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Introduction

Ewing sarcoma is the second most common bone tumor in 
adolescents and exhibits a characteristic small round blue cell 
morphology. The majority (>85%) of Ewing sarcoma patients 
have a common molecular abnormality, the t(11; 22) chromosomal 
translocation, which results in the expression of a chimeric 
fusion protein containing EWS (also known as EWSR1)-derived 
sequences at the N-terminus fused to the carboxyl-terminus of 
the ETS transcription factor FLI1.1,2 Tumors in the remaining 
Ewing sarcoma patients express proteins that result from the 
fusion of EWS with other ETS transcription factors (ERG, 
ETV1, ETV4/EIAF, or FEV ).1,3-7 The most well defined function 
of EWS/FLI1 is the transcriptional misregulation of target 
genes.2,8-14 The interaction between RNA helicase A and EWS/
FLI1 enhances EWS/FLI1-dependent transcriptional activity.15,16 
EWS/FLI1 also regulates a subgroup of miRNAs that specifically 
regulate the IGF pathway.17 Ewing sarcoma patient cells display 

high rates of aneuploidy.18,19 However, it is currently unknown 
how aneuploidy is induced in Ewing sarcoma cells.

We previously demonstrated that the expression of both 
EWS/FLI1- and EWS-knockdown in HeLa cells and in zebrafish 
embryos led to mitotic dysfunction that was characterized by 
disorganized mitotic spindles and multipolar cells.20,21 We also 
demonstrated that a biochemical interaction between EWS/FLI1 
and wild-type EWS led to the inhibition of EWS activity in a 
dominant manner and induced mitotic dysfunction.21 Mitotic 
dysfunction is often associated with tumorigenesis because it 
leads to chromosome instability (CIN), which induces mutations 
including aneuploidy.22-24 CIN is induced by chromosome 
missegregation due to failures in chromosomal condensation, 
spindle attachment to the kinetochore, or failure in cytokinesis. 
Impairment in the midzone formation during anaphase is one of 
the major causes for the failure in cytokinesis. The midzone is 
composed of the central spindles (anti-parallel microtubules) that 
are located between the segregating chromosomes and midzone 
proteins (Aurora B, Borealin, Survivin, INCENP, PRC1, KIF4, 
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Ewing sarcoma is a malignant bone cancer that primarily occurs in children and adolescents. Eighty-five percent of Ewing 
sarcoma is characterized by the presence of the aberrant chimeric EWS/FLI1 fusion gene. Previously, we demonstrated 
that an interaction between EWS/FLI1 and wild-type EWS led to the inhibition of EWS activity and mitotic dysfunction. 
Although defective mitosis is considered to be a critical step in cancer initiation, it is unknown how interference with 
EWS contributes to Ewing sarcoma formation. Here, we demonstrate that EWS/FLI1- and EWS-knockdown cells display a 
high incidence of defects in the midzone, a midline structure located between segregating chromatids during anaphase. 
Defects in the midzone can lead to the failure of cytokinesis and can result in the induction of aneuploidy. The similarity 
among the phenotypes of EWS/FLI1- and EWS siRNA-transfected HeLa cells points to the inhibition of EWS as the key 
mechanism for the induction of midzone defects. Supporting this observation, the ectopic expression of EWS rescues the 
high incidence of midzone defects observed in Ewing sarcoma A673 cells. We discovered that EWS interacts with Aurora 
B kinase, and that EWS is also required for recruiting Aurora B to the midzone. A domain analysis revealed that the R565 in 
the RGG3 domain of EWS is essential for both Aurora B interaction and the recruitment of Aurora B to the midzone. Here, 
we propose that the impairment of EWS-dependent midzone formation via the recruitment of Aurora B is a potential 
mechanism of Ewing sarcoma development.
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MKLP2, etc), which regulate the elongation of the central 
spindle and the formation of the cleavage furrow.25-33 Among 
the midzone proteins, Aurora B is a key factor for regulating 
early midzone formation. Aurora B forms the chromosomal 
passenger complex (CPC) with Borealin, Survivin, INCENP, 
and it localizes at the inner centromere and regulates the mitotic 
checkpoint by phosphorylating checkpoint molecules during the 
metaphase. During the metaphase-anaphase transition, Aurora 
B relocates to the midzone by interacting with MKLP2.27 The 
Aurora B that was recruited to the central spindle phosphorylates 
KIF4, thus enhancing the interaction between phosphorylated 
KIF4 and PRC1. This KIF4-PRC1 complex regulates the length 
of the central spindle by inhibiting its growth.28

We previously discovered that Aurora B failed to relocalize 
from the centromere to the midzone at the metaphase-anaphase 
transition in EWS/FLI1- and EWS siRNA-transfected HeLa 
cells.20,21 Therefore, we conducted this study to elucidate how 
EWS/FLI1 and EWS regulate mitosis and how these molecules 
associate with Aurora B kinase. Here, we demonstrate that EWS 
regulates midzone formation by relocating Aurora B from the 
inner centromere to the midzone. The mapping analysis for 
EWS revealed that the R565 located in the RGG3 domain is the 
critical amino acid required for both interaction with Aurora B 
and the recruitment of Aurora B to the midzone. This report 
may bridge the knowledge gap between the function of EWS and 
the induction of aneuploidy during Ewing sarcoma formation. 
Furthermore, this novel mechanism will also provide a platform 
to study how EWS/FLI1 affects this mechanism.

Results

Expression of EWS/FLI1 and knockdown of EWS lead to 
defects in midzone formation

Because we previously identified the aberrant localization 
of Aurora B during anaphase in EWS/FLI1- and EWS siRNA-
transfected HeLa cells, we examined the other CPC components 
(Borealin, INCENP and Survivin) in the same sample groups. 
The pSG5-2xFLAG-EWS/FLI1 DNA construct was transfected 
into HeLa cells. Representative images of the expression levels 
for EWS/FLI1 protein in HeLa cells, which were visualized via 
anti-FLAG antibody, are shown in Figure S1A. The EWS/FLI1-
transfected HeLa cells were subjected to immunocytochemistry 
using anti-Borealin, anti-INCENP and anti-Survivin antibodies. 
During anaphase, CPC components normally localize to the 
central spindles of the midzone, a structure that is composed of 
antiparallel microtubules and is held together by bundling proteins 
during anaphase.34 This structure later becomes the midbody and 
plays a central role in cytokinesis, leading to the formation of two 
daughter cells. CPC components are normally evenly distributed 
along the midzone, a process that is essential for cytokinesis. 
The immunocytochemistry using anti-Borealin, anti-INCENP 
and anti-Survivin antibodies in the EWS/FLI1-expressing HeLa 
cells revealed that all of the CPC proteins displayed disorganized 
localization patterns, including either dense or sparse localization 
along the plane of the cleavage furrow (Fig. 1A). We scored the 

aberrant localization of CPC components on the midzone. As a 
result, there were increased percentages of EWS/FLI1-transfected 
cells with disorganized CPC localization patterns at the midzone 
during anaphase (Fig. 1A’). The results suggest that EWS/FLI1 
impairs midzone formation.

To further examine whether EWS plays a role in the midzone 
localization of CPC components, EWS siRNA- and control 
siRNA- (scrambled sequence of siRNA) was transfected into 
HeLa cells. A reduction in the expression level of EWS protein in 
the EWS siRNA-transfected cells is shown in Figure S1B. The 
siRNA-transfected cells were subjected to immunocytochemistry 
using anti-Borealin, anti-INCENP and anti-Survivin antibodies. 
As was consistent with the results obtained with EWS/FLI1, the 
EWS siRNA-transfected HeLa cells also displayed an increased 
incidence of unevenly distributed CPC components at the 
midzone (Fig.  1B). The numbers of EWS siRNA-transfected 
HeLa cells that exhibited abnormal localization patterns for 
the CPC components was significantly higher than that in the 
controls (untransfected and control siRNA-transfected HeLa 
cells) (Fig. 1B’). The results suggest that EWS knockdown leads 
to impairment in midzone formation. This result is consistent 
with our previous finding that EWS/FLI1 induces mitotic 
dysfunction through the inhibition of EWS function.21 Together, 
these results suggest that the expression of EWS/FLI1 leads to 
a mislocalization of the CPC components through a dominant 
negative effect on endogenous EWS.

The aberrant localization of CPC components with an 
uneven distribution at the midzone in EWS/FLI1 and EWS 
siRNA-transfected HeLa cells suggests that the midzone is not 
properly formed in these cells. To test this, we examined the 
localization of the midzone protein PRC1, which is the protein 
that localizes at the antiparallel central spindles by bundling 
the spindles and by aiding its extension during anaphase.32 
Midzone localization of PRC1 relies on the proper localization 
of Aurora B at the midzone.28 Ewing sarcoma A673 cells, a cell 
line that expresses EWS/FLI1 endogenously, were subjected to 
immunocytochemistry using anti-PRC1 antibody (Fig. 2A). The 
A673 cells display a high incidence of an aberrant distribution of 
PRC1 throughout the midzone (the image is shown in Figure 2A, 
and the score (46+/−9%, obtained from n = 4 experiments) shown 
in Figure 2F untransfected lane). The aberrant distribution of 
PRC1 in the midzone is presumably due to the expression of 
EWS/FLI1 in A673 cells. To test this, we transfected pSG5-
2xFLAG-EWS/FLI1 DNA construct into the HeLa cells and 
examined the localization of PRC1 by immunocytochemistry. 
As a result, EWS/FLI1-transfected HeLa cells also displayed 
significantly a higher incidence of irregular localization of PRC1 
at the midzone compared with controls (untransfected and empty 
vector-transfected HeLa cells) (Fig. 2A and B). Additionally, as 
is consistent with the irregular localization patterns for the CPC 
components in the EWS siRNA-transfected HeLa cells, these 
cells display a significantly high level of abnormal accumulation 
of PRC1 at the midzone (Fig.  2C and D). Thus, both CPC 
components and PRC1 failed to form a normal localization 
pattern in EWS/FLI1 and EWS siRNA-transfected HeLa cells, 
presumably due to defects in midzone formation (Figs. 1 and 2). 
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These results suggest that EWS is required for proper midzone 
formation and that EWS/FLI1 interference with EWS function 
through a dominant negative mechanism may lead to these 
defects. Our results are consistent with the previous study that 
found that the depletion of PRC1 led to a disorganized central 
spindle, the absence of a stable midbody, and cytokinesis failure.32

The high incidence of midzone defects in Ewing Sarcoma 
A673 cells is rescued by the overexpression of EWS

To determine whether the high incidence of midzone defects 
in Ewing sarcoma A673 cells is due to the inhibition of EWS 
function, rescue experiments with EWS were performed. A673 
cells plated in 6 well plates were transfected with 0.5 μg to  

Figure 1. EWS/FLI1- and EWS siRNA-transfected HeLa cells display abnormal CPC component localizations at the midzone. (A) Immunocytochemistry: 
left, untransfected; middle, empty vector; right, pSG5-2xFLAG-EWS/FLI1-transfected HeLa cells using: (a) top, merged images of anti-Borealin antibody 
(green) and DAPI (blue): bottom: anti-Borealin antibody; (b) top, merged images of anti-INCENP antibody (red) and DAPI (blue); bottom, anti-INCENP 
antibody; (c) top, merged images of anti-Survivin antibody (green) and DAPI (blue); bottom, anti-Survivin antibody. (A’). The percentages of cells that 
displayed mislocalized CPC components (31 to 72 anaphase cells per sample) (Experiments were repeated for n = 3 for Borealin, n = 4 for INCENP, n = 3 for 
Survivin). (B) Immunocytochemistry: left, untransfected; middle, control-siRNA; right, EWS siRNA-transfected HeLa cells using: (a) top, merged images of 
anti-Borealin antibody (green) and DAPI (blue); bottom, anti-Borealin antibody; (b) top, merged images of anti-INCENP antibody (red) and DAPI (blue); 
bottom: anti-INCENP antibody; (c) top, merged images of anti-Survivin antibody (green) and DAPI (blue); bottom, anti-Survivin antibody. (B’) The per-
centages of cells that displayed mislocalized CPC components (26 to 69 anaphase cells per sample) (Experiments were repeated for n = 3 for Borealin, n 
= 3 for INCENP, n = 4 for Survivin). Vector, empty vector; E/F, EWS/FLI1; Cont si, control-siRNA; EWS si, EWS siRNA-transfected HeLa cells. <, area of midzone 
with aberrant localization of CPC components; [, area of midzone with localization of CPC components.
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3 μg of pSG5-2xFLAG-EWS DNA construct, and an empty 
vector transfection was performed as a control. The dose-
dependent expression of ectopic EWS was confirmed via western 
blotting using anti-FLAG antibody (Fig. 2E). These cells were 
also subjected to immunocytochemistry using anti-PRC1 

antibody, and the percentages of cells with midzone defects as 
defined via aberrant PRC1 localization in the midzone were 
scored for each sample (Fig. 2F). The baseline level of midzone 
defects in the A673 cells is relatively high (Fig. 2F). However, 
when 2 μg and 3 μg of pSG5-2xFLAG-EWS DNA construct was 

Figure 2. EWS/FLI1-expressing and EWS-knockdown HeLa cells display aberrant localizations of PRC1 at the midzone, and the transfection of Ewing 
sarcoma A673 cells with EWS rescues the high incidence of aberrant localization of PRC1 at the midzone. (A) Top, merged images, with DNA stained 
with DAPI (blue) and PRC1 (red) visualized via anti-PRC1 antibody; bottom, PRC1. Untransf., untransfected; vector, empty vector; E/F, human pSG5-
2xFLAG-EWS/FLI1-transfected HeLa cells. bottom: PRC1 visualized with anti-PRC1 antibody. (B) The percentages of HeLa cells with mislocalized PRC1. 
The pSG5-2xFLAG-EWS/FLI-transfected HeLa cells displayed a higher incidence of abnormal PRC1 localization (31 to 72 anaphase cells per sample) (n = 3 
experiments). (C) Top, merged images with DNA stained using DAPI (blue), and PRC1 (red) visualized with anti-PRC1 antibody. Untransf, untransfected; 
CONT si, control-siRNA; EWS si, human EWS siRNA-transfected HeLa cells. Bottom, PRC1 visualized with anti-PRC1 antibody. (D) The percentages of HeLa 
cells with mislocalized PRC1. The EWS siRNA-transfected HeLa cells display a higher incidence of abnormal PRC1 localization (30 to 56 anaphase were 
scored for each of the experiment)(n = 4 experiments). (E) Western blotting of A673 cell lysates from untransfected, empty vector-transfected and pSG5-
2xFLAG-EWS-transfected cells probed with anti-FLAG antibody to verify transfection, and anti-β-actin antibody control. (F) The percentages of the cells 
with abnormal localization patterns for PRC1 were scored (n = 3 experiments). The transfection of Ewing sarcoma A673 cells with EWS rescues the high 
incidence of the aberrant localization of PRC1 at the midzone. (50 to 51 anaphase were scored for each of the experiment)(n = 4 experiments). <, area of 
midzone with aberrant localization of PRC1; [, area of midzone with localization of PRC1 components.
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overexpressed in A673 cells, the incidence of midzone defects was 
rescued and became lower compared with that of untransfected 
and empty vector-transfected A673 cells (Fig.  2F). The results 
indicate that the inhibition of EWS function is sufficient for the 
induction of aberrant midzone formation, presumably due to the 
dominant negative effect of EWS/FLI1 on EWS.

EWS colocalizes with Aurora B in A673 and HeLa cells
EWS/FLI1-expressing and EWS siRNA-transfected cells 

display both the aberrant localization of midzone proteins 
(CPC components and PRC1) and EWS overexpression, which 
rescues the aberrant localization of PRC1. Because the Aurora 
B-dependent phosphorylation of KIF4 is required for the 
interaction and activation of PRC1, we hypothesized that the 
EWS directly interacts with Aurora B.28 To test this, we first 
examined the localization of EWS and Aurora B during mitosis 
via immunocytochemistry in Ewing sarcoma A673 cells; single 
Z-section images are shown in Figure  3A. The anti-EWS 
antibody used in this experiment detects only wild type EWS 
and not EWS/FLI1 because the antigen site is not included in 
the EWS/FLI1 fusion. Consistent with previous reports, Aurora 
B displayed dynamic localization throughout the mitosis.35 The 
localization of EWS was similar to HeLa cells as we described 
previously.20 Interestingly, the majority of EWS and Aurora B 
did not co-localize during prophase or metaphase (Fig.  3A). 
However, higher levels of EWS and Aurora B colocalized at the 
midzone during anaphase, suggesting 
the involvement of EWS in midzone 
formation (Fig.  3A; anaphase). 
During telophase and cytokinesis, the 
localization of Aurora B is limited to 
the midbody. Some of the EWS proteins 
also localized at the midbody; however, 
a majority of the EWS protein localized 
in the cytoplasm at telophase and in 
nucleus at cytokinesis. We also examined 
whether and when the EWS and Aurora 
B are colocalized in HeLa cells (Fig. 3B). 
Similar to the result obtained from 
A673 cells, both components showed 
prominent colocalization at the midzone 
during anaphase.

EWS interacts with Aurora B, and 
recruits Aurora B to the midzone

Because EWS and Aurora B 
colocalizes together, we performed 
co-immunoprecipitation (co-IP) 
experiments to determine whether 
EWS interacts with Aurora B. The 
full-length of pSG5-2xFLAG-EWS 
DNA construct was transfected into 
HeLa cells, and the cell lysates were 
extracted. The endogenous Aurora 
B was immunoprecipitated with an 
anti-Aurora B antibody or with an 
IgG control, and analyzed via western 
blotting with an antibody recognizing 

FLAG (Fig. S2B). As a result, the co-IP experiment revealed 
that full-length EWS interacts with Aurora B in HeLa cells (Fig. 
S2B). To identify the essential domain of EWS that is required 
for interaction with Aurora B, we utilized EWS DNA constructs 
that contained deletions in the C-terminus (delEWS-C) that 
were tagged with a 2x FLAG tag at the N-terminus (Fig. S2A). 
The pSG5-2xFLAG-delEWS-C DNA construct lacks the RGG 
domain (repeats of the RGG sequence required for protein or 
RNA interaction) and the Nuclear Localization Signal (NLS) 
is the critical domain for the interaction. The pSG5-2xFLAG-
delEWS-C DNA constructs were transfected into HeLa cells, and 
the cell lysates were extracted from the transfected HeLa cells. 
The endogenous Aurora B proteins were immunoprecipitated 
using an anti-Aurora B antibody, which was analyzed via western 
blotting using an anti-FLAG antibody to confirm the interaction 
between deletion EWS and Aurora B. Contrary to the interaction 
between full-length EWS and Aurora B, the delEWS-C failed 
to bind to Aurora B (Fig. S2B). This result suggests that the 
fragment containing the RGG domain NLS is the critical domain 
for the interaction.36

The RGG3 domain has 12 repeats of the RGG sequence. To 
further identify the single amino acid that is required for the 
interaction with Aurora B, we introduced a point mutation in Arg 
at the 565th amino acid that substituted to Ala (EWS-R565A) 
within the RGG repeat (Fig. 4A). To identify whether the EWS 

Figure  3. EWS colocalizes with Aurora B at the midzone in A673 and HeLa cells. Single Z-section 
images of (A) Top, merged images with DNA stained using DAPI (blue), Aurora B (red) visualized using 
anti-Aurora B antibody, and EWS (green) via anti-EWS antibody; middle, Aurora B visualized with anti-
Aurora B antibody; bottom, EWS visualized with anti-EWS antibody in A673 cells; (B) top, merged 
images with DNA stained with DAPI (blue), Aurora B (red) visualized with anti-Aurora B antibody and 
EWS (green) with anti-EWS antibody; middle, Aurora B visualized with anti-Aurora B antibody; bot-
tom, EWS visualized with anti-EWS antibody in HeLa cells. Higher magnification images of midzone 
are shown in the boxed area in anaphase images obtained from both A673 and HeLa cells (A and B).
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R565A mutant could interact with Aurora B, empty vector, the 
full-length of pSG5-2xFLAG-EWS and pSG5-2xFLAG-EWS-
R565A DNA constructs were transfected into HeLa cells, and 
the cell lysates were extracted. Using the cell lysates, a co-IP 
experiment was performed by immunoprecipitating the Aurora 
B proteins and IgG as a control, followed by western blotting 
using anti-FLAG antibody. As a result, the EWS-R565A failed to 
interact with Aurora B, whereas the full-length EWS interacted 
with Aurora B (Fig. 4B). This result suggests that the R565 of 
EWS is the essential amino acid required for interaction with 
Aurora B.

To determine whether a high incidence of midzone defects 
is linked to Aurora B localization to the midzone in A673 
cells, immunocytochemistry was performed using anti-Aurora 
B. Aurora B kinase failed to localize to the midzone in high 
numbers of A673 cells (Fig.  4C and D). To further elucidate 
whether the aberrant localization of Aurora B is due to the 
inhibition of EWS function, rescue experiments with full-
length EWS and EWS-R565A DNA constructs were performed. 
Because the transfection of 2 μg of pSG5-2xFLAG-EWS DNA 
construct into the A673 cells was sufficient to rescue the aberrant 

localization of PRC1 in Figure 2, the A673 cells were transfected 
with 2 μg of an pSG5-2xFLAG-EWS, and pSG5-2xFLAG-EWS-
R565A DNA constructs along with an empty vector as a control. 
The expression of EWS and EWS R565A in the A673 cells was 
confirmed by western blotting (Fig. S3). The transfected A673 
cells were also subjected to immunocytochemistry using anti-
Aurora B antibody. The percentages of the cells that displayed 
aberrant Aurora B localization in the midzone were scored for 
each sample (Fig. 4C and D). pSG5-2xFLAG-EWS rescued the 
high incidence of aberrant Aurora B localization at the midzone 
(Fig. 4C and D). This result suggests that the EWS protein plays 
a role in recruiting Aurora B to the midzone. Additionally, the 
overexpression of pSG5-2xFLAG-EWS-R565A failed to rescue the 
high incidence of Aurora B localization in the midzone (Fig. 4C 
and D). The result suggests that the R565 in the RGG3 domain 
of EWS plays a critical role in the recruitment of Aurora B to the 
midzone. Because R565 of EWS is an essential amino acid for 
both associating with Aurora B and for recruiting Aurora B to 
the midzone, this may suggest that EWS interacts with Aurora 
B and that the interaction drives the recruitment of Aurora B to 
the midzone.

Figure 4. EWS but not EWS-R565A mutant interacts with Aurora B, and transfection with EWS but not EWS-R565A mutants rescues the high incidence 
of the aberrant localization of Aurora B in A673 cells. (A) Schematic drawing of EWS and EWS-R565A mutant proteins. (B) Immunoprecipitation of lysates 
from untransfected, empty vector, pSG5-2xFLAG-EWS- and pSG5-2xFLAG-EWS-R565A mutant-transfected HeLa cells using IgG and anti-Aurora B anti-
body. Top (left), probing blots with anti-FLAG shows that EWS coimmunoprecipitates with Aurora B. Bottom; left, Probing blots with anti-Aurora B shows 
immunoprecipitation of endogenous Aurora B; right, input sample (1/50) of cell lysates of untransfected, empty vector, pSG5-2xFLAG-EWS- and pSG5-
2xFLAG-EWS-R565A-transfected HeLa cells demonstrated with anti-FLAG antibody (top) and anti-Aurora B antibody (bottom). (C) Top, merged images 
with DNA stained with DAPI (blue), and Aurora B (red) visualized with anti-Aurora B antibody; bottom, Aurora B visualized with anti-Aurora B antibody in 
A673 cells. (D) Percentages of cells with abnormal localization patterns for Aurora B were scored in untransfected, empty vector, pSG5-2xFLAG-EWS- and 
pSG5-2xFLAG-EWS-R565A-transfected A673 cells (50 anaphase were scored for each of the experiment) (n = 3 experiments).
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Discussion

Identifying the mechanism for EWS/FLI1- or EWS 
knockdown-dependent mitotic defects may explain how 
chromosome instability (CIN) is induced in Ewing sarcoma. In 
comparing the Ewing sarcoma A673 cells with the EWS/FLI1- 
and EWS siRNA-transfected HeLa cells, it was found that all 
three experimental cell groups displayed a high incidence of 
midzone formation defects. Because all samples displayed the 
same phenotypes, the interaction with EWS/FLI1 may interfere 
with EWS function during midzone formation. Furthermore, 
we discovered that EWS interacts with the key mitotic kinase 
Aurora B and relocates Aurora B from the inner centromere to 
the midzone. The R565 in the RGG3 domain of EWS is essential 
for both interaction with Aurora B and the recruitment of Aurora 
B to the midzone. This EWS-dependent mechanism for midzone 
formation is a novel mechanism.

Previous reports indicate that the relocation of Aurora B from 
the inner centromeres to the midzone during the metaphase-
anaphase transition is a critical event in deactivating the mitotic 
checkpoint.37 A high level of Aurora B protein expression can lead 
to a failure in relocation. AURORA B was among numerous cell 
cycle regulators that have been identified as EWS/FLI1 target 
genes, and AURORA B mRNA is upregulated in Ewing sarcoma 
cells.38 The upregulation of a significant amount of Aurora B 
protein may also contribute to the failure of its relocalization to 
the midzone. In addition to the gene regulation of AURORA B, 
the previous report also showed that the degradation of Aurora 
B is mediated by Cul3/KLHL9/KLHL13 E3 ligase at the 
centromere during the metaphase-anaphase transition in HeLa 
cells.39 In Ewing sarcoma A673 cells, a large number of Aurora B 
proteins failed to relocate to the midzone and were retained on 
the centromere. Therefore, it is essential to investigate how and 
whether EWS and EWS/FLI1 are involved in the degradation 
mechanism of Aurora B.

In addition to the regulation of AURORA B/Aurora B 
expression, it is also important to understand how EWS is 
involved in the midzone formation process. MKLP2 was reported 
to interact with Aurora B and is required for relocating Aurora B 
from the inner centromere to the central spindle in the midzone.27 
In addition, the Aurora B that was recruited to the central spindle 
by MKLP2 activates KIF4 and regulates the length of the central 
spindle by inhibiting its growth.28 It is possible that the EWS is 
a component of the MKLP2-Aurora B complex. Alternatively, it 
is possible that the EWS-Aurora B regulates midzone formation 
independently of MKLP2-Aurora B function. Elucidating 
how these EWS-complex/dimers activate KIF4 will provide 
a better understanding of midzone formation. Because EWS 
was reported to associate with α-tubulin, it is also potentially 
associated with the central spindle.40 It will be critical to elucidate 
how this interaction affects the efficiency of polymerization or 
stability of spindles. In this study, we discovered that the EWS-
R565A mutant fails to interact with and to recruit Aurora B to 
the midzone. Importantly, EWS/FLI1 does not contain this 
amino acid, which indicates a significant role of EWS during 
midzone formation. Interestingly, the RGG domain of EWS was 

reported to be a substrate for methylation catalyzed by protein 
arginine methyltransferases (PRMT).41-44 It is possible that the 
interaction between the EWS and Aurora B is regulated by the 
post transcriptional modification. The EWS R565A mutant is a 
powerful tool in determining how EWS participates in Aurora 
B-dependent midzone formation. Because Ewing sarcoma cells 
display high aneuploidy rates, the impairment of this regulation 
may directly explain how aneuploidy is induced; knowledge of 
this would fill the current gap regarding the role of EWS in the 
induction of mutations in Ewing sarcoma formation.18

Materials and Methods

Gene silencing using siRNA
HeLa cells were plated in 6-well plates and transfected with 70 

pmol of EWS-siRNAs (a mixture of siRNAs designed against four 
independent sites within human EWS) (Santa Cruz, sc-35347) 
or control- siRNA (siRNA designed against scrambled sequence) 
(Santa Cruz, sc-37007) in 1 ml of medium as described in the 
manufacturer’s protocol with minor modifications. The cells 
were harvested 14 h after transfection and analyzed via western 
blotting or immunocytochemistry.

Construction of EWS mutant DNA constructs
The human pSG5-2xFLAG-delEWS-C deletion construct 

was constructed by PCR amplification using primers EcoRI-
human EWS1/18F: 5′-GCATGAATTC ATGGCGTCCA 
CGGATTAC-3′ and Hind III-humanEWS1637R: 
5′-GGTAAAGCTT ATGGGGCCTT ACACTGGTTG-3′. 
PCR products were cloned into pCRII-TOPO (Invitrogen), 
and the sequence was confirmed by DNA sequencing (ACGT 
Inc). The pCRII-delEWS-C construct was digested with EcoR 
I and Hind III cloned into pSG5 digested with EcoR I and 
Hind III. The human pSG5-2xFLAG-R565A mutant DNA 
construct was constructed by introducing a mutation in R565 
of EWS using QuikChange II Site-Directed Mutagenesis 
Kit (Agilant Technologies). The following primers were used 
for the site-directed mutagenesis: human EWS-R565A-F: 
5′-GTGGTGATCG TGGCgcaGGT GGCCCTGGTG-3′, 
human EWS-R565A-R: 5′-CACCAGGGCC ACCtgcGCCA 
CGATCACCAC-3′.

Transfection using DNA constructs
The transfection experiments were performed using 

Lipofectamine 2000 transfection reagent (Invitrogen, Cat: 
11668–019) following the manufacturer’s protocol. The HeLa 
cells were grown on coverslips in 6-well plates, followed by 
transfection with a total of 4 μg of pSG5-2xFLAG-EWS/FLI1 
and pSG5-2xFLAG (empty vector). The A673 cells were also 
grown on coverslips and were transfected with 3 μg of pSG5-
2xFLAG-EWS/FLI1 and pSG5-2xFLAG (empty vector) for 
Figure 2, and 2 μg of same DNA constructs for Figure 4. Both 
HeLa and A673 cells were harvested 15 h after transfection and 
analyzed via western blotting or immunocytochemistry. For 
Co-IP experiments, the HeLa cells were plated on 9 cm dishes 
and were transfected with 28 μg of pSG5, pSG5-EWS, pSG5-
delEWS-C and pSG5-EWS-R565A DNA constructs using 
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Lipofectamine 2000 (Invitrogen, Cat:11668–019) following the 
manufacturer’s protocol.

Immunocytochemistry and western blotting
Both the A673 cells and HeLa cells were fixed with 4% 

paraformaldehyde for 10 min, washed in PBS, and permeabilized 
with methanol for 10 min at −20 °C. The cells were washed in PBS, 
incubated in blocking solution (1% fetal bovine serum in PBS) 
for 1 h followed by 1 h incubation with primary antibodies: anti-
Borealin (1:1000 dilution)(Abcam, Cat:ab70910), anti-INCENP 
(1:1000 dilution)(Abcam, Cat:ab23956), anti-Survivin (1:1000 
dilution)(R&D Systems, Cat:AF886), anti-EWS antibody 
(1:1000 dilution)(Sigma, Cat:E4533), anti-Aurora B (1:500 
dilution)(BD Biosciences, Cat:611082) and anti-PRC1 (1:100 
dilution)(BioLegend, Cat:629002). After three 5 min washes in 
PBS, the cells were incubated in both Alexa Fluor 594 goat anti-
mouse IgG (1:500 dilution)(Invitrogen, Cat:A11032) and Alexa 
Fluor 488 goat anti-rabbit IgG (1:500 dilution) (Invitrogen, 
Cat:A11034) for 1 h. After the PBS washes, the coverslips were 
mounted with DAPI/ProLong Gold (Invitrogen, Cat:P36935) 
and visualized at 1000× magnification on a Nikon Ti Eclipse 
microscope; the images were captured using MetaMorph 
imaging software. The single Z-section images were documented 
using OptiGrid Structured Illumination microscopy (Nikon).

Both the A673 cells transfected with pSG5-EWS DNA 
constructs and the HeLa cells transfected with pSG5-EWS/
FLI1 DNA constructs or EWS siRNA were subjected to western 
blotting using a 1:1000 dilution of anti-mouse FLAG (Agilent 
Technology, Cat:200472–21), 1:1000 dilution of anti-EWS 
(C-19) antibody (Santa Cruz), or anti-β-actin (1:2500 dilution)

(Sigma, Cat:A2228) followed by HRP-linked anti-mouse 
secondary antibody (1:100 000 dilution) or HRP-linked anti-
rabbit secondary antibody (1:100 000 dilution). The proteins were 
visualized using SuperSignal West Femto Chemiluminescent 
Substrate (Thermo Scientific, Cat: 34095).

Co-Immunoprecipitation (co-IP) experiment
The co-IP experiments were performed using the same 

protocol described previously with minor modifications.21 Cell 
lysates were immunoprecipitated using anti-Aurora B antibody 
(AbCam: ab2254) for 4 °C 30 min, and the samples were washed 
three times for 15 min. The samples were subjected to western 
blotting visualized via anti-FLAG antibody (1:1000 dilution)
(Agilent Technology, Cat:200472–21) and anti-Aurora B 
antibody (1:500 dilution)(BD biosciences, Cat:611082).
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