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Poly-SUMO-2/3 chain modification of Nuf2 facilitates CENP-E kinetochore 
localization and chromosome congression during mitosis
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ABSTRACT
SUMO modification is required for the kinetochore localization of the kinesin-like motor protein 
CENP-E, which subsequently mediates the alignment of chromosomes to the spindle equator 
during mitosis. However, the underlying mechanisms by which sumoylation regulates CENP-E 
kinetochore localization are still unclear. In this study, we first elucidate that the kinetochore 
protein Nuf2 is not only required for CENP-E kinetochore localization but also preferentially 
modified by poly-SUMO-2/3 chains. In addition, poly-SUMO-2/3 modification of Nuf2 is signifi
cantly upregulated during mitosis, which is temporally correlated to the kinetochore localization 
of CENP-E during mitosis. We further show that the mitotic defects in CENP-E kinetochore 
localization and chromosome congression caused by global inhibition of sumoylation can be 
rescued by expressing a fusion protein between Nuf2 and the SUMO-conjugating enzyme Ubc9 
for stimulating Nuf2 SUMO-2/3 modification. Moreover, the expression of another fusion protein 
between Nuf2 and three SUMO-2 moieties (SUMO-2 trimer), which mimics the trimeric SUMO-2/3 
chain modification of Nuf2, can also rescue the mitotic defects due to global inhibition of 
sumoylation. Conversely, expressing the other forms of Nuf2-SUMO fusion proteins, which imitate 
Nuf2 modifications by SUMO-2/3 monomer, SUMO-2/3 dimer, and SUMO-1 trimer, respectively, 
cannot rescue the same mitotic defects. Lastly, compared to Nuf2, the fusion protein simulating 
the trimeric SUMO-2 chain-modified Nuf2 exhibits a significantly higher binding affinity to CENP-E 
wild type containing a functional SUMO-interacting motif (SIM) but not the CENP-E SIM mutant. 
Hence, our results support a model that poly-SUMO-2/3 chain modification of Nuf2 facilitates 
CENP-E kinetochore localization and chromosome congression during mitosis.
Abbreviations: CENP-E, centromere-associated protein E; SUMO, small ubiquitin-related modifier; 
SIM, SUMO-interacting motif.
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Introduction

Sumoylation, similar to ubiquitination and phos
phorylation, has emerged as a major mechanism in 
regulating the cell cycle progression through mito
sis [1–3]. Small ubiquitin-related modifier 
(SUMO) proteins are covalently conjugated to 
lysine (K) residue(s) of protein targets through 
the E1-activating enzyme (SAE1/SAE2 heterodi
mer), the E2-conjugating enzyme (Ubc9), and 
multiple E3 ligases. As a reverse process of sumoy
lation, SUMOs are removed from their substrates 
by a group of SUMO-specific isopeptidases called 
SENPs in vertebrates [4]. Although sumoylation 
frequently occurs at a lysine residue within 
a sumoylation consensus motif (Ψ-K-x-[D/E]) 
(Ψ: a hydrophobic residue; x: any residue; D/E: 

an acidic residue), SUMOs are also conjugated to 
a lysine residue within a non-consensus site [5–7]. 
In contrast to a single SUMO protein in yeast and 
invertebrates, vertebrates express three SUMO 
proteins: SUMO-1, SUMO-2, and SUMO-3. In 
humans, SUMO-2 and SUMO-3 are ~95% identi
cal to each other and therefore referred to as 
SUMO-2/3, but they share only ~45% sequence 
identity to SUMO-1. Similar to ubiquitin, SUMO 
can be conjugated to target proteins as a single 
monomer or as a poly-SUMO chain. Although 
both poly-SUMO-1 and poly-SUMO-2/3 chain 
modifications have been observed using in vitro 
sumoylation assays, poly-SUMO-2/3 chain modi
fication of protein targets seems to be predomi
nant in vivo [8–10]. One explanation is that both 
SUMO-2 and SUMO-3, but not SUMO-1, contain 
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a consensus sumoylation motif (10-VKTE-13) for 
the assembly of poly-SUMO-2/3 chains through 
the K11 residue [9–11].

Our previous immunofluorescence microscopy 
analysis revealed that SUMO-1 and SUMO-2/3 
display distinct subcellular localization during 
mitosis in mammalian cells [12]. While SUMO-1 
signals are present at the mitotic spindle, SUMO- 
2/3 signals are associated with centromeres and 
kinetochores during prophase and metaphase 
[12]. As one of the largest protein complexes, the 
kinetochore contains over 100 different proteins 
and consists of the inner kinetochore and the 
outer kinetochore [13,14]. While the inner kineto
chore proteins permanently associate with centro
meric chromatin throughout the cell cycle, the 
outer kinetochore proteins temporally assemble 
onto the inner kinetochore during mitosis to med
iate the kinetochore-microtubule attachment. 
Many different centromere/kinetochore proteins 
have been identified as SUMO-modified targets 
in various organisms ranging from yeast to 
humans [2,3,12,15–21].

The SUMO E2 enzyme Ubc9 and three E3 
ligases (including PIAS3, PIASy, and Nup358/ 
RanBP2) have been detected at kinetochores dur
ing mitosis [17,22,23]. In budding yeast, inhibition 
of Ubc9 expression blocks the cell cycle progres
sion at the G2/M phase with a defect in chromo
some segregation [24]. Consistent with this 
observation in budding yeast, global inhibition of 
sumoylation in mammalian cells by either over
expression of the SUMO isopeptidase SENP2 or 
RNAi depletion of Ubc9 leads to a prometaphase 
arrest and a defect in targeting the centromere- 
associated protein E (CENP-E) to kinetochores 
[12]. In addition, SENP2 is associated with kine
tochores during mitosis [25], suggesting that 
SENP2 may play a critical role in downregulating 
levels of SUMO-2/3 modification in kinetochores.

As a kinetochore-associated and plus end- 
directed kinesin, CENP-E contains an N-terminal 
microtubule-binding motor domain, a long coiled- 
coil domain for dimerization, and a C-terminal tail 
domain (1958–2701 amino acids) for kinetochore 
localization [26]. In addition, CENP-E is temporally 
present at the outer kinetochore from late prophase 
to late anaphase during mitosis [27,28]. CENP-E 
plays an essential role in chromosome congression 

by transporting chromosomes located near the spin
dle poles to the spindle equator, also called the meta
phase plate, along the preexisting spindle 
microtubules [29]. It has been shown previously 
that inhibition or depletion of CENP-E causes a pro- 
metaphase arrest with a subgroup of chromosomes 
clustered around the spindle poles [30–32].

Our previous study elucidated that the C-terminal 
tail domain of CENP-E contains a SUMO- 
interacting motif (SIM) (2307–2311 amino acid) 
essential for its specific interaction with poly- 
SUMO-2/3 chains in vitro and for its association 
with kinetochores in vivo [12]. In addition, we also 
found that two known CENP-E-interacting kineto
chore proteins, Nuf2 [33] and BubR1 [26], are spe
cifically modified by SUMO-2/3 in vivo [12]. By 
forming the stable Hec1/Ndc80 complex with 
Hec1, Spc24, and Spc25 at the outer kinetochore, 
Nuf2 plays a critical role in kinetochore- 
microtubule attachment and chromosome congres
sion during mitosis [26,34–36].

In this study, we tested the hypothesis that 
SUMO-2/3 modification of Nuf2 facilitates the 
kinetochore localization of CENP-E, which in 
turn mediates the chromosome alignment to the 
metaphase plate and the progression through 
mitosis. We first revealed that Nuf2 is necessary 
for CENP-E localization to the kinetochore and 
specifically modified by poly-SUMO-2/3 chains. 
We then provided multiple lines of evidence to 
support a model that poly-SUMO-2/3 modifica
tion of Nuf2 increases its interaction with CENP- 
E, resulting in CENP-E kinetochore localization, 
chromosome congression, and mitotic progression 
in mammalian cells.

Results

Nuf2 is required for CENP-E localization to 
kinetochores

The hypothesis that SUMO-2/3 modification of 
Nuf2 facilitates CENP-E localization to kineto
chores is based on the assumption that Nuf2 itself 
is required for CENP-E localization to kineto
chores. However, two previously published studies 
provided totally opposite findings on whether or 
not the CENP-E kinetochore localization depends 
on Nuf2 [33,34]. To solve this problem, we used 
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RNA interference (RNAi) to inhibit Nuf2 expres
sion by transfecting HeLa cells with Nuf2-specific 
siRNA 1 and siRNA 2, respectively. Our immuno
blot analysis showed that levels of Nuf2 expression 
were almost completely inhibited in Nuf2 RNAi 
cells compared to control RNAi cells transfected 
with the scrambled siRNA (Figure 1a). We then 
performed immunofluorescence microscopy using 
mouse CENP-E antibody and human CREST anti
body against CENP-A, CENP-B, and CENP-C for 
labeling centromeres and kinetochores. While 
nearly all the mitotic cells transfected with control 
siRNA (~95%) showed bright CENP-E foci at 
kinetochores, most of the mitotic cells transfected 
with Nuf2 siRNA 1 or 2 (~88% or ~75%) had no 
obvious CENP-E staining at kinetochores (Figure 
1b,1c).

The absence of any evident CENP-E signals at 
kinetochores and in the cytosol in Nuf2 RNAi cells 

(Figure 1b) raised a question of whether Nuf2 
RNAi reduces levels of CENP-E expression. 
However, our immunoblot analysis indicated that 
levels of CENP-E expression were comparable 
between control and Nuf2 RNAi cells (Fig. S1A). 
We then examined whether the loss of CENP-E 
staining in Nuf2 RNAi cells was due to the extrac
tion of the free or unbound cytosolic CENP-E 
from the cells treated with the PBS buffer contain
ing the detergent Triton X-100 for cell permeabi
lization. To reduce the extraction of the cytosolic 
CENP-E during the cell permeabilization, we 
increased the time for cell fixation using 3.5% 
paraformaldehyde from 7 min (Figure 1b) to 
20 min (Fig. S1B). As shown in Fig. S1B, we 
observed an obvious CENP-E staining throughout 
the cytosol but no CENP-E foci at kinetochores 
during mitosis in most of the Nuf2 RNAi cells, 
whereas nearly all the control RNAi cells showed 

Figure 1. Inhibition of Nuf2 expression by RNAi causes the defects in CENP-E localization to kinetochores and chromosome 
alignment to the metaphase plate. HeLa cells were transfected with control siRNA or Nuf2-specific siRNA 1 or 2 for 72 h. (a, b) The 
transfected cells were analyzed by immunoblotting with anti-Nuf2 and anti-tubulin antibodies (a) and by immunofluorescence 
microscopy with mouse anti-CENP-E antibody and human CREST antibody against the centromere/kinetochore proteins CENP-A, 
CENP-B, and CENP-C (b). Bar, 10 μm. (c–e) The portion (%) of mitotic cells without CENP-E staining at each stage of mitosis (n ≥ 100 
mitotic cells for each siRNA) (c), the mitotic index (n ≥ 578 total cells for control siRNA, n ≥ 524 total cells for Nuf2 siRNA 1, and 
n ≥ 495 total cells for Nuf2 siRNA 2) (d), and the fraction (%) of mitotic cells present at each stage of mitosis (n ≥ 100 mitotic cells for 
each siRNA) (e) were determined by DAPI staining and immunofluorescence microscopy (Pro, prophase and prometaphase; Met, 
metaphase; A&T, anaphase and telophase). The plotted values indicate the means ± standard deviation (SD) from three independent 
experiments.
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bright CENP-E foci at kinetochores but no evident 
staining in the cytosol during mitosis. Therefore, 
Nuf2 RNAi caused the mislocalization of CENP-E 
from kinetochores to the cytosol during mitosis.

Given that the localization of CENP-E to kine
tochores is essential for its function in mediating 
both chromosome congression and mitotic pro
gression [31,32], we investigated if the defect in 
CENP-E kinetochore localization caused by Nuf2 
RNAi affects these two mitotic processes. We 
found that inhibition of Nuf2 expression by Nuf2- 
specific siRNA 1 or 2 significantly increased the 
mitotic index from ~3.5% in control RNAi cells to 
~27% or ~20% (Figure 1d). While ~95% of the 
mitotic cells transfected with Nuf2-specific siRNA 
1 or 2 were present at prophase and prometaphase 
(Pro), only ~45% of the mitotic cells transfected 
with the control siRNA were at Pro (Figure 1e). 
Therefore, RNAi-mediated inhibition of Nuf2 
expression caused the defects in CENP-E kineto
chore localization and chromosome congression 
during mitosis.

Upregulation of Nuf2 sumoylation at 
kinetochores by expressing the Nuf2-Ubc9 fusion 
protein rescues the mitotic defects caused by 
global inhibition of sumoylation

It has been shown previously that a linear fusion of the 
SUMO-conjugating enzyme Ubc9 to one of the 
known SUMO targets, including p53 and STAT1, 
dramatically increases their sumoylation in vivo [37]. 
To test whether upregulation of Nuf2 sumoylation at 
kinetochores can rescue the mitotic defects in cells 
with global inhibition of sumoylation caused by over
expression of the SUMO-specific isopeptidase SENP2, 
we first generated a DNA construct encoding Flag- 
tagged Nuf2-Ubc9 fusion protein (Flag-Nuf2-Ubc9), 
in which Ubc9 wild type was fused to Nuf2 (Figure 
2a). We also made a control plasmid encoding Flag- 
Nuf2-Ubc9D, in which Nuf2 was fused with 
a catalytically inactive Ubc9 dead mutant (Ubc9D) 
with the cysteine (C) 93 to alanine (A) mutation 
(C93A) [16,38] (Figure 2a). We confirmed that the 
constructs encoded the correct fusion proteins, 
including Flag-Nuf2, Flag-Nuf2-Ubc9D, and Flag- 
Nuf2-Ubc9, by transfection and immunoblot analysis 
(Figures 2b and S2). Additionally, our immunofluor
escence microscopy indicated that the three fusion 

proteins localized to kinetochores labeled by human 
CREST antibody (Fig. S3A). Lastly, global inhibition 
of sumoylation by SENP2 overexpression did not 
affect the kinetochore localization of the three fusion 
proteins during mitosis (Figure 2c).

To test if Flag-Nuf2-Ubc9 can rescue the mitotic 
defects caused by SENP2 overexpression, we co- 
transfected HeLa cells with two constructs encoding 
Myc-SENP2 and one of the Flag-tagged proteins, Flag- 
Nuf2, Flag-Nuf2-Ubc9D, or Flag-Nuf2-Ubc9, for 48 h 
followed by immunofluorescence microscopy using 
anti-Flag and anti-Myc antibodies (Figure 2c). We 
found that only a small percentage of mitotic cells 
with co-expression of Myc-SENP2 and Flag-Nuf2 
(2%) or Flag-Nuf2-Ubc9D (4%) were present at meta
phase, while the vast majority of the mitotic cells co- 
expressing Myc-SENP2 and Flag-Nuf2 (98%) or Flag- 
Nuf2-Ubc9D (96%) were at prophase and prometa
phase (Figure 2d). Compared to only 2–4% of the 
control transfected mitotic cells at metaphase, 
a significantly higher percentage (11%) of the mitotic 
cells co-expressing Myc-SENP2 and Flag-Nuf2-Ubc9 
were at metaphase and anaphase/telophase, which 
represented a rescue of the chromosome congression 
defect caused by SENP2 overexpression.

We then test whether Flag-Nuf2-Ubc9 rescues the 
chromosome congression defect in cells with Myc- 
SENP2 overexpression by targeting CENP-E to kine
tochores. HeLa cells were co-transfected with two 
constructs encoding Myc-SENP2 and one of the Flag- 
tagged proteins, Flag-Nuf2, Flag-Nuf2-Ubc9D, or 
Flag-Nuf2-Ubc9, followed by immunofluorescence 
microscopy using anti-Myc and anti-CENP-E antibo
dies. Compared to the co-expression of Flag-Nuf2 or 
Flag-Nuf2-Ubc9D with Myc-SENP2, the co- 
expression of Flag-Nuf2-Ubc9 with Myc-SENP2 
caused a 2.5–3.0 times increase in the percentage of 
mitotic cells with an obvious CENP-E staining (Figure 
2e,f). Hence, upregulation of Nuf2 sumoylation by 
Flag-Nuf2-Ubc9 rescued the mitotic defects in 
CENP-E kinetochore localization and chromosome 
congression caused by SENP2 overexpression.

Nuf2 is specifically modified by poly-SUMO-2/3 
chains in vivo

Our previous study revealed that Nuf2 is specifically 
modified by SUMO-2/3 in vivo, and CENP-E contains 
poly-SUMO-2/3 chain-binding activity essential for 
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its kinetochore localization [12]. In addition, CENP-E 
is only temporally associated with kinetochores during 
mitosis, reaching its highest levels at prometaphase 
[27,28]. We thereby hypothesized that Nuf2 SUMO- 
2/3 modification is upregulated in mitotic cells com
pared to asynchronous cells, leading to a temporal 
recruitment of CENP-E to kinetochores during mito
sis. To test this hypothesis, we transfected 293T cells 
with the construct encoding Flag-Nuf2 for 48 h and 
incubated the cells for 5 h in the absence (‒) or pre
sence (+) of nocodazole, which was used for arresting 
or synchronizing the cells at prophase/prometaphase. 
We then performed immunoprecipitation using anti- 
Flag beads under stringent denaturing conditions 

followed by immunoblot analysis. Consistent with 
our previous finding [12], Nuf2 was specifically mod
ified by SUMO-2/3 instead of SUMO-1 (Figure 3a). 
The signal intensities of Flag-tagged Nuf2 (Figure 3a, 
left panel) and SUMO-2/3 modified Nuf2 (Figure 3a, 
right panel) were quantified with ImageJ (NIH). The 
relative levels of the SUMO-2/3 modified Nuf2 were 
generated by dividing the signal intensities of SUMO- 
2/3 modified Nuf2 with those of Nuf2 (Figure 3b). 
Based on three independent experiments, we found 
that the relative levels of Nuf2 SUMO-2/3 modifica
tion in mitotic cells were ~70% higher than those in 
asynchronous control cells (Figure 3b). We noticed 
that SUMO-2/3-modified Nuf2 exhibited high 

Figure 2. The expression of the Nuf2-Ubc9 fusion protein rescues the defects in CENP-E kinetochore localization and 
chromosome congression caused by SENP2 overexpression. (a) The constructs encoding Flag-Nuf2, Flag-Nuf2-Ubc9D with 
catalytically dead Ubc9 mutant, and Flag-Nuf2-Ubc9 with Ubc9 wild type. (b) 293T cells were transfected with the indicated DNA 
constructs and analyzed by immunoblotting with anti-Flag antibody. (c–f) HeLa cells were co-transfected with two constructs 
encoding Myc-SENP2 and one of the Flag-tagged proteins, Flag-Nuf2, Flag-Nuf2-Ubc9D, or Flag-Nuf2-Ubc9, for 48 h followed by 
immunofluorescence microscopy with anti-Flag and anti-Myc antibodies (c, d) or anti-Myc and anti-CENP-E antibodies (e, f) (Pro, 
prophase and prometaphase; Met, metaphase; Ana, anaphase; Ana/Tel, anaphase and telophase). Bar, 10 μm. (d, f) The portion (%) 
of mitotic cells with both Myc and Flag staining and present at Met and Ana/Tel (n ≥ 100 mitotic cells for each co-transfection) (d), 
and the fraction (%) of mitotic cells with both Myc and CENP-E staining (n ≥ 100 mitotic cells for each co-transfection) (f) were 
determined by DAPI staining and immunofluorescence microscopy. The plotted values are the means ± standard error of the mean 
(SEM) from three independent experiments (*: p < 0.05; **: p < 0.01; NS: not significant; Student’s t test).
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molecular weights from ~200 kDa to >300 kDa 
(Figure 3a, left panel). Due to the relatively small 
sizes of SUMO-2/3 (12 kDa) and Nuf2 (54 kDa), the 

large sizes of the (SUMO-2/3)n-Nuf2 conjugates indi
cated that each Nuf2 protein may be conjugated with 
about 10 to 20 moieties of SUMO-2/3. These 10–20 

Figure 3. Poly-SUMO-2/3 chain modifcation of Nuf2 is upregulated during mitosis and the expression of Nuf2-3× SUMO-2, 
but not Nuf2-3× SUMO-1, rescues the mitotic defects caused by SENP2 overexpression. (a) 293T cells were transfected with 
the construct encoding Flag-Nuf2 and cultured in the absence (–) or presence (+) of nocodazole followed by immunoprecipitation 
and immunoblot analysis. The high molecular weight bands of SUMO-2/3-modified Nuf2 were indicated by a bracket. (b) The relative 
levels of SUMO-2/3-modified Nuf2 immunoprecipitated from asynchronous cells and mitotic cells. (c) The in vitro sumoylation assays 
by incubating Nuf2 with SAE1/SAE2, Ubc9 and SUMO-1 or SUMO-2 followed by immunoblot analysis. (d, e) The in vitro sumoylation 
assays by incubating GST-tagged RanGAP1 NΔ419 fragment (d) or untagged Nuf2 (e) with SAE1/SAE2, Ubc9, and SUMO-1 wild type 
(WT) or mutant (K-less) followed by immunoblot analysis. The asterisk indicates the GST-Nuf2 fusion protein co-purified with the 
untagged Nuf2 protein (e). (f) The constructs encoding Flag-Nuf2, Flag-Nuf2-3× SUMO-1, and Flag-Nuf2-3× SUMO-2. (g, h) HeLa cells 
were co-transfected with two constructs encoding Myc-SENP2 and one of the Flag-tagged proteins, Flag-Nuf2, Flag-Nuf2-3× SUMO- 
1, or Flag-Nuf2-3× SUMO-2. The portion (%) of mitotic cells with both Myc and Flag staining and present at metaphase (n ≥ 100 
mitotic cells for each co-transfection) (g), and the fraction (%) of mitotic cells with both Myc and CENP-E staining (n ≥ 100 mitotic 
cells for each co-transfection) (h), were determined by DAPI staining and immunofluorescence microscopy (Pro, prophase and 
prometaphase; Met, metaphase). The plotted values are the means ± SEM from three independent experiments (*: p < 0.05; **: 
p < 0.01; ***: p < 0.001; NS: not significant; Student’s t test).
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SUMO-2/3 moieties could be attached to Nuf2 in 
forms of monomeric SUMO-2/3 and/or poly-SUMO 
-2/3 chains.

To examine the possibility that Nuf2 is modified 
by poly-SUMO chains, we performed in vitro Nuf2 
sumoylation assays by incubating Nuf2 with SUMO- 
1 or SUMO-2 as well as the SUMO E1 (SAE1/SAE2) 
and E2 (Ubc9) enzymes followed by immunoblot 
analysis. In contrast to its SUMO-2/3-specific mod
ification in vivo, Nuf2 was almost equally well mod
ified by SUMO-1 and SUMO-2 in vitro (Figure 3c), 
suggesting that additional cellular proteins, such as 
Nuf2-specific SUMO E3 ligase(s), may determine the 
in vivo SUMO-2/3-specific modification of Nuf2. 
Similar to the in vivo SUMO-2/3 modified Nuf2 
(Figure 3a), the in vitro SUMO-1 or SUMO-2 mod
ified Nuf2 also contained the high molecular weight 
conjugates with sizes from ~200 kDa to >300 kDa, 
although they enclosed other low molecular weight 
conjugates with sizes from 90 kDa to ~200 kDa 
(Figure 3c). To achieve a better understanding of 
these high molecular weight Nuf2-SUMO-1 or 
Nuf2-SUMO-2 conjugates, we took advantage of 
the availability of SUMO-1 K-less mutant, in which 
all the lysine (K) residues were mutated to arginine 
(R) residues, resulting in its defect in forming poly- 
SUMO-1 chains. Using the well-defined SUMO tar
get RanGAP1 known to be SUMOylated at a single 
K residue as a control substrate [39,40], we demon
strated that the recombinant SUMO-1 wild type 
(WT) and its K-less mutant had the comparable 
activity for RanGAP1 sumoylation (Figure 3d). We 
then performed the in vitro Nuf2 sumoylation assays 
using either SUMO-1 WT or its K-less mutant. In 
contrast to a faint smear of the SUMO-1 K-less 
mutant modified Nuf2 with sizes from ~90 kDa to 
~130 kDa after the 120 min reaction, we observed 
a more robust smear of the SUMO-1 WT modified 
Nuf2 with sizes from ~90 kDa to >300 kDa. Hence, 
the high molecular weight bands of the 
(SUMO-2/3)n-Nuf2 conjugates with sizes ranging 
from ~200 kDa to >300 kDa likely represented poly- 
SUMO-2/3 chain-modified Nuf2 (Figure 3a).

To predict the potential sumoylation sites on 
Nuf2, we performed bioinformatic analysis of Nuf2 
using two online programs, SUMOplot and GPS- 
SUMO [41]. We identified six lysine (K) residues, 
K41, K165, K335, K348, K402, and K447, with the 
highest scores for Nuf2 sumoylation (Fig. S4A). We 

then generated the bacterial expression construct 
encoding the Nuf2-6× K/R mutant, in which all the 
six K residues were mutated to arginine (R) residues. 
Our in vitro sumoylation assays and immunoblot 
analysis indicated that Nuf2 wild type (WT) and 
Nuf2-6× K/R mutant were comparably modified by 
SUMO-2 in vitro (Fig. S4B), suggesting that the six 
lysine residues are not the major sites for Nuf2 
sumoylation.

Trimeric SUMO-2 chain modified Nuf2, but not 
trimeric SUMO-1 chain modified Nuf2, rescues 
the mitotic defects caused by global inhibition of 
sumoylation

In this study, we found that overexpression of Flag- 
Nuf2-Ubc9, but not Flag-Nuf2-Ubc9D or Flag-Nuf2, 
rescued the mitotic defects caused by global inhibi
tion of sumoylation (Figure 2), and Nuf2 was pre
ferentially modified by poly-SUMO-2/3 chain in vivo 
(Figure 3a). We then asked whether Flag-Nuf2-Ubc9 
enhances SUMO-1 and/or SUMO-2/3 modification 
of Nuf2. To address this question, we transfected 
293T cells with the construct encoding Flag-Nuf2 
or Flag-Nuf2-Ubc9 and performed immunoprecipi
tation using anti-Flag beads followed by immunoblot 
analysis. We found that both Flag-Nuf2 and Flag- 
Nuf2-Ubc9 were specifically modified by SUMO-2/3 
instead of SUMO-1 (Fig. S5). Although the amounts 
of Flag-Nuf2-Ubc9 pulled down by anti-Flag beads 
were only ~10% of those of Flag-Nuf2 (Fig. S5, left 
panel), levels of SUMO-2/3 modification on Flag- 
Nuf2-Ubc9 were almost comparable to those on 
Flag-Nuf2 (Fig. S5, right panel), suggesting that the 
fusion of Nuf2 to the SUMO-conjugating enzyme 
Ubc9 stimulated SUMO-2/3 modification of Nuf2. 
This result was consistent with the previous finding 
that the fusion of a known SUMO target, p53 or 
STAT1, with Ubc9 greatly increased levels of sumoy
lation on the corresponding protein target [37].

Given that Nuf2 was modified by poly-SUMO-2/3 
chains in vivo (Figure 3a–e), we thus tested whether 
the fusion protein imitating poly-SUMO-2/3 chain 
modified Nuf2 can rescue the mitotic defects caused 
by global inhibition of sumoylation. We generated two 
constructs encoding Flag-Nuf2-SUMO-1-SUMO- 
1-SUMO-1 (Flag-Nuf2-3× SUMO-1) and Flag-Nuf2- 
SUMO-2-SUMO-2-SUMO-2 (Flag-Nuf2-3× SUMO- 
2) to simulate poly-SUMO-1 and poly-SUMO-2 
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modified Nuf2, respectively (Figure 3f). While the 
SUMO-1 K7 residue represents a major site for poly- 
SUMO-1 chain formation [8], the poly-SUMO-2/3 
chain is formed through the K11 residue [11]. The 
SUMO-1 trimer in Flag-Nuf2-3× SUMO-1 was gen
erated by fusing the C-terminal ends of the first 
and second SUMO-1 moieties to the K7 residues of 
the second and third SUMO-1 moieties (Figure 3f). 
Similarly, the C-terminal ends of the first and second 
SUMO-2 in Flag-Nuf2-3× SUMO-2 were fused to the 
K11 residues of the second and third SUMO-2 
(Figures 3f and S6A). The same trimeric SUMO-2 
fusion protein (3× SUMO-2) was used previously to 
screen human proteome microarrays and identified 
many poly-SUMO-2/3 chain-binding proteins [42]. 
The peptide bonds between SUMO moieties in Flag- 
Nuf2-3× SUMO-1 and Flag-Nuf2-3× SUMO-2 are 
not cleavable by SUMO isopeptidases as the 
C-terminal double-glycine (GG) motifs of SUMO-1 
and SUMO-2 are mutated to GA or AA (Figure 3f). 
Both Flag-Nuf2-3× SUMO-1 and Flag-Nuf2 
-3× SUMO-2 cannot be attached to protein targets 
as the third SUMOs lack the GG motif for 
sumoylation.

We found that Flag-Nuf2-3× SUMO-1 and Flag- 
Nuf2-3× SUMO-2 were expressed with the expected 
sizes (Figs. S2 and S6B) and targeted to kinetochores 
in the absence or presence of SENP2 overexpression 
(Figs. S3B and S6C). We then co-transfected HeLa 
cells with two constructs encoding Myc-SENP2 and 
one of the Flag-tagged proteins, Flag-Nuf2, Flag- 
Nuf2-3× SUMO-1 or Flag-Nuf2-3× SUMO-2, fol
lowed by immunofluorescence microscopy. Only 
~2.7% or ~3.0% of the mitotic cells co-expressing 
Myc-SENP2 and Flag-Nuf2 or Flag-Nuf2 
-3× SUMO-1 were present at metaphase with the 
rest mitotic cells arrested at prophase or prometa
phase (Figures 3g and S6C). In contrast, co- 
expression of Myc-SENP2 with Flag-Nuf2 
-3× SUMO-2 resulted in ~9.0% of the mitotic cells 
at metaphase, representing a ~3-fold increase in 
rescuing the chromosome congression defect 
(Figures 3g and S6C). While only ~5.0% or ~5.5% 
of the mitotic cells co-expressing Myc-SENP2 and 
Flag-Nuf2 or Flag-Nuf2-3× SUMO-1 exhibited an 
obvious CENP-E staining at kinetochores, ~13.0% 
of the mitotic cells co-expressing Myc-SENP2 and 
Flag-Nuf2-3× SUMO-2 displayed a robust CENP-E 
staining at kinetochores (Figures 3h and S6D). 

Therefore, overexpression of Flag-Nuf2-3× SUMO- 
2, a simulator of trimeric SUMO-2 modified Nuf2, 
rescued the mitotic defects in chromosome congres
sion and CENP-E kinetochore localization caused by 
SENP2 overexpression.

Trimeric SUMO-2 chain modified Nuf2, but not 
monomeric or dimeric SUMO-2 modified Nuf2, 
rescues the mitotic defects caused by global 
inhibition of sumoylation

To test whether monomeric or dimeric SUMO-2 
modified Nuf2 can also rescue the mitotic defects 
caused by global inhibition of sumoylation, we gener
ated the constructs encoding Flag-Nuf2-SUMO-2 
(Flag-Nuf2-1× SUMO-2) and Flag-Nuf2-SUMO 
-2-SUMO-2 (Flag-Nuf2-2× SUMO-2) (Figure 4a). 
Both Flag-Nuf2-1× SUMO-2 and Flag-Nuf2 
-2× SUMO-2 were expressed with the correct sizes 
(Figs. S2 and S7B) and localized to kinetochores dur
ing mitosis in the absence or presence of SENP2 over
expression (Figs. S3C and S7C). We then co- 
transfected HeLa cells with two constructs encoding 
Myc-SENP2 and one of the Flag-tagged proteins, Flag- 
Nuf2, Flag-Nuf2-1× SUMO-2, Flag-Nuf2-2× SUMO- 
2, or Flag-Nuf2-3× SUMO-2, followed by immuno
fluorescence microscopy. While only ~1.5% of mitotic 
cells co-expressing Myc-SENP2 and Flag-Nuf2, Flag- 
Nuf2-1× SUMO-2, or Flag-Nuf2-2× SUMO-2 were 
observed at metaphase, ~7.5% of mitotic cells co- 
expressing Myc-SENP2 and Flag-Nuf2-3× SUMO-2 
were present at metaphase (Figures 4b and S7C). In 
contrast to only ~4.0‒5.0% of the mitotic cells with co- 
expression of Myc-SENP2 and Flag-Nuf2, Flag-Nuf2 
-1× SUMO-2 or Flag-Nuf2-2× SUMO-2 displaying an 
obvious CENP-E staining at kinetochores, ~12% of 
the mitotic cells with co-expression of Myc-SENP2 
and Flag-Nuf2-3× SUMO-2 exhibited a strong 
CENP-E staining at kinetochores (Figures 4c and 
S7D). Hence, a minimum length of trimeric SUMO- 
2 chain covalently conjugated to Nuf2 was required 
for rescuing the mitotic defects caused by SENP2 
overexpression.

To investigate whether Flag-Nuf2-3× SUMO-2 
can rescue the defect in CENP-E kinetochore loca
lization caused by Ubc9 RNAi, we first showed 
that compared to control RNAi, Ubc9 RNAi 
greatly reduced levels of Ubc9 expression in 
HeLa cells (Figure 4d). We then transfected the 
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Ubc9 RNAi cells with the construct encoding Flag- 
Nuf2 or Flag-Nuf2-3× SUMO-2 followed by immu
nofluorescence microscopy with antibodies against 
Flag and CENP-E. Compared to the Ubc9 RNAi cells 
with no Flag staining, the Flag-Nuf2 expression 
caused a ~10% increase in the mitotic cells with 
CENP-E staining at kinetochores, whereas the Flag- 
Nuf2-3× SUMO-2 expression resulted in a ~37% 
increase in the mitotic cells with CENP-E staining 

at kinetochores (Figure 4e). Hence, Flag-Nuf2 
-3× SUMO-2 was more effective than Flag-Nuf2 in 
rescuing the defect in CENP-E kinetochore localiza
tion caused by Ubc9 RNAi. 

CENP-E has a higher binding affinity with 
trimeric SUMO-2 modified Nuf2 than with Nuf2

Based on our finding that Flag-Nuf2-3× SUMO-2 was 
more effective than Flag-Nuf2 in rescuing the defect in 

Figure 4. The expression of Nuf2-3× SUMO-2, but not Nuf2-1× SUMO-2 or Nuf2-2× SUMO-2, rescues the mitotic defects 
caused by global inhibition of sumoylation. (a) The constructs encoding Flag-Nuf2, Flag-Nuf2-1× SUMO-2, Flag-Nuf2-2× SUMO-2, 
and Flag-Nuf2-3× SUMO-2. (b, c) HeLa cells were co-transfected with two constructs encoding Myc-SENP2 and one of the Flag- 
tagged proteins, Flag-Nuf2, Flag-Nuf2-1× SUMO-2, Flag-Nuf2-2× SUMO-2, or Flag-Nuf2-3× SUMO-2, followed by immunofluores
cence microscopy. The percentage (%) of mitotic cells present at metaphase and with both Myc and Flag staining (n ≥ 100 mitotic 
cells for each co-transfection) (b), and the portion (%) of mitotic cells with both Myc and CENP-E staining (n ≥ 100 mitotic cells for 
each co-transfection) (c) were determined by DAPI staining and immunofluorescence microscopy (Pro, prophase and prometaphase; 
Met, metaphase). (d) HeLa cells were transfected with control or Ubc9 siRNAs for 72 h followed by immunoblot analysis. (e) HeLa 
cells were treated with Ubc9 siRNA for 24 h and then transfected with the construct encoding Flag-Nuf2 or Flag-Nuf2-3× SUMO-2 for 
48 h followed by immunofluorescence microscopy with anti-Flag and anti-CENP-E antibodies. The percentage (%) of Flag-Nuf2 or 
Flag-Nuf2-3× SUMO-2 transfected mitotic cells with CENP-E staining at kinetochores was subtracted by that of untransfected mitotic 
cells with CENP-E staining, resulting in the % increase in mitotic cells with CENP-E staining (n ≥ 100 mitotic cells with or without Flag 
staining for each transfection). The plotted values are the means ± SEM from three independent experiments (*: p < 0.05; Student’s 
t test).
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CENP-E kinetochore localization caused by global 
inhibition of sumoylation (Figure 4c,e), we hypothe
sized that compared to Nuf2, Nuf2-3× SUMO-2 has 
a higher-binding affinity with CENP-E. To test this 
hypothesis, we performed in vitro binding assays by 
immobilizing GST, GST-Nuf2, or GST-Nuf2 
-3× SUMO-2 on Glutathione beads. We then incu
bated the beads with CENP-E tail domain (CENP- 
Etail) wild type (WT) with a functional SUMO- 
interacting motif (SIM) or CENP-Etail SIM mutant 
(Mut) with a defect in interactions with poly-SUMO 
-2/3 chains [12]. The relative levels of CENP-Etail were 
generated by dividing the signal intensities of CENP- 
Etail with those of GST, GST-Nuf2, and GST-Nuf2 
-3× SUMO-2, respectively (Figure 5a–c). Compared 
to GST-Nuf2, GST-Nuf2-3× SUMO-2 pulled down 
~2.7-fold higher amounts of CENP-Etail WT, indicat
ing that CENP-Etail WT had a significantly higher 
binding affinity with GST-Nuf2-3× SUMO-2 than 
with GST-Nuf2 (Figure 5c, left section). Conversely, 
we observed that compared to GST-Nuf2, GST-Nuf2 
-3× SUMO-2 only pulled down ~30% higher amounts 
of CENP-Etail Mut, which was not statistically signifi
cant (Figure 5c, right section). Moreover, GST-Nuf2 
-3× SUMO-2 pulled down ~3.2-fold higher amounts 
of CENP-Etail WT than those of CENP-Etail Mut, 
indicating that GST-Nuf2-3× SUMO-2 had a higher 
binding affinity with CENP-Etail WT than with 
CENP-Etail Mut (Figure 5c). Lastly, compared to 
GST, both GST-Nuf2 and GST-Nuf2-3× SUMO-2 
pulled down significantly higher amounts of CENP- 
Etail WT or Mut (Figure 5c), which was consistent with 
the known interaction between Nuf2 and CENP- 
Etail [33].

To test whether compared Nuf2, Nuf2-3× SUMO- 
2 has a higher binding affinity with CENP-Etail WT 
in vivo, we co-transfected 293T cells with two con
structs encoding GFP-CENP-Etail WT and one of the 
Flag-tagged proteins, Flag-Nuf2 or Flag-Nuf2 
-3× SUMO-2, followed by co-immunoprecipitation 
(Co-IP) and immunoblot analysis. While the com
parable amounts of Flag-Nuf2-3× SUMO-2 and 
Flag-Nuf2 were pulled down by anti-Flag beads 
(Figure 5d, upper panel), the amounts of GFP- 
CENP-Etail WT co-immunoprecipitated with Flag- 
Nuf2-3× SUMO-2 were at least 3-fold higher than 
those co-immunoprecipitated with Flag-Nuf2 
(Figure 5d, lower panel). Hence, CENP-Etail WT 
had a higher binding affinity with trimeric SUMO- 

2 modified Nuf2 than with Nuf2 both in vitro and 
in vivo.

The mitotic defects caused by global inhibition of 
sumoylation can be rescued by trimeric SUMO-2 
chain modified BubR1

Similar to Nuf2, the CENP-E interacting protein 
BubR1 is not only required for CENP-E kineto
chore localization but also modified by SUMO- 
2/3 in vivo [12,26,43,44]. To test whether the 
BubR1-SUMO-2-SUMO-2-SUMO-2 (BubR1- 
3× SUMO-2) fusion protein that simulates tri
meric SUMO-2 modified BubR1 can rescue the 
mitotic defects caused by SENP2 overexpression, 
we first showed that both Flag-BubR1 and Flag- 
BubR1-3× SUMO-2 were expressed with the cor
rect sizes and associated with kinetochores dur
ing mitosis in the absence or presence of SENP2 
overexpression (Figures 6a and S8). We then co- 
transfected HeLa cells with two constructs 
encoding Myc-SENP2 and one of the Flag- 
tagged proteins, Flag-BubR1 or Flag-BubR1 
-3× SUMO-2, followed by immunofluorescence 
microscopy (Figure 6b–c). Compared to only 
~3.8% of the mitotic cells with co-expression of 
Myc-SENP2 and Flag-BubR1 observed at meta
phase, ~13.2% of the mitotic cells with co- 
expression of Myc-SENP2 and Flag-BubR1 
-3× SUMO-2 were present at metaphase 
(Figure 6c). While ~24.2% of the mitotic cells 
co-expressing Myc-SENP2 and Flag-BubR1 had 
an obvious CENP-E staining at kinetochores, 
~35.7% of the mitotic cells co-expressing Myc- 
SENP2 and Flag-BubR1-3× SUMO-2 exhibited 
a robust CENP-E staining at kinetochores 
(Figure 6b,d). Hence, the expression of Flag- 
BubR1-3× SUMO-2 also rescued the mitotic 
defects caused by SENP2 overexpression.

To test whether SUMO-2/3 modification of 
BubR1 is temporally upregulated during mitosis, 
we transfected 293T cells with the construct 
encoding Flag-BubR1 and then cultured the trans
fected cells in the absence or presence of nocoda
zole for arresting cells at mitosis followed by 
immunoprecipitation using anti-Flag beads and 
immunoblot analysis using antibodies against 
Flag, SUMO-1, and SUMO-2/3. We found that 
levels of BubR1 SUMO-2/3 modification were 
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comparable between the nocodazole-treated mito
tic cells and the untreated asynchronous cells (Fig. 

S9). Therefore, SUMO-2/3 modification of BubR1 
was not upregulated during mitosis.

Figure 5. CENP-Etail has a higher-binding affinity with Nuf2-3× SUMO-2 than with Nuf2 both in vitro and in vivo. (a, b) 
Glutathione Sepharose beads were immobilized with GST, GST-Nuf2 or GST-Nuf2-3× SUMO-2 proteins and then incubated with 293T 
cell lysates expressing Flag-tagged CENP-Etail wild type (WT) or SIM mutant (Mut). The proteins on the beads were eluted and 
analyzed by immunoblotting with antibodies against GST (a) and Flag (b). (c) The relative levels of CENP-Etail WT or Mut pulled down 
by GST, GST-Nuf2, and GST-Nuf2-3× SUMO-2. The plotted values represent the mean values ± SEM from three independent 
experiments (*: p < 0.05; **: p ≤ 0.01; NS: not significant; Student’s t test). (d) 293T cells were co-transfected with two constructs 
encoding GFP-CENP-Etail WT and one of the Flag-tagged proteins, Flag-Nuf2 or Flag-Nuf2-3× SUMO-2, followed by co- 
immunoprecipitation (Co-IP) using anti-Flag beads and immunoblot analysis using anti-Flag and anti-GFP antibodies.
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Discussion

Our results support a model that poly-SUMO-2/3 
chain modification of Nuf2 enhances its interac
tion with CENP-E, leading to CENP-E kineto
chore localization and CENP-E-mediated 
chromosome congression during mitosis. 
Trimeric SUMO-2/3 chains may represent the 
minimum length of poly-SUMO-2/3 chains con
jugated on Nuf2 for an efficient recruitment of 

CENP-E to kinetochores during mitosis, because 
only Nuf2-3× SUMO-2, but not Nuf2-1× SUMO-2 
or Nuf2-2× SUMO-2, can rescue the mitotic defect 
in CENP-E kinetochore localization in cells with 
global inhibition of sumoylation. It has been 
shown previously that poly-SUMO-2/3 chain sig
nals are recognized by multiple SIMs present in 
various proteins, including the SUMO-targeted 
ubiquitin ligases (STUbLs) RNF4 and RNF111 

Figure 6. The expression of the BubR1-3× SUMO-2 fusion protein rescues the mitotic defects caused by SENP2 over
expression. (a) 293T cells were transfected with the constructs encoding Flag-BubR1 or Flag-BubR1-3× SUMO-2 followed by 
immunoblot analysis using anti-Flag and anti-SUMO-2 antibodies. (b-d) HeLa cells were co-transfected with two constructs encoding 
Myc-SENP2 and one of the Flag-tagged proteins, Flag-BubR1 or Flag-BubR1-3× SUMO-2, for 48 h and analyzed by immunofluor
escence microscopy using anti-Myc and anti-CENP-E antibodies (b). Bar, 10 μm. The percentage (%) of mitotic cells with both Myc 
and Flag staining and present at metaphase (n ≥ 100 mitotic cells for each co-transfection) (c), and the fraction (%) of mitotic cells 
with both Myc and CENP-E staining (n ≥ 100 mitotic cells for each co-transfection) (d) were determined by DAPI staining and 
immunofluorescence microscopy (Pro, prophase and prometaphase; Met, metaphase). The plotted values are the means ± SEM from 
three experiments (***: p < 0.001; Student’s t test).
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[45,46]. Hence, CENP-E may contain multiple 
SIMs at its kinetochore-targeting tail domain 
(CENP-Etail) for its effective interactions with 
poly-SUMO-2/3 chain modified Nuf2 during 
mitosis. Notably, our bioinformatics analysis of 
CENP-Etail using the GPS-SUMO program [41] 
identifies three SIMs (SIM1, SIM2, and SIM3) 
with high scores (Fig. S10). Our previous study 
reveals that SIM2 (2307–2311) is essential for 
CENP-E interaction with poly-SUMO-2/3 chains 
and localization to kinetochores [12]. Here, we 
elucidate that SIM2 is also required for the high- 
affinity binding between CENP-Etail and trimeric 
SUMO-2/3 modified Nuf2. Additional studies are 
needed to determine whether SIM1 (2034–2038) 
and SIM3 (2439–2443) are critical for CENP-E 
interaction with poly-SUMO-2/3 modified Nuf2 
and localization to kinetochores.

A growing number of outer kinetochore pro
teins have been identified as SUMO-2/3 sub
strates, including Nuf2, BubR1, CENP-E, 
Kif18A, NKAP, Mps1, and ANAPC4, in mamma
lian cells [12,18,20,47–50]. Similar to Nuf2, 
Kif18A is a known CENP-E interacting protein 
and modified by poly-SUMO-2/3 chain in vivo 
[49,51]. In this study, we demonstrate that either 
Nuf2-3× SUMO-2 or BubR1-3× SUMO-2, which 
simulates poly-SUMO-2/3 modified Nuf2 or 
BubR1, can rescue the defect in CENP-E kineto
chore localization caused by global inhibition of 
sumoylation (Figure 6). Therefore, multiple 
SUMO-2/3 modifications on a cluster of outer 
kinetochore proteins, such as Nuf2 and BubR1, 
may jointly contribute to the recruitment of 
CENP-E to kinetochores during mitosis. 
Consistent with this model, simultaneous SUMO 
modifications on a group of DNA repair proteins 
in response to DNA double-strand breaks syner
gistically stabilize interactions between these pro
teins and thus facilitate the repair process [52]. 
Conversely, we observe a significant increase in 
SUMO-2/3 modification of Nuf2 during mitosis, 
whereas SUMO-2/3 modification of BubR1 is not 
upregulated during mitosis (Figures 3a and S9). 
Given the temporal kinetochore association of 
CENP-E during mitosis [27,28], SUMO-2/3 mod
ification of Nuf2 may play a more dominant role 
in targeting CENP-E to kinetochores than 
SUMO-2/3 modification of BubR1.

An intriguing question is how SUMO-2/3 mod
ification of Nuf2 is temporally upregulated during 
mitosis for the timely recruitment of CENP-E to 
the kinetochore. To address this question, it would 
be necessary to identify and characterize the 
SUMO E3 ligase(s) and isopeptidase(s) responsible 
for upregulating and downregulating levels of 
Nuf2 SUMO-2/3 modification, respectively, during 
mitosis. The SUMO ligase PIASy is required for 
SUMO-2/3 modification of the centromere/kine
tochore-associated Topo IIα during mitosis 
[22,53,54]. In addition, the SUMO ligases, PIAS3 
and Nup358/RanBp2, stimulate SUMO-2/3 mod
ification of the centromere/kinetochore-associated 
chromosomal passenger complex (CPC) subunits, 
Aurora B and Borealin, respectively [17,55]. On 
the other hand, SENP2 is the sole SUMO isopep
tidase that not only localizes to kinetochores dur
ing mitosis but also causes the mitotic defects in 
CENP-E kinetochore localization and chromo
some congression when overexpressed in mamma
lian cells [12,25]. Moreover, the SUMO 
isopeptidase SENP3 deconjugates SUMO-2/3 
from the CPC subunit Borealin during mitosis 
[55]. Therefore, multiple SUMO ligases and iso
peptidases may cooperatively regulate SUMO-2/3 
modification of Nuf2 during mitosis.

Accumulating lines of evidence have shown that 
poly-SUMO-2/3 chain modification of various 
proteins often leads to RNF4/RNF111-mediated 
ubiquitylation and proteasomal degradation 
[56,57]. For example, poly-SUMO-2/3 modifica
tion of the centromere/kinetochore-associated 
proteins Mis18bp1 and CENP-I results in RNF4- 
mediated ubiquitylation and degradation 
[19,49,58]. It would be interesting to examine 
whether the association of poly-SUMO-2/3 mod
ified Nuf2 with CENP-E prevents RNF4/RNF111 
from recognizing the poly-SUMO-2/3 chain sig
nals on Nuf2 and thus inhibits RNF4/RNF111- 
mediated Nuf2 ubiquitylation and degradation. 
Consistent with this possibility, proteomic studies 
revealed that inhibition of proteasomal degrada
tion in HeLa cells using the proteasome inhibitors 
dramatically increases levels of sumoylation on 
a variety of proteins, including Nuf2 and one of 
the best characterized RNF4/RNF111 targets called 
promyelocytic leukemia protein (PML) [59]. It is 
well established that poly-SUMO-2/3 chain 

CELL CYCLE 867



modification of PML leads to RNF4/RNF111- 
mediated ubiquitylation and degradation 
[46,60–63].

A novel strategy for cancer therapies is to target 
the SUMO pathway by small-molecule inhibitors 
against the sole SUMO E1 (SAE1/SAE2) or E2 
(Ubc9) enzyme. At least three lines of evidence sup
port this anticancer strategy. First, global inhibition 
of sumoylation in human cervical cancer HeLa cells 
by either SENP2 overexpression or Ubc9 RNAi 
causes the cell cycle arrest at mitosis followed by 
apoptosis [12]. Second, RNAi depletion of the 
SUMO E1 enzyme subunit SAE2 or Ubc9 inhibits 
cancer cell proliferation in vitro and tumor growth 
in vivo [64]. Third, sumoylation is required for 
tumorigenesis driven by Myc or Ras, which contri
butes to up to ~70% or ~50% of all human cancers 
[65,66]. Inhibition of sumoylation would be espe
cially effective for treating cancers with Myc hyper
activation, Ras mutations, or upregulated 
sumoylation [65–69]. A number of small-molecule 
inhibitors against SAE1/SAE2 (ML-792, ginkgolic 
acid, and COH000) or Ubc9 (spectomycin B1 and 
2-D08) have been developed for therapeutic treat
ment of human cancers [70–76].

Similar to SAE1/SAE2 and Ubc9, Nuf2 is also 
a potential anticancer target. Nuf2 is not only 
required for the cell cycle progression through mito
sis but also overexpressed in many different types of 
human cancers [77–83]. Furthermore, RNAi knock
down of Nuf2 expression inhibits cancer cell prolif
eration and tumor growth by triggering the cell cycle 
arrest and apoptosis [78–80,84,85]. Based on our 
finding that Nuf2 sumoylation is critical for the 
mitotic progression by facilitating CENP-E kineto
chore localization and chromosome congression, 
a combined targeting of Nuf2 and SAE1/SAE2 or 
Ubc9 by small-molecule inhibitors or siRNAs could 
be an effective approach for treating human cancers 
with both Nuf2 overexpression and Myc hyperacti
vation, Ras mutations, or upregulated sumoylation.

Materials and methods

Antibodies

We obtained antibodies from the following 
sources: anti-Nuf2 rabbit polyclonal antibody 
(pAb) (Bethyl Laboratories); anti-CENP-E mouse 

monoclonal antibody (mAb), Dr Tim Yen (Fox 
Chase Cancer Center); anti-CENP-E rabbit pAb, 
Dr Beth Weaver (University of Wisconsin– 
Madison); anti-SUMO-1 mouse mAb (21C7) [86] 
and anti-SUMO-2/3 mouse mAb (8A2) [12]; 
CREST human antibody against the centromere/ 
kinetochore proteins CENP-A, CENP-B, and 
CENP-C, Dr William Brinkley (Baylor College of 
Medicine); anti-Flag mouse mAb (M2) (Sigma); 
anti-Ubc9 rabbit pAb (Abcam); anti-GST mouse 
mAb (Santa Cruz); anti-Myc (9E10) mouse mAb 
(Santa Cruz); anti-Myc rabbit pAb (Cell 
Signaling); anti-α-tubulin (DM1A) mouse mAb 
(Sigma); anti-GFP (GF28R) mouse mAb 
(UBPBio).

Plasmids and siRNAs

The DNA constructs encoding Flag-tagged Nuf2 
fusion proteins were generated using pFlag-CMV 
vector, in which the Nuf2 coding sequence was 
inserted between ClaI and BamHI sites. To gener
ate the pFlag-Nuf2-3× SUMO-1, pFlag-Nuf2 
-3× SUMO-2, and pFlag-Nuf2-Ubc9 constructs, 
the coding sequences of 3× SUMO-1, 3× SUMO- 
2, and Ubc9 were PCR amplified and subcloned 
between BamHI and SmaI sites in the pFlag-Nuf2 
construct. The original constructs containing the 
coding sequences of 3× SUMO-1 and 3× SUMO-2 
were a gift from Dr Michael Matunis (Johns 
Hopkins University). The pFlag-Nuf2-1× SUMO- 
2 and pFlag-Nuf2-2× SUMO-2 constructs were 
generated by site-directed mutagenesis using the 
pFlag-Nuf2-3× SUMO-2 construct as the template 
to introduce a stop codon at the end of the first 
and second SUMO-2 coding sequence, respec
tively. To generate pFlag-BubR1-3× SUMO-2 plas
mid, the coding sequence of 3× SUMO-2 was 
subcloned into the pFlag-BubR1 plasmid [12]. To 
produce the GST-tagged fusion proteins in bac
teria, the coding sequences of Nuf2 and Nuf2- 
3× SUMO-2 were amplified by PCR and sub
cloned into the pGEX-6P-1 vector between SmaI 
and SalI sites. Using pFlag-Nuf2-Ubc9 as the tem
plate, pFlag-Nuf2-Ubc9D was generated by site- 
directed mutagenesis to convert the codon 93 
encoding cysteine (C) to the codon encoding ala
nine (A). To knock down Nuf2 expression by RNA 
interference (RNAi), two small interfering RNAs 
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(siRNAs) specific to Nuf2, siRNA 1 (5’- 
GCAUGCCGUGAAACGUAUAdTdT-3’) [33,34] 
and siRNA 2 (5’-GGCUUCUUACCAUUCAGCA 
dTdT-3’), and the scrambled control siRNA (5’- 
UUCUCCGAACGUGUCACGUdTdT-3’) [87] 
were purchased from GE Dharmacon. HeLa cells 
were also transfected with Ubc9-specific siRNA for 
knockdown of Ubc9 expression [12].

Cell culture and immunofluorescence microscopy

HeLa (human cervical cancer cells) and 293T 
(human embryonic kidney cells transformed with 
SV40 large T antigen) were grown in DMEM med
ium (Hyclone) supplemented with 1% Penicillin- 
Streptomycin and 10% fetal bovine serum (FBS). 
To analyze the expression of Flag-tagged fusion pro
teins, 293T cells were transfected with the corre
sponding construct using the calcium phosphate 
method [88]. The transfected cells were lysed in 
2× SDS sample buffer (2× SSB) followed by immu
noblot analysis. To analyze the subcellular localiza
tion of Flag-tagged fusion proteins by indirect 
immunofluorescence microscopy, HeLa cells were 
grown to 70% confluency on coverslips and trans
fected with one of the constructs encoding a Flag- 
tagged fusion protein using Lipofectamine-Plus 
reagent (Invitrogen) for 48 h followed by fixation 
with 3.5% paraformaldehyde for 7 min and permea
bilization with 0.2% Triton X-100 for 20 min. The 
fixed cells were first incubated with mouse anti-Flag 
mAb and human CREST antibody for 1 h and then 
with Alexa Fluor 488- and 594-conjugated secondary 
antibodies (Invitrogen) for 30 min. The stained cells 
were incubated with the mounting solution contain
ing 4′,6-diamidino-2-phenylindole (DAPI) to stain 
DNA for 5 min and then analyzed by fluorescence 
microscope. In addition, HeLa cells were co- 
transfected with two constructs encoding Myc- 
tagged SENP2 and one of the Flag-tagged proteins 
for 48 h followed by immunofluorescence micro
scopy with rabbit anti-Myc antibody and mouse 
anti-Flag antibody or mouse anti-CENP-E antibody. 
The portion of the transfected cells at each stage of 
mitosis was determined by DAPI staining and 
immunofluorescence microscopy. The inverted 
Olympus IX81 fluorescence microscope with 
U-Plan S-Apo 60×/1.35 NA oil immersion objective 

was used to acquire images with the MicroSuite 
acquisition software (Olympus).

RNA interference

HeLa cells were transfected with one of the two 
Nuf2-specific siRNAs or a control siRNA for 72 h 
using Oligofectamine Transfection Reagent 
(Invitrogen). To check for the efficiency of RNAi- 
mediated knockdown of Nuf2, the transfected cells 
were lysed with 2× SSB and then analyzed by immu
noblotting using anti-Nuf2 antibodies. To determine 
whether Nuf2 RNAi affects CENP-E kinetochore 
localization, HeLa cells were transfected with control 
or Nuf2-specific siRNAs for 72 h followed by immu
nofluorescence microscopy using human anti- 
CREST and mouse anti-CENP-E antibodies. The 
portion of the transfected cells at each stage of mito
sis was determined by DAPI staining and immuno
fluorescence microscopy.

Immunoprecipitation

293T cells were transfected with the construct 
encoding Flag-tagged Nuf2 or BubR1 for 48 h 
followed by incubation in the presence or absence 
of nocodazole (100 ng/ml) for 5 h. All the immu
noprecipitation experiments were performed 
under stringent denaturing conditions as 
described previously [12]. In brief, the transfected 
cells were lysed in the lysis buffer containing 
protease inhibitors and 10 mM 
N-ethylmaleimide (NEM). The lysis buffer was 
obtained by diluting 2× SSB (5% SDS, 150 mM 
Tris-HCl, pH 6.7, 20% glycerol) with 1× RIPA 
buffer (20 mM HEPES, pH 8.0, 300 mM NaCl, 
2 mM EDTA, 0.5% sodium deoxycholate, 1% 
Triton X-100, and 6% glycerol) in 1:4 ratio. The 
cell lysates were then sonicated and centrifuged at 
14,000 rpm at 4°C for 10 min. The supernatant 
was incubated with anti-Flag M2 beads (Sigma) 
for 5 h at 4°C. The beads were washed five times 
in the wash buffer (20 mM HEPES, pH 8.0, 
750 mM NaCl, 2 mM EDTA, 0.5% sodium deox
ycholate, 1% Triton X-100, 6% glycerol, 0.1% SDS, 
and 10 mM NEM). The immunopurified proteins 
were eluted using 2× SSB followed by immuno
blot analysis.
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In vitro sumoylation assays

The in vitro sumoylation assays were performed at 
37°C in 20 μl reactions containing 0.5 µg SAE1/ 
SAE2, 0.3 µg Ubc9, 1 mM ATP, 10 mM phospho
creatine, 1.2 µg/ml inorganic pyrophosphatase, 
40 U/ml creatine phosphokinase, 110 mM potas
sium acetate, 20 mM HEPES-KOH (pH 7.3), 
2 mM magnesium acetate, 1 mM EGTA, 1 mM 
DTT, and 1.0 µg Nuf2 or GST-RanGAP1 
C-terminal fragment (NΔ419) in the absence or 
presence of 1.0 µg SUMO-1 WT, SUMO-1 K-less 
mutant, or SUMO-2.

In vitro and in vivo CENP-E binding assays

The GST, GST-Nuf2, and GST-Nuf2-3× SUMO-2 
proteins were expressed in BL21 (DE3) cells and 
purified using Glutathione Sepharose beads (GE 
Healthcare). To produce Flag-tagged CENP-E tail 
domain (CENP-Etail) containing SIM wild type 
(WT) or mutant (Mut) [12], 293T cells were trans
fected with the corresponding construct and then 
lysed in the lysis buffer containing 50 mM Tris- 
HCl (pH7.5), 0.2% NP-40, 10% Glycerol, 2 mM 
EDTA, 25 mM NaF, 50 mM NaCl, 10 mM NEM, 
and protease inhibitors. The 293T cell lysates were 
incubated with the Glutathione beads immobilized 
with GST, GST-Nuf2, or GST-Nuf2-3× SUMO-2 
in the binding buffer consisting of the lysis buffer 
plus 0.02% NP-40 at 4°C for 5 h. The beads were 
washed with the buffer containing 50 mM Tris- 
HCl (pH 7.5), 0.02% NP-40, 10% glycerol, 2 mM 
EDTA, and 50 mM NaCl for five times. The pro
teins on the beads were eluted with 2× SSB and 
analyzed by immunoblotting with anti-GST and 
anti-Flag antibodies. The signal intensities of GST 
and Flag were quantified using ImageJ (NIH). 
Statistical analysis was performed using Student’s 
t-test for analyzing the data from three indepen
dent experiments.

The in vivo CENP-E binding assays or co- 
immunoprecipitation (Co-IP) experiments were 
performed by co-transfection of 293T cells with 
the constructs encoding GFP-CENP-Etail WT and 
Flag-Nuf2 or Flag-Nuf2-3× SUMO-2 using 
Lipofectamine 3000 (Invitrogen). The transfected 
cells were lysed with 1× RIPA buffer plus 0.1% 
SDS and protease inhibitors followed by 

sonication and centrifugation at 14,000 rpm at 4° 
C for 10 min. The supernatants were incubated 
with anti-Flag beads at 4°C for 5 h, and the beads 
were washed five times using 1× RIPA buffer plus 
0.1% SDS and protease inhibitors. The proteins on 
the beads were eluted with 2× SSB followed by 
immunoblot analysis using anti-Flag and anti- 
GFP antibodies.
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