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The post-translational modification of proteins by SUMO is crucial for cellular viability and mammalian develop-
ment in part due to the contribution of SUMOylation to genome duplication and repair. To investigate the mech-
anisms underpinning the essential function of SUMO, we undertook a genome-scale CRISPR/Cas9 screen probing
the response to SUMOylation inhibition. This effort identified 130 genes whose disruption reduces or enhances the
toxicity of TAK-981, a clinical-stage inhibitor of the SUMO E1-activating enzyme. Among the strongest hits, we
validated and characterized NFATC2IP, an evolutionarily conserved protein related to the fungal Esc2 and Rad60
proteins that harbors tandem SUMO-like domains. Cells lacking NFATC2IP are viable but are hypersensitive to
SUMO E1 inhibition, likely due to the accumulation of mitotic chromosome bridges and micronuclei. NFATC2IP
primarily acts in interphase and associates with nascent DNA, suggesting a role in the postreplicative resolution of
replication or recombination intermediates. Mechanistically, NFATC2IP interacts with the SMC5/6 complex and
UBC9, the SUMO E2, via its first and second SUMO-like domains, respectively. AlphaFold-Multimer modeling
suggests that NFATC2IP positions and activates the UBC9–NSMCE2 complex, the SUMOE3 ligase associated with
SMC5/SMC6. We conclude that NFATC2IP is a key mediator of SUMO-dependent genomic integrity that collab-
orates with the SMC5/6 complex.
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The covalent attachment of the SUMO polypeptide on
substrate proteins controls multiple nuclear processes
that include gene expression, RNA processing, protein
stability, and genome integrity (Jackson and Durocher
2013; Vertegaal 2022). The human genome encodes three
SUMO isoforms that are conjugated onto proteins:
SUMO1 and the nearly identical SUMO2/3 proteins.
SUMO conjugation requires a multienzymatic cascade
that is initiated by an E1-activating enzyme (formed by
SAE1–UBA2) that uses ATP to activate SUMO and trans-
fer it to a single E2-conjugating enzyme, UBC9 (also
known as UBE2I). The resulting high-energy UBC9∼-
SUMO thioester intermediate poises SUMO for transfer,
usually by creation of an isopeptide bondwith the ε-amino
group of a lysine residue on the target protein often located
within the consensus sequence ΨKxE, where Ψ is a large
hydrophobic residue, and x represents any residue. While
SUMOylation has been detected on thousands of proteins
(Hendriks and Vertegaal 2016), the human genome en-
codes only eight SUMO E3 ligases: the PIAS1–4 proteins,

the SMC5/6-associated protein NSMCE2, RANBP2, and
the SMIZ1/2 proteins (Vertegaal 2022). Only SUMO2/3
can form poly-SUMO chains via their Lys11 residues,
whereas SUMO1 is used for mono-SUMO and multi-
SUMOmodifications or to cap SUMO chains.
SUMOylation is an essential process for both embryon-

ic development and cellular proliferation, as demonstrat-
ed by the early embryonic lethality of the Ubc9
knockout in mice and the pan-essentiality of UBC9 in
hundreds of cancer cell lines screened in the dependency
map (DepMap) (Nacerddine et al. 2005; Dempster et al.
2019). The Ubc9 knockout mice die with massive chro-
mosome instability, identifying genome maintenance as
a key function for SUMOylation (Nacerddine et al.
2005). Interestingly, out of the eight known SUMO E3 li-
gases, only RANBP2 and NSMCE2 are encoded by essen-
tial genes in human cells as per DepMap, and of those,
only NSMCE2 is clearly associated with chromosome
stability as part of its role within the SMC5/6 complex
(Peng and Zhao 2023). The SUMO E3 ligase activity of
the SMC5/6 complex is involved in promoting DNA
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replication and DNA repair by homologous recombina-
tion, and genetic loss of SMC5/6 complex members com-
promises cell viability with phenotypes consistent with
chromosomal instability, including highly penetrant
chromosome bridging (Gallego-Paez et al. 2014; Payne
et al. 2014; Jacome et al. 2015; Pryzhkova and Jordan
2016; Peng and Zhao 2023).

In addition to the involvement of SUMO in SMC5/6-de-
pendent genome stability, SUMO plays a central role in a
number of additional genomemaintenance pathways. For
example, SUMO1modification of the base excision repair
enzymeTDGpromotes its release fromabasic sites, there-
by promoting completion of the repair reaction (Harde-
land et al. 2002; Baba et al. 2005). In another example, in
human cells, SUMO and the SUMO modification ma-
chinery localize to DNA double-strand breaks (DSBs),
where they help orchestrate recruitment of proteins to
DSB sites (Galanty et al. 2009;Morris et al. 2009). Further-
more, investigation of the role of SUMO during DNA re-
pair by homologous recombination led to the concept
that SUMO acts via group modification of target proteins,
where multiple components of a pathway are SUMOy-
lated to strengthen their collective action (Psakhye and
Jentsch 2012; Vertegaal 2022). Group modification regu-
lates biological processes in large part by nucleating pro-
tein–protein interactions, and to this end, SUMO-
modified proteins can be recognized by SUMO-interact-
ing motifs (SIMs). In one example, cross-talk between
SUMOand the ubiquitinmachinery exists through the ac-
tion of SUMO targeted ubiquitin ligases (STUbls), which
are E3 ubiquitin ligases that recognize SUMOylated sub-
strates to regulate their proteolysis. The prototypical
STUbl is the evolutionarily conserved RNF4 protein,
which recognizes poly-SUMOylated proteins via tandem
SIM motifs (Xu et al. 2014) to regulate genome stability
(Prudden et al. 2007).

The central role of SUMOylation in numerous cellular
processes relevant to cancer motivated the development
of smallmolecule inhibitors of SUMOylation by targeting
the single SUMO E1 enzyme formed by SAE1–UBA2 and
led to the discovery of TAK-981 (Langston et al. 2021),
which is currently being investigated in clinical trials in
combinationwith pembrolizumab, a cancer immunother-
apy (trial NCT04381650). This trial was spurred by the ob-
servation that SUMO suppresses type I interferon (IFN1)
responses, which is central to antitumor immunity (Light-
cap et al. 2021). However, it is likely that pharmacological
modulation of SUMOylation will have additional cell-in-
trinsic therapeutic benefits.

In this work, we sought to identify key mediators of
SUMO-dependent genome integrity. To do so, we under-
took a genome-scale CRISPR/Cas9 screen to identify
genes that contribute to the cellular resistance to inhibi-
tion of the SUMO E1 enzyme. Apart from the gene encod-
ing the MRP1 multidrug transporter, by far the top hit in
this screen was the gene encoding the NFATC2IP protein
(also known as NIP45), a protein with tandem SUMO-like
domains that is the likely ortholog of the fungal Esc2/
Rad60 proteins (Novatchkova et al. 2005). We report
that NFATC2IP promotes SUMO-dependent genome

maintenance via a functional interaction with the
SMC5/6 complex and propose a model in which NFAT-
C2IP activates the NSMCE2 SUMO E3 ligase by simulta-
neously interacting with UBC9 and SMC5.

Results

A chemogenetic map of SUMOylation inhibition

In a recent chemogenetic survey of the response to geno-
toxic agents undertaken by our group (Olivieri et al.
2020), we screened for genes that modulate sensitivity
to MLN4924, an inhibitor of the NEDD8 E1, since this
agent is known to cause DNA damage (Soucy et al.
2009). The rich set of genetic interactions uncovered in
theMLN4924 screenmotivated us to chart the genetic ar-
chitecture of the response to SUMOylation inhibition
caused by treatment with the SAE1–UBA2 complex
(SUMO E1) inhibitor TAK-981 (Langston et al. 2021).
The screen was carried out in hTERT immortalized reti-
nal pigment epithelial-1 (RPE1-hTERT) TP53−/− cells sta-
bly expressing Cas9 (Zimmermann et al. 2018) at a dose
that killed ∼20% of cells (LD20), as depicted in Supple-
mental Figure S1A and as described previously (Olivieri
et al. 2020; Olivieri and Durocher 2021). Gene-level nor-
malized Z-scores (normZ) were computed using DrugZ
(Colic et al. 2019) and are shown in Figure 1A and Supple-
mental Table S1. To remain consistent with the analyses
of Olivieri et al. (2020), we selected normZ values less
than−3with false discovery rates (FDRs) <15% to identify
genes whose mutation caused sensitization to the inhibi-
tors. No single gene had a normZ value >6, which we pre-
viously set as the threshold for genes that are causing
resistance to drug treatment (Olivieri et al. 2020). These
cutoffs identified a total of 130 genes whose disruption
caused sensitivity to TAK-981 (Fig. 1A; Supplemental Ta-
ble S1). We analyzed the connectivity of the 130 genes by
building networks based on protein–protein interactions
using STRING (Supplemental Fig. S1B; Supplemental Ta-
ble S2; Szklarczyk et al. 2021) or gene–gene essentiality
score correlations in DepMap (Supplemental Fig. S2; Sup-
plemental Table S2; Dempster et al. 2019). These analyses
revealed that the TAK-981 screen identified physically,
genetically, and functionally interconnected sets of genes.
In a similar vein, functional term analysis using ShinyGO
(Ge et al. 2020) for enrichment in the gene ontology (GO)
terms biological process, molecular function, or cellular
compartment showed enrichments that were consistent
with SUMO biology such as cellular response to DNA
damage stimulus (GO:0006974; 7.4 × 10−5 genes), DNA-
binding transcription factor binding (GO:0003700; 1.8 ×
10−5 genes), and nuclear protein-containing complex
(GO:0140513; 2.2 × 10−4 genes), respectively (Supplemen-
tal Fig. S3A–C). From these analyses, we conclude that the
TAK-981 screen was successful in probing pathways that
are relevant to SUMOylation, and this motivated a search
for factors thatmaymediate the role of SUMO in genomic
integrity.

The top-scoring gene in the TAK-981 screen was
ABCC1, encoding MRP1 (Robey et al. 2018), suggesting
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Figure 1. NFATC2IP promotes viability in response to SUMOylation inhibition. (A) Chemogenomic CRISPR screen result for RPE1-
hTERT Cas9 TP53−/− cells treated with the SUMO E1 inhibitor TAK-981. Each data point represents a gene score (normZ value) for an
individual gene, calculated usingDrugZ. Blue points represent sensitizing genes (normZ<−3with FDR<0.15). (B) Schematic of the struc-
tural domains of the humanNFATC2IP protein and its fungal orthologs, Esc2 andRad60. (SLD1) SUMO-like domain 1, (SLD2) SUMO-like
domain 2. (C ) Immunoblot analyses of clonal NFATC2IP-KO cell lines produced by gene editing (Supplemental Table S4). GAPDH was
used as a loading control. The asterisk (∗) indicates theNFATC2IP-KO clone that was used for all further experiments in this study. (D,E)
Survival of TAK-981 treatment determined by clonogenic survival assays in parental RPE1-hTERTCas9 TP53−/− (WT) or isogenicNFAT-
C2IP-KO cells that either were left untransduced or were transduced with lentivirus expressing FLAG-tagged NFATC2IP or 3×FLAG
alone. Representative images of the clonogenic survival assays are shown in D, and quantitation is shown in E. Data are shown as the
mean TAK-981 LD50 ± SEM. (n=3). Statistical comparisons were performed using two-tailed unpaired t-tests. (∗∗∗∗) P< 0.0001, (∗∗∗) P<
0.001, (ns) P≥ 0.05. (FL) Full-length.
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that TAK-981 is a substrate of this multidrug transporter.
The next top hits were NFATC2IP, which is discussed at
length below; FKBPL, which encodes a poorly character-
ized protein that interacts with ANKRD49, encoded by
another hit in this screen (Taipale et al. 2014; Hart et al.
2015); RMI2, coding for a member of the BLM–TOPIIIα–
RMI1/2 (BTRR) complex involved inmultiple DNA trans-
actions (Bythell-Douglas and Deans 2021), with the genes
encoding BLM and RMI1 also present among the top 50
hits; and SP110, encoding a “speckle protein” family
member that localizes to promyelocytic (PML) bodies,
sites of high SUMO activity (Fraschilla and Jeffrey 2020).
As most of these proteins were previously only loosely
linked to SUMO, this screen highlights their importance
in supporting the viability of human cells to perturbation
of SUMOylation.

NFATC2IP promotes survival in response
to SUMOylation inhibition

NFATC2IP (also known as NIP45) attracted our interest
because it encodes a protein featuring two SUMO-like do-
mains (SLDs) (Fig. 1B) and is the likely ortholog of the Sac-
charomyces cerevisiae Esc2 and Schizosaccaromyces
pombe Rad60 proteins (Fig. 1B; Novatchkova et al. 2005).
In yeast species, Esc2 and Rad60 promote replication
fork integrity and tolerance of replication stress (Morishita
et al. 2002; Boddy et al. 2003; Miyabe et al. 2006), but sur-
prisingly, in human cells, NFATC2IP had only been de-
scribed as a cofactor of the nuclear factor of activated T
cells, cytoplasmic 2 (NFATc2) transcription factor (Hodge
et al. 1996). Since NFATc2 was not a hit in the TAK-981
screen (Supplemental Table S1) and since the TAK-981
screenhitswere instead enriched for genes acting in the re-
sponse toDNAdamage (suchasBLMandRMI1/2) (Fig. 1A;
Supplemental Fig. S3A), we asked whether NFATC2IP
promoted the normal cellular resistance to SUMOylation
inhibition through a role in genome maintenance.

We generated clonal knockouts (KOs) of NFATC2IP in
RPE1-hTERT TP53−/− Cas9 cells (Fig. 1C; Supplemental
Fig. S4A,B) withCRISPR gene editing that produced a bial-
lelic 1-nt deletion (c.493delC) causing a frameshift muta-
tion (p.His165MetfsX15). Using these clonal NFATC2IP-
KO cells, we assessed the half-maximal lethal dose
(LD50) of TAK-981 in clonogenic survival assays. Loss of
NFATC2IP decreased the TAK-981 LD50 from 28.5 nM±
2.5 nM in the parental cell line to 7.0 nM±0.8 nM (Fig.
1D,E; Supplemental Fig. S4C,D). This hypersensitivity
of NFATC2IP-KO cells was fully reversed by reintroduc-
ing exogenous NFATC2IP expressed as 3xFLAG-tagged
protein from a lentiviral vector (WT) (Fig. 1D,E; Supple-
mental Fig. S4C,D). We conclude that NFATC2IP pro-
motes cell survival upon SUMOylation inhibition.

NFATC2IP promotes genomic integrity

Given the role of NFATC2IP orthologs in genomemainte-
nance, as well as the central role of SUMO in protecting
genome integrity, we tested whether loss of NFATC2IP
caused genome instability. We monitored micronuclea-

tion, a sensitive readout of genome instability (Fenech
et al. 2011), in parental and NFATC2IP-KO cells with or
without TAK-981 treatment using an automated micros-
copy pipeline. When SUMOylation is unperturbed, loss
of NFATC2IP did not impact micronucleation levels
(Fig. 2A,B). However, following SUMO E1 inhibition,
NFATC2IP-KO cells displayed enhanced micronucleus
(MN) formation at all doses, and this phenotype was en-
tirely suppressed by re-expression of NFATC2IP tagged
with either 3xFLAG or GFP (Fig. 2A,B; Supplemental
Fig. S5A–C). NFATC2IP therefore suppresses the genome
instability caused by inhibition of SUMOylation.

MNformation canoccur via twobroadlydistinct routes:
either through whole-chromosome missegregation or
through the segregation of acentric fragments (Fenech
et al. 2011). It is possible to distinguish between these
possibilities simply by monitoring kinetochores and cen-
tromeres using anticentromere antibodies (ACA). We ob-
served that upon TAK-981 treatment, it is specifically
centromere-negative (ACA−) MNs that are increased in
NFATC2IP-KO cells compared with wild-type cells (Fig.
2B). These results suggest that NFATC2IP guards against
acentric chromosome missegregation when SUMOyla-
tion is impaired. However, these acentric fragments are
unlikely to be caused by chromosomal breaks occurring
in interphase, since we observed that while micronuclea-
tion was starting to be observed after 48 h of TAK-981
treatment, we did not detect an overt increase in γ-H2AX
levels inNFATC2IP-KO cells until 72 h of SUMOE1 inhi-
bition (Supplemental Fig. S6A,B). We also did not detect a
more pronounced impact of TAK-981 treatment on the
cell cycle distribution of NFATC2IP-KO cells treated
with the SUMO E1 inhibitor compared with the parental
counterparts (Supplemental Fig. S6C–E); however, we did
detect a DNA synthesis defect in NFATC2IP-KO cells
treated with TAK-981 (Supplemental Fig. S6C,F), which
is discussed further below.

We also observed that the combined loss of NFATC2IP
and TAK-981 treatment was accompanied by the forma-
tion of long chromatin bridges connecting two nuclei
(Fig. 2C). We quantitated the formation of DAPI-stained
chromatinbridges andbinned thedata according towheth-
er we observed cells with normal chromatin or those that
displayed either short (<15-μm) or long (>15-μm) chroma-
tin bridges. We observed that loss of NFATC2IP led
to an increase in long chromatin bridges following TAK-
981 treatment at all doses tested compared with the
parental cell line, with the strongest effect seen at the 50
nM TAK-981 dose (Fig. 2D). As with micronucleation,
SUMOylation inhibition on its own is able to induce
chromatin bridge formation, but NFATC2IP-KO cells ac-
cumulate bridges at higher frequency and at lower concen-
trations of TAK-981 than wild-type cells, indicating that
the loss of NFATC2IP exacerbates a pathological process
induced by inhibition of the SUMO E1 (Fig. 2D). Since
breakage of chromatin bridges during cytokinesis can gen-
erate acentric fragments (Warecki andSullivan2020;Hong
et al. 2021), we surmise that they are a source for the ob-
served micronucleation and, possibly, the hypersensitivi-
ty of NFATC2IP-KO cells to SUMO E1 inhibition.
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NFATC2IP acts in interphase to promote genome
maintenance

Chromatin bridges can originate either from defective
DNA replication, repair, or recombination or via the fail-
ure to complete mitotic processes such as chromosome
decatenation (Hong et al. 2021). To begin distinguishing
between these possibilities, we askedwhetherNFATC2IP
acted to promote genome integrity in interphase or during
mitosis. To do so,we fused a nuclear export signal (NES) to
NFATC2IP so that it could only access chromatin after nu-
clear envelope breakdown at the onset of mitosis. NES-
based export is a common mechanism to temporally re-
strict access of proteins to mitotic chromatin, with
GEN1 and CIP2A being two clear examples of mitotic ge-
nome maintenance factors controlled in that fashion

(Chan and West 2014; De Marco Zompit et al. 2022). We
also fused a mutant form of the NES (NESm) that substi-
tutes the two last leucine residues of the canonical
LxxxLxxLxL NES consensus sequence to alanine as a
meansto control for thepotential impactof theNES fusion
itself (Fig. 3A). As expected, theNES-NFATC2IP proteins,
expressed either as GFP or 3xFLAG fusions, were restrict-
ed to the cytoplasm during interphase, whereas NESm-
NFATC2IP resided in the nucleus (Supplemental Fig.
S7A–C). While NESm-NFATC2IP expression fully re-
stored the viability of NFATC2IP-KO cells to SUMOyla-
tion inhibition, NES-NFATC2IP only partially restored
resistance (Fig. 3B,C; Supplemental Fig. S7D–G). Similar
results were also obtained by examiningmicronucleation:
NESm-NFATC2IP completely rescued the high micronu-
cleation levels of NFATC2IP-KO cells treated with TAK-

A B

C D

Figure 2. NFATC2IP promotes genome integrity in response to SUMOylation inhibition. (A) Quantitation of MN formation after treat-
ment with increasing doses of TAK-981 for 72 h in RPE-hTERT Cas9 TP53−/− (WT) orNFATC2IP-KO cells that either were left untrans-
duced orwere transducedwith the indicated lentivirus. Aminimumof 455 nucleiwas counted for each condition. Bars represent themean
±SEM. (n =4). Multiple unpaired t-tests were used for statistical analyses with Bonferroni–Dunn correction. (∗∗∗∗) P <0.0001, (ns) P≥ 0.05.
(B) Quantitation of ACA-positive or ACA-negative MN formation after treatment with or without 25 nM TAK-981 for 48 h in parental
RPE1-hTERTCas9 TP53−/− (WT) or isogenicNFATC2IP-KO cells that either were left untransduced or were transduced with the indicat-
ed lentivirus. A minimum of 273 nuclei was counted for each condition. Bars represent the mean±SEM. (n=5). (FL) Full-length. Multiple
unpaired t-tests were used for analyses with Bonferroni–Dunn correction. (∗∗∗∗) P<0.0001, (ns) P≥ 0.05. (C ) Representativemicrographs of
chromatin bridge formation visualized by DAPI staining. Blue arrowheads point to chromatin bridges that were identified as short bridges
(less than ∼15 µm), and yellow arrowheads point to long chromatin bridges (more than ∼15 µm). Scale bar, 10 µm. (D) Quantitation of
nuclei displaying chromatin bridges following treatment with the indicated doses of TAK-981 for 24 h in RPE1-hTERT Cas9 TP53−/−

(WT) or isogenic NFATC2IP-KO cells. A minimum of 263 nuclei was assessed for each condition. Bars represent the mean±SEM. (n=
3). Analyses were performed using two-way ANOVAwith Tukey’s multiple comparison testing. For comparisons of long chromatin brid-
ges, (∗∗∗∗) P<0.0001, (∗∗∗) P <0.001, (ns) P≥ 0.05. For comparisons of short chromatin bridges, only significant comparisons are shown. (#) P
<0.05. (LB) Long bridge, (SB) short bridge.
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G

E Figure 3. NFATC2IP functions in inter-
phase. (A) Schematic of the epitope-tagged
NFATC2IP proteins fused to a nuclear ex-
port signal (NES) or a mutant form of the
NES (NESm). (SLD1) SUMO-like domain 1,
(SLD2) SUMO-like domain 2. (B,C ) Deter-
mination of TAK-981 LD50 values from
dose response clonogenic survival assays in
parental RPE1-hTERT Cas9 TP53−/− (WT)
or isogenic NFATC2IP-KO cells that either
were left untransduced or were transduced
with a lentivirus encoding the indicated pro-
tein. (B) Quantitation of TAK-981 LD50 in
cells expressing NES-fused NFATC2IP pro-
tein. Data are shown as the mean± SEM. (n
=3). (FL) Full-length, (NES) NES-NFATC2IP.
Statistical analyses were performed with
two-tailed unpaired t-tests. (∗∗∗∗) P< 0.0001,
(∗∗∗) P <0.001, (∗) P<0.05. (C ) Quantitation
of TAK-981 LD50 in cells expressing NFAT-
C2IP protein fused with the mutant form
of NES. Data are shown as the mean±SEM.
(n =3). (FL) Full-length NFATC2IP, (NESm)
NESm-NFATC2IP. Statistical analyses
were performed with two-tailed unpaired t-
tests. (∗∗∗∗) P <0.0001, (∗∗∗) P <0.001, (ns) P
≥ 0.05. (D) Quantitation ofMN formation af-
ter treatment with 50 nM TAK-981 for 48
h. RPE1-hTERT Cas9 TP53−/− NFATC2IP-
KO cells were transducedwith lentivirus en-
coding the indicated protein.Data are shown
as the number of MNs per cell, and a mini-
mum of 495 nuclei was counted for each
condition. Bars represent the mean±SD. (n
=3). (FL) Full-length NFATC2IP, (NES)
NES-NFATC2IP, (NESm) NESm-NFAT-
C2IP. Data were analyzed by performing
multiple unpaired t-tests with Bonferroni–
Dunn correction. (∗∗∗) P <0.001, (∗∗) P <
0.01, (∗) P<0.05, (ns) P≥ 0.05. (E) Schematic
of the GFP-NFATC2IP protein fused to an
S-phase-restricted (SPR) degron consisting

of protein fragments of geminin (GMNN) and stem–loop binding protein (SLBP). (SLD1) SUMO-like domain 1, (SLD2) SUMO-like domain
2. (F ) Quantitation of GFP-positive nuclei displaying EdU (5-ethynyl-2′-deoxyuridine) incorporation in RPE1-hTERTCas9TP53−/−NFAT-
C2IP-KO cells that were transduced with lentivirus encoding the indicated protein. Aminimum of 104 GFP-positive nuclei was analyzed
per replicate to assess EdU incorporation. Bars represent the mean±SD. (n=4). (FL) Full-length NFATC2IP, (SPR) NFATC2IP-SPR. Two-
way ANOVA testing was performed for statistical comparisons. For comparison of EdU+ GFP+ nuclei, (∗∗∗∗) P< 0.0001. For comparison of
EdU−GFP+ nuclei, (####)P <0.0001. (G) Determination of TAK-981 LD50 values fromdose response clonogenic survival assays in parental
RPE1-hTERTCas9 TP53−/− (WT) or isogenicNFATC2IP-KO cells that either were left untransduced or were transduced with a lentivirus
encoding the indicated protein. Data are shown as the mean±SEM. (n =3). (FL) Full-length NFATC2IP, (SPR) NFATC2IP-SPR. For statis-
tical analyses, two-tailed unpaired t-testswere performed. (∗∗∗) P <0.001, (∗∗) P<0.01, (ns) P≥ 0.05. (H) Quantitation ofMN formation after
treatment with 50 nMTAK-981 for 48 h. RPE1-hTERTCas9TP53−/−NFATC2IP-KO cells were transducedwith a lentivirus encoding the
indicated protein. A minimum of 495 nuclei was counted per replicate. Bars represent the mean±SD. (n =3). (FL) Full-length NFATC2IP,
(SPR) NFATC2IP-SPR. Data were analyzed using multiple unpaired t-tests with Bonferroni–Dunn correction. (∗∗∗) P <0.001, (∗∗) P <0.01,
(ns) P≥0.05. (I ) Quantitation of proximity ligation signal with biotin-conjugated EdU (SIRF) in RPE1-hTERT Cas9 TP53−/− NFATC2IP-
KO cells transduced with a lentivirus encoding GFP-NFATC2IP. EdUwas pulsed for 8 min at a concentration of 125 µM, and DMSOwas
added in the no-EdU control. For the thymidine chase condition, a portion of the EdU-pulsed cells was incubated in thymidine-containing
media (100 µM) for 6 h. For the conditions that included an EdU pulse, data are shown as mean fluorescence intensity (MFI) of the prox-
imity ligation signal generated between biotin-conjugated EdUand the indicated protein in nuclei displayingAlexa fluor 647/EdUcostain-
ing. For the negative control, all DAPI-stained nuclei were analyzed to calculate the proximity ligation MFI values. Bars represent the
mean±SD of MFI data combined from repeated independent experiments (for negative control and EdU pulse-only conditions, n=3;
for EdU pulse + thymidine chase condition, n =2). Numbers of combined data points in each condition are indicated. (FL) Full-length
NFATC2IP, (a.u.) arbitrary units.
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981, whereas NES-NFATC2IP only partially did so (Fig.
3D). These observations are consistent with NFATC2IP
acting mainly during interphase and requiring access to
chromatin prior to mitosis to promote genome integrity
whenSUMOylation is impaired.However, the residual ac-
tivity of NES-NFATC2IP suggests that NFATC2IP may
also be required during mitosis.
Tofurtherprobe thispossibility,wedevelopedanNFAT-

C2IP protein with expression tightly restricted to S phase
by fusing NFATC2IP to a composite degron named SPR
(S-phase-restricted), formed by adjoining fragments of the
geminin (GMNN) and SLBP proteins (A Duringer, P Ante-
rieux,ALoiselle,CGoupil, andYDoyon, in prep.) (Fig. 3E).

Analysis of lentivirally mediated NFATC2IP-SPR expres-
sion in NFATC2IP-KO cells confirmed that the NFAT-
C2IP-SPR protein could only be detected in cells actively
replicatingDNA, since 97%of the cells expressingNFAT-
C2IP were also positive for EdU (5-ethynyl-2′-deoxyuri-
dine) incorporation (Fig. 3F; Supplemental Fig. S8A,B).
Similarly, monitoring of NFATC2IP-SPR expression by
immunoblotting showed that it peaked in concert with
DNA replication, ∼4 h prior to that of cyclin A, whose ex-
pression culminates prior to mitotic entry (Supplemental
Fig. S8C–F). Interestingly, the S-phase-restricted NFAT-
C2IP-SPRproteinpartially rescuedboth thehypersensitiv-
ity and increased micronucleation ofNFATC2IP-KO cells

A

C D

B

Figure 4. Structure–function analysis of NFATC2IP. (A–D) RPE1-hTERT Cas9 TP53−/− (WT) or isogenicNFATC2IP-KO cells either were
left untransduced or were transduced with lentivirus encoding the indicated protein. (FL) Full-length. (A) Determination of TAK-981 LD50.
Data are shown as the mean±SEM. (n=3). Statistical comparisons were performed with two-tailed unpaired t-tests. (∗∗∗) P<0.001, (∗∗) P<
0.01, (∗) P<0.05, (ns)P≥0.05. (ΔSLD1)Deletion of residues 256–344, (ΔSLD2) deletion of residues 345–419. (B) Quantitation ofMN formation
after treatment with 25 nM TAK-981 for 48 h. Data are shown as the number of MNs per cell, and a minimum of 1229 nuclei per replicate
were counted for each condition. Bars represent the mean±SD. (n=3). Data were analyzed with multiple unpaired t-tests with Bonferroni–
Dunn correction. (∗∗∗∗)P<0.0001, (∗∗∗)P<0.001, (∗∗)P<0.01, (ns)P≥0.05. (ΔSLD1)Deletion of residues 256–344, (ΔSLD2) deletion of residues
345–419. (C ) Determination of TAK-981 LD50. Data are shown as themean±SEM (n=3) and were analyzedwith two-tailed unpaired t-tests.
(∗∗∗) P<0.001, (ns) P≥0.05. (SLD2) NFATC2IP amino acid residues 345–419, (SLD1+2) NFATC2IP amino acid residues 251–419. (D) Deter-
mination of TAK-981 LD50. Data are shown as the mean±SEM (n=3) and were analyzed with two-tailed unpaired t-tests. (∗∗∗∗) P<0.0001,
(∗∗∗) P<0.001, (ns) P≥0.05. Deletion mutants of NFATC2IP are schematized in Supplemental Figure S11.
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in response to SUMOylation inhibition (Fig. 3G,H; Supple-
mental Fig. S8G). These results suggest that NFATC2IP
acts during S phase, which is also supported by the EdU in-
corporation defect observed in NFATC2IP-KO cells (Sup-
plemental Fig. S6F). Furthermore, it is clear that
NFATC2IP activity is additionally required outside of S
phase to promote cell survival and genome stability under
conditions of limiting SUMOylation.

Consistent with a possible role for NFATC2IP in S
phase, NFATC2IP was identified as localizing to nascent
DNA by iPOND-MS (Wessel et al. 2019). This suggested
that NFATC2IP may function during replication or post-
replicatively. In support of this possibility, NFATC2IP-
GFP could be found in proximity to nascent DNA as mea-
sured by proximity ligation assays with EdU, also known
as SIRF (Fig. 3I; Supplemental Fig. S9A–D; Roy et al. 2018;
Roy and Schlacher 2019). We monitored PCNA localiza-
tion to nascent DNA at positive control and included
SMC5 in these studies, for reasons that are elaborated be-
low. Whereas the proximity ligation signal between
PCNA and EdU was abrogated following a thymidine
chase, indicating that PCNA is located at sites of DNA
synthesis, we observed that NFATC2IP and SMC5 re-
mained in proximity to newly synthesized DNA even af-
ter a thymidine chase (Fig. 3I; Supplemental Fig. S9A–

D), consistent with a postreplicative function.

Structure–function analysis of NFATC2IP

To gain insights into the mechanism by which NFAT-
C2IPmay promote genomic integritywhen SUMOylation
is inhibited, we assessed the involvement of SLD1 and
SLD2 (Fig. 1B) in promoting cell survival in response to
TAK-981 treatment. We expressed, in NFATC2IP-KO
cells, NFATC2IP lacking either SLD1 (ΔSLD1) or SLD2
(ΔSLD2) or a variant that harbored the D394R mutation
in SLD2 that corresponds to Rad60 E380R, a point muta-
tion that abolishes the interaction of SLD2 with the
SUMO E2 UBC9 (Prudden et al. 2009, 2011; Sekiyama
et al. 2010). We found that loss of either SLD failed to re-
store normal resistance to TAK-981, with the phenotype
being more pronounced with ΔSLD2 (Fig. 4A; Supplemen-
tal Fig. S10A,B). The activity of SLD2 is likely linked to its
ability to interact with UBC9, since the D394R mutant
was as defective as ΔSLD2 in restoring normal cellular re-
sistance to SUMO E1 inhibition. Similarly, while micro-
nucleation after TAK-981 treatment in NFATC2IP-
deficient cells could be completely rescued by expression
of full-length epitope-tagged NFATC2IP, neither NFAT-
C2IP D394R nor ΔSLD2 could do so (Fig. 4B; Supple-
mental Fig. S10B). Expression of NFATC2IP ΔSLD1 in
NFATC2IP-KO cells also failed to suppress TAK-981-in-
duced micronucleation but to a lesser degree than
ΔSLD2 (Fig. 4B; Supplemental Fig. S10B). Together, these
results indicate that NFATC2IP promotes genome integ-
rity and cellular survival in response to SUMO E1 inhibi-
tion in a manner that requires both SLD1 and SLD2.

Despite the functional importance of the SUMO-like
domains, we found that expression of SLD2 or a fragment
encompassing SLD1–SLD2 was insufficient to restore re-

sistance of NFATC2IP-KO cells to SUMO E1 inhibition
(Fig. 4C; Supplemental Fig. S10C,D), indicating that addi-
tional segments of the NFATC2IP protein contribute to
its function. Therefore, to further dissect the structure–
function relationship of NFATC2IP, we expressed protein
deletion mutants (schematized in Supplemental Fig. S11)
in NFATC2IP-KO cells and calculated their TAK-981
LD50 in clonogenic survival assays. From this analysis,
we identified an additional region that contributes to
NFATC2IP function in response to inhibition of SUMOy-
lation that is encompassed within residues 101–140 (Fig.
4D; Supplemental Fig. S10E–H). Furthermore, our data
suggest that most of the first 100 amino acid residues of
NFATC2IP are dispensable for its role in promoting resis-
tance to TAK-981.

The BTRR complex is essential in the absence
of NFATC2IP

In parallel, we searched for genes that are selectively
essential for the fitness ofNFATC2IP-KO cells. We under-
took parallel CRISPR screens in parental and NFATC2IP-
KO cell lineswith the TKOv3 sgRNA library and analyzed
them with BAGEL2 (Kim and Hart 2021) and CRISP-
RCount analysis (CCA) (Adam et al. 2021; Gallo et al.
2022) to identify genes that are selectively essential in
the NFATC2IP-KO cell line (Fig. 5A; Supplemental Table
S3). Among the top hits, BLM and RMI2 (components of
BTRR)were the sole genes encoding genomemaintenance
factors. Using two-color competition assays, we validated
with two independent sgRNAs that RMI2 loss caused a
pronounced loss of fitness in NFATC2IP-KO cells (Fig.
5B). Interestingly, depletion of RMI2 in parental cells in-
creased micronucleation in response to TAK-981 (Fig.
5C), and its depletion inNFATC2IP-KO cells led to an ad-
ditive increase in micronucleation (Fig. 5C), suggesting
that NFATC2IP and BTRR promote genome integrity
via parallel pathways.

NFATC2IP interacts with the SMC5/6 complex

The cell line dependency profile ofNFATC2IP in DepMap
(Dempster et al. 2019) showed correlation with those of
NSMCE2 and SMC5, encoding two components of the
SMC5/6 complex (Supplemental Fig. S12; Supplemental
Table S4). This relationship was notable because we
were also struck by the similarities between the chromo-
some segregation phenotypes of NFATC2IP-KO cells fol-
lowing TAK-981 treatment and those of SMC5-, SMC6-,
and NSMCE2-deficient cells (Gallego-Paez et al. 2014;
Payne et al. 2014; Jacome et al. 2015; Pryzhkova and
Jordan 2016). The SMC5/6 complex promotes proper
chromosome segregation and genome integrity, with
NSMCE2 acting as a SUMO E3 ligase associated with
the complex (Potts and Yu 2005; Aragón 2018; Venegas
et al. 2020). Since Esc2/Rad60 is also functionally linked
with the SMC5/6 complex (Morishita et al. 2002; Sollier
et al. 2009; Choi et al. 2010; Heideker et al. 2011; Prudden
et al. 2011), we explored the possibility that NFATC2IP
might mediate resistance to SUMOylation inhibition by
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collaborating with the SMC5/6 complex, a relationship
that is also consistent with the similar pattern of localiza-
tion on nascent DNA described above.
To do so, we first surveyed the potential for protein–pro-

tein interactions between NFATC2IP and SMC5/6 com-
plex members using AlphaFold-Multimer (Evans et al.
2021; Jumper et al. 2021; Mirdita et al. 2022) by testing
pairwise combinations among NFATC2IP and SMC5/6

complex members, known SMC5/6 regulators that in-
cluded SLF1, SLF2, and RAD18, as previously described
(Supplemental Table S5; Sifri et al. 2023). This analysis re-
capitulated known protein–protein interactions in this
complex, including the interaction between the BRCT do-
mains of SLF1 and phosphorylatable residues in RAD18
(Räschle et al. 2015) or between the NSMCE3 subunit
and NSMCE1 and NSMCE4 (Fig. 6A; Supplemental Table

A

B

C

Figure 5. NFATC2IP acts in parallel with the
BTRR complex to protect genome integrity.
(A) Results of a dropout CRISPR screen in
RPE1-hTERT Cas9 TP53−/− (WT) or isogenic
NFATC2IP-KO cells. Genes that are highlight-
ed with blue data points represent the top 25
hits fromtheCCA. (B) Two-color growth com-
petition assays of cells expressing sgRNAs
that target either RMI2 or AAVS1 (negative
control) were done in RPE1-hTERT Cas9
TP53−/− (WT) or NFATC2IP-KO cells. Data
are shown as the mean±SD. (n=3). The edit-
ing efficiency of RMI2 targeting sgRNA1 and
sgRNA4 was determined by TIDE analysis.
(C) Quantitation of MN formation following
treatment with either DMSO (vehicle) or 50
nM TAK-981 in RPE1-hTERT Cas9 TP53−/−

(WT) or isogenicNFATC2IP-KO cells express-
ing the indicated sgRNAs.AAVS1 sgRNAwas
used as a negative control. For each indepen-
dent replicate, a minimum of 568 or 195 nu-
clei was counted in either WT or NFATC2IP-
KO cells, respectively. Bars represent the
mean±SD. (n=3). Multiple unpaired t-tests
were performed for statistical comparison
with Bonferroni–Dunn correction. (∗∗) P<
0.01, (∗) P<0.05.
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S5; Adamus et al. 2020; Vondrova et al. 2020; Yu et al.
2021, 2022). With respect to NFATC2IP, AlphaFold-Mul-
timer predicted an interaction with the SMC5 subunit of
the SMC5/6 complex and NFATC2IP SLD1 (Fig. 6A,B;
Supplemental Table S5). We validated these predictions
in coimmunoprecipitation studies in 293T cells with
3xFLAG-tagged NFATC2IP variants and endogenous
SMC5, which showed that theNFATC2IP–SMC5 interac-
tionwas absolutely dependent on SLD1 and, to a lesser ex-

tent, SLD2 (Fig. 6C). Furthermore, NFATC2IP interacts
with UBC9 via its SLD2 (Prudden et al. 2009, 2011), rais-
ing the intriguing possibility that NFATC2IP makes con-
tact with the SMC5/6-associated SUMO E3 ligase. We
therefore carried out a new round of AlphaFold-Multimer
predictions withNFATC2IP, UBC9, the coiled-coil region
of SMC5, andNSMCE2 (Fig. 6D). A robust structuralmod-
el was computed that was consistent with NFATC2IP
SLD2 interacting with NSMCE2 through bridging by

A

B

D

E G

F

C Figure 6. NFATC2IP binds the SMC5/6
complex through its SUMO-like domains.
(A) Schematic of pairwise matrix screens by
AlphaFold-Multimer to predict protein–pro-
tein interactions among NFATC2IP and the
SMC5/6 complex subunits. Predicted inter-
actionswhere at least threeout of fivemodels
met the cutoff scores of pDockQ<0.23 and
interface predicted aligned error (PAE) <15
Å are shown. Large proteins (SMC5, SMC6,
SLF1, and SLF2) were divided into fragments
according to either experimentally deter-
mined or AlphaFold-Multimer-predicted
structural domain boundaries. Fragments of
the same protein are indicated with dashed
lines connecting the nodes. For SMC5, these
are SMC5_1 (“head” region, residues 1–204
and 951–1101), SMC5_2 (“hinge” region, re-
sides 461–647), and SMC5_3 (“coiled-coil”
region, resides 205–460 and 648–950). For
SMC6, these are SMC6_1 (“head” region, re-
sides 1–201 and 952–1091), SMC6_2 (“hinge”
region, residues 476–662), and SMC6_3
(“coiled-coil” region, residues 202–475 and
663–951 [derived from the human SMC5/6
complex structure]) (Adamus et al. 2020).
For SLF1, these are SLF1_1 (residues 1–364)
and SLF1_2 (residues 365–1058). For SLF2,
these are SLF2_1 (residues 1–600) and
SLF2_2 (residues 601–1173). (B) PAE plots of
the interaction between the coiled-coil re-
gion of SMC5 (SMC5_3 fragment of the pair-
wise modeling) and NFATC2IP, ranked by
predicted template model (pTM) scores. (C )
Subcellular fractions of 293T cells transient-
ly expressing the indicated 3xFLAG-tagged
NFATC2IP constructs were subjected to im-
munoprecipitation with anti-FLAG antibod-
ies. Input samples and immunoprecipitation
products were immunoblotted with the indi-
cated antibodies. α-Tubulin, lamin B1, and
histone H3 were included as controls for cy-

toplasmic, nucleoplasmic, and chromatin subcellular fractionations, respectively. (FL) Full-length. (D, top panel) Representative model of
the AlphaFold-Multimer predictions of protein–protein interactions among the NFATC2IP SLDs (yellow), NSMCE2 (sea green), UBC9 (pur-
ple), and a portion of the SMC5cc region (cyan). (Bottom panel) The PAE plots of the prediction models associated with the top panel. (E)
Overview of the representative AlphaFold-Multimer predictionmodel (colors are as inD) overlaidwith the structure of the Smc5/Nse2 com-
plexwith the Ubc9∼SUMOmimetic (PDB: 7P47; translucent). Proteins in the crystal structure are indicated alongside the AlphaFold-Multi-
mer model at corresponding positions. (F ) Multiple sequence alignment of amino acid sequences of the human NSMCE2 protein (Homo
sapiens) and its orthologs in S. cerevisiae, zebrafish (Danio rerio), andmice (Musmusculus) with the associatedUniProt entry codes and ami-
no acid positions using the Clustal Omega sequence alignment tool. Amino acid residues of the SUMO-interacting motif (SIM2) on the C-
terminal endofNse2 for positioning backside SUMOinyeast are highlightedwith a blue box and red text. (G) Functionalmodel of theNFAT-
C2IP–SMC5/6–NSMCE2–UBC9 complex. The arrow indicates the potential positive regulation of NSMCE2-dependent SUMOylation by
NFATC2IP.
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UBC9, which interacts with NFATC2IP and NSMCE2
through two distinct interfaces (Fig. 6D). Interestingly,
SLD2 binds to UBC9 on the same “backside” site on
UBC9 that is known to bind a SUMO molecule. In yeast,
the binding of SUMO on the Ubc9 backside site plays a
key role in stimulating the E3 ligase activity of Nse2 by
stimulating the discharge of the Ubc9∼SUMO thioester
intermediate (Fig. 6E; Varejão et al. 2021). However, in
yeast, the backside SUMO is positioned by a SUMO-inter-
acting motif (SIM) on Nse2 (Varejão et al. 2021) that is ab-
sent in mammalian NSMCE2 (Fig. 6F), suggesting that
NSMCE2 is unable to bind SUMO and activate UBC9 us-
ing as similar mechanism. Instead, we propose that in
mammalian species, it is SLD2 of NFATC2IP that occu-
pies the backside of UBC9 to activate NSMCE2 activity
(Fig. 6E). Therefore, our genetic, interaction, andmodeling
data suggest that NFATC2IP acts as a positive regulator of
SUMOylation by the SMC5/6 complex (Fig. 6G).

NFATC2IP promotes chromatin SUMOylation

To investigate whether loss of NFATC2IP affects the lev-
els of SUMOylation in cells, parental and NFATC2IP-KO
cells were transduced with a plasmid stably expressing ei-
ther His6-SUMO1 or His6-SUMO2. SUMOylated proteins
were purified from cell lysates using nickel–nitrilotriace-
tic acid (Ni-NTA) agarose beads in strong denaturing con-
ditions, and global SUMOylation levels were monitored
by immunoblotting with antibodies to SUMO1 (Fig. 7A)
or SUMO2/3 (Fig. 7B). As control for the affinity purifica-
tion, we monitored RanGAP1, which is a well-charac-
terized SUMOylated protein (Matunis et al. 1996).
We found that in contrast to the abundance of SUMO1-
modified proteins, which showed no difference in the
pull-downs from the lysates derived from parental (WT)
and NFATC2IP-KO cells (Fig. 7A), there was a noticeable
decrease in the amount of high-molecular-weight
SUMO2/3-modified proteins pulled down from NFAT-
C2IP-KO cells compared with those purified from paren-
tal cells (Fig. 7B). The same was seen for SUMO2/3-
modified RanGAP1 (Fig. 7B). These data suggested that
NFATC2IP may promote SUMOylation of proteins pri-
marily by SUMO2/3.
Since the above experiments relied on overexpression of

exogenous SUMO proteins, we next assessed whether
NFATC2IP promotes SUMOylation under endogenous
conditions. To do so, we subfractionated lysates of parental
and NFATC2IP-KO cells and isolated SUMOylated pro-
teins using a biotinylated S-Cap peptide that has high affin-
ity for SUMOylated proteins. With this approach, we
observed a large decrease in the amount of high-molecu-
lar-weight SUMO2/3-modified proteins specifically in the
chromatin fraction of NFATC2IP-KO cells (Fig. 7C), with
no difference observed in the amount of SUMO2/3-modi-
fied proteins retrieved from either the nucleoplasmic or cy-
toplasmic fractions (Supplemental Fig. S13). This defect in
chromatin SUMOylation seen in NFATC2IP-KO cells was
fully rescued by re-expression of 3xFLAG-NFATC2IP but
not the ΔSLD1, ΔSLD2, and D394R mutants, indicating
that this phenotype correlates with the viability of cells fol-

lowing SUMOE1 inhibition (Fig. 7D). Intriguingly, analysis
of the proteins retrieved by the S-Cap peptide bymass spec-
trometry did not identify differentially SUMOylated pro-
teins in NFATC2IP-KO cells (Supplemental Table S6).
This may suggest that NFATC2IP promotes the extent of
SUMOylation rather than modulating the initial SUMOy-
lation of substrates. This is consistent with SUMO2/3 be-
ing the main SUMO isoform that composes poly-SUMO
chains (Vertegaal 2022). Together, these data indicate that
NFATC2IP promotes SUMOylation of chromatin-associat-
ed proteins by stimulating the SUMO E3 ligase activity of
the SMC5/6 complex.

Discussion

We report the identification of 130 genes that promote the
viability of human RPE1-hTERT TP53−/− cells when fac-
ing SUMO E1 inhibition. We focused our subsequent val-
idation and mechanistic studies on NFATC2IP, since its
disruption showed a large effect size with respect to sensi-
tization to TAK-981 in our cell line. These results place
NFATC2IP as a key mediator of the response of human
cells to SUMO E1 inhibition.
While the developers of TAK-981 have highlighted its

potential to stimulate antitumor immunity (Lightcap
et al. 2021), we found that the intrinsic sensitivity of cells
to SUMOE1 inhibition is largely driven by a fewpathways
that include genomemaintenance and transcriptional reg-
ulation (Supplemental Fig. S1B). With respect to genome
maintenance, in addition to NFATC2IP, our screen iden-
tified genes encoding factors known to be involved in
the resolution of recombination intermediates, such as
components of the BLM–RMI1–RMI2–TOP3A complex,
GEN1, and the SMC5/6 complex. This is not entirely sur-
prising given the key role of SUMO in controlling recom-
bination in yeast (Ulrich et al. 2005; Branzei et al. 2006;
Psakhye and Jentsch 2012). Our studies are consistent
with a model in which NFATC2IP resolves either recom-
bination intermediates or topological entanglements by
promoting the activity of the SUMO E3 ligase associated
with the SMC5/6 complex. We propose that under condi-
tions of limiting SUMOylation, the essential activity of
the SMC5/6-associated NSCME2 E3 ligase for chromo-
some stability becomes highly dependent on NFAT-
C2IP-mediated stimulation.
The model that NFATC2IP acts to stimulate SMC5/6-

dependent SUMOylation is supported by a number of con-
verging lines of evidence. First, there is a clear correlation
between NFATC2IP and a subset of genes encoding
SMC5/6 complex members in DepMap. Second, the loss
of SMC5/6 or NSMCE2 produces a chromosome-bridging
phenotype that is nearly identical to the phenotype ob-
served in NFATC2IP-KO cells treated with TAK-981.
Third, NFATC2IP interacts physically with SMC5 and
UBC9 via its two SLDs, which are themselves required
for promoting chromosome integrity and survival follow-
ing SUMOE1 inhibition. The physical interaction between
NFATC2IP, SMC5, and UBC9 can be rationalized with an
AlphaFold-Multimer-generated structural model that
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suggests that NFATC2IP acts to stimulate the discharge of
UBC9∼SUMO. Interestingly, in addition to SLD1/2, we
identified another region essential forNFATC2IP action lo-

cated within residues 101–140. The molecular function of
this region remains unclear, as it was notmodeled to inter-
act with any other member of the SMC5/6 pathway.

A

C

D

B

Figure 7. NFATC2IP promotes SUMOylation in chromatin. (A,B) Immunoblot analysis of whole-cell extracts of parental RPE1-hTERT
Cas9TP53−/− (WT) or isogenicNFATC2IP-KO cells thatwere transiently transfectedwith plasmids for overexpression ofHis6-SUMO1 (A)
or His6-SUMO2 (B), followed by purification of His-tagged peptides using Ni-NTA agarose beads under denaturing conditions. The im-
munoblots were probed with antibodies to the indicated proteins. RanGAP1 was used as a SUMOylation control. GAPDH was used as
a loading control. (C ) Immunoblot analysis of chromatin subfractions of extracts derived from parental RPE1-hTERT Cas9 TP53−/−

(WT) or isogenic NFATC2IP-KO cells. SUMO-conjugated proteins were isolated by binding to the biotinylated S-Cap peptide, followed
by affinity pull-down with streptavidin-conjugated magnetic beads. (Input) Input control fraction, (FT) unbound flow-through after bind-
ing of biotin S-Cap to streptavidin beads, (PD) proteins from S-Cap pull-down eluted from streptavidin beads, (WCE) whole-cell extract.
Immunoblots were probed using antibodies to the indicated proteins. ɑ-Tubulin, lamin B1, and histone H3 were included as controls for
cytoplasmic, nucleoplasmic, and chromatin subcellular fractions, respectively. (D) Immunoblot analyses of chromatin subfractions of ex-
tracts derived from parental RPE1-hTERTCas9 TP53−/− (WT) or isogenicNFATC2IP-KO cells that either were left untransduced or were
transducedwith a lentivirus encoding the indicated protein. The subfractionated chromatin extractswere subjected to isolation of SUMO-
conjugated proteins via binding to the biotinylated S-Cap peptide, followed by affinity pull-down with streptavidin-conjugated magnetic
beads. (Input) Input control fraction before binding to streptavidin-conjugatedmagnetic beads, (PD) proteins from S-Cap pull-down eluted
from streptavidin beads, (WCE) whole-cell extract. Immunoblots were probed using antibodies to the indicated proteins. ɑ-Tubulin, lamin
B1, and histone H3 were included as controls for cytoplasmic, nucleoplasmic, and chromatin subcellular fractions, respectively.
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However, we note that NFATC2IP homologs have been
shown to displayDNA-binding activity thatmapsN-termi-
nal of SLD1/2 (Urulangodi et al. 2015; Sebesta et al. 2017).
Whether this region in NFATC2IP also confers DNA-bind-
ing activity is currently unknown but represents an attrac-
tive starting point for future studies.
While we were completing these studies, Hertz et al.

(2023) also reported that NFATC2IP (referred to as
NIP45) was essential to promote normal cellular resis-
tance to SUMO E1 inhibition. While the studies are large-
ly concordant in that they both identify chromosome
nondisjunctions as a likely source for the lethality of
NFATC2IP-deficient cells under conditions of limiting
SUMOylation, the studies differ in how those chromo-
some entanglements are generated. While Hertz et al.
(2023) propose an E3-like activity for NFATC2IP that tar-
gets SLX4 and possibly other proteins in the resolution of
double-strandedDNA catenanes duringM phase, our data
instead link NFATC2IP to the SUMO E3 ligase activity of
the SMC5/6 complex. We also present evidence that
NFATC2IP acts during interphase, a finding that is sup-
ported by both the observation that NFATC2IP-KO cells
treated with TAK-981 have defective incorporation of
the EdU nucleoside during S phase and observation that
NFATC2IP is in proximity to nascent DNA, as is SMC5.
Interestingly, the SMC5/6 complex similarly promotes
DNA replication, and this activity represents its essential
function, which is key to preventing chromosome aberra-
tions and bridging during mitosis (Gallego-Paez et al.
2014; Venegas et al. 2020; Peng and Zhao 2023). On bal-
ance, we contend that the genetic, physical, and pheno-
typic links between NFATC2IP and SMC5/6 are
compelling enough to further test this model in future
studies. However, this work certainly does not exclude
the possibility that NFATC2IPmay have other SUMO-re-
lated activities, such as stimulating SLX4 SUMOylation.
Finally, given that the phenotypes of NFATC2IP-KO

cells treated with low doses of the SUMO E1 inhibitor are
remarkably similar to the phenotypes associated with mu-
tations in SMC5/6 or associated proteins (Gallego-Paez
et al. 2014; Payne et al. 2014; Jacome et al. 2015; Pryzhkova
and Jordan 2016), it may be of interest to screen for NFAT-
C2IP mutations in patients that display chromosome
breakage disorders linked to the SMC5/6 complex such as
Atelis, Seckel, and LICS syndromes, associated with
SMC5, SLF2, NSMCE2, and NSMCE3, respectively. How-
ever, as the NFATC2IP-KO cellular phenotypes are only
uncovered when SUMOylation is inhibited, we expect
that the phenotypes associated with loss of NFATC2IP
will be milder than those seen with mutations in SMC5/
6 complex-coding genes orwill affect tissues that have low-
er levels of SUMOylation than our model cell line.

Materials and methods

Cell lines and cell culture

RPE1-hTERT Cas9 TP53-KO and 293T cell lines were cul-
tured inDulbecco’smodified Eaglemedium (DMEM;Gibco
11965092) supplemented with 10% (v/v) FBS (Wisent Bio-

products 080-150) and1% (v/v) penicillin/streptomycin (Wi-
sent Bioproducts 450-201-EL) and grown at 37°C and 5%
CO2. The clonal RPE1-hTERT Cas9 TP53−/− NFATC2IP-
KO cell lines were generated by transfecting a ribonucleo-
protein (RNP) complex of theNFATC2IP targeting sgRNA2
(Supplemental Table S7) and purified Cas9 protein into
RPE1-hTERT Cas9 TP53−/− cells using Lipofectamine
CRISPRMAX Cas9 transfection reagent (Invitrogen
CMAX00003). Transfection of the RNP complex was per-
formed according to the manufacturer’s protocol for 24 h,
and the transfected pool of cells was seeded for clonal isola-
tions. The selectedNFATC2IP-KOcloneswere validated for
successful gene editing by TIDE analysis (Brinkman et al.
2014) and by probing for endogenous NFATC2IP protein
levels by immunoblotting.

Plasmids

For CRISPR-mediated gene disruption, DNA oligonucleo-
tides containing sgRNAs were cloned (using BsmBI) into
LentiCRISPRv2 (Addgene 52961) or a modified Lenti-
Guide-Puro (Addgene 52963) that was altered to include
an expression cassette of nuclear localization signal
(NLS)-fused GFP or mCherry (Sanjana et al. 2014; Noor-
dermeer et al. 2018). To generate NFATC2IP-expressing
plasmids, a plasmid containing the human NFATC2IP
cDNA was purchased from the Lunenfeld-Tanenbaum
Research Institute OpenFreezer repository (OpenFreezer
ID V84563). The NFATC2IP-coding sequence was ampli-
fied by PCR with primers containing flanking AscI and
EcoRV restriction sites and cloned into pcDNA5-FRT/
TO-FLAG, pcDNA5-FRT/TO-eGFP, and pcDNA5-FRT/
TO-3×FLAG for N-terminal epitope tagging. To generate
plasmids expressing NFATC2IP mutants, site-directed
mutagenesis was performed via PCR. To generate plas-
mids expressing NES-fused or NESm-fused NFATC2IP,
DNA fragments encoding NES or NESm sequences were
inserted into NFATC2IP-cloned pcDNA5-FRT/TO-
3xFLAG or pcDNA5-FRT/TO-eGFP vectors using AscI.
The sequences encoding 3xFLAG-tagged or eGFP-tagged
NFATC2IP were then PCR-amplified with primers con-
taining flankingNotI and XbaI restriction sites and cloned
into the pHIV-NAT-T2A-hCD52 lentiviral vector (a kind
gift from Dr. R. Scully). To generate plasmids for ex-
pressing SPR degron-tagged NFATC2IP, the coding se-
quence of eGFP-tagged NFATC2IP was PCR-amplified
with flanking EcoRV restriction sites. The EcoRV
digestion product was used to replace mNeonGreen in
AAVS1_Puro_PGK1_mNG_hGEM(1–110)-GGGS-hSLBP
(18–108)-BGHpA, which will be deposited soon at Addg-
ene (gift from Y Doyon). The sequence encoding SPR
degron-fused eGFP-NFATC2IP was then cloned into the
pHIV-NAT-T2A-hCD52 lentiviral vector as described
above using flanking EcoRI and XbaI restriction sites.

Lentiviral transduction

To produce lentivirus, 4 × 106 293T cells were seeded in a
10-cmplate 1 d prior to transfection and cotranfectedwith
the third-generation lentiviral packaging plasmids (5 µg of
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pVSV.G, 3 µg of pMDLg/pRRE, and 2.5 µg of pRSV-Rev;
Addgene 14888, 12251, and 12253, respectively) plus 10
µg of the vector of interest usingMirus TransIT-LT1 trans-
fection reagent (Mirus Bio LLC MIR 2305). Medium was
refreshed 16 h after transfection, and the viral supernatant
was collected ∼36–40 h after transfection and passed
through a 0.45-µm filter. For infection of target cells, the
viral supernatant was supplemented with 8 µg/mL poly-
brene (Sigma H9268). For selection of transduced RPE1-
hTERT Cas9 TP53−/− WT or NFATC2IP-KO cells, cells
were grown in media containing 1.5 µg/mL puromycin
(Life Technologies A1113802) for 48 h or 400 µg/mL nour-
seothricin (NAT; Gold Biotech N-500) for 4–5 d.

CRISPR/Cas9 screens

The chemogenomic CRISPR screen was performed as de-
scribed by Olivieri and Durocher (2021). Briefly, RPE1-
hTERT Cas9 TP53−/− cells were transduced with the
TKOv3 lentiviral sgRNA library (Hart et al. 2017) at a
multiplicity of infection (MOI) of ∼0.3 and selected with
1.5 μg/mL puromycin (Life Technologies A1113802) for
48 h. The pooled population of transduced cells was sub-
cultured every 3 d in two technical replicates until 6 d af-
ter selection (t6). At the t6 time point, the subpopulations
of cells were either exposed to DMSO (vehicle; Sigma
D2650) as a nontreated control or treated with the
SUMO E1 inhibitor TAK-981 (Chemietek CT-TAK981)
for 12 d at the dosages described in Supplemental Table
S1. Cells were harvested at the t18 time point, genomic
DNA was purified using the QIAmp DNA Blood Maxi
kit (Qiagen 51194), and the integrated sgRNA sequences
were amplified and barcoded by two-step PCR using NEB-
Next Ultra II Q5 master mix (New England Biolabs
M5044). The barcoded sgRNA samples were sequenced
on an Illumina NextSeq500 to quantitate representation
of each sgRNA in the TAK-981-treated or nontreated con-
trol samples. As described previously, the gene-level
normZ scores were computed using DrugZ from the
read counts (Supplemental Table S1; Colic et al. 2019).

For dropout CRISPR screens, RPE1-hTERT Cas9
TP53−/− (WT) or isogenicNFATC2IP-KO cells were trans-
duced with the TKOv3 lentiviral sgRNA library at a MOI
of ∼0.3 and subjected to puromycin selection (1.5 μg/mL)
for 48 h. A portion of the transduced cell populations was
harvested for the initial time point (t0), and the remaining
cells were subcultured every 3 d in two technical repli-
cates until t18. The cell populations that were harvested
at the t0 and t18 time points were subjected to genomic
DNA purification and amplification as well as barcoding
of the integrated sgRNA sequences as described above.
The barcoded sgRNAs were sequenced on an Illumina
NextSeq500 to determine representation of each sgRNA
in the t0 and t18 time-point samples. The gene-level com-
parisons of essentialities in RPE1-hTERTCas9TP53−/− or
isogenicNFATC2IP-KO cells were performed by comput-
ing the Bayes factor and CCA score for each gene as de-
scribed previously (Supplemental Table S3; Adam et al.
2021; Kim and Hart 2021),

Clonogenic survival assays

For clonogenic survival assays with TAK-981, cells were
seeded inmedia containing a range of TAK-981 concentra-
tions at a seeding density of 400 cells per 10-cm plate.
TAK-981-containing media were refreshed every 4 d, and
cells were grown for 14 d. Cells were then rinsed with
DPBS (Gibco 14190144) and stainedwith 0.5% (w/v) Crys-
tal Violet/20% methanol (Crystal Violet; Sigma C0775)
for 30min. The numbers of colonies formed were counted
by image analysis using GelCount (Oxford Optronix), and
the relative surviving fractions were plotted by normaliz-
ing to DMSO controls.

Antibodies

Primary antibodies used in this study for immunoblot-
ting, immunofluorescence (IF), flow cytometry, or prox-
imity ligation assay in SIRF (PLA/SIRF) were as follows:
rabbit anti-GAPDH (1:10,000 for immunoblotting; Sigma
G9545), mouse anti-NFATC2IP (B-1, 1:100 for immuno-
blotting; Santa Cruz Biotechnology sc-377461), rabbit
anti-GFP (1:1000 for immunoblotting and 1:100 for PLA/
SIRF; Abcam ab290), mouse anti-ɑ-tubulin (DM1A,
1:2000 for immunoblotting; Cell Signaling Technologies
3873), mouse anti-ɑ-actinin (AT6/172, 1:2000 for immu-
noblotting; Millipore 05-384), anticentromere protein an-
tibody (ACA; 1:1000 for IF; Antibodies Incorporated 15-
235), rat anti-FLAG (L5, 1:500 for IF; BioLegend 637301),
mouse anti-FLAG M2 (1:500 for immunoblotting; Sigma
F1804), rabbit anti-phospho-histone H2A.X Ser139
(1:1000 for flow cytometry; Cell Signaling Technologies
2577), mouse anti-phospho-histone H3 Ser10 (6G3,
1:500 for flow cytometry; Cell Signaling Technologies
9706), mouse anti-cyclin A (B-8, 1:500 for immunoblot-
ting; Santa Cruz Biotechnology sc-271682), mouse anti-
cyclin E1 (HE12, 1:1000 for immunoblotting; Abcam
ab3927), mouse antibiotin (BN-34, 1:100 for PLA/SIRF;
Sigma SAB4200680), rabbit antibiotin (D5A7, 1:100 for
PLA/SIRF; Cell Signaling Technologies 5597), rabbit
anti-SMC5 (1:400 for immunoblotting and 1:200 for
PLA/SIRF; Novus Biologicals NB100-469), mouse anti-
PCNA (PC10, 1:100 for PLA/SIRF; Abcam ab29), rabbit
anti-RanGAP1 (EPR3295, 1:2000 for immunoblotting;
Abcam ab92360), rabbit anti-SUMO1 (Y299, 1:1000 for
immunoblotting; Abcam ab32058), rabbit anti-SUMO2/
3 (1:1000 for immunoblotting; Abcam ab3742), rabbit
anti-lamin B1 (1:1000 for immunoblotting; Abcam
ab16048), and rabbit anti-histone H3 (1:4000 for immuno-
blotting; Abcam ab1791).

For immunoblotting, the following secondary antibod-
ies were used: horseradish peroxidase (HRP)-conjugated
AffiniPure goat antimouse IgG (H+L, 1:5000; Jackson
ImmunoResearch Laboratories, Inc. 115-035-003), HRP-
conjugated AffiniPure goat antirabbit IgG (H+L, 1:5000;
Jackson ImmunoResearch Laboratories, Inc. 111-035-
144), IRDye 680RD donkey antimouse IgG (1:5000; LI-
COR Biosciences 926-68072), IRDye 680RD goat anti-
mouse IgG (1:5000; LI-COR Biosciences 926-68070), and
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IRDye 800CWdonkey antirabbit IgG (1:5000; LI-CORBio-
sciences 926-32213).
For immunofluorescence, the secondary antibodies

used in this study included the following: Alexa fluor
555 goat antirabbit IgG (H+L, 1:1000; Invitrogen
A21428), Alexa fluor 555 goat antirat IgG (H+L, 1:1000;
Invitrogen A21434), Alexa fluor 647 goat antirabbit IgG
(H+L, 1:1000; Invitrogen A21244), Alexa fluor 647 goat
antimouse IgG (1:1000; InvitrogenA21236), andAlexa flu-
or 488 goat antihuman IgG (H+L, 1:1000; Invitrogen
A11013).
For flow cytometry, the following secondary antibodies

were used: Alexa fluor 488 goat antirabbit IgG (H+L,
1:1000; Invitrogen A11034) and Alexa fluor 555 goat anti-
mouse IgG (H+L, 1:1000; Invitrogen A21424).

Immunofluorescence

Cells were seeded on glass coverslips and subjected to var-
ious treatments detailed elsewhere. For experiments in-
volving incorporation of EdU (5-ethynyl-2′-deoxyuridine;
Life Technologies A10044), cells were incubated withme-
dia containing 20 µMEdU inDMSO for 20min before har-
vesting. Cells on glass coverslips were washed with DPBS
and fixed with 4% (w/v) formaldehyde/DPBS (16% [w/v]
formaldehyde [Pierce], methanol-free [Thermo Fisher
28908], diluted in DPBS) for 15 min and then permeabi-
lized with 0.3% (v/v) Triton X-100/DPBS (Sigma T8787)
for 30min. Cells were incubatedwith PBGblocking buffer
(0.2% fish gelatin [Sigma G7765], 0.5% [w/v] bovine se-
rum albumin [BSA; Roche 10735094001] diluted in
DPBS) for 30 min and then with primary antibodies dilut-
ed in PBG blocking buffer for 1–2 h. Following threewash-
es with PBS, cells were incubated with PBG blocking
buffer containing secondary antibodies and 0.4 μg/mL
DAPI (4′,6-diaminido-2-phenylindole; Sigma D9542) for
1 h and then washed three times with DPBS. Cells were
mounted onto glass slides using ProLong Gold Antifade
mountant (Thermo Fisher P36930) and imaged on a Zeiss
LSM780 confocal microscope.

Quantitation of micronucleus formation

Cells were seeded in 96-well plates at a seeding density of
3000 cells per well 24 h prior to the TAK-981 treatment.
Cells were treated with TAK-981 for 48 h, followed by fix-
ation with 4% (w/v) formaldehyde/DPBS for 15 min and
permeabilization with 0.3% (v/v) Triton X-100/DPBS for
30 min. Cells were rinsed with DPBS and incubated for
30 min with blocking buffer (5% [w/v] BSA, 0.1% [v/v]
Tween-20 [10% Tween-20 solution; Bio-Rad 1610781] di-
luted inDPBS). Cellswere incubatedwith primary antibod-
ies diluted in blocking buffer for 2 h, followed by three
washes with PBT (0.1% [v/v] Tween-20/DPBS). Subse-
quently, cells were incubated with the blocking buffer con-
taining secondary antibodies as listed above and 0.4 μg/mL
DAPI.After three finalwasheswithPBTand onewashwith
DPBS, 200 μL of DPBS was added to each well. Plates were
scanned for image acquisitions on an InCell Analyzer 6000
automated microscope (GE Healthcare) with a 20× or 60×

objective. Image analyses for micronucleus quantitation
were performed using Columbus image storage and analy-
sis software (Perkin Elmer).

Quantitation of chromatin bridge formation

Cells were seeded in six-well plates with glass coverslips
at a seeding density of 150,000–200,000 cells per well 24
h prior to the TAK-981 treatment. Media containing a
range of TAK-981 concentrations were added to the cells
and incubated for 24 h. Cells were fixed with 4% (w/v)
formaldehyde/DPBS for 15 min, blocked with PBG block-
ing buffer (as described above) for 30min, and incubated in
blocking buffer containing 0.8 μg/mL DAPI for 1 h. Cells
were then mounted onto glass slides using ProLong
Gold Antifade mountant and imaged on a Zeiss LSM780
confocal microscope. For quantitation of chromatin brid-
ges, 300–500 nuclei per condition were observed and cat-
egorized according to the presence and length of
chromatin bridges and then used to calculate the propor-
tions of nuclei displaying short or long chromatin bridges.

Flow cytometry

Cells were seeded in 10-cm plates and subjected to various
treatments as indicated elsewhere. Prior to harvesting sam-
ples, cells were pulsed with 20 µM EdU in DMSO for 30
min. Cell pellets were collected by trypsinization and
washed once with DPBS. Cells were fixed with 4% (w/v)
formaldehyde/PBS for 15 min at room temperature and
washed with ice-cold PBS-B (1% BSA in DPBS, sterilized
with 0.22-µm filter) by pelleting cells at 600g for 3 min at
4°C. The fixed cells were permeabilized with 0.5% (v/v)
Triton X-100/PBS-B for 30 min at room temperature and
then washed with ice-cold PBS-B. For the Click reaction
of incorporated EdU, cells were resuspended in EdU stain-
ing buffer (150mMTris-HCl at pH 8.50, 2mMCuSO4 [Bio-
Shop Life Science Products CUS803.500], 100 mM L-
ascorbic acid [Sigma A5960], 10 µM Alexa fluor 647 azide
[Life TechnologiesA10277]), incubated for 1 h at room tem-
perature in the dark, andwashed twicewith blocking buffer
(PBS-B supplementedwith 0.1%NP-40 [Sigma I3021]). The
cellswere stainedwith primary antibodies diluted in block-
ing buffer for 1 h at room temperature, protected from light,
and then washed with PBS-B. The cells were then stained
by incubation in blocking buffer containing secondary anti-
bodies as listed above for 1 h at room temperature in the
dark. Following washes with blocking buffer, cell pellets
were resuspended in analysis buffer (0.5 µg/mL DAPI, 250
µg/mL RNase A [Sigma R4875] in PBS-B) and incubated
for 16–24 h at 4°C in the dark. Cells were analyzed on a At-
tune NxT flow cytometer (Thermo Fisher) by measuring a
minimum of 19,631 events and were visualized using
FlowJo v10 (BD Biosciences).

SIRF assay

Proiximity ligation assays for SIRF analysis were per-
formed as described previously by Roy et al. (2018) and
Roy and Schlacher (2019). Briefly, cells were seeded at a
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density of 40,000 cells per well onto eight-well chamber
microscope slides (Thermo Fisher 177402) 1 d prior to
the experiment. Cells were pulsed with either DMSO as
a negative control or 125 µMEdU for 8min. For thymidine
chase, following the EdU pulse, cells were washed twice
with DPBS and incubated in media containing 100 µM
thymidine (Sigma T9250) for 6 h. After two washes with
DPBS, cells were fixed with 4% (w/v) formaldehyde/PBS
for 15 min at room temperature and again washed twice
withDPBS. After fixation, cells on the slideswere permea-
bilized with 0.25% Triton X-100/DPBS in Coplin jars for
15 min at room temperature, followed by two washes
with DPBS for 5 min each. For conjugation of biotin to
EdU, Click reaction cocktail (150 mM Tris-HCl at pH
8.50, 2 mM CuSO4, 10 mM L-ascorbic acid, 5 µM Alexa
fluor 647 azide, 5 µM biotin azide [PEG4 carboxamide-6-
azidohexanyl biotin; Invitrogen B10184]) was added to
slides, incubated in a humidified chamber for 1.5 h at
room temperature, and washed with DPBS for 5 min.
Slides were then incubated in blocking buffer (10% goat
serum [Sigma G6767], 0.1% Triton X-100 in DPBS) in a
humidified chamber for 1 h at room temperature, followed
by incubationwith primary antibodies diluted in blocking
buffer in a humidified chamber overnight at 4°C. Primary
antibodies recognizing either PCNA, GFP, or SMC5 (list-
ed above) were used together with mouse or rabbit anti-
bodies targeting biotin. Slides were washed three times
in Coplin jars with Duolink in situ wash buffer A (Sigma
DUO82049) for 5 min each. Slides were incubated with
the Duolink in situ PLA probes antimouse Plus (Sigma
DUO92001) and antirabbit Minus (Sigma DUO92005),
which were diluted at a 1:5 ratio in blocking buffer for 1
h at 37°C in a humidified chamber, and thenwashed three
times with Duolink in situ wash buffer A for 5 min each.
For ligation and amplification steps described below, the
reagents used were included in the Duolink in situ detec-
tion reagent Red kit (SigmaDUO92008). Slides were incu-
bated with ligation reaction mixture (1× ligation buffer, 1
U of ligase diluted in H2O) for 30 min at 37°C in a humid-
ified chamber and washed twice with Duolink in situ
wash buffer A for 2 min each. For amplification, slides
were incubated with amplification reaction mixture (1×
amplification buffer, 5 U of polymerase diluted in H2O)
for 100 min at 37°C in a humidified chamber. Slides
then were washed three times with Duolink in situ
wash buffer B (Sigma DUO82049) for 10 min each and
once with 0.01× Duolink in situ wash buffer B diluted in
H2O for 1 min. Slides were stained with 1 µg/mL DAPI
prepared in DPBS for 15 min at room temperature in a hu-
midified chamber and washed twice with DPBS for 5 min
each. DAPI-stained slides were mounted using glass cov-
erslips (Epredia 22-050-232) and Prolong Gold Antifade
mountant and cured overnight in the dark. Cells were im-
aged on a Zeiss LSM780 confocal microscope and ana-
lyzed using CellProfiler software (Stirling et al. 2021).

AlphaFold-Multimer pairwise matrix screen

Amino acid sequences for human NFATC2IP, SMC5,
SMC6, NSMCE1, NSMCE2, NSMCE3, NSMCE4, SLF1,

SLF2, and RAD18 were obtained from UniProt. For pro-
teins with >1000 residues, their amino acid sequences
were manually divided into smaller fragments as de-
scribed elsewhere due to limited graphical memory. As
previously described (Sifri et al. 2023), as input for Alpha-
Fold-Multimer prediction, FASTA files for every unique
pair were generated using a Python script. For each predic-
tion of protein–protein interaction, the confidencewas an-
alyzed by computing pDockQ (Bryant et al. 2022) and
mean interface PAE values. To determine mean interface
PAE, every pair of residues was identified as described by
Sifri et al. (2023), and PAE value was measured for each
residue pair. The average PAE value was then computed
across all pairs of residues. High-confidence predictions
of protein interactions were identified by filtering for
unique pairs where at least three out of five prediction
models met the cutoff values of pDockQ<0.23 and inter-
face PAE<15 Å. UCSF ChimeraX software was used for
visualizing protein structures (Goddard et al. 2018).

Subcellular fractionation

Cells were plated in 15-cm plates, and the harvested cells
were subjected to subcellular fractionation as described
previously (Fradet-Turcotte et al. 2013). Briefly, cells
were lysed in EBC1 buffer (50 mM Tris-HCl at pH 7.50,
100 mM NaCl, 0.5% NP-40, 1 mM EDTA, 1 mM DTT,
1× protease inhibitor cocktail [cOmplete mini, EDTA-
free; Roche 11836170001], 5 mM N-ethylmaleimide
[NEM; Sigma E1271]). The nuclear fraction (pellet) was
separated from the cytoplasmic fraction (supernatant) by
centrifugation at 1000g for 10min at 4°C. The nucleoplas-
mic fraction was obtained by resuspending the nuclear
pellet in EBC2 buffer (50 mM Tris-HCl at pH 7.50, 300
mM NaCl, 5 mM CaCl2, 1× protease inhibitor cocktail,
5 mMNEM) for 30 min on ice with occasional vortexing,
after which the soluble nucleoplasmic fraction (superna-
tant) was separated from the insoluble chromatin (pellet)
by centrifugation at 21,000g for 10 min at 4°C. The insol-
uble chromatin pellets were then solubilized in EBC2
buffer supplemented with 10 U of micrococcal nuclease
(Sigma N3755) per 15-cm plate by digestion for 45 min
at 30°C. The soluble chromatin fraction sampleswere har-
vested by centrifugation at 21,000g for 10 min at 4°C, and
the supernatant was collected.

Immunoprecipitation

293T cells were seeded in 10-cm plates and transfected
with the plasmids expressing the NFATC2IP protein con-
structs that were cloned into pcDNA5-FRT/TO-3xFLAG
parental vectors usingMirus TransIT-LT1 transfection re-
agent (Mirus Bio LLCMIR 2305). Twenty-four hours after
transfection, the transfection mix was removed, and cells
were allowed to recover in freshmedia for another 24 h be-
fore harvesting. Cells were then subjected to subcellular
fractionation into cytoplasmic, nucleoplasmic, or chro-
matin extracts as described above except that DTT was
omitted from the EBC1 buffer. For immunoprecipitations
of FLAG-tagged peptides, protein concentrations in
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samples from each subfraction were normalized and sub-
jected to binding of FLAG-tagged polypeptide species
with anti-FLAG M2 magnetic beads (Sigma M8823). The
input controls were collected prior to the incubation
with anti-FLAG M2 magnetic beads. The purified
FLAG-tagged polypeptides were harvested by eluting
from the anti-FLAG M2 magnetic beads with 100 ng/µL
3xFLAG peptides (GlpBio GP10149-1).

Purification of 6xHis-tagged SUMO-conjugated peptides

Cells were plated in 10-cm plates and transfected with
plasmids expressing His6-SUMO1 (Addgene plasmid
133770) or His6-SUMO2 (Addgene plasmid 133771) using
Mirus TransIT-LT1 transfection reagent. Twenty-four
hours after transfection, the transfection mix was re-
moved, and the cells were allowed to recover in fresh me-
dia for 48 h before harvest. Purifications of polypeptides
conjugated with His6-SUMO1 or His6-SUMO2 were per-
formed by following the protocol described by Tatham
et al. (2009) using nickel–nitrilotriacetic acid (Ni-NTA)
agarose beads (Qiagen 30230) following the manufactur-
er’s protocol. Briefly, cells were lysed in cell lysis buffer
(6 M guanidinium-HCl, 10 mM Tris-HCl, 100 mM
sodium phosphate buffer at pH 8.0, 20 mM NEM, 10
mM imidazole [Sigma I2399], 5 mM β-mercaptoethanol
[Sigma M3148]). Cell lysates were sonicated for 45 sec
and cleared by centrifugation at 3000g for 15 min at
room temperature. The supernatants were subjected to
purification of His-tagged peptides with prewashed Ni-
NTA agarose beads overnight at 4°C. Samples were then
washed sequentially with (1) cell lysis buffer supplement-
ed with 0.01% (v/v) Triton X-100, (2) pH 8.0 wash buffer (8
M urea, 10 mM Tris-HCl, 100 mM sodium phosphate
buffer at pH 8.0, 20 mM NEM, 10 mM imidazole, 0.1%
[v/v] Triton X-100, 5 mM β-mercaptoethanol), and (3) pH
6.3 wash buffer (8 M urea, 10 mM Tris-HCl, 100 mM
sodium phosphate buffer at pH 6.30, 20 mM NEM, 10
mM imidazole, 0.1% [v/v] Triton X-100, 5 mM β-mercap-
toethanol). Purified samples were eluted in elution buffer
(200mM imidazole, 5% [w/v] sodium dodecyl sulfate, 150
mM Tris-HCl, 30% [v/v] glycerol, 720 mM β-mercaptoe-
thanol, 0.0025% [w/v] bromophenol blue) for 30 min at
room temperature.

Purification of SUMO-conjugated peptides

SUMO-conjugated polypeptides in subcellular fraction-
ation sampleswere purifiedwith biotin SUMOcapture re-
agent (Biotin S-Cap, LifeSensors, Inc. SM-101) following
the manufacturer’s protocol. Prior to binding of SUMO-
conjugated polypeptides, the concentrations of NP-40 in
cytoplasmic fractionation samples were adjusted to
0.2% (v/v) NP-40 with dilution buffer (100 mM Tris-HCl
at pH 8.0, 150mMNaCl, 5mMEDTA at pH 8.0). Samples
were incubated with 1 µM biotin S-Cap for 2 h on ice. Fol-
lowing the biotin S-Cap reagent binding reaction, the in-
put control samples were collected, and the remaining
samples were incubatedwithDynabeadsM-280 streptavi-
din magnetic beads (Invitrogen 11206D) for 2 h at 4°C on

an end-over-end rotator. Following the binding reaction of
the biotin S-Cap reagent to streptavidin beads, the un-
bound fractions were collected. The pull-down samples
bound to streptavidin beads were washed four times
with wash buffer (100 mM Tris-HCl at pH 8.0, 150 mM
NaCl, 5 mM EDTA at pH 8.0, 0.05% [v/v] NP-40, 0.1%
[v/v] Tween-20, 5 mM NEM, 1× protease inhibitor cock-
tail [Roche 11836170001]) and eluted by boiling for 5
min at 95°C.

Mass spectrometry

For preparation of purified SUMO-conjugated peptides for
mass spectrometry analysis, chromatin extracts were ac-
quired using the subfractionation process described above.
Four milligrams of total protein from each sample was
subjected to binding of SUMO-conjugated polypeptides
to 1 µMbiotin S-Cap in a total volume of 200 µL of binding
reaction for 2 h on ice. The samples were then incubated
with streptavidin Sepharose high-performance agarose
beads (Cytiva, GE Healthcare 17-5113-01) overnight at
4°C on an end-over-end rotator. Beads were washed
sequentially (1) four times with wash buffer (100 mM
Tris-HCl at pH 8.0, 150 mM NaCl, 5 mM EDTA at pH
8.0, 0.05% [v/v] NP-40, 0.1% [v/v] Tween-20, 5 mM
NEM, 1× protease inhibitor cocktail), (2) once with
TNNE wash buffer (25 mM Tris-HCl at pH 7.40, 150
mMNaCl, 0.1%NP-40, 1mMEDTA), and (3) three times
with ABC buffer (50 mM ammonium bicarbonate at pH
8.0). Tryptic digestion was performed on beads using 1
µg of trypsin (BioShop T6567) dissolved in ABC buffer
overnight at 37°C, followed by extended incubation with
an additional 0.5 µg of trypsin for 3 h. The digested peptide
samples (supernatant) were lyophilized using vacuum
centrifugation without heating.
Data-dependent acquisition liquid chromatography

with tandem mass spectrometry analysis was performed
by the Network Biology Collaborative Centre (NBCC)
Proteomics Facility at the Lunenfeld-Tanenbaum Re-
search Institute. The lyophilized digested peptides were
loaded onto Evotip Pure (per the manufacturer’s instruc-
tions) and the performance column (8 cm×150 µm with
1.5-µm beads; Evosep EV-1109) and then eluted from the
column at 40°C using the preformed acetonitrile gradient
with the 60 SPD (samples per day)method generated by an
Evosep One system. Tandem mass spectrometry analysis
was performed with the eluted peptides for 22 min using
timsTOF Pro 2 (Bruker) in data-dependent mode. For
data extraction frommass spectrometry analysis,MSFrag-
ger 3.7 was used within the ProHits LIMS platform. The
experimental data were searched against the human refer-
ence proteome database from UniProt (UP000005640),
and trypsin specificity (twomissed cleavages), N-terminal
acetylation, and oxidated methionine were set as variable
modifications. For data analysis, only proteinswith amin-
imum probability of 0.5 were considered, and redundant
peptides were not removed. To assignQ-values and poste-
rior error probabilities (PEPs) for each match, the target–
decoy competition method was used. Precursor and frag-
ment mass tolerance was set to 30 ppm. The hit proteins
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were identified using an FDR filter set to 0.01, and FDR for
each match was estimated by using the razor peptide
method and both a filtered peptide-spectrum match
(PSM) score and a protein list.

Data sets

The data sets generated and analyzed during this study are
available in the following source data files: NCBI BioPro-
ject: PRJNA1085024, MassIVE: MSV000094236, and Pro-
teomeXChange: PXD050361.
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