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Abstract

Generation of mammalian red blood cells requires the expulsion of polarized nuclei late in terminal erythroid differentiation. 
However, the mechanisms by which spherical erythroblasts determine the direction of nuclear polarization and maintain 
asymmetry during nuclear expulsion are poorly understood. Given the analogy of erythroblast enucleation to asymmetric 
cell division and the key role of Aurora kinases in mitosis, we sought to investigate the function of Aurora kinases in eryth-
roblast enucleation. We found that AURKA (Aurora kinase A) is abundantly expressed in orthochromatic erythroblasts. In-
triguingly, high-resolution confocal microscopy analyses revealed that AURKA co-localized with the centrosome on the side 
of the nucleus opposite its membrane contact point during polarization and subsequently translocated to the anterior end 
of the protrusive nucleus upon nuclear exit. Mechanistically, AURKA regulated centrosome maturation and localization via 
interaction with γ-tubulin to provide polarization orientation for the nucleus. Furthermore, we identified ECT2 (epithelial 
cell transforming 2), a guanine nucleotide exchange factor, as a new interacting protein and ubiquitination substrate of 
AURKA. After forming the nuclear protrusion, AURKA translocated to the anterior end of the protrusive nucleus to directly 
degrade ECT2, which is partly dependent on kinase activity of AURKA. Moreover, knockdown of ECT2 rescued impaired 
enucleation caused by AURKA inhibition. Our findings have uncovered a previously unrecognized role of Aurora kinases in 
the establishment of nuclear polarization and eventual nuclear extrusion and provide new mechanistic insights into eryth-
roblast enucleation.

Introduction

Enucleated red blood cells are produced by the multistage 
process of erythropoiesis that begins with hematopoietic 
stem and progenitor cells to committed lineage-restricted 
erythroid progenitors followed by four to five mitoses to 
differentiate sequentially into proerythroblasts, basophilic 
erythroblasts, polychromatic erythroblasts, orthochromatic 
erythroblasts. During the late stage of terminal erythroid 
differentiation, orthochromatic erythroblasts exit the cell 
cycle and expel their nuclei to give rise to enucleated re-
ticulocytes.1 Preceded by proper nuclear condensation that 
required histone deacetylation,2-4 the condensed nucleus 
moves and polarizes to one side of the orthochromatic 
erythroblast. Nuclear polarization, which is generally consid-
ered the outset of enucleation, requires microtubules and 
microtubule-dependent local activation of phosphoinositide 
3-kinase.5 Subsequently, a contractile actomyosin ring is 

formed between the nascent reticulocyte and extruding 
nucleus (pyrenocyte) mediated by Rac GTPases and their 
downstream effectors.6-8 In addition, vesicle trafficking 
has been shown to play an important role in driving enu-
cleation.9,10 Despite these studies, the molecular mecha-
nisms of how the spherical erythroblasts determine the 
direction of nuclear polarization and accomplish the final 
separation of the nucleus from the nascent reticulocytes 
remain largely unclear.
Aurora kinases are highly conserved serine/threonine ki-
nases required for regulation of mitosis (AURKA and AURKB) 
and meiosis (AURKC). During mitosis progression, AURKA 
plays an essential role in controlling centrosome maturation 
and separation, two events representing the earliest stages 
of mitotic spindle formation. In contrast, AURKB mainly 
regulates chromosome condensation, spindle assembly 
checkpoint, and final cytokinesis by providing catalytic 
activity to the heterotetrameric chromosome passenger 
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complex.11-14 Inactivation of AURKA leads to monopolar 
spindles and chromosomal separation defects, ultimately 
leading to mitotic arrest and cell apoptosis,15,16 whereas 
inactivation of AURKB results in final failure cytokinesis due 
to abnormal chromosome alignment, kinetochore-microtu-
bule attachment, and cleavage furrow formation.17,18 Due to 
indispensable functions in cell division and overexpression 
in multiple cancers, Aurora kinases have attracted great 
interest in cell and cancer biology at present. Multiple 
functions in mitosis and non-mitotic biological processes 
are uncovered.11,15-19 However, up to now, the role of Aurora 
kinases in erythroid cells, especially in erythroblast enu-
cleation has been investigated.
More notably, Aurora kinases are generally expressed at 
high levels in rapidly dividing cells and tissues, such as 
embryonic cells, hematopoietic cells, and cancer cells.15-18 
Conversely, the expression of Aurora kinases is low or ab-
sent in most adult tissues or cells due to their lower pro-
liferation rates. Here we found surprisingly that AURKA is 
highly expressed in the non-dividing orthochromatic eryth-
roblasts, suggesting a novel role of AURKA in erythroblast 
enucleation. Using pharmacologic and genetic approaches 
in conjunction with high-resolution confocal microscopy, 
we documented that Aurora kinase A plays a critical role 
in nuclear polarization and enucleation via regulation of 
centrosome localization and ECT2 degradation.

Methods

Antibodies and reagents
The antibodies utilized for western blotting, flow cytomet-
ric analysis and immunofluorescence in this study can be 
found in Online Supplementary Table S1. Inhibitors Alisertub 
(MLN8237), were purchased from Selleck. Inhibitor Cen-
trinone was purchased from MedChem Express. Dimethyl 
sulfoxide (DMSO) was used to dissolve MLN8237 or Cen-
trinone, and the same DMSO vehicle was employed in the 
control condition (0 µM) to ensure consistency.

CD34+ cells culture
Primary human CD34+ cells were isolated through magnetic 
beads (Miltenyi Biotechnology, Bergisch Gladbach, Germany). 
These CD34+ cells were then induced towards the erythroid 
lineage utilizing a three-phase culture system. The cell cul-
ture details have been described previously.1

Flowcytometry analysis
Enucleation was assessed by staining with the nucleic acid 
dye Hoechst33342 for 15 minutes in phosphate-buffered 
saline (PBS) with 2% fetal bovine serum (FBS). Cell cycle 
analysis was performed by staining DNA using 50 mg/mL 
propidium iodide (Sigma-Aldrich) following permeabilization 
in 100 mL of 0.1% Triton X-100. Data analysis was performed 
using the Flow Jo software package.

Orthochromatic erythroblasts sorting
Cells obtained from tibia and femur of mice were suspended 
in PBS/2 mM EDTA/2% FBS buffer. Mouse bone marrow or-
thochromatic erythroblasts were sorted using a FACS Aria II 
cell sorter (BD Biosciences, USA). Sorted cells were cultured 
for 18 hours and then used for staining and flow analysis.

Immunofluorescence
Immunofluorescence was carried out according to the 
protocol previously described.8 Cells were fixed in 4% para-
formaldehyde for 6 hours and blocked with 5% goat se-
rum in PBS with 0.1% Triton-X 100 for 15 minutes at room 
temperature. The cells were subsequently incubated with 
primary antibodies against AURKA (1:500) antibody, γ-tubulin 
(1:1000), α-tubulin (1:500) and ECT2 (1:500) at 4°C overnight. 
Secondary antibodies, Cy3-conjugated goat anti-rabbit 
IgG secondary or FITC-conjugated mouse anti-IgG (1:100, 
Boster Biological Technology), were applied for 2 hours at 
37°C. Labeled cells were counterstained with 4’,6-diamid-
ino-2-phenylindole (DAPI; #D8417; 1:1,000, Sigma-Aldrich).

Small interfering RNA transfection
AURKA and ECT2 small interfering RNA (siRNA) as well as 
control scramble siRNA, were transfected into erythroblasts 
on day 15 of culture according to the manufacturer’s pro-
tocol (RIB&BIO, China). For detailed sequence information, 
refer to Online Supplementary Table S3.

Cytospin preparation
Cytospins were prepared by centrifuging 1×105 cells in 200 
μL PBS for 10 minutes at 280 rpm onto glass slides using a 
Cytospin 4 apparatus (Thermo, Germany). The slides were 
then fixed with methanol for 3 minutes, and then directly 
stained with a diluted Gimesa reagent (Solarbio, China) at 
room temperature for 10-15 minutes. Cells were imaged 
using an Olympus IX73 microscope.

Western blotting
Western blotting analysis was performed following previ-
ously published procedures.20 In order to determine protein 
expression levels, Image J software was utilized for quan-
tification.

Approval for the use of human and mouse cells
All studies using anonymized primary human and mouse 
cells were conducted in accordance with applicable laws 
and approved by the Institutional Review Board of Zhengzhou 
University (approval number ZZUIRB2023-243).

Statistics
All experiments were replicated at least three times. The 
data was analyzed using GraphPad Prism 8.0 software. P 
values were determined by either one-way ANOVA (with 
Bonferroni’s post hoc test) or t tests. For all data, P<0.05 was 
considered to indicate a statistically significant difference; 
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*P<0.05, **P<0.01, ***P<0.001. Data are expressed as mean 
± standard deviation.

Results

Aurora A expression was upregulated in late-stage 
erythroblasts
As a first step to investigate the role of Aurora kinases in 
erythropoiesis, we examined their expression during hu-

man terminal erythroid differentiation. Figure 1A shows 
our RNA-sequencing data of erythroblasts cultured from 
cord blood CD34+ cells at distinct stages of development,20 
which reveals abundant expression of AURKA and AURKB 
with distinct expression patterns, with AURKA upregulated 
while AURKB downregulated in late-stage erythroblasts. No 
AURKC mRNA transcripts were detected in erythroblasts 
(data not shown). The expression patterns of Aurora kinases 
were further confirmed by quantitative real time polymerase 
chain reaction (qRT-PCR) analysis (Figure 1B) and western 

Figure 1. Expression of Aurora kinases during terminal erythroid differentiation. (A) RNA-sequencing data revealed the gene ex-
pression levels of AURKA (Aurora kinase A) and AURKB (Aurora kinase B) at distinct stages of human terminal erythroid differen-
tiation, including proerythroblasts (Pro), early basophilic erythroblasts (E-Baso), late basophilic erythroblasts (L-Baso), polychro-
matic erythroblasts (Poly), and orthochromatic erythroblasts (Ortho). (B) Quantitative real time polymerase chain recation was 
employed to assess the mRNA expression levels of AURKA and AURKB in cultured erythroblasts at 5, 9, 11, 13, and 15 days. (C) 
Western blotting images showed the protein levels of AURKA and AURKB in cultured erythroblasts from day 5 to 15. (D) Quanti-
tative analysis of protein levels was performed on erythroblasts cultured for indicated days. (E) Representative flow cytometry 
profiles showed the cell cycle progression of erythroblasts cultured for 7 and 15 days. The percentages of erythroblasts in each 
phase of the cell cycle on day 7 and day 15 were determined under the specified conditions using propidium iodide (PI) staining. 
(F) Immunofluorescence images exhibited the cellular expression of Ki-67 (green) in Pro, Baso, and Ortho erythroblasts, sorted 
from 3 independent biological replicates. Hoechst33342 (blue) was used to stain the nucleus. Scale bar =5 μm; **P<0.01.
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blotting analysis (Figure 1C, D). Given that late-stage termi-
nal erythroblasts gradually exit the cell cycle prior to enu-
cleation (Figure 1E), and orthochromatic erythroblasts can 
no longer divide as evidenced by undetectable Ki67+ signal 
in orthochromatic erythroblasts (Figure 1F), the abundant 
expression of AURKA and its upregulation in late-stage 
erythroblasts is striking because AURKA is usually involved 
in the regulation of mitosis progression and is not expressed 
in cells that no longer divide.11 Our finding suggests a novel 
role (non-mitosis-related role) of AURKA in erythroblast 
enucleation.

Inactivation of AURKA inhibited erythroblast enucleation
In order to examine whether AURKA plays a role in erythro-
blast enucleation, we first tested whether pharmacological 
inhibition of AURKA affects the enucleation of human eryth-
roblasts. To this end, we differentiated cord blood CD34+ 
cells into erythroid cells using our three-phase erythroid 
culture system.1 The cells on day 15, most of which were or-
thochromatic erythroblasts, were then treated with MLN8237 
(Aliseritib, AURKA-selective inhibitor) and enucleation rate 
was assessed after 48 hours of culture (Online Supplementary 
Figure S1A). Hoechest33342 staining revealed a representative 
enucleation profile, and quantitative analysis demonstrat-
ed that treatment of erythroblasts with MLN8237 inhibited 
enucleation (Figure 2A). Similar results were obtained using 
sorted mouse bone marrow orthochromatic erythroblasts 
(Online Supplementary Figure S1B, C). We attempted to use 
shRNA-mediated knockdown and CRISPR-mediated knockout 
approaches to examine the effect of AURKA. Unfortunately, 
cells could not differentiate into terminal erythroblasts due 
to severe apoptosis, indicating the critical role of AURKA 
in early-stage erythropoiesis, likely as a mitosis regulator. 
Instead, we carried out a siRNA-mediated knockdown ap-
proach. For this, the erythroblasts on day 13 of culture were 
transfected with AURKA siRNA and enucleation was assessed 
48 hours later (Online Supplementary Figure S1D). AURKA 
was efficiently downregulated by all the three siRNA Oligos 
used as demonstrated by qRT-PCR and western blot (Figure 
2B; Online Supplementary Figure S1E). Figure 2C shows that 
knockdown of AURKA inhibited enucleation.

Inactivation of AURKA inhibited nuclear polarization in a 
microtubule-independent manner
Nuclear polarization is considered as the prerequisite of 
erythroblast enucleation.21 We next examined whether AURKA 
regulates nuclear polarization by measuring the Dcentroid 
distribution (distance between centers of the cytoplasm 
and nucleus) (Figure 2D). Figure 2E shows that the mean 
Dcentroid was significantly reduced in MLN8237-treated 
erythroblasts. However, the size of the nucleus and cells 
remained unchanged in MLN8237-treated erythroblasts 
(Online Supplementary Figure S1F). Representative cytospin 
images support the flow cytometry results, clearly illus-
trating a broader field of view that allows a clearer assess-

ment of enucleation and polarization differences between 
AURKA siRNA and scramble (Online Supplementary Figure 
S1G, H). Previous studies demonstrated that microtubule 
organization is required for proper polarization of nucleus 
during enucleation.5,7 We therefore asked whether AURKA 
inactivation-mediated impaired polarization impairment is 
associated with microtubules. In order to address this, we 
examined the relationship between microtubule structure 
and nuclear positioning during enucleation using immuno-
fluorescence. As expected, MLN8237 treatment resulted in 
disordered microtubule organization in erythroid cells under-
going mitosis, while interestingly, MLN8237 had no effect on 
microtubule organization in polarized erythroblasts (Figure 
2F), suggesting that AURKA regulates nuclear polarization 
in a microtubule-independent manner.

Dynamic changes of AURKA localization during 
erythroblast enucleation
AURKA is a highly conserved serine/threonine kinase, which 
is associated with centrosome maturation and biopolar spin-
dle assembly during mitosis and cytokinesis.11,13,14 Although 
erythroblast enucleation is proposed to be analogous to 
asymmetric cell division, the localization of AURKA during 
enucleation has not been characterized to date. Therefore, 
we first detected AURKA location in human erythroblasts 
using high-resolution confocal microscopy. While AUR-
KA was diffusely distributed throughout the cytoplasm of 
non-polarized erythroblasts (Figure 3Ai), it was localized at 
the posterior end of the nucleus (membrane contact point 
is considered the anterior end) in polarized erythroblasts 
(Figure 3Aii). Interestingly, in the enucleating erythroblasts, 
it translocated to the anterior end of the protrusive nucle-
us (Figure 3Aiii, B, C). When the nucleus was completely 
expulsed from the cytoplasm, AURKA was again dispersed 
throughout the cytoplasm. Similar changes in AURKA loca-
tion were observed during mouse erythroblast enucleation 
(Online Supplementary Figure S2).
Given the relationship between AURKA and centrosome 
maturation in mitosis and similar foci positioning, we asked 
whether AURKA colocalizes with γ-tubulin in interphase 
centrosomes throughout erythroid differentiation and enu-
cleation. In line with previous reports,5-8 AURKA co-localized 
with γ-tubulin in centrosomes during cytokinesis in early 
erythroblasts (Figure 3D). However, while the distribution of 
AURKA followed the pattern of “dispersed-foci at the rear 
of nucleus-foci translocated to anterior end of nucleus” on 
enucleation progress, the bright spot of cytoplasmic γ-tubulin 
remained at the rear of the nucleus and traveled with the 
nucleus throughout expulsion until the nucleus was ready 
to separate (Figure 3D). The distance between AURKA and 
centrosome was obviously longer in the enucleating cell 
than in the polarized cell (Figure 3E). Figure 3F shows the 
statistical analysis of the percentage of co-localization of 
AURKA and centrosome in non-polarized cells, polarized 
cells, and enucleated cells. That is, AURKA co-localized with 
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the centrosome during polarization and subsequently solely 
translocated to the anterior end of the protrusive nucleus 
upon nuclear exit. These observations suggest that AURKA 
may provide direction for nucleus polarization by controlling 
centrosome maturation, but performs a centrosome-in-
dependent function during subsequent nucleus expulsion.

AURKA controls nuclear polarization by regulating 
centrosome maturation
Co-localization of AURKA and centrosome during nuclear 
polarization raised the question whether AURKA controls 

polarization by regulating centrosome organization and 
maturation. Co-immunoprecipitation (co-IP) verified a direct 
interaction between AURKA and γ-tubulin (Online Supple-
mentary Figure S3A). We then examined whether inhibition 
of AURKA altered the expression levels of γ-tubulin. The 
human erythroid cell line K562, being in the stage of plu-
ripotent myeloid progenitor cell, provides a model system 
for studying erythroid differentiation and eukaryotic gene 
regulation due to its response to hemin and compounds.22,23 
Uninduced cells were used to simulate rapidly dividing cells, 
while cells on day 4 after hemin induction were mainly in 

A B C

D E

F

Figure 2. Inactivation of Aurora kinases blocks erythroblast enucleation. (A) Enucleation was assessed in the presence or absence 
of MLN8237 for cultured erythroblasts. (B) Quantitative analysis of the knockdown efficiency of small interfering RNA AURKA (siR-
NA-AURKA). (C) Quantitative analysis of the enucleation rates of siRNA-AURKA. (D) Schematic of polarized distance by measuring the 
Dcentroid distribution (c) from cell center (a) to nuclear center (b). (E) Representative cytospin images showed enucleation after 
treated with or without MLN8237 for 48 hours. Scale bar =10 μm. Quantitative analysis of the mean Dcentroid revealed a significant 
reduction in erythroblasts treated with MLN8237 after incubation for 48 hours. (F) Confocal microscopy showed MLN8237-induced 
microtubule disorganization during early erythroblast mitosis, with statistical α-tubulin aggregation analysis. MLN8237 treatment had 
no effect on microtubule organization during polarized orthochromatic erythroblasts, as observed in confocal microscopy images, 
also supported by statistical α-tubulin aggregation analysis. Scale bar =5 μm; *P<0.05, **P<0.01, ***P<0.001; NS: not significant.
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Figure 3. The localization of AURKA during erythroblast enucleation. (A) Confocal microscope images showed the location of 
AURKA proteins (green) at various stages of enucleation. GPA (red) was used to stain the membrane of terminal erythroid cells. 
Hoechst33342 (blue) was used to stain the nucleus. (B) Schematic of AURKA foci moving trail (c) by measuring the distance from 
AURKA foci (a) and the farthest end of the cell (b). (C) Quantification of distance traveled by AURKA foci in non-polarized cells, 
polarized cells and enucleating cells. (D) Confocal microscope images showed colocalization of AURKA (red) and centrosome 
(stain by γ-tubulin, green) in non-polarized cells, polarized cells and enucleating cells. (E) Quantification of distance from AUR-
KA foci to centrosomes in non-polarized cells, polarized cells and enucleating cells. (F) Quantification of distribution of co-lo-
calization of AURKA and centrosome in non-polarized cells, polarized cells and enucleating cells. Scale bar =5 μm; *P<0.05, 
**P<0.01.
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the late stage of erythroid terminal differentiation. Here, 
untreated K562 cells and cells induced for erythroid dif-
ferentiation and maturation with hemin for 48 hours were 
incubated with MLN8237 respectively. After another 48 
hours, total RNA and proteins were collected. Western 
blotting analysis showed that AURKA inhibitor did not alter 
the expression levels of γ-tubulin in both hemin-induced 
and non-induced groups (Online Supplementary Figure 
S3B, C), indicating that the interaction between AURKA and 
γ-tubulin is not responsible for protein expression of γ-tu-
bulin. However, immunofluorescence showed that MLN8237 
treatment obviously impaired the proper organization of 
centrosome (Figure 4A-C). Unlike the abiding foci position-

ing in control erythroblasts during enucleation, γ-tubulin 
proteins are diffusely distributed throughout the cytoplasm 
of non-polarized erythroblasts, polarized erythroblasts, 
and enucleating erythroblasts in MLN8237-treated cells 
(Figure 4A-C). Figure 4D presents the statistical analysis 
of the percentage of co-localization between AURKA and 
the centrosome in non-polarized cells, polarized cells, 
and enucleated cells before and after MLN8237 treatment. 
The dispersion of the centrosome was also observed when 
AURKA siRNA was utilized (Online Supplementary Figure 
S3D-F). It indicated that inhibition of AURKA significantly 
disrupts centrosome organization and maturation.
In order to directly test the role of centrosomes during 

Figure 4. AURKA controls nuclear polarization by regulating centrosome maturation. Confocal microscope images showed the 
co-localization of AURKA and γ-tubulin in non-polarized cells (A), polarized cells (B) and enucleating cells (C) treated with or 
without MLN8237 for 48 hours. Scale bar =5 μm. (D) Quantification of distance from AURKA foci to centrosomes in (A), (B) and 
(C). (E) Representative flow cytometric analysis plot of the enucleation efficiency of centrinone-treated erythroblasts at the in-
dicated concentrations. Statistical analysis depicted the enucleation efficiency of day 15 erythroblasts treated with or without 
centrinone for 48 hours. (F) Representative cytospin images in erythroblasts cultured with or without centrinone (100 nM). Quan-
tification of polarized distance in orthochromatic erythroblasts treated with or without centrinone. Scale bar =10 μm; NS: not 
significant; **P<0.01, ***P<0.001
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erythroblast enucleation, we depleted centrosomes during 
enucleation using centrinone-B, an inhibitor of the master 
centriole biogenesis regulator PLK4, to treat CD34+ cell-de-
rived human erythroblasts at day 15 for 48 hours, due to 
previous reports that multiple cell divisions were needed 
to complete deplete of centrosomes.24,25 Hoechst33342 
staining showed that centrinone-B treatment significantly 
reduced the rate of enucleation in a dose-dependent man-
ner (Figure 4E). Likewise, Dcentroid distribution showed 
impaired polarization of centrinone-B-treated erythro-
blasts (Figure 4F). These phenotypes mimic the results of 
AUKRA-deficient erythroblasts, suggesting a close con-
nection between AUKRA and centrosome in polarization 
during erythroblast enucleation.

AURKA regulates the expression and localization of ECT2 
during enucleation
Having identified AURKA’s role in polarization and estab-
lished the uncoupled centrosome localization pattern 
during nucleus expulsion, we next sought to answer why 
AURKA translocated to the anterior end of the protrud-
ing nucleus upon nuclear exit. We hypothesized that the 
movement of AURKA may be intended to alter the dis-
tribution of proteins associated with the establishment 
and maintenance of cell asymmetry to facilitate the final 
separation of pyrenocytes from nascent reticulocytes. The 
Rho subfamily of small GTPases, including Rac1/2, RhoA 
and Cdc42, has been shown to be essential for terminal 
erythroblast maturation and enucleation.6,8,26,27 During 
embryonic development, the asymmetric distribution of 
ECT2, a guanine nucleotide exchange factor, is important 
for translocation of PAR proteins and Rho small GTPases to 
the precortex to maintain the established anterior-cortical 
domains.28 Therefore, we examined whether AURKA involved 
in ECT2 expression and localization during enucleation. We 
found that ECT2 was diffusely distributed throughout the 
cytoplasm of non-polarized and polarized erythroblasts, 
but constricted at the rear of the translocating nucleus 
in enucleating erythroblasts, as observed through confo-
cal microscopy (Figure 5A, B). We utilized Image Stream 
analysis to enhance our understanding of the localization 
of AURKA and ECT2 in polarized and enucleating cells. 
The fluorescence images and quantitative assessments 
revealed that AURKA was positioned at the posterior end 
of the nucleus in polarized erythroblasts. Interestingly, in 
enucleating erythroblasts, it underwent translocation to 
the anterior end of the protrusive nucleus (Online Sup-
plementary Figure S4A, B). Additionally, we confirmed that 
ECT2 was diffusely distributed throughout the cytoplasm 
of polarized erythroblasts (Online Supplementary Figure 
S4A). However, in enucleating erythroblasts, ECT2 was 
observed to be constricted at the rear of the translocating 
nucleus (Online Supplementary Figure S4B). The statistical 
analysis also corroborated this trend (Online Supplemen-
tary Figure S4C, D).

Inhibition of AURKA impaired translocation of ECT2. Similar 
results were obtained using mouse bone marrow erythro-
blasts (Online Supplementary Figure S5A-C). Interestingly, 
this pattern of ECT2 localization was not observed during 
cytokinesis as demonstrated by the diffuse ECT2 expres-
sion in the cytoplasm of mitotic erythroid cells, and lack of 
effect of the AURKA inhibitor on ECT2 distribution (Figure 
5B), indicating that AURKA regulation of ECT2 localization 
is restricted to enucleation.
In order to gain mechanistic insight into AURKA regulating 
ECT2, we first checked the expression pattern of ECT2 
during erythropoiesis. RNA-sequencing data of erythro-
blasts cultured from cord blood CD34+ cells at distinct 
stages of development20 showed that the expression of 
ECT2 was dramatically downregulated in orthochromatic 
erythroblasts (Figure 5C). The expression pattern of ECT2 
at protein level was further confirmed by western blot-
ting analysis (Figure 5D). We then examined the effects 
of AURKA inhibition on the expression of ECT2 in terminal 
erythroid cells. Western blotting analysis revealed that 
MLN8237 treatment resulted in a significant increase of 
ECT2 proteins in hemin-induced K562 cells on day 4. In 
contrast, there was no change in ECT2 expression in K562 
cells that were not hemin-induced (Figure 5E, F), suggesting 
the specific function of AURKA on ECT2 expression during 
terminal erythroblast maturation.
In order to examine the impact of ECT2 overexpression on 
the process of enucleation, we constructed ECT2 overex-
pression vectors and transfected them into CD34+ cells 
to induce erythroid differentiation (Online Supplementary 
Figure S6A). Our findings revealed that ECT2 overexpression 
had minimal influence on erythroid differentiation (Online 
Supplementary Figure S6B, C). However, it significantly 
impeded the process of enucleation (Online Supplemen-
tary Figure S6D-F). This indicates that AURKA might be 
impacting enucleation through ECT2.

AURKA promotes ubiquitin-mediated ECT2 degradation
The antagonistic localizations and expression levels led us 
to speculate that AURKA may have the function of degrading 
ECT2. Previous studies have reported that the ECT2 pro-
tein may be degraded through the ubiquitin-proteasome 
pathway.29,30 Furthermore, AURKA, in addition to its kinase 
activity, has been predicted to possess ubiquitination ac-
tivity.31,32 However, it is unclear whether AURKA regulates 
ECT2 ubiquitination and degradation. To address this, we 
first performed a co-IP assay and found the direct inter-
action between AURKA and ECT2 (Figure 6A). Furthermore, 
when the effects of AURKA on the ubiquitin modification 
of ECT2 in cells were evaluated, the results showed that 
AURKA overexpression promoted ubiquitination of ECT2 
(Figure 6C). We next examined the relationship between 
AURKA kinase activity and ECT2 degradation. The kinase 
activity of human AURKA is regulated by phosphorylation 
of threonine 288 (Thr 288) and mutations in this residue 
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Figure 5. AURKA regulates the expression and localization of ECT2 during enucleation. (A) Confocal microscope images and sta-
tistical analysis showed cellular localization of ECT2 (epithelial cell transforming 2) in non-polarized cells and polarized cells 
after treatment with or without MLN8237. Scale bar =5 μm. (B) Confocal microscope images and statistical analysis showed cel-
lular localization of ECT2 in enucleating human cells and mitotic erythroid cells after treatment with or without MLN8237. Scale 
bar =5 μm. (C) RNA-sequencing data of erythroblasts cultured from cord blood CD34+ cells at distinct stages of development 
showed that the expression of ECT2 was dramatically downregulated in orthochromatic erythroblasts (Ortho). (D) Western blotting 
images showed that the expression pattern of ECT2 in erythroblasts cultured for the indicated days. (E) Representative western 
blots showed the protein levels of ECT2 in hemin-treated or untreated K562 cells cultured with the indicated concentrations of 
MLN8237. (F) Quantitative analysis showed ECT2 protein levels. Pro: proerythroblasts; E-Baso: early basophilic erythroblasts; 
L-Baso: late basophilic erythroblasts; Poly: polychromatic erythroblasts. NS: not significant;  **P<0.01.
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almost completely eliminate kinase activity.33,34 Based on 
this, we generated the AURKA T288A allele by site-directed 
mutagenesis (Figure 6B) and examined the ubiquitin modi-
fication of ECT2. The results showed that the expression of 
AURKA T288A decreased ubiquitin-modified ECT2 protein 
in comparison to the unmutated allele (Figure 6C). In or-
der to further confirm the relationship, we also conducted 
the dominant active AURKA T288E allele35 and found that 
continuous activation of AURKA resulted in significantly 
enhanced ubiquitination of ECT2 (Figure 6C). These results 
suggest that AURKA regulates ubiquitin-mediated ECT2 
degradation through direct interaction, which is, at least 
in part, dependent on kinase activity of AURKA.

Knockdown of ECT2 partially rescued impaired 
enucleation caused by AURKA inhibition
In order to more directly document that upregulation of 
ECT2 contributes to impaired enucleation of AURKA-de-
ficient erythroblasts, we examined whether knockdown 
of ECT2 rescues the phenotypes. To this end, ECT2 siR-
NA or control scramble siRNA was transfected into the 
erythroblasts on day 15 of culture that were simultane-
ously treated with MLN8237. We found that defects in 
enucleation caused by AURKA inhibition were rescued 
by knockdown of ECT2 (Figure 6D-F). In contrast to the 
control scramble siRNA, we validated the knockdown 
efficiency of ECT2 siRNA and found that it did not alter 
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enucleation alone (Online Supplementary Figure S7A, 
B). However, it significantly increased the enucleation 
of MLN8237-treated erythroblasts (Figure 6D-F; Online 
Supplementary Figure S7C, D), indicating that the upregu-
lation of ECT2 is responsible for the impaired enucleation 
following treatment with the AURKA inhibitor.

Discussion

Using pharmacological administration and genetic manip-
ulation, we discovered that deficiency of AURKA, an au-
rora kinase associated with mitosis, resulted in impaired 
erythroblast enucleation by delaying nuclear polarization 
and disrupting asymmetry establishment. In practice, since 
enucleation has been found to be similar to cytokinesis in 
terms of morphological changes based on early electron 
microscopy, molecules involved in membrane skeletal 
and cytoskeletal remodeling have been broadly explored 
in erythroblast enucleation.5,6,36-38 Kobayashi et al. investi-
gated the effect of several microtubule-organizing centers 
inhibitors on cytokinesis and enucleation and showed that 
only EHNA, a dynein inhibitor, blocked both cytokinesis 
and enucleation, while monastrol (Eg5 inhibitor), ON-01910 
(PLK1 inhibitor), MLN8237 (AURKA inhibitor), hesperadin 
(AURKB inhibitor), and LY294002 (PI3K inhibitor) just af-
fected cytokinesis.38 However, the conclusion is somewhat 
arbitrary because the effect of inhibitor concentration on 
protein expression is not verified. In the present study, 
we also performed pharmacological inhibition of AURKA 
kinase, but in a wider concentration range. We found that 
low concentrations of inhibitors indeed did not have a sig-
nificant effect on enucleation, but high concentrations of 
inhibitors obviously inhibited enucleation. In order to con-
firm this, we also employed a siRNA-mediated knockdown 
approach in human erythroblasts and obtained consistent 
results. These results clarified the function of AURKA in 
erythroblast enucleation, which corresponds to the specific 
high expression of AURKA in the late stages of terminal 
erythroid differentiation. In our study, siRNA-mediated 
knockdown of AURKA more significantly impacts erythroid 
enucleation than the AURKA inhibitor MLN8237, due to its 
broader reduction of both protein presence and function. 
While MLN8237 specifically targets phosphorylation with-
out altering overall protein levels, leading to a less sub-
stantial effect. Higher concentrations significantly inhibit 

enucleation, revealing a direct correlation between the 
extent of AURKA inhibition and its impact on enucleation. 
In addition, it also reflects the different expression levels 
or activity that may be required for the same regulator to 
function in cytokinesis and enucleation.
Nuclear polarization is generally considered to be the ini-
tial step towards erythroblast enucleation and appears 
to be important for successful enucleation. Microtubules 
are now thought to be required for nuclear polarization.5 
During enucleation, microtubules form a cage-like struc-
ture surrounding the nucleus and the nucleus is ultimate-
ly released from the microtubule cage.5,39 In the present 
study, we found that inhibition of AURKA, impaired nuclear 
polarization. Of note, AURKA deficiency had no effect in 
microtubule organization in enucleating erythroblasts, 
while it results in disordered microtubule organization in 
mitosis of erythroid cells, suggesting that the polarization 
disorder in enucleation caused by AURKA deficiency is mi-
crotubule-independent. During embryonic development, 
the function of AURKA for establishment of cell polarity is 
also independent of its role in microtubule nucleation.40 We 
also determined that AURKA deficiency caused disturbance 
of centrosome formation, and inhibition of centrosome 
formation resulted in polarization damage, consistent with 
previous reports that centrosome loss during erythroid 
differentiation causes tetraploidy and impairs enucleation 
through testing CDK5RAP2- and centrosome-deficient 
erythroblasts.25 In recent years, increasing findings reveal 
that the centrosome provides signals that induce cell po-
larization during embryonic development, which is indepen-
dent of function as the microtubule-organizing center.41,42 
Centrosome appears to provide a “beacon” for guiding the 
spherical erythroblast to select or confirm the orientation 
of nuclear polarization before microtubule organization.
A recent finding from a study by Nowak et al. shows that 
F-actin forms a contractile ring merely at the completion 
of enucleation to help finally separate the pyrenocyte 
from the reticulocyte,43 suggesting that the contractile 
ring is unlikely to carry out the nuclear protrusion during 
enucleation. Our present data show that immediately after 
nuclear polarization, AURKA migrates to the anterior end 
of the protrusive nucleus to alter the protein distribution 
of ECT2. Of note, the ECT2 distribution change regulated 
by AURKA is not exist during cytokinesis. ECT2 encodes 
a potential guanine nucleotide-exchange factor that cat-
alyzes the exchange of GDP for GTP for Rho GTPases.44 

Figure 6. AURKA is responsible for ECT2 ubiquitylation and knockdown of ECT2 partially rescued impaired enucleation caused 
by AURKA inhibition. (A) Co-immunoprecipitation (Co-IP) showed a direct interaction between AURKA and ECT2. (B) Schematic 
of AURKA T288A and AURKA T288E. (C) Representative western blotting showing the ubiquitination levels in response to the ex-
ogenous expression of AURKA, ECT2, both AURKA and ECT2, as well as both AURKA T288A and ECT2, and both AURKA T288E and 
ECT2 in HeLa cells, respectively. (D) Representative flow cytometry profiles showed the enucleation rates of 10 μM or 100 μM 
MLN8237-treated erythroblasts after transfection with ECT2 small interfing RNA (siRNA) or vehicle siRNA (Scramble) in CD34+ 
human erythroid culture systems. (E, F) Quantitative analysis of enucleation rate of  10 μM or 100 μM MLN8237-treated erythro-
blasts after transfection with ECT2 siRNA or vehicle siRNA (Scramble); **P<0.01, ***P<0.001.
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Rho GTPases have been shown to play important roles in 
erythroblast enucleation by regulating cytoskeletal rear-
rangements and other physiological activities.8,26,27 During 
embryonic development in C. elegans, ECT2 is uniformly 
distributed at the cortex prior to cell polarity formation, 
but was excluded from the posterior cortex at the onset of 
symmetry breaking,28 revealing the crucial role of ECT2 in 
controlling contractile asymmetry. Notably, another report 
showed that AIR-1 (Aurora A kinase in C. elegans) depletion 
influences ECT2 cortical localization, resulting in appear-
ance of multiple PAR-2 polarity axis due to pronounced 
cortical contractions on the embryo surface.40 After nuclear 
polarization, ECT2 needs to exclude from anterior end of 
polarity axis and form asymmetric contractility to provide 
force for expelling the nucleus during enucleation. The 
asymmetric contractility contributed by the asymmetrical 
distribution of ECT continues to provide expulsion force 
until F-actin forms a narrow contractile ring to complete 
the final separation of the pyrenocyte from the reticulocyte.
Although the effect of AURKA on the localization of ECT2 
has been reported,40 the mechanism by which AURKA 
regulates ECT2 to establish cellular asymmetry remains 
unclear. We showed that the altered distribution of ECT2 
was accompanied by migration of AURKA to the anterior 
end of the protrusive nucleus, and that the expression 
levels of AURKA and ECT2 were opposite. Coupled with 
the fact that direct interaction is proved by co-IP analysis, 
we speculate that AURKA may directly degrade ECT2. As 
a serine/threonine protein kinase, AURKA mainly acts by 
phosphorylation of several substrates that are involved in 

cell cycle regulation and mitosis progression. In addition 
to phosphorylation activity, AURKA has been predicted 
to possess ubiquitination activity and acts as a potential 
ubiquitinating enzyme.31,32 We found that overexpression of 
AURKA promoted ubiquitination of ECT2. Of note, site-spe-
cific mutation experiment demonstrated that the ubiquiti-
nation function of AURKA on ECT2 is dependent on kinase 
activity. Previous studies display that AURKA regulates MYC 
and METTL14 expression by inhibiting their ubiquitylation 
and degradation in a kinase-independent manner in breast 
cancer stem-like cells.45,46 The complex and inconsistent 
observations implies that AURKA may function in different 
cell types through different activities or in different ways.
In summary, our study describes a specific and novel tem-
poral and spatial localization of AURKA and demonstrates 
that AURKA interacts with γ-tubulin and ECT2 to control 
centrosome localization and ECT2 degradation, contributing 
to nuclear polarization and expulsion. These findings further 
advance our understanding of erythroblast enucleation 
and provide new insights into associated mechanisms. A 
new model for erythroblast enucleation is proposed as 
follows (Figure 7). After exiting the cell cycle, spherical 
orthochromatic erythroblast used the centrosome, regu-
lated by AURKA as a “beacon” to determine the direction 
of polarization, and then the condensed nucleus moves to 
one side of the cell under the action of the unipolar spindle 
formed by microtubules. Subsequently, AURKA translocates 
to the anterior end of the protrusive nucleus and directly 
degrade ECT2 to form asymmetric contractility, providing 
force for expelling the nucleus during enucleation. Under 

Figure 7. A new model for erythroblast enucleation. Schematic of enucleation: first, AURKA regulates centrosome maturation and 
localization to provide orientation for the cell nucleus. Then, AURKA translocates to the anterior end of the protrusive nucleus to 
directly degrade ECT2 to form asymmetric contractility, providing force for expelling the nucleus during enucleation. Under the 
control of Rac GTPases, F-actin, interacting with myosin IIB, polymerizes to form a narrow contractile ring in the cleavage furrow 
to complete the final separation of the pyrenocyte from the reticulocyte. During this transfer, endocytic vesicles move and fuse 
at the division plane to provide the extra plasma membranes.
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the control of Rac GTPases, F-actin, interacting with my-
osin IIB, polymerizes to form a narrow contractile ring in 
the cleavage furrow to complete the final separation of 
the pyrenocyte from the reticulocyte. During this transfer, 
endocytic vesicles move and fuse at the division plane to 
provide the extra plasma membranes.
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