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The mitotic spindle is composed of dynamic microtubules
and associated proteins that together direct chromosome move-
ment during mitosis. The spindle plays a vital role in accurate
chromosome segregation fidelity and is a therapeutic target in
cancer. Nevertheless, the molecular mechanisms by which many
spindle-associated proteins function remains unknown. The
nucleolar and spindle-associated protein NUSAP1 is a microtu-
bule-binding protein implicated in spindle stability and chro-
mosome segregation. We show here that NUSAP1 localizes to
dynamic spindle microtubules in a unique chromosome-centric
pattern, in the vicinity of overlapping microtubules, during
metaphase and anaphase of mitosis. Mass spectrometry-based
analysis of endogenous NUSAP1 interacting proteins uncov-
ered a cell cycle-regulated interaction between the RanBP2-
RanGAP1-UBC9 SUMO E3 ligase complex and NUSAPI. Like
NUSAP1 depletion, RanBP2 depletion impaired the response of
cells to the microtubule poison Taxol. NUSAP1 contains a con-
served SAP domain (SAF-A/B, Acinus, and PIAS). SAP domains
are common among many other SUMO E3s, and are implicated
in substrate recognition and ligase activity. We speculate that
NUSAP1 contributes to accurate chromosome segregation by
acting as a co-factor for RanBP2-RanGAP1-UBC9 during cell
division.

The accurate partitioning of chromosomes during cell divi-
sion is essential for cell survival and preventing chromosome
instability. The movement of chromosomes during mitosis
requires the assembly and organization of a bipolar array of
microtubules termed the mitotic spindle. Spindle dynamics are
controlled by numerous microtubule-associated proteins, and
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the molecular function of many of these remains to be
characterized.

Nucleolar and spindle-associated protein 1 (NUSAP1)? is a
mitotic phosphoprotein that binds microtubules and has been
implicated in cell division (1-6). NUSAP1 is highly conserved
among higher eukaryotes and genetic knock-out in mice is
embryonic lethal due to chromosome segregation defects (4).
NUSAP1 is overexpressed in numerous malignancies, and high
levels correlate with poor prognosis in aggressive triple-nega-
tive breast cancer (7). A central domain in NUSAP1 directly
interacts with microtubules in vitro and in vivo, and its associ-
ation with the mitotic spindle is controlled by phosphorylation
(1, 2, 6). NUSAPI and has been implicated in mitotic progres-
sion, spindle formation, and stability (1-3). In addition,
NUSAPI depletion sensitized a variety of cell types to the che-
motherapeutic agent Taxol, consistent with its role in spindle
formation and stability (8, 9). Furthermore, studies in frog egg
extracts have suggested a potential role for NUSAP1 in tether-
ing microtubules to chromatin in a kinetochore-independent
manner (1).

Mass spectrometry-based analysis of spindle-associated fac-
tors demonstrated that NUSAP1 is among a small group of
proteins, which includes PRC1/Asel and KIF4, whose binding
to microtubules increases after anaphase compared with earlier
stages of mitosis (10). Consistent with this observation,
NUSAP1 phosphorylation by CDK1/Cyclin B, which is active in
early mitosis, displaces it from microtubules (6). Together, these
studies point to a crucial role for NUSAP1 is regulating both early
and late mitotic events. Importantly, they strongly suggest that
there exists a pool of microtubule-free NUSAP1 in early mitosis
that could contribute to its function during cell division.

We previously identified NUSAP1 as a substrate for a cell
cycle-regulated, SCF-type E3 ubiquitin ligase during S/G,
phase (9). NUSAP1 is also targeted for degradation during late
mitosis and in early G, by a second E3 ligase, the anaphase
promoting complex/cyclosome (APC/C) (11). In addition to its

3The abbreviations used are: NUSAP1, nucleolar and spindle-associated
protein 1; APC/C, anaphase promoting complex/cyclosome; CPC, chromo-
some passenger complex; IF, immunofluorescent; IP, immunoprecipita-
tion; TSC, total spectral count; PLA, proximity ligation assay; AEBSF, 4-
(2-aminoethyl)benzenesulfonyl fluoride; WCE, whole cell extract; PIPES,
1,4-piperazinediethanesulfonic acid.
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regulation by ubiquitin, NUSAP1 was also recovered in large-
scale cell cycle phospho-proteomic studies (12, 13). However,
the role of NUSAP1 in mitosis remains largely unknown, as does
the network of proteins to which it binds during cell division. To
gain mechanistic insights into how NUSAP1 regulates cell divi-
sion, we applied mass spectrometry-based proteomics to identify
endogenous NUSAP1-interacting proteins. This analysis identi-
fied a cell cycle-regulated interaction between NUSAP1 and a
SUMO (small ubiquitin-like modifier) E3 ligase complex.

SUMO is an ubiquitin-related protein that is post-transla-
tionally appended to substrates, contributing to various aspects
of signaling. SUMOylation has been linked to transcriptional
activation, protein stability, and regulating protein-protein
interactions (14, 15). The first described SUMO E3 ligase is
composed of three proteins; Ran-binding protein 2 (RanBP2),
Ran GTPase-activating protein 1 (RanGAP1), and the SUMO
E2 conjugating enzyme, UBC9 (16 —18). During interphase, this
complex is part of the nuclear pore where it functions in Ran-
mediated nuclear import and export (19, 20). However, follow-
ing nuclear envelope breakdown at mitotic entry, the RanBP2
SUMO E3 ligase dissociates from the nuclear pore complex and
SUMOylates proteins important for chromosome segregation
(16, 21-23). The DNA decatenating enzyme TOP2A is
SUMOylated at the metaphase to anaphase transition by the
RanBP2 E3; SUMOylation directs TOP2A localization to cen-
tromeres, where it functions in sister chromatid disjunction
(22). Failure to SUMOylate TOP2A during mitosis has been
linked to severe chromosome mis-segregation (22, 24).
Another RanBP2 SUMO E3 ligase target is Borealin, a member
of the chromosome passenger complex (CPC), whose functions
are critical to kinetochore-microtubule attachment and chro-
mosome segregation (21, 23). The CPC is composed of Borea-
lin, Survivin, INCENP, and Aurora B, and SUMOylation of CPC
complex members is highly conserved (25). SUMOylation of
the cell cycle transcription factor FoxM1 during G,/M regu-
lates its activity (15, 26). Finally, the kinetochore-associated
microtubule motor CENP-E is SUMOylated, contributing to its
kinetochore localization and function (27).

The most well characterized SUMO ligases described to date
are the PIAS family of SUMO E3s. PIAS proteins are a family of
conserved SUMO ligases involved in various aspects of cellular
physiology, including cell cycle control. PIAS proteins contain
an amino-terminal SAP (SAF-A/B, Acinus, and PIAS) domain
that has been implicated in both enzyme activation and sub-
strate targeting (28). Despite the significant size of the RanBP2—
RanGAP1-UBC9 complex (RanBP2 has a predicted molecular
mass of 358 kDa), it lacks a recognizable SAP domain. Notably,
NUSAP1 has an obvious SAP domain in its amino terminus and
we propose that NUSAP1 could facilitate RanBP2 ligase func-
tion through the amino-terminal SAP domain.

Results

NUSAPT1 localizes to dynamic spindle microtubules near
chromatin

NUSAPI is a cell cycle-regulated, microtubule-binding pro-
tein whose expression has been shown previously, by us and
others, to oscillate during the cell cycle (2, 9, 29). However,
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experiments performed to date were done on relatively short
time scales after synchronization and release, making it difficult
to know if its dynamics were due to the effects of chemical
synchronization. To analyze NUSAP1 protein dynamics
throughout an entire cell cycle we performed immunoblots on
U20S cells synchronized using nocodazole, isolated by shake-
off, and followed for 28 h after re-plating (Fig. 14). NUSAP1
levels are elevated in mitotic cells compared with asynchronous
populations, concomitant with an increase in phosphorylated
histone H3 (Ser-10), a marker of mitosis. NUSAP1 levels
decrease abruptly as cells enter G, phase, consistent with deg-
radation mediated by the APC/C. NUSAPI levels remain low
through early S phase, when Cyclin E is expressed and Cdhl is
degraded, and then begin to accumulate after the expression of
Cyclin A, which marks the beginning of S phase. NUSAP1 is
also targeted by another E3 ligase, the SCF<¥*"""F, during S/G,
(9). Interestingly, abundance of the APC/C co-activator Cdc20,
Cyclin F, and NUSAP1 are all abruptly diminished at mitotic
exit, consistent with their coordinated degradation by APC/C
and its other co-activator, Cdhl (Fig. 14 and supplemental Fig.
S1) (30).

We used high-resolution immunofluorescent (IF) imaging to
interrogate the localization of NUSAP1 during mitosis, when
its protein levels are at their highest. The specificity of the
NUSAPI1 antibody was confirmed by comparing anti-NU-
SAPI1-stained cells treated with either control siRNA targeting
firefly luciferase (FF) or oligonucleotides targeting NUSAPI.
RNAIi depletion of NUSAP1 completely eliminated staining,
confirming antibody specificity for IF. In prometaphase,
NUSAP1 staining was diffuse and localization to specific
mitotic structures was not apparent (supplemental Fig. S1).
Later in mitosis NUSAP1 did not localize to the whole of the
mitotic spindle, like the majority of known microtubule-bind-
ing proteins in mitosis (Fig. 1B). Instead, it localizes to the cen-
tral spindle with the most concentrated area of NUSAP1 being
near the chromatin (Fig. 1B). Highly concentrated NUSAP1
staining in the vicinity of chromatin was visible during meta-
phase, anaphase, and telophase, with the bulk of NUSAP1
appearing to localize to the spindles around chromatin.
NUSAP1 localization is coincident with regions of anti-parallel,
overlapping microtubules in the central spindle. Notably, this
chromatin-centric spindle localization is highly unique among
known microtubule-binding proteins in mitosis. Interestingly,
it is comparable, although not identical, to PRC1 and KIF4,
which also show increased microtubule binding after anaphase
and control anti-parallel microtubule assemblies in the central
spindle (10, 31-33). This suggests that NUSAP1 represents a
unique class of microtubule-binding protein that localize in the
vicinity of inter-digitated microtubules and that tracks chroma-
tin localization in both early and late mitosis.

The localization of a pool of NUSAP1 on spindle microtu-
bules near chromatin prompted us to determine whether
NUSAPI localization is microtubule dependent. Prior to fixa-
tion, cells were treated with either DMSO (control) or the
microtubule depolymerizing drug nocodazole. NUSAP1 local-
ization is lost when the spindle is depolymerized by nocodazole
treatment, confirming that its localization it microtubule de-
pendent (Fig. 1C). To determine which population of microtu-
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bules NUSAP1 localizes to, we depolymerized dynamic spindle
microtubules prior to fixation (Fig. 1C). Cells were cold treated
prior to fixation, which leads to the destabilization of microtu-
bules that are not stably attached to kinetochores (k-fibers).
NUSAPI localization to the spindle was lost when non-kineto-
chore microtubules were depolymerized, suggesting that
NUSAP1 localizes to dynamic microtubules during mitosis
(Fig. 1C). This observation, and the diffuse NUSAP1 staining in
prometaphase cells, is consistent with the notion that NUSAP1
binds to overlapping spindle microtubules. Finally, we analyzed
single focal planes of NUSAP1 and tubulin staining by confocal
microscopy. We observed NUSAP1 localization along microtu-
bules, but not at the centromere, centrosome, or kinetochore
(Fig. 1D). Together, these data confirm that NUSAP1 is cell
cycle regulated, and demonstrate its chromatin-centric local-
ization to dynamic microtubules during mitosis.

Identification of NUSAP1 interacting proteins using mass
spectrometry

NUSAPI has a unique mitotic localization pattern compared
with known microtubule-binding proteins (Fig. 1). Because
NUSAP1 has been implicated in spindle stability and chromo-
some segregation we were interested in the mechanism by
which NUSAP1 contributes to mitotic progression. To address
this question, we analyzed protein interaction partners that
bind NUSAP1 using endogenous NUSAP1 immunoprecipita-
tion (IP) followed by protein identification using mass spec-
trometry (MS/MS). We performed IP experiments using con-
trol IgG and endogenous NUSAP1 antibodies in multiple cell
lines (HeLa and HEK-293T). In addition, because NUSAP1 lev-
els peak during mitosis (Fig. 14) we also performed IPs from
both asynchronous and mitotic HEK-293T cells arrested using
nocodazole. By performing endogenous IPs in multiple cell
lines and physiological conditions we sought to identify the
strongest interactors that are most likely to be physiologically
relevant in controlling mitotic progression. The total spectral
counts (TSCs) for each interacting protein in each pulldown
experiment are reported in supplemental Table S1.

We filtered out nonspecific interactions identified in control
IgG IPs, which were performed in parallel with each experi-
ment, and removed known contaminants based on the CRAP-
ome dataset (34). We then overlapped the remaining interac-
tions between the three IPs to identify the highest-confidence
set of NUSAP1-interacting proteins (Fig. 2A4). This resulting list
of 14 proteins included the known NUSAP1-interacting pro-
tein Importin-f (3).

This analysis identified all three members of the RanBP2
mitotic SUMO E3 ligase complex, which includes RanBP2,
RanGAP1, and the SUMO E2-conjugating enzyme UBC9. We
identified multiple RanBP2 and RanGAP1 peptides in all three
experiments. Despite the fact that NUSAP1 is more abundant
in mitotic cells, the IPs were saturating in that we detected a
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similar number of NUSAP1 TSCs between asynchronous and
mitotic 293T samples (supplemental Table S1). This allowed us
to compare the relative number of RanBP2, RanGAP1, and
Ubc9 TSCs between asynchronous and mitotic experiments.
Our data show an enrichment of all three proteins in the mitotic
sample relative to asynchronous cells, indicating that their
interaction is cell cycle regulated (Fig. 2B). Further supporting
an interaction between NUSAP1 and RanBP2, their binding
was detected in a recent, large-scale interactome study using a
tagged version of NUSAP1 (35).

To confirm our IP-MS/MS findings we tested whether
RanBP2 co-IPed with endogenous NUSAP1 in multiple cell
lines. Importantly, isolated endogenous NUSAP1 was precipi-
tated from nocodazole-arrested U20S, HeLa, HEK-293T, and
HCT116 cell lines which co-precipitated endogenous RanBP2
(Fig. 2C). Similarly, when we precipitated endogenous RanBP2
from nocodazole-arrested HEK-293T cells we co-precipitated
endogenous NUSAP1, as well as its known interactor RanGAP1
(Fig. 2D). This interaction was also detected in Taxol-arrested
cells, which prevents microtubule depolymerization, indicating
that their interaction is not due to gross changes in microtubule
dynamics (supplemental Fig. S2).

To further confirm these findings, we analyzed mitotic HEK-
293T cell lysates using size exclusion chromatography to sepa-
rate proteins and complexes based on their size and shape, fol-
lowed by endogenous NUSAP1 IP. In this experiment, RanBP2,
RanGAP1, and UBC9 co-migrated in a high molecular mass
complex (~1 mega dalton) (Fig. 2E, second to fourth lanes).
There was a small, but detectable amount of NUSAP1 that
also co-migrated with those fractions. Importantly, when we
precipitated endogenous NUSAP1 from those fractions
we co-precipitated both RanBP2 and RanGAP1 (Fig. 2F).
Together this data strongly supports an interaction between a
pool of available NUSAP1 and the RanBP2-SUMO E3 ligase
complex.

Interestingly, only a subset of SUMOylated RanGAP1 co-mi-
grated with RanBP2 based on the size exclusion chromato-
graphic analysis. The majority of SUMOylated and unSUMOy-
lated RanGAP1 eluted in fraction of ~500 kDa (Fig. 2E). This
demonstrates that there are RanBP2-bound and unbound pools
of RanGAP1 in mitotic 293T cells and contrasts with a recent
study suggesting that all of RanBP2 and RanGAP1 are com-
plexed together in HeLa cells (21). The reason for this discrep-
ancy is unknown, but could be cell line dependent. The peak
elution of NUSAP1 partially overlapped with the peak elution
of RanGAP1 that lacked RanBP2 and IPs from these fractions
demonstrate that RanGAP1 and NUSAP1 interact in those
fractions (Fig. 2, E and F, seventh to tenth lanes). The full
composition of these different NUSAP1 complexes remains
unknown.

Figure 1. NUSAP1 is a cell cycle-regulated microtubule-binding protein. A, U20S cells were synchronized by overnight treatment with nocodazole and
released by mitotic shake-off. Samples were analyzed by immunoblot as cells progress through the cell cycle. B, NUSAP1 localization to the mitotic spindle
analyzing by immunofluorescent imaging of mitosis in U20S cells. (Scale bars = 10 um.) G, NUSAP1 localization was analyzed in nocodazole-treated cells and
following incubation with ice-cold buffer to destabilize non-kinetochore microtubules. (Scale bars indicate 5 um.) D, single plane confocal imaging of NUSAP1
localization on the spindle during metaphase. Insets highlight two kinetochore-microtubule attachments. (Scale bars indicate 5 um.)
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SUMOylated RanGAP1.

NUSAP1 does not control RanBP2 localization during mitosis

The RanBP2 complex regulates the SUMOylation of TOP2A
and Borealin, both of which have distinct mitotic localization
patterns (16, 21-23). In addition, RanBP2 localizes at the kine-
tochore and on the spindle (36). We hypothesized that
NUSAP1 could recruit the RanBP2 SUMO E3 ligase to the spin-
dle. We performed IF, probing for RanBP2 and RanGAP1 local-
ization in control (FF) and NUSAP1-depleted cells. We
observed the previously reported RanBP2 and RanGAP1 local-
ization patterns in control-depleted cells (37). However, in both
U20S and HeLa cells lines neither RanBP2 nor RanGAP1 local-
ization was affected by NUSAP1 depletion (Fig. 3, A-C, and
supplemental Fig. S3). Due to previous reports suggesting that
SUMOylation of TOP2 regulates its centromeric localization,
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we also analyzed the localization of TOP2A and TOP2B on
chromatin in control- and NUSAP1-depleted cells using bio-
chemical fractionation. Similarly, we observed no change in the
localization of TOP2 on chromatin in control- and NUSAP1-
depleted cells (Fig. 3D). We conclude that NUSAPI is not
involved in the localization of RanBP2 and RanGAP1, nor that
of the RanBP2—RanGAP1-UBC9 SUMO substrate TOP2.
Because our IF staining was unable to distinguish clear co-lo-
calization of NUSAP1 with RanBP2 or RanGAP1 and there are
soluble pools of NUSAP1, RanBP2, and RanGAP1 during mito-
sis, we determined where these proteins interact using a prox-
imity ligation assay (PLA) (Fig. 4). PLA relies on the proximity
of co-localizing antibodies during immune staining of fixed
cells, which allows for the rolling circle amplification of a DNA
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probe that is detected using fluorescence hybridization. The
resultis a fluorescent foci at each site of interaction between the
target proteins (38). Performing PLA in asynchronous cells
with either NUSAP1 or RanGAP1 antibody alone produced a
low background (Fig. 4A4), quantified in Fig. 4B. Co-staining
RanBP2 and RanGAP1 served as a positive control because they
interact in both interphase and mitotic cells. Co-staining with
NUSAP1 and RanGAP1 antibodies showed a strong increase in
the number of foci in the cytosol of mitotic cells (Fig. 4, A and
B). Intriguingly, the mitotic cells with the lowest number of foci
in the NUSAP1- and RanGAP1-stained samples were in the late
stages of mitosis (telophase and after; identified by red triangles
in Fig. 4B). This suggests that the interaction between NUSAP1
and the RanBP2-E3 ligase complex decreases in late mitosis as
the cells begin to rebuild their nuclear membranes/pores. Con-
sistent with expression of NUSAPI late in the cell cycle, and
a cell cycle-dependent interaction between NUSAP1 and
RanBP2-RanGAP1, the PLA signal was unchanged between
single antibody-stained controls (NUSAP1 and RanGAP1 only)
and dual antibody (combined NUSAP1/RanGAP1)-stained
interphase cells. This supports the observation that NUSAP1
interacts with RanBP2-RanGAP1 in a cell cycle-dependent
manner, and suggest that NUSAP1 binds RanBP2—RanGAP1
independent of the mitotic spindle, consistent with the binding
observed in nocodazole-treated cells.

RanBP2 depletion impairs the response to Taxol

Previous reports have shown that NUSAP1 depletion sensi-
tizes cells to spindle poisons, such as Taxol or nocodazole (9).
To determine whether RanBP2 depletion would show a con-
sistent phenotype, we depleted cells of RanBP2 using siRNA
and treated them with increasing doses of Taxol overnight.
RanBP2 was effectively depleted by siRNA based on immuno-
blot analysis (Fig. 5B). Propidium iodide staining for DNA con-
tent in control-depleted cells shows a progressive increase in
G,/M phase cells in response to Taxol, indicating an increased
number of cells arresting in response to spindle checkpoint
activation (Fig. 54). RanBP2-depleted cells had substantially
reduced numbers of cells in the G,/M phase at all doses of Taxol
tested, consistent with a defect in maintaining their mitotic
arrest in response to checkpoint activation. Consistent with a
slippage through mitosis, there was also a reduction in Cyclin
B levels in RanBP2-depleted cells compared with controls.
At higher doses of Taxol the number of surviving cells at the
time of harvest was also reduced. These data are consistent
with our previous studies showing that NUSAP1-depleted
cells are sensitive to spindle poisons that activate the spindle
checkpoint (9).

Discussion

NUSAPI is an important regulator of mitotic progression
and chromosome segregation. NUSAP1 is essential for mouse
development, and its inactivation by RNAI leads to defects in
chromosome segregation (4). The NUSAP1 protein is tightly
controlled post-translationally during the cell cycle. Its stability
is controlled by at least two E3 ubiquitin ligases: SCF<Y<!i»F
during S/G, phase and APC/C in G; (9, 11). Furthermore,
NUSAPI phosphorylation is up-regulated during cell cycle pro-
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gression on upwards of 20 different residues (12, 13). Neverthe-
less, little is known about where NUSAP1 fits mechanistically in
the mitotic spindle apparatus.

We used confocal imaging to determine the precise localiza-
tion of NUSAP1 on the mitotic spindle, providing a high-reso-
lution snapshot of NUSAPI localization at each stage of
mitosis. Interestingly, NUSAP1 exhibits a prominent, chroma-
tin-centric localization pattern during metaphase and anaphase
that is unique among microtubule-binding proteins. We dem-
onstrate here that NUSAP1 is localized on microtubules, and
that its localization is dependent on dynamic spindle microtu-
bules, indicating a unique role for NUSAP1 in the process of cell
division. The localization of NUSAP1 is most consistent with
that of overlapping, inter-digitated spindle microtubules. Con-
sistent with this, we see no significant NUSAP1 staining in pro-
metaphase cells where the spindle poles have not yet separated.
We are unaware of another microtubule-binding protein with a
localization that is fully coincident with chromatin during
metaphase and anaphase of mitosis. The PRC1 and KIF4
proteins show the most consistent localization with that of
NUSAPI during metaphase, but localize to the spindle mid-
zone at anaphase. However, NUSAP1, PRC1, and KIF4 all
showed increased microtubule binding after anaphase, suggest-
ing a potential relationship between these factors in controlling
spindle integrity (10).

To further define the role of NUSAP1 we examined endoge-
nous binding partners using mass spectrometry. Through this
analysis we identified and validated a cell cycle-regulated inter-
action between NUSAP1 and the RanBP2-RanGAP1-UBC9
SUMO E3 ligase. Their interaction was identified first using
endogenous NUSAP1 pulldown followed by mass spectrometry
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and was validated by co-IP of both endogenous proteins in mul-
tiple cell lines. We were surprised not to identify a larger set of
overlapping proteins between datasets, and predict that inter-
cell lines differences could be explained by variances in the
oncogenic repertoire of the different cell types. An interaction
between NUSAP1 and RanBP2 was also detected in a large-
scale study that globally mapped protein—protein interaction
networks, providing further validation for their interaction
(39). RanBP2-RanGAP1-UBC9 is a critical SUMO ligase
involved in cell division. However, little is known about which
substrates it targets, how those substrates are recognized, how
its activity is regulated, and how its localization is controlled.
PIAS proteins, the most well characterized family of SUMO
E3 ligases, all share a SAP domain (SAFA/B, Acinus, and PIAS
protein domain) at their N terminus. Although the SAP domain
of PIAS proteins has been shown to be involved in nuclear
import and DNA binding, PIAS protein SAP domains also
mediate substrate interactions. For example, PIAS1 interacts
with its substrate C/EBP- via its SAP domain, with deletion of
its SAP domain resulting in failure to SUMOylate C/EBP-f3
(28). Interestingly, none of the RanBP2-associated SUMO
ligase components contain an identifiable SAP domain.
NUSAP1, however, has a well conserved SAP domain at its N
terminus, with nearly all of the key, conserved residues found
in the PIAS protein SAP domains (supplemental Fig. S4) (49).
Like the PIAS proteins and other SAP domain containing pro-
teins, the NUSAP1 SAP domain has been shown to be impor-
tant for its interactions with DNA, however, this may not be its
only function (40). It is unknown how RanBP2 SUMO ligase is
activated and how it specifies substrates for SUMOylation. We
speculate that NUSAP1 could be a regulatory subunit for the
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Figure 5. RanBP2 knockdown sensitizes cells to Taxol treatment. A, U20S cells were transfected with control of RanBP2 targeting siRNA and then treated
overnight with increasing doses of Taxol. Cell cycle was analyzed by propidium iodide staining and flow cytometry. B, immunoblot analysis of cells from A.

complex, mediating substrate interactions and/or complex
activation, similar to the role of substrate adapters in cullin
E3 ligases. Importantly, depletion of NUSAP1 using multiple
siRNA reagents does not interfere with RanBP2—RanGAP1
complex assembly (supplemental Fig. S5). It is noteworthy that
despite being the first discovered SUMO E3, little is known
about the enzymology of the intact complex, due in large part to
the size of RanBP2 (21, 41).

Despite the prominent localization of NUSAP1 during meta-
phase and anaphase to microtubules in the vicinity of chroma-
tin, its binding to RanBP2-RanGAP1 is cytoplasmic. Thus,
NUSAP1 could contribute to mitotic progression through mul-
tiple mechanisms: at the site overlapping microtubules on the
mitotic spindle and through interactions with RanBP2 in the
cytoplasm.

Recent large-scale studies have sought to identify targets of
SUMOylation and have even examined cell cycle-dependent
changes in SUMOylation. However, NUSAP1 has not been
identified in any of these large-scale SUMO substrate screens,
suggesting it is not a target for SUMOylation, despite these
screens often being conducted using mitotic cells (42—-45).
Although this does not rule out NUSAP1 as a SUMO substrate,
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we currently lack evidence supporting it as target of SUMOyla-
tion and were unable to detect NUSAP1 in SUMO pulldowns.

Little is known about how SUMO E3 ligases interact with,
and subsequently SUMOylate their targets and how these inter-
actions are regulated. If NUSAP1 did mediate enzymatic activ-
ity of the RanBP2 SUMO E3 ligase, this would provide impor-
tant insight into the functions of not only the RanBP2 complex,
but possibly how other SUMO E3 ligases are regulated as well.
Further study of the interaction between NUSAP1 and the
RanBP2 SUMO E3 ligase, and possibly the SUMO pathway,
could elucidate the mechanisms involved in the regulation of
other SUMO E3 ligases.

Experimental procedures
Mammalian cell culture

HEK-293T, U20S, HCT116, and HeLa cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supple-
mented with 10% FBS (Atlanta Biologicals) and Pen/Strep
(Gibco). Nocodazole (Sigma, 487928) was used at 150 ng/ml for
U20S and 200 ng/ml for 293T. All siRNA transfections were
performed using Lipofectamine RNAiMax (Thermo) following
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the manufacturer’s protocol. Control, nonspecific siRNA-
targeted firefly luciferase (siFF). Three different siRNAs against
NUSAP1 were used, each at a concentration of 20 nm. The
siRNA oligonucleotide sequences used in this study are detailed
in supplemental Table S2.

Immunoblotting and immunoprecipitations

Samples analyzed by immunoblot were lysed in NETN (20
mM Tris-Cl, pH 8.0, 100 mm NaCl, 0.5 mm EDTA, 0.5% Nonidet
P-40 (Nonidet P-40)) supplemented with 1 ug/ml of apopro-
tinin, 1 pg/ml of pepstatin, 10 ug/ml of leupeptin, 1 mm
Na,VO,, 1 mM NaF, and 1 mm AEBSF (4-(2-aminoethyl)
benzenesulfonyl fluoride). Protein concentration was esti-
mated using the Bradford assay (Bio-Rad). Laemmli buffer was
added to samples, which were then separated by SDS-PAGE gel
electrophoresis using homemade or commercially available
gels (Bio-Rad). Gels were transferred to nitrocellulose mem-
branes and blotted using standard immunoblotting procedures.

NUSAPI1-interacting proteins were identified using endoge-
nous immunoprecipitation followed by tandem mass spec-
trometry. The mass spectrometry analysis was carried out by
the UNC Hooker Proteomics Facility (described below). As a
source of starting material, we used asynchronous HEK-293T
and HelLa cells, or HEK-293T cells that were arrested in mitosis
by overnight incubation in nocodazole. Whole cell extracts
(WCE) were prepared on ice in the aforementioned NETN lysis
buffer. Protein A/G-agarose beads were covalently coupled to
control IgG or anti-NUSAP1 antibodies using dimethyl pime-
limidate (46). WCE was clarified by centrifugation at 14,000
rpm for 10 min at 4 °C in a benchtop microcentrifuge. Clarified
lysates were mixed with antibody-coated beads on a rotary
mixer for 4 h at 4 °C. Samples were quickly washed three times
with lysis buffer, eluted using 100 mm glycine (pH 2.5), and
neutralized with Tris buffer (pH 7.5). Elutions were then
digested with trypsin and analyzed by mass spectrometry (see
below for details).

For the co-IP experiments in Fig. 2, cells were lysed in hypo-
tonic lysis buffer (10 mm HEPES, pH 7.9, 10 mm KCl, 1.5 mm
MgCl,, 0.5 mm DTT), supplemented with 1 pg/ml of apopro-
tinin, 1 pg/ml of pepstatin, 10 ug/ml of leupeptin, 1 mm
Na,;VO,, 1 mm NaF, and 1 mm AEBSE. Protein A/G DynaBeads
(Thermo) were bound to control rabbit IgG, NUSAPI1, or
RanBP2 antibodies overnight at 4 °C. Samples were incubated
with beads for 4 h at 4 °C, which were subsequently washed
three times in lysis buffer and eluted with 2X Laemmli sample
buffer at 95 °C for 10 min.

Immunological reagents

Commercially available antibodies used in this study, includ-
ing their use (immunoblotting, immunofluorescence, etc.), cat-
alogue numbers, and specific dilutions are included in supple-
mental Table S2.

An antibody against RanBP2 was generated in-house for
these studies. The DNA sequence encoding amino acids 1000 —
1200 was cloned into the pET28A using traditional PCR ampli-
fication to generate an amino terminally tagged hexahistidine-
tagged version of the fragment. The cloning was verified by
Sanger sequencing and the resulting plasmid DNA was intro-
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duced into BL21 (DE3) Escherichia coli for recombinant pro-
tein production. The expression of the Hisg-tagged RanBP2
fragment was induced by the addition of isopropyl 1-thio-B-p-
galactopyranoside for 22 h at 18 °C. Bacterial pellets that had
been frozen and then thawed on wet ice were diluted in Hisg
purification buffer (20 mm Tris, pH 7.9, 500 mm NaCl, 0.5%
Nonidet P-40, 5 mm imidazole, 0.5 mg/ml of lysozyme, 0.5 mm
AEBSF, 1 ug/ml of apoprotinin, 1 ug/ml of pepstatin, 10 ug/ml
of leupeptin, 1 mm DTT). Cells were sonicated for 5 min and
lysates was centrifuged at 15,000 rpm for 30 min at 4 °C in a
SS-34 fixed angle rotor. Soluble extracts were incubated in
batch with nickel-nitrilotriacetic acid-agarose (Thermo) on a
rotary mixer for 90 min at 4 °C. Beads were washed extensively
with 20 mm Tris (pH 7.5), 500 mm NaCl, 0.5% Nonidet P-40, 30
mM imidazole and then eluted in 20 mm Tris (pH 7.5), 200 mm
NacCl, 300 mm imidazole. Eluted samples were analyzed by Coo-
massie Blue staining, combined, and tested by Bradford. His,-
RanBP2'°9° 1299 ywas conjugated to keyhole limpet hemocya-
nin and injected into rabbits for antiserum production by
Pocono Rabbit Farm & Laboratory (PRF&L, Canadensis, PA).
The serum was affinity purified over a column of recombinant
protein using the described protocols and dialyzed into
PBS (46).

For immunoblotting, antibodies were diluted in a solution of
5% nonfat dry milk in phosphate-buffered saline, 0.05% Tween
20 (PBST). Antibodies were either incubated at room temper-
ature for 2 h or overnight at 4 °C. Detection was performed
using HRP-conjugated secondary antibodies (Jackson Immu-
noResearch Laboratories, Inc.; 1:10,000), ECL reagent (Pierce),
and exposure to film.

Mass spectrometry analysis

Samples provided in solution were digested using the FASP
(filter-assisted sample preparation) protocol. This includes
reduction, alkylation, and digested with trypsin. The peptides
were extracted, lyophilized, and resuspended in 2% acetonitrile,
98% of 0.1% formic acid. The peptides were loaded onto a 2-cm
long X 360-pum outer diameter X 100-um inner diameter
microcapillary fused silica precolumn packed with Magic 5-um
C18AQ resin (Michrom Biosciences, Inc.). After sample load-
ing, the precolumn was washed with 95% Solvent A (0.1% for-
mic acid in water), 5% Solvent B (0.1% formic acid in acetoni-
trile) for 20 min at a flow rate of 2 ul/min. The pre-column was
then connected to a 360-um outer diameter X 75-um inner
diameter analytical column packed with 22 cm of 5-um C18
resin. The peptides were eluted at a flow rate of 250 nl/min by
increasing the percentage of solvent B to 40% with a Nano-
Acquity HPLC solvent delivery system (Waters Corp.). The LC
system was directly connected through an electrospray ioniza-
tion source interfaced to an LTQ Orbitrap Velos ion trap mass
spectrometer (Thermo Fisher Scientific). The mass spectrom-
eter was controlled by Xcalibur software and operated in the
data-dependent mode in which the initial MS scan recorded the
mass to charge (m/z) ratios of ions over the range 400-2000.
The 10 most abundant ions were automatically selected for
subsequent collision-activated dissociation. All files were
searched using MASCOT (Matrix Science, version 2.3.02) via
Proteome Discoverer (Thermo Fisher Scientific, version
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1.3.0.339) against a recently downloaded human FASTA data-
base. The search parameters included peptide mass tolerance of
10 ppm, and fragment ion tolerance of 0.6 mass unit. The search
allowed variable modifications for methionine oxidation and
carbamidomethylation of Cys.

Gel filtration chromatography

Mitotically arrested 293T cells were analyzed by gel filtration
chromatography. Cells were arrested overnight in nocodazole
and lysed in hypotonic buffer as described above. The cell
extract was clarified via centrifugation followed by filtration
through a 0.22-um syringe filter. Protein complexes in the clar-
ified lysate were then separated using a size exclusion column
(Superose 6 10/30, GE Healthcare) that had been pre-equili-
brated in hypotonic lysis buffer. During separation, 0.4-ml frac-
tions were collected and later analyzed by immunoblot and
endogenous NUSAP1 IP.

Chromatin fractionation

Cells were lysed in CSK buffer (10 mm PIPES, pH 7.0, 300 mm
sucrose, 100 mm NaCl, 3 mm MgCl,, 0.1% Triton X-100) sup-
plemented with 1 ug/ml of apoprotinin, 1 ug/ml of pepstatin,
10 pg/ml of leupeptin, 1 mm NazVO,, 1 mm NaF, and 1 mm
AEBSEF. Protein concentration was determined using Bradford
assay and a portion of the lysate was taken for WCE samples.
Samples were then pelleted at 3,000 rpm for 5 min at 4 °C.
Supernatant was saved as the soluble fraction (S). Each pellet
was washed with CSK buffer on ice and pelleted. The superna-
tant was removed and the pellet was resuspended in Laemmli
buffer diluted in CSK and boiled for 5 min before the DNA was
sheared using a needle to produce the insoluble fraction (I).

Immunofluorescence imaging

Cells were plated on poly-L-lysine-coated coverslips approx-
imately 1 day before fixation. Cells were fixed in PHEM buffer
(60 mMm PIPES, 25 mm HEPES, 10 mm EGTA, 2 mm MgCl,,
adjusted to pH 7.0 using KOH) + 3% paraformaldehyde for 13
min at 37 °C. Cells were washed with PHEM buffer and permea-
bilized using PHEM + 0.5% Nonidet P-40 for 15 min at room
temperature. Cells were washed in PBS before blocking in
PBS + 5% BSA. All antibodies were subsequently diluted in
PBST + 5% BSA. Primary antibodies and their dilutions used
were: a-NUSAP1 (1:500), a-RanGAP1 (1:100), a-RanBP2
(1:100), a-tubulin (1:200), mouse anti-HEC1 (Abcam ab3613;
1:500), guinea pig anti-CENP-C (MBL; 1:1000). Samples were
incubated in primary antibody solution for 1 h at 37 °C. All
fluorescent secondary antibodies (anti-mouse Alexa 594, anti-
rabbit Alexa 488, anti-mouse Alexa 488, anti-guinea pig Cy5)
were diluted 1:200 dilution and incubated for 1 h at 37 °C. DNA
was counterstained with 1 pug/ml of Hoechst 33342 for 5 min at
room temperature. All samples were mounted onto glass slides
in Prolong Gold medium.

The cold stability assay was conducted as detailed in Suzuki
et al. (47). Briefly, cells were treated with ice-cold media for 10
min before fixation and staining. PLA was performed using
the Sigma Duolink In Situ Red Starter Kit Mouse/Rabbit
(DUO92101 Sigma). Cells were plated and fixed as described
above. Staining was performed following the DuoLink kit pro-
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tocol, with primary antibodies against NUSAP1, RanBP2, and
RanGAP1 being used at the concentrations described above.
Tubulin counterstaining was performed using Alexa Fluor 488-
conjugated a-tubulin at a dilution of 1:100 for 40 min at 37 °C.

For image acquisition, three-dimensional stacked images
were obtained sequentially at 200 nm steps along the z axis
through the cell using MetaMorph 7.8 software (Molecular
Devices) and a Nikon Ti-inverted microscope equipped with
the Orca-ER cooled CCD camera (Nikon) and an X100/1.4 NA
PlanApo objective (Nikon). X, Y, and Z stage movement was
controlled by piezo MS2000-500 (ASI). Solid state laser
(Andor) illumination at 488, 568, and 647 nm were projected
through Borealis (Andor) for uniform illumination before a
spinning disc confocal head (Yokogawa CSU-10, PerkinElmer
Life Sciences) (48).

Flow cytometry

Cells were collected and fixed in 70% ethanol. Cells were then
washed twice in 1 ml of PBS, and then resuspended in a solution
of PBS containing a final concentration of 25 ug/ml of pro-
pidium iodide (Sigma) and 100 wg/ml of RNase A. Cells were
sorted using a Beckman Coulter CyAn ADP. Data were ana-
lyzed using Flow]o software.
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