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SUMMARY

Asymmetric cell division (ACD) is a physiological event that maintains development and tissue homeostasis. 

ACD generates two unequal daughter cells, one of which has stem cell properties while the other has differ

entiation potential. Recent studies show that the balance between self-renewal and differentiation is 

precisely controlled and that the disruption of this balance leads to diseases, such as tumors. Herein, we 

examined centrosome inheritance during cell division by using the human neuroblastoma cell line SK-N- 

DZ. The results showed that daughter cells inheriting daughter centrosomes with younger mother centrioles 

received more CD133-recycling endosomes, while those inheriting mother centrosomes with older mother 

centrioles received fewer CD133-recycling endosomes. The depletion of outer dense fiber protein 2/cenexin, 

which localizes to both centrosomal distal and subdistal appendages, strongly promoted the localization of 

recycling endosomes at both centrosomes, and ACD was lost. Therefore, these results may facilitate further 

research on the mechanisms underlying centrosome inheritance in ACD.

INTRODUCTION

Asymmetric cell division (ACD) represents a pivotal process that 

is fundamental to development and tissue homeostasis across a 

wide range of organisms.1,2 ACD is a strategy that maintains the 

correct number of self-renewing stem cells and differentiated 

cells in a single division.1,2 Therefore, ACD balances the stem 

cell pool with its progenitor pool. However, the dysregulation 

of this balance has been implicated in developmental disorders, 

including tumorigenesis and/or cancer progression.3–5 In addi

tion, ACD has been suggested to cause tumor cell heterogeneity 

in cancer cell populations.6

Neuroblastoma (NB), the most common solid tumor in chil

dren,7,8 provides an intriguing model to study ACD in the 

context of cancer.9–11 NB is derived from the multipotent neural 

crest cells that make up the structure of the embryo.12 The neu

ral crest is composed of a cell population that produces multi

cell lineages. Therefore, NB cells are suspected to be similar in 

nature to cancer stem cells because of their pluripotent func

tion.12 In addition, NB cell lines have unique properties because 

they exhibit immortal cell proliferation and are induced to 

become mature neurons by drugs such as retinoic acids.12 In 

human NB cells, MYCN expression regulates cell division 

fate.9,13 The overexpression of MYCN induces symmetric cell 

division (SCD) (self-renewal division), and the down-regulated 

expression of MYCN causes ACD.9 Furthermore, the transcrip

tional activity of MYCN is important for inducing SCD in human 

NB cells.9 The SK-N-DZ NB cell line, derived from NB, has been 

valuable for elucidating the dynamics of cell division and the 

interplay between self-renewal and differentiation.10 Despite 

advances in our understanding of the mechanisms governing 

ACD, the intricate processes responsible for organelle inheri

tance during cell division remain unclear, particularly the inher

itance of centrosomes14 and associated organelles such as 

endosomes.15,16

The centrosome, a major microtubule-organizing center, 

plays a critical role in the spatial orientation and temporal regu

lation of cell division. The centrosome consists of mother 

and daughter centrioles as well as pericentriolar material 

(PCM)17,18 (Figure 1). The mother centriole has distal append

ages (DAs) and subdistal appendages (SDAs) at its distal 

ends. DAs are required for basal body docking during cilio

genesis26 and SDAs are involved in the anchoring of microtu

bules to the centrosome.27 Centrosome ages differ between a 
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centrosome with an old mother centriole (mother centrosome) 

and a centrosome with a young mother centriole (daughter 

centrosome).20,28,29 As shown in Figure 1, centrosome duplica

tion is initiated at the G1/S transition and occurs during S 

phase; new daughter centrioles begin to be constructed, and 

the PCM of duplicated centrosomes matures during the G2 

phase of the cell cycle.30 However, young mother centriole 

maturation occurs slowly during mitosis; when DAs and SDAs 

are matured in the mother centrioles, the construction of DAs 

and SDAs in the young mother centriole must wait for the 

next cell cycle.28 Thus, centrosome asymmetry occurs during 

mitotic exit (Figure 1).

In the context of ACD, centrosome asymmetry and inheri

tance patterns have been suggested to affect the distribution 

of cellular components that dictate the fate of daughter cells.14

Notably, recycling endosomes, which play a role in membrane 

trafficking and signaling, have emerged as key players in fate 

determination.16 Among these, CD133-positive recycling en

dosomes have garnered attention for their involvement in stem

ness and cellular differentiation pathways.31–33 CD133, also 

called prominin 1, was originally identified as a cell surface 

marker of human hematopoietic stem cells34,35 and mouse 

neuroepithelial cells.36 It was subsequently reported to function 

as a marker of cancer stem cells in many solid tumors, including 

NB.37 The CD133-positive cell population has a greater self- 

renewal ability and a stronger chemoresistance phenotype 

than the CD133-negative cell population. The expression of 

CD133 correlates with malignant characteristics and a poor 

prognosis in many tumors.38,39 While centrosome asymmetry 

and CD133-positive recycling endosomes have each been 

studied independently, their direct functional relationship dur

ing ACD remains unclear.

The present study aimed to elucidate the mechanisms under

lying centrosome inheritance and its impact on the asymmetric 

distribution of CD133-positive recycling endosomes during 

cytokinesis in SK-N-DZ human NB cells. The results obtained 

showed that the inheritance of centrosomes adhered to specific 

rules in ACD: daughter cells inheriting centrosomes containing 

younger mother centrioles acquired a larger number of CD133- 

positive recycling endosomes, whereas those inheriting centro

somes with older mother centrioles acquired fewer. We also 

demonstrated that outer dense fiber protein 2 (Odf2)/cenexin,25

which localized to the DAs and SDAs of the centrosome,40,41 was 

essential for maintaining this asymmetric inheritance of CD133- 

positive recycling endosomes. The depletion of Odf2, which is 

necessary for the correct establishment of both append

ages,40,42,43 led to the abnormally large distribution of recycling 

endosomes at both the centrosomes, effectively abolish

ing ACD.

The present results reveal a link between centrosome inheri

tance and the asymmetric allocation of recycling endosomes, 

providing fundamental insights into the molecular mechanisms 

that regulate ACD.

Centrosome

Mother centriole
Daughter centriole

Pericentriolar material (PCM)

G1 phase

S phase

G2 phase

Distal appendages (DAs): Odf2, Cep164, etc.

-Centriole duplication-

-Centrosome maturation-

-Centrosome separation-

Old mother centriole
Young mother centriole

New daughter 
centriole

New daughter 
centriole
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Large 
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-Bipolar spindle formation-

(Dissociation of SDA and DA (outer) components)
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Centrosome asymmetry

-Centriole disengagement-

(Association of SDA and DA (outer) components)

Figure 1. The centrosome status during the cell cycle 

The centrosome is composed of two centrioles and the pericentriolar material 

(PCM). The mother centriole has distal and subdistal appendages (DAs and 

SDAs), while the daughter does not. Centrosome duplication is initiated at the 

G1/S transition and occurs during the S phase, new daughter centrioles begin 

to be constructed, and the PCM of duplicated centrosomes mature during the 

G2 phase in the cell cycle. Duplicated centrosomes subsequently form bipolar 

spindles during the M phase (mitosis). The composition and structure of DAs 

and SDAs change throughout the cell cycle.19 DA outer components, such as 

Cep164, lose their DA localization in the G2 phase and re-associate on mature 

centrioles at mitotic exit.20–22 On the other hand, DA inner proteins appear 

to be permanently recruited to the mature centriole, maintaining the 9-fold 

structure of the DA during the cell cycle.20,21 The SDA structure also disap

pears in the G2 phase and re-appears during mitotic exit.23,24 Importantly, 

ODF2 remains localized to the centrioles during the cell cycle.20,21,25

The construction of DAs and SDAs on the young mother centriole occurs 

slowly during the M phase. Therefore, the distinction between old mother 

and young mother centrioles may be defined by the immunostaining signals of 

the DA and SDA proteins during cytokinesis. This distinction shows centro

some asymmetry.
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Figure 2. Centrosomal appendages show asymmetric (mature and immature) features during cytokinesis in SK-N-DZ cells 

(A) Representative immunostaining images of the subcellular localization of pericentrin and Odf2 during cytokinesis in SK-N-DZ cells. Pericentrin is green, Odf2 is 

red, and DAPI (DNA) is blue. Phase contrast images are also shown. Scale bars, 10 μm. Representative black and white images at the top are shown in the center. 

Plots show the signal intensities of pericentrin and Odf2 along the dotted lines. RGB profile plots also show the signal intensities of pericentrin, Odf2, and DAPI 

along the dotted lines of merged images. 

(B) The signal intensities of the cytokinesis pair of two pericentrin signals are shown as symbols and line graphs. Data are presented as mean ± SEM from n = 3 

independent experiments; 12 cells were analyzed. Statistical significance was determined using a Student’s t test with equal variance (NS, no significance). 

(C) The signal intensities of the cytokinesis pair of two Odf2 signals are shown as symbols and line graphs. Data are presented as mean ± SEM from n = 3 in

dependent experiments; 12 cells were analyzed. Statistical significance was determined using a Student’s t test with equal variance (p = 0.0001). 

(legend continued on next page) 
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RESULTS

Asymmetric distribution of centrosomal appendage 

proteins during cytokinesis in SK-N-DZ cells

Odf2 was originally identified as a molecular marker for centriole 

maturation25 and a scaffold protein that specifically localized to 

the DAs and SDAs of the mother centriole.40 A subsequent study 

demonstrated that Odf2 mainly localized to the SDAs as a scaffold 

protein for SDA formation44 and also localized to the base of DAs 

to support their 9-fold symmetry.42,43 Importantly, Odf2 remained 

localized to centrioles during the cell cycle.20,21 In addition, when 

Odf2 was used as a marker for the maturation of mother centri

oles, a marked difference was detected in immunostaining signal 

intensities between mother and daughter centrosomes.9,28 There

fore, the distinction between mother and daughter centrosomes 

may be defined by the strength of the Odf2 signal during the final 

step of the cell cycle, cytokinesis.

We also examined the distribution of centrosomal appendage 

proteins, such as Odf2 as a marker of both DAs and 

SDAs,40,41,45 Ninein as a marker of SDAs,46,47 and Cep164 as a 

marker of DAs20,48 during cytokinesis in SK-N-DZ NB cells. 

Although Ninein and Cep164 are used as markers of the mother 

centriole during ACD in developing mouse brains,49,50 it is still un

known whether these SDAs and DAs show centrosome asymme

try in human NB cells. An immunofluorescence analysis revealed 

that while pericentrin and γ-tubulin staining showed similar signal 

intensities between daughter cells (Figures 2A, 2B, 2D, 2E, 2G, 

and 2H), Odf2, Ninein, and Cep164 showed asymmetric signal in

tensities characterized by mature and immature features 

(Figures 2A, 2C, 2D, 2F, 2G, and 2I). Specifically, one centrosome 

exhibited a mature state, while the other displayed an immature 

state. We also investigated whether the asymmetric signal inten

sity of Odf2 was consistent with that of Ninein and Cep164. We 

performed dual immunofluorescence staining experiments on 

Odf2 and Ninein or Cep164 during cytokinesis and compared 

signal intensities between mother and daughter centrosomes. 

When the centrosome with a higher signal intensity was the 

same for both Odf2 and Ninein or Cep164, it was categorized as 

‘‘same.’’ Conversely, when the centrosome with a higher signal 

intensity differed between Odf2 and Ninein or Cep164, the classi

fication was ‘‘different.’’ As shown in Figures 2J–2M, the signal in

tensities of Ninein and Cep164 were similar to that of Odf2. This 

asymmetry suggests a role for asymmetric centrosome inheri

tance during cell division in SK-N-DZ cells.

Preferential localization of CD133-positive recycling 

endosomes to centrosomes with immature appendages

We examined the relationship between centrosomal maturity 

and the localization of CD133-positive recycling endosomes. 

Consistent with our recent findings, approximately 20% of the 

cell population showed an asymmetric CD133-recycling endo

some distribution in SK-N-DZ cells (Figures S1A and S1B).32

The definition of ACD is described in the experimental model 

and study participant details section and in a recent study.32

Since another recycling endosome protein, Rab11, shows an 

asymmetric distribution during the final step of cell division in 

Drosophila sensory organ precursor cells,51 we investigated 

whether CD133-recycling endosomes showed a similar distribu

tion of Rab11 during cytokinesis in SK-N-DZ cells. As expected, 

Rab11 also localized to centrosomes during cytokinesis in SK-N- 

DZ cells and showed a similar manner of localization to CD133- 

recycling endosomes in ACD (Figure S1C). Using fluorescent 

(D) Representative immunostaining images of the subcellular localization of γ-tubulin and Ninein during cytokinesis in SK-N-DZ cells. γ-Tubulin is red, Ninein is 

green, and DAPI (DNA) is blue. Phase contrast images are also shown. Scale bars, 10 μm. Representative black and white images at the top are shown in the 

center. Plots show the signal intensities of γ-tubulin and Ninein along the dotted lines. RGB profile plots also show the signal intensities of γ-tubulin, Ninein, and 

DAPI along the dotted lines in the merged image. 

(E) The signal intensities of the cytokinesis pair of two γ-tubulin signals are shown as symbols and line graphs. Data are presented as mean ± SEM from n = 3 

independent experiments; 12 cells were analyzed. Statistical significance was determined using a Student’s t test with equal variance (NS, no significance). 

(F) The signal intensities of the cytokinesis pair of two Ninein signals are shown as symbol and line graphs. Data are presented as mean ± SEM from n = 3 in

dependent experiments; 12 cells were analyzed. Statistical significance was determined using a Student’s t test with equal variance (p < 0.0001). 

(G) Representative immunostaining images of the subcellular localization of γ-tubulin and Cep164 during cytokinesis in SK-N-DZ cells. γ-Tubulin is red, Cep164 is 

green, and DAPI (DNA) is blue. Phase contrast images are also shown. Scale bars, 10 μm. Representative black and white images at the top are shown in the 

center. Plots show the signal intensities of γ-tubulin and Cep164 along the dotted lines. RGB profile plots show the signal intensities of γ-tubulin, Cep164, and 

DAPI along the dotted line in the merged image. 

(H) The signal intensities of the cytokinesis pair of two γ-tubulin signals are shown as symbols and line graphs. Data are presented as mean ± SEM from n = 3 

independent experiments; 12 cells were analyzed. Statistical significance was determined using a Student’s t test with equal variance (NS, no significance). 

(I) The signal intensities of the cytokinesis pair of two Cep164 signals are shown as symbol and line graphs. Data are presented as mean ± SEM from n = 3 

independent experiments; 12 cells were analyzed. Statistical significance was determined using a Student’s t test with equal variance (p < 0.0001). 

(J) Representative immunostaining images of the subcellular localization of Odf2 and Ninein during cytokinesis in SK-N-DZ cells. Odf2 is red, Ninein is green, and DAPI 

(DNA) is blue. Phase contrast images are also shown. Scale bars, 10 μm. Representative black and white images are shown in the center. Plots show the signal 

intensities of Odf2 and Ninein along the dotted lines. RGB profile plots show the signal intensities of Odf2, Ninein, and DAPI along the dotted line in the merged image. 

(K) The signal intensities of the cytokinesis pair of Odf2 and Ninein signals are shown as dot graphs: ‘‘same’’ shows the high signal intensities of both Odf2 and 

Ninein; ‘‘different’’ shows the different signal intensities of Odf2 and Ninein. Data are presented as mean ± SEM from n = 3 independent experiments; 34 cells were 

analyzed. Statistical significance was determined using a Student’s t test with equal variance (p = 0.001). 

(L) Representative immunostaining images of the subcellular localization of Odf2 and Cep164 during cytokinesis in SK-N-DZ cells. Odf2 is red, Cep164 is green, 

and DAPI (DNA) is blue. Phase contrast images are also shown. Scale bars, 10 μm. Representative black and white images are shown in the center. Plots show the 

signal intensities of Odf2 and Cep164 along the dotted lines. RGB profile plots also show the signal intensities of Odf2, Cep164, and DAPI along the dotted line in 

the merged image. 

(M) The signal intensities of the cytokinesis pair of Odf2 and Cep164 signals are shown as dot graphs: ‘‘same’’ shows the high signal intensities of both Odf2 and 

Cep164; ‘‘different’’ shows the different signal intensities of Odf2 and Cep164. Data are presented as mean ± SEM from n = 3 independent experiments; 63 cells 

were analyzed. Statistical significance was determined using a Student’s t test with equal variance (p = 0.003).
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markers for CD133 and the centrosomal SDA protein, Ninein, we 

found that CD133-positive recycling endosomes preferentially 

localized to centrosomes with immature SDAs (Figures 3A and 

3B). Similar results were obtained when Cep164, a DA protein, 

was used (Figures 3C and 3D). This selective association indi

cates a potential mechanism through which centrosome matu

rity affects the inheritance of endosomal components that are 

critical for cell properties. While we previously reported the 

asymmetric distribution of CD133-positive recycling endo

somes,32 the present study demonstrates that this asymmetry 

correlates with centrosome maturity.

Accumulation of CD133-and Rab11-positive recycling 

endosomes upon Odf2

Depletion

Of the many appendage proteins of the centrosome, Odf2, which 

localizes to DAs and SDAs, plays essential roles both in the con

struction of SDAs and in ciliogenesis.40 Therefore, to examine 

the functional role of Odf2 in regulating the distribution of recy

cling endosomes, we used siRNA-mediated knockdown to 

deplete Odf2 in SK-N-DZ cells (Figures 4A and S2). While the 

protein expression level of CD133 did not change in Odf2 knock

down cells when compared with control siRNA cells (Figure 4A), 

Figure 3. CD133-recycling endosomes preferentially localize to centrosomes with immature centrosome appendages 

(A) Representative immunostaining images of the cytokinesis of symmetric cell division or asymmetric cell division in SK-N-DZ cells. CD133 is red, Ninein is green, and 

DAPI (DNA) is blue. Insets show high magnification images of Ninein signals. Phase contrast images are also shown. Scale bars, 10 μm. Plots show the signal intensities 

of CD133 and Ninein along the dotted line. RGB profile plots also show the signal intensities of CD133, Ninein, and DAPI along the dotted line of the merged image. 

(B) Quantification of cells with the high or low signals of Ninein and the high or low signals of CD133 in the cytokinesis pair. Data are presented as mean ± SEM 

from n = 3 independent experiments; 45 cells were analyzed. Statistical significance was determined using a Student’s t test with equal variance (p = 0.0023). 

(C) Representative immunostaining images of the cytokinesis of symmetric cell division or asymmetric cell division in SK-N-DZ cells. CD133 is red, Cep164 is 

green, and DAPI (DNA) is blue. Insets show high magnification images of Cep164 signals. Phase contrast images are also shown. Scale bars, 10 μm. Plots show 

the signal intensities of CD133 and Cep164 along the dotted line. RGB profile plots also show the signal intensities of CD133, Cep164, and DAPI along the dotted 

line of the merged image. 

(D) Quantification of cells with the high or low signals of Cep164 and the high or low signals of CD133 in the cytokinesis pair. Data are presented as mean ± SEM 

from n = 3 independent experiments; 38 cells were analyzed. Statistical significance was determined using a Student’s t test with equal variance (p = 0.0042).
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Figure 4. Depletion of Odf2 causes the accumulation of CD133-and Rab11-recycling endosomes around centrosomes 

(A) Immunoblot of Odf2 and CD133 in SK-N-DZ cells transfected with control or Odf2 siRNA. An immunoblot of γ-tubulin served as a loading control. 

(B) Representative images of pericentrin and CD133 in SK-N-DZ cells transfected with control or Odf2 siRNA. Pericentrin is green, CD133 is red, and DAPI (DNA) 

is blue. Scale bars, 10 μm. 

(legend continued on next page) 
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immunofluorescence experiments revealed significant accumu

lation of CD133-positive recycling endosomes around centro

somes in Odf2-depleted cells (Figures 4B and 4C). Therefore, 

Odf2 appears to be crucial for the proper trafficking and spatial 

organization of recycling endosomes as previously described.52

We then used mouse teratocarcinoma F9 cells with the 

knockout of Odf2 (F9 ODF2(− /− ) cells)40 to examine the 

behavior of recycling endosomes. Since endogenous CD133 

expression was absent in F9 cells, we compared the distribution 

of Rab11-positive recycling endosomes in F9 cells with or 

without Odf2 expression. The results obtained showed that 

although Rab11-positive recycling endosomes localized to the 

pericentrosomal region in F9 ODF2(+/+) and F9 ODF2(− /− ) cells 

with the same frequency, the signal intensity of Rab11 was 

slightly higher in F9 ODF2(− /− ) cells than in F9 wild-type cells 

(Figures 4D–4F and S3). Therefore, we transfected a Flag-tagged 

ODF2 cDNA expression vector into F9 ODF2(− /− ) cells and 

analyzed the signal intensity of Rab11. As expected, the trans

fection of the ODF2 expression vector reduced the signal inten

sity of Rab11-positive recycling endosomes (Figures 4G and 4H). 

These results suggest that Odf2 promptly controlled the turnover 

of recycling endosomes between the plasma membrane and 

centrosomes.52 We then transfected a CD133 cDNA expression 

vector into F9 ODF2 (+/+) and ODF2(− /− ) cells and analyzed the 

localization pattern of CD133 in these cells using immunofluores

cent imaging. While CD133 endosomes mainly localized to the 

plasma membrane in F9 ODF2 (+/+) cells, they mainly localized 

to the pericentrosomal region in F9 ODF2(− /− ) cells (Figures 4I 

and 4J). These results suggest that Odf2 controls the localization 

pattern of CD133-positive recycling endosomes and the loss of 

mature Odf2 caused the pericentrosomal localization of CD133.

Odf2 knockdown suppresses asymmetric inheritance 

and promotes SCD

Although Odf2 is known to regulate centrosomal appendage for

mation, its role in asymmetric organelle inheritance during ACD 

has not been established. We, therefore, examined the impact 

of the knockdown of Odf2 on the inheritance of CD133-positive 

recycling endosomes and cell division outcomes. In control cells, 

the asymmetric inheritance of CD133-positive recycling 

endosomes was observed, which was consistent with the fre

quency of ACD (approximately 20%) of parental SK-N-DZ cells 

(Figure 5A). However, in Odf2-depleted cells, the inheritance 

pattern became symmetric, with an almost equal distribution of 

CD133-positive recycling endosomes to both daughter cells 

(Figure 5A). The quantitative analysis demonstrated that the 

knockdown of Odf2 significantly reduced the percentage of 

ACD, resulting in a higher frequency of symmetric divisions 

(Figure 5B).

The physiological meaning of the ACD of CD133-positive recy

cling endosomes in SK-N-DZ cells remains unclear; therefore, 

we examined this issue. We used siRNA-mediated knockdown 

to deplete CD133 and analyzed the formation of primary cilia 

as a marker of cell differentiation in SK-N-DZ cells (Figures 5C 

and S4). Cancer cell lines are generally resistant to serum starva

tion; however, in SK-N-DZ cells, a small percentage of cells 

appeared to undergo G1/G0 arrest (Figure S4). Immunofluores

cence experiments subsequently revealed that a significant 

siRNA-mediated reduction in CD133-positive recycling endo

somes caused primary ciliogenesis (Figures 5D and 5E). There

fore, CD133-positive recycling endosomes at the centrosome 

induced an undifferentiated cell fate. One of the physiological 

functions of ACD in the present study was the regulation of cell 

fate; ACD consistently maintained two cell populations among 

cells with a differentiation potential and undifferentiation 

potential.

Collectively, the present results demonstrated that centroso

mal appendages exhibited asymmetry during cytokinesis, which 

affected the localization of CD133-positive recycling endo

somes. The centrosomal protein, Odf2, is essential for maintain

ing this asymmetry because its depletion disrupts endosome 

localization and leads to SCD. These results suggest a critical 

role for centrosome-associated proteins in the regulation of 

cell fate decisions in NB cells (Figure 5F).

DISCUSSION

The present study provides insights into the critical role of 

centrosome inheritance and CD133-positive recycling endo

somes in the context of ACD in SK-N-DZ human NB cells. First, 

(C) Quantification of signal intensities of cells transfected with control or ODF2 siRNAs. Data are presented as mean ± SEM from n = 3 independent experiments; 

124 cells (control siRNA) and 132 cells (Odf2 siRNA) were analyzed. Statistical significance was determined using a Student’s t test with equal variance (p < 0.05). 

(D) Representative images of Rab11 in F9 ODF2 (+/+) and F9 ODF2 (− /− ) cells. Rab11 is green and DAPI (DNA) is blue. Scale bars, 10 μm. Black and white images 

show the signal intensities of Rab11. 

(E) Quantification of the distribution of Rab11 in F9 ODF2 (+/+) and F9 ODF2 (− /− ) cells. Data are presented as mean ± SEM from n = 3 independent experiments; 

122 F9 ODF2 (+/+) cells and 129 F9 ODF2 (− /− ) cells were analyzed. Statistical significance was determined using a Student’s t test with equal variance (NS). 

(F) Quantification of the signal intensities of Rab11 in F9 ODF2 (+/+) and F9 ODF2 (− /− ) cells. Data are presented as mean ± SEM from n = 3 independent experiments; 

26 F9 ODF2 (+/+) cells and 23 F9 ODF2 (− /− ) cells were analyzed. Statistical significance was determined using a Student’s t test with equal variance (p < 0.0001). 

(G) Representative images of Rab11 and Flag in F9 ODF2 (− /− ) cells transfected with the Flag vector or Flag-Odf2 expression vector. Rab11 is green, Flag is red, 

and DAPI (DNA) is blue. Scale bars, 10 μm. 

(H) Quantification of the signal intensities of Rab11 in F9 ODF2 (− /− ) cells transfected with the Flag vector or Flag-Odf2 expression vector. Data are presented as 

mean ± SEM from n = 3 independent experiments; 19 cells (Flag vector) and 16 cells (Flag-Odf2 vector) were analyzed. Statistical significance was determined 

using a Student’s t test with equal variance (p < 0.0001). 

(I) Representative images of γ-tubulin and CD133 in F9 ODF2 (+/+) cells transfected with the CD133 expression vector and F9 ODF2 (− /− ) cells transfected with 

the CD133 expression vector. γ-Tubulin is green, CD133 is red, and DAPI (DNA) is blue. Scale bars, 10 μm. 

(J) Quantification of the subcellular distribution of CD133 in F9 ODF2 (+/+) cells transfected with the CD133 expression vector or F9 ODF2 (− /− ) cells transfected 

with the CD133 expression vector. Data are presented as mean ± SEM from n = 3 independent experiments; 25 cells (F9 ODF2 (+/+)-CD133) and 37 cells (F9 

ODF2 (− /− )-CD133) were analyzed. Statistical significance was determined using a Student’s t test with equal variance (p = 0.005 and p = 0.02, respectively).
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we demonstrate a direct correlation between centrosome age 

and the asymmetric distribution of CD133-positive recycling en

dosomes. Second, we show that Odf2 is required for maintaining 

this asymmetry during cytokinesis. Third, we propose a func

tional link between centrosome inheritance and endosome- 

mediated cell fate regulation. These results obtained suggest 

that the proper segregation of these organelles is fundamental 

to maintaining the balance between self-renewal and differentia

tion. A compelling link was revealed between the structural com

ponents of the centrosome and the fate-determining mecha

nisms mediated by recycling endosomes. One of the key 

observations is that daughter cells inheriting centrosomes con

taining younger mother centrioles consistently receive a larger 

number of CD133-positive recycling endosomes (Figure 5F). 

This asymmetry is important because CD133, a well-established 

marker of cancer stem cells,33,38,39 is intimately involved in 

signaling pathways that promote stem-like properties and 
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Figure 5. Knockdown of Odf2 suppresses 

the asymmetric inheritance of CD133-recy

cling endosomes, resulting in symmetric 

cell division in SK-N-DZ cells 

(A) Representative images of CD133 and peri

centrin in SK-N-DZ cells transfected with control 

or Odf2 siRNA. CD133 is red, Pericentrin is green, 

and DAPI (DNA) is blue. Phase contrast images are 

also shown. Scale bars, 10 μm. 

(B) Quantification of the ratio of asymmetric cell 

division in SK-N-DZ cells transfected with control 

or ODF2 siRNAs. Data are presented as mean ± 

SEM from n = 3 independent experiments; 39 cells 

(control siRNA) and 35 cells (Odf2 siRNA) were 

analyzed. Statistical significance was determined 

using a Student’s t test with equal variance 

(p = 0.0094). 

(C) Immunoblot of CD133 in SK-N-DZ cells 

transfected with control or CD133 siRNA. An 

immunoblot of γ-tubulin served as a loading con

trol. 

(D) Representative images of CD133 and Arl13B or 

pericentrin and acetylated-α-tubulin (AC-α-tub) in 

SK-N-DZ cells transfected with control or CD133 

siRNA. Transfected cells were subjected to serum 

starvation for 48 h Arl13B is green, CD133 is red, 

and DAPI (DNA) is blue (left). Pericentrin is green, 

AC-α-tub is red, and DAPI (DNA) is blue (right). 

Scale bars, 10 μm. 

(E) Quantification of the ratio of primary cilia in SK- 

N-DZ cells transfected with control or CD133 

siRNAs. Data are presented as mean ± SEM from 

n = 3 independent experiments; 173 cells (control 

siRNA) and 179 cells (CD133 siRNA) were 

analyzed. Statistical significance was determined 

using a Student’s t test with equal variance 

(p = 0.0048). 

(F) Schematic image of asymmetric cell division in 

SK-N-DZ cells in the present study.

tumor-initiating capacity. In addition, 

CD133-positive recycling endosomes 

localized to centrosomes and sup

pressed primary ciliogenesis.31 This 

result highlights the control of cell division fates by CD133-pos

itive recycling endosomes around centrosomes. Therefore, the 

preferential distribution of CD133-positive recycling endosomes 

to one daughter cell implies a mechanism by which ACD not only 

creates cellular diversity but also preserves a population of cells 

with stem-like traits.

Centrosome inheritance in ACD was originally discovered in 

Drosophila male germ stem cells by Yamashita et al.53 Their find

ings showed that while the mother centrosome was inherited by 

cells with stem cell properties, the daughter centrosome was in

herited by cells with differentiation potential. Wang et al. reported 

similar findings by using mouse neuronal progenitor cells.50

Habib et al. also obtained similar findings by using mouse em

bryonic stem cells.54 On the other hand, Yamashita’s group 

demonstrated that while the daughter centrosome was inherited 

by cells with stem cell properties, the mother centrosome was in

herited by cells with differentiation potential in Drosophila female 
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germ stem cells.55 Januschke et al. obtained similar findings by 

using Drosophila neuroblast systems.56 Our previous findings9

and the present results collectively indicate that the human NB 

cell system corresponds to Drosophila female germ stem cells 

and Drosophila neuroblast systems. However, further studies 

are needed to resolve this issue.

The mechanisms by which centrosome inheritance affects the 

distribution of recycling endosomes remain an area of great in

terest. The present results indicate that Odf2 plays a pivotal 

role in regulating this process. Odf2, which localized to centroso

mal DAs and SDAs, appeared to be necessary for maintaining 

the asymmetric partitioning of recycling endosomes. The deple

tion of Odf2 resulted in the marked loss of ACD, as evidenced by 

the distribution of recycling endosomes at both centrosomes. 

This aberrant distribution disrupts the normal asymmetry 

required for cell fate decisions and may emphasize the impor

tance of centrosome-associated proteins in orchestrating 

organelle inheritance. The loss of ACD upon the depletion of 

Odf2 raises questions about the underlying molecular mecha

nisms. Odf2 may play a role in signaling pathways that regulate 

endosomal trafficking. A previous study demonstrated that 

Odf2 interacted with Rab11-GTP, but not Rab11-GDP at centro

somes52 and also that the depletion of Odf2 or Evi5, a Rab11 

GTPase-activating protein, increased centrosomal Rab11-posi

tive endosomes.52 Moreover, Rab11 was recently shown to 

maintain an undifferentiated state in Drosophila larva and midgut 

precursors.57 Therefore, future research will be necessary to 

elucidate these mechanisms and clarify how Odf2 integrates 

with known regulators of ACD.

The present results provide insights into the broader implica

tions of centrosome-mediated organelle inheritance in cancer. 

Tumor heterogeneity by ACD is considered to be a hallmark of 

many cancers,6 contributing to tumor progression and resis

tance to conventional therapies.6 By elucidating the mecha

nisms by which centrosome dynamics affect the distribution of 

stem cell markers, such as CD133, we may obtain a more 

detailed understanding of the cellular and molecular mecha

nisms underlying tumorigenesis. Our results indicate the poten

tial of targeting centrosome-associated proteins, such as Odf2, 

as a viable strategy to change cell fate outcomes and potentially 

hinder the self-renewal capacity of cancer stem cells.

Limitations of the study

There are some limitations that need to be addressed. The use of 

a single NB cell line, SK-N-DZ, necessitates further investiga

tions across different models to confirm the universality of these 

mechanisms. Additionally, while our results implicate Odf2 as a 

regulator of ACD, the precise pathways through which it oper

ates remain to be elucidated. Future studies will be invaluable 

for delineating the temporal and spatial dynamics of centrosome 

and endosome inheritance in ACD.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD133 (AC133) Miltenyi Biotec Cat# 130-090-422; RRID: AB_244339

CD133 Cell Signaling Technology Cat# 64326; RRID: AB_2721172

Acetylated-α-Tubulin Cell Signaling Technology Cat# 5335; RRID: AB_10544694

Acetylated-α-Tubulin Sigma-Aldrich Cat# T7451; RRID: AB_609894

γ-Tubulin (clone GTU88) Sigma-Aldrich Cat# T6557; RRID: AB_477584

γ-Tubulin Sigma-Aldrich Cat# T5192; RRID: AB_261690

Rab11 Cell Signaling Technology Cat#5589; RRID: AB_10693925

Pericentrin Abcam Cat# Ab4448; RRID: AB_304461

Flag Sigma-Aldrich Cat# F1804; RRID: AB_262044

Flag Cell Signaling Technology Cat# 2368; RRID: AB_2217020

Odf2 Abnova Cat# H00004957-M01; RRID: AB_1137338

Odf2 Sigma-Aldrich Cat# HPA001874; RRID: AB_1079522

Ninein Sigma-Aldrich Cat# HPA005939

Cep164 Sigma-Aldrich Cat# HPA037605; RRID: AB_10672908

Arl13B ProteinTech Cat# 17711-1-AP; RRID: AB_2060867

Chemicals, peptides, and recombinant proteins

Triton X-100 WAKO Cat# 807423

NP-40 WAKO Cat# 144-08311

DMSO WAKO Cat# 047-29353

DAPI Sigma-Aldrich Cat# D9542

DMEM Gibco Cat# 11995-073

Lipofectamine 3000 ThermoFisher Scientific Cat# L3000008

Lipofectamine RNAiMAX ThermoFisher Scientific Cat# 13778075

Anti-anti Gibco Cat# 15240-096

FBS Gibco Cat# 10437-028

ECL prime Cytiva Cat# RPN2232

Experimental models: Cell lines

SK-N-DZ ATCC Cat# CRL-2149

F9 RIKEN Cat# RCB1555

F9 ODF2 KO RIKEN Cat# RCB2808

Experimental models: Organisms/strains

DH5α TOYOBO Cat# DNA-913

Oligonucleotides

Control siRNA ThermoFisher Scientific Cat# AM4611

CD133 siRNA ThermoFisher Scientific Cat# S16880

ODF2 siRNA ThermoFisher Scientific Cat# S9827

Recombinant DNA

pCMV-Flag Origene Cat# PS100001

pcDNA ThermoFisher Scientific Cat# V79020

pcDNA-CD133 (WT) Genscript N/A

pcDNA-Flag-ODF2 Genscript N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture and transfection

SK-N-DZ cells were obtained from the American Type Culture Collection. F9 cells and Odf2-knockout F9 cells were obtained from 

RIKEN Cell Bank (BRC). All cell lines were validated by a short tandem repeat analysis. These cells were maintained in complete me

dium, consisting of Dulbecco’s modified Eagle’s medium, supplemented with 10% fetal bovine serum, antibiotic-antimycotic solu

tion in an atmosphere containing 5% CO2 at 37◦C. Lipofectamine 3000 was used for plasmid transient transfection according to the 

manufacturer’s instructions. Cells were analyzed 20 h after transfection. Regarding RNA interference, siRNA duplexes were trans

fected using Lipofectamine RNAiMAX as described by the manufacturer.

METHOD DETAILS

Plasmids

The pCMV-Flag vector (PS100001) was obtained from OriGene Technologies. pcDNA 3.1 (V79020) was purchased from 

ThermoFisher Scientific. Full-length ODF2 and CD133 cDNAs were purchased from GenScript. cDNAs were confirmed by DNA 

sequencing.

Indirect immunofluorescence cell imaging

Cells grown on coverslips were briefly washed in phosphate-buffered saline (PBS) three times and were then fixed with 4% formal

dehyde solution at room temperature (RT) or ice cold methanol for 20 min. Cells were treated with 1% NP-40 in PBS solution for 

10 min and then incubated with blocking solution (15% bovine serum albumin in PBS) for 1 h. Cells were then probed with primary 

antibodies at 37◦C for 1 h, and antibody-antigen complexes were detected using an Alexa Fluor 594- or Alexa Fluor 488-conjugated 

donkey secondary antibody after an incubation at RT for 1 h. Samples were washed three times with Tris-buffered saline (TBS) after 

each incubation and then counterstained with 4’, 6’-diamidino-2-phenylindole (DAPI). Immunostained cells were examined under a 

fluorescence microscope (Olympus IX73, Tokyo, Japan) using a 100× or 60× objective lens. Fluorescence images were captured 

with a CCD camera (Olympus, DP27), and processed with Adobe Photoshop 2020 and ImageJ.

Immunoblotting

Cells were lysed in SDS/Nonidet P-40 lysis buffer (1% SDS, 1% Nonidet P-40, 50 mM Tris [pH 8.0], 150 mM NaCl, 2 μg/ml of leu

peptin, 2 μg/ml of aprotinin, 1 mM phenylmethylsulfonyl fluoride [PMSF], 5 mM NaF, and 100 μM Na3VO4). Lysates were boiled 

for 5 min and then cleared by centrifugation at 15,000 rpm at 4◦C. The protein concentration of the supernatant was measured using 

the Bradford protein assay reagent (BioRad), as previously reported. Lysates were boiled for 5 min in sample buffer. Samples were 

then resolved by SDS-PAGE and transferred onto Immobilon-P (Millipore Corp.) membranes. Blots were initially incubated in block

ing buffer (5% [w/v] non-fat dry milk in TBS plus 0.05% Tween 20) for 1 h. They were then incubated with a primary antibody at 4◦C for 

16 h, followed by an incubation with a horseradish peroxidase-conjugated secondary antibody at RT for 1 h. The antibody-antigen 

complex was visualized by ECL-prime chemiluminescence.

Flow cytometry

The percentage of SK-N-DZ cells transfected with control siRNA and CD133 siRNA with or without 10% serum for 48 h in G0/G1, G2/ 

M, and S phases was estimated by triplicate measurements using a FACS analysis (Muse Cell Analyzer) and the Muse cell-cycle anal

ysis program.

QUANTIFICATION AND STATISTICAL ANALYSIS

All cell images were quantified using Image J and Adobe Photoshop 2020. All statistical analyses were performed using Graphpad 

Prism 8. Experimental groups were compared using an unpaired Student’s t-test due to the binary nature of the datasets. Probability 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Others

Muse Cell Analyzer Merck 0500-3115B

Muse Cell cycle kit Merck MCH100106

Software and algorithms

Prism8 GraphPad https://www.graphpad.com/scientific-software/prism/

Photoshop 2020 Adobe https://www.adobe.com

ImageJ NIH https://imagej.nih.gov/ij/
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values less than 0.05 were considered to be significant and data are presented as the mean ± standard error of the mean. Image J 

was used to measure the fluorescence intensity of staining for the two dividing daughter cells. To classify the cell division type as 

symmetrical or asymmetrical, the percent difference in fluorescence intensity between daughter cells (F) was calculated as follows: 

(F1-F2)/(F1+F2) × 100; where F1 and F2 represent the fluorescence values of staining by a given antibody for the two resulting 

daughter cells. After obtaining the percent (%) deviation for each dividing pair, each cell division was categorized as symmetrical 

or asymmetrical using the 25% difference cut-off value for CD133.
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