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ABSTRACT
The cullin-RING E3 ubiquitin ligases (CRLs) play crucial roles in modulating the stability of proteins in
the cell and are, in turn, regulated by post-translationalmodification by the ubiquitin-like (Ubl) protein
NEDD8. This process, termed neddylation, is reversible through the action of the COP9 signalosome
(CSN); a multi-subunit metalloprotease conserved among eukaryotes that plays direct or indirect roles
in DNA repair, cell signaling and cell cycle regulation in part through modulating the activity of the
CRLs. Previously, inhibition of CRL neddylation by MLN4924, a small molecule inhibitor of the NEDD8-
activating enzyme 1 (NAE1), was shown to induce interphase cell cycle arrest and cell death. Using
fixed and living cell microscopy, we re-evaluated the cell cycle effects of inhibition of neddylation by
MLN4924 in both asynchronous and mitotic cell populations. Consistent with previous studies,
treatment of asynchronous cells with MLN4924 increased CDT1 expression levels, induced G2 arrest
and increased nuclear size. However, in synchronized cells treated in mitosis, mitotic defects were
observed including lagging chromosomes and binucleated daughter cells. Consistent with neddyla-
tion and deneddylation playing a role in cytokinesis, NEDD8, as well as subunits of the CSN, could be
localized at the midbody and cleavage furrow. Finally, treatment of mitotic cells with MLN4924
induced the premature accumulation of MKLP1 at the cleavage furrow, a key regulator of cytokinesis,
which was concomitant with increased abscission delay and failure. Thus, these studies uncover an
uncharacterized mitotic effect of MLN4924 on MKLP1 accumulation at the midbody and support
a role for neddylation during cytokinesis.

Abbreviations: CSN, COP9 Signalosome; MKLP1, mitotic kinesin-like protein 1; NEDD8, Neural
precursor cell Expressed, Developmentally Down-regulated 8.
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Introduction

Somatic cell division in eukaryotic cells is tightly regu-
lated to ensure fidelity in the transfer of genetic mate-
rial between daughter cells. The final step in cell
division is cytokinesis, and during cytokinesis in ani-
mal cells, an actomyosin contractile ring forms
between daughter cells after the onset of anaphase
and chromosome separation creating a structure
known as the cleavage furrow [1]. The cleavage furrow
constricts toward the center of the cell, drawing the
plasma membrane with it, and eventually, only
a narrow bridge of cytoplasm and a compact structure
known as the midbody remain. The midbody plays
a critical role in the final step of cytokinesis known as
abscission; the process by which the intracellular
bridge between the two daughter cells is severed.
Altogether over 100 proteins have been found to

play a role in cytokinesis, including the mitotic kine-
sin-like protein 1 (MKLP1), also known as kinesin
family member 23 (KIF23) [2,3]. MKLP1 belongs to
the group of proteins known as chromosomal passen-
gers; proteins that localize initially to chromosomes
and centromeres but later re-locate to the spindle
midzone and then the midbody, and includes the
inner centromere protein (INCENP) and Aurora
B kinase (AURKB) [4]. Recruitment of MKLP1 by
INCENP to the midbody and its phosphorylation by
AURKB is essential for completion of cytokinesis
[5,6]. As such, loss of these passenger proteins results
in cytokinesis defects including delayed or failed
abscission [4]. In turn, failure of cytokinesis can result
in cell death or, if the cell survives, genomic instability
by promoting aneuploidy that in turn can drive cancer
development and progression [7].
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During cell division, mitotic kinases like AURKB
phosphorylate a number of substrate proteins, leading
to spatial-temporal changes in their localization and/
or function [8]. However, several other protein mod-
ifications also play important roles in cell division
including modification by ubiquitin and members of
the ubiquitin-like protein (Ubl) family [9], such as the
small ubiquitin-related modifier (SUMO) [10] and
neural precursor cell expressed, developmentally
down-regulated 8 (NEDD8) [11]. The covalent
attachment of ubiquitin (or the Ubls) occurs at recep-
tor lysine residues located on target proteins and is
mediated by three classes of enzymes, termed E1, E2
and E3 (see [12] for a comprehensive discussion).
During cell division, ubiquitin-mediated proteolysis
is primarily done by the anaphase-promoting com-
plex/cyclosome (APC/C) and cullin-RING ubiquitin
ligases (CRLs). For example, the degradation of cyclin
B1 by APC/C and CRL2-ZYG11 is required for pro-
gression through mitosis in C. elegans and human
cells [13]. In another example, targeted degradation
of chromatin licensing and DNA replication factor 1
(CDT1) and Geminin in G2 and G1 (respectively)
prevents re-replication of DNA during the cell cycle
[14]. Degradation of CDT1 inG2 occurs via the action
of either the Skp, cullin, F-box (SCF) complex (SCF-
Skp2) or the DDB1-CUL4 E3 ligase complex [15,16],
and Geminin is degraded by APC-CDH1 at the meta-
phase–anaphase transition and during G1 [17].

The activity of the CRLs, including CUL1, 2, 3,
4A/B, and CUL5, is regulated by modification with
the Ubl NEDD8 [9]. Covalent attachment of
NEDD8, referred to as neddylation, occurs via
the action of a single E1, NAE – a heterodimer
of NEDD8-activating enzyme NAE1 and UBA3,
and the E2 enzymes UBE2M (UBC12) and its
orthologue UBE2F [12]. NEDD8 is thought to
activate CRLs by promoting the reconfiguration
of the complex to its active state [18], which allows
the ubiquitin E2, carrying the charged ubiquitin, to
interact with the cullin complex. Thus, the activity
of the CRLs can be tightly regulated by NAE-
dependent neddylation, and consequently reversi-
bly inhibited by deneddylation [19].

Deneddylation of the CRLs occurs primarily via
the action of the evolutionarily conserved COP9
signalosome (CSN) [20–22]; however, when
NEDD8 is overexpressed, hyper-neddylated CRLs
can be deneddylated by SENP8 (also known as

DEN1) [23,24]. The COP9 signalosome (CSN) con-
sists of eight subunits (CSN1 to CSN8, also known as
COPS1-8) [19,22], and each subunit contains
C-terminal α-helices that allow it to associate with
the other subunits [25]. Of the CSN subunits, CSN5
encodes the enzymatic activity of the complex.
Structurally, CSN5 and CSN6 contain an MPN
(MPR-PAD1-Nterm) domain and the other subunits
contain a PCI (Proteasome, COP9 signalosome,
Initiation factor 3 eIF-3) domain, which are believed
to mediate protein–protein interactions [25]. Of
note, CSN5 and CSN6 are known to form a stable
subcomplex with subunits CSN4 and CSN7A/B, and
CSN6 is important in the incorporation of CSN5 in
the catalytically active CSN complex [18,25,26].

The CSN has been implicated in development,
cell differentiation, DNA repair and cell cycle
control in response to various cell stresses across
multiple phyla [20,21,27,28]. Many insights into
the biological function(s) of neddylation have
been revealed by inhibition of NAE1 by the
small molecule MLN4924, which indirectly inhi-
bits a broad range of CRLs by blocking their
neddylation [29]. Inhibition of neddylation by
MLN4924 has been shown to have anti-cancer
activity in vitro and in vivo, and results in the
accumulation CDT1, re-replication of DNA in
S-phase and G2 arrest [29–32].

Using fixed and live-cell microscopy, we re-
evaluated the cell cycle effects of inhibition of
neddylation by MLN4924 in both asynchronous
and mitotic cell populations. As expected,
MLN4924 treatment of asynchronous cells
resulted in the accumulation of CDT1, G2 arrest
and increased nuclear size consistent with re-
replication of DNA. However, in synchronized
cells treated in mitosis, we observed mitotic defects
including lagging chromosomes and binucleated
daughter cells. Consistent with neddylation play-
ing a role in cytokinesis, we also localized NEDD8
and CSN subunits to the midbody and cleavage
furrow. Finally, treatment of synchronized cells
prior to mitosis with MLN4924, induced prema-
ture accumulation of MKLP1 to the cleavage fur-
row and increased abscission failure. Thus, these
studies uncover a previously uncharacterized cell
cycle effect of MLN4924 on MKLP1 accumulation
at the midbody and support a role for neddylation
during cytokinesis.
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Results

Inhibition of neddylation by MLN4924 leads to
CDT1 accumulation, G2 arrest and the increased
numbers of cells with more than 4N DNA content

To establish drug potency and re-examine the cell
cycle effects of neddylation inhibitionwe treated asyn-
chronous HeLa cells with 0.3 µMMLN4924 for 24 to
48 h and used the ES-FUCCI (Fluorescent,
Ubiquitination-basedCellCycle Indicator [33]) repor-
ter system [34] to monitor the levels of the CRL sub-
strate CDT1 degraded in G1/S (mCherry-CDT1), and
the APC-CDH1 substrate Geminin (Citrine-
Geminin) degraded in G2/M (Figure 1). We observed
a significant increase in CDT1 expression in
MLN4924-treated cells over time as measured by the
integrated fluorescent intensity ofmCherry-CDT1per
cell (p < 0.0001), a result consistent with previous
findings that MLN4924 treatment above 0.25 µM
can strongly block neddylation and stabilize CDT1
[29,35]. MLN4924 treatment for 48 h also increased
Citrine-Geminin expression, which is not a CRL sub-
strate, indicating that cells not initially arrested inG1/S
began to accumulate in G2. These effects on CDT1
and Geminin in MLN4924-treated cells correlated
with reduced protein neddylation, including CUL1
modification by NEDD8, as measured by Western
blot (Supplementary Figure S1). We also analyzed
the cell cycle distribution of vehicle (DMSO) and
MLN4924-treated cells by flow cytometry (Figure 2
(a–b)). We observed a trend between 24 and 48 h of
decreasing numbers of cells in G1 (p < 0.01 at 48 h)
and increasing numbers of cells in G2/M with 4N
DNA content (p < 0.05 at 48 h), in addition to the
accumulation of cells with >4NDNAcontent between
drug-treated and vehicle (DMSO)-treated cells (p <
0.01 at 48 h). Similarly, we found that treatment of the
Tert-immortalized normal human fibroblast cell line
GM05757 [36] withMLN4924 resulted in the appear-
ance of cells with giant nuclei consistent with endor-
eplication of DNA (Supplemental Figure S2). Finally,
we also observed G2 arrest in MLN4924-treated cells
that coincided with a significant increase in nuclear
area overtime (Figure 2(c), p < 0.0001). These results
are consistent with previously reported G2 cell cycle
arrest and the endoreplication ofDNA in S-phase cells
due to the accumulation of CDT1 in cells treated with
MLN4924 [29].

NEDD8 and the COP9 signalosome localize to the
midbody with cullins 1 and 3 during cytokinesis

The presence of >4N cells after 48 h of MLN4924
treatment (Figure 2) could arise by either DNA
endoreplication or by errors in cell division during
mitosis that could contribute to aneuploidy [37].
Given that CRL E3 ubiquitin ligases are implicated
in mitotic progression [38–41], this prompted us
to ask whether neddylation is also involved in
cytokinesis. To test this hypothesis, we examined
the localization of NEDD8, selected CRLs and
subunits of the COP9 signalosome (CSN) by
immunofluorescence microscopy of endogenous
proteins and those tagged with fluorescent pro-
teins in untreated HeLa cells (Figures 3 and 4).
Endogenous NEDD8 was detected on either side
of the cleavage furrow (Figure 3(a)) during early
cytokinesis, and then more centrally at the mid-
body (Figure 3(b and c)), suggesting differential
localization of neddylated proteins between early
and late cytokinesis. The midbody localization of
NEDD8 closely aligned with enhanced green fluor-
escent protein (EGFP)-CUL1 and endogenous
CUL3, which are known neddylation substrates.
We also observed CUL3 localization to the clea-
vage furrow in normal retinal pigment epithelial
cell line RPE-1 (Supplemental Figure S3). These
data are consistent with previous reports of CUL1
and CUL3 being identified as components of the
midbody [38,40].

Using an antibody directed against CSN4, we loca-
lized this CSN subunit to the intercellular bridge and
the outer edges of the midbody (Figure 3(c)). This
prompted a more thorough examination of the loca-
lization of the other CSN subunits, which together
form the CSN holoenzyme [18]. This was accom-
plished by using fluorescent protein fusions of the
CSN subunits, which was necessary due to the paucity
of antibodies available for this complex. Using DIC
(differential interference contrast) and the MKLP1
protein to identify midbodies [5,6,42] within fluores-
cence micrographs, we found that all subunits could
be localized to the midbody of untreated HeLa and
RPE-1 cells, implying that the entire CSN complex is
present there during cytokinesis (Figure 4,
Supplemental Figure S3 and S4). In agreement with
CRL and NEDD8 localization at the midbody, most
CSN subunits fused to EGFP, or the red fluorescent
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Figure 1. Elevated expression of mCherry-CDT1 and Citrine-geminin upon chemical inhibition of neddylation in asynchronous HeLa
cells. (a) Overview of the FUCCI system, where CDT1 is expressed predominately in G1 and Geminin is expressed during S, G2 and
Mitosis (M) phase of the cell cycle. Asynchronous HeLa cells stably expressing ES-FUCCI reporter were treated with vehicle (0.03%
DMSO; N = 181 cells) or 0.3μM MLN4924 for 24 h (N = 164 cells) and 48 h (N = 191 cells). (b) Integrated fluorescent intensity per cell
is shown for mCherry-CDT1 (G1/S) and Citrine-Geminin (G2/M). Graphs are depicted as a box and whisker plot, where the mean, 9th
and 91st percentile are depicted as horizontal bars, and the outliers beyond one standard deviation are plotted as individual points.
Data were collated from three replicates, and the number of cells (N) evaluated for each condition is indicated. (c) Micrographs of
mCherry-CDT1 and nuclei stained with DAPI are shown for cells treated with vehicle or 0.3μM MLN4924 for 48 h and asterisks
indicate the degree of significance between means (*** = p < 0.0001, ns = no significance).
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protein mRuby2, tended to be localized toward the
outer edge of the midbody forming a ring-like struc-
ture (e.g. CSN4 and CSN6) or were found in both the
centre and the edge of the midbody (e.g. CSN5)
(Figure 4(a)); a result that is in contrast with the
faint localization of EGFP at the centre of the mid-
body, which is consistent with non-specific trapping
of EGFP when not fused to a CSN subunit. Co-
expression of pairs of CSN subunits also resulted in
co-localization at midbodies in a ring pattern that
overlapped with the immunofluorescence signal of
endogenous MKLP1 (Figure 4(b)). We also observed
the redistribution of CSN5 from more diffuse locali-
zation throughout the midbody when co-expressed

with CSN4 to a very distinct ring localization pattern
with a central cavity when co-expressed with CSN6,
indicating specific recruitment of CSN5 to the con-
tractile ring by CSN6 (Figure 5(b)). Although signal
intensity at the midbody imaged in the x/y dimension
(with respect to the growth substrate) varied among
the fluorescent protein-tagged CSN subunits, the
mean fluorescence of several of the subunits exhibits
significantly higher fluorescent intensities than EGFP
alone, including CSN4 (p < 0.01), CSN6 (p < 0.01),
CSN7A (p < 0.001), CSN7B (p < 0.01) and CSN8 (p <
0.001) (Figure 4(c)). In addition, we found that EGFP-
CSN5 exhibited significantly lower fluorescent inten-
sity at the midbody than EGFP alone (p < 0.001;

Figure 2. Cell cycle effects of chemical inhibition of neddylation on asynchronous HeLa cells. Asynchronous HeLa cells were treated
with vehicle (0.03% DMSO) or 0.3μM MLN4924 and collected 24 h and 48 h later for flow cytometry. (a–b) Representative histogram
and dot plot of gated regions in untreated and treated populations (Panel A). Vertical lines delineate populations according to cell
cycle phase (Panel B) Each bar is the mean percentage of cells in different cell cycle phases for four biological replicates. (c) Relative
nuclear area (DNA stained with DAPI) was depicted as a box and whisker plot, where the mean, 9th and 91st percentile are depicted
as horizontal bars, and the outliers beyond one standard deviation are plotted as individual points. Data were collated from three
replicates, and the number of cells (N) evaluated for each condition is indicated. *** = p < 0.0001, ** = p < 0.01, * = p < 0.05.
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Figure 4(c)), which we speculate may be because of
tighter control of CSN5 protein levels compared to
other CSN subunits.

Given the localization pattern and significantly
higher fluorescence signal intensities of several of
the fluorescent protein-tagged CSN subunits, we

Figure 3. NEDD8 localizes at the cleavage furrow and midbody adjacent to Cullins 1 and 3. (a) Immunofluorescence detection of NEDD8
(green) at the cleavage furrow in untreated HeLa cells during early stages of cytokinesis. Magnified regions are indicatedwithwhite boxes, and
the midbody is indicated (white arrowhead). DNA was stained with DAPI. (b–c) Co-immunofluorescence detection of NEDD8 (red) EGFP-CUL1
(green) (Panel B), and NEDD8 (green) with CUL3 (red), and CSN4 (blue) (Panel C) in HeLa cells. In Panel C magnified regions containing the
midbody are shown for both x/y and y/z orientation. Line scan plots of the signal intensity across the midbody (bounded by opposite-facing
arrowheads) are shown for each fluorescent channel.
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Figure 4. CSN subunits localize in distinct structures at the midbody during cytokinesis. (a) Representative images of EGFP-tagged CSN4,
CSN5 and CSN6 expression at the midbody, which are identified using differential interference contrast (DIC) (black arrows). Boxed areas
represent magnified images in the y/z orientation of the midbody for each fluorescence micrograph shown above in the x/y orientation. (b)
Representative midbodies found in the image at the far left (white box) are shown at the right magnified to highlight the expression pattern
of CSN subunits in both the x/y and y/z orientation. Double co-localization using transiently expressed EGFP-CSN5 (green), paired with
mRuby2-CSN4 or CSN6 (red) at midbodies, as identified with MKLP1 antibody staining (blue). Line scan plots of the signal intensity across the
midbody (bounded by opposite-facing arrowheads) are shown for each fluorescent channel. (c) Mean EGFP fluorescent signal intensity of all
CSN subunits at midbodies was scored and compared with EGFP alone, with the data represented as vertical scatter plots with mean, SEM.
The number of measurements made from individual cells (N), collated from three replicates, are shown below each scatter plot. Significance
was determined using an unpaired Student’s t-test with Welch’s correction. ns = not significant, *** = p < 0.001, and ** = p < 0.01.
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Figure 5. Measurement of EGFP versus EGFP-CSN6 fluorescence recovery after photobleaching (FRAP) at the midbody. (a) Representative
images of EGFP, EGFP-CSN6 and midbody protein mCherry-MKLP1 before and after photobleaching. (b) The mean normalized fluorescence
intensity is shown in the recovery curve for EGFP (green line), EGFP-CSN6 (blue line), and mCherry-MKLP1 (red line). The vertical bars show
standard error of the mean. Data were collected for up to 5-min post-bleaching event. (c) A fitted curve (green line) of the data in Panel B was
used to determine the mobile and immobile fraction (indicated as FM and FI, respectively) and the recovery half-life (τ1/2) for EGFP (left) and
EGFP-CSN6 (right).
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hypothesized that the COP9 signalosome was likely
associated with the actin-contractile ring at the mid-
body, and as such would exhibit restricted diffusion
in comparison to a freely diffusing fluorescent pro-
tein such as EGFP alone. Therefore, to further char-
acterize the association of the CSN with the
midbody, we examined the localization and diffusion
of EGFP-CSN6 as a marker of the COP9 signalo-
some in HeLa cells by fluorescence recovery after
photobleaching (FRAP) (Figure 5). In our bleaching
experiments, we used the localization of mCherry-
tagged MKLP1 as a fiduciary for the position of the
midbody and employed a high intensity 488 nm laser
to simultaneously bleach mCherry-MKLP1 and
EGFP-CSN6 (or EGFP) at the midbody.
Fluorescence recovery of EGFP was very rapid,
while EGFP-CSN6 and mCherry-MKLP1 only
recovered partially over the 5-min time period
observed. By plotting the mean intensity of the fluor-
escent signal for EGFP and EGFP-CSN6, and curve
fitted using a non-linear regression and the expo-
nential one-phase association model, it was found
that CSN6 has a larger immobile fraction than EGFP
(Figure 5(b)); a result consistent with a strong asso-
ciation with substructures within the midbody such
as the contractile ring.

MLN4924 treatment causes aberrant mitosis and
the early accumulation of MKLP1 at the midbody
concomitant with increased abscission failure

Treatment of asynchronous HeLa cells with the ned-
dylation inhibitor MLN4924 produced a small subset
of cells with greater than 4N DNA content (Figure 2).
Given our data demonstrating neddylated substrates
such as the cullins (i.e. CUL 1 and 3; Figure 3) and the
CSN deneddylase complex at the midbody during
cytokinesis, we sought to determine if we could find
evidence of aberrant mitosis that might partly explain
changes in DNA content per cell. We found upon
further inspection that cells treated with the neddyla-
tion inhibitor MLN4924 for 48 h did indeed result in
a significant increase in abnormalmitotic events com-
pared to the control (Figure 6 and Supplemental
Figure S5). These abnormal mitotic events included
lagging chromosomes, chromosome bridges, asym-
metric cell division, binucleated and multinucleated
cells. Of note, NEDD8 could still be found to localize
at the midbody in treated cells, which could indicate

the existence of either long-lived neddylated proteins
or unconjugated NEDD8 at this structure
(Supplemental Figure S5). These mitotic events
could be related to the accumulation of cullin sub-
strates during the extended treatment of cells with
MLN4924. Thus, to gain additional insight into the
role of neddylation specifically in mitosis, we treated
HeLa cells collected by mitotic shake-off with
MLN4924 and followed the progress of these mitotic
cells as they entered cytokinesis by live-cell spinning-
disk confocal microscopy (Figure 7, Supplemental
Movies S1 (T = 0 @ 11 min) and S2 (T = 0 @ 16
min)). To facilitate live-cell imaging, HeLa cells tran-
siently expressed GFP-MKLP1 to mark the midbody,
mScarlet-i-LifeAct to label the actin cytoskeleton, and
DNA was stained with the viable far-red dye SiR-
DNA (Figure 7(a)). We observed that MKLP1 accu-
mulated at the cleavage furrow and midbody in
MLN4924-treated cells significantly earlier after the
onset anaphase (18.3 ± 1.4 min, 95% CI: 15.4 to 21.2
min) than vehicle-treated cells (26.7 ± 3.5 min, 95%
CI: 19.3 to 34.1 min) (p < 0.01; Figure 7(b)).
Furthermore, when the cells were followed over
a time course of 8 h, we observed a significant number
of cells with delayed or failed abscission in the
MLN4924 treated cells as compared to those treated
with vehicle (p < 0.0001; Figure 8(a–b)). In addition,
MKLP1 localization at the midbody became fragmen-
ted between 90 min and 180 min after the onset of
anaphase in a subset of MLN4924-treated cells as they
entered late telophase, which was concomitant with
abscission delay (Figure 8(c), Supplemental Movie
S2). Thus, ongoing neddylation in mitosis plays
a role in regulating the accumulation of MKLP1 at
the midbody and is required for efficient and timely
abscission during cytokinesis.

Discussion

Protein neddylation in animal cells has been impli-
cated in diverse cellular functions including
epithelial-to-mesenchymal transition [43], autop-
hagy [44], senescence [30,45], the DNA damage
response [46,47], and cell cycle regulation [29,48].
Consistent with previous reports [29–32], we
found that inhibition of neddylation by treatment
of human HeLa cervical cancer and GM05757
fibroblast cells with the small molecule MLN4924
resulted in the accumulation of cells with
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increased nuclear size (Figure 1 and Supplemental
Figure S2). In HeLa cells treated with MLN4924,
we also characterized elevated protein levels of
CDT1 and Geminin, G2 arrest and cells with
>4N DNA content (Figures 1 and 2). These effects
are attributed to reduced neddylation of the cullin-
RING E3 ligases (CRL) resulting in reduced CRL

activity and the accumulation of CDT1 and other
substrates, and indeed we observed both reduced
bulk protein neddylation and reduced neddylation
of cullin 1 (CUL1) (Figure S1). However, in pre-
vious studies in human cells the mitotic effects of
MLN4924 were not characterized, nor has the
COP9 signalosome (CSN) complex been localized

Figure 6. Chemical inhibition of neddylation in HeLa cells increases abnormal mitotic events. (a) Representative images of HeLa cells
treated with vehicle (0.03% DMSO) or 0.3μM MLN4924 for 48 h. MKLP1 localization at the midbody is indicated (red, white
arrowheads), and DNA is indicated by DAPI staining (blue). Abnormal mitotic events, such as failed abscission resulting in binucleated
(*) and multinucleated cells (**) are indicated with white asterisks. (b) The number of cells with Normal and Abnormal cell division
was quantified and depicted as a stacked histogram; where abnormal cell division was defined as cells demonstrating asymmetric
cell division (resulting in binucleated cells), lagging chromosomes and/or the presence of chromosomal bridges. Significance of the
difference in the distributions between treated and untreated cells with respect to normal and abnormal cell division was
determined by Fisher’s exact test ** = p < 0.01.
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Figure 7. Chemical inhibition of neddylation in HeLa cells duringmitosis leads to altered timing of the accumulation of MKLP1 at the cleavage
furrow and midbody. (a) Mitotic HeLa cells expressing mScarlet-i-LifeAct were treated with vehicle (0.03% DMSO) or 0.3 μM MLN4924 and
followed over time by live-cell spinning disk confocal microscopy. DNA were stained with the viable dye SiR-DNA, and the actin cytoskeleton
was visualized by mScarlet-i-LifeAct. MKLP1 accumulation at the midbody is indicated with a white arrowhead. (b) A horizontal scatter plot of
the timing (in minutes) of MKLP1 accumulation to the cleavage furrow (and midbody) after the onset of anaphase is shown, where each dot
represents one dividing cell, and the mean length of time and standard error are indicated. Significance was determined using an unpaired
Student’s t-test with Welch’s correction. ** = p < 0.01.

CELL CYCLE 1145



Figure 8. Chemical inhibition of neddylation of HeLa cells in mitosis results in delayed or failed abscission. (a) Representative images
of HeLa cells expressing an actin cytoskeleton marker mScarlet-i-LifeAct and midbody marker EGFP-MKLP1 were stained with viable
DNA dye SiR-DNA and treated with vehicle (0.03% DMSO) or 0.3 μM MLN4924 at the onset of metaphase, and then followed for 8 h.
(b) The number of cells completing cytokinesis (separated) versus the number of cells remaining joined by a cellular bridge with
delayed or failed abscission marked by binucleated cells (unseparated) was quantified for HeLa cells treated with vehicle or MLN4924
in mitosis as in Panel A, and depicted as a stacked histogram. Significance between the number of delayed/failed abscission events
occurring in the vehicle versus drug-treated cells was determined by Fisher’s exact test. *** = p < 0.0001 (c) Representative images
demonstrating how MKLP1 localization at the midbody becomes fragmented between anaphase and late telophase in a subset of
MLN4924-treated cells, concomitant with abscission failure. White arrowheads indicate the position of MKLP1 at the midbody. An
asterisk (*) indicates dead cells/debris.
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at the midbody during cytokinesis. In the present
study, we demonstrate for the first time that
NEDD8 and CSN subunits colocalize with CUL1
and 3 at the cleavage furrow and midbody in HeLa
(Figures 3–5) and RPE-1 cells (Supplemental
Figures S3 and S4), and provide evidence support-
ing a role for ongoing neddylation during cytokin-
esis. Specifically, inhibition of neddylation by
MLN4924 induces mitotic defects in asynchro-
nously growing cells (Figure 6 and Supplemental
Figure S5), and that treatment of metaphase cells
with MLN4924 resulted in the early accumulation
of MKLP1 at the midbody concomitant with
abscission delay (or failure) and ultimately resulted
in chromosome segregation defects including lag-
ging chromosomes and binucleated cells (Figures
7–8). Thus, the increase in DNA content measured
by flow cytometry seen with prolonged MLN4924
treatment in this and other studies (e.g. [48]) arises
not only from endoreplication of DNA but also
from mitotic defects elicited by inhibition of
neddylation.

In addition to ongoing neddylation playing
a role in mitosis and cytokinesis, the localization
of the COP9 signalosome (CSN) at the midbody
(Figures 4–6, Supplemental Figures S3 and S4) also
implicates protein deneddylation at the cleavage
furrow and midbody during cytokinesis. Previous
studies have potentially implicated the CSN com-
plex in mitosis through the localization of CSN
subunits at centrosomes in human cells [49],
which are known to play a role in mitotic spindle
formation [50], and the mitotic spindle defects
seen in C. elegans embryos during the first mitotic
cell division after siRNA knock-down of CSN sub-
units [11]. However, our study is the first to
demonstrate that the CSN can also localize to the
midbody, and together with previous findings
these data indicate that the COP9 signalosome
may be considered an additional “chromosomal
passenger” complex that localizes progressively
from the centrosome to the cleavage furrow, pre-
sumably to regulate the activity of cullins as cells
progress through mitosis and ultimately cytokin-
esis. In addition, given the mitotic defects induced
by the inhibition of neddylation specifically in
mitosis, and the detection of the CSN at the mid-
body, we speculate that cycle(s) of neddylation and
deneddylation of the cullins or other protein

substrates may be critical to ensure the tight reg-
ulation of the protein stability of cullin substrates
during cytokinesis.

The most likely cullins to be regulated by neddyla-
tion at the cleavage furrow and midbody are CUL1
and 3, both of which have been identified as compo-
nents of the midbody [38–41]. The mitotic defects
seen in our study after treatment of mitotic cells
with MLN4924, including binucleated cells and failed
cytokinesis, are also reminiscent of the effects of
siRNA knock-down of CUL3 in human cells and in
C. elegans [11,38], and siRNA knockdown of the
neddylation complex component DCUN1D1/
SCCRO [51]. AURKB, which regulates mitotic pro-
gression by phosphorylating a number of substrates
involved inmitotic progression includingMKLP1 [6],
is also a substrate of CUL1 and CUL3 [38,39], and
potentially could have altered stability with MLN4924
treatment. In asynchronous cells, AURKB levels do
not appear to be affected by 4-h treatment with 1 μM
MLN4924, more than 3 times the dose used in this
study [52]. However, a recent study by Huang et al.,
(2017) [51] indicates AURKB stability in mitosis can
be affected by inhibition of neddylation. In this study
knock-down of DCUN1D1/SCCRO, which promotes
CUL3 activation and localization at the cleavage fur-
row, stabilized AURKB levels inmitotic cells, delaying
the completion of cytokinesis [51]. Another candidate
protein involved in cytokinesis that is also a substrate
of CUL3 is KATNA1 (also known p60/Katanin in
mammals and MEI-1 in C. elegans), which localizes
to the mitotic spindle during mitosis and is respon-
sible for severing microtubules [11,53]. KATNA1
localizes to the spindle midzone in anaphase and
knock-down of CUL3 by siRNA results in accumula-
tion of KATNA1, which is speculated to alter micro-
tubule integrity and contribute mitotic defects [53].

In addition to regulation of cullin activity by ned-
dylation during mitosis, we cannot discount direct
neddylation of midbody components playing a role
in their stability or localization. For example, MKLP1
ubiquitination, mediated by UBPY (known as USP8)
(mono-ubiquitination) [54] and TRAF6 (possibly
poly-ubiquitination) [42] could be altered directly by
MKLP1 neddylation on acceptor lysines used for ubi-
quitination; a possibility supported by the recent evi-
dence that MKLP1 may be neddylated at lysine 599
[55]. In an attempt to address this possibility, we
immunoprecipitated GFP-tagged MKLP1 from
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HeLa cells (Supplemental Figure S6). Whereas we
could readily detect neddylated EGFP-CUL1 by
immunoprecipitation from cells synchronized by
double-thymidine block, we were unable to identify
neddylated species of MKLP1. In any case, the early
accumulation of MKLP1 that we observed at the mid-
body when cells were treated with MLN4924 to inhi-
bit de novo neddylation during mitosis is more
consistent with the stabilization of MKLP1 in early
anaphase, rather than increased degradation which
one would expect if de novo neddylation of MKLP1
was countering its ubiquitination. Although beyond
the scope of the present work, further study is war-
ranted to confirm if MKLP1 is indeed modified at
lysine 599 by ubiquitin or NEDD8, and what role this
modification may play in mitosis.

Finally, given the important role of neddylation
in regulating pathways in cancer development and
progression, such as cell cycle regulation and DNA
repair, neddylation and deneddylation mechan-
isms represent promising therapeutic targets for
cancer treatment. For example, CSN subunits are
overexpressed in multiple forms of cancer (CSN3
[56–60]:) (CSN5 [61]:) (CSN6 [62]:) and the inhi-
bition of cullin-RING E3 ligases by MLN4924 is
being employed in the treatment of multiple can-
cers [63,64]. However, the rationale for combina-
tion therapies that combine neddylation pathway
inhibitors and conventional chemotherapy has
been lacking. Our finding that MLN4924 can
induce mitotic defects in cells suggests that inhibi-
tion of neddylation could synergize with specific
chemotherapies that target proliferating cancer
cells, such as the microtubule poisons vincristine
and the taxanes [65]. In support of this concept,
a recent clinical trial has demonstrated that
MLN4924 has shown efficacy against advanced
solid tumors when combined with the taxane
paclitaxel and DNA damaging agent carboplatin
[66]. Thus, our study provides a new rationale for
combination therapies that employ anti-mitotic
drugs with MLN4924.

Methods and materials

Reagents and antibodies

Transfection was performed using Lipofectamine
2000 (Invitrogen, 11668-019) following the

manufacturer’s protocol by combining reagent (µL)
with DNA (µg) at a 2:1 ratio. DMSO was purchased
from Sigma-Aldrich (D2650). MLN4924 was pur-
chased from Active Biochemicals (A-1139).

Antibodies rabbit anti-CUL1 (ab75812), rabbit
anti-CUL3 (ab194584), rabbit anti-NEDD8
(ab81264), and rabbit anti-CSN4 (ab12322) were
purchased from Abcam. Donkey anti-rabbit sec-
ondary antibodies conjugated to Alexa Fluor 488,
555, or 647 were purchased from Invitrogen
(A-21206, A-31572 and A-31573, respectively).

Cell culture methods

The HeLa S3 and RPE-1 cell lines were obtained
from ATCC (CCL-2.2 and CRL-4000, respectively)
and cultured in Dulbecco’s Modified Eagle Medium
(DMEM) with 4.5 g/L D-glucose, L-Glutamine, and
100 mg/L sodium pyruvate (Gibco, 11995-065), and
supplemented with 10% fetal bovine serum (Gibco,
12483-020) and 1% penicillin/streptomycin (Gibco,
15140-022). Tert-GM05757 cells were generated by
Dellaire and colleagues and cultured as described
previously [36].

DNA plasmids

ES-FUCCI was a gift from Pierre Neveu (Addgene
plasmid #62451) [34]. pEGFP-C1-MKLP1 and
pmCherry-C1-MKLP1 were gifts from Masanori
Mishima (Addgene plasmid #70145 and #70154)
[67,68]. pLifeAct_mScarlet-i_N1 was a gift from
Dorus Gadella (Addgene plasmid #85056) [69]. CSN
subunit cDNA was generated from total RNA by
reverse transcription (Invitrogen One-step RT-PCR)
using custom-designed primers (Supplementary
Table S1) and cloned into pEGFP-C1 (Clonetech);
with the exception of COPS6, which was subcloned
from pCOPS6-N-HA (B. Tse). CUL1-EGFP was gen-
erated by subcloning CUL1 from pcDNA3-myc3-
CUL1 (a gift from Yue Xiong (Addgene plasmid #
19896)) [70] in pEGFP-C1 as above.

Immunofluorescence microscopy

Cells cultured on No. 1.5 coverslips (Fisher
Scientific 12–541-B) were rinsed with PBS and
fixed with 4% paraformaldehyde (Electron
Microscopy Services, 15710) for 20 min at room
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temperature. Cells were then permeabilized with
0.05% Triton X-100 (Sigma-Aldrich, T9284) in
PBS for 15 min. Blocking buffer consisted of 4%
BSA in PBS. Vectashield (Vector Laboratories,
H-1000) was used as the mounting medium. All
imaging work was performed using a Marianas
spinning-disk confocal microscope system
(Intelligent Imaging Innovations) based on
a Zeiss Axio Cell Observer equipped with
a Yokagawa CSU-X1 spinning-disk unit and four
laser lines (405, 488, 560 and 640 nm). Cells were
observed using a 40X (1.3 NA) or 63X objective
(1.4 NA) lens and images were recorded using an
Evolve 512 electron-multiplying CCD (EMCCD)
(Photometrics). Both image acquisition and pro-
cessing were performed using Slidebook 6.0
(Intelligent Imaging Innovations).

Live cell imaging

Cells were cultured in CO2-independent media
(Gibco, 18045-088) supplemented with 1X
GlutaMAXTM (Gibco, 35050-061), 10% FBS, and
1% Penicillin/Streptomycin. Cells were synchro-
nized by double thymidine block using 2 mM
thymidine (Sigma-Aldrich, T9250). Transfection
was performed in between the first and second
thymidine block. Cells were released from
the second thymidine block and allowed to pro-
gress through the cell cycle until the population
entered mitosis. Mitotic cells were harvested by
mitotic shake-off [71] and resuspended in CO2-
independent media containing vehicle (DMSO) or
0.3 µM MLN4924 before transferring onto poly-
ornithine (Sigma-Aldrich, P4957) labeled 35 mm
glass bottom plates (FluoroDishTM, World
Precision Instruments, FD35-100). Living cells
were labeled with SiR-DNA (Cytoskeleton, CY-
SC007) for 8 h to visualize DNA.

For Fluorescence Recovery after Photobleaching
(FRAP) experiments, 100,000 cells were seeded on
35 mm glass bottom plates then transfected the
next day. One day after transfection, cells maintained
in CO2-independent media (as above) were photo-
bleached using a Vector Scan unit (Intelligent
Imaging Innovations) equipped with a 488 nm
laser, and images captured using a Marianas spin-
ning-disk confocal microscope (Intelligent Imaging

Innovations) as described for immunofluorescence
microscopy. Fluorescence recovery measurements
were performed on Slidebook 6.0 (Intelligent
Imaging Innovations) using their FRAP module.

Flow cytometry and cell cycle analysis

Trypsinized cells were pelleted by centrifugation at
1200 rpm (270 X g) for 6 min, washed in cold PBS
and fixed in 70% ethanol at −20°C overnight.
Before FACS analysis, cells were again pelleted
and washed in PBS, and following centrifugation
(as above) resuspended in PBS containing 50 μg/
mL (75 μM) propidium iodide (Sigma-Aldrich,
T1503) and 0.2 mg/mL RNaseA (Sigma-Aldrich,
6513) to a final cell concentration of 2 × 106 cells/
mL. The cells were incubated at 37°C for 20 min,
then kept on ice prior to analysis using
a FACSCalibur or FACSCanto II flow cytometer
(BD Biosciences). Cell profiles were then deter-
mined from FACS data using Flowing Software
Ver. 2.5.1 (Perttu Terho, Turku Centre for
Biotechnology).

Western blotting

Whole cell lysates were prepared by direct lysis of
cells in 1X RIPA buffer (150 mM NaCl, 1.0%
IGEPAL® CA-630, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris, pH 8.0) (Sigma-Aldrich,
R0278) supplemented with 1X Protease Inhibitor
Cocktail (Sigma-Aldrich, P8340) and the phospha-
tase inhibitors sodium fluoride (10 mM) (Sigma-
Aldrich, S1504) and sodium orthovanadate
(1 mM) (Sigma-Aldrich, 450243). Lysates were
then subjected to SDS-polyacrylamide gel electro-
phoresis (PAGE) and wet transfer (BioRad) to
a nitrocellulose membrane (BioRad), prior to
detection with primary and secondary antibodies
diluted in 5% milk/PBS-Tween 20 (Sigma-Aldrich,
P7949). Western blots were developed using an
ECL detection kit (BioRad ClarityTM 1705061).
Primary antibodies used were: mouse anti-β-actin
(Sigma-Aldrich, A1978), rabbit anti-CUL1
(Abcam, ab75812), and rabbit anti-NEDD8
(Abcam, ab81264). Secondary antibodies pur-
chased from Sigma-Aldrich were sheep anti-
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mouse (A6782) and goat anti-rabbit (A6154)
horse-radish peroxidase.

Cell viability assay

Two thousand cells were seeded into individual wells
of a 96-well plate and allowed to adhere overnight.
Treatment was applied to the wells for a total of 24 h.
At hour 20, alamarBlueTM (Life Technologies,
DAL1000) was applied to each well at 1/10 the total
volume per well, and then returned to the 37°C
incubator for 4 h. Emitted fluorescence was read at
590 nm using an Infinite M200 Pro plate reader
(Tecan Group Ltd). To determine the relative change
in fluorescence signal of each treatment in each
biological replicate, the average background fluores-
cence was subtracted from the average fluorescence
value, and then normalized to the vehicle control.

Data and statistical analysis

mCherry-CDT1 and Citrine-Geminin fluorescence
intensity in Figure 1, nuclear area in Figure 2, and
signal intensity across the midbody in Figures 3 and 4
were quantified using Fiji (ImageJ 1.52b) software
[72]. Colour channels were separated for each
image, and a threshold was applied on the DAPI
channel to highlight nuclei. Sub-nuclear objects were
excluded by applying a minimum size cut-off. The
threshold was then applied to the other channels.
Nucleus area and integrated density were measured
for each object. The product of the nucleus area and
background fluorescence (mean gray value) was then
subtracted from the integrated density measurement
to obtain the corrected value. Plot profiles across
representative midbodies was performed by line-
scan across the midbody (over y/x) for each channel,
and intensity values were combined to generate line
graphs. Fluorescently tagged proteins at the midbody
in Figures 4 and 5 were quantified using SlideBook 6.0
software (Intelligent Imaging Innovations). All dot
plots, bar or line graphs and statistics were generated
using GraphPad Prism software Ver. 5 and/or Excel
(Microsoft). A Fisher’s exact test or a two-tailed
Student’s t-test (with or without Welch’s correction
for non-equal variance, as indicated) was used for
significance testing between treatment groups.
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