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a b s t r a c t

As the sole E2 enzyme for SUMOylation, Ubc9 is predominantly nuclear. However, the underlying
mechanisms of Ubc9 nuclear localization are still not well understood. Here we show that
RNAi-depletion of Imp13, an importin known to mediate Ubc9 nuclear import, reduces both Ubc9
nuclear accumulation and global SUMOylation. Furthermore, Ubc9-R13A or Ubc9-H20D mutation
previously shown to interrupt the interaction of Ubc9 with nucleus-enriched SUMOs reduces the nuclear
enrichment of Ubc9, suggesting that the interaction of Ubc9 with the nuclear SUMOs may enhance Ubc9
nuclear retention. Moreover, Ubc9-R17E mutation, which is known to disrupt the interaction of Ubc9
with both SUMOs and Imp13, causes a greater decrease in Ubc9 nuclear accumulation than Ubc9-R13A or
Ubc9-H20D mutation. Lastly, Ubc9-K74A/S89D mutations that perturb the interaction of Ubc9 with
nucleus-enriched SUMOylation-consensus motifs has no effect on Ubc9 nuclear localization. Altogether,
our results have elucidated that the amino acid residues within the N-terminal region of Ubc9 play a
pivotal role in regulation of Ubc9 nuclear localization.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Small ubiquitin-related modifiers (SUMOs) are conjugated to
many different proteins and thus regulates a variety of cellular
processes ranging from cell-cycle progression to gene expression
[1,2]. Among three mammalian SUMOs, SUMO-2 and SUMO-3
(SUMO-2/3) are ~95% identical but share only ~45% identity to
SUMO-1 [1,2]. SUMOylation is catalyzed by an E1-activating
enzyme (SAE1/2), an E2-conjugating enzyme (Ubc9) and multiple
E3 ligases [1,2]. Ubc9 receives SUMO from SAE1/2 to form
Ubc9~SUMO thioester and then conjugates the SUMO to a lysine (K)
residue of a substrate. This K residue is often present within a
SUMOylation consensus motif (SCM) (JeKexeD/E) (J is a
hydrophobic residue, x is any residue, and D/E is an acidic residue).
Ubc9 can directly bind to SCMs for SUMOylation, which is usually
facilitated by an E3 [1,2]. By interacting with SUMOs, SAE1/2, SCMs
and E3s, Ubc9 has been considered to play a central role in
SUMOylation. Furthermore, both SUMOs and enzymes required for
SUMOylation (including SAE1/2 and Ubc9) are predominantly
.

nuclear [3e7], suggesting that SUMOylation mainly occurs in the
nucleus. Consistent with this, it has been shown previously that
substrates need to be targeted to the nucleus for SUMOylation [7].
Therefore, Ubc9 nuclear localization is expected to be critical for
SUMOylation.

The nuclear and cytoplasmic distribution of a protein, such
as Ubc9, can be regulated by two major mechanisms [8]. One
mechanism is the interaction of this protein with nuclear transport
receptors (also called karyopherins) that mediate its nuclear
import and export. While the karyopherins mediating nuclear
import are called importins, the karyopherins facilitating export
are known as exportins. The other mechanism is the interaction of
this protein with its nuclear or cytoplasmic anchor proteins, lead-
ing to its retention in the nucleus or cytoplasm. Importin 13
(Imp13) has been shown to mediate the nuclear import of Ubc9
using an in vitro import assay [9]. However, it is still unclear if
Imp13 is exclusively responsible for the primarily nuclear locali-
zation of Ubc9.

In this study, we show that RNAi-depletion of Imp13 reduces
both Ubc9 nuclear accumulation and global SUMOylation. We
further elucidates that Ubc9-R17E mutation, which disrupt
its interaction with both Imp13 and SUMOs, causes a greater
decrease in the nuclear accumulation of Ubc9 than does Ubc9-R13A
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or Ubc9-H20D mutation known to disturb its interaction with
SUMOs. Hence, our study reveals the N-terminal amino acid
residues of Ubc9 that are critical for Ubc9 nuclear localization.

2. Materials and methods

2.1. Antibodies

Antibodies used in this study include: rabbit anti-Imp13
antibody as previously described [10]; mouse anti-SUMO-1
monoclonal antibody (mAb) (21C7) [11] (Life Technologies);
mouse anti-SUMO-2/3 mAb (8A2) [5] (Abcam); rabbit anti-Ubc9
mAb (GeneTex); mouse anti-b-actin mAb (GenScript); mouse
anti-a-tubulin mAb (DM1A) (SigmaeAldrich); rabbit anti-HA
antibody (Santa Cruz Biotechnology).

2.2. Cell culture and transfection

Human cervical cancer HeLa cells were cultured in DMEM
(Hyclone) supplemented with 10% fetal bovine serum (FBS)
(Hyclone) and 1% Penicillin-Streptomycin (Invitrogen). The plas-
mids and siRNAs were transfected into HeLa cells using
Lipofectamine-Plus reagent and Oligofectamine (Invitrogen),
respectively. HeLa cells were transfected with non-targeting
control siRNAs or each of the three Imp13-specific siRNAs (siRNA
1, 2, and 3) (Dharmacon) (Supplemental Table 1A) for 48 h and the
plasmid encoding GFP-tagged Ubc9 for 24 h, and analyzed by
immunoblotting and immunofluorescence microscopy.

2.3. Plasmids and site-directed mutagenesis

The open reading frame of human Ubc9 wild-type (WT) was
PCR amplified using the primers (Supplemental Table 1B) and
subcloned into pEGFP-C1 vector. The pEGFP-C1-Ubc9-WT plasmid
was used as a template to generate the constructs encoding GFP-
tagged Ubc9-R17E, Ubc9-R13A, Ubc9-H20D, Ubc9-K74A/S89D and
Ubc9-R17E/K74A/S89D mutants by site-directed mutagenesis
Fig. 1. RNAi-mediated depletion of Imp13 decreases global SUMOylation and the nuclear/c
siRNAs or one of three siRNAs specific to Imp13 (siRNA 1, 2 or 3) and analyzed by immunoblo
and then the plasmids encoding GFP-Ubc9 for 24 h. The cells were fixed with paraformald
10 mm. (C) The histogram shows the percentage of cells exhibiting the mean nuclear/cytopla
intensities of GFP-Ubc9 were quantified using ImageJ (NIH). Each bar represents the mean
using the PCR primers (Supplemental Table 1C) as previously
described [5]. The pcDNA3.1-Imp13-HA construct encoding
HA-tagged Imp13-WT as previously described [10] was used as a
template to generate the construct encoding Imp13-D426R
mutant by site-directed mutagenesis using the PCR primers
(Supplemental Table 1D). All the constructs were verified by DNA
sequencing.

2.4. Fluorescence microscopy, immunofluorescence microcopy and
image analysis

HeLa cells grown on glass coverslip were prepared and analyzed
by two approaches. In the first approach, HeLa cells expressing
GFP-Ubc9WTor mutant were fixed with 3.5% paraformaldehyde in
PBS for 30 min (without permeabilization) and then analyzed by
fluorescence microcopy (Figs. 1B, 3C and 4C). In the second
approach, HeLa cells were fixed with 3.5% paraformaldehyde in PBS
for 30min, permeabilized with ice-cold acetone for 5 min, and then
analyzed by indirect immunofluorescence microscopy (Fig. 2A).
Immunostaining was performed as previously described [12].
Fluorescent images were collected by Olympus inverted IX81
fluorescence microscope with U-Plan S-Apo 60�/1.35 NA oil
immersion objective and MicroSuite acquisition software
(Olympus). The fluorescence signal intensities of GFP-Ubc9 in the
nucleus and cytoplasm were measured using ImageJ software
(NIH). 60 cells from each treatment were analyzed to calculate the
mean nuclear to cytoplasmic concentration ratio (N/C) of GFP-Ubc9.

3. Results

3.1. RNAi-mediated depletion of Imp13 decreases the nuclear/
cytoplasmic concentration ratio of Ubc9 and also levels of
SUMOylation

To evaluate the contribution of Imp13-mediated import in Ubc9
nuclear accumulation, we first established a method using RNAi to
efficiently knockdown Imp13 expression in HeLa cells (Fig. 1). Our
ytoplasmic concentration ratio of Ubc9. (A) HeLa cells were transfected with control
tting. (B) HeLa cells were first transfected with control or Imp13-specific siRNAs for 48 h
ehyde without permeabilization and then analyzed by fluorescence microscopy. Bar,
smic concentration ratio (N/C) of GFP-Ubc9. The nuclear and cytoplasmic fluorescence
value ± SEM (N ¼ 60, *P ¼ 3.5 � 10�18, Student's t test).



Fig. 2. Imp13-D426R mutation known to interrupt the interaction with Ubc9 in vitro nearly abolishes the ability of Imp13 in increasing the nuclear accumulation of Ubc9. (A) HeLa
cells were transfected with the plasmids encoding GFP-Ubc9 alone, both GFP-Ubc9 and HA-Imp13-WT, or both GFP-Ubc9 and HA-Imp13-D426R for 48 h, fixed with para-
formaldehyde, permeabilized with ice-cold acetone, and then analyzed by indirect immunofluorescence microscopy using anti-HA antibody. Bar, 10 mm. (B) The histogram shows
the percentages of cells with the N/C ratios of GFP-Ubc9. Each bar represents the mean value ± SEM (N ¼ 60, *P ¼ 2.8 � 10�16 for GFP-Ubc9 vs [GFP-Ubc9 þ HA-Imp13-WT], P ¼ 0.01
for GFP-Ubc9 vs [GFP-Ubc9 þ HA-Imp13-D426R], Student's t test).
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immunoblot analysis indicated that Imp13 RNAi using three
different siRNAs all caused a >90% reduction in Imp13 expression
and also a significant decrease in both SUMO-1 and SUMO-2/3
modification (Fig. 1A). Since SUMOylation has been considered to
mainly occur in the nucleus, the decreased SUMOylation in Imp13-
depleted cells might be caused by a reduced nuclear concentration
of Ubc9. To test this, HeLa cells were first transfectedwith control or
Imp13-specific siRNAs for 48 h and then the construct encoding
GFP-tagged Ubc9 for 24 h, fixed with 3.5% paraformaldehyde
without permeabilization and then analyzed by fluorescence
Fig. 3. Ubc9 mutations known to disruption its interaction with nucleus-enriched SUMOs d
R13A and H20D. (A) The N-terminal region (1e24 aa) of human Ubc9, including helix a1 an
[30]). C93 indicates the catalytic cysteine residue of Ubc9. (B) The three residues R13, R17 a
(S. pombe). While Ubc9-R13A and Ubc9-H20D mutations are known to disrupt its intera
interactions with both SUMOs and Imp13. (C) HeLa cells were transfected with the construc
with paraformaldehyde without permeabilization and analyzed by fluorescence microscopy
ratios of GFP-Ubc9. Each bar represents the mean value ± SEM (N ¼ 60, *P ¼ 3.0 � 10�19 for U
Ubc9-WT vs Ubc9-H20D, Student's t test). (For interpretation of the references to color in
microscopy. We found that compared to control RNAi, Imp13 RNAi
caused a decrease in the nuclear/cytoplasmic concentration ratio
(N/C) of GFP-Ubc9 (Fig.1B and C). For example, ~85% of control RNAi
cells displayed a high N/C ratio of >4, whereas only ~25% of Imp13
RNAi cells exhibited this high N/C ratio (Fig. 1C). Hence, Imp13-
mediated nuclear import is critical for both Ubc9 nuclear accu-
mulation and efficient SUMOylation. However, Ubc9 remains
highly enriched in the nucleus in Imp13-depleted cells, suggesting
that other mechanism(s) may also regulate Ubc9 nuclear
localization.
ecrease Ubc9 nuclear accumulation. The three Ubc9 single-site mutations include R17E,
d loop 1, is highlighted by pink arrows on the 3D structure of Ubc9 (adapted from Ref.
nd H20 are conserved among various organisms ranging from human to fission yeast
ction with SUMOs, Ubc9-R17E mutation has been previously shown to interrupt its
ts encoding GFP-tagged Ubc9-WT, Ubc9-R17E, Ubc9-R13A or Ubc9-H20D for 24 h, fixed
. Bar, 10 mm. (D) The histogram shows the percentages of cells with the indicated N/C
bc9-WT vs Ubc9-R17E, *P ¼ 1.0 � 10�15 for Ubc9-WT vs Ubc9-R13A, *P ¼ 1.4 � 10�9 for
this figure legend, the reader is referred to the web version of this article.)



Fig. 4. Ubc9 mutations known to interrupt its interaction with nucleus-enriched SCMs have no effect on Ubc9 nuclear localization. (A) The b4 strand and two flanking loops (64-94
aa) are labeled by pink arrows on the 3D structure of human Ubc9. (B) The K74 and S89 residues within this middle region of Ubc9 (64-94 aa) are highly conserved among various
organisms ranging from human to fission yeast (S. pombe) and directly interact with the D/E residue within SCMs. (C) HeLa cells were transfected with the constructs encoding GFP-
tagged Ubc9-WT, Ubc9-K74A/S89D, Ubc9-R17E or Ubc9-R17E/K74A/S89D mutant for 24 h, fixed with paraformaldehyde without permeabilization and analyzed by fluorescence
microscopy. Bar, 10 mm. (D) The histogram indicates the percentages of cells with the indicated N/C ratios of GFP-Ubc9. Each bar represents the mean value ± SEM (N ¼ 60, P ¼ 0.530
for Ubc9-WT vs Ubc9-K74A/S89D, P ¼ 0.328 for Ubc9-R17E vs Ubc9-R17E/K74A/S89D, Student's t test). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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3.2. Imp13-D426R mutation known to interrupt its interaction with
Ubc9 in vitro abolishes the ability of Imp13 in mediating the nuclear
accumulation of Ubc9

It has been shown previously that the D426R mutation of Imp13
disrupts its interaction with Ubc9 using in vitro binding assays [13].
However, the in vivo effect of the Imp13-D426R mutation on
Imp13-mediated Ubc9 nuclear import has not been investigated. To
address this question, HeLa cells were co-transfected with the
constructs encoding GFP-tagged Ubc9 and HA-tagged Imp13-WTor
Imp13-D426R mutant. As a negative control, the cells were also
transfected with the construct encoding GFP-Ubc9 and the corre-
sponding empty vector. After 48 h of transfection, the cell were
fixed with paraformaldehyde, permeabilized with ice-cold acetone,
and then analyzed by indirect immunofluorescence microscopy
using anti-HA antibody (Fig. 2A). Compared to the control cells,
Imp13-WT remarkably increased the percentage of cells with a high
N/C ratio of GFP-Ub9 (>4) from ~25% to ~92% (Fig. 2B). However,
Imp13-D426R only mildly increased the percentage of cells with
this high N/C ratio (>4) from ~25% to ~38%. Hence, the
Imp13-D426R mutation inhibits the ability of Imp13 in mediating
Ubc9 nuclear import.

3.3. The N-terminal Ubc9 mutations that disrupt its interaction
with nucleus-enriched SUMOs reduce the nuclear accumulation of
Ubc9

It has been shown previously that Arg17 of Ubc9 (Fig. 3A and B)
contacts Asp426, Leu361 and Thr362 of Imp13, and that Ubc9-R17E
mutation disrupts in its interaction with Imp13 [13]. Further, GFP-
tagged Ubc9-R17E mutant exhibits a striking decrease in its
nuclear accumulation compared to GFP-tagged Ubc9-WT [14].
Moreover, we noticed that the nuclear/cytoplasmic ratios of
GFP-Ubc9-R17E mutant [14] were much lower than those of GFP-
Ubc9-WT in cells with RNAi-depletion of Imp13 (Fig. 1C). One
explanation is that Ubc9-R17E mutation not only perturbs its
interactions with Imp13 but also with other proteins critical for its
nuclear localization. Studies have revealed that Arg17 of Ubc9
contacts Gly81, Glu67 and Asp86 of SUMO-1, and that Ubc9-R17E
mutation also abolishes its interaction with nucleus-enriched
SUMOs [15,16]. It is thus possible that Ubc9 nuclear localization is
also enhanced by its interaction with SUMOs.

To test this, we took the advantage of previous findings that
Ubc9-R13A or Ubc9-H20D mutant fails to form complexes with
SUMOs [15,16] (Fig. 3B). Structural analyses indicate that Arg13 of
Ubc9 interacts with Glu67 of SUMO-1 [15] but does not contact
Imp13 [13]. Further, Ubc9-R13A/K13A double mutations have no
effect on the 3D structure of Ubc9 [17], suggesting that Ubc9-R13A
single mutation is unlikely to alter its structure and thereby its
interactionwith Imp13. On the other hand, it is still unclear if Ubc9-
H20D mutation affects its interaction with Imp13 since the His20
residue of Ubc9 also interacts with Imp13 [16]. HeLa cells were first
transfected with the constructs encoding GFP-tagged Ubc9-WT,
Ubc9-R17E, Ubc9-R13A and Ubc9-H20D mutants, fixed with para-
formaldehyde (without permeabilization), and then analyzed by
fluorescence microscopy. Compared to GFP-Ubc9-WT, all of the
GFP-Ubc9 mutants displayed a decrease in their N/C ratios (Fig. 4C
and D). While ~75% of GFP-Ubc9-WT cells showed a high N/C ratio
(>4), none of GFP-Ubc9-R17E or GFP-Ubc9-R13A cells aswell as only
~13% of GFP-Ubc9-H20D cells displayed this high ratio (Fig. 4D). On
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the other hand, none of GFP-Ubc9-WT cells exhibited a low N/C
ratio (1e2: 0%; 2e3: 0%), 100% of R17E cells (1e2: 55%; 2e3: 45%),
~88% of R13A cells (1e2: 15%; 2e3: 73%), and ~40% of H20D cells
(1e2: 0%; 2e3: 40%) exhibited this low ratio. Among the three Ubc9
mutants, GFP-Ubc9-R17E exhibited the lowest N/C ratios followed
byGFP-Ubc9-R13A andGFP-Ubc9-H20D.Hence,we show that three
N-terminal mutations of Ubc9 known to disrupt its interactionwith
nucleus-enriched SUMOs reduce its nuclear accumulation.

3.4. Ubc9 interaction with nucleus-enriched SCMs does not affect
its nuclear localization

Most of SUMOylation (~73%) occur at the lysine residues within
the SCMs of primarily nuclear targets [18]. Previous studies indicate
that the S89 and K74 residues of Ubc9 are critical for its interaction
with SCMs, and thatmutations of each residue decreases its binding
activity to SCMs [19,20]. To test if the interaction of Ubc9 with
nucleus-enriched SCMs enhance its nuclear localization, we
generated Ubc9-K74A/S89D double mutant to disrupt the SCM-
binding activity of Ubc9 (Fig. 4A and B). HeLa cells were trans-
fected with the constructs encoding GFP-tagged Ubc9-WTor Ubc9-
K74A/S89D mutant, fixed with paraformaldehyde (without per-
meabilization), and analyzed by fluorescence microscopy. We show
that Ubc9-K74A/S89D mutant and Ubc9-WT have the similar N/C
ratios (Fig. 4C and D), suggesting that Ubc9-K74A/S89D mutations
has no effect on its nuclear accumulation. To test whether a defect
in Ubc9 interaction with SCMs only exhibits a detectable effect on
its nuclear accumulation when this defect is combined with other
defects of Ubc9, we generated Ubc9-R17E/K74A/S89D triple mutant
with defects in its interaction with SCMs as well as Imp13 and
SUMOs. We elucidate that Ubc9-R17E/K74A/S89D share the same
N/C ratios with Ubc9-R17E (Fig. 4C and D). Hence, Ubc9 interaction
with SCMs is not critical for its nuclear localization.

4. Discussion

In this study, we use RNAi-depletion of Imp13 to show that
Imp13-mediated import is critical for Ubc9 nuclear accumulation
and efficient SUMOylation. We then reveal that the interaction of
Ubc9 with Imp13 and SUMOs but not SCMs are pivotal for Ubc9
nuclear enrichment by analyzing a series of Ubc9 mutations known
to disrupt the interaction of Ubc9 with Imp13, SUMOs and/or SCMs.
These results support a model that Ubc9 nuclear accumulation is
facilitated by Imp13-mediated nuclear import and its interaction
with nuclear anchor proteins including SUMOs for nuclear reten-
tion. Our study therefore provides a foundation to further investi-
gate how the amino acid residues within the N-terminal region of
Ubc9 regulate Ubc9 nuclear localization.

We show that Imp13 RNAi decreases in both N/C ratios of Ubc9
and levels of SUMOylation, suggesting that Ubc9 nuclear accumu-
lation is critical for efficient SUMOylation. Furthermore, we observe
that Imp13 RNAi causes a greater reduction in SUMO-2/3 modifi-
cation than SUMO-1 modification. This result suggests that SUMO-
2/3 modification is more sensitive to a reduction in N/C ratios of
Ubc9 than SUMO-1 modification. Consistent with this, it has been
shown previously that SUMO-2/3 modification is more dynamic
than SUMO-1 modification [3].

In this study, we have tested three different commercially
available anti-Ubc9 antibodies to evaluate the effect of Imp13 RNAi
on the N/C distribution of endogenous Ubc9 using immunofluo-
rescence microscopy. However, these antibodies fail to detect any
obvious change in the distribution of Ubc9 in Imp13 RNAi cells
compared to control cells although they can recognize endogenous
Ubc9 using immunoblot analysis (data not shown). This might be
caused by the non-specific staining of these antibodies during
immunofluorescence microscopy. Hence, we have evaluated the
effect of Imp13 RNAi on the N/C distribution of GFP-tagged Ubc9
instead of endogenous Ubc9. An advantage of using GFP-tagged
Ubc9 is that the N/C distribution of GFP-Ubc9 can be well pre-
served and also conveniently analyzed by fluorescence microscopy
after cell fixation without permeabilization. We consistently
observe that permeabilization of paraformaldehyde-fixed cells
(Fig. 2B) causes a significant reduction in N/C ratios of GFP-Ubc9
compared to the fixed cells without permeabilization (Figs. 1C, 3D
and 4D). Consistent with this, it has been shown previously that
the nuclear Ubc9 can be extracted by permeabilization of cells [6].
On the other hand, GFP tag (~26 kDa) causes a significant increase
in the size of GFP-tagged Ubc9 as Ubc9 has a small size of ~18 kDa.
Compared endogenous Ubc9, the larger size of GFP-Ubc9 may
decrease its passive diffusion between the nucleus and cytoplasm
across NPCs. This might be a reason that we did not observe a
highly robust decrease in the N/C ratios of GFP-Ubc9 by RNAi-
depletion of Imp13 (Fig. 1C).

We show that Ubc9-R17E mutation, which perturbs the interac-
tion of Ubc9with both Imp13 and nucleus-enriched SUMOs, causes a
greater reduction in the N/C ratios of Ubc9 than RNAi-depletion of
Imp13 as well as Ubc9-R13A or Ubc9-H20D mutation known to
disrupt in the interaction of Ubc9 with SUMOs. These results suggest
that Ubc9 nuclear accumulation is regulated by both Imp13-
mediated nuclear import and SUMO-mediated nuclear retention.
Further, the R13A, R17E or H20D mutation of Ubc9 does not disturb
its 3D structure [15,16], suggesting that the reduction in N/C ratios of
these mutants is not caused by a mis-folding of Ubc9. While Ubc9
mutations that interrupt its interaction with the nuclear SUMOs
reduces its nuclear enrichment, Ubc9-K74A/S89D mutations that
disrupt its interaction with the nucleus-enriched SCMs has no effect
on its nuclear accumulation. A possible reason is that Ubc9 has a
much higher binding affinity with SUMOs (Kd ¼ 82 ± 23 nM) than
with the SCMs of three SUMO substrates (Kd ¼ 440 ± 60 mM for
MEF2; Kd ¼ 457 ± 87 mM for HSF1; Kd ¼ 68 ± 10 mM for p53) [16,20].

It has been shown previously that Ubc9-R17E mutation abol-
ishes its interaction with SAE1/2 and the formation of Ubc9~SUMO
thioester, Ubc9-R13A mutation reduces both SAE1/2 interaction
and thioester formation, and Ubc9-H20D mutation only decreases
SAE1/2 interaction without altering thioester formation [15,16,21].
The interaction of Ubc9 with the nucleus-enriched SAE1/2 may also
play a role in Ubc9 nuclear accumulation. Hence, it would be
worthy to compare the binding affinities of Ubc9-WT and its N-
terminal amino acid mutants with Imp13, SUMOs and SAE1/2 in
order to better evaluate the contribution of each mutation in Ubc9
nuclear accumulation.

The nuclear import of SAE1/2 is known to be mediated by
importin a/b [22]. SAE2 contains a nuclear localization signal (NLS)
responsible for its own nuclear import and also the SAE1/2 holo-
enzyme [22]. Furthermore, SUMOylation of SAE2 at and near its
NLS region is required for the nuclear localization of SAE1/2
through nuclear retention [22,23]. SAE1/2 nuclear accumulation is
therefore regulated by both importin a/b-mediated nuclear import
and SUMOylation-mediated nuclear retention. Similarly, our results
support a model that the N-terminal amino acid residues of Ubc9
are critical for Ubc9 nuclear accumulation by facilitating its in-
teractions with Imp13 for nuclear import and also with SUMOs for
nuclear retention. Intriguingly, Ubc9 is also modified by SUMO at
Lys14 at its N-terminus [24]. Therefore, it would be very interesting
to test if SUMOylation of Ubc9 regulates its nuclear localization.

Ubc9 is frequently upregulated in various types of cancers and
plays a critical role in cancer progression and metastasis [25e28].
Ubc9 thus represents a novel target for therapeutic treatment of
cancers [27,29]. Previous studies and ours reveal that the N-ter-
minal region of Ubc9 regulates not only the formation of
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Ubc9~SUMO thioester, an essential step for SUMOylation, but also
Ubc9 nuclear localization for efficient SUMOylation by directly
interacting with SAE1/2, SUMOs and Imp13 [13e16,21]. It is
therefore conceivable that anti-cancer drugs could be developed by
targeting this N-terminal region of Ubc9, including helix a1 and
loop 1, to disrupt the interaction of Ubc9 with SAE1/2, SUMOs and
Imp13, leading to an inhibition of SUMOylation.
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