on this pathway. To investigate whether TSG101 affects ATM

export, we prepared nuclear and cytoplasmic fractions. In cells

treated with etoposide, loss of TSG101 influenced neither activation

of nuclear ATM, nor cytoplasmic export of phosphorylated ATM

(Fig 3A). Likewise, pharmacological inhibition of PARP1 did not

impair ATM export. These data indicate that TSG101 does not func-

tion upstream of the cytoplasmic export of phosphorylated ATM.
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The DNA damage-induced formation of the PARP1 signalosome is

highly dependent on PARP1 auto-PARylation, which mediates the

interaction between PARP1, ATM, IKKc, and PIASy (Stilmann et al,

2009). Strikingly, in the absence of TSG101, etoposide-induced

PARylation was significantly impaired (Fig 3A), implying that TSG101

regulates the DNA damage-induced NF-jB pathway by enabling the

formation of the transient PARP1 signalosome complex. Furthermore,

depletion of TSG101 led to a complete loss of irradiation-induced

PARylation (Fig 3B). Knockdown of TSG101 by two additional siRNAs

also led to diminished DNA damage-induced PARylation (Fig EV3A).

In agreement with these observations, both basal level and DNA

damage-induced mono- or poly-(ADP-ribose) modification of histones

was severely diminished in the absence of TSG101 (Fig 3C). Off-target

effects were excluded since ectopic expression of TSG101 from an

siRNA-resistant construct rescued DNA damage-induced PARylation

in TSG101-depleted cells (Fig EV3B). Depletion of TSG101 does not

have any effect on cellular NADH levels in nonirradiated cells

(Fig EV3C), ruling out that any mechanisms controlling NADH/NAD+

availability required for PARylation have been impaired. Upon irradia-

tion, however, depletion of TSG101 or addition of olaparib decreased

the NAD+/NADH ratio, while ectopic TSG101 expression caused an

increase (Fig EV3D).

As a member of the ESCRT-I complex, depletion of TSG101

destabilizes the early endosome morphology and dynamics at a

wide range (Doyotte et al, 2005). Indeed, it was previously shown

that Vacuolar Protein Sorting 28 (VPS28), another member of the

ESCRT-I complex (Babst et al, 2000), is diminished in cells lacking

TSG101 (Doyotte et al, 2005). VPS28 protein depletion by siRNA

expression also strongly reduced TSG101 protein levels (Fig 3D),

without affecting TSG101 mRNA levels (Fig 3E), indicating mutual

protein stability regulation. During the preparation of this manu-

script, (Kolmus et al, 2021) reported a cross-destabilization of vari-

ous ESCRT-I components, including downregulation of TSG101

upon VPS28 knockdown, supporting our conclusion. Consistent

with our previous data, irradiation-induced PARylation was

impaired upon VPS28 depletion-mediated reduction in TSG101

levels (Fig 3F). Collectively, our data show therefore that TSG101

functions like an essential cofactor for PARP1 and regulates the

DNA damage-induced NF-jB pathway activation by enabling PAR-

dependent interactions between ATM, PARP1, IKKc, and PIASy.

TSG101 interacts with and activates PARP1

To investigate how TSG101 may control PARylation we analyzed

physical interactions between TSG101 and PARP1. TSG101 was

predicted to interact with PARP1 and with several members of the

PARP1 signalosome complex (Fig EV4A). We also previously identi-

fied TSG101 as an irradiation-enhanced, likely PARP1-mediated

interaction partner of IKKc in a proteome-wide SILAC-based IP anal-

ysis (Mikuda et al, 2018). With a proximity ligation assay (PLA) we

were able to show a nuclear interaction between endogenous

TSG101 and PARP1 (Figs 4A and B, and EV4B). Complex formation

was enhanced following DNA damage induction by etoposide

(Fig 4A and B) and was independent from PARylation, as it was

insensitive to the PARP inhibitor olaparib (Fig 4A and B). Interest-

ingly, the abundance of the nuclear TSG101-PARP1 interaction was

enhanced upon pharmacological inhibition of PARylation (Fig 4B).

We also observed that ectopically expressed TSG101 interacts with

PARP1 (Fig EV4C).

We then determined the minimal region of TSG101 necessary for

PARP1 interaction and found that the coiled-coil (CC) domain of

TSG101 is essential for its association with PARP1 (Fig 4C and D).

To investigate whether increased levels of TSG101’s PARP1-

interacting portion have any impact on cellular PARylation, we

tested the effect of this domain on irradiation-induced consumption

rates of NADH (Fig 4E). Strikingly, we observed that expression of

the CC + SB domains of TSG101, but not of the CC-deleted TSG101

version DCC, significantly enhanced the NADH consumption

(Fig 4E). Similar to overexpression of full-length TSG101

(Fig EV3D), CC+SB, but not DCC, caused an elevated NAD+/NADH

ratio (Fig 4E). Consistent with these observations, expression of the

CC+SB, but not the DCC construct significantly enhanced PARyla-

tion (Fig EV4D). To examine the effect of TSG101 on the catalytic

activity of PARP1 directly, we performed an in vitro PARylation

assay. As expected, PARylation was catalyzed upon incubation of

recombinant PARP1 with NAD+, MgCl2, and sheared salmon sperm

DNA (Fig 4F). Strikingly, the addition of TSG101, unlike equivalent

amounts of other unrelated proteins, such as BSA or RNF113A,

strongly enhanced the catalytic activity of PARP1 (Fig 4F). Collec-

tively, our data suggest that the interaction between PARP1 and

TSG101 is functionally crucial for PARylation.

TSG101 prevents trapping of PARP1 in DNA lesions

Rapid recruitment of PARP1 to the DNA lesions enables its direct

interaction with the DNA breaks, which triggers its enzymatic

activity (Mortusewicz et al, 2007). Therefore, TSG101 might be

required either for the recruitment of PARP1 to DNA damage sites

or for its dissociation. To gain insights into the mechanism of

how TSG101 controls these processes, we analyzed the dynamics

◀ Figure 2. TSG101 is essential for the DNA damage-induced NF-jB pathway.

A IR-induced NF-KB pathway activation was analyzed via luciferase activity of HEK-Luc cells, transfected with the indicated siRNAs. The indicated cells were irradiated
(20 Gy, 8 h before analysis). A late time point was used for efficient luciferase expression. Luciferase activity was normalized to the viable cell number (TOX fluores-
cence). The data represent three biological and five technical replicates. Error bars represent mean � SD. For knockdown efficiency, see Fig EV2A. The conditions were
compared with an ordinary one-way ANOVA (****P < 0.0001).

B U2-OS cells were transfected with the indicated siRNAs. The indicated cells were treated with etoposide (50 lM, 90 min. Before analysis). Whole-cell extracts were
immunoblotted with the indicated antibodies. The result is representative of three biological replicates.

C U2-OS cells were transfected with the indicated siRNAs and exposed to irradiation (20 Gy, 90 min. Before analysis). The expression of indicated genes was analyzed
using RT–qPCR. The mRNA expression was normalized to the expression of the housekeeping genes ACTA1, RPL13A, and TBP2. Data represent three biologically inde-
pendent experiments +/� SEM. The conditions were compared with an ordinary one-way ANOVA (*P < 0.05; **P < 0.01, ***P < 0.001).

D U2-OS cells were transfected with nontargeting (mock) or TSG101-targeting siRNAs and irradiated (20 Gy) for 90 min. Before analysis. Lysates were analyzed by EMSA
and results of fold changes in densitometric measurements of the three independent experiments were compared with an ordinary one-way ANOVA (*P < 0.05) in
the right panel. Error bars represent mean � SD.
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of PARP1 enrichment at DNA lesions upon laser microirradiation

by live-cell imaging (Fig 5A). PARP1 rapidly accumulated at the

DNA damage sites in control cells and in cells with TSG101

knockdown (Fig 5B). While PARP1 foci showed dissociation

within minutes after microirradiation in control cells, it remained

captured on DNA lesions in both siTSG101-transfected and

olaparib-treated cells (Fig 5B). Normal recruitment of PARP1 to

DNA lesions in the absence of TSG101 rules out that TSG101 will

direct PARP1 to the DNA breaks. A quantitative analysis of the

kinetics of PARP1 recruitment revealed that siRNA depletion of

TSG101 or PARP inhibition by olaparib does not affect the rapid

PARP1 association with DNA lesions. However, both treatments

caused an equivalent and significantly elevated PARP1 retention

at later time points (Fig 5C and D). We next investigated whether

TSG101 would accumulate at DNA damage sites. An indirect

immunofluorescence analysis of DNA damage sites (Fig 5E)
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Figure 3. TSG101 controls PARylation.

A Nuclear-cytoplasmic fractionation of U2-OS cells. Indicated samples were transfected with siRNAs against TSG101. PARylation was inhibited by olaparib (10 lM, 24 h
before analysis). Cytoplasmic export of p-ATM was induced by etoposide (50 lM, 45 min before analysis). Nuclear and cytoplasmic fractions were immunoblotted
with the indicated antibodies. The fractionation efficiency was controlled by the respective subcellular marker proteins (PARP1 and LDH-A). PARylation was detected
using the Pan ADPr reagent. Note that PARylation is activated by shearing forces during extract preparation (lane 1) (Jungmichel et al, 2013).

B U2-OS cells were transfected with nontargeting (�) or TSG101-targeting (+) siRNAs and cells were irradiated (+) or not (�) as indicated (20 Gy) 10 min. Before analy-
sis. Whole-cell extracts were immunoblotted with the 10H PAR monoclonal antibody.

C siRNA-transfected U2-OS cells as in B were etoposide-treated or not, as indicated. Whole-cell extracts were immunoblotted with the Pan ADPr reagent that recognizes
both poly- and mono-(ADP-ribose). Note that PARylation also occurred during cell lysis in untreated cells.

D U2-OS cells were transfected with nontargeting or VPS28-targeting siRNAs. Whole-cell extracts were immunoblotted with indicated antibodies.
E Total mRNA was extracted from the samples in D. Expression of TSG101 was analyzed by RT–qPCR and normalized to two housekeeping genes, ACTA1 and RPL13A.

The conditions were compared with an ordinary one-way ANOVA (ns, P > 0.05). Error bars represent mean � SEM.
F Cells were irradiated (20 Gy) as indicated 10 min before analysis. Whole-cell extracts were immunoblotted with the indicated antibodies.

Data information: The results are each presentative for three (panels A–D and F) or six (panel E) independent experiments.
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revealed that TSG101 is abundantly present in the nucleus and

evenly distributed throughout the nucleoplasm and including the

DNA damage sites (Figs 5F and EV5A). Collectively, our data

indicate that due to the requirement of TSG101 for PARylation,

PARP1 remains trapped on DNA lesions in its absence.

Based on our screening results we hypothesized that the role of

TSG101 in PARylation is independent from its ESCRT-related func-

tions as TSG101 was the sole member of the ESCRT complex that

abrogated the DNA damage-induced NF-jB activity (Fig EV5B). We

sought to determine whether disruption of the ESCRT machinery
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affects PARylation. Therefore, we analyzed the recruitment kinetics

of PARP1 to the DNA lesions following depletion of UBAP1, another

component of the ESCRT-I complex (Ferraiuolo et al, 2020). Impor-

tantly, efficient UBAP1 knockdown did not affect TSG101 protein

level (Fig EV5C and D). Dissociation of PARP1 from the laser

microirradiated areas occurred normally in siUBAP1-transfected cells

(Fig 5G), suggesting that the defective ESCRT system does not influ-

ence PARylation. Furthermore, in contrast to TSG101, CHMP4A and

PTPN23 were not required for PARylation (Fig EV5B and E). Collec-

tively our data revealed that TSG101’s function in PARylation is inde-

pendent of its role in the ESCRT complex.

Loss of TSG101 sensitizes cells to apoptosis and impairs DNA repair

Since impaired enzymatic PARP1 activation should result in

genomic instability and decreased cell viability, we analyzed cell

death and DNA damage in TSG101-depleted cells. Notably, the

knockdown of TSG101 severely reduced cell viability following

etoposide treatment in a time and concentration-dependent manner

(Fig 6A). Furthermore, in the absence of TSG101, DNA damage-

induced expression of a crucial anti-apoptotic NF-jB target gene,

Bcl-XL (Stilmann et al, 2009), was impaired (Fig 6B). Loss of

TSG101 also significantly increased the expression of pro-apoptotic

genes, including PUMA (Fig EV6A and B).

Induction of apoptosis was visualized by cleaved caspase-3

(Fig 6C). Strikingly, over 50% of the cells stained positive for

cleaved caspase-3 at 7 days postirradiation (Fig 6D). Furthermore,

depletion of Tsg101 in murine cells also increased IR-induced

caspase-3 activation (Fig EV6C). Importantly, the early stages of cell

death are associated with a size increase in cH2Ax foci (Bonner

et al, 2008; Solier & Pommier, 2009), and accordingly, puncta-like

cH2Ax foci emerged only in irradiated and TSG101-depleted cells at

later time points (Figs 6E and F, and EV6D).

Altogether, our data suggest targeting TSG101 sensitizes cells to

DNA damage-induced apoptosis. We additionally examined gene

expression in cells at 7 days postirradiation. As we recently showed,

DNA damage causes biphasic NF-jB activation, with the second

phase occurring days after the initial exposure in a PARP1- and IKK-

independent manner and driving the expression of senescence-

associated-secretory phenotype (SASP) genes (Kolesnichenko et al,

2021). Therefore, we analyzed bona fide SASP factors IL-6 and IL-8

(Fig EV6F). The expression of these SASP factors was significantly

upregulated at 7 days postirradiation irrespective of the presence of

TSG101. These data underline that TSG101 does not play a role in

the regulation of SASP expression.

A clinically implemented synthetic lethality principle is based on

the finding that cancer patients carrying BRCA1/2 mutations are

sensitive to inhibition of PARP1 (Helleday, 2011). This prompted us

◀ Figure 4. TSG101 interacts with PARP1.

A Proximity ligation assay (PLA) assay with unstimulated, etoposide (Eto)-treated (50 lM, 10 min. Before analysis), or etoposide plus olaparib-(Olap) co-treated (50 lM
of etoposide, 10 min. Before analysis and 10 lM of olaparib 24 h before analysis) U2-OS cells. The red dots represent PARP1-TSG101 interaction. The nucleus is
stained with DAPI (blue). Scale bar: 10 lm. As negative controls, PLA was performed without primary PARP1 or TSG101 antibodies. As an additional control, PLA was
performed in PARP1 depleted cells to show the specificity of the PLA signal. The data are representative of three biologically independent experiments.

B Quantification of PLA dots per nuclei in (A). Blind counting was performed from 30 replicates of three biologically independent experiments. The conditions were
compared with an ordinary one-way ANOVA (ns, P > 0.05; *P < 0.05; ***P < 0.001; ****P < 0.0001). Error bars represent mean � SD.

C U2-OS cells were cotransfected with the indicated deletion constructs of mCherry-tagged TSG101 and EGFP-tagged PARP1. Immunoprecipitation of GFP was per-
formed using whole-cell extracts.

D Diagram showing the summary of PARP1 interacting and noninteracting TSG101 domain deletion mutants.
E U2-OS cells were transfected with the indicated, coiled-coil containing CC+SB and coiled-coil deleted DCC constructs. Cells were irradiated (20 Gy, 5 min before anal-

ysis) and the decomposed NADH and total NAD+ levels were quantified. The NADH/NAD+ ratio is shown in the right panel. The conditions were compared with an
unpaired t-test (*P < 0.05). Error bars represent mean � SD.

F In vitro PARylation reactions were carried out with the indicated recombinant and purified proteins, including 8 ng PARP1 in the presence of ssDNA (sheared salmon
sperm DNA) and MgCl2. 100 ng of TSG101 was added to the reaction, as indicated. The PARylation reaction was also carried out using 100 ng of BSA or RNF113A as
negative controls.

▸Figure 5. PARP1 is trapped in DNA lesions in the absence of TSG101.

A Schematic of the live-cell PARP1 recruitment assay. U2-OS cells transfected with GFP-tagged PARP1 were sensitized with DAPI (10 lg/ml, for 10 min). After 405 nm
microirradiation, PARP1 recruitment to and dissociation from the DNA lesion was recorded over time.

B Representative images of PARP1-GFP association with laser-microirradiation sites in untreated (mock), olaparib-treated (10 lM, 24 h before analysis) or siTSG101-
transfected U2-OS cells at indicated times postirradiation. Scale bar: 7.5 lm. The image is representative of nine replicates from three biologically independent experi-
ments. Go to Movies EV1–EV3 for further illustration.

C Kinetics of PARP1-GFP recruitment and dissociation from DNA lesions were measured at times indicated. Nine nuclei were analyzed for each indicated condition from
three biologically independent experiments. The data are shown as mean GFP intensity in the microirradiated area � SEM, normalized to the mean GFP intensity of
corresponding whole nuclei. The conditions were compared with an ordinary one-way ANOVA (ns, P > 0.05; ***P < 0.001).

D Relative PARP1-GFP recruitment to DNA lesions for each indicated condition at 12 min postirradiation. The conditions were compared with an ordinary one-way
ANOVA (**P < 0.01). Error bars represent mean � SEM.

E Scheme of indirect immunofluorescence analysis of DNA damage sites. U2-OS cells were GFP-PARP1-transfected and microirradiated as in (A). Cells were fixed shortly
after rapid PARP1 recruitment to the DNA lesions (1 min post-microirradiation) and stained for TSG101 by indirect immunofluorescence.

F Indirect immunofluorescence of TSG101 at indicated times post damage. DNA lesions were generated as in B. Stippled lines indicate the applied laser beam.
Recruitment of PARP1 to DNA lesions was recorded from live cells. Cells were fixed at 1 min post-microirradiation and stained for TSG101. For specificity of the
TSG101 staining see Fig EV5A. Scale bar: 10 lm.

G Representative images of PARP1-GFP association/dissociation at laser-microirradiation sites in untreated (mock) or siUBAP1-transfected U2-OS cells at indicated times
postirradiation. Scale bar: 10 lm. The image is representative of four independent experiments.
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to investigate the effect of TSG101 loss in the context of BRCA1/2

deficiency. Strikingly, depletion of TSG101 significantly reduced the

viability of BRCA1 mutant cells (MDA-MB-436), while BRCA1 wild-

type cells (MDA-MB-231) were unaffected (Figs 6G and EV6G). Fur-

thermore, targeting TSG101 affected the cellular integrity of BRCA1

deficient cells in a similar manner as pharmacological inhibition of

PARylation by olaparib (Fong et al, 2009) (Fig 6G). Importantly, we

found that depletion of TSG101 does not further elevate the killing

capacity of pharmacological PARP inhibition in MDA-MB-436 cells

(Fig 6H), suggesting an epistatic effect. As a second line of evidence,

we analyzed the dependency status of BRCA1/2-deficient breast

cancer cells to TSG101 expression in the DepMap database (Tsher-

niak et al, 2017). In agreement with our findings, five out of six

breast cancer cell lines bearing BRCA1 mutations showed a strong

dependency on TSG101 (Fig 6I and Table EV3), while the sum of

breast cancer cell lines was less sensitive to the loss of TSG101
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(Fig 6I), indicating that loss of PARylation in the TSG101 knockout

might cause synthetic lethality in these cells. To obtain further evi-

dence, we also targeted Tsg101 in Brca1�/� murine embryonic

fibroblasts (MEF) with a CRISPR system. A knockout of Tsg101 in

the Brca1 null background (Fig EV6E) indeed resulted in severely

increased cell death (Fig 6J). Thus, in the context of BRCA1/2

deficiency, TSG101 has a comparable effect on cell survival as a

pharmacological PARP1 inhibition. Taken together, our data demon-

strate that TSG101 prevents DNA damage-induced cell death by

enabling PARylation and subsequent PARP1-dependent NF-jB path-

way activation and plays a crucial role in PARP1-dependent DNA

repair processes.
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Discussion

Genome-wide siRNA screening revealed multiple regulators of
the DNA Damage-Induced IKK-NF-jB pathway

NF-jB signaling is important for many physiological processes;

however, a genome-wide loss of function screen assessing the

role of each particular gene product in the regulation of a specific

pathway, to the best of our knowledge, is presented here for the

first time. With the advent of high-throughput screening technolo-

gies, analysis of the signaling pathway dynamics is now possible,

and we applied this approach to systematically identify factors

required for the regulation of DNA damage-induced IKK-NF-jB
signaling. By combining the screening outcome of genotoxic

stress-induced signaling with a counter screening using TNFa, we

were not only able to identify DNA damage-selective regulators of

the NF-jB pathway but also provide a comprehensive overview

of the general regulation of NF-jB signaling. Our dataset under-

scored previously described key elements of IKK-NF-jB signaling.

Importantly, the essential components of the pathway led to abro-

gated activity in the screen, while targeting negative regulators

unleashed the NF-jB pathway (Fig 1C). Previously described neg-

ative regulators included TRAF3, which suppresses noncanonical

NF-jB signaling by degrading NIK (Sun, 2017), and ESCRT-I com-

ponents, including VPS28, the depletion of which leads to the

accumulation of TNFR receptors in the endosomes, and subse-

quent activation of NF-jB (Mami�nska et al, 2016). More essen-

tially, depletion of PARG, which is an enzyme that recycles the

PAR chains and attenuates PARylation (Cortes et al, 2004), also

enhanced the DNA damage-induced NF-jB activation. As expected

for the nuclear DNA damage initiated and PARP1-dependent cas-

cade (Dunphy et al, 2018), the cGAS-STING pathway did not con-

tribute to NF-jB activation (MB21D1 and TMEM173 in

Dataset EV1). Collectively, these results suggest that our screening

results represent a rich resource that provides previously

unknown protein complexes or biological processes required for

or linked to NF-jB signaling, as well as negative regulators that

restrict aberrant activation.

DNA damage-induced activation of the IKK-NF-jB pathway is
highly dependent on PARylation

In response to DNA damage, a transient PARP1 signalosome com-

plex is formed containing the DNA damage sensors ATM and PARP1

bound to IKKc and PIASy (Stilmann et al, 2009). The interactions

between the proteins in this complex are facilitated by PARylation

and are requisite for the DNA damage-induced activation of the NF-

jB (Stilmann et al, 2009). The strong dependence of the activation

of the NF-jB pathway on PARylation enabled us to identify compo-

nents that regulate PARylation. TSG101 is required for PARylation

(Figs 3 and EV3). Intriguingly, a recent study revealed that

mitochondria-derived NAD+ is consumed by nuclear PARP1 in

response to DNA damage (Hopp et al, 2021). Furthermore, a large

group of metabolic enzymes (47 hits) was identified in our screen-

ing dataset with very high confidence (Table EV2). Investigation of

these components will decipher the metabolic networks underlying

the NAD homeostasis and NAD-dependent PARylation under geno-

toxic stress conditions.

◀ Figure 6. Loss of TSG101 sensitizes cells to apoptosis and impairs DNA repair.

A Survival curve assay. U2-OS cells were transfected with nontargeting or TSG101-targeting siRNAs. Cells were treated with increasing concentrations of etoposide (10,
25, and 50 lM). Relative numbers of viable cells in culture were measured using a fluorogenic, cell-permeant peptide substrate (glycyl-phenylalanyl-
aminofluorocoumarin; GF-AFC) at 2, 3, or 4 days post-treatment. The data represent five biologically independent experiments. The heatmap displays the relative
survival fractions of TSG101-targeted compared with nontargeting siRNA-transfected cells exposed to increasing etoposide concentration at each time point, 2, 3, or
4 days post-treatment, respectively.

B U2-OS cells were transfected with nontargeting (mock) or TSG101-directed siRNAs, kept untreated (UT) or irradiated (20 Gy), and analyzed 1 day later. Total RNA was
extracted, and the expression of BCL2L1 was analyzed by RT–qPCR. BCL2L1 expression was normalized to the housekeeping genes ACTA1, RPL13A and TBP2.in three
biologically independent experiments. The conditions were compared with an unpaired t-test (**P < 0.01). Error bars represent mean � SEM.

C Cells were transfected with nontargeting or TSG101-targeting siRNAs. Immunofluorescence staining was performed with the indicated antibodies (red: cleaved
caspase-3; green: cH2AX). Nuclei were stained with DAPI (blue). The image is a representative of 3 biologically independent experiments. Scale bar: 30 lm. See
Fig EV6D for the percentage of cH2AX positive cells as evidence of IR-treatment.

D Percentage of cleaved caspase-3 was determined by blind counting offv approximately 100 cells for each condition from 3 biologically independent experiments. Con-
ditions were compared with an unpaired t-test (*P < 0.05, **P < 0.01). Error bars represent mean � SEM.

E cH2AX staining of TSG101-targeting or nontargeting siRNA-transfected U2-OS cells reveals puncta-like foci at 2 or 7 days after irradiation. Scale bar: 30 lm.
F The number of puncta-like cH2AX foci per cell was determined by blind counting of approximately 100 cells for each condition from 3 biologically independent exper-

iments. Conditions were compared with an unpaired t-test (***P < 0.001, ****P < 0.0001). Error bars represent mean � SD.
G MDA-MB-231 and MDA-MB-436 cells were transfected with TSG101-targeting or nontargeting siRNAs. Cells were treated with vehicle (DMSO) or olaparib (10 lM)

96 h prior to the analysis, as indicated. Results were obtained from five biologically independent experiments. Relative number of viable cells in culture was measured
using GF-AFC. See Fig EV6G for brightfield images of cells expressing TSG101-targeting or nontargeting siRNAs. Conditions were compared with an unpaired t-test
(ns, ****P < 0.0001). Error bars represent mean � SD.

H MDA-MB-436 cells were transfected with TSG101-targeting or nontargeting (mock) siRNAs. Cells were treated with vehicle (DMSO) or olaparib (10 lM) 96 h prior to
the analysis, as indicated. Results were obtained from three biologically independent experiments. Relative number of viable cells in culture was measured using
GF-AFC. Conditions were compared with an unpaired t-test (ns, ***P < 0.001, ****P < 0.0001). Error bars represent mean � SD.

I Analysis of breast cancer cell lines bearing damaging BRCA1/2 mutations in the DepMap database. The CERES score represents the gene effect, which is based on cell
depletion assays of the CRISPR (Avana) public 22Q1 dataset. A CERES score lower than (�1) indicates a high likelihood that the gene of interest is essential in the
given cell line. Correspondingly, a � 1 CERES score was indicated with a discontinued red line. The median dependency of all breast cancer cell types to TSG101
expression was indicated with a discontinued black line.

J BRCA1 deficient MEF cells were lentivirally transduced with two independent guide RNAs targeting mouse Tsg101 or with empty CRISPR. Cell viability was analyzed
with crystal violet staining. CRISPR knockout of Tsg101 in wild-type MEF cells did not cause cell death. Note that the figure is composed of two separate culture
images. The knockout efficiency in wild-type cells was determined by immunoblotting (See Fig EV6E).
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We also provide evidence that TSG101 enables PARylation

through protein–protein interaction with PARP1 (Figs 3 and 4). We

showed that TSG101 exhibits a robust interaction with PARP1 that is

slightly enhanced upon PARP inhibition or DNA damage induction

(Fig 4A). In contrast to PARP1, we did not observe an accumulation

of TSG101 at the damage sites (Fig 5E). However, TSG101 is present

throughout the nucleus and including the DNA lesions and is there-

fore available for direct interaction with and activation of PARP1.

We have previously identified proteins that associate with

increased strength with IKKc after DNA damage using a SILAC-
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Figure 7. Schematic summary.

Activation of the NF-jB pathway by DNA damage depends on PARylation-dependent formation of a transient nuclear PARP1 signalosome complex with ATM, PIASy,

and IKKc. TSG101 is required for enzymatic PARP1 activity and PAR-dependent DNA damage-induced NF-jB activation. TSG101 interacts with PARP1 and is required

for the dissociation of activated PARP1 from DNA lesions. TSG101-dependent PARylation and formation of the TSG101-PARP1 complex are independent of the role of

TSG101 in the ESCRT complex. Activation of NF-jB through the TSG101-PARylation axis protects cells from DNA damage-induced apoptosis. TSG101 is also crucial for

DNA repair functions and is synthetically lethal in conjunction with BRCA1/2 mutations.
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based IKKc pull-down (Mikuda et al, 2018). These factors included

TSG101 and further hits of our genome-wide siRNA screen

(Dataset EV5). The increase in TSG101 binding to IKKc after DNA

damage (Mikuda et al, 2018) can be explained by the much

stronger binding of IKKc to PARylated PARP1 (Stilmann et al,

2009), while TSG101 is drawn into this complex by a PAR-

independent association with PARP1 (Fig 4A). We further showed

that the CC domain of TSG101 is crucial for PARP1 interaction

(Fig 4B) and ectopic overexpression of the CC of TSG101 further

enhances IR-induced NADH consumption and PAR formation

(Figs 4F and EV4C). In agreement with these observations,

TSG101 hyperactivated PARP1 in an in vitro system using purified

proteins (Fig 4G). Intriguingly, a recent study showed that TSG101

binds with its CC domain to the nuclear glucocorticoid receptor

(GR) and folds a disordered region in GR to enhance its transcrip-

tional activity (White et al, 2021). Thus, we speculate that a simi-

lar scenario may underlie the enzymatic activation of PARP1.

Discoveries of PARP1 interaction partners (HPF1 (Gibbs-Seymour

et al, 2016), CHD1L (Blessing et al, 2020), p97 (Krastev et al,

2022), TRIP12 (Gatti et al, 2020), RNF4 (Martin et al, 2009),

PARP2 (Schreiber et al, 2002), PARP3 (Loseva et al, 2010), PARG

(Sharifi et al, 2013) and CARM1 (Genois et al, 2021)) revealed sev-

eral levels of modulation of the enzymatic activity of PARP1. How-

ever, none of these proteins act in a manner functionally

equivalent to TSG101, and their depletion, to our knowledge, did

not result in complete loss of cellular PARylation. Future determi-

nation of the structure of TSG101 bound to PARP1 will reveal how

this interaction mediates PARylation and this may facilitate the

development of drugs to modulate PARP1 activity.

TSG101 regulates PARylation independently of the
ESCRT complex

One major issue targeting TSG101 would be its functions in cellular

homeostasis, particularly through the ESCRT system. Our screening

results suggested that the role of TSG101 in PARylation is indepen-

dent of its ESCRT function as TSG101 was the sole ESCRT member

that abrogated the DNA damage-induced NF-jB activation

(Fig EV5B an Dataset EV1). Importantly, it was previously shown

that targeting the ESCRT complex members perturbs TNFR family

internalization and upregulates the NF-jB pathway (Mami�nska

et al, 2016). Depletion of VPS28 or UBAP1 led to high superactiva-

tion, only of TSG101 to inhibition of NF-jB activity (Dataset EV1).

There is an overlap of the two functions for TSG101, activator in the

DNA damage pathway and negative regulator endocytosis-related

NF-jB activation. To further support the finding that TSG101 con-

trols PARylation independently of the ESCRT complex, we demon-

strated that the UEV domain of TSG101, which is responsible for

binding to ubiquitinated cargo proteins and mediating the ESCRT-

related functions (Vietri et al, 2020), does not interact with PARP1

(Fig 4D). Importantly, we showed that TSG101 is found in the

nucleus (Fig 5F) at an abundant level, unlike the other ESCRT mem-

bers, which are localized in the cytoplasm and in endosomes (Thul

& Lindskog, 2018), revealing the existence of ESCRT-independent

nuclear functions of TSG101. We further demonstrated that another

member of the ESCRT complex, UBAP1, does not influence the dis-

sociation of PARP1 from DNA lesions (Fig 5G). Taken together, our

data suggest that pharmacological targeting of TSG101-PARP1

complex formation would not interfere with other essential cellular

functions of TSG101.

TSG101 is crucial for DNA repair and synthetically lethal
with BRCA1/2

Previous attempts to generate a Tsg101�/� mouse model revealed

that its knockout is embryonically lethal (Ruland et al, 2001).

Intriguingly, p53 protein accumulation, which was independent of

Mdm2 and p53 transcript levels, was observed in the homozygous

Tsg101�/� embryos (Ruland et al, 2001). This observation further

supported our findings that TSG101 is required for PARylation

because the increased p53 signaling in Tsg101 null embryos might

be a consequence of prolonged loss of PARylation, which is

known to accelerate replication fork speed above a tolerated

threshold and initiates DNA damage response (Maya-Mendoza

et al, 2018). Indeed, the requirement of TSG101 for PARylation

implicates that TSG101 might be indispensable for DNA repair

functions. We showed that in the absence of TSG101, cH2AX foci,

likely caused by increased apoptosis, appear days after DNA dam-

age generation as puncta-like large foci (Fig 6E and F). In line with

this evidence, we showed that mutant BRCA1 breast cancer cell

types have a strong dependency on TSG101 as demonstrated by

the cell viability scores (Fig 6G) and the DepMap database (Tsher-

niak et al, 2017; Fig 6I and Table EV3). TSG101 inactivation and

pharmacological PARP inhibition are epistatic (Fig 6H), implicating

TSG101 as the equivalent target for the inhibition of PARylation.

Taken together, our results (see Fig 7 for a global summary) impli-

cate that pharmacological interference with the TSG101-PARylation

signaling axis could exploit synthetic lethality in tumors and

impede tumor growth.

Materials and Methods

Materials

Materials, including antibodies, chemicals, peptides, recombinant

proteins, commercial assays, recombinant DNA and plasmids,

oligonucleotides, and software are listed in Table EV4.

Cell lines

All cell lines were grown under sterile and standard cell culture con-

ditions (humidified atmosphere, 5% CO2) and routinely tested for

mycoplasma.

The NF-jB/293/GFP-LucTM cell line was cultured with Roswell

Park Memorial Institute Medium (RPMI) supplemented with 10%

FBS.

A 293T, MEF, and U2-OS cell lines were cultured in high glucose-

containing Dulbecco’s modified Eagle’s medium (DMEM) supple-

mented with 5% penicillin/streptomycin (P/S) and 10% FBS. The

BRCA1�/� MEF cells (Callen et al, 2013) were kindly provided by

Dr. Michela Di Virgilio.

The TSG101 CRISPR knockout bulk cells of U2-OS and MEF

origin were cultured in high glucose-containing Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 5% penicillin/strepto-

mycin (P/S), 10% FBS, and 2 lg/ml puromycin.
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MDA-MB-231 cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 5% penicillin/streptomycin

(P/S), 10% FBS, and 5% nonessential amino acids. MDA-MB-436

cells were cultured in RPMI 1640 medium supplemented with 5%

penicillin/streptomycin and 20% FBS.

High-content siRNA screening

The screening was performed with a genome-wide siRNA

library (Ambion SilencerR Human Genome siRNA library v3,

Thermo Fisher), composed of siRNAs targeting approximately

21,000 genes arrayed on 384-well plates. Each screening plate

contained several controls such as a nontargeting siRNA

(Silencer Negative Control from Ambion), a cell death inducing

siRNA mixture, (AllStars Hs Cell Death Control siRNA from

Qiagen), and siRNA against IKKc. For a detailed plate layout,

see Fig EV1B.

The NF-jB-driven luciferase activity of the reporter cells (NF-

jB/293/GFP-LucTM cell line) was used as a pathway readout. For

the transfection of the siRNA library, on a Freedom EVO 200

workstation (Tecan) 5 ll of a 500 nM library-siRNA-OptiMEM

solution was mixed in each well of the 384-well assay plate with

0.05 ll Lipofectamine RNAiMAX transfection reagent previously

diluted in 4.95 ll OptiMEM (Life Technologies). Subsequently,

1,000 cells/well in 40 ll antibiotic-free complete medium were

seeded onto the predispensed transfection mixture using an

EL406TM (BioTek) dispenser resulting in a 50 nM final siRNA con-

centration in each well.

The screening was performed in duplicate. The first replicate

was analyzed in a luciferase assay while the latter was used for

high-content imaging to enable visual inspection of the transfected

cells. For luciferase measurements, plates were equilibrated for

10 min at room temperature and each well was aspirated to 10 ll
volume. A 12.5 ll of ONE-Glo reagent was added to each well and

the plate was incubated at room temperature for 30 min. Lumines-

cence was measured using the Safire2 (BioTek) microplate reader

with 100 ms integration time. For the high-content imaging, the

second replica plate was processed as in the first replicate and

fixed using 35 ll/well 4% PFA for 30 min at room temperature.

Cells were stained with 10 lM Hoechst for 1 h at room tempera-

ture. Plates were sealed and scanned using the ArrayScanTM XTI

High Content Platform (Thermo Fisher). In the primary screen,

one individual siRNA was transfected per well and measured. The

siRNA library used provides three individual siRNAs per target

gene, resulting in over 60,000 data points for the approximately

20,000 genes targeted.

Drug treatments

In the screening assays, cells were treated with the indicated

agents for 4.5 h (25 lM Etoposide and 10 ng/ml TNFa). For the

other experiments, unless otherwise stated, cells were treated with

the following agents, at the indicated concentrations, and for the

indicated amount of time: Etoposide (50 lM) for 90 min, TNFa
(10 ng/ml) for 20 min, or olaparib (10 lM) for 12 h. Irradiation

(20 Gy) was applied to cells by using a 137-Cs source (STS OB 29

device) for 45 or 90 min, or at days indicated before experimental

analysis.

ONE-GLOTM+Tox luciferase reporter assay

The luciferase assays were performed using a ONE-GLOTM+Tox kit

according to the manufacturer’s protocol. In brief, 7,000 cells (NF-

jB/293/GFP-LucTM) were seeded into 96-well plates with a black

bottom and walls using a 100 ll growth medium RPMI supple-

mented with 5% penicillin/streptomycin (P/S) and 10% FBS,

treated and transfected with indicated siRNAs if needed. The GF-FC

dye was mixed in TOX substrate buffer in a 1:200 ratio and 20 ll of
this solution was added to each well and incubated for 30 min at

37°C. The TOX cell viability signal was measured using a plate

reader (Cytation 1) with 380 nm (Excitation) and 500 nm (Emis-

sion) filter sets. Subsequently, 100 ll of the luciferase substrate was

added to each well and incubated for 3 min at RT. The lumines-

cence signal was measured with the plate reader and normalized to

the respective viability signal (TOX).

siRNA and plasmid transfections

The transient knockdown of indicated genes was performed using

Lipofectamine RNAiMAX according to the manufacturer’s protocols.

In brief, the day after seeding cells into a 6 cm dish, at 2.5 × 105

cells per dish quantity, 25 nM siRNA was mixed with 5 ll lipofec-
tamine in 500 ll serum-free OptiMEM and incubated for 5 min at

RT before adding to the cells in a dropwise manner. The down-

stream experiments were performed 3 days after the transfection. A

scrambled siRNA was used as a control for each experiment.

Ectopic expression of indicated recombinant DNA for the live-cell

imaging experiments was performed using Lipofectamine 2000

according to the manufacturer’s protocols. In brief, the day after

seeding cells into l-Slide 8 well chamber (Ibidi), at 2.5 × 104 cells

per dish quantity, 1.5 lg recombinant DNA was mixed with 3 ll of
lipofectamine in 50 ll serum-free OptiMEM and incubated for 5 min

at RT before adding to the cells in a dropwise manner. For immuno-

precipitation experiments, the indicated recombinant DNAs were

transfected to the cells using polyethyleneimine (PEI). Cells were

grown in 15 cm dishes at roughly 70% confluency, 15 lg of recom-

binant DNA was mixed with 90 ll of PEI in 2.85 ml serum and

antibiotic-free DMEM and incubated for 30 min at RT before adding

the cells. The downstream experiments were performed 2 days after

the transfection.

Immunoprecipitation

Immunoprecipitation of proteins was performed as previously

described (Mikuda et al, 2018). In brief, cells were harvested in an

ice-cold CHAPS buffer (Tris–HCl pH 7.4, 110 mM NaCl, and 50 mM

EDTA, supplemented with 1% (v/v) CHAPS, complete protease and

phosphatase inhibitors cocktails), incubated with primary antibod-

ies for overnight at 4°C, with G Fast Flow Sepharose Beads for 1 h

at 4°C. Samples were boiled and subjected to standard SDS–PAGE.

Immunoprecipitation of GFP-tagged proteins was performed

using GFP-trap (Chromotek) according to the manufacturer’s

instructions. Briefly, cells were harvested in ice-cold RIPA buffer.

Volume-matched 1 lg lysates were incubated with the bead slurry

by end-over-end rotation for 1 h at 4 °C. The beads were then sedi-

mented and washed 3 times with RIPA buffer. After the last washing

step, samples were mixed with 2X SDS-sample buffer and boiled.
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Beads were then sedimented again and the supernatants were sub-

jected to standard SDS–PAGE. Immunoprecipitation of Flag-tagged

proteins was performed using anti-Flag M2 agarose beads (Sigma)

according to the manufacturer’s instructions. Briefly, cells were har-

vested using Triton X-100 lysis buffer (50 mM Tris–HCl, pH 7.4,

150 mM NaCl, 1 mM EDTA, 1% Triton X-100). Volume-matched

1.5 lg lysate proteins were incubated with the bead slurry by end-

over-end rotation overnight at 4°C. The beads were then sedimented

and washed 3 times with TBS buffer. After the last washing step,

samples were mixed with 2X SDS-sample buffer and boiled. Beads

were then sedimented once again and the supernatants were ana-

lyzed in standard SDS–PAGE.

Protein purification

A 293T cells were transfected with GFP-TSG101 plasmid using PEI.

Cells were harvested in ice-cold RIPA buffer 48 h after transfection.

GFP-TSG101 was immunoprecipitated using the GFP-trap method.

To dissociate TSG101 from its binding partners, beads were addi-

tionally washed with high-salt (2M NaCl) and high detergent (1%

TritonTM X-100) containing wash buffers separately. Each washing

step was repeated 3 times. Proteins were eluted from the beads

using an acidic elution buffer at room temperature. Solution

was immediately neutralized with a neutralization buffer prior to

storage.

In vitro ADP-ribosylation assay

In vitro ADP ribosylation was performed as previously described (Di

Giammartino et al, 2013). The indicated amounts of TSG101 and

PARP1 were incubated in buffer D (dialysis buffer) with 1 mM

NAD+, 400 ng sss (sheared salmon sperm) DNA, and 10 mM MgCl2.

The reaction was carried out at 37°C for 10 min and stopped by

adding 2X SDS-loading buffer. After boiling, samples were subjected

to standard SDS–PAGE.

Total NAD and NADH measurements

Total NAD and NADH measurements were performed using a col-

orimetric NAD/NADH assay kit according to the manufacturer’s

instructions. Briefly, 2.5 × 105 cells were used for each condition.

Cells were washed and scraped using ice-cold PBS. Cell pellets were

mixed with NADH extraction buffer and the lysates were obtained

by repeated freezing and thawing cycles. To remove any NADH-

consuming enzymes, lysates were filtered. For the detection of

NADH, lysates were incubated at 60°C for 30 min. Under these con-

ditions, all NAD+ will be decomposed while the NADH will still be

intact. Samples were then cooled on ice. The NAD decomposed

samples were converted to NADH using NAD Cycling Enzyme Mix.

NADH developer was then added to the reaction and OD 450 nm

reads were obtained using a plate reader. Total NAD was quantified

as in NADH measurement and NAD+ was calculated by subtracting

NADH from the total NAD value.

Cleaved Caspase-3 measurement (colorimetric)

Enzymatic activity of the cleaved caspase-3 was measured using a

Caspase-3 Assay Kit (Colorimetric) (Abcam, ab39401), according

to the manufacturer’s instructions. Briefly, cells were harvested in

PBS and cytoplasmic extracts were obtained. Protein concentra-

tions were determined by a Bradford Assay and equal quantities of

protein (100 lg for each condition) were tested in a colorimetric

assay. Cleaved caspase-3 activity was measured using a plate

reader. Values were subtracted from only buffer-containing reac-

tion and normalized to the level of nontargeting CRISPR trans-

duced cells.

CellTiter-FluorTM cell viability assay

Cell viability was assayed using the CellTiter-FluorTM kit (Promega,

G6081) according to the manufacturer’s instructions. Briefly, cells

were seeded onto 96-well plates with white walls and bottom at

105 cells/well density. Indicated treatments and transfections were

all performed in that plate. For cell viability measurements, GF-AFC

substrates were added to each well. Cells were incubated at 37°C for

30 min and cell viability was measured using a plate reader. After

subtracting the measurement from the reaction containing only

medium, the values were normalized to the level of control siRNA-

transfected cells.

Western blotting

For western blots, cell pellets were lysed in whole-cell extraction

buffer (150 mM NaCl, 50 mM Tris–pH 7.5, 1% NP-40 supple-

mented with proteinase and phosphatase inhibitors) for 20 min at

4°C while vigorously shaking, insoluble material was spun out, rel-

ative protein concentration was determined by BCA (BioRad).

SDS-sample buffer with 100 mM DTT was added to samples,

which were loaded onto 8% Protein gels and separated by elec-

trophoresis at 90–140 V for 2–3 h. Proteins were transferred and

immobilized onto a nitrocellulose membrane (GE Healthcare) by

electrophoresis for 2 h at RT in a standard transfer buffer contain-

ing 20% methanol. Membranes were blocked in 5% nonfat dry

milk in TBS-T. All rabbit primary antibodies were probed with

Peroxidase AffiniPure Donkey anti-rabbit IgG (Jackson ImmunoRe-

search) and all mouse primary antibodies were probed with Perox-

idase AffiniPure Donkey anti-mouse IgG (Jackson

ImmunoResearch). Chemiluminescent signals were visualized with

Fusion Solo Imager.

Proximity ligation assay (PLA)

The DuoLink (Merck) PLA assay was performed according to the

manufacturer’s protocols. Cells were seeded in 12 mm glass cover-

slips 48 h before the experiment and treated if needed, fixed with

4% PFA at RT for 10 min, and permeabilized for 10 min at RT in

PBS supplemented with 0.1% Triton X-100 (Sigma Aldrich). For

blocking, cells were incubated for 1 h at 37°C in the provided block-

ing solution. Incubation with primary antibodies (PARP1, Thermo

Fisher, Cat#MA 3-950, TSG101, Thermo Fisher, Cat#MA 1-23296,

both diluted 1:200) was done overnight at 4°C.

Laser microirradiation and live-cell imaging

Cells were grown in a l-Slide 8-well chamber (Ibidi) and tran-

siently transfected with GFP-tagged PARP1 and imaged at 24 h
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post-transfection. Throughout the experiment, cells were main-

tained in Dulbecco’s modified Eagle’s medium (DMEM) supple-

mented with and 10% FBS, at 37°C with 5% CO2. For

sensitization, cells were incubated with a DNA damage sensitizer

DAPI (10 lg/ml) for 10 min before the microirradiation. Cells with

low to moderate GFP intensities were selected for the experiments.

Targeted laser microirradition was induced by a 405 nm laser

(100 mW) using FRAPPA of the confocal spinning disk microscope

(Andor CSU-W1 with Borealis on a Nikon Ti Eclipse microscope

equipped with an iXON DU888 EMCCD camera). The laser power

output was frequently measured to ensure a constant DNA damage

effect. A preselected area in the nucleus (a round-shaped with

approximately 130-lm diameter) was microirradiated using a 100X

CFI PLAN-Apo NA 1.4 oil objective. The stimulation was per-

formed using 25% laser power for 500 ls dwell time. In prelimi-

nary experiments, the dosage of 405 nm laser light was adjusted

to the lowest possible amount of laser needed to induce DNA dam-

age without compromising cell viability. Subsequent image acquisi-

tion was performed using a 488 nm laser line with the same

objective and a BP525/45 emission filter. Z-stacks of 20 slices were

selected toward their top and bottom ends. The recruitment and

dissociation of PARP1 to and from the DNA damage sites were fol-

lowed with the time series up to 15 min with the first time point

immediately after the microirradiation event.

For endogenous protein recruitment assays, cells were grown in

a l-Slide 8-well-gridded chamber (Ibidi). The sensitization and

transfection of the cells were done as in the live-cell imaging. To

facilitate easy recognition of laser microirradiated cells during the

imaging of endogenous TSG101, the DNA damage sites were created

on a straight line in the nucleus of the selected cells, but the parame-

ters (405 nm laser wavelength with 25% laser power and 500 ls
Dwell time) were kept consistent. Recruitment of PARP1 to the DNA

damage site was recorded for either 1 or 5 min and cells were fixed

with PFA and stained for TSG101 with standard indirect immunoflu-

orescence. The microirradiated cells were refound and imaged with

the confocal microscope (CSU Yokogawa Spinning Disk Field Scan-

ning Confocal System, Nikon).

Indirect immunofluorescence

For all IF experiments (except the endogenous recruitment assay),

cells were grown on 12 mm glass coverslips, treated if required,

fixed in 4% PFA for 10 min at RT, and permeabilized for 10 min at

RT in PBS supplemented with 0.1% Triton X-100 (Sigma Aldrich).

Cells were blocked in filtered PBS supplemented with 0.1% Triton

X-100 and 5% BSA for 1 h. The primary antibodies were diluted in

the blocking buffer and cells were incubated with the antibody solu-

tion overnight at 4°C. All secondary antibodies were diluted in the

blocking buffer and incubated for 1 h at RT. After each antibody

incubation cells were washed 3 times with PBS. Following the last

washing, coverslips were mounted with ProLongTM Gold Antifade

Mountant with DAPI. The primary antibodies used for IF at the indi-

cated concentrations were against cleaved caspase-3 (Cell Signaling,

1:400), p65 (Cell Signaling, 1:500), PARP1 (Cell Signaling, 1:1,000),

and TSG101 (Thermo Fisher, 1:500). See Key Resources Table for

the secondary antibodies and the fluorophores. Confocal

immunofluorescence microscopy was done as previously described

(Mikuda et al, 2018; Kolesnichenko et al, 2021).

qRT–PCR

qRT–PCR was performed as previously described (Mikuda et al,

2018). In brief, primers were designed according to MIQE guidelines

(Minimum Information for Publication of qRT–PCR Experiments)

using an NCBI primer blast, and 62°C melting temperature was

selected. To determine the fold induction of target genes, two to

three reference genes (ACTA1, RPL13A, and TBP2) with an m value

lower than 0.5 were used. The indicated primers were obtained

from previous studies (von Hoff et al, 2019; Mikuda et al, 2020;

Kolesnichenko et al, 2021). See Key Resources Table for qRT–PCR

primers for details.

Nuclear and cytoplasmic fractionation

The subcellular fractionation was performed as previously described

(Mikuda et al, 2018). In brief, cells were washed with ice-cold PBS

and harvested by scraping in 500 ll buffer A (10 mM Tris–HCl (pH

7.9, 1.5 mM MgCl2, 10 mM KCl, supplemented with complete pro-

tease and phosphatase inhibitors)). After incubation on ice, NP-40

was added to a final concentration of 0.15% (v/v). Samples were

washed and centrifuged, and supernatants containing the cytoplas-

mic fraction were collected. The remaining pellet was further

washed with buffer A containing NP-40 and resuspended with two

volumes of buffer C (20 mM Tris–HCl pH 7.9, 25% glycerol, 0.42 M

NaCl, 1.5 mM MgCl2, 0.5% NP-40, supplemented with complete

protease and phosphatase inhibitors). The insoluble nuclear

debris was pelleted by centrifugation and nuclear lysates were sub-

sequently collected.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were used for the EMSA experiments. The assay

was performed as previously described (Hinz et al, 2010). In brief,

5 lg of nuclear extract was mixed with radioactively labeled (P32)

H2K probes supplemented with shift buffer (40 mM HEPES pH 7.9,

120 mM KCl, and 8% (v/v) Ficoll), 2 lg/ml poly dI/dC, 100 mM

DTT and 10 lg/ml BSA and incubated for 30 min at RT. Samples

were separated by electrophoresis and transferred to Whatman fil-

ter paper by vacuum dryer. The dried gel was incubated with

HyperfilmTM MP at �80°C overnight and developed with standard

procedures.

CRISPR-Cas9 knockout bulk cell generation

CRISPR-Cas9-mediated knockout experiments were performed as

previously described (Ran et al, 2013). In brief, the indicated guide

RNA sequences were annealed and subcloned into lentiCRISPRv2

(Addgene, Cat#52961). The cloning was verified by Sanger sequenc-

ing. For lentiviral production, 293T cells were seeded into 15 cm

plates at 90% confluency 1 day before transfection. The lenti-

CRISPRv2 vectors (30 lg) containing respective guide RNAs were

transfected to the cells together with 20 lg of psPAX2 (Addgene,

Cat#8454) and 10 lg of pCMV-VSV-G (Addgene, Cat#12260) using

PEI. Lentiviruses were harvested and concentrated with PEG Virus

Precipitation Kit (Abcam, Cat#ab102538) according to the manufac-

turer’s protocol. The target cells were seeded into 24-well plates at

20–40% confluency and lentivirally transduced with the
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concentrated viruses at a 1:25 ratio in antibiotic-free DMEM supple-

mented with 10 lg/ml Polybrene (Sigma Aldrich). For the elimina-

tion of untransduced cells, puromycin (2 lg/ml) was added to the

growth medium 3 days after the transduction. Knockout efficiencies

were determined with western blotting. Due to the conclusive roles

of TSG101 in cell division and development, a double knockout cell

line was not established after single-cell expansion experiments.

Crystal violet staining

Cells were seeded into 6-well plates, transfected, and treated if

needed. The growth medium was gently aspirated and cells were

fixed in ice-cold methanol for 10 min at 4°C. The plate was equili-

brated to RT and incubated with crystal violet staining solution for

10 min at RT. The staining solution was removed and cells were

washed with water. Crystal violet intensities were measured at

570 nm with a plate reader (Cytation 1, Biotek).

Analysis of siRNA screening data

The statistical effect size (Z-factor) was calculated for each plate

(189 in total) using the mock-transfected vehicle (DMSO) or

etoposide (Sigma) treated cells with negative and positive control,

respectively. The Z-factor cut-off was 0.1, 107 plates have a Z-

factor below 0.5, 82 plates have a Z-factor equal to or larger

than 0.5, and the mean Z-Prime is 0.45. Several plates were

repeated to improve quality. See Dataset EV2 for detailed Z-factor

determination.

To determine assay reproducibility of the screening, 12 plates

from the Druggable Genome Library were randomly selected for a

replicate experiment. Results obtained from both replicates were

compared and their correlation was determined by Spearman’s rank

correlation coefficiency test (Table EV1).

For plate-wise normalization, the data obtained in the genome-

wide screen were processed on the KNIME Analytics Platform

(KNIME). A Z-score was calculated from luminescence values as

follows: *x.zscore = (x � median(x[subset]))/mad(x[subset])*,

where x is the luminescence value and the subset are all sample

wells in the plate.

For the gene set enrichment analysis of the genome-wide screen-

ing hits, the REACTOME database (Jassal et al, 2020) was used.

Analysis of quantitative live-cell imaging

Imaris software (Oxford Instruments) was used to quantify the

recruitment and dissociation kinetics of PARP1 to and from the

DNA lesions. Images of pre- and post-microirradiated cells were

combined and the laser microirradiated area was segmented as a

region of interest (ROI) in Imaris. The mean fluorescence intensity

of the ROI was acquired for each time point. The fluorescence inten-

sity of the whole nucleus was also acquired as a reference ROI and

fluorescence intensity at the DNA damage site was normalized to

the respective reference ROI.

Statistical tests

For statistical analysis, the normalized mean fluorescence intensities

from 9 independent experiments were compared using an ordinary

one-way ANOVA (ns, P > 0.05; *P < 0.05; **P < 0.01, ***P < 0.001;

****P < 0.0001).

Data availability

The raw luciferase assay data from the genome-wide siRNA screen

can be accessed using the following DOI: 10.5281/zenodo.6805593

(Data ref: Tufan et al, 2022).

Expanded View for this article is available online.
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