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Protein SUMOylation provides a principal driving force for cellular
stressresponses, including DNA protein crosslink (DPC) repair and
arsenic-induced PML body degradation. In this study, using genome-scale
screens, we identi edthe humanE3ligase TOPORSasakeye ector

of SUMO-dependent DPC resolution. We demonstrate that TOPORS
promotes DPC repair by functioning as a SUMO-targeted ubiquitin ligase
(STUbL), combining ubiquitin ligase activity through its RING domain
with poly-SUMO binding via SUMO-interacting motifs, analogous to

the STUbL RNF4. Mechanistically, TOPORS isa SUMO1-selective STUbL
that complements RNF4 in generating complex ubiquitin landscapes on
SUMOylated targets, including DPCsand PML, stimulatinge cient
p97/VCP unfoldase recruitment and proteasomal degradation. Combined
loss of TOPORS and RNF4 is synthetic lethal even in unstressed cells,
involving defective clearance of SUMOylated proteins from chromatin
accompanied by cell cycle arrestand apoptosis. Our ndings establish
TOPORS asaSTUbL whose parallel actionwith RNF4 de nesageneral
mechanistic principle in crucial cellular processes governed by direct
SUMO ubiquitin crosstalk.

Protein modification by small ubiquitin-like modifier (SUMO)
polypeptides impacts thousands of cellular targets and constitutes
animportantregulatory signaling mechanism in numerous aspects of
biology, especially cellular stress responses*?. SUMOylation proceeds
viaathree-step enzymatic cascade involving E1, E2 and E3 enzymes,
similar to the machinery underlying protein ubiquitylation. Although
SUMOylation per se is a hon-proteolytic modification, extensive

crosstalk between SUMO and ubiquitin signals occursincells, position-
ing SUMOylation to effectively instruct the proteasomal degradation of
many SUMO targets, broughtabout by their SUMO-dependent ubiqui-
tylation. Thisismediated by SUMO-targeted ubiquitin ligases (STUbLS),
which combine E3 ubiquitin ligase activity with SUMO-interacting
motifs (SIMs), enabling them to specifically recognize and ubiquity-
late SUMOylated proteins®®. STUbLs typically contain multiple SIMs,
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imparting selectivity for proteins modified by poly-SUMOylation,
which predominantly involves SUMO2/3 that, unlike SUMOL, under-
goes efficient chain formation, similar to ubiquitin’. Reminiscent of
STUbLs, the deubiquitinase USP7 has been reported to function asa
SUMO-targeted ubiquitin protease counteracting SUMO-dependent
protein ubiquitylation and degradation®.

Two mammalian STUbLs, RNF4 and RNF111, which differ with
respect to their preference for recognizing different SUMO chain
configurations, are currently known® °. These enzymes have key roles
in maintaining genome integrity, exerted in part by ubiquitylating
proteinsthatundergo SUMOylation upon their association with chro-
matin, driving their displacement’*'°. An extreme case of this regula-
tory principle is seen for DNA protein crosslinks (DPCs), where the
protein adduct becomes extensively SUMOylated due to its covalent
trapping on DNA™". DPCs, generated by many chemotherapeutic
agents, are bulky cytotoxic DNA lesions that undermine genome
integrity by obstructing essential DNA-associated transactions®™*.
We and others showed that, outside the context of DNA replication,
DPCresolution critically relieson SUMOylation of the proteinadduct,
triggering its subsequent ubiquitylation by RNF4 and proteolytic
processing viathe p97/VCP unfoldase and the proteasome™*>***¢, This
is prominently observed for post-replicative DPCs involving the DNA
methyltransferase DNMT1, generated by the cytosine analog 5-Aza-
2 -deoxycytidine (5-AzadC), which, after itsincorporationinto genomic
DNA during chromosome replication, forms a DPC with the DNMT1
catalytic cysteine upon DNA methylation re-establishment*>*". Impor-
tantly, 5-AzadC-induced DPCs not only provide a model for studying
SUMO-dependent resolution of defined DPCs, as 5-AzadC (also known
as decitabine) and related DNA methyltransferase inhibitors are also
used clinically for treatment of acute myeloid leukemia and myelod-
ysplastic syndrome®. Indeed, combining 5-AzadC and SUMO inhibitor
treatmentsynergizesinreducing lymphomatumor cellgrowthinvitro
and in vivo™, consistent with the requirement for SUMOylation in
promoting DNMT1 DPC resolution. Direct SUMO-ubiquitin crosstalk
also hasacritical role in promoting proteasomal degradation of PML
bodiesinresponse toarsenic treatment, which induces SUMOylation
and ensuing RNF4-dependent ubiquitylation of the PML protein®®.
Thishasimportant ramifications for treatment of acute promyelocytic
leukemias caused by achromosomal translocation fusing the PMLand
RARA (retinoic acid receptor alpha) genes, and most patients can be
cured by combination therapy involving arsenic and retinoic acid®.
These and other studies show that STUbLs are crucial effectors of
SUMO-regulated stress responses, whose pharmacological interven-
tion have a demonstrated potential in cancer therapeutics. Whether
mammalian genomesencode STUbLs inadditionto RNF4 and RNF111
isunclear.

In the present study, we discovered that the E3 ligase protein
TOPORS definesa STUbL in human cells, acting in parallel with RNF4

to promote critical SUMO-driven responses by promoting efficient
poly-ubiquitylation of SUMOylated substrates to facilitate their pro-
cessing viathe p97-proteasome pathway, with TOPORS preferentially
targeting SUMO1-modified proteins. Moreover, we reveal a strong
synthetic lethal interaction between RNF4 and TOPORS or the deu-
biquitinase USP7, whose activity is essential for sustaining TOPORS
stability, characterized by accumulation of hyper-SUMOylated pro-
teins on chromatin accompanied by defective cell cycle progression
and apoptosis. Collectively, our findings establish concerted TOPORS
and RNF4 STUbL activitiesasageneral mechanistic principleincritical
cellular processes governed by SUMO ubiquitin crosstalk.

Results

TOPORS s required for SUMO-dependent DPC repair

Utilizing the notion that the cellular DNMT1 pool is quantitatively
depleted after 5-AzadC-induced formation and resolution of DNMT1
DPCs™*, we performed genome-wide insertional gene-trap mutagen-
esisscreenswith ultra-deep resolutionin human HAP1 cells to identify
regulators of SUMO-dependent DNMT1DPC resolution. Mutagenized
cells subjected to 5-AzadC or mock treatment were fixed and stained
withaspecificDNMT1antibody, and cell populationswith relatively high
or low antibody staining were isolated by fluorescence-activated cell
sorting (FACS) and analyzed by deep sequencing (Fig. laand Extended
DataFig. 1a). The screensrevealed arange of genesenriched for disrup-
tive gene-trap mutations in 5-AzadC-treated, but not mock-treated,
cellswith high DNMT1 signal, indicative of a potential DNMT1 DPC
repair defect (Fig. 1b, Extended DataFig. lband Supplementary Datal).
Both RNF4 and SUMO2 scored as specific negative regulators of DNMT1
abundance in 5-AzadC-treated cells, consistent with their key roles in
DNMT1DPC degradation”, whereas the antibody target encoded by
DNMT1was the strongest positive regulator, as expected (Fig. 1b). DCK,
encoding deoxycytidine kinase thatis required for 5-AzadC incorpora-
tioninto genomic DNA (and, thus, DNMT1DPC formation) by convert-
ing it to 5-AzadCMP?, also scored as a prominent negative regulator
(Fig. 1b), further supporting the validity of our screen. Interestingly,
insertions in the gene encoding TOPORS, a RING-type E3 ligase, were
strongly enriched among cells showing defective DNMT1 degradation
upon 5-AzadC treatment (Fig. 1b). Using previously established chro-
matin fractionation based and quantitativeimaging based assaysto
monitor DNMT1DPC repair kinetics', we found that TOPORS-knockout
(KO) inindependent HAP1 clones or siRNA-mediated knockdown in
U20S osteosarcomacells strongly delayed DNMT1DPC resolution after
5-AzadC treatment (Fig. 1c e and Extended DataFig. 1c e). TOPORS
deficiency alsoimpaired the timely clearance of SUMO2/3 fociinduced
by treatmentwith formaldehyde, another inducer of DPCs thatare pro-
cessed viaSUMOylation™ (Extended Data Fig. 1f,g). Supporting adirect
involvement of TOPORS in processing SUMOylated DPCs, TOPORS
interacted with DNMT1ina5-AzadC-dependentand SUMO-dependent

Fig.1|Genome-wide screens reveal an essential role of TOPORSin
SUMO-dependent DPC repair. a, Workflow of FACS-based haploid genetic
screens for DNMT1abundance (created with BioRender). b, Screen for DNMT1
abundance in EdU-positive cells after co-treatment with 5-AzadC and EdU
(n=1).Positive and negative regulators of DNMT1abundance are labeled blue
and yellow, respectively (two-sided Fisher s exact test, FDR-corrected P  0.05;
non-significant genes are shown in gray). Genes scoring as significant DNMT1
regulatorsinamock screen (Extended Data Fig. 1b) were filtered out, except for
DNMT1. ¢, HAP1 cell lines released from single-round thymidine synchronization
inearly S phase were treated with 5-AzadC for 30 min and collected at indicated
times. Chromatin-enriched fractions were immunoblotted with indicated
antibodies. d, Representative images of U20S cells transfected with indicated
siRNAs, treated as in ¢, pre-extracted and immunostained with DNMT1 antibody.
Scalebar,10 m.e, DNMT1fociformationindwas analyzed by quantitative
image-based cytometry (QIBC) (red bars, mean; >8,300 cells analyzed per
condition). f, HeLacells stably expressing GFP DNMT1were synchronized in

early S phase by double thymidine block and release, treated with 5-AzadC
and/or SUMOi for 30 min and subjected to GFP IP under denaturing conditions.
Immobilized GFP DNMT1 complexes were incubated with whole-cell lysate
from parental HeLa cellsand immunoblotted with indicated antibodies.

g, Clonogenic survival of 5-AzadC-treated U20S cells transfected with indicated
siRNAs (mean —s.e.m.; n = 3independent experiments). h, Immunoblot analysis
of U20S cells treated with USP7i for the indicated times in presence or absence
of the proteasome inhibitor MG132. Arrow indicates band corresponding
toendogenous TOPORS. i, U20S cells released from single thymidine
synchronization in early S phase were treated with SUMOi and 5-AzadC for

30 min, released into medium containing USP7i or notand collected at indicated
times. DNMT1 foci formation was analyzed asind and e (red bars, mean;
>20,000 cellsanalyzed per condition). j, Clonogenic survival of 5-AzadC-treated
U20S cellsin presence or absence of USP7i (mean —s.e.m.; n = 3independent
experiments). Datainformation: dataare representative of five (d), three (e,f,i)
and two (c,h) independent experiments with similar outcomes.
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manner, mirroring the behavior of RNF4 (Fig. 1f). Moreover, cells
lacking TOPORS displayed hypersensitivity to treatmentwith 5-AzadC
or formaldehyde (Fig. 1g and Extended Data Fig. 1h), similar to our
previous findings for RNF4 (ref. 15).

Additional ubiquitin network components including USP7
and UBE2K were also enriched as significant negative regulators of
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DNMT1abundance upon 5-AzadC treatment (Fig. 1b and Supplemen-
tary Data 1). Recent proteomic studies suggested acute and highly
selective loss of TOPORS expression upon treatment of cells with
inhibitors of the deubiquitinase USP7 (refs. 22,23), and we confirmed
that a specific USP7 inhibitor, FT671 (ref. 24) (USP7i), caused a rapid
proteasome-dependentdecline in TOPORS abundance, whereas RNF4

f14

t

Nature Structura & Mo ecu ar Bio ogy


http://www.nature.com/nsmb

Artice

https://[doi.org/10.1038/s41594-024-01294-7

>

VITI VIVGFV LVEL
AATA AAAGFA AAEA

VVITI
AAATA

o o
o o o o
o o o o e o o o R
- . o . o o o o
. o o L
- . ° . . .

Fig.2| TOPORS functions asa SUMO-targeted ubiquitin ligase in DPC repair.
a, Domain organization of human TOPORS and mutations introduced to generate
the TOPORS *SIM mutant. b, Immunoblot analysis of U20S cells transfected with
siRNAs for a total of 72 h that were released from synchronizationin early

S phase, treated or notwith 5-AzadC for 30 min and subjected to DNMT1IP under
denaturing conditions. ¢, Asin b, except that cells were treated with 5-AzadC

40 hafter siRNA transfection. d, Asin b, except that USP7i was added where
indicated. e, Immunoblotanalysis of in vitro ubiquitylation reactions containing
recombinantStrep HA TOPORS proteins (Extended DataFig. 2c), E1 (UBAL) and
E2 (UBE2D1) enzymes, FLAG ubiquitin, ATPand Ub VSand SUMO2 VS.

f, Representative images of stable U20S/GFP TOPORS cell lines that were
induced or not to express GFP TOPORS proteins with doxycycline (DOX),
pre-extracted and fixed and immunostained with ubiquitin conjugate-specific
antibody (FK2). Scale bar, 10 m. See Extended DataFig. 2e forimages of non-
pre-extracted U20S/GFP TOPORS cell lines where expression of GFP TOPORS
*SIM can be seen. g, U20S cells were sequentially transfected with siRNAs and
expression plasmids (GFP TOPORSWT and mCherry H2B).Cellswere then

subjected to single-round thymidine synchronization in early S phase and, upon
release from the block, treated with 5-AzadC for 30 min and pre-extracted and
fixed atindicated times. After DNMT1limmunostaining, DNMT1 foci formationin
transfected (mCherry-positive) cells was analyzed by quantitative image-based
cytometry (QIBC) (red bars, mean; >1,030 cells analyzed per condition). h. Asin
g, except that cells were transfected with GFP TOPORS *RING and mCherry H2B
plasmids (red bars, mean; >680 cells analyzed per condition). i, Immunoblot
analysis of recombinant Strep HA TOPORS proteins incubated with poly-
SUMO2 chains and subjected to Strep-Tactin pulldown. j, Asin g, except that
cellswere transfected with GFP TOPORS *SIM and mCherry H2B plasmids (red
bars, mean; >910 cells analyzed per condition). k, Coomassie staining (top) and
immunoblotanalysis using SUMO2 and HA antibodies (bottom) of in vitro STUbL
reactions containing recombinantStrep HA TOPORS proteins, E1 (UBAL) and E2
(UBE2K) enzymes, FLAG ubiquitin,4 SUMO2STUbL,Ub VSand SUMO2 VS.
Datainformation: dataare representative of four (c) and three (b,d k)
independent experiments with similar outcomes.
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was not affected (Fig. 1h and Extended Data Fig. 1i). Consistently, like
TOPORSdepletion, USP7idelayed DNMT1DPC turnover and hypersen-
sitized cells to 5-AzadC (Fig. 1i,j and Extended Data Fig. 1j). However,
unlike TOPORS and RNF4, USP7 did not display 5-AzadC-dependentand
SUMO-dependentinteractionwith DNMT1 (Fig. 1f), suggesting that it
functionsindirectly in SUMO-dependent DPC resolution by underpin-
ning TOPORS stability. Indeed, TOPORS, but not RNF4, interacted with
USP7 and was modified by auto-ubiquitylation that was antagonized
by recombinant USP7 (Extended Data Fig. 1k m). Collectively, these
data identify TOPORS as a critical factor in SUMO-dependent DPC
resolution and suggest that USP7 deubiquitinase activity is required
for this response by counteracting proteasome-mediated TOPORS
degradation.

TOPORS functionsasan E3 ubiquitinligase in DPC repair

We next asked how TOPORS promotes SUMO-dependent DPC resolu-
tion. Although TOPORS contains aconserved N-terminal RING domain
(Fig. 2a), its precise enzymatic function remains unclear, as TOPORS
has been reported to function as an E3 ligase for both ubiquitin and
SUMO? *°. We, therefore, investigated how TOPORS impacts DNMT1
DPC SUMOylation and ubiquitylation, using stringent isolation of
endogenous DNMT1 under denaturing conditions. TOPORS knock-
down decreased DNMT1 DPC ubiquitylation, whereas DNMT1 DPC
SUMOylationwas greatly enhanced (Fig. 2b and Extended DataFig. 2a),
reminiscent of our findings for RNF4 (ref. 15). Co-depletion of RNF4
and TOPORS, whose impact could be assessed only at early timepoints
after siRNA transfection due to synthetic lethality as detailed below,
reduced DNMT1 DPC ubiquitylation, but not SUMOylation, to back-
ground levels, unlike the modest effect of individually depleting either
proteinforashort, 40-h period (Fig. 2c). We observed similar effects of
TOPORS and/or RNF4 depletion on SUMO-dependent ubiquitylation
of camptothecin-induced topoisomerase 1 (TOP1) DPCs (Extended
DataFig. 2b,c), consistent with the known role of RNF4 in ubiquitylat-
ing these DPCs and the association between TOPORS and TOP1 (refs.
12,31). These findings suggest that RNF4 and TOPORS both contribute
toubiquitylation of SUMOylated DPCs and together are responsible for
the bulk of these modifications. Indeed, co-depletion of TOPORS and
RNF4 abrogated DNMT1DPC resolution (Extended DataFig. 2d), simi-
lar to the effect of inhibiting SUMOylation®. Quantitative proteomic
analysis further indicated an inverse impact of TOPORS or RNF4 knock-
down on 5-AzadC-induced DNMT1 ubiquitylation and SUMOQylation
levels (Extended Data Fig. 2e and Supplementary Data 2), suggesting
anuncoupling of these modifications. Like TOPORS knockdown, treat-
mentwith USP7ithat rapidly reduces TOPORS abundance exacerbated
the DNMT1DPC ubiquitylation defectin cells lacking RNF4, even though
USP7ialone moderately increased 5-AzadC-induced DNMT1 ubiquity-
lation, possibly reflecting its reported role in deubiquitylating SUMO
and/or stabilizing DNMT1 itself*** ** (Figs. th and 2d).

These observations suggest that TOPORS might catalyze ubiqui-
tylation, but not SUMOylation, of DNMT1DPCs in parallel with RNF4.
Consistently, purified wild-type (WT) TOPORS displayed strong E3
ubiquitin ligase in vitro, and this activity was abrogated by introduc-
ing pointmutations predicted to disrupt the E2-binding capacity of its
RING domain (*RING) (Fig. 2e and Extended Data Fig. 2f). By contrast,
little SUMO E3 ligase activity of TOPORS was apparentinvitro,and no
difference between TOPORS WT and *RING was observed (Extended
Data Fig. 2g). Moreover, using cell lines conditionally express-
ing GFP TOPORS proteins, we noted that the detergent-resistant,
chromatin-associated nuclear GFP TOPORS foci displayed strong
enrichment of ubiquitin conjugates in a RING-dependent manner,
whereas both GFP TOPORS WT and *RING foci co-localized with, and
showed asimilar level of, SUMO2/3 (Fig. 2f and Extended DataFig. 2h,i).
Ectopically expressed GFP TOPORS WT but not *RING alleviated the
DNMT1 DPC resolution defect resulting from depletion of endog-
enous TOPORS (Fig. 2g,h), indicating that TOPORS E3 ligase activity is

required for DNMT1DPC resolution. Infact, overexpression of TOPORS
*RING not only failed to rescue the DNMT1 DPC repair defect in cells
lackingendogenous TOPORS butalso had adominant-negative impact
on DNMT1 DPC resolution when endogenous TOPORS was present
(Extended DataFig. 2j). Collectively, these data suggest that TOPORS
actsasan E3 ubiquitin ligase for SUMOQylated DPCs along with RNF4.

TOPORSisaSTUbL

Given the similar behavior and requirements of RNF4 and TOPORS
in SUMO-dependent DPC resolution, we surmised that TOPORS
might function as a STUbL. Supporting this idea, TOPORS readily
interacted with poly-SUMO2 chainsin vitro (Fig. 2i), as also indicated
by proteomics-based profiling of SUMO-binding proteins in human
cells®. Sequence analysis revealed four prospective conserved SIMs
in the middle and C-terminal portions of TOPORS (Fig. 2a). Simulta-
neous functional disruption of these motifs by alanine substitutions
in their hydrophobic core (*SIM) had no impact on TOPORS E3 ubig-
uitin ligase activity in vitro but abrogated TOPORS interaction with
poly-SUMO2 chains and accumulation in detergent-resistant nuclear
SUMO2/3-positive foci (Fig. 2a,e,f,iand Extended DataFig. 2i). Consist-
entwith the presence of multiple SIMs, TOPORS preferentially bound
long poly-SUMO2 chains and did notinteract with monomeric SUMO2
(Fig. 2iand Extended DataFig. 3a). Despite maintaining full E3 ubiquitin
ligase activity in vitro, GFP TOPORS *SIM did not promote increased
nuclear ubiquitylation, unlike its WT counterpart (Fig. 2f), suggesting
that TOPORS mightfunctionasaSTUbL. Moreover, the TOPORS *SIM
mutant failed to rescue the DNMT1DPC repair defect of cellsdepleted
for endogenous TOPORS and did not interact with DNMT1 DPC sites
(Fig. 2g,j and Extended Data Fig. 3b).

Todirectly assay for TOPORS STUbL activity, further anticipated
based on the combination of ubiquitin E3 ligase activity and SIMs, we
performed in vitro ubiquitylation assays with purified TOPORS pro-
teinsand linearly fused4 SUMO2 proteins mimicking a poly-SUMO2
chain®®. Notably, TOPORS stimulated ubiquitylation of 4 SUMO2in
a RING-dependent and SIM-dependent manner, establishing it as a
bonafide STUbL (Fig. 2k). However, compared to bacterially purified
RNF4, TOPORS was inefficient in promoting 4 SUMO2 ubiquityla-
tion in the presence of the generic E2 ubiquitin-conjugating enzyme
UBE2D1 (Extended Data Fig. 3c). TOPORS displayed higher STUbL
activity in the presence of UBE2K, an E2 enzyme that was among the
hitsin our genetic screen for DNMT1 DPC repair factors (Fig. la,b and
Supplementary Datal), similar to RNF4Awhose4 SUMO2-directed E3
ligase activity was supported toasimilar extent by UBE2D1and UBE2K
(Extended DataFig. 3c). However, TOPORS and RNF4 only stimulated
UBE2K-dependentubiquitylation ofaubiquitin-fused4 SUMO2 pro-
tein (Ub 4 SUMOZ2) butnot4 SUMOZ2 (Fig. 2k and Extended Data
Fig. 3c), consistent with UBE2K functioning as an E2 that elongates
ubiquitinmodifications by catalyzing their K48 linkage-specific ubig-
uitylation®” *, Thus, as elaborated below, TOPORS appears to be a
relatively inefficient STUbL toward SUMO2/3-modified proteins that
is mainly able to extend pre-existing ubiquitylation marks on these
substrates. Consistentwith a potential role of UBE2K in this processand
our screen data, UBE2K knockdown delayed the resolution of DNMT1
DPCs (Extended Data Fig. 3d,e). We conclude that TOPORS is a novel
STUbL that promotes SUMO-dependent DPC repair via this activity.

TOPORS and RNF4 cooperatively drive multiple STUbL
pathways

The joint action of RNF4-dependent and TOPORS-dependent STUbL
activities in promoting SUMO-dependent DPC resolution raised the
question of whether this partnership extends to other STUbL-driven
processes. We, therefore, used an established PML KO cell line stably
reconstituted with YFP-tagged PML“° to assess whether TOPORS is
involved inarsenic-induced PML degradation, whichis also mediated
by SUMOylation and RNF4 STUbL activity®®. Interestingly, paralleling
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Fig. 3| TOPORS and RNF4 cooperatively drive multiple STUbL-driven
responses. a, U20S PML-KO cells stably reconstituted with YFP-tagged PML-V
(U20SPML-KO/YFP PML)were transfected with indicated siRNAsfor 72 h

and exposed to arsenic (As,O;) for 1 h. Cells were subjected to GFP IP under
denaturing conditions followed by immunoblotting with indicated antibodies.
b, U20SPML-KO/YFP PML cells transfected with indicated siRNAs were treated
with arsenic and fixed atindicated timepoints. YFP PML intensity was analyzed
by quantitative image-based cytometry (QIBC) (mean —s.e.m.; n = 3independent
experiments). ¢, U20SPML-KO/YFP PML cells were exposed toarsenic in the
presence or absence of USP7i, fixed at the indicated times and analyzed asin

b (mean-s.e.m.; n=3independentexperiments).d, Asin a, exceptthat cells
were treated with arsenic 40 h after transfection with indicated siRNAs.
e,U20SPML-KO/YFP PML cellswere grown in SILAC medium and exposed to

1 Marsenic for2 h (heavy condition) or leftuntreated (light condition). PML
bodieswere enriched by affinity purification using GFP nanobody crosslinked
to magnetic beads, and associated proteins were identified and quantified by
mass spectrometry. Selected outliers with increased abundance and PML itself
areindicated. Asingle experimentwas performed. f, Immunoblot analysis

of U20S cells transfected with indicated siRNAs for 40 h. Slow-migrating,
hyper-SUMOylated proteins ( well products ) are indicated by arrows. See also
Supplementary Fig. 1a. g, Immunoblot analysis of U20S cells transfected with
indicated siRNAs for 48 h and grown in the absence or presence of USP7i for an
additional 12 h. Slow-migrating, hyper-SUMOylated proteins ( well products )
are indicated by arrows. See also Supplementary Fig. 1b. Datainformation: data
are representative of three (a,d,f,g) independent experiments with similar
outcomes.
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theimpact of RNF4 depletion (Extended DataFig. 4a), TOPORS knock-
down diminished arsenic-induced PML ubiquitylation, whereas
SUMO-modified forms of PML accumulated (Fig. 3a). This effect
appeared particularly prominent for SUMOY, a trend also seen for
DNMT1DPCs (Figs. 2b and 3aand Extended DataFig. 2a). Consistently,
TOPORS knockdown strongly impaired arsenic-induced PML body
degradation, toagreater extent than the defect seenin RNF4-depleted
cells (Fig. 3b and Extended Data Fig. 4b). Inhibiting USP7 activity like-
wise impaired the timely clearance of PML bodies after arsenic treat-
ment (Fig. 3c), consistent with previous observations®. Although
individual TOPORS or RNF4 depletion for ashort (40-h) period only
mildly reduced arsenic-induced PML ubiquitylation, their combined
knockdown largely abrogated this modification (Fig. 3d). This suggests
that RNF4 and TOPORS cooperatively promote arsenic-induced PML
ubiquitylation and degradation, mirroring their joint involvementin
DPC resolution. Further linking TOPORS to PML body degradation,
proteomicanalysisof YFP PML pulldowns showed increased TOPORS
association with PML upon arsenic treatment (Fig. 3e, Extended Data
Fig. 4c and Supplementary Data 3)“°. Moreover, overexpression
of TOPORS *RING, but not WT, significantly stabilized PML bodies
(Extended DataFig. 4d), indicating that TOPORS E3 ligase activity is
important for turning over these structures. These findings suggest
that TOPORS and RNF4 jointly promote multiple STUbL-driven path-
ways. In line with this notion, we noted that co-depletion of RNF4 and
TOPORS, but notindividual knockdown of either ligase, led toastriking
accumulation of high-molecular-weight SUMOylated proteinsin total
cell extracts manifesting as slow-migrating well products in SDS-PAGE
(Fig. 3fand Supplementary Fig. 1a), suggesting a severe defectin pro-
cessing SUMO-modified proteins when both RNF4 and TOPORS are
absent. Again, USP7i treatment recapitulated the impact of TOPORS
depletion in causing accumulation of hyper-SUMOylated proteins in
cellslacking RNF4 but notin control cells (Fig. 3g and Supplementary
Fig. 1b). These findings suggest that the coupling of TOPORS and RNF4
E3ubiquitinligase activitiesisageneral principle in STUbL-driven path-
ways, exemplified by their jointactionin SUMO-dependent processing
of DPCsand PML bodies.

TOPORS and RNF4 jointly recruit p97 to STUbL substrates
We next asked why both RNF4 and TOPORS are necessary for effi-
cient STUbL substrate turnover. Recent work, which we confirmed
(Extended Data Fig. 5a,b), demonstrated that p97 activity is essential
for SUMO-dependent degradation of DNMT1 DPCs and PML bod-
ies'®*. Indicative of arole for TOPORS STUbL activity in promoting p97
recruitmentto SUMOylated proteins, the nuclear foci formed by stably
expressed GFP TOPORS notonly accumulated high levels of ubiquitin
conjugates but also displayed striking p97 enrichment, in a manner
dependenton TOPORSE3ligase activity and SUMO binding (Figs. 2fand
4a). Consistently, TOPORS knockdown markedly reduced p97 recruit-
mentto DNMT1DPCsites, toasimilarextentasRNF4 depletion (Fig. 4b).
Moreover, unlike WT TOPORS, cells expressing TOPORS *RING or *SIM
failed tosupport p97 recruitmentto DNMT1DPC ssites (Extended Data
Fig. 5c). Depletion of TOPORS or RNF4 likewise diminished p97 occu-
pancy in PML bodies upon arsenic treatment (Fig. 4c). Furthermore,
p97 inhibition phenocopied the accumulation of hyper-SUMOQylated
proteins seen upon combined RNF4 and TOPORS loss (Extended
Data Fig. 5d), suggesting that these STUbLs together ensure efficient
processing of SUMOylated proteins by promoting p97 recruitment.
The role of RNF4 and TOPORS in promoting p97-dependent process-
ing of ubiquitylated substrates may be confined to STUbL targets, as
neither RNF4 nor TOPORS depletion affected the levels of a ubiqui-
tylated model substrate Ub(G76V)-GFP whose proteasomal turnover
requires p97 activity* but not SUMOylation (Extended DataFig. 5e).
These findings suggested that TOPORS and RNF4 both make
important contributions to ubiquitin signals underlying p97 recruit-
ment to STUbL substrates. To test this, we quantified the abundance

of individual ubiquitin linkages in our proteomic analysis of DNMT1
DPCs isolated under stringent conditions (Fig. 2b). This showed that
DNMT1 DPCs are mainly modified by K48-linked ubiquitin chains
(Extended Data Fig. 5f and Supplementary Data 2), a major signal for
p97-dependentand proteasome-dependent turnover®, and thatboth
TOPORS and RNF4 depletion leads to a sizeable decrease in these
modifications (Fig. 4d and Supplementary Data 2), inaccordance with
our findings above. By contrast, RNF4, but not TOPORS, was required
for the comparatively lower level of 5-AzadC-induced K63-linked and
K11-linked ubiquitylation of DNMT1 (Fig. 4d, Extended Data Fig. 5f
and Supplementary Data 2). Similarly, knockdown of RNF4, but not
TOPORS, reduced arsenic-induced K63-linked ubiquitylation of PML
(Extended Data Fig. 5g). Thus, TOPORS and RNF4 both contribute to
recruiting p97 to SUMOylated targets by promoting their K48-linked
ubiquitylation, and RNF4 may further diversify the ubiquitin linkage
landscape on these substrates to augment p97 accumulation®.

TOPORS isaSUMO1-selective STUbL

STUDbL substrates including DPCs and PML are extensively modified
by both SUMO1 and SUMO2/3 (Figs. 2b and 3a). Because SUMO1 only
shares around 50% sequence identity with SUMO2/3 (which are nearly
identical)'®, we speculated that the requirement for both TOPORS and
RNF4 in STUbL pathways could involve a differential preference for
targeting SUMO1 and SUMO2/3 substrates. Interestingly, probing
total ubiquitylated cellular proteins isolated by the MultiDsk affinity
reagent® under denaturing conditions to prevent co-purification of
associated factors revealed that loss of TOPORS, but not RNF4, led to
anotable decline in proteins co-modified by ubiquitin and SUMOL,
whereas levels of ubiquitylated proteins modified by SUMO2/3 were
moderately increased (Fig. 4e and Supplementary Fig. 2). Thissuggests
that TOPORS may preferentially actonand provide a principal source
of STUbL activity toward SUMO1-modified proteins, in keeping with the
modest STUbL activity of TOPORS toward4 SUMO?2 substratesinvitro
(Fig. 2k and Extended DataFig. 3c). To test this, we employed previously
described COMP SUMO model substrates fusing SUMO to a COMP
pentamerization domain“®, resembling multi-mono-SUMO1-modified
or multi-mono-SUMO2/3-modified proteins (Fig. 4f). Because SUMO1
engages in homotypic chain formation to a much lesser extent than
SUMO2/3(ref.1), COMP SUMO1may more faithfully recapitulate cellu-
lar SUMO1-modified substrates than linear poly-SUMO1 fusions. Using
these substrates, we found that purified TOPORS displays markedly
higher ubiquitin ligase activity toward COMP SUMO1 than a corre-
sponding COMP SUMO?2 substrate and monomeric SUMOL in vitro
(Fig. 4f,g). Moreover, although TOPORS efficiently binds poly-SUMO2
chains in vitro, we observed using agarose-conjugated SUMO1 and
SUMOZ2 that it displays some preference for interacting with SUMOL,
whereas RNF4 showed an inverse selectivity, in line with previous find-
ings (Figs. 2i and 4h,i)*“. In cells, RNF4 and SUMO1 depletion had
additive impacts on reducing DNMT1 DPC ubiquitylation and resolu-
tion, mimicking the effect of combined RNF4 and TOPORS loss (Fig. 2¢c
and Extended Data Figs. 2d and 5h,i). By contrast, such a relationship
was not apparent for RNF4 and SUMO2/3 co-depletion (Extended
DataFig. 5h). Together, these data suggest that the key contribution
of TOPORS to STUbL pathwaysis exerted viaits preference for targeting
SUMO1-modified proteins. The combined TOPORS and RNF4 STUbL
activities may, thus, generate complex ubiquitin landscapes on both
SUMO1I-modified and SUMO2/3-modified proteins to facilitate optimal
processing by the p97-proteasome pathway.

Combined loss of TOPORS and RNF4 is synthetic lethal

Tofurtherinterrogate the functionsofRNF4and TOPORS and their inter-
relationship, we profiled geneticinteractionsimpacting fitnessin HAP1
cell lines lacking TOPORS or RNF4 (Extended Data Figs. 1c and 6a,b).
Because genetic screens in unchallenged HAP1WT cells indicated a
long-term fitness defect associated with KO of RNF4 but not TOPORS
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Fig. 4| TOPORS and RNF4 generate complex ubiquitin topologieson

STUbL substrates to promote p97 recruitment. a, Representative images

of doxycycline (DOX)-treated U20S/GFP TOPORS cell linesimmunostained
with p97 antibody after pre-extraction and fixation. Scalebar,10 m.b.U20S
cells transfected with indicated siRNAs were released from single thymidine
synchronizationin early S phase, treated with 5-AzadC for 30 min, pre-extracted
and immunostained with p97 and DNMT1 antibodies. p97 and DNMTl intensity
in DNMT1 DPC fociwas analyzed by quantitative image-based cytometry (QIBC)
(mean—s.e.m.; n =6 independent experiments; one-tailed paired t-test).

€. U20SPML-KO/YFP PML cells transfected with indicated siRNAs for 72 hand
treated with arsenic for 1 hwere pre-extracted and immunostained with p97
antibody. p97 and YFP intensity in YFP-PML bodies was analyzed by quantitative
image-based cytometry (QIBC) (mean — SEM; n = 7 independent experiments;
one-tailed paired t-test). d, U20S cells transfected with indicated siRNAs were
subjected to DNMT1IP under denaturing conditions to isolate DNMT1 but
notassociated proteins. Samples were digested with trypsin, and di-glycine
remnants on ubiquitin were identified by mass spectrometry (n = 4 independent
experiments). e, Immunoblotanalysis of U20S cells transfected with indicated

1T

siRNAs for 40 h and subjected to MultiDsk pulldown under denaturing
conditions toisolate total cellular ubiquitin conjugates but not associated,
non-covalently bound proteins. Inputblots are shown in Fig. 3f.

See also Supplementary Fig. 2. f, Coomassie staining (left) and fluorescein-
ubiquitinvisualization (right) of in vitro STUbL reactions containing purified
Strep HA TOPORSand indicated GST SUMO protein substrates (top),
supplemented with E1 (UBAL) and E2 (UBE2D1) enzymes, ubiquitin (10% labeled
with 5-1AF) and ATP. g, Quantification of datain f (mean —s.d.; n = 3; NS, not
significant; two-tailed paired t-test). h, Indicated amounts of recombinant
Strep HA TOPORS*RING protein was incubated with SUMO1-conjugated,
SUMO2-conjugated or Protein A conjugated agarose beads. Beads were
washed extensively, and bound material was immunoblotted with HA, SUMO1
and SUMO2/3 antibodies. i, Whole-cell extract from U20S cells was incubated
with SUMO1-conjugated, SUMO2-conjugated or Protein A conjugated agarose
beads. Beads were washed extensively, and bound material was immunoblotted
with RNF4, SUMO1and SUMO2/3 antibodies. Datainformation: dataare
representative of three (a,e,f,h,i) independent experiments with similar
outcomes.
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(Fig. 5a)"", we endogenously tagged RNF4 with a C-terminal degron
(dTAG-HA) enabling its efficient conditional depletion upon addi-
tion of the dTAG-13 degrader (Extended Data Fig. 6b). TOPORS-KO
and dTAG-13-dependent RNF4 depletion in these cell lines impaired
DNMT1DPC resolution in S phase, as expected (Fig. 1c and Extended
DataFig. 6¢). Intriguingly, fitness-based gene-trap mutagenesis screens
in TOPORS-KO cells identified RNF4 asamajor synthetic lethal hit,and
disrupting TOPORS gave rise to a strong synthetic lethality effect in
RNF4-deficientcells (Fig.5a dand Supplementary Data4). Underscor-
ing thecritical role of USP7 activity in sustaining TOPORS expression,
USP7 was also astrong synthetic lethality hitin cells lacking RNF4 but
not TOPORS (Fig.5a d).We validated a profound loss of proliferative
potential resulting from co-depleting TOPORS and RNF4 in U20S cells
(Fig.5e and Extended DataFig. 6d). Likewise, USP7istrongly suppressed
proliferation of RNF4-deficient, but not TOPORS-KO, cells (Extended
DataFig. 6e g).Co-depleting TOPORS and RNF4, but not either indi-
vidual ligase, caused prominentinduction of PARP1 cleavage, an apop-
tosis marker (Fig. 5f), suggesting that joint loss of TOPORS and RNF4
isincompatible with cell survival. USP7i addition to RNF4-depleted
cells produced a similar effect (Extended Data Fig. 6h). These find-
ings demonstrate that the combined actions of TOPORS and RNF4 are
essential for cell viability and proliferation, corroborating the critical
importance of concerted TOPORS and RNF4 STUbL activities in pro-
moting the turnover of SUMOylated proteins.

Tounderstand how simultaneous loss of TOPORS and RNF4 under-
mines cell proliferation, we performed live-cell imaging experiments
usingaFuccicellline to track individual cell cycle phasesvia fluorescent
reporters®. Co-depletion of TOPORS and RNF4 induced extensive cell
death, as expected, and this predominantly occurred around early
S phase (Extended DataFig. 7a). Inline with this, astrong accumulation
of cells at the G1/S transition and a concomitant loss of S/G2 phase
cellswasapparentwhen both TOPORS and RNF4, but noteither ligase
alone, were depleted (Fig. 59). Again, this effect was phenocopied
by USP7i treatment of RNF4-depleted cells (Extended Data Fig. 7b).
These observations suggest that combined RNF4 and TOPORS loss
givesrise toasevere DNA replication defect. To test this prediction, we
performed 5-ethynyl-2-deoxyuridine (EdU) labeling experiments with
cells released from G1/S transition arrest by double thymidine block.
Although individual depletion of TOPORS or RNF4 had little impact
onEdU incorporation efficiency, cells lacking both TOPORS and RNF4
displayed markedly reduced DNA synthesis ratesin early S phase and
failed tosustainreplication furtherinto S phase (Extended DataFig. 7c).
RNF4-depleted cells exposed to USP7i likewise exhibited diminished
EdU incorporation rates (Extended DataFig. 7d). The DNA replication
defectarising from combined TOPORS and RNF4 knockdown coincided
with DNA damage accumulation as evidenced by increased H2AX
formationin S phase cells (Fig. 5h), suggesting that simultaneous loss
of TOPORS and RNF4 leads to extensive replication fork stalling and/
or collapse. We reasoned that this DNA replication defect might result
from obstacles to replisome progression conferred by SUMOylated

proteins that fail to get extracted from chromatin, in keeping with
the known role of STUbL activity in this process®. Indeed, combined
knockdown of TOPORS and RNF4 caused strong accumulation of
SUMOylated proteins on chromatin and a concomitant decrease in
ubiquitylation, with TOPORS depletion alone triggering a substan-
tial increase in SUMO1-modified chromatin-bound proteins (Fig. 5i).
Collectively, these data suggest that combined TOPORS and RNF4
STUbL activitiesare notonly instrumental for SUMO-dependent stress
responses butalso exertan essential role during unperturbed cell pro-
liferation by ubiquitylating chromatin-bound SUMOylated proteins,
driving their displacement to allow unhindered advancement of the
replication machinery.

Discussion

By catalyzing selective ubiquitylation of SUMOylated proteins, STUbLs
enable direct crosstalk between ubiquitin- and SUMO-mediated
signaling in cells, acting as key effectors of stress responses whose
pharmacological modulation has shown strong potential in cancer
treatment. Adetailed understanding of the mechanisms and functions
of STUbLsincell biology is, therefore, of considerable importance. In
the present study, we discovered that human TOPORS isa STUbL by
virtue of its RING domain and poly-SUMO-binding SIMs, a configu-
ration analogous to that of other STUbLs, such as RNF4 and RNF111.
The precise enzymatic function of TOPORS has been uncertain, as
previous studies provided evidence for TOPORS functioningasan E3
ligase for both ubiquitin and SUMO? #°, Although we do not exclude
that TOPORS may serve as a SUMO E3 ligase in some contexts, our
collective data show that TOPORS is more active as a ubiquitin ligase
and argue that this function provides the critical activity underlying
itsrole in STUbL-dependent processes.

We found that TOPORS makes key contributions to established
RNF4-driven pathways, including SUMO-dependent DPC resolution
and PML body degradation. Rather than simply serving as a backup
to RNF4, we demonstrated that TOPORS and RNF4 are both required
fortheefficiency of STUbL reactions. Notably, the dedicated partner-
ship between TOPORS and RNF4 not only underpins the efficacy of
SUMO-drivenstress responses butisalso essential for cell proliferation
and viability under normal conditions. Accordingly, in the absence of
both TOPORS and RNF4, cellsaccrue high levels of hyper-SUMOylated
proteins, presumably due tofailure in processing these speciesviathe
p97-proteasome pathway caused by their lack of ubiquitylation. This
isaccompanied by a strong DNA replication defect that may result
from the inability to properly displace SUMOylated proteins from
chromatin, obstructing progression of the replication machinery.
Indeed, we found that combined TOPORS and RNF4 loss disrupts the
normal balance of SUMO and ubiquitin modifications on chromatin,
which has been proposed to be critical for maintaining the activity of
replication forks*. Given that STUbL activity is important for remov-
ing both DPCs and non-covalently bound proteins from DNA*"*" we
consider it likely that SUMOylated forms of both classes of proteins

Fig.5|Combined loss of TOPORS and RNF4 is synthetic lethal. a, Haploid
genetic fitness screen in HAP1WT cells, presented as a fishtail plotinwhich
genesare plotted according to ratio of sense/anti-sense orientation of gene-trap
insertions (y axis) and the total number of insertions in a particular gene (x axis)
(n=4biological replicates (independent clones)). Blue dots represent genes with
significant sense bias (binomial P < 0.05, FDR corrected, across all replicates).
Asingle representative replicate is shown. b, Asina but for HAP1 TOPORS-KO
cells (n=2biological replicates (independent clones)). c, Asinabut for HAP1
RNF4 dTAG HAcellstreatedwith0.25 MdTAG-13for10d (n=2biological
replicates (independentclones)). d. Gene rank plot for significant synthetic
lethal genes for HAP1 TOPORS-KO (left)and RNF4 dTAG HA (right) compared
to HAPIWT (Fisher s exact test; P < 0.05; odds ratio < 0.8). The size of the dot
represents the difference ( ) insense ratio bias. e, Normalized logarithmic
proliferation quantification for U20S cells transfected with indicated siRNAs for

the indicated times, as determined by IncuCyte image-based confluence analysis
(mean—s.e.m.; n = 3independent experiments). Imaging was started at 24 h
after siRNA transfection. f, Immunoblot analysis of U20S cells transfected with
indicated siRNAs for 48 h. g, U20S Fucci cells were transfected with indicated
siRNAs for 36 h. To determine cell cycle position, CDT1 (mKO2-hCdtl*) and
Geminin (MAG-hGem*) intensities were analyzed by quantitative image-based
cytometry (QIBC). Quantification of cells in different cell cycle phases was done
using the indicated gates. h, U20S cells were transfected with indicated siRNAs,
treated with thymidine for 18 hand released into S phase for 6 h. Cellswere
immunostainedwith H2AX antibody and analyzed by QIBC (red bars, mean;
>3,900 cellsanalyzed per condition). i, Immunoblot analysis of chromatin-
enriched fractions of U20S cells transfected with indicated siRNAs for 40 h. Data
information: dataare representative of three (f,i) and two (g,h) independent
experiments with similar outcomes.
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accumulate on chromatin and contribute to impeding replication
when both TOPORS and RNF4 are absent. Our findings thus reveal an
unexpected mechanistic complexity of major STUbL-driven processes,
suggesting that the concerted action of TOPORS and RNF4 isageneral
modus operandi of these pathways with indispensable roles in cell
proliferation.

A key question emanating from our discoveries is why both
TOPORS and RNF4 are needed for productive execution of

STUbL-mediated responses. Together with other findings, the notion
thatcombined RNF4and TOPORS lossis lethal, whereas their individual
depletionisnot, suggests that these STUbLs have both overlappingand
non-redundantrolesin ubiquitylating SUMOylated proteins. Accord-
ing to this scenario, STUbL-driven pathways become inefficient but
retain basic functionality in the absence of either ligase, whereas loss
of both TOPORS and RNF4 leads to profound defects in ubiquitylation
and proteolytic processing of SUMOylated proteins. Our collective
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Fig. 6| Concerted action of TOPORS and RNF4 drives major STUbL-mediated
processes—model. Parallel E3 ubiquitin ligase activities of TOPORS and RNF4
provide akey driving force for major STUbL-mediated cellular processes,
including SUMO-dependent DPC repair and PML body degradation. This involves
aselectivity of TOPORS for targeting SUMO1-modified proteins, whereas RNF4
may have some preference for SUMO2/3-modified proteins. However, these
preferences are notabsolute. Accordingly, in the absence of either ligase,
STUbL-driven pathways become inefficient but retain basic functionality,
whereas combined loss of TOPORS and RNF4 leads to a profound defect in the
ubiquitylation and proteolytic processing of SUMOylated proteins, accompanied
by synthetic lethality.

evidence supports a division of labor between TOPORS and RNF4,
enabling efficient generation of a complex ubiquitin landscape on
SUMO substrates to optimally support p97 recruitment (Fig. 6). Indeed,
both TOPORS and RNF4 make sizeable contributions to the modifica-
tion of SUMOylated DNMT1 DPCs by K48-linked ubiquitin chains, a
primary recognition signal for p97 cofactor complexes*®, and RNF4
appears to be the main effector of non-K48-linked ubiquitylation of
STUDL substrates that may further enhance p97 recruitment**, con-
sistent with its ability to catalyze K63-linked ubiquitin chain forma-
tion*. Perhaps more importantly, we found that TOPORS is crucial
for ubiquitylating SUMO1-modified proteins in cells and displays a
clear preference for these substrates invitro. Correspondingly, RNF4
may be particularly efficient in targeting SUMO2/3-modified proteins,
based on our observation and previous work indicating a preference
for binding to SUMO2/3 relative to SUMOL1 (refs. 35,46). Indeed, we
found that RNF4 loss has little impact on levels of cellular proteins
co-modified by SUMO1land ubiquitin. Thus,amajor underlying reason
for the critical importance of combined TOPORS and RNF4 activities
forthe integrity of STUbL pathways may be their selectivity for target-
ing SUMO1-modified and SUMO2/3-modified proteins, respectively
(Fig. 6). Such complementary preferences of TOPORS and RNF4 in
recognizing and/or modifying particular SUMO modifications on
substrates could at least partially reflect the distinct configuration of
their multiple SIMs. Poly-SUMO2/3 chain binding by the tandem SIMs
in RNF4 converts inactive monomeric RNF4 into an active dimer®,
and itis conceivable that this could be difficult to achieve by multiple
mono-SUMO1 modifications, unless they are in close proximity. With

the more scattered distribution of its SIMs, TOPORS may be better
configured to ubiquitylate proteins modified by multi-mono-SUMO1
modifications. Addressing the precise relationships between indi-
vidual STUbLs and different SUMO modification configurations will
be important but is challenged by limited current insights into these
topologiesand ashortage of toolsand methods for analyzing specific
SUMO polymer architectures'. This notwithstanding, it seems likely
that the concerted actions of TOPORS and RNF4 enables flexibility in
STUbL-driven processes targeting multitudinous cellular substrates
and that the relative importance of TOPORS and RNF4 STUbL activities
may depend on the extenttowhich individual SUMOylated targetsare
modified by SUMO1and SUMO2/3.

Altogether, our findings uncover TOPORS asanovel STUbL with
apreference for SUMO1-modified proteins and establish that direct
SUMO-ubiquitin crosstalk mediated by parallel TOPORS and RNF4
activities is essential for viability and proliferation of human cells.
These improved insights into the mechanistic basis of important
SUMO-driven processes could have considerable bearings on cur-
rent, promising treatment strategies targeting the SUMO system in
cancersand could offer potential new opportunities for therapeutic
intervention. Pharmacological modulation of STUbL-dependent pro-
cesses, including arsenic-induced PML body degradation and resolu-
tion of 5-AzadC-induced DPCs, has documented clinical benefits'*°.
Moreover, many cancers are addicted to a hyperactive SUMO system
as a means to mitigate high levels of stress, and the specific SUMO
Elinhibitor TAK-981 has emerged as a promising anti-cancer agent,
synergizing with immune checkpointinhibitors in mice®. Targeting
thecritical role of TOPORS in STUbL-driven responses might provide
amore specific, less toxic alternative to full inhibition of SUMOylation
in some clinical contexts. In this regard, harnessing the notion that
USP7 inhibitors, several of which display efficacy for cancer therapy
in preclinical studies™, potently deplete TOPORS and recapitulate the
consequences of TOPORS loss due to acritical role of USP7 in antago-
nizing TOPORS auto-ubiquitylation and preventing its proteasomal
degradation may be particularly useful. Further studies of TOPORS
mechanisms of action and functions are, therefore, well warranted.
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Methods

Cell culture

HumanHelLa (CCL-2) and U20S (HTB-96) cells were obtained from the
American Type Culture Collection. HEK293-EBNA1-6E cellswere akind
gift from Yves Durocher (National Research Council Canada). Hela,
U20S and HEK293-6E cells were propagated in DMEM supplemented
with 10% (v/v) FBS and 1% penicillin streptomycin. HAP1 cells> were
cultured in IMDM (Gibco) supplemented with 10% heat-inactivated
FCS (Thermo Fisher Scientific) and penicillin streptomycin glu-
tamine solution (Gibco). HelLa cells stably expressing GFP DNMT1
were described previously”. To generate inducible cell lines expressing
WTand mutantGFP TOPORS proteins, pcDNA5/FRT/TO/GFP/TOPORS
plasmidswere co-transfected with pOG44 into U20S Flp-In T-Rex cells
(Thermo Fisher Scientific) using Lipofectamine 3000 (Invitrogen).
Clones were selected in medium containing hygromycin B (Thermo
Fisher Scientific) and blasticidin (InvivoGen) and verified by micros-
copy. All cell lines were regularly tested negative for mycoplasma
infection and were not authenticated.

Plasmid DNA transfections were performed using FUGENE 6
(Promega), Lipofectamine 2000 (Invitrogen) or Lipofectamine 3000
(Invitrogen) according to the manufacturers protocols. Cell cycle
synchronizations were performed as previously described®, using
single treatmentwith thymidine for 18 h. Unless otherwise indicated,
the following doses of chemicals and genotoxic agents were used: 5
AzadC (10 M, Sigma Aldrich),EdU (20 M, Sigma Aldrich), arsenictri-
oxide (arsenic;1 M, Sigma Aldrich), formaldehyde (500 M, Thermo
Fisher Scientific), camptothecin ((CPT); 10 M;AH Diagnostics); FT-671
(USP7i;2 M, MedChemExpress), MG132 (20 M, Sigma Aldrich),
ML 792 (SUMOIi; 2 M, MedKoo Biosciences), MLN 7243 (Ub-Eli;
5 M, Active Biochem), NMS-873 (p97i;5 M, Sigma Aldrich), dTAG-13
(0.25 M, TocrisBiosciences) and thymidine (2 mM, Sigma Aldrich).

Plasmids

Full-length cDNAs encoding human TOPORS WT (codon optimized,
Invitrogen GeneArt), *RING (1105A,L140A,K142A; codon optimized)
and TOPORS*SIM (V391A,1392A,1394A VAT9A,1480A V481AVA84A L4
94AV495A,L497A VI06A,VI07A,I1908A,1910A; codon optimized) were
PCRamplified and cloned into pcDNA5/FRT/TO/GFP viaKpnland Notl
(forgeneration of stable cell lines) or pcDNA4/TO/Strep HAviaEcoRV
and Notl (for protein expression).

SsiRNAs

siRNA transfections were performed using Lipofectamine RNAIMAX
(Invitrogen) according to the manufacturer s instructions.
All siRNAs were used at a final concentration of 20 nM. The following
siRNA oligonucleotides were used: non targeting control (CTRL):
5 -GGGAUACCUAGACGUUCUA 3 ; RNF4: 5 -GAAUGGACGU
CUCAUCGUU-3 ; TOPORS(#1): 5 -GUCCUAAGGCCUUCGUAUAAU-3 ;
TOPORS(#2): 5 -CCCUGCUCCUUCAUACGAA-3 ; SUMOL1 (5 -GGAC
AGGAUAGCAGUGAGA-3); SUMO2/3 (5 -GUCAAUGAGGC
AGAUCAGA-3 ); UBE2K(#1): 5 -GAAUCAAGCGGGAGUUCAA-3 ;
UBE2K(#2): 5 -CCUAAGGUCCGGUUUAUCA-3 ; UBE2K(#3): 5 -CCA
GAAACAUACCCAUUUA-3 and UBE2K(#4): 5 -GCAAAUCAGUAC
AAACAAA-3 (al:l:1:1 mix of all four UBE2K siRNAs was used).

Immunoblotting, immunoprecipitation and chromatin
fractionation

Immunoblotting was performed as previously described®. To pre-
pare cell extracts, cells were lysed in EBC buffer (50 mM Tris, pH 7.5;
150 mM NaCl; 1 mM EDTA; 0.5% NP40; 1 mM DTT) or MultiDsk lysis
buffer (50 mM Tris, pH 8.0; 1 M NaCl; 5 mM EDTA; 1% NP40; 0.1% SDS)
supplemented with protease and phosphatase inhibitors on ice for
20 min, and lysates were cleared by centrifugation (21,0009, 20 min).
For immunoprecipitation (IP) experiments to analyze protein modi-
fication by SUMO and ubiquitin, cells were lysed in denaturing buffer

(20 mM Tris, pH 7.5; 50 mM NaCl; 1 mM EDTA; 0.5% NP40; 0.5% SDS;
0.5% sodium deoxycholate; 1 mM DTT) supplemented with protease
and phosphatase inhibitors, followed by sonication. For co-IP experi-
ments, cellswere lysed in EBC buffer supplemented with protease and
phosphatase inhibitors on ice for 20 min. Lysates were then cleared
by centrifugation (21,000g, 20 min) and incubated with GFP-Trap or
DNMT1-Trap agarose (ChromoTek) overnightat4 C. After washing,
immobilized proteinswere eluted from the beads by boilingin2 Lae-
mmli sample buffer for5 min. For two-step IPs, GFP tagged DNMT1was
purified on GFP Trap agarose (ChromoTek) under denaturing condi-
tionsasdescribed above and washed extensively in denaturing buffer.
Beads were equilibrated in EBC buffer and incubated with whole-cell
lysate prepared inEBC bufferat4 Cfor4 h.Beadswerethenwashedin
EBC buffer, and proteinswere eluted by boilingin2 Laemmlisample
buffer for5 min.

For pulldowns of total cellular ubiquitin conjugates using the
MultiDsk affinity reagent®, purified Halo-tagged MultiDsk (15 g per
condition) was pre-incubated with HaloLink resin (Promega) for 1 h at
roomtemperature in binding buffer (100 mM Tris, pH 7.5; 150 mM NaCl,
0.05% IGEPAL). Excess protein was removed by washing with binding
buffer supplemented with 1 mg ml !BSA. Cells were lysed in MultiDsk
buffer supplemented with protease and phosphatase inhibitors on
ice for 15 min, followed by sonication. Lysates were then cleared by
centrifugation (21,000g, 20 min) and incubated with Halo-MultiDsk
resinovernightat4 C. After multiple washes of beads, ubiquitylated
proteinswere eluted by boilingin2 Laemmli sample buffer for5 min.

For chromatin fractionation, cells were first lysed in buffer la
(10 mM Tris, pH 8.0; 10 mM KCI; 1.5 mM MgCl,; 0.34 M sucrose; 10%
glycerol; 0.1% Triton X 100) supplemented with protease and phos-
phatase inhibitors onice for5 min, followed by centrifugation (2,000g,
5min) to recover the soluble proteins. Pellets were then washed once
in buffer 1b (buffer la supplemented with 500 mM NaCl) and once in
buffer la, followed by resuspension in buffer 2 (50 mM Tris, pH 7.5;
150 mM NacCl; 1% NP40; 0.1% SDS; 1 mM MgCl,; 125 U ml ' benzonase)
supplemented with protease and phosphatase inhibitors. Lysates
were incubated in a thermomixer (37 C, 1,000 r.p.m., 15 min), and
solubilized chromatin-bound proteins were obtained by centrifuga-
tion (21,000g, 10 min).

Antibodies

Antibodies to human proteins used in this study included: actin
(1:20,000 dilution (MAB1501, Millipore, RRID: AB_2223041)); DNMT1
(1:1,000, describedinref. 11); FLAG (1:1,000 (A00187, GenScript, RRID:
AB_1720813)); GFP (1:5,000, Abcam (ab6556, RRID: AB_305564));
HA (1:1,000 (11867423001, Roche, RRID: AB_390918)); histone H3
(1:20,000, Abcam (ab1791, RRID: AB_302613)); PARP1 (1:1,000, Santa
Cruz Biotechnology (sc-8007, RRID: AB_628105)); PIASL (1:1,000
(ab77231, Abcam, RRID: AB_1524188)); RNF4 (1:5,000, described in
ref. 54); SUMOL1 (1:1,000, Thermo Fisher Scientific (33-2400, RRID:
AB_2533109)); SUMO2/3(1:1,000, Abcam (ab3742, RRID: AB_304041);
1:1,000, Abcam (ab81371, RRID: AB_1658424)); TOP1 (1:500, Bethyl
(A302-590A, RRID: AB_2034875)); TOPORS (1:250, sheep polyclonal
raised against full-length human TOPORS); ubiquitin (1:1,000, Santa
CruzBiotechnology (sc-8017 AC, RRID: AB_2762364);1:1,000, Millipore
(04-263,RRID: AB_612093)); ubiquitin (K48-linked) (1:1,000, Millipore
(05-1307, RRID: AB_1587578)); ubiquitin (K63-linked) (1:1,000, (05-
1308, RRID: AB_1587580)); UBE2K (1:1,000, Cell Signaling Technology
(3847, RRID: AB_2210768)); and USP7 (1:1,000, Bethyl (A300-033A,
RRID: AB 203276)).

Immunofluorescence and high contentimage analysis

Cells were pre-extracted on ice in stringent pre-extraction buffer
(10 mM Tris-HCI, pH 7.4; 2.5 mM MgCl,; 0.5% NP 40; 1 mM PMSF) for
8 min and then in ice-cold PBS for 2 min before fixation with 4% for-
maldehyde for 15 min. If not pre-extracted, cells were subjected to
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permeabilization with PBS containing 0.2% Triton X 100 for 5 min
before blocking. Coverslips were blocked in 10% BSA and incubated
with primary antibodies for 2 hat room temperature, followed by stain-
ingwith secondary antibodiesand DAPI (AlexaFluor, Life Technologies)
for1hatroomtemperature. Coverslipswere mountedin Mowiol 4 88
(Sigma-Aldrich).

Manual image acquisition was performed with a Zeiss LSM 880
laser scanning confocal microscope, using a Plan-Apochromat 40
1.30 oil DIC M27 objective and ZEN software (Zeiss). Coverslips were
prepared as described above, except that they were mounted with
VECTASHIELD Mounting Medium (Vector Laboratories) and sealed
with nail polish. Rawimages were exported as TIFF filesand processed
using Adobe Photoshop. If adjustments inimage contrast and bright-
nesswere applied, identical settings were used on all images ofagiven
experiment. For automated image acquisition, images were acquired
with an Olympus Ixplore ScanR system equipped with an Olympus
IX 83 wide field microscope, a Yokogawa CSU-W1 confocal spinning
disk unit, four 50/100-mW laser diodes, UPLSXAPO20 NA 0.80 WD
0.60 mm or UPLSXAPO40 2 NA 0.95WD 0.18 mm and a Hamamatsu
OrcaFlash 4 sCMOS camera. Automated and unbiased image analysis
was carried out with ScanR analysis software. Datawere exported and
processed using Spotfire (TIBCO Software).

Live-cellimaging

U20S cells stably expressing Fucci reporter constructs (mKO2-
hCdt1(30-120) and mAG-hGem(1-110))*® were transfected with siR-
NAs and seeded onto an ibidi dish 16 h before acquisition. Medium
was changed to Leibovitz s L15 medium (Life Technologies) supple-
mented with 10% FBS before filming. Live-cellimaging was performed
onaDeltaVisionElite systemusinga 40 oil objective (GE Healthcare).
Imageswere acquired every 10 minor 15 minfor 48 h. Three z-stacks of
5 mwere imaged. SoftWork software (GE Healthcare) were used for
dataanalysis.

Proliferation and survival assays

Relative proliferation was measured using an IncuCyte (Sartorius)
instrument. Cells (6 10*) were seeded into 24-well or 96-well plates
24 h after siRNA treatment and imaged every 2 h. Mean confluency
was determined from four (Fig. 5e) or nine (Extended Data Fig. 6f,g)
images. For survival assays, approximately 400 cells were plated per
60-mm plate and treated with 5-AzadC for 24 h or formaldehyde for
30 min. Cellswere then washed with PBS twice, and fresh mediumwas
added. Colonies were fixed and stained after approximately 2 weeks
with cell staining solution (0.5% w/v crystal violet, 25% v/v methanol).
The number of colonies was quantified using a GelCount (Oxford
Optronix) colony counter.

Purification of recombinant proteins

For purification of Strep HA TOPORS proteins, HEK293-6E suspen-
sion cells were cultured in FreeStyle F17 expression medium (Gibco)
supplemented with 4 mM L-glutamine (Gibco), 1% FBS, 0.1% Pluronic
F-68 (Gibco)and 50 g ml ' G418 (Invivogen) ina37 Cincubator on
ashaker rotating at 140 r.p.m. HEK293-6E cells were transfected with
Strep HA TOPORS WT, *SIM or *RING expression plasmids using PEI
transfection reagent (PolyScience). After 24 h, cells were harvested
and snap frozen in liquid nitrogen. The cell pellet was resuspended
in lysis buffer (100 mM Tris, pH 8.0; 350 mM NacCl; 0.05% NP-40; pro-
tease inhibitors), treated with benzonase and sonicated. The lysate
was then cleared by centrifugation at 25,000gat4 C for 30 min. The
cleared lysate was incubated with Strep-Tactin Superflow resin (IBA
Lifesciences) and incubated at 4 C for 2 h. Beads were washed in a
gravity column using wash buffer (100 mM Tris, pH 8.0; 600 mM NacCl;
0.05% NP-40), and TOPORS protein was eluted using elution buffer
(100 mM Tris, pH 8.0; 350 mM NaCl; 2.5 mM desthiobiotin). The elute
fractionswererunona4 12%NuPAGE Bis-Tris protein gel (Invitrogen)

and stained with Instant Blue Coomassie Protein Stain (Expedeon).
Fractions were concentrated on Microcon-30kDa Centrifugal Filters
(Millipore), snap frozen in liquid nitrogen and storedat 70 C. For
in vitro ubiquitylation and SUMOylation reactions, 0.35 g of Strep
HA TOPORS prep was used; for Strep-Tactin pulldowns, 0.7 g was
used; and for STUbL assays, 2.8 gwasused.

Purification of GST SUMO proteins was described previously®.
Plasmids for recombinant expression of GST COMP, GST COMP
SUMO1and GST COMP SUMO?2 (ref. 46) were akind giftfrom Andrew
Sharrocks (University of Manchester). The same procedure of expres-
sionand purification was followed asfor GST SUMO proteins, except
that Rosetta (DE3) BL21 Escherichia coli was used and proteins were
noteluted from the glutathione agarose resins before use in assays.

Invitro ubiquitylation, SUMOylation and deubiquitylation
reactions

Allin vitro ubiquitylation and SUMOylation reactions were carried
out in reaction buffer containing 50 mM Tris, pH 7.5; 150 mM NacCl;
0.1% NP-40; 5 mM MgCl,; 0.5 mM TCEP. Unless otherwise stated, the
following final concentrations were used: FLAG ubiquitin (R&D Sys-
tems, 20 M), ATP (Sigma-Aldrich, 3 mM), UBA1 (100 nM), UBE2D1
(0.5 M), UBE2K (R&D Systems, 0.28 M), SAE1-UBA2 (R&D Systems,
100 nM), UBE2I (R&D Systems, 0.5 M), SUMO2 (R&D Systems,2 M),
poly-SUMO2, ¢ chains (R&D Systems, 0.3 g per reaction), RNF4
(47 nM), GST PIASL(EnzoLife Sciences),4 SUMO2andUb 4 SUMO2
(1.8 M)*. HA SUMO1 vinyl sulfone (VS) and HA ubiquitin VS (R&D
Systems) were added to all reactions containing purified Strep HA
TOPORS proteinsto inhibitdeubiquitinase and SUMO protease activi-
ties co-purifyingwith Strep HA TOPORS.

For GST SUMO and GST COMP SUMO ubiquitylation assays,
GST proteins immobilized on glutathione agarose were incubated
at 22 C with agitation for 1 h with Strep HA TOPORS (0.6 M),
Hisg-UBEL1 (0.1 M),UBE2D1(1 M)and 40 M ubiquitin (10% labeled
with 5-1AF) in reaction buffer supplemented with2 mM ATP. Beads were
washed twice with reaction buffer and transferred to a new tube, and
bound proteins were eluted with 30 1of1 Laemmli sample buffer.
Fluorescein-ubiquitin species on gel were visualized by laser scanning
(Typhoon, Cytiva Life Sciences) using the Cy2 setting before staining
with Coomassie blue. Data for ubiquitin-modified GST substrates from
triplicate reactions were quantified by densitometry (ImageJ) from
non-saturated negative scans.

For in vitro deubiquitylation reactions with recombinant USP7,
GFP TOPORS expressed in U20S cells was immunoprecipitated using
GFP-Trap agarose under denaturing condition as above, followed by
extensive washing. Beads containingbound GFP TOPORSwere equili-
brated in deubiquitylation buffer (50 mM Tris, pH 7.5; 150 mM NacCl,;
5mM DTT) and incubated with 0.5 g of recombinant USP7 protein
(Ubiquigent) with shaking at 30 C for 30 min. Beads were washed,
eluted by boilingin2 Laemmlisample buffer for 5 minand analyzed
by immunoblotting.

SUMO-binding assays

Human recombinant SUMO1 or SUMO2 coupled to agarose at 0.5 mg of
protein per milliliter of settled resin (Enzo Life Sciences) was incubated
with whole-cell extracts from U20S cells or recombinant Strep HA
TOPORS *RING protein in EBC buffer overnight with constant agita-
tionat4 C. After multiple washes, bound proteins were eluted in 2
Laemmlisample bufferand analyzed by immunoblotting. Toassay for
TOPORS binding to poly-SUMO2 chains, purified Strep HA TOPORS
proteins (0.7 gperreaction)and recombinant poly-SUMO2, ;chains
(R&D Systems, 0.3 mg per reaction) were incubated with Strep-Tactin
Superflow resin (IBA Lifesciences) and incubated at4 Cfor2hin
EBC buffer. The beads were then washed in EBC buffer, and bound
proteins were eluted in2 Laemmli sample buffer and analyzed by
immunoblotting.
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Flow cytometry

Cells were collected by trypsinization, fixed in 4% paraformaldehyde
in PBS for 15 min and permeabilized in 0.2% Triton X-100, 2% FBS in
PBSfor20 minatroomtemperature. Permeabilized cellswere washed
in FACS buffer (PBS + 10% FBS) and incubated with sheep polyclonal
anti-DNMT1 antibody® diluted in FACS buffer for 90 min at room
temperature. After two washes in FACS buffer, cells were incubated
with anti-sheep Alexa Fluor 488 (Invitrogen) diluted in FACS buffer
for 1hat room temperature. For EAU co-staining, washed cells were
subsequently stained using the Click-iT Plus EJU Alexa Fluor 647 Kit
(Invitrogen) according to the manufacturer s instructions. After two
additional washes in FACS buffer, cells were resuspended in FACS
buffer containingl g ml *DAPI(Thermo Fisher Scientific), strained to
asingle-cellsolution (40- mfilter)and analyzed using an LSRFortessa
flow cytometer (BD Biosciences). Analysis was performed and plots
were generated using Flowlo software (version 10.8.1).

Mutagenesis of HAP1 cells

Gene-trap mutagenesis of HAP1 cell lineswas carried out as described®’.
Inbrief,aBFP-containing variant of gene-trap retrovirus was generated
in low-passage HEK293T cells by co-transfection of gene-trap vector,
retroviral packaging plasmids Gag-pol and VsVg and pAdvantage (Pro-
mega). Media containing retrovirus were collected 48 hand 72 h after
transfection and concentrated using centrifugation filters (Amicon),
andthe pooled, concentrated retroviruswas used to transduce 40  10°
HAP1 cells supplemented with protamine sulfate (8 gml *) for 24 h.
After recovery, mutagenized HAP1 cells were expanded and used for
genetic screens.

FACS-based screens for DNMT1abundance

Toidentify regulators of 5-AzadC-induced DNMT1 processing, muta-
genized HAP1WT cellswere expandedto3 10°cells perscreen. Two
screens were performed: a mock DNMT1 screen where cells were
labeled for 2h with 10 M EdU and a perturbation DNMT1 screen
with co-treatment of 10 M 5-AzadC and EdU. Treated cells were
then trypsinized, fixed, permeabilized and stained for DNMT1 and
EdU as described in the Flow cytometry subsection above. Cells
were sorted on a BD FACSAria Fusion cell sorter gating for haploid
EdU-incorporating cells, and the cells with the 5% highest and low-
est DNMT1 signal, respectively, were collected. Genomic DNA was
extracted from sorted cells (1.3 107 cells per channel) using the
QlAamp DNA Mini Kit (Qiagen). Gene-trap insertion site recovery and
sequencing libraries were generated as previously described®®. Ampli-
fied libraries were sequenced on aHiSeq 2500 (Illumina) witharead
length of 65 bp (single-end read). Sequencing reads from each sample
(low and high) were aligned to the human genome (hg38) allowing
one mismatch and assigned to non-overlapping protein-coding gene
regions (RefSeq). The number of unique gene-trap insertions in the
sense direction of each gene was normalized to the total number of
sense insertions of each sorted population. The mutational index (MlI)
was calculated for each gene by comparing the number of unique,
normalized sense integrations of the high population to that of the
low population using a two-sided Fisher s exact test (false discovery
rate (FDR)-corrected P < 0.05). Every gene was then plotted in fishtail
scatterplots comparing the combined number of unique insertions
identified in the two populations of a given gene (log,,, x axis) to
its Ml (log,, y axis). To identify genes selectively affecting DNMT1
abundance in response to 5-AzadC, but not in the mock screen, a
comparative filtering of genes was performed. Significant positive
and negative regulators that scored as such in both screens (except
forthe antigentarget DNMT1) were removed from the 5-AzadC screen
to highlight DNMT1 DPC-specific regulators and generate Fig. 1b.
Significant regulators for each individual screen can be found in
Supplementary Data 1. Fishtail scatterplots were generated using
GraphPad Prism software.

Fitness-based screens to identify synthetic lethal interactions
Haploid genetic fitness screens were carried outas described inref. 47.
In brief, mutagenized HAP1 cell lines (minimum coverage of 2.5 10°
cells per screen) were passaged for 10 d, trypsinized and fixed using
Fixation Buffer | (BD Biosciences) for 10 minat37 C.ForRNF4 dTAG
cells, cellswere passaged in the presence of0.25 MdTAG-13toinduce
loss of RNF4. Cells were then permeabilized with Perm Buffer IlI (BD
Biosciences) and stained in FACS buffer containing 2.5 gml ! DAPI
(Thermo Fisher Scientific). After washing in FACS buffer, cells were
strained to a single-cell solution (40- m filter), and a minimum of
3 107 haploid cells (based on DAPI content) were isolated using aBD
FACSAria Fusion cell sorter. Isolation of genomic DNA, library prep-
aration and insertion site mapping were done as described for the
FACS-based screensabove. Analysis of gene-trap insertion orientation
bias (sense ratio) was performed as previously described”, and the
analysis pipeline can be found on GitHub (https://github.com/Brum-
melkampResearch/phenosaurus). For each replicate experiment, a
two-sided binomial test was calculated, which gives a P value for each
gene. These P values were then corrected for FDR using the Benja-
mini Hochberg procedure, and the least significant P value among
theindividual replicates of agenotype was used to determine ifagene
was considered significant. Every replicate corresponds to an inde-
pendentclonal cell line of the respective genotype. Four independent
cultured WT control datasets published in ref. 47 were used as control
(available at Sequence Read Archive SRP058962, accession numbers
SRX1045464,SRX1045465, SRX1045466 and SRX1045467). To identify
genes that affect cell viability selectively in TOPORS-deficient and
RNF4-deficientcell lines, the number of disruptive sense integrations
and non-disruptive antisense integrations for each gene was compared
to that in the four control datasets using a two-sided Fisher s exact
test. Genes with a significant orientation bias in screen replicates of
TOPORS-deficientand RNF4-deficient cells, respectively, inaddition to
asignificantly altered sense ratio (P < 0.05, odds ratio < 0.8) inrelation
to the control datasets, were considered as hits.

Generation of HAP1 cell lines

To generate clonal TOPORS-KO cell lines, parental HAP1 cells
were co-transfected with a blasticidin resistance cassette and the
CRISPR Cas9 vector pX330 containing sgRNA sequences target-
ing TOPORS (sgTOPORS1 (5 -AACAGTACTCCACTATCCGG-3 ) and
sgTOPORS2 (5 -GGTAGCGAAATCGTCGATCA-3)). Cells were then
briefly selected (48 h) during clonal outgrowth, and gene status was
monitored using Sanger sequencing of genomic DNA and immunoblot
analysis. C-terminal degron tagging of endogenous RNF4 was car-
ried out by ageneric CRISPR Cas9 strategy as previously described™
but using a modified pTIA donor vector containing HA-tagged
FKBP12(F36V) (dTAG) and a P2A sequence followed by a blasticidin
cassette for integration selection (pTIAATAG HA P2A Blast). To gen-
erate clonal cell lines, parental HAP1 cells were co-transfected (1:1)
with pTIA dTAG donor vector and a CRISPR Cas9 vector containing
an sgRNA targeting the last exon (exon 8) of RNF4 (pX330 sgRNF4
(5 -TACTTCATATATAAATGGGG-3 )) and subjected to blasticidin selec-
tionduring clonal outgrowth. HAP1RNF4 dTAG cloneswere validated
by Sanger sequencing of the genomic locus and immunoblotanalysis.
ThetwoRNF4 dTAG clonesused contained anin-frame insertion ofthe
dTAG donor vector at the C-terminus of RNF4, afteramino acid His186
(hg38 genome coordinate chr4:2,513,804).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Dataavailability
The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium®® via the Proteomics Identification
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(PRIDE) partner repository (http://www.ebi.ac.uk/pride) under data-
set ID PXD041717 (https://proteomecentral.proteomexchange.org/
cgi/GetDataset?|D=PXD041717) (Supplementary Data 2) and dataset
ID PXD041718 (https://proteomecentral.proteomexchange.org/cgi/
GetDataset?ID=PXD041718) (Supplementary Data 3). Raw sequencing
datafrom genetic screens have been deposited to the National Center
forBiotechnology Information sSequence Read Archive (https://www.
nchi.nlm.nih.gov/sra) under dataset ID PRINA975887 (https://dataview.
ncbi.nlm.nih.gov/object/PRINA975887?reviewer=afOjv5dqrcq2pd2
77kfdb5lk7e). All other data supporting the findings of this study are
available within the article. Source data are provided with this paper.
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Extended DataFig.1| TOPORSisrequired for SUMO-dependent DPC
resolutionand isstabilized by USP7. a. Flow cytometry plots of gating strategy
for FACS-based DNMT1 haploid genetic screens (Fig. 1b; Extended Data Fig.

1b). b. Mock screen for DNMT1abundance in EdU-positive cells (n = 1). Positive
and negative regulators are labeled in blue and yellow, respectively (two-sided
Fisher sexacttest, FDR correctedp 0.05; non-significantgenesare shownin
grey). c. Immunoblotanalysis of HAP1WT and TOPORS-KO cells. d. Immunoblot
analysis of U20S cells transfected with non-targeting control (CTRL), RNF4, or
TOPORS siRNAs. e. U20S cells transfected with indicated siRNAs were released
from thymidine synchronization, exposed to 5-AzadC for 30 min and collected
atindicated times. Chromatin-enriched fractions were immunoblotted with
indicated antibodies. f. Immunoblotanalysis of chromatin-enriched fractions
of siRNA-transfected U20S cells exposed to formaldehyde for 1 hand collected
atindicated times. g. Cells treated as in (f) were pre-extracted and stained

with SUMO2/3 antibody. SUMO2/3 foci counts were analyzed by QIBC (red

bars, mean; >4,400 cells analyzed per condition). h. Clonogenic survival of

U20S cells transfected with indicated siRNAs and exposed to formaldehyde

for 30 min before replating (mean — SEM; n = 3independent experiments).

i. Immunoblotanalysis of U20S cells treated with USP7i. Arrow indicates the
band corresponding to endogenous TOPORS. j. Asin (e), except USP7iwas
administered together with 5-AzadC where indicated. k. Immunoblot analysis

of U20S cells transfected with GFP expression plasmids and subjected to GFP

IP. 1. Immunoblotanalysis of U20S cells transfected with indicated GFP-TOPORS
expression constructs and subjected to GFP IP under denaturing conditions.
RING domain mutations (*RING) inactivating TOPORS E3 ubiquitin ligase activity
(Fig. 2e) abolish its ubiquitylation, suggesting this reflects auto-ubiquitylation.
m. U20S cells transfected with GFP-TOPORS WT construct were subjected to GFP
IP under denaturing conditions. Immobilized proteins were incubated with or
without recombinant USP7 protein and immunoblotted with ubiquitinand GFP
antibodies. Data information: Data are representative of four (d), three (f,g,i,k)
and two (c,e,j,I,m) independent experiments with similar outcome.
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Extended DataFig. 2| TOPORS functionsasan E3 ubiquitinligase in DPC
repair. a. Immunoblotanalysis of HAP1WT and TOPORS-KO cells transfected
with control (CTRL) or TOPORS siRNAs that were released from synchronization
inearly S phase, pulse-labeled or not with 5-AzadC for 30 min and subjected to
DNMT1IP under denaturing conditions. b. Immunoblot analysis of U20S cells
transfected with siRNAs for 72 h, treated or not with camptothecin (CPT) and
SUMO inhibitor (SUMOi) and subjected to Multi-Dsk pulldown under denaturing
conditions toisolate total cellular ubiquitylated proteins. c. Asin (b), except
cellswere treated with siRNAs for 40 h. d. U20S cells transfected with siRNAs
released from synchronization in early S phase were pulse-labeled with 5-AzadC
for 30 min, collected atindicated times, pre-extracted and immunostained with
DNMT1antibody. DNMT1foci formation was analyzed by quantitative image-
based cytometry (QIBC) (red bars, mean;>2,400 cells analyzed per condition).
e. siRNA-transfected U20S cells were subjected to DNMT1IP under denaturing
conditions to isolate DNMT1 but not associated proteins. Samples were digested
with trypsinand DNMT1, SUMO1, SUMO2/3, and ubiquitin peptides were
identified by MS (n =4 independent experiments). Molarity was approximated

by dividing each protein s intensity-based abundance by its molecular weight.

f. Strep-HA-TOPORS proteins purified from HEK293-6E cells were analyzed

by Coomassie Blue staining orimmunoblotting with HA antibody. Asterisks
indicate Strep-HA-TOPORS degradation products. g. Immunoblot analysis of
invitro SUMOQylation reactions containing recombinant Strep-HA-TOPORS
proteins, E1 (SAE1-UBA2) and E2 (UBE2l) enzymes, SUMO2, ATP and SUMO2-VS.
h. Representative images of non-pre-extracted stable U20S/GFP-TOPORS cell
lines induced or not to express GFP-TOPORS proteins with Doxycycline (DOX).
Scalebar,10 m.i.Representative images of DOX-treated U20S/GFP-TOPORS
cell linesimmunostained with SUMO2/3 antibody after pre-extraction. Scale
bar,10 m.j.U20S cells stably expressing GFP-TOPORS *RING were released
fromsynchronization in early S phase, pulse-treated with 5-AzadC for 30 min,
pre-extracted and immunostained with DNMT1 antibody. DNMT1 foci formation
in GFP-positive and -negative cells was analyzed by QIBC (red bars, mean; >479
cellsanalyzed per condition). Datainformation: Data are representative of three
(b,c,f-j) and two (a,d) independent experiments with similar outcome.
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Extended DataFig. 3| TOPORS isaSUMO-targeted ubiquitin ligase.
a.Immunoblotanalysis of recombinant Strep-HA-TOPORS proteins incubated
with free SUMO2 or poly-SUMO?2 chains and subjected to Strep-Tactin pulldown.
b. Representative images of DOX-treated U20S/GFP-TOPORS cell lines
immunostained with DNMT1antibody after pre-extraction. Scale bar,10 m.

c. Coomassie staining (top) and immunoblot analysis using SUMO2 antibody
(bottom) of invitro STUbL reactions containing recombinant RNF4 or Strep-HA-
TOPORS, E1 (UBAl) and E2 enzymes, FLAG-ubiquitin, 4xSUMO2 STUbL substrate,

ATP, Ub-VSand SUMO2-VS. d. U20S cells transfected with indicated siRNAs were
released from single thymidine synchronization in early S phase and pulse-
treated with 5-AzadC for 30 min. Cellswere collected at indicated time points,
pre-extracted and immunostained with DNMT1antibody. DNMT1 foci formation
was analyzed by QIBC (red bars, mean; >6,400 cells analyzed per condition).

e. Immunoblotanalysis of U20S cells transfected with non-targeting control
(CTRL) or UBE2K siRNAs. Data information: Data are representative of three (a-d)
and two (e) independent experiments with similar outcome.
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Extended DataFig. 4| STUbL-dependent turnover of PML bodies. a. U20S GFP-TOPORSWT or *RING were treated or not with Doxycycline (DOX) for 36 h.
PML-KO/YFP-PML cells transfected with indicated siRNAs were treated with Cells were pre-extracted and immunostained with PML antibody. Intensity
arsenicand collected atindicated times. Cells were subjected to GFP IP under of PML bodies in GFP-positive and -negative cells was analyzed by QIBC and
denaturing conditions and immunoblotted with indicated antibodies. normalized to untreated GFP-negative cells (red bars, mean; n = 3; ns: not
b. Representative images of cellsin Fig. 3b. Scale bar,10 M. c. Schematic significant, one-tailed paired t-test). Data information: Dataare representative of

overview of the proteomics experimentin Fig. 3e. d. U20S cells stably expressing three (a,b) independent experiments with similar outcome.
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Extended DataFig.5|RNF4 and TOPORS promote p97-dependent
processing of SUMOylated proteins. a. U20S cells released from single
thymidine synchronizationin early S phase and pulse-labeled with 5-AzadC for
30 minin presence or absence of p97 inhibitor (p97i) were pre-extracted and
immunostained with DNMT1antibody. DNMT1 foci formation was analyzed by
QIBC (red bars, mean; >8,100 cells analyzed per condition). b. U20S PML-KO/
YFP-PML cells were exposed to arsenic in presence or absence of USP7i. Cells were
collected atindicated times, pre-extracted and YFP-PML intensity was analyzed
by QIBC (mean —SEM; n = 3independent experiments). c. Representative images
of DOX-treated U20S/GFP-TOPORS cell lines treated or not with 5-AzadC and
co-immunostained with DNMT1and p97 antibodies after pre-extraction and
fixation. Scale bar,10 m.d.Immunoblotanalysis of U20S cells transfected with
siRNAs for 40 h or treated with p97i for 10 h. e. U20S stably expressing Ub(G76V)-
GFP reporter transfected with indicated siRNAs were treated or not with p97i for
4 h.Nuclear Ub(G76V)-GFP signal intensity was analyzed by QIBC (red bars, mean;
>12,000 cellsanalyzed per condition). f. U20S cells transfected with indicated

siRNAs were subjected to DNMTLIP under stringent denaturing conditions.
Samples were digested with trypsin, and di-glycine remnants on ubiquitin were
identified by MS (n =4 independent experiments). g. Immunoblot analysis

of U20S PML-KO/YFP-PML cells transfected with indicated siRNAs for 72 h,
exposed toarsenic for 1 hand subjected to GFP IP under denaturing conditions.
h. Immunoblotanalysis of U20S cells transfected with control (CTRL), RNF4,
SUMO1and/or SUMO2/3 siRNAs that were released from synchronizationin early
Sphase, treated or not with 5-AzadC for 30 min and subjected to DNMT1IP under
denaturing conditions. i. U20S cells transfected with control (CTRL), RNF4 and/
or SUMO1siRNAs were released from single-round thymidine synchronization
inearly S phase and pulse-labeled with 5-AzadC for 30 min. Cells were pre-
extracted atindicated times, immunostained with DNMT1antibody,and DNMT1
foci formation was analyzed by quantitative image-based cytometry (QIBC)

(red bars, mean; >6,600 cells analyzed per condition). Datainformation: Data
are representative of three (a,c,g-i) or two (d,e) independent experiments with
similar outcome.
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Extended DataFig. 6 | Synthetic lethality between TOPORS and RNF4.

a. Workflow of fitness-based haploid genetic screensin Fig. 5a d (created with
Biorender). b. Immunoblotanalysis of HAP1RNF4-dTAG-HA clones treated or
notwith dTAG13 for 24 h. The membrane was co-stained with Ponceau S (loading
control). c. Representative images of HAP1 cell lines treated with EJU in presence
orabsenceof10 M 5-AzadC for 60 min. RNF4-dTAG-HA cells were pre-treated
with dTAG-13 for 4 h. Cells were fixed and stained using antibodies and reagents
for DNMT1, EdU and DAPI. Scale bar,10 M. d. Equal numbers of cells were seeded
ina6-well plate, transfected with indicated siRNAs for 72 h and stained with
crystal violet. e. Asin (d), except cells were transfected with siRNAs for 48 hand

subsequently treated or not with USP7i for an additional 48 h prior to fixation.
f.Normalized logarithmic proliferation quantification for U20S cells transfected
with control (CTRL) or RNF4 siRNAs for 48 h and then incubated or notwith
USP7i, as determined by Incucyte image-based confluence analysis (mean — SD;
n =3technical replicates). Imaging started at 72 h after siRNA transfection. g. As
in (f), except cells were transfected with CTRL or TOPORS siRNAs (mean — SD;

n =3technical replicates). h. Immunoblot analysis of U20S cells transfected

with indicated siRNAs for 48 hand grown in presence or absence of USP7i for an
additional 24 h. Datainformation: Data are representative of three (b,d,e) and
two (c,h) independent experiments with similar outcome.
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Extended DataFig. 7| Combined loss of TOPORS and RNF4 leads to defective
DNA-replicationand cell deathin S phase. a. U20S Fucci cells transfected

with indicated siRNAs were analyzed by live-cell imaging. Expression of CDT1
(mKO2-hCdtl) and Geminin (MAG-hGem) at the point of cell death was assessed
(mean —SEM; n = 2; at least 45 cell death events were analyzed per condition per
replicate). b. U20S Fucci cells were transfected with indicated siRNAs for 24 hand
grown in the absence or presence of USP7i for an additional 12 h. To determine
cellcycle position, CDT1 (mKO2-hCdtl+) and Geminin (MAG-hGem+) intensities
were analyzed by QIBC. Quantification of cells in different cell cycle phases was
done using indicated gates. c. U20S cells were transfected with indicated siRNAs

and synchronized by treatment with thymidine for 18 h. DNA synthesis profiles of
cells pulsed with EJU at indicated time points after release from thymidine arrest
were determined by QIBC analysis of DAPl and EdU signal intensities (>3,900 cells
analyzed per condition). d. U20S cells were transfected with indicated siRNAs
and synchronized by treatment with thymidine for 18 h. One h prior to thymidine
release, USP7iwas added where indicated. DNA synthesis profiles of cells pulsed
with EdU at indicated time points after release from thymidine arrest were
determined by QIBC analysis of DAPI and EdU signal intensities (>10,000 cells
analyzed per condition). Datainformation: Data are representative of two (b,c,d)
independent experiments with similar outcome.
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Antibodies

Antibodies used

Validation

Eukaryotic cell lines

Antibodies to human proteins used in this study included: Actin (1:20,000 dilution (MAB1501 (clone ID: C4), Millipore,
RRID:AB_2223041)); DNMT1 (1:1,000, described in ref. 11); FLAG (1:1,000 (A00187 (clone ID: 5A8E5), GenScript, RRID:AB
GFP (1:5,000, Abcam (ab6556, RRID:AB_305564)); HA (1:1,000 (11867423001 (clone ID: 3F10), Roche, RRID:AB_390918))
(1:20,000, Abcam (ab1791, RRID:AB_302613)); PARP1 (1:1,000, Santa Cruz Biotechnology (sc-8007 (clone ID: F2), RRID:Al
PIAS1 (1:1,000 (ab77231, Abcam, RRID:AB_1524188)); RNF4 (1:5,000, described in ref. 54); SUMOL1 (1:1,000, ThermdcFish
(33-2400 (clone ID: 21C7), RRID:AB_2533109)); SUMO2/3 (1:1,000, Abcam (ab3742, RRID:AB_304041); 1:1,000, Abcam (al
(clone 1D: 8A2), RRID:AB_1658424)); TOP1 (1:500, Bethyl (A302-590A, RRID:AB_2034875)); TOPORS (1:250, sheep polycl@EaiEais
against full-length human TOPORS); ubiquitin (1:1,000, Santa Cruz Biotechnology (sc-8017 AC (clone ID: P4D1), RRID:AB_2
1:1,000, Millipore (04-263 (clone ID: FK2), RRID:AB_612093)); ubiquitin (K48-linked) (1:1,000, Millipore (05-1307 (@®ne ID: A
RRID:AB_1587578)); ubiquitin (K63-linked) (1:1,000, (05-1308 (clone ID: Apu3), RRID:AB_1587580)); UBE2K (1:1,0aP, Cell S
Technology (3847, RRID:AB_2210768)); and USP7 (1:1,000, Bethyl (A300-033A, RRID:AB_203276)).

The specificity of antibodies against TOPORS, RNF4, UBE2K, FLAG, HA, SUMO1 and SUMO2/3 (ab3742) was validated usi
appropriate knockdown/knockout controls in this study (as shown in the manuscript). The following antibodies were valigated i
previous studies: DNMT1 (PMID: 30914427), GFP (PMID: 34346517), SUMO2/3 (ab81371) (PMID: 34346517), ubiquitin (sc-
04-263) (PMID: 35349166). The following antibodies are commonly used loading controls: Actin, Histone H3. Other antibodies

(PARP1, TOP1, ubiquitin (K48-linked), ubiquitin (K63-linked), USP7) were used based on previous validation in thedliterature 3
manufacturer websites.
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Human Hela (catalog no. CCL-2) and U20S (catalog no. HTB-96) cells were obtained from ATCC. HEK293-EBNA1-6

S Wi
a kind gift from Yves Durocher (National Research Council Canada, Montreal, Canada). The generation of HAP1 cells
described in ref. 53.
Authentication The cell lines were not authenticated.
Mycoplasma contamination  All cell lines used in this study were regularly tested negative for mycoplasma infection.
Commonly misidentified lines cell lines used in this study are not included in the ICLAC register of commonly misidentified cell lines.
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Plots
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DX Al plots are contour plots with outliers or pseudocolor plots.
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Methodology
Sample preparation Cells were collected by trypsinization, fixed in 4% paraformaldehyde in PBS for 15 min and permeabilized in 0.2% Tritd
FBS in PBS for 20 min at room temperature. Permeabilized cells were washed in FACS buffer (PBS+10% FBS) and in ed
with sheep polyclonal anti-DNMT1 antibody 14 diluted in FACS buffer for 90 min at room temperature. Following two w,
in FACS buffer, cells were incubated with anti-sheep AlexaFluor 488 (Invitrogen) diluted in FACS buffer for 1 h at room
temperature. For EAU co-staining, washed cells were subsequently stained using the Click-iT Plus EdU Alexa Fluor 64
(Invitrogen) according to the manufacturer’s instructions. Following two additional washes in FACS buffer, cells were
resuspended in FACS buffer containing/inl DAPI (Thermo Fisher) and strained to a single cell solutiam(#er).
Instrument Stained cells were analyzed using a BD LSRFortessa flow cytometer (BD Biosciences) or sorted using a BD FACSAri n.
Software Analysis was performed with and plots were generated using FlowJo software.
Cell population abundance  Single cell haploid S-phase population based on DAPI/EdU was approximately 35%, of these the top and bottom 5% b n
DNMT1 signal were sorted. 13E6 cells were sorted for each channel.
Gating strategy Cells were selected based on FSC/SSC, single cells gated based on DAPI-A vs DAPI-H, haploid S-phase selected bas Ec

PX] Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

signal vs DAPI, DNMT1 high and low based on DNMT1 vs DAPI (Extended Data Figure 1A).
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